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Problem 2.1 

Starting from Eq. (2.22), show that for a parallelflow heat exchanger, Eq. (2.26a) becomes 

Th2
− Tc2

Th1
− Tc1

= exp −
1

Ch

+
1

Cc







UA








  

 

SOLUTION: 

 

The heat transferred across the area dA is: 
( )δQ = U T T dAh c−       (1) 

The heat transfer rate can also be written as the change in enthalpy of each fluid (with the 
correct sign) between the area A and A+dA: 

* for the hot fluid (dTh

δQ = -m c dTh p,h h

<0) 
       (2) 

* for the cold fluid (dTc

δQ = m c dTc p,c c

>0) 
       (3) 

The notion of heat capacity can be introduced as: 
C = mc p        (4) 

This parameter represents the rate of heat transferred by a fluid when its temperature varies 
with one degree. 

The equation (2) and (3) give: 
δQ = -C dT C dTh h c c=       (5) 

Equations (1) and (5) give: 
dT

T T
U

C
dAh

h c h−
= −       (6) 

dT
T T

U
C

dAc

h c c−
= −       (7) 

Subtracting equation (7) from (6): 

d(T
T T

1
C

- 1
C

UdAh

h c c h

−
−

=










Tc)      (8) 

Considering the overall heat transfer coefficient U=constant, equation (8) can be integrated: 

( )ln T T 1
C

- 1
C

UA + lnBh c
c h

− =








      (9) 

T T Bexp 1
C

- 1
C

UAh c
c h

− =




















      (10) 

www.konkur.in



 

 

The constant of integration, K is obtained from the boundary condition at the inlet: 
at A=0, T Th c− = T Th1 c2−        (11) 

K= T Th1 c2−        (12) 
Introducing equation (12) in (10) we have: 

T
T T

1
C

- 1
C

UAh

h1 c2 c h

−
−

=






















Tc exp      (13) 

At the outlet the heat transfer area is At=A and Th-Tc=Th2-Tc2

UA
C
1+

C
1

c1h1

2h2 ch

TT
T 








−

=
−
−

e
Tc

 and: 

      (14) 
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Problem 2.2 

Show that for a parallel flow heat exchanger the variation of the hot fluid temperature along the heat 
exchanger is given by 

T T
T T

1- eh h1

h1 c1

1
C

1
C

UA
h c−

−
=

+

















− +








-C

C C
c

h c

 

Obtain a similar expression for the variation of the cold fluid temperature along the heat exchanger. 
Also show that for A→∞ , the temperature will be equal to mixing-cup temperature of the fluids 
which is given by 

ch

c1ch1h

CC
TCTC

T
+
+

=∞
 

 

SOLUTION: 

 

The heat transferred across the area dA is: 
( )δQ = U T T dAh c−       (1) 

The heat transfer rate can also be written as the change in enthalpy of each fluid (with the 
correct sign) between the area A and A+dA: 

* for the hot fluid (dTh

δQ = -m c dTh p,h h

<0) 
       (2) 

* for the cold fluid (dTc

δQ = m c dTc p,c c

>0) 
       (3) 

The notion of heat capacity can be introduced as: 
C = mc p        (4) 

Equation (2) and (3) give: 
δQ = -C dT C dTh h c c=       (5) 

Equations (1) and (5) give: 
dT

T T
U

C
dAh

h c h−
= −       (6) 

dT
T T

U
C

dAc

h c c−
= −       (7) 

Subtracting equation (7) from (6): 

d(T
T T

1
C

- 1
C

UdAh

h c c h

−
−

=










Tc)      (8) 
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Considering the overall heat transfer coefficient U=constant, equation (8) can be integrated: 

( )ln T T 1
C

- 1
C

UA + lnBh c
c h

− =








      (9) 

T T Bexp 1
C

- 1
C

UAh c
c h

− =






















     (10) 

The constant of integration, K is obtained from the boundary condition at the inlet: 
at A=0, T Th c− = T Th1 c2−        (11) 

K= T Th1 c2−        (12) 
Introducing equation (12) in (10) we have: 

T
T T

1
C

- 1
C

UAh

h1 c2 c h

−
−

=






















Tc exp      (13) 

From equation (10) it can be observed that the temperature difference Th-Tc is an exponential 
function of surface area A, and Th-Tc

dT
T T

1
C

- 1
C

UAh

h1 c2 c h−
= −























U
C

dA
h

exp

→0 when A→0. The variation of the hot fluid temperature 
and that of the cold fluid temperature can be obtained separately. By multiplying equations (6) 
and (13): 

    (14) 

Integrating: 

B
U

CC
CCC

U

ch

chh

+
+

−

















−

−=
−

UA
C
1+

C
1exp

TT
T ch

c1h1

h    (15) 

T
T T

C
C C

exp 1
C

- 1
C

UA Bh

h1 c2

c

c h c h−
=

−





















+    (16) 

The constant of integration, B is obtained from the boundary condition: 
at A=0,   Th=Th1

B T
T T

C
C C

h1

h1 c2

c

c h
=

−
−

−

, and 

      (17) 

From (16) and (17) we have: 

T T
T T

1
C

+ 1
C

UAh h1

h1 c1 h c

−
−

=
−
+

− −


































C
C C

c

h c
1 exp     (18) 

From equations (7) and (13) following the same procedure we obtain: 












−

+
=

−
− 








− UA

C
1+

C
1

c1h1

c1c ch1
TT
TT

e
CC

C

ch

h     (19) 

Equation (10) shows that for A→∞,  Th=Tc=T
The value of T

∞. 

∞ can be calculated, for example, from equation (19): 
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( )c1h1
ch

c
c1 TT

CC
C

TT −
+

+=∞
     (20) 

ch

c1ch1h

CC
TC+TC

T
+

=∞
      (21) 
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Problem 2.3 

Show that the variation of the hot and cold fluid temperature along a counterflow heat exchanger is 
given by 

T T
T T

exp 1
C

1
C

UAh h1

h1 c2 h

−
−

=
−

−





















−













C
C C

c

c h c
1  

and 

T T
T T

exp 1
C

1
C

UAc c2

h1 c2 h

−
−

=
−

−





















−













C
C C

h

c h c
1  

 

SOLUTION: 

 

dT
T T

U
C

dAh

h c h−
= −       (1) 

dT
T T

U
C

dAc

h c c−
= −       (2) 

Subtracting equation (2) from (1): 

d(T
T T

1
C

- 1
C

UdAh

h c c h

−
−

=










Tc)      (3) 

Integrating for constant values of U, Cc and Ch

( )ln T T 1
C

- 1
C

UA + lnBh c
c h

− =










 we have 

    

T T Bexp 1
C

- 1
C

UAh c
c h

− =






















     (4) 

where B the constant of integration results from the boundary condition: 
at A=0, T Th c− = T Th1 c2−          

B= T Th1 c2−        (5) 
Introducing equation (5) in (4): 

T
T T

1
C

- 1
C

UAh

h1 c2 c h

−
−

=






















Tc exp      (6) 

Examining the evolution of Th and Tc separately by multiplying equations (1) and (6), (2) 
and (6) respectively,  we have: 
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dT
T T

1
C

- 1
C

UAh

h1 c2 c h−
= −























U
C

dA
h

exp     (7.1) 

dT
T T

1
C

- 1
C

UAc

h1 c2 c h−
= −























U
C

dA
c

exp     (7.2) 

Integrating: 

T
T T

U
C

exp 1
C

- 1
C

UA

1
C

- 1
C

U
Bh

h1 c2 h

c h

c h

−
= −

































+      

T
T T

C
C C

exp 1
C

- 1
C

UA Bh

h1 c2

c

c h c h−
=

−





















+    (8.1) 

T
T T

U
C

exp 1
C

- 1
C

UA

1
C

- 1
C

U
B'c

h1 c2 c

c h

c h

−
= −

































+      

T
T T

C
C C

exp 1
C

- 1
C

UA B'c

h1 c2

h

c h c h−
=

−





















+    (8.2) 

 
For A=0,   Th=Th1, Tc = Tc2

T
T T

C
C C

Bh1

h1 c2

c

c h−
=

−
+

 and: 

 

B T
T T

C
C C

h1

h1 c2

c

c h
=

−
−

−
      (9.1) 

T
T T

C
C C

B'c2

h1 c2

h

c h−
=

−
+  

B
T

T T
C

C C
c2

h1 c2

h

c h
=

−
−

−
      (9.2) 

 
Substituting (9.1) in (8.1), (9.2) in (8.2), respectively: 

T T
T T

C
C C

exp 1
C

- 1
C

UAh h1

h1 c2

c

c h c h

−
−

=
−






















−












1    (10.1) 

T T
T T

C
C C

exp 1
C

- 1
C

UAc c2

h1 c2

h

c h c h

−
−

=
−






















−












1    (10.2) 
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Problem 2.4 

From problem 2.3, show that for the case Ch<Cc, 
d T
dA

0
2

h
2 > and d T

dA
0

2
c
2 > , and therefore temperature 

curves are convex and for the case Ch>Cc, 
d T
dA

0
2

h
2 < , and 0

dA
Td

2
c

2

< , therefore, the temperature curves 

are concave (see Figure 2.6). 

 

SOLUTION: 

 

The hot fluid has a smaller heat capacity than the cold fluid, that is why it is the one who “commands 
the transfer” 

Differentiating equation (10.1) in problem 2.3: 

 

( )dT d T Th h c= −
 

dT
dA

(T T ) - 1
C

Uexp 1
C

- 1
C

UAh
h1 c2

h c h
= −

































 

d T
dA

(T T ) - 1
C

1
C

- 1
C

U exp 1
C

- 1
C

UA
2

h
2 h1 c2

h c h

2

c h
= −










































 

( )d T
dA

(T T ) C - C

C C
U exp 1

C
- 1

C
UA

2
h
2

h1 c2 c h

c h

2

c h
=

− 




















>2 0   (1) 

Similarly, from equation (10.2): 

dT
dA

(T T ) - 1
C

Uexp 1
C

- 1
C

UAc
h1 c2

c c h
= −

































 

( )d T
dA

(T T ) C - C

C C
U exp 1

C
- 1

C
UA

2
c
2

h1 c2 c h

c
2

h

2

c h
=

− 




















> 0   (2) 

Since, the second derivatives with respect to area of both Th and Tc

 

 are positive as seen in 
equations (1) and (2), both the temperature curves are convex. 
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Problem 2.5 

Show that when the heat capacities of hot and cold fluids are equal (Cc=Ch=C), the variation of the hot 
and cold fluid temperature along a counter flow heat exchanger are linear with the surface area as: 

Tc − Tc2

Th1
− Tc2

=
Th − Th1

Th1
− Tc2

= −
UA
C

 

 

SOLUTION: 

 

When the two fluids have the same heat capacity, from equation (6) in problem 2.3: 

( )δQ U T T dA C dTh c h h= − = −      (1) 

In equation (10.2) in problem 2.3 when Cc→Ch we have: 

chc
h

UA
CC
CC

hc

h

c2h1

c2c

C
UA

CC
UAClim1e

CC
Clim

TT
TT

hc

ch

−=







−=














−

−
=

−
−

−

 (2) 

Similarly, from equation (10.1) in problem 2.3: 
( )d T T
T T

U
C

dAh c

h c c

−

−
= − ,       When Cc→Ch

But C

    (3) 

c=Ch

( )ln T T UA
C

lnDh c
h

− = − +

=C and from (2) and (3): 

     (4) 

 
 

www.konkur.in



 

 

Problem 2.6 

Assume that in a condenser, there will be no-subcooling and condensate leaves the condenser at 
saturation temperature, Th. Show that variation of the coolant temperature along the condenser is 
given by 

T T
T T

UA
C

c c1

h c1 c

−
−

= − −








1 exp  

 

SOLUTION: 

 

The heat transferred along a surface element dA is: 

( )δQ U T T dA C dTh c h h= − = −      (1) 

Because Th = constant in a condenser, we can write: 

( )dT d T Th h c= −       (2) 

Using equations (1) and (2): 
( )d T T
T T

U
C

dAh c

h c c

−

−
= − ,            (3) 

Integrating: 

( )ln T T UA
C

lnDh c
h

− = − +  

T T Bexp U
C

Ah c
c

− = −








       (4) 

The constant of integration, B can be calculated with the boundary condition: 
Tc=Tc1

T
,  for A=0. 

h-Tc1

The temperature distribution for the cold fluid can be obtained by introducing (5) in (4) as: 
=B       (5) 

( )T T T T exp UA
Ch c h c1

c
− = − −









  

T T
T T

exp UA
C

c c1

h c1 c

−
−

= − −








1  
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Problem 2.7 

In a boiler (evaporator), the temperature of hot gases decreases from Th1 to Th2, while boiling occurs at 
a constant temperature Tc. Obtain an expression, as in Problem 2.6, for the variation of hot fluid 
temperature with the surface area. 

 

SOLUTION: 

 

The rate of heat transfer δQ across the heat transfer area dA can be expressed as: 

( )δQ U T T dA C dTh c h h= − = −      (1) 

In an evaporator Tc = constant and  

( )dT d T Th h c= −       (2) 

From equations (1) and (2): 
( )

dA
C
U

TT
TTd

hch

ch −=
−
−        (3) 

( )ln T T UA
C

lnDh c
h

− = − +         

T T Dexp UA
Ch c

h
− = −









       (4) 

The boundary condition at A=0 gives the value of the constant D: 
at A=0     Th = T
T

h1 
h1 - Tc 

Introducing (5) in (4): 
= D       (5) 

( )T T T T exp U
C

Ah c h1 c
h

− = − −








      (6) 

Rearranging: 

1-
T T
T T

exp U
C

Ah c

h1 c h

−
−

= − −








1  

T T
T T

exp U
C

Ah h1

h1 c h

−
−

= − − −






















1      (7) 
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Problem 2.8 

Show that Eq. (2.46) is also applicable for Ch>Cc, that is C*=Cc/Ch. 

 

SOLUTION: 

 

From Eq. (2.26b) 

2 1 1 2
1 1( )exph c h c

c h

T T T T UA
C C

  
− = − −  

  
       (1) 

For the case h cC C> , mincC C= , maxhC C= , 

2 1 1 2
min

( ) exp 1 c
h c h c

h

CUAT T T T
C C
  

− = − −  
  

                                               (2) 

*
1 2( ) exp[ (1 )]h cT T NTU C= − −  

From heat balance equation 

2 1 1 2( ) ( )c c c h h hC T T C T T− = −                                                                     (3) 

or 
*

2 1 1 2( ) ( )c c h hC T T T T− = −                                                                        (4) 

The heat exchanger efficiency 

min 2 1 2 1

max min 1 1 1 1

( )
( )

c c c c

h c h c

C T T T TQ
Q C T T T T

ε − −
= = =

− −  

*
2 1

*
1 1

( )(1 )
( )(1 )

c c

h c

T T C
T T C

− −
=

− −
 

*
2 1 2 1

*
1 1 1 1

( )
( )

c c c c

h c h c

T T C T T
T T C T T

− − −
=

− − −
                                                                      (5) 

2 1 1 2
* * *

2 1 1 2 2 1 2 1( )
c c h h

h c h c h h c c

T T T T
T T C T T T T C T C T

− − +
=

− − − − + − +  

2 1 1 2
*

2 1 1 2

( )
( )

h c h c

h c h c

T T T T
T T C T T

− − −
=

− − −  

or 
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1 2

2 1

* 1 2

2 1

1

1

h c

h c

h c

h c

T T
T T

T TC
T T

ε

−
−

−
=

−
−

−

                                                                               (6) 

*

* *

1 exp[ (1 )]
1 exp[ (1 )]

NTU C
C NTU C
− − −

=
− − −

 

This proves that for h cC C> , Eq. (2.46) can also be derived from Eq. (2.16b). 
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Problem 2.9 

Obtain the expression for exchanger heat transfer effectiveness, ε, for parallel flow given by Eq. 
(2.47). 

 

SOLUTION: 

 

From Eq. (2.26c) 

2 2 1 1
1 1( )exph c h c

c h

T T T T UA
C C

  
− = − − +  

  
       (1) 

Assume h cC C> , mincC C= , maxhC C= , 

2 2 1 1
min

( ) exp 1 c
h c h c

h

CUAT T T T
C C

  
− = − − +  

  
                                          (2) 

*
1 1( ) exp[ (1 )]h cT T NTU C= − − +  

From heat balance equation 

2 1 1 2( ) ( )c c c h h hC T T C T T− = −                                                                (3) 

or 
*

2 1 1 2( ) ( )c c h hC T T T T− = −                                                                     (4) 

The heat exchanger efficiency 

min 2 1 2 1

max min 1 1 1 1

( )
( )

c c c c

h c h c

C T T T TQ
Q C T T T T

ε − −
= = =

− −
 

*
2 1

*
1 1

( )(1 )
( )(1 )

c c

h c

T T C
T T C

− +
=

− +
 

1 2
2 1

2 1
*

1 1

( ) 1

( )(1 )

h h
c c

c c

h c

T TT T
T T

T T C

 −
− + − =

− +
                                                                (5) 

2 1 1 2
*

1 1( )(1 )
c c h h

h c

T T T T
T T C
− + −

=
− +

 

1 1 2 2
*

1 1

( ) ( )
( )(1 )
h c h c

h c

T T T T
T T C
− − −

=
− +
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*

*

1 exp[ (1 )]
1
NTU C

C
− − +

=
+

 

This proves that for h cC C> , Eq. (2.47) can be derived from Eq. (2.16c). For case h cC C< , 

similar result can also be obtained. 
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Problem 2.10 

5,000 kg/hr of water will be heated from 20oC to 35oC by hot water at 140oC. A 15oC hot water 
temperature drop is allowed. A number of double-pipe heat exchangers with annuli and pipes each 
connected in series will be used. Hot water flows through the inner tube. The thermal conductivity of 
the material is 50 W/m.K. 

Fouling factors:   Rfi 0.000176 m2.K/W 

  Rfo = 0.000352 m2.K/W. 

Inner tube diameters:     ID = 0.0525m, OD = 0.0603m 

Annulus diameters:        ID = 0.0779m, OD = 0.0889m. 

The heat transfer coefficients in the inner tube and in the annulus are 4620 W / m2 · K and 1600 W / 
m2 · K, respectively. Calculate the overall heat transfer coefficient and the surface area of the heat 
exchanger for both parallel and counter flow arrangements. 

 

GIVEN: 

-A double pipe heat exchanger, with hot water flows through the inner tube. 

-Cold water inlet temperature (Tc1) = 20oC 

-Cold water outlet temperature (Tc2) = 35oC 

-Cold water mass flow rate ( m h ) = 5000 kg/hr = 1.3889 kg/s 

-Hot Water inlet temperature (Th1) = 140oC 

-Hot water temperature drop (∆Th) = 15oC 

-Thermal conductivity of tube material (kw) = 50 W/m.K 

-Heat transfer coefficient in the inner tube (hi) = 4620 W/m2.K 

-Heat transfer coefficient in the annulus (ho) = 1600 W/m2.K 

-Fouling factors: (Rfi) = 0.000176 m2.K/W 

                          (Rfo) = 0.000352 m2.K/W 

-Inner tube diameters : (ID) = 0.0525 m, (OD) = 0.0603 m 

-Annulus diameters: (ID) = 0.0779 m, (OD) = 0.0889 m 
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FIND: 

a. Overall heat transfer coefficient (Uo)  

b. Surface area (A). 

 

SOLUTION: 

a.  
The total thermal resistance Rt

R 1
UA

1
U A

1
U A

    = 1
h A

ln r
r

2 kL
R
A

R
A

1
A h

t
i i o o

i i

o
i fi

i

fo

o o o

= = =

+






+ + +

π

 can be expressed as: [eq. (2.11)] 

 

1
U

=
A

h A

A ln r
r

2 kL
A R

A
R 1

h

     =
d

h d

d ln r
r

2k
d R

d
R 1

h

     = 0.0603
4620 0.0525

0.0603 ln

2 50
0.000176 0.0603

0.0525
1

1600
     =  0.001511     W / m . K

o

o

i i

o
o

i o fi

i
fo

o

o

i i

o
o

i o fi

i
fo

o

2

+
⋅ 




+ + +

+
⋅ 




+ + +

×
+

× 





×
+

×
+ +

π

0 0603
0 0525 0 000352

.

. .

 

( )Q m c T T = 17.222 4.179 (50 20) 2159.12   kWc p,c c2 c1= − × × − =  

Uo

T T
m c
m c

(T T )

     = 100 - 62000 4.179
80000 4.22

30 76.98  C

h2 h1
c p,c

h p,h
c2 c1

o

= − −

×
×

× =





 is the overall heat transfer coefficient based on outer surface area, i.e. 

 
 

b. 
Heat balance equation:  

( )Q m c T Tc p,c c2 c1= −  

cp,c

∴ 
 = 4.179 kJ/kg.K (from table B.2 in appendix B) 

Q 1.3889 4179 (35- 20) = 87063.2  W= × ×  
for parallel flow: 

∆T 120 90

ln 120
90

104.28  Cm
o=

−
=  
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for counter flow: 
∆ ∆ ∆T T T 105  Cm 1 2

o= = =  
So,  

A Q
U T

87063.2
661.7 104.28

1.262  mo
o m

2= =
×

=
∆

                  for parallel flow. 

A Q
U T

87063.2
661.7

  mo
o m

2= =
×

=
∆ 105

1253.                        for counter flow. 
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Problem 2.11 

Water at a rate of 45,500 kg/hr is heated from 80oC to 150oC in a shell-and-tube heat-exchanger 
having two shell passes and eight tube passes with a total surface area of 925m2. Hot exhaust gases 
having approximately the same thermal physical properties as air enter at  350oC and exit at 175oC. 
Determine the overall heat transfer coefficient based on the outside surface area. 

 

GIVEN: 

-A shell-and-tube heat exchanger having two shell passes and eight tube passes. 

-Cold water inlet temperature (Tc1) = 80oC 

-Cold water outlet temperature (Tc2) = 150oC 

-Cold water mass flow rate ( m h ) = 45,500 kg/hr = 12.6389 kg/s 

-Hot gas inlet temperature (Th1) = 350oC 

-Hot gas outlet temperature (Th2) = 175oC 

-Total surface area (A) = 925 m2 

 

FIND: 

Overall heat transfer coefficient (U)  

 

SOLUTION: 

The heat balance equation: 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

cp,c
80 150

2
115+

= o C = 4.227 kJ/(kg.K) (at average temperature of )  

( )Q m c T T = 17.222 4.179 (50 20) 2159.12   kWc p,c c2 c1= − × × − =  

C  141.05

95
200ln

95200

T
Tln

TTT o

1

2

12
cflm, =

−
=

∆
∆
∆−∆

=∆  

26.0
80350

70

11

=
−

=
−
∆

=
ch

c

TT
T

P                       

350oC 
 

  175oC 
 80oC 

 

  175oC  150oC 
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5.2
70

175

12

21 ==
−
−

=
cc

hh

TT
TT

R         

          From   Figure 2.8, F=0.96 
               cflmTUAFQ ,∆=             

K)  W/(m86.29
05.14196.0925

105.3739
TAF

Q=  U 2
3

m

⋅=
××
×

=
∆⋅

∴  
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Problem 2.12 

A shell-and-tube heat exchanger given in Problem 2.11 is used to heat 62,000 kg / hr of water from 
20°C to about 50°C. Hot water at 100°C is available. Determine how the heat transfer rate and the 
water outlet temperature vary with the hot water mass flow rate. Calculate the heat transfer rates 
and the outlet temperatures for hot water flow rates: 

a. 80,000 kg / hr  

b.  40,000 kg / hr  

 

GIVEN: 

-A shell-and-tube heat exchanger having two shell passes and eight tube passes. 

-Cold water inlet temperature (Tc1) = 20oC 

-Cold water outlet temperature (Tc2) = 50oC 

-Cold water mass flow rate ( m h ) = 62,000 kg/hr = 17.222 kg/s 

-Hot Water inlet temperature (Th1) = 100oC 

-Total surface area (A) = 925 m2 

 

FIND: 

Heat transfer rates (Q) and outlet temperature of hot water (Th2) for mass flow rate of 

a. 80,000 kg/hr 

b. 40,000 kg/hr 

 

SOLUTION: 

The heat balance equation: 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

 
cp,c = 4.179 kJ/(kg.K)  (T = 35o

c
C) 

p,h = 4.22  kJ/(kg.K)  (T = 100o

a. 
C) 

m 80,000   kg / hrh =  
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( )Q m c T T = 17.222 4.179 (50 20) 2159.12   kWc p,c c2 c1= − × × − =  

T T
m c
m c

(T T )

     = 100 - 62000 4.179
80000 4.22

30 76.98  C

h2 h1
c p,c

h p,h
c2 c1

o

= − −

×
×

× =



  

b. m 40,000   kg / hrh =  
( ) kW   2159.1220)(504.17917.222=TTcmQ c1c2cp,c =−××−=   

T T
m c
m c

(T T )

     = 100 - 62000 4.179
40000 4.22

30 53.95  C

h2 h1
c p,c

h p,h
c2 c1

o

= − −

×
×

× =



  
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Problem 2.13 

Water at a flow rate of 5,000 kg/hr (cp=4182 J/kg.K) is heated from 10oC to 35oC in an oil cooler  by 
engine oil having an inlet temperature of 65oC (cp= 2072 J/kg.K) with a flow rate of 6,000 kg/hr. Take 
the overall heat transfer coefficient to be 3,500 W/m2.K. What are the areas required for: 

a. Parallel flow 

b. Counterflow 

 

GIVEN: 

-Cold water inlet temperature (Tc1) = 10oC 

-Cold water outlet temperature (Tc2) = 35oC 

-Cold water mass flow rate ( m h ) = 5,000 kg/hr = 1.389 kg/s 

-Hot Water inlet temperature (Th1) = 65oC 

-Hot water mass flow rate ( mh ) = 6,000 kg/hr = 1.667 kg/s 

-Overall heat coefficient (U) = 3,500 W/m2.K 

-Specific heat of cold water (cp,c) = 4182 J/kg.K 

-Specific heat of hot water (cp,h) = 2072 J/kg.K 

 

FIND: 

Heat transfer area (A) required for: 

a. parallel flow; 

b. counter flow. 

 

SOLUTION: 

The heat balance equation: 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )Q m c T T    Wh p,h h2 h1= − = × × − =
. ( )9 4

3600
1060 616 232 1063  
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T T
m c
m c

(T T )

     = 16 + 1063

0.3 10
60

  C

c2 c1
h p,h

c p,c
h2 h1

-3
o

= + −

× ×







 ×

=





999 4180

67  

 a. Parallel flow:  
The parallel flow is not an acceptable solution, because of the temperatures cross. 

 
 
 
 
 
 
 
 
 
 
 

b. counter flow: 

 
 
 
 
 
 

65oC 

10oC 

35oC 22.9oC 

 
 
 

∆
∆ ∆

∆
∆

T =
T - T

ln
T
T

= (65- 35) - (22.9 -10)    Clm,cf
2 1

2

1

o

ln
.

.
65 35

22 9 10

20 3
−
−

=  

2
3

cflm,

m  2.04
20.33500

10145.208
TU

QA =
×
×

=
∆⋅

=  

  
 

 

  

Impossible case  

65oC 

10oC 

35oC 

22.9oC 
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Problem 2.14 

In order to cool a mass flow rate of 9.4 kg / h of air from 616°C to 232°C, it is passed through the 
inner tube of double-pipe heat exchanger with counterflow, which is 1.5 m long with an outer 
diameter of the inner tube of 2 cm. 

a. Calculate the heat transfer rate. For air, cp,h = 1060 J/kg.K 

b. The cooling water enters the annular side at 16oC with a mass flow rate of 0.3 L/min.  

Calculate the exit temperature of the water. For water, cp,c = 4180 J/kg.K 

c. Determine the effectiveness of this heat exchanger, NTU. The overall heat transfer 

coefficient based on the outside heat transfer surface area is 38.5 W/m2.K. Calculate 

the surface area of the heat exchanger and number of double-pipe heat exchangers. 

 

GIVEN: 

-Hot air inlet temperature (Th1) = 616oC 

-Hot air outlet temperature (Th2) = 232oC 

-Hot air mass flow rate ( m h ) = 9.4 kg/hr = 0.002611 kg/s 

-Specific heat of hot air (cp,h) = 1060 J/kg.K 

-Cooling water inlet temperature (Tc1) = 16oC 

-Specific heat of cooling water (cp,c) = 4180 J/kg.K 

-Hot water mass flow rate ( mh ) = 0.3 l/min 

-The overall heat transfer coefficient of the hot fluid is (U) = 38.5 W/m2.K 

 

FIND: 

a. Heat transfer rate Q 

b. Exit temperature of the water T 

c. Effectiveness of the heat exchanger ε, NTU, and heat transfer surface area A 
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SOLUTION: 

a. 
The heat balance equation: 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )Q m c T T    Wh p,h h2 h1= − = × × − =
. ( )9 4

3600
1060 616 232 1063  

b. 
Water density at 16oC: ρw = 999 kg/m
So, the exit temperature can be obtained by: 

3 

T T
m c
m c

(T T )

     = 16 + 1063

0.3 10
60

  C

c2 c1
h p,h

c p,c
h2 h1

-3
o

= + −

× ×







 ×

=





999 4180

67
 

c. 
The heat capacity of the hot fluid is 

C = m c    W / Kh h p,h
. .= × =

9 4
3600

1060 2 77  

The heat capacity of the cold fluid is: 

C = m c    W / Kc c p,c
. .=
× ×

× =
−0 3 10 999

60
4180 20 9

3
 

It can be observed that Cmin = Ch

( )
( )

ε =
−

−
=

−
−

=
T T
T T

h1 h2

h1 c1

616 232
616 16

0 64.

 = 2.77 W/K and the effectiveness will be: 

 

From the table 2.2, for a counterflow heat exchanger we have: 

NTU 1
1 C

ln 1 C
1*

*
=

−

−
−

ε
ε

 

C
C
C

2.77
20.9

0.1325* min

max
= = =  

NTU 1
1 0.1325

ln 1 0.1325 0.64
1 0.64

1.153ln2.54 1.076=
−

− ×
−

= =  

From the definition of NTU, the overall heat transfer coefficient is 

U
C NTU

A N
min

hp
=

⋅
 

A DL 2 10 1.5 0.094  mo
2 2= = × × × =−π π  

∴ =
⋅

=
×
×

= ≈N
Uhp

o

C NTU
A

min

o

2 77 1076
0 094 38 5

082 1. .
. .

.  

The number of hairpin is 1. 
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Problem 2.15 

A Shell-and-tube heat exchanger is designed to heat water from 40oC to 60oC having a mass flow rate 
of 20,000 kg/h. Water at 180oC flows through tubes with a mass flow rate of 10,000 kg/h. The tubes 
have an inner diameter of di = 20 mm, the Renolds number is Re =10,000. The overall heat transfer 
coefficient is estimated to be U = 450 W/m2.K. 

a. Calculated the heat transfer Q of the heat exchanger and the exit temperature of the 

      hot fluid. 

b. If the heat exchanger is counterflow with one tube and one shell pass; determine: 

i. The heat transfer area; 

ii. The velocity of the fluid through the tubes; 

iii. The cross-sectional area of the tubes; 

iv. The number of the tubes and the length of the heat exchanger. 

 

GIVEN 

-A shell-and-tube heat exchanger (counterflow, one tube and one shell pass) 

-Cold water inlet temperature (Tc1) = 40oC 

-Hot water outlet temperature (Tc2) = 60oC 

-Mass flow rate of cold water ( m c ) = 20,000 kg/h. 

-Hot water inlet temperature (Th1) = 180oC 

-Mass flow rate of hot water ( m h ) = 10,000 kg/h. 

-Renolds number (Re) = 10,000 

-Tube diameter (di) = 20 mm 

-Overall heat transfer coefficient (U) = 450 W/m2.K 

 

FIND 

a. The heat transfer Q and the exit temperature of the hot fluid Th2 
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b. 

i. Heat transfer area Ao 

ii. Fluid velocity in tubes um 

iii. Cross-sectional area of tubes Ac 

iv. Number of tubes Nt 

 

SOLUTION: 

a. 

Cold water bulk mean temperature: 

 T T T
2

40 60
2

50 Cb,c
c1 c2 o=
+

=
+

=   

∴cp,c = 4.181 kJ/(kg.K)  at Tb,c=50o

   and c
C 

p,h = 4.407 kJ/(kg.K) at Th1= 180o

So, from heat balance: 
C 

  Q = m c (T T ) m c (T T )c p,c c2 c1 h p,h h1 h2− = −  

 Q m c (T T ) 20,000
3600

4181 (60 40) 464,556  Wc p,c c2 c1= − = × × − =  

C142.05
4407

3600
10,000

464,556180
cm

Q-T=T o

hp,h
h1h2 =

×
−=



  

b. 
i.  

Q = U Tm⋅ ⋅∆ A  

 

 

 

 

 

 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

120 102.05

ln 120
102.05

110.78 Cm
2 1

2

1

o=
−











=
−







=  

A = Q
U T

  m
m

2

⋅
=

×
=

∆
464 556

450 110 78
9 319,

.
.  

 142.05oC  

 40oC  

 

 

∆T2 =180-60=120oC 

∆T1 =142.05-40=102.05oC 

 180oC 

 60oC 
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ii.  

Bulk mean temperature of hot fluid 

T T T
2

180 142.05
2

161 Cb,h
h1 h2 o=
+

=
+

=  

From Table A-27: 

ρ

µ

= 906.23 kg / m                       

= 1.6804 10  Pa s                       

3

-4× ⋅
at Tb,h=161o

Re =
u dm iρ
µ

C. 

 

∴ =
⋅
⋅

=
× ×

×
=

−

u   m / sm
Re , .

. .
.

µ
ρ d i

10 000 16804 10
906 23 0 02

0 0927
4

 

iii. 
m = A uh c mρ  

A
m
u

  mc
h

m

2= =
×

=
 .

. .
.

ρ
2 7778

906 23 0 0927
0 033  

iv. 

N t = =
×

×
= ≈

A
d

c

iπ π2 2

4

0 033 4
0 02

10504 106.
.

.  

L =
A
d N

  mo

i tπ π
=

× ×
=

9 319
0 02 106

14.
.

.  

 
 
SOLUTION 2
a. 

 (USING ε-NTU METHOD) 

The heat capacities for the two fluids are: 
*  Cold fluid 

C   W / Kc = = × =
,

,m cc p c
20 000
3600

4181 23228  

*  Hot fluid: 

C   W / Kh = = × =
,

,m ch p h
10 000
3600

4407 12242  

The heat transfer rate with respect to the cold fluid is: 

  W464,55640)(604181
3600

20,000)T(TcmQ c1c2cp,c =−××=−=   

So, in terms of heat balance: 
  Q = m c (T T ) m c (T T )c p,c c2 c1 h p,h h1 h2− = −  

C142.05
4407

3600
10,000

464,556180
cm

Q-T=T o

hp,h
h1h2 =

×
−=



  
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b. 
From previous calculation, we can conclude that 

C Cmin h=  
and the effectiveness can be written as 

ε =
−
−

=
−
−

=
T T
T T

180 142.05
180 40

0.271h1 h2

h1 c1
 

The factor of non-equilibrium is: 

C C
C

C
C

12242
23228

0.527* min

max

h

c
= = = =  

From Table 2.2, we have: 

NTU 1
1 C

ln 1 C 1
1 0.527

ln 1 0.527 0.271
1 0.271*

*
=

−

−
−

=
−

− ×
−

∴ =

ε
ε1

0 342NTU .
 

The heat transfer area is: 

A
C NTU

U
12242 0.342

450
9.304  mo

min 2=
⋅

=
×

=  

From the imposed Renolds number: 

Re =
u dm iρ
µ

 

∴ =
⋅
⋅

=
× ×

×
=

−

u   m / sm
Re , .

. .
.

µ
ρ d i

10 000 16804 10
906 23 0 02

0 0927
4

 

The cross-sectional area of the tubes is: 
m = A uh c mρ  

A
m
u

  mc
h

m

2= =
×

=
 .

. .
.

ρ
2 7778

906 23 0 0927
0 033  

The total number of tubes necessary fro assuring the required mass flow rate is: 

N t = =
×

×
= ≈

A
d

c

iπ π2 2

4

0 033 4
0 02

10504 106.
.

.  

The length of the heat exchanger can be calculated as 

m  4.1
10602.0

304.9
Nd

A
=L

ti

o =
××

=
ππ
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Problem 2.16 

An oil cooler is used to cool lubricating oil from 70oC to 30oC. The cooling fluid is treated cooling water 
entering the exchanger at 15oC and leaving at 25oC. The specific heat capacities of the oil and water, 
respectively, are 2 and 4.2 kJ/(kg.K) and the oil flow rate is 4 kg/s.  

a. Calculate the water flow rate m c  required. 

b. Calculate the true mean temperature difference ∆Tm for a two-shell-pass-and-four- 

tube passes, and one-shell-pass-and-two-tube passes shell-and-tube heat exchanger  

and an unmixed cross-flow configuration, respectively. 

c. Find the effectiveness of the heat exchangers. 

 

GIVEN 

-A shell-and-tube heat exchanger 

-Cooling fluid inlet temperature (Tc1) = 15oC 

-Cooling fluid outlet temperature (Tc2) = 25oC 

-Lubricating oil inlet temperature (Th1) = 70oC 

-Lubricating oil outlet temperature(Th2) = 30oC 

-Mass flow rate of oil ( m h ) =  4 kg/s. 

-The specific heat capacity of cooling water (cp,c) = 4.2 kJ/(kg.K) 

-The specific heat capacity of oil ( cp,h) = 2 kJ/(kg.K) 

 

FIND 

a. The water mass flow rate mc  

b. ∆Tm for 

i. two-shell-passes-and-four-tube passes 

ii. one-shell-pass-and-two-tube-passes 

iii. unmixed cross-flow configuration 
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c. Effectiveness of the heat exchangers. 

 

SOLUTION: 

a. 

Heat balance equation: 
( ) ( )  Q = m c T T m c T Tc p,c c2 c1 h p,h h1 h2− = −  

( )
( )

∴
−

−
=

× × −
× −

=


m =
m c T T

c T T
4 2 (70 30)
4.2 (25 15)

7.62  kg / sc
h p,h h1 h2

p,c c2 c1
 

b.  
( ) ( )

∆T =
T T T T

ln
T T
T T

(70 25) (30 15)

ln 70 25
30 15

27.3  Clm,cf
h1 c2 h2 c1

h1 c2

h2 c1

o− − −

−
−











=
− − −

−
−







=  

∆ ∆T F Tm lm,cf= ⋅  

where F is the correction factor. 

R
m c
m c

7.62 4.2
4 2

4c p,c

h p,h
= =

×
×

=



 

P =
T T
T T

c2 c1

h1 c1

−
−

=
−
−

=
25 15
70 15

018.  

i. Two-passes-shell-and-four-tube-passes: 
F=0.96 (from Fig 2.8 in chapter 2) 

∴ = ⋅ = × =∆ ∆T F T 0.96   Cm lm,cf
c27 3 26 21. .  

ii. One-shell-pass-and-two-tube-passes: 

F=0.90 (from Fig 2.7 in chapter 2) 

∴ = ⋅ = × =∆ ∆T F T 0.90   Cm lm,cf
c27 3 24 57. .  

iii. Unmixed cross flow 

F=0.93 (from Fig 2.13 in chapter 2) 

∴ = ⋅ = × =∆ ∆T F T 0.93  Cm lm,cf
c27 3 2539. .   

c. 
Effectiveness of heat exchanger is equal to 

ε =
Q

    Qmax
 

C = m c 7.62 4200 32004  W / Kc c p,c = × =  

C = m c 2000   W / Kh h p,h = × =4 8000  

∴ =C Ch min  
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For all flow arrangements: 
( )
( )

( )
( )c1h1min

c1c2c

c1h1min

h2h1h

TTC
TTC

TTC
TTC=

−
−

=
−
−

ε  

( )
( ) 727.0

1570
3070

TT
TT=

c1h1

h2h1 =
−
−

=
−
−

ε  
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Problem 2.17 

For the oil cooler described in problem 2.16, calculate the surface area required for the shell-and-tube 
and unmixed cross-flow exchangers assuming the overall heat transfer coefficient U=90 W/(m2.K). For 
the shell-and-tube exchanger, calculate the stream outlet temperature and compare it with the given 
values. 

 

GIVEN 

-A shell-and-tube heat exchanger 

-Cooling fluid inlet temperature (Tc1) = 15oC 

-Cooling fluid outlet temperature (Tc2) = 25oC 

-Lubricating oil inlet temperature (Th1) = 70oC 

-Lubricating oil outlet temperature(Th2) = 30oC 

-Mass flow rate of oil ( m h ) =  4 kg/s. 

-The specific heat capacity of cooling water (cp,c) = 4.2 kJ/(kg.K) 

-The specific heat capacity of oil ( cp,h) = 2 kJ/(kg.K) 

-The overall heat transfer coefficient (U) = 90 W/(m2.K) 

 

FIND 

a. The surface area A for 

i. two-shell-passes-and-four-tube-passes 

ii. one-shell-pass-and-two-tube-passes 

iii. unmixed cross-flow configuration 

b. Stream outlet temperature for shell-and-tube exchanger. 

 

SOLUTION: 

a. 
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m

m

,h

m

T90
30)-(7020004=  

TU
m

=  

TU
QA

∆⋅
××

∆

∆
∆

=

hhp Tc  

 

i. Two-passes-shell and four tube passes: 

 

2m  7.135
26.2190

320,000A =
×

=  

ii. One shell pass and two tube passes: 

2m  7.144
24.5790

320,000A =
×

=  

iii. Unmixed cross flow 

2m  0.140
25.3990

320,000A =
×

=  

b.  

63.1
20004
144.790

C
AUNTU

min

=
×
×

==  

C
C
C

8000
32004

* min

max
= = = 0 25.  

( )
( )

0.727

]C1NTUexp[1
]C1NTUexp[1)C1(C1

2

2/12*

2/12*
2/12**

=

+⋅−−

+⋅−+
+++

=ε  

( )
( )

ε =
−

−

T T
T T

h1 h2

h1 c1
 

( )

30.02=    
15)-(700.727-70=    

TTTT c1h1h1h2

×
−−= ε

 

The value obtained correspond to the given value. 
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Problem 2.18 
In an oil cooler, oil flow through the heat exchanger with a mass flow rate of 8 kg/s and inlet 
temperature of 70oC. Specific heat of oil is 2 kJ/(kg.K). The cooling stream is treated cooling water that 
has specific heat capacity of 4.2 kJ/kg.K, flow rate of 20 kg/s, and inlet temperature of  15oC. Assuming 
a total heat exchanger surface area of 150 m2 and an overall  heat transfer coefficient of 150 
W/(m2.K), calculate the outlet temperature for two-pass shell-and tube and unmixed-unmixed cross 
flow units, respectively. Estimate the respective F-correction factor. 

 

GIVEN 

-A shell-and-tube heat exhanger 

-Cooling fluid inlet temperature (Tc1) = 15oC 

-Mass flow rate of water ( m c ) =  20 kg/s. 

-Oil inlet temperatre (Th1) = 70oC 

-Mass flow rate of oil ( m h ) =  8 kg/s. 

-The specific heat capacity of cooling water (cp,c) = 4.2 kJ/(kg.K) 

-The specific heat capacity of oil ( cp,h) = 2 kJ/(kg.K) 

-Total surface area of heat exchanger (A) = 150 m2 

-Overall heat transfer coefficient (U) = 150 W/(m2.K) 

 

FIND 

The outlet temperture Tc2, Th2 for two-pass shell-and-tube and unmixed cross-flow units, 
respectively. 

 

SOLUTION: 

 

C = m c 15 1050   W / Kc c p,c
 = × = 15750  

C = m c 2000   W / Kh h p,h
 = × =5 10000  

∴ =C Ch min  
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C
C
C

10000
15750

0.635* min

max

= = =  

NTU AU
C

600 60
10000

3.6
min

= =
×

=  

( )
( )

0.702

]C1NTUexp[1

]C1NTUexp[1)C1(C1

2

2/12*

2/12*
2/12**

=

+⋅−−

+⋅−+
+++

=ε
 

Also,  
( )
( )

( )
( )

ε =
C T T

C T T
C T T

C T T
h h1 h2

min h1 c1

c c2 c1

min h1 c1

−

−
=

−

−
 

∴ ( )
( )c1h1

h2h1

TT
TT=

−
−

ε  

and 
( )
( )

C  31.39=     
15-700.702-70=     

TTT=T

o

c1h1h1h2 −− ε
 

For outlet temperture of cooling water: 

R
m c
m c

15 1.05
5 2

c p,c

h p,h

= =
×
×

=



.1 575  

also 

R =
T T
T T

h1 h2

c2 c1

−
−

 

thus, 
( )

C  22.35=     

15
5.25

31.39-70=     

T
R

TT=T

o

c1
h2h1

c2

+

+
−

 

To determine the correction factor F, R and P need to be first determined. 

134.0
1570

1535.22
TT
TT

=P
c1h1

c1c2 =
−
−

=
−
−  

so, the correction factor for two-pass shell-and-tube is found to be (from Fig 2.8 in chapter 2): 
F=0.98 

∆ ∆T F Tm lm,cf= ⋅  

( ) ( )
C  29.29

16.39
47.65ln

39.1647.65

TT
TT

ln

TTTT
=T o

c1h2

c2h1

c1h2c2h1
cflm, =








−

=









−
−

−−−
∆

 

( ) ( )Q AU= − = −∆T F = C T T C T Tlm,cf c c2 c1 h h1 h2  

69.2215
84000

98.029.29150150T
C

FT
T c1

c

cflm,
c2 =+

×××
=+

∆
=

AU  
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63.29
16000

98.029.2915015070
C

FT
TT

h

cflm,
h1h2 =

×××
−=

∆
−=

AU  

 
For unmixed crossflow units, C*

                

, NTU are same as the two-pass shell-and-tube unit, so from 
Fig 2.15(c): 

0.70ε =  

                
( )
( )
C  31.5=     

15-700.7-70=     
TTT=T

o

c1h1h1h2 −−ε
 

               
( )

C  22.33=          

T
R

TT=T

o

c1
h2h1

c2 +
−

 

               133.0
1570

1535.22
TT
TT

=P
c1h1

c1c2 =
−
−

=
−
−  

From Fig 2.13: 
               F = 0.95 
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Problem 2.19 

An air blast cooler with a surface area for heat transfer of 600 m2 and an overall heat transfer 
coefficient of 60 W/(m2.K) is fed with the following streams: 

Air: m c =15 kg/s, cp,c=1050 J/(kg.K), Tc,in=25oC 

Oil: m h =5 kg/s, cp,h=2000 J/(kg.K), Th,in=90oC 

Calculate the stream exit temperatures, the F-factors, and the effectiveness for a two-shell-pass and 
four-tube-pass heat exchanger.   

 

GIVEN 

-A shell-and-tube heat exhanger 

-Air inlet temperature (Tc1) = 25oC 

-Mass flow rate of air ( m c ) =  15 kg/s. 

-Oil inlet temperatre (Th1) = 90oC 

-Mass flow rate of oil ( m h ) =  5 kg/s. 

-The specific heat capacity of air (cp,c) = 1.05 kJ/(kg.K) 

-The specific heat capacity of oil ( cp,h) = 2 kJ/(kg.K) 

-Total surface area of heat exchanger (A) = 600 m2 

-Overall heat transfer coefficient (U) = 60 W/(m2.K) 

 

FIND 

a. The outlet temperture Tc2, Th2  

b. F-facotr F 

c. Effectiveness ε 

for two-pass shell-and-tube and unmixed cross-flow units, respectively. 
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SOLUTION: 

 

C = m c 15 1050   W / Kc c p,c
 = × = 15750  

C = m c 2000   W / Kh h p,h
 = × =5 10000  

∴ =C Ch min  

C
C
C

10000
15750

0.635* min

max

= = =  

NTU AU
C

600 60
10000

3.6
min

= =
×

=  

      From Fig 2.15(j): 
0.83=ε  

Also,  

  ( )
( )

( )
( )c1h1min

c1c2c

c1h1min

h2h1h

TTC
TTC

TTC
TTC=

−
−

=
−
−

ε  

 ∴ ( )
( )c1h1

h2h1

TT
TT=

−
−

ε  

and 
( )
( )
C  36.05=     

25-900.83-90=     
TTT=T

o

c1h1h1h2 −− ε
 

For outlet temperture of cooling water: 

R
m c
m c

15 1.05
5 2

c p,c

h p,h

= =
×
×

=



.1 575  

also 

R =
T T
T T

h1 h2

c2 c1

−
−

 

thus, 
( )

C  59.25=     

25
1.575

36.05-90=     

T
R

TT=T

o

c1
h2h1

c2

+

+
−

 

To determine the correction factor F, R and P need to be first determined. 

53.0
2590

2525.59
TT
TT

=P
c1h1

c1c2 =
−
−

=
−
−  

so, the correction factor is found to be (from Fig 2.8 in chapter 2): 
F=0.67 
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Problem 2.20 

Water at the rate of 230 kg/h at 35 °C is available for use as a coolant in a double-pipe heat exchanger 
whose total surface area is 2 m2. The water is to be used to cool oil [cp=2.1kJ/kg∙K] from an initial 
temperature of 120 °C. Because of other circumstances, an exit water temperature greater than 99 °C 
cannot be allowed. The exit temperature of the oil must not be below 60 °C. The overall heat-transfer 
coefficient is 300 W/m2∙K. Estimate the maximum flow rate of oil which may be cooled, assuming the 
flow rate of water is fixed at 230 kg/h. 

 

GIVEN 

 

 

 

 

 

 

 

=  

 

Find 

 

 

SOLUTION: 

Because of the reason  can not exceed  for parallel flow, the heat exchanger must be a counter-
flow heat exchanger.  
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                                 Counter-flow double-pipe heat exchanger. 

 

Assuming water’s heat capacity  ( ) is  
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Problem 2.21 

A counterflow double-pipe heat exchanger is used to heat liquid ammonia from 10 to 30 °C with hot 
water that enters the exchanger at 60 °C. The flow rate of the water is 4.0 kg/s and the overall heat-
transfer coefficient is 600 W/m2·K. The area of the heat exchanger is 30 m2. Calculate the flow rate of 
ammonia. 

 

GIVEN  

Th1 = 60 °C 

Th2 = Unknown 

Tc1 = 10 °C 

Tc2 = 30 °C 

water = 4 kg/s 

U = 600 W/m2K 

A=30 m2 

cp,c = 4,74448 kJ/kgK (for ammonia) 

cp,h = 4,178 kJ/kgK   

Counter Flow 

 

FIND 

ammonia = ? 

 

SOLUTION:                                                  

                                                  (1) 
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                                       (2) 

 

] 

 

Equation 1 and 2 are solved together, then ; 

ammonia = 3.5224 kg/s 

 

www.konkur.in



 

 

Problem 2.22 

Hot water enters a counterflow heat exchanger at 90 °C. It is used to heat a cool stream of water from 
5 to 30 °C. The flow rate of the cool stream is 1.3 kg/s, and the flow rate of the hot stream is 2.6 kg/s. 
The overall heat-transfer coefficient is 800 W/m2∙K. What is the area of the heat exchanger? Calculate 
the effectiveness of the heat exchanger. 

 

GIVEN 

Th1 = 90ºC 

Tc1 = 5ºC 

Tc2 = 30ºC 

mc = 1.3kg/s 

mh = 2.6 kg/s 

U = 800 W/(m2*K) 

 

FIND 

a. The area of the heat exchanger (A) =? 

b. The effectiveness of the heat exchanger (ɛ) =? 

 

SOLUTION: 

Q = (m * cp)c * ΔTc = (m * cp)h * ΔTh 

(cp)c = 4180 J/(kg*K) (tablo B-4) 

(cp)h = 4200 J/(kg*K) (tablo B-4) 

Q = 1.3 * 4180 * (30-5) = 2.6 * 4200 * ΔTh 

Q = 135.9 kW =>  ΔTh = 12.44 => Th2 = 77.56 ºC 
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( ) ( )
( ) ( )

90 30 77.56 5
ln 90 30 77.56 5mT

− − −
∆ =

 − − 

 

ΔTm = 66.08 

 

A=135.9*103/(800*66.08) 

a. A=2.57m2 

ɛ = Q/Qmax 

Cc = 4180 * 1.3 = 5434 

Ch = 4200 * 2.6 =10920 

Ch > Cc  =>  Qmax = (m * cp)c * (Th1 – Tc1) 

Qmax = 461.9 kW 

b. ɛ = 0.29 
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Problem 2.23 

A cross-flow finned-tube heat exchanger uses hot water to heat an appropriate quantity of air from 15 
to 25 °C. The water enters the heat exchanger at 70 °C and leaves at 40 °C, and the total heat-transfer 
rate is to be 30 kW. The overall heat-transfer coefficient is 50 W/m2∙K. Calculate the area of the heat 
exchanger. 

 

SOLUTION: 

 

 

 

 

 

From 2.13; F = 0.94 

 

 

 

 

Hence, 
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Problem 2.24 

A counterflow double-pipe heat exchanger is used to heat water from 20 °C to 40 °C with a hot oil 
which enters the exchanger at 180 °C and leaves at 140 °C. The flow rate of water is 3.0 kg/s and the 
overall heat-transfer coefficient is 200 W/m2∙K. Assume the specific heat for oil is 2100 J/ kg ∙K. 
Suppose the water flow rate is cut in half. What new oil flow rate would be necessary to maintain a 
40 °C outlet water temperature? (The oil flow is not cut in half.) 

 

GIVEN 

Counterflow 

Tc1 = 20 C        Th1 = 180 C 

Tc2 = 40 C       Th2 = 140 C 

mc1 = 3 kg/s      

mc2 = 1.5 kg/s        mh2 = ? 

cpc = 4179 J/kgK(@30 C)     cph= 2100 J/kgK 

Uc = 200 W/m2K 

 

SOLUTION: 

For cold fluid; 
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If water flow is cut in half, to obtain same outlet temperature for cold fluid it is needed to be changed 
hot fluid's outlet temperature. In this case; 

 

 

    [**] 

 

 

 

 

 

=  (*) 

 in star equation found with MATLAB. 

 

If  is put in the double star equation; 
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Problem 2.25 

A shell-and-tube heat exchanger having one shell pass and four tube passes is used to heat 10 kg/s of 
ethylene glycol from 20 to 40 °C on the shell side; 15 kg/s of water entering at 70 °C is used in the 
tubes. The overall heat-transfer coefficient is 50 W/m2∙K. Calculate the area of the heat exchanger. 

 

GIVEN 

Th1 = 70ºC 

Tc1 = 20ºC 

Tc2 = 40ºC 

mc = 10kg/s 

mh = 15 kg/s 

U = 50 W/(m2*K) 

 

FIND 

a. The area of the heat exchanger (A) =? 

 

SOLUTION: 

Q = (m * cp)c * ΔTc = (m * cp)h * ΔTh 

(cp)c = 2483.9 J/(kg*K)  (www.engineeringtoolbox.com) 

(cp)h = 4200 J/(kg*K) (tablo B-4) 

Q = 10 * 2483.9 * (40-20) = 15 * 4200 * ΔTh 

Q = 496.78 kW =>  ΔTh = 7.89 => Th2 = 62.11 ºC 

From Figure 2.7; 

P = (40-20) / (70-20) =0.4 

R = (70-62.11) / (40-20) = 0.39 

F = 0.975 
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ΔTm = 35.71 

 

 

 

 

A = 285.36 m2 
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Problem 3.1 
A fluid flows steadily with a velocity of 6 m/s through a commercial iron rectangular duct 
whose sides are 1 in. by 2 in. and the length of the duct is 6 m. The average temperature of 
the fluid is 60oC. The fluid completely fills the duct. Calculate the surface heat transfer 
coefficient if the fluid is  
a. Water;  
b. Air at atmospheric pressure;  
c. Engine oil (ρ=864 kg/m3, cp=2047 J/(kg.K), υ=0.0839×10-3 m2/s, Pr=1050, k=0.140 
W/m.K). 

 
GIVEN 

-Fluid flowing through a rectangular duct 
-Fluid temperature (Tb) =60oC 
-Fluid velocity (um) =6 m/s 
-Inside size of pipe (a×b×L) =1 in. × 2 in. × 6 m  
-Properties of Engine oil: ρ=864 kg/m3, cp=2047 J/(kg.K), υ=0.0839×10-3 m2/s, Pr=1050, 
k=0.140 W/m.K). 

 
FIND 

The Surface heat transfer coefficient of 
a. Water; 
b. Air at atmospheric temperature; 
c. Engine oil. 
 
SKETCH 
 
 
 
 
 
 
 
 
 
 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
SOLUTION: 
 
PROPERTIES AND CONSTANTS 

Properties of water at 60oC: (Table B.2 in appendix B) 

Fluid: 
V=6m/s 
Tb=60oC 

a=1 in. 

b=2 in. 

  6 m 
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ρ

µ

= 983.1 kg / m                                     k = 0.651 W / (m K)

= 4.66 10  kg / m s                           Pr = 3.0
c  kJ / (kg K)

3

-4

p

⋅

× ⋅
= ⋅4184.

 

Properties of Air at 60oC: (Table B.1 in appendix B) 
ρ

µ

= 1.0595 kg / m                                   k = 0.0285 W / (m K)

= 2.0 10  kg / (m s)                           Pr = 0.709
c  kJ / (kg K)

3

-5

p

⋅

× ⋅
= ⋅1009.

 

 
Hydraulic diameter is given by: 

D A
Ph

w
= =

×
=

4 4 2
6

4
3

 in.  = 0.0339 m  

a. 

Re . .
.

=
⋅ ⋅

=
× ×

×
=

−

ρ
µ

u Dm h 9831 6 0 0339
4 66 10

4291044    (Turbulent)  

Using Gnielinski’s correlation: 

( )( )
( ) ( )1Pr2f12.71.07

Pr1000Re2f
Nu 2/3

b
1/2

bb
b

−+

−
=  

f (1.58lnRe 3.28)b
2= − −  

∴ × =  f = (1.58 ln(429104) - 3.28) -2 0 003376.  

1330.1
1)(32)(0.003376/12.71.07

31000)(4291042)(0.003376/Nu 2/31/2b =
−××+
×−×

=  

K)   W/(m25542.6
0.0339
0.6511330.1

D 
kNuh 2

h

=×=⋅=  

b. 

)(Turbulent   1.10775
102

0339.060595.1Re 5 =
×

××
=

⋅⋅
= −µ
ρ hm Du  

f (1.58lnRe 3.28)b
2= − = × − =− −( . ln( . ) . ) .158 107751 328 0 00772  

( )( )
( ) ( )

Nu
f 2 Re 1000 Pr

1 12.7 f 2 Pr 1
b

b b
1/2

b
2/3

=
−

+ −
=

× − ×

+ × −
=

( . / ) ( . ) .
. ( . / ) ( . )

./ /
0 0077 2 107751 1000 0 709

1 12 7 0 0077 2 0 709 1
31821 2 2 3  

h Nu k
 D

31.82 0.0285
0.0339

    W / (m K)
h

2= ⋅ = × = 26 75.  

c. 

n)(Transitio   3.2424
100839.0

0339.06Re 3 =
×

×
==

⋅⋅
= −νµ
ρ hmhm DuDu  

f (1.58lnRe 3.28)b
2= − = × − =− −( . ln( . ) . ) .1 58 2424 3 3 28 0 012252  
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( )( )
( ) ( )

Nu
f 2 Re 1000 Pr

1 12.7 f 2 Pr 1b
b b

1/ 2

b
2 / 3

=
−

+ −
=

× − ×
+ × −

=
( . / ) ( . )

. ( . / ) ( )
./ /

0 01225 2 2424 3 1000 1050
1 12 7 0 01225 2 1050 1

89 221 2 2 3
 

h Nu k
 D

89.22 0.14
0.0339

368     W / (m K)
h

2= ⋅ = × = .5  
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Problem 3.2 
Air at 1.5 atm and 40oC flows through a 10-m long rectangular duct of 40 by 25 cm with a 
velocity of 5 m/s.  The duct surface temperature is maintained at 120oC and the average air 
temperature at exit is 80oC. Calculate the total heat transfer using Gnielinski’s correlation 
and check your result by energy balance. 

 
GIVEN 

-Air flowing through a rectangular duct 
-Air inlet temperature (Tinlet) = 40oC 
-Air outlet temperature(Toutlet) = 80oC 
-Inside size of pipe (a×b×L) = 40cm × 25cm × 10 m  
-Duct surface temperature(Tw)=120oC 
-Air pressure (Pair) =1.5 atm 
-Air velocity um=5 m/s 

 
FIND 

Total heat transfer coefficient. 
 
SKETCH 
 
 
 
 
 
 
 
 
 
 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
PROPERTIES AND CONSTANTS 
 

The bulk mean temperature is: 

T T T
2

40 80
2

60 Cb
inlet outlet o=

+
=

+
=  

Properties of Air at 60oC at 1 atm : (Table B.1 in Appendix B) 

K)kJ/(kg 009.1c
0.709=Pr                                /sm 102.0=

K) W/(m0.0285=k                                  kg/m 1.0595=

p

25-

3

⋅=
×

⋅

µ

ρ
 

Then at 1.5 atm, ρ = 1.5 1.0596  kg / m3× = 158925.  
 
SOLUTION: 
 

Air 
a=25 cm 

b=40 cm. 

 10 m 

Air 
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Hydraulic diameter of the duct is given by: 

D 4A
P

4ab
2(a b)

4 40 25
2 (40 25)

30.77 cm = 0.3077 mh
w

= =
+

=
× ×
× +

=  

Re . .
.

= =
× ×

×
=

−

ρ
µ

u Dm h 158925 5 0 3077
2 0 10

1222535    (Turbulent)  

Using the simplified Gnielinski’s correlation: 

Nu      for 0.5 < Pr < 1.5b = −0 0214 1000 8 0 4. (Re ) Pr. .  

Nu  =  217.15   b = × − ×0 0214 122253 100 0 7090 8 0 4. ( ) ( . ). .  

The heat transfer coefficient is: 

h Nu k
D

(217.15) (0.0285)
0.3077

    W / m K
h

2=
⋅

=
×

= 2011.  

The heat transfer rate is: 

Q Ah(T T ) 2(a b)Lh(T T )w b w b= − = + −  

Q 2 (40 25) 10 10 20.11 (120 60) 15686   W
Q = 15.69  kW

2= ⋅ + × × × × − =−
 

 

To check your result by energy balance, we assume a volume of water with 10m length in the 
pipe. When it goes through the 10m duct, it travels 20m long. As the velocity is 5m/s, it takes 4s. 
So the total heat transfer energy is  

1 4 15.69 4 62.76W Q s kW s kJ= × = × =  
Meanwhile, the volume of the water is heated from 40 oC to 80 oC, So the energy contained 

by this volume of water is  

2 1.009 1.58925 (10 0.4 0.25) (80 40) 64.34pW c m T kJ= ∆ = × × × × × − =  
So the calculation is correct. 
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Problem 3.3 
Calculate the heat transfer coefficient for water flowing through a 2-cm diameter tube with 
a velocity of 1 m/s. The average temperature of water is 60oC and the surface temperature is  
a. Slightly over 60oC 
b. 120oC. 

 
GIVEN 

-Water flowing through a circular tube 
-Water bulk mean temperature (Tb) = 60oC 
-Tube surface temperature (Tw) : (a) 60oC; (b) 120oC 
-Water velocity (um) = 1 m/s   
-Diameter of Tube (D) = 2 cm 

 
FIND 

Heat transfer coefficient, when surface temperature is a. slightly over 60oC and . 120oC. 
 
SKETCH 
 
 
 
 
 
 
 
 
 
 
 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
PROPERTIES AND CONSTANTS 
 

Properties of water at 60oC: (Table B.1 in Appendix B) 
ρ

µ

= 983.2 kg / m                                   k = 0.651 W / (m K)

 = 0.467 10  kg / (m s)                     Pr = 3.00

3

-3

⋅

× ⋅
 

 
SOLUTION: 
 

Reynolds number 

Re . .
.

= =
× ×

×
=

−

ρ
µ

u dm i 9832 1 0 02
0 466 10

421973    (Turbulent)  

a. Using the Petukhov and Kirillov correlation: 

Ts=60oC (or 120oC) 
     

Water: 
um=1m/s 
Tb=60oC 

D=0.02 m 
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( )

( )
Nu b =

+ −

f

f

2

107 12 7
2

12 3

Re Pr

. . Pr /
 

where [ ]f = − = − =− −( . ln Re . ) . ln( ) . .158 328 158 42197 328 0 00542 2  

( )

( )
1.193

13
2

0054.07.1207.1

34219720054.0Nu
3/2

b =
−+

××
=  

The heat transfer coefficient is: 

K     W/m6285
0.02

(0.651)(193.1)
d

kNuh 2

i

=
×

=
⋅

=  

b. At Ts=120oC, µw=0.23×10-3 kg/ms 
 
Using the Petukhov and kirillov correlation: 

( )

( )
Nu b =

+ −











f

f
b

w

n8

107 12 7
8

12 3

Re Pr

. . Pr /

µ
µ

 

Heating⇒ n = 0.11  
 

f b= − −( . log Re . )182 164 2  
f = − =−[ . log( ) . ] .182 42197 164 0 021772  

 
( )

( )
Nu b =

× ×

+ −







=
0 02177 8 42105 3 3

107 12 7 0 02177
8

3 1

0 467
0 235

208 5
2 3

0 11. .

. . .
.
.

.
/

.

 

The heat transfer coefficient, in this case, is: 

h Nu k
d

(208.5) (0.651)
0.02

     W / m K2=
⋅

=
×

=
i

6787  
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Problem 3.4 

An oil with k=0.120 W/m.K, cp=2000 J/kg.K, ρ=895 kg/m3, µ=0.0041 kg/m.s flows through a 
2-cm diameter tube which is 2-m long. The oil is cooled from 60oC to 30oC. The mean flow 
velocity is 0.4 m/s, and the tube wall temperature is maintained at 24oC (µw=0.021 kg/m.s). 
Calculate the heat transfer rate. 

 
GIVEN 

-Oil flowing through a circular tube 
-Oil inlet temperature (Tinlet) = 60oC 
-Oil outlet temperature (Toutlet) =30oC 
-Tube surface temperature (Tw) : 20oC 
-Water velocity (um) = 0.4 m/s   
-Diameter of Tube (di) = 2 cm 

 
FIND 

Heat transfer rate. 
 
SKETCH 
 
 
 
 
 
 
 
 
 
 
 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
PROPERTIES AND CONSTANTS 
 

The bulk mean oil temperature: 

T T T
2

60 30
2

45 Cb
inlet outlet o=

+
=

+
=  

 
Properties of Oil at 45oC is given: 

ρ
µ

ν
α

µ

= 895 kg / m                                   k = 0.120 W / (m K)
 c   J / (kg K)                        = 0. / (m s)                   

Pr =

3

p

⋅
= ⋅ ⋅

= =
×

=

2000 0041 kg

0 0041 2000
012

68 3
c
k

p ( . ) ( )
.

.

 

 
SOLUTION: 
 

Ts=24oC      

Oil: 
um=0.4m/s 
Tinlet=60oC 

d=0.02 m Toutlet=30oC 
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The Reynolds number is: 

Re ( ) ( .4) ( . )
.

.=
⋅

=
× ×

=
ρ

µ
u dm i 895 0 0 02

0 0041
1746 34   (laminar)  

Pe=Re⋅Pr =(1746.34)×(68.3)=119,275 

d
L

0.02
2

0.01i = =  

( ) ( )[ ]Pe d
L

m
m

119252 0.01 0.0041
0.021

8.44   2i

1
3 b

w

0.14
1

3
0.14














 = × 





= >  

Using Sieder and Tate correlation, we have: 

Nu 1.86 Pe
d
L

(1.86)(8.44) 15.7b
i

1
3

b

w

0.14

=














 = =

µ
µ

 

The heat transfer coefficient is: 

h Nu k
d

(15.7) (0.12)
0.02

     W / m K
i

2=
⋅

=
×

= 94 2.  

The heat transfer rate is: 
   W248.4624)(45(94.2)(2)(0.02))TLh(Td)TAh(TQ wbiwb =−⋅⋅⋅=−=−= ππ  

 

 

www.konkur.in



Problem 3.5 
A shell-and-tube type condenser is to be made with 3/4 in. O.D.(0.654 in. I.D.)brass tubes, 
and the length of the tubes between tube plates is 3 m. Under the worst conditions, cooling 
water is available at 21oC and the outlet temperature is to be 31oC. Water velocity inside the 
tubes is to be approximately 2 m/s. Vapor side film coefficient can be taken as 10,000 
w/m2.K. Calculate the overall heat transfer coefficient for this heat exchanger. 

 
GIVEN 

-Water flowing through the inner tube of a shell-and-tube condenser. 
-Water inlet temperature (Tinlet) = 21oC 
-Water outlet temperature (Toutlet) =31oC 
-Water velocity (um) = 2 m/s   
-Vapor side film coefficient (ho) = 10,000 W/m2.K 
-Diameter of Tube:  (Do) = 3/4 in.; 

(Di) = 0.654 in. 
-Length of the tube between the plate: (L) = 3 m. 

 
FIND 

Overall heat transfer coefficient. 
 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
PROPERTIES AND CONSTANTS 
 

The bulk mean water temperature: 

T T T
2

21 31
2

26 Cb
inlet outlet o=

+
=

+
=  

 
Properties of water at 26oC is: 

ρ

µ

= 997 kg / m                                   k = 0.608 W / (m K)

 c   J / (kg K)                        = 8.72 10  kg / (m s)                   

Pr =

3

p
-4

⋅

= ⋅ × ⋅4180

6 01.

 

 
SOLUTION: 
 

do = 3/4 in.= 0.01905 m         di = 0.654 in. = 0.01661 m 
The Reynolds number is: 

Re ( ) ( ) ( . )
.

=
⋅

=
× ×

×
=

−

ρ
µ

u dm i 997 2 0 01661
8 72 10

379824    (Turbulent)  


L
d

3
0.01661

        
i

= = > ∴180 6 60. It is fully developed flow. 

Using Gnielinski correlation yields: 
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( )

( )
Nu b =

−

+ 





−

f

f

/ (Re ) Pr

. . Pr
/

/

2 1000

1 12 7
2

1
1 2

2 3

 

f = − −( . ln Re . )158 328 2  
 
f = − =−( . ln( . ) .158 37982 328 0 005592  
 

( )( )

( )
Nu b =

−

+ 





−

=
0 00559 2 37982 1000 6 01

1 12 7 0 00557
2

593 1

24571 2
2 3

. / ( . )

. . . .

./
/

 

The inside heat transfer coefficient is: 

h Nu k
d

(245.7) (0.608)
0.01661

     W / m Ki
i

2=
⋅

=
×

= 899371.  

The overall heat transfer coefficient is: 

( )
U 1

d
d

1
h

d ln d d
2k

1
h

o
o

i i

o o i

brass o

=

+ +

 

The thermal conductivity for brass is kbrass=104 W/(mK). 

( )
U 1

0.01905
0.01661

1
8993.71

0.01905ln 0.01905 0.01661
2(104)

1
10000

U = 4165.36  W / m K

o

o
2

=

+ +
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Problem 3.6 
Water at 1.15 bar and 30oC is heated as it flows through a 1 in. I.D. tube at a velocity of 
3m/s. The pipe surface temperature is kept constant by condensing steam outside the tube. 
If water outlet temperature is 80oC, calculate the surface temperature of the tube by 
assuming the inner surface of the tube to  
a. Be smooth 
b. Have a rough surface with a relative roughness of 0.001. 

 
GIVEN 

-Water flowing through the tube 
-Water pressure (p) = 1.15 bar 
-Water inlet temperature (Tinlet) = 30oC 
-Water outlet temperature (Toutlet) =80oC 
-Water velocity (um) = 3 m/s   
-Diameter of Tube:  (Di) = 1 in. 

 
FIND 

The surface temperature of the tube, assuming the inner surface of the tube to be 
a. smooth; 
b. a rough surface with a relative roughness of 0.001. 

 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Tube length is L=5m. 

 
PROPERTIES AND CONSTANTS 
 

The bulk mean water temperature: 

T T T
2

30
2

55 Cb
inlet outlet o=

+
=

+
=

80  

 
Properties of water at 55oC is: 

ρ

µ

= 985 kg / m                                   k = 0.645 W / (m K)

 c   J / (kg K)                        = 5.09 10  Pa.s                  

Pr =

3

p
-4

⋅

= ⋅ ×4183

331.

 

 
SOLUTION: 
 

di =1 in. = 0.0254 m 
 
The Reynolds number is: 

Re .
.

=
⋅

=
× ×

×
=

−

ρ
µ

u dm i 985 3 0 0254
509 10

1474604    (Turbulent)  

Mass flow rate: 
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
( . ) .m u

d
m

i= = × =ρ
π π2 2

4
985 3 0 0254

4
15  kg / s  

Heat transfer rate: 
 Q mc (T T ) (1.5)(4183)(80 30) 313725  Wp outlet inlet= − = − =  

Q hA(T T ) h d L(T T )w b i w b= − = −π  

Wall temperature: 

T Q
h d L

Tw
i

b= +


π
 

a. Using the Colburh analogy we have: 

St Pr f
2

2/3⋅ =  

where f, the friction factor, is taken from the Moody diagram (Fig. 4.1). 

For smooth tubes, f=0.004 

For a relative roughness of 0.001, f=0.00525 

St = =
−h

c u
f
2

Pr
p m

2
3

ρ
 

h c u f
2

Prp m
2

3=
−

ρ  

For smooth tubes: 

h (985)(4183)(3) 0.004
2

(3.31) 11131   W / (m K)
2

3 2= 





= ⋅
−  

The wall temperature is: 

T 313725
(11131) (0.0254)(5)

55 125.64 Cw
o= + =

π
 

b. For rough tubes 

h (985)(4183)(3) 0.00525
2

(3.28)    W / (m K)
2

3 2= 





= ⋅
− 14698  

In this case, the wall temperature is: 

T 313725
(14698) (0.0254)(5)

55 108.5 Cw
o= + =

π
 

Another way to solve the problem is to use the Petukhov and Kirillov correlation, which 
is valid for both smooth and rough tubes. 
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Problem 3.7 
A counter flow double pipe heat exchanger is used to cool the lubricating oil for a large 
industrial gas turbine engine. The flow rate of cooling water through the inner tube is 
mc=0.2kg/s, while the flow rate of oil through the outer annulus is mh=0.4 kg/s. The oil and 
water enter at temperatures of 60oC and 30oC respectively. The heat transfer coefficient in 
the annulus is calculated to be 8 W/m.K. The I.D. diameter of the tube of the annulus is 
25mm and 45mm respectively. The outlet temperature of the oil is 40oC. Take cp=4178 
J/kg.K for water and cp=2006 J/kg.K for oil. 

a. Calculate the heat transfer coefficient in the inner tube. 
b. Neglect the wall resistance and the curvature of the tube wall (assume a flat plate 

surface), calculate the overall heat transfer coefficient assuming water is the city water with 
a fouling factor of 0.000176 m2.K/W inside the tube. Oil side is clean. 

 
GIVEN 

-A counterflow double-pipe heat exchanger 
-Mass flow rate of cooling water ( m c ) = 0.2 kg/s 
-Mass flow rate of lubricating oil ( m h ) = 0.4 kg/s 
-Water inlet temperature (Tc1) = 30oC 
-Oil inlet temperature (Th1 ) = 60oC 
-Oil outlet temperature (Th2) =40oC 
-Heat transfer coefficient in annulus side (ho) = 8 W/m.K 
-Tube diameter (do) = 45 mm 

(di) = 25 mm 
-Specific heat of water (cp,water) = 4178 J/kg.K   
-Specific heat of oil (cp,oil) = 2006 J/kg.K 
-Fouling factor inside the tube (Rf,i) = 0.000175 m2.K/W 

 
FIND 
a. Heat transfer coefficient in the inner tube; 
b. Overall heat transfer coefficient. 

 
ASSUMPTIONS 

Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 

 
SOLUTION: 

 
Heat balance:  

  Q = m c T m c Tc p,c c h p,h h∆ ∆=  

(0.2)(4178)(Tc2-30) = (0.4)(2006)(20) 

∴Tc2 = 49.21oC 
 
The bulk mean water temperature: 

T
T T

2
30 + 49.21

2
Cb

c1 c2 o=
+

= = 39 61.  
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Properties of water at 39.61oC is: 
 
ρ

µ

= 992.3 kg / m                             k = 0.626 W / (m K)

= 6.59 10  m / s                       Pr = .36

3

-4 2

⋅

× 4
 

Flow area: 
24

22
i

t m104.9087
4

(0.025)
4
dA −×===

ππ  

Mass velocity: 

G m
A

0.2
4.9087 10

407.437   kg / (m s)t
t

4
2= =

×
= ⋅

−

  

Reynolds number: 

Re
G d (407.437)(0.025)

6.59 10
15457t i

4= =
×

=
−µ

 

 
∴Flow is turbulent. 
 

Using Gnielinski Correlation: 
 
f (1.58ln(Re ) 3.28)

 = (1.58ln(15457) - 3.28)
 = 0.00699

b
2

-2

= − −

 

 
( )( )

( )

( )

( )

Nu
f 2 Re 1000 Pr

1 12.7 f 2 Pr 1

       =

0.00699

       = 97.78

b
b b

1 2 2
3

=
−

+ −











−

+ × −





−

2
15457 1000 4 36

1 12 7 3495 10 4 36 13
1
2

2
3

( . )

. . .

 

 
a. Heat transfer coefficient in inner tube: 
 

h
Nu k

d
97.78 0.6263

0.025

   = 2448.4  W / m K

i
b

i
2

=
⋅

=
×

⋅

 

b. The overall heat transfer coefficient neglecting tube wall resistance and tube curvature: 

K W/m7.96=

8
10.000176

2448.4
1

1

h
1R

h
1

1U 2

o
if,

i

⋅
++

=
++

=  
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 Problem 3.8 

City water flowing at 0.5 kg/s will be heated from 20oC to 35oC by hot treated boiler water at 140oC. 
A 15oC hot water temperature drop is allowed. A number of 4.50 m hairpins of 3 in. by 2 in. 
(schedule 40, see Table 8.2) double-pipe heat exchangers with annuli and tubes each connected in 
series will be used. Hot water flows through the inner tube. Calculate the heat transfer coefficient in 
the tube and in the annulus. 

 
GIVEN 

-Double pipe heat exchanger. City water in annulus, and hot water in inner tube. 
-Mass flow rate of city water ( m c ) = 0.5 kg/s 
-City water inlet temperature (Tc1) = 20oC 
-City water outlet temperature (Tc2) = 35oC 
-Hot water inlet temperature (Th1 ) = 140oC 
-Hot water temperature drop (∆Th) =15oC 
-Hairpin:  L = 4.5 m,  3 in.× 2 in. (schedule 40)  
-Fouling factor (Rf,i) = 0.000175 m2.K/W 
                (Rf,o) = 0.000352 m2.K/W 

 
FIND 

Heat transfer coefficient in the tube and in the annulus. 
 
SOLUTION: 
 
Schedule 40: 

 Nominal ( in.) do (m) di (m) 
Annulus 3  0.0889 0.0779 

Inner pipe 2  0.0603 0.0525 
 
Properties: 

Bulk mean temperatures: 

Cold city water: T
T T

2
20 35

2
27.5 Cb,c

c1 c2 o=
+

=
+

=  

Hot water: T
T T

2
140 + (140 -15)

2
Ch,c

h1 h2 o=
+

= = 132 5.  

 
Annulus - cold city water at 27.5oC Inner tube - hot water at 132.5oC 

ρc = 996  kg/m3 ρh = 932  kg/m3 
k = 0.61 W/(m.K) k = 0.688  W/(m.K) 
µ = 0.843×10-3  Pa.s µ = 0.207×10-3  Pa.s 
cp,c=4.179 kJ/(kg.K) cp,h=4.269  kJ/(kg.K) 
Pr = 5.79 Pr = 1.28 

 

a. Annulus: 
 

Velocity of cold water uc: 

( ) ( )A D dannulus i o= − = − = × −π π
4 4

0 0779 0 0603 191 102 2 2 2 3. . .   m2  
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( )( )
u

m
Ac

c

annulus c
= =

−
=

 .

. . .
.

ρ π
05

4
0 0779 0 0603 996 412

0 263
2 2

  m / s  

Hydraulic diameter of annulus: 

D
4A
P

D d 0.0779 0.0603 0.0176  mh
c

w
i o= = − = − =  

D
4A

d
  me

c

o
= =

× ×
=

−

π π
4 191 10

0 0603
0 0403

3.
( . )

.  

 
Reynolds number: 

 

Re . .
.

=
⋅ ⋅

=
× ×

×
=

−

ρ
µ

c c hu D 996 0 263 0 0176
0 843 10

54693    (Turbulent)  

Using Gnielinski’s Correlation: 
 

f b= − −( . ln Re . )158 328 2  
 
f = − −( . ln . )158 50346 328 2  
 
f = 0 00523.  

( )
Nu =

−

+ 





−












f

f

/ (Re ) Pr

. . Pr
/

2 1000

1 12 7
2

1
1 2 2

3

 

Nu b =
× ×

+ × × −

( . / ) .
. ( . / ) ( . )/
0 00523 2 50346 7 05

1 8 7 0 00523 2 7 05 11 2

 

Nu b = 2515.  
 

K W/m65.626
0403.0

61.04.41 2=
×

=
⋅

=⇒
e

o D
kNuh  

 
 
b. Inner tube: 

c m T c m Tp h h h p c c c, , ∆ ∆=  


 . . ( )

.
.,

,
m

c m T
c Th
p c c c

p h h
= =

× × −
×

=
∆

∆
4179 0 5 35 20

4 269 15
0 489 kg / s  

u
m

d
h

h

h
i

=

⋅

=

×
×

=
 .

.
.

ρ
π π2 2

4

0 489

932 0 0525
4

0 2424  m / s  

Re ( )( . )( . )
.

=
⋅ ⋅

=
×

=
−

ρ
µ

h h iu d 932 0 2424 0 0525
0 207 10

572983    (Turbulent)  
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Using Gnielinski’s Correlation: 
 

f = − −( . ln Re . )158 328 2  

f = − −( . ln(57298) . )158 328 2  
f = 0 00508.  

( )
Nu =

−

+ 





−












f

f

/ (Re ) Pr

. . Pr
/

2 1000

1 12 7
2

1
1 2 2

3

 

Nu (0.00508 / 2) (57298 1000)

1 12.7 (0.00254) (1.28 1)1/2
2
3

=
× − ×

+ × × −

128.  

Nu 164.2=  
 

⇒ =
⋅

=
×

=h Nu k
di

i

164 2 0 688
0 0525

21518. .
.

.  W / m K2  
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Problem 3.9 
It is proposed that the stationary diesel exhaust gases (CO2) be used for heating air by the 
use of a double pipe heat exchanger. From the measurements of the velocity, it is calculated 
that the mass flow rate of gases from the engine is 100 kg/h.. The exhaust gas temperature is 
600K. The air is available at 20oC and it will be heated to 80oC at a mass flow rate of 90 
kg/h. Standard(Schedule 40) tube size 4×3 in. double pipe heat exchanger (hairpins) 2m in 
length (copper tubes) will be used. Air side heat transfer coefficient in tube is 25 W/m2.K. 
Neglecting the tube wall resistance, and assuming clean and smooth surfaces, calculate the 
overall heat transfer coefficient. 

 
GIVEN 

-A double-pipe heat exchanger 
-Mass flow rate of air ( m c ) = 90 kg/h = 0.025 kg/s 
-Mass flow rate of exhausted gases ( m h ) = 100 kg/h = 0.02778 kg/s 
-Air inlet temperature (Tc1) = 20oC 
-Air outlet temperature (Tc2) = 80oC 
-Exhausted gas temperature (Th1 ) = 600 K 
-Heat transfer coefficient in tube side (hi) = 25 W/m2.K 
-Copper hairpins: L=2 m; 4×3 in. 

 
FIND 

Overall heat transfer coefficient. 
 

ASSUMPTIONS 
Steady state. 
Fully developed flow L/D>60. 
Clean and smooth surfaces. 

 
SOLUTION: 

 
Assume the average temperature of CO2 as 500K, thus the following properties: 

ρ

ν

= 1.0732 kg / m                             k = 0.03352 W / (m K)

= 21.67 10  m / s                       Pr = 0.702
c   J / kg. K

3

-6 2

p

⋅

×
= 1013

 

The bulk mean air temperature: 

T
T T

2
20 + 80

2
Cb

c1 c2 o=
+

= = 50  

Properties of air at 50oC is: 
ν ρ= 17.94 10  m / s                       c   J / kg. K         = 1.093-6 2

p× = 1009  

Geometry for seamless copper tubing: 
4 in. Schedule 40:   Di 

3 in. Schedule 40:   d
= 4.026 in. = 0.10226 m 

o 

                               d
= 3.5 in. = 0.0889 m 

i 

Hydraulic diameter of annulus: 
= 3.068 in. = 0.07793 m  

m  01336.00889.010226.0dDD oih =−=−=  
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D
D d

d
0.10226

0.0889
  me

i
2

o
2

o

2 2
=

−
=

−
=

0 0889 0 02873. .  

Velocity in annulus: 

u
m
A

  m / sa
h

c
= =

×
=

−

 .
( . )( . )

.
ρ

0 02778
10732 2 006 10

12 93  

Flow area: 

( ) ( ) 23222
o

2
ic m   10006.20889.010226.0

4
dD

4
A −×=−=−=

ππ  

Reynolds number: 

Re
D (12.9)(0.01336)

21.67 10a
h

6= =
×

=
−

ua

ν
7953  

 
Using Kays and Crawford Correlation (for gases: Pr≈0.5~1.0 and Re≥5000) 

Nu 0.022Re Pr

    = 0.022 7953
    = 24.32

0.8 0.5

0.8

=

× × 0 7020 5. .  

Heat transfer coefficient in annulus: 

h Nu k
D

24.32 0.03352
0.02873

   = 28.37  W / m K

o
e

2

=
⋅

=
×

⋅

 

The overall heat transfer coefficient neglecting tube wall resistance: 

U
d

d h
1

h

  

  = 12.36  W / m K

o

i i o

2

= +










= +










⋅

−

−

1

135
3068 25

1
28 37

.
( . )( ) .
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Problem 3.10 

Consider the laminar flow of an oil inside a duct with a Reynolds number of 1000. The length of the 
duct is 2.5m and the diameter is 2 cm. The duct is heated electrically by the use of its walls as an 
electrical resistance. Properties of the oil at the average oil temperature are: ρ=870 kg/m3, µ=0.004 
N.s/m2, and cp=1959 J/kg.K, and k=0.128 W/m.K. Obtain the local Nusselt number at the end of the 
duct. 

 
GIVEN 
-Oil flows through a duct 
-Reynolds number (Re) = 1000 
-Length of duct (L) = 2.5m 
-Diameter of duct (d) = 2 cm 
 
FIND 
Local Nusselt number at the end of the duct 
 
SOLUTION: 
 
Properties of the Oil: 

ρ
µ

= 870 kg / m                             k = 0.128 W / (m K)
= 0.004 Pa.s                           c   J / kg. K

3

p

⋅
= 1959

 

Pr ( )( . )
.

.= = =
c

k
pµ 1959 0 004

0128
6122  

Peclet number: 
Pe Re Pr (1000)(61.22) 61220= ⋅ = =  
Pe d

L
(61220)(0.02)

2.5
489.76⋅

= =  

Using the Nusselt and Graetz correlation for laminar flow and 
Pe d

L
⋅

> 10 2 ; constant heat flux: 

Nu 1.953 Pe d
L

Nu (1.953)(489.76) 15.39

1
3

1
3

=
⋅





= =
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Problem 3.11 
In a crossflow heat exchanger, hot air at atmosphere with an average velocity of 3m/s flows 
across a bank of tubes in an array with Xl = Xt = 5cm (see Figure 3.2) . The tube diameter is 
2.5cm. The array has 20 rows in the direction of flow. The tube wall temperature is 30° C, 
and the average air temperature in the bundle is assumed to be 300°C. Calculate the 
average heat transfer coefficient and repeat the calculation if the array has 6 rows in the 
flow direction. 
 
GIVEN 
-Tube wall temperature (Tw) = 30oC 
-Average air temperature in the bundle (Ta) = 300oC 
-Face velocity U∞= 3 m/s, In-tube arrangement 
-Xl = Xt = 0.05 m 
 
FIND 
Average heat transfer coefficient h. 
 
 
SOLUTION: 
 
From Appendix B (Table B.1), the properties of dry air at t =300 °C and atmosphere pressure are 

J/kg.K  1047c
0.68=Pr                         /sm 102.95=

K) W/(m0.045=k                            kg/m 0.6157=

p

25-

3

=
×

⋅

µ

ρ
 

At wall temperature  Tw = 30°C,  Prw = 0.712   
For calculating Reynolds number, we must determine the smallest flow section 1-1, 
According to mass conservation equation 

          ρ ρU A U Aface∞ = 0 min  

       ∴ = = ×
−

= ×
−

=∞U U
A
A

X
X d

m sface t

t
0

0
3 3 0 05

0 05 0 025
6

min

.
. .

/  

Thus Re . .
.

.= =
× ×

×
=−

u d b

b

0 0
5

6 0 025 0 6157
2 95 10

3130 68ρ
µ

 

So we  can use Equation (3.42c) to calculate Nub 
 
Situation I: ( n = 20 )  
 
          n=20,      Cn =10  (  n>16) 

         Nu Cb n b b
b

w
= 0 27 0 63 0 36 0 25. Re Pr ( Pr

Pr
). . .

 

                     = × × × × 





0 27 1 3130 68 0 68 0 68
0 712

0 63 0 36
0 25

. . . .
.

. .
.

 

                     =37.0 

      6.66
105.2

0.37045.0
2

0

=
×
×

==∴ −d
Nuh bκ W/m2 ⋅K 

 
Situation II: (n=6) 
 

www.konkur.in



      From Figure 3.3, it can be seen     Cn=0.95 

            Nu Cb n b b
b

w
=









0 27 0 63 0 36

0 25

. Re Pr Pr
Pr

. .
.

 

                      
25.0

36.063.0

712.0
68.068.068.313095.027.0 






××××=  

                      =35.16 
 

∴   3.63
105.2

16.35045.0
2

0

=
×
×

== −d
Nuk

h b  W/m2 ⋅K 
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Problem 3.12 
Repeat Problem 3.11, if the heat exchanger employs a bank of staggered bare tubes with a 
longitudinal pitch of 4 cm and transverse pitch of 5 cm. 
 
GIVEN 
Xl = 0.04m, Xt = 0.05 m, Staggered-tubes 
 
FIND 
Average heat transfer coefficient h. 
 
 
SOLUTION: 
 
Air thermal properties are similar to Problem 3.11. 
At first, we need to determine the maximum velocity across the tube-bank, which is related to the minimum 
area in Figure 3.2. 

     ( )22 2 2
00 / 2 ) 2( 0.04 0.025 0.025) 0.02 ) 2 44( (d l tX X X dd + − = + − =− =

 

    0 0.05 0.025 0.025tX d− = − =  
So, 

    0 02( )t dX d X d− < −  
 

     5.0
05.0

025.005.00min =
−

=
−

=
t

t

face X
dX

A
A  

   6
5.0

13
min

0 =×==∴ ∞ A
A

UU face m/s 

      68.3130
1095.2

6157.0025.06Re 5
00 =

×
××

== −µ
ρdu

b         

For staggered bundles at Reynolds number = 3130.68, we can use Equation (3.43c) 40 calculate Nub 

          Nu C X
Xb n b b

b

w

t

l
=



















0 35 0 6 0 36

0 25 0 2

. Re Pr Pr
Pr

. .
. .

    

Situation I:  (n=20) 
 

n=20,   n >16,  ∴Cn=1  
2.025.0

36.06.0

04.0
05.0

712.0
684.0684.068.3130135.0 






×






××××=bNu  

                  =39.55 
 

   ∴    2.71
105.2

045.055.39
2

0

=
×
×

==
−d

Nu
h bκ W/m2⋅ K 

 
Situation II: (n=6) 

n=6,   ∴Cn=0.95 (From Figure 3.3)  

          
2.025.0

36.06.0

04.0
05.0

712.0
68.068.068.313095.035.0 






×






××××=bNu  

                 = 37.57 
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   ∴  6.67
105.2

57.37045.0
2

0

=
×
×

==
−d

Nu
h bκ  W/m2

 

⋅ K 
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Problem 3.13 

A shell-and-tube heat exchanger is to be used to cool 20 kg/s of water from 40oC to 20oC. The 
exchanger has one shell-side pass and two tube-side passes. The hot water flows through the tubes 
and the cooling water flows through the shell. The cooling water enters at 15oC and leaves at 25oC. 
The maximum permissible pressure drop is 10 kPa. The tube wall thickness is 1.25 mm and is 
selected as 18 Birmingham wire gauge (BWG) copper. The length of the heat exchanger is 5 m. 
Assume that the pressure losses at the inlet and outlet are equal to two of a velocity head ( ρum

2/2). 
Find the number of tubes and the proper tube diameter to expand the available pressure drop. (Hint: 
assume a tube diameter and average velocity inside the tubes.) 

 
GIVEN 
-A shell-and-tube heat exchanger, with hot flowing through tubes. 
-Hot water inlet temperature (Th1) = 40 oC 
-Hot water outlet temperature (Th2) = 20 oC 
-Mass flow rate of hot water ( m h) = 20 kg/s 
-Cooling water inlet temperature (Tc1) = 15 oC 
-Cooling water outlet temperature (Tc2) = 25 oC 
-Maximum permissible pressure drop (∆p) = 10 kPa 
-Length of heat exchanger (L) = 5 m 
-Pressure losses at the inlet and outlet (∆pio) = ρum

2 
-18 BWG copper tube with wall thickness of 1.25 mm 
 
FIND 
Number of tubes and proper tube diameter to expand the available pressure drop. 
 
SOLUTION: 

Properties of  water at Tm
20 40

2
30+

= = o

ρ µ= ×9956.   kg / m            = 7.98 10    Pa.s
c = 4179   J / kg. K     k = 0.614  W / m. K

Pr = 5.44  

3 -4

p,h

C:  

 

Assume that the average velocity um

3/4  18 BWG tube:  I.D. = 0.652 in.;    Internal area A

 = 1.5 m/s, and try 3/4 18BWG tube with geometrical 
dimensions as: 

c = 0.3339 in.2

So,  
; 

N
m

u At
h

m c
= =

× × ×
=



. . ( . . )ρ
20

9956 15 0 000064516 0 3339
63  

( ) 30992
1098.7

)0254.0652.0(5.16.995duRe 4
im =

×
×××

== −µ
ρ   (Turbulent)      

Flow regime is turbulent flow. 
Using Blasius correlation in Table 3.4: 

f = = × =− −0 0791 0 0791 30992 0 05960 25 0 25. Re . .. .  

f
u

w

m

=
τ

ρ
1
2

2
 

τ ρw mf u= ⋅




= × × × =

1
2

0 00596 05 9956 15 6 682 2. . . . .   N / m2  
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∆p A N A Nc t w o t⋅ ⋅ = ⋅ ⋅τ  

∴ ⋅ = =
× ×

×
=    kPa∆p

L
d

w

i

4 4 6 68 5
0 0254 0 652

8 067
τ .

. .
.  

The total pressure drop is: 
∆ ∆ ∆ ∆p p p p ut io m= + = + = + × = + =ρ 2 28 067 9956 15 8 067 2 24 10 307. . . . . .   kPa  >  10 kPa  

 
Since the total pressure drop is more than permissible pressure drop, so another type of tube 

is tried: 
7/8  18 BWG tube:  I.D. = 0.777 in.;    Internal area Ac = 0.4742 in.2

and we following the same procedure as previous to see if the pressure drop is less than 
permissible pressure drop. 

; 

N
m

u At
h

m c
= =

× × ×
=



. . ( . . )ρ
20

9956 15 0 000064516 0 4742
43  

( ) 36934
1098.7

)0254.0777.0(5.16.995duRe 4
im =

×
×××

== −µ
ρ   (Turbulent)      

Flow regime is turbulent flow. 
Using Blasius correlation in Table 3.4: 

0057.0369340791.0Re0791.0f 25.025.0 =×== −−  

f
u

w

m

=
τ

ρ
1
2

2
 

222 N/m  38.65.16.9955.00057.0
2
1

=×××=





⋅= mw uf ρτ  

∆p A N A Nc t w o t⋅ ⋅ = ⋅ ⋅τ  

kPa  465.6
777.00254.0
538.644

  =
×
××

==⋅∆∴
i

w

d
L

p
τ  

The total pressure drop is: 

kPa 10 <  kPa  705.824.2465.65.16.995465.6 22 =+=×+=+∆=∆+∆=∆ miot upppp ρ
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Problem 3.14 (*) 

Repeat Problem 3.13, assuming that an overall heat transfer coefficient is give or estimated as 2000 
W/m2.K. 

 
GIVEN 
-A shell-and-tube heat exchanger, with hot flowing through tubes. 
-Hot water inlet temperature (Th1) = 40 oC 
-Hot water outlet temperature (Th2) = 20 oC 
-Mass flow rate of hot water ( m h) = 20 kg/s 
-Cooling water inlet temperature (Tc1) = 15 oC 
-Cooling water outlet temperature (Tc2) = 25 oC 
-Length of heat exchanger (L) = 5 m 
-18 BWG copper tube with wall thickness of 1.25 mm 
 
FIND 
Number of tubes. 
 
SOLUTION: 

Properties of  water at Tm
20 40

2
30+

= = o

ρ µ= ×9956.   kg / m            = 7.98 10    Pa.s
c = 4179   J / kg. K     k = 0.614  W / m. K

Pr = 5.44  

3 -4

p,h

C:  

 

      The log temperature difference under counter current case 

                         

2 1
,

2

1

(40 25) (20 15) 9.140 25lnln
20 15

lm cf
T TT CT

T

∆ −∆ − − −
∆ = = = °

∆ −
−∆  

      For one shell pass and two tube pass 

                        

1 1

1 2

2 1

10 0.4
40 15
40 20 2
25 15

c

h c

h h

c c

TP
T T
T TR
T T

∆
= = =

− −
− −

= = =
− −  

      From Fig. 2.7, the correction factor 
                         F = 0.6 
      From energy balance 

                        , 1 2( )h p h h hQ m c T T= −�  
                            = (20)(4179)(20) = 1671.6 KW 
      The total heat transfer area 

                       ,lm cfQ UAF T= ∆  

                    

3
2

,

1671.6 10 153.1
2000 0.6 9.1lm cf

QA m
UF T

×
= = =

∆ × ×  
      If we choose 7/8 18 BWG tube: I. D. = 0.777 in; Internal area Ac = 0.4742 in2; the tube length 
l = 10m. 
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3

0

153.1 220
(0.777 0.0254 1.25 10 2) 10t

AN
d lπ π −= = =

× + × × ×  
      The fluid velocity 

                  
2
0

1
4

m

t

mu
N dρ π

=


 

                       
2

20 0.30 /
220 995.6 0.25 (0.777 0.0254)

m s
π

= =
× × × × ×  

                  
4

995.6 0.3 (0.777 0.0254)Re 7386.6(Turbulent)
7.98 10

m iu dρ
µ −

× × ×
= = =

×  
                  Flow regime is turbulent flow. 
      Using Blasius correlation in Table 3.4: 

                 
0.25 0.250.0791Re 0.0791 7386.6 0.0085f − −= = × =  

                
21

2

w

m

f
u

τ

ρ
=

 

                
2 2 21( ) 0.0085 0.5 995.6 0.3 0.38 /

2w mf u N mτ ρ= ⋅ = × × × =
 

                0c t w tp A N A Nτ∆ ⋅ ⋅ = ⋅ ⋅  

             

4 4 0.38 5 0.39
0.0254 0.777

w

i

Lp kPa
d
τ × ×

∴∆ = = =
×  

       The total pressure drop is: 

                
2 2 30.39 995.6 0.3 10t io mp p p p uρ −∆ = ∆ + ∆ = ∆ + = + × ×  

                       0.39 0.09 0.48 10kPa kPa= + = <  
      The pressure drop is smaller than permissible pressure drop, so it can satisfy the design 
requirements. 
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Problem 3.15 
Calculate the average heat transfer coefficient for water flowing at 1.5 m/s with an average 
temperature of 20oC in a long 2.5-cm I.D. pipe by four different correlation from Table 3.6 
(No. 2,3,4, and 6) considering the effect of temperature-dependent properties. The inside 
wall temperature of the tube is 70oC. 

 
GIVEN 

-Water flowing through the pipe 
-Water temperature (Tb) =20oC 
-Water velocity (V) = 4 m/s 
-Inside diameter of pipe (D) =2.5cm = 0.025m 
-Pipe surface temperature (Ts)=70oC 

 
FIND 

The average heat transfer coefficient ( h c ) by 4 different correlation. 
 
SKETCH 
 

 
 
 
 
 
 
 
 

ASSUMPTIONS 
Steady state. 
Fully developed flow L/D>60. 
Uniform and constant wall surface temperature. 
Pipe wall is smooth. 

 
PROPERTIES AND CONSTANTS 
 

Properties of water at 20oC: 
ρ

µ

ν

µ µ

= 998 kg / m                                     k = 0.599 W / m K

= 1.007 10  kg / m s                       Pr = 7.05

= 1.009 10  m

 Pa.s

Pr Pr

3

-3

-6 2

Water at 70 C

w Water at 70 C

o

o

⋅

× ⋅

×

= = ×

= =

−

/

.

.

s

w 4 04 10

2 57

4

 

 
SOLUTION: 
 

Re . .
.

=
⋅ ⋅

=
× ×

×
=

−

ρ
µ

u dm i 998 15 0 025
1007 10

371653    (Turbulent)  

The heat transfer coefficient is given by: 

 
 
 
 
 
 

Tw=70oC 

Water: 
V=1.5 m/s 
Tb=20oC 

D=0.025m 
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hi =
⋅Nu k

d
b

i
 

Where the Nusselt number can be estimated using the turbulent forced convection correlation in 
circular ducts for liquids with variable properties: 
 
a. Seider & Tate: 

Nub b
b

w
=









0 023 0 8 1 3

0 14

. Re Pr. /
.

µ
µ

 

 

Nu b = × × 





0 023 37165 7 05 1007
0 404

0 8 1 3
0 14

. . .
.

. /
.

 

227=bNu  

 K  W/m5439
025.0

599.0227h 2
i ⋅=

×
=⇒  

 
b. Petuknov & Kirilov: 

( )

( )
Nub =

+ −











f
f

b b

b

b

w

n8

107 12 7
8

12 3

Re Pr

. . Pr /

µ
µ

 

Heating⇒ n = 0.11  
f b= − −( . log Re . )182 164 2  
 
f = − =−( . log . ) .182 37165 164 0 02242  

( )

( )
Nu b =

× ×

+ −







0 0224 8 37165 7 05

107 12 7 0 0224
8

7 01 1

1007
0 4042 3

0 11. .

. . . .

.
./

.

 

290Nu b =  

K W/m6948
025.0

599.0290h 2
i ⋅=

×
=  

 
c. Hufschmidt et al: 

( )

( )
Nub =

+ −











f
f

b b

b

b

w

8

107 12 7
8

12 3

0 11Re Pr

. . Pr

Pr
Pr/

.

 

f b= − −( . log Re . )182 164 2  
f = − =−( . log . ) .182 37165 164 0 02242  

( )

( )
Nu b =

× ×

+ −







0 0224 8 37165 7 05

107 12 7 0 0224
8

7 05 1

7 05
2 572 3

0 11. .

. . . .

.

./

.

 

294Nu b =  

K W/m7044
025.0

599.0294h 2
i ⋅=

×
=  

 

www.konkur.in



d. Oskay & Kakac: 

Nu b =








0 023 0 8 0 4

0 262

. Re Pr. .
.

b
b

w

µ
µ

 

262.0
4.08.0

b 404.0
007.105.737165023.0Nu 






×××=  

 
Nu b = 289  

h  W / m Ki
2=

×
= ⋅

289 0599
0 025

6924.
.

 

 
The values obtained for the heat transfer coefficient differed by less than 10%, when the 
correlation of Petukhov & Kirilov, Hufschmidt et al., and Oskay & Kakac where used which is 
very much expected. while the value obtained using sieder & Tate’s differed by 22%. 
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Problem 3.16 
A double pipe heat exchanger is used to condense steam at 40oC saturation temperature. 
Water at average bulk temperature of 20oC flows at 2m/s through the inner pipe (copper, 
2.54 cm I.D., 3.05 cm O.D.). Steam at its saturation temperature flows in the annulus 
formed between the outer surface of the inner pipe and the outer pipe of 6-cm I.D. The 
average heat transfer coefficient of the condensing steam is 6000 w/m2K, and the thermal 
resistance of a surface scale on the outer surface of the copper pipe is 0.000176 m2K/W.  
a.  Determine the overall heat transfer coefficient between the steam and the water based on 

 the outer area of the copper pipe. 
b.  Evaluate the temperature at the inner surface of the pipe.  
c.  Estimate the length required to condense 0.5 kg/s of steam. 

 
GIVEN 

-Double pipe heat exchanger. Steam in annulus, and water in inner pipe. 
-Steam temperature (Ts) =40oC 
-Average bulk water temperature (Tb) =20oC 
-Water velocity (V) = 2 m/s 
-Inner pipe diameter:  (I.D.) =0.0254m; (O.D.) = 0.0305m. 
-outer pipe diameter: (I.D.)= 0.06 m. 
-Heat transfer coefficient in annulus side (ho) = 6000 W/m2K. 
-Thermal resistance caused by fouling (Rfo) = 1.76×10-4 m2K/W. 

 
FIND 
a. Overall heat transfer coefficient (U). 
b. Temperature of the inner surface of the copper pipe (Twi). 
c. The length (L) required to condense 0.5 kg/s of steam. 
 
SKETCH 
 

 
 
 
 
 
 
 
 
 

 
ASSUMPTIONS 

Steady state. 
Fully developed flow. 
Constant steam temperature. 

 
PROPERTIES AND CONSTANTS 
 
Properties of water at 20oC: 

 
 
 
 
 
 

Water: 
V=2m/s 
Tb=20oC 

O.D.=0.0305
]I.D.=0.0254

 
Di=0.06 m 

Steam 
Ts=40oC 
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ρ

µ

ν

= 998 kg / m                                     k = 0.599 W / m K

= 1.007 10  kg / m s                       Pr = 7.05

= 1.009 10  m

3

-3

-6 2

⋅

× ⋅

× / s

 

 
Properties of steam 40oC: 

h fg = − =257345 167 5 2406. .   kJ / kg  
 

 
SOLUTION: 
 
a. 

)(Turbulent   50346
10007.1

0254.00.2998Re 3 =
×
××

=
⋅⋅

= −µ
ρ im du  

The overall heat transfer coefficient based on the pipes outside surface area can be 
expressed by: 

( )
U Ao o =

+ + +

1
1

2
1

h A
r r
k L

R
A h Ai i

o i

c

fo

o o o

ln
π

 

h Nu k
di

b

i
=  

and from Table 3.3, Correlation #1: 
 

( )

( )
Nu b =

+ 





−

f

f
b b

b

/ Re Pr

. . Pr
/

2

1 8 7
2

1
1 2

 

f b= − −( . ln Re . )158 328 2  
 
f = − −( . ln . )158 50346 328 2  
 
f = 0 00523.  

Nu b =
× ×

+ × × −

( . / ) .
. ( . / ) ( . )/
0 00523 2 50346 7 05

1 8 7 0 00523 2 7 05 11 2  

Nu b = 2515.  

⇒ =
×

=hi
2515 0599

0 0254
5931. .

.
 W / m K2  

 
Thermal Conductivity of copper at 40oC: Kc=383 W/mK  

( )
Uo =

+ + +

1

2
1A

h A
A r r

k L
R

h
o

i i

o o i

c
fo

o

ln
π

 

( )
o

fo
c

ioo

ii

o

h
R

k
rrd

dh
d 1

2
ln

1Uo

+++

=  
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( )
Uo =

×
+

×
+ +

1
0 0305

0 0254 5931
0 0305 01525 0 0127

2 383
0 000176 1

6000
.

.
. ln . .

.
 

U  W / mo
2= 1827 K  

 
The thermal circuit can be sketched as follows: 
 

 
Ro = Thermal resistance of steam [=1/(Aoho)]. 
Ts = Temperature of the steam. 
Rfo = Thermal resistance of the surface scale. 
Two = Tube outside wall temperature. 
Rkt = Thermal resistance of the copper tube. 
Twi = Tube inside wall temperature. 
Ri = Water thermal resistance [=1/(Aihi)]. 
Tb = Water bulk temperature. 
 

b. 
From the above circuit: 

T T

R
R
A

R R

T T
R

T R
T T

R
R
A

R R
T

s b

o
fo

o
w i

wi b

i

wi i
s b

o
fo

o
w i

b

−

+ + +
=

−

⇒ =
−

+ + +



















+

 

( )
Twi =







−

× + × +
×

⋅
+



















+
1

5931
40 20

0 0254
0 0305

1
6000

0 0254
0 0305

0 000176
0 0254 0 01525 0 0127

2 383
1

5931

20
.
.

.

.
.

. ln . .
 

T Cwi
o= 214.   

 
 
c. 

The heat released by the steam condensing at 40oC is: 
Q m hs fg= ⋅ = ×

=

05 2405

1203

.

                  kJ / s
 

Q A U T T r LU T T

L Q
r U T T

o o s b o o s b

o o s b

= − = ⋅ −

⇒ =
⋅ −

=
× × × −

=

( ) ( )

( ) . ( )

2

2
1203000

2 0 01525 1827 40 20
344

π

π π
 m

 

 

 

 

 Tb  Ts  Two  Twi 

 Ro  Rfo  Rw  Ri 
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Problem 3.17 
Carbon dioxide gas at 1 atm pressure is to be heated fro 30 to 75 oC by pumping it through a tube 
bank at a velocity of 4 m/s. The tubes are heated by steam condensing within them at 200oC. The 
tubes have a 2.5-cm O.D., are in an in-line arrangement, and have a longitudinal spacing of 4 cm and 
a transverse spacing of 4.5 cm. If 15 tube rows are required, what is the average heat transfer 
coefficient? 
 
GIVEN 
-Carbon dioxide being pumping through tube banks, and being heated by condensing steam. 
-Co2 inlet temperature (Tin) = 30 oC 
-Co2 outlet temperature (Tout) = 75 oC 
-Co2 velocity (um) = 4 m/s 
-Steam temperature (Ts) = 200 oC 
-Tube O.D. (do) = 2.5 cm 
-Xl = 4 cm 
-Xt = 4.5 cm 
-Number of tube row (n) = 15 
 
FIND 
Average heat transfer coefficient h. 
 
 
SOLUTION: 
 

From Appendix B (Table B.1), the properties of Co2 at Taverage =
30 75

2
52 5+

= .  °C and atmosphere pressure 

are: 

ρ

µ

= 1.641 kg / m                             k = 0.0185 W / (m K)

= 1.63 10  m / s                       Pr = 0.77
c   J / kg. K

3

-5 2

p

⋅

×
= 876

 

Approximate wall temperature  Tw = 52 5 200
2

126 25. .+
= °C,  then Prw = 0.77  

For calculating Reynolds number, we must determine the smallest flow section, 
According to mass conservation equation 
          ρ ρu A u Aface 0 0 minm =  

       ∴ = = ×
−

= ×
−

=u u
A
A

X
X d

sm
face t

t o
0 4 4 0 045

0 045 0 025
9

min

.
. .

/  m  

Thus  

Re . .
.

= =
× ×

×
=−

u d o b

b

0
5

9 0 025 1641
163 10

22651
ρ

µ
 

n=15,      Cn ≈ 1. 
So we can use Equation (3.42c) to calculate Nub: 

Nu C n b b
b

w
b =











= × × × 





=

0 27

0 27 1 22651 0 77 0 77
0 77

136 2

0 63 0 36
0 25

0 63 0 36
0 25

. Re Pr
Pr
Pr

. . .
.

.

. .
.

. .
.

       

 

h Nu k
d o

=
⋅

=
×

=
136 2 0 0185

0 025
1008. .

.
.   W / m . K2  
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Problem 4.1 
Consider the flow of 20oC water through a circular duct with an I.D. of 2.54 cm. The 
average velocity of the water is 4 m/s. Calculate the pressure drop per unit length (∆p/L). 

 
GIVEN 

-Flow of water through circular duct 
-Water temperature (T) = 20oC 
-Water velocity (u) = 4 m/s 
-Inner diameter of duct (di) = 2.54 cm 
 

FIND 
The pressure drop per unit length ∆p/L 
 

SOLUTION: 
 

Properties of water at T = 20o

ρ µ= ×998  kg / m                   = 10.07 10   Pa.s3 -4 

C = 293 K: 
 

Reynolds number: 

 Re .
.

,= =
× ×

×
=

−

ρ
µ
ud i 998 4 0 0254

10 07 10
100 6924  (Turbulent)  

The friction factor can be obtained by Karman-Nikuradse correlation in Table 4.1: 
f 0.046Re      for  3 100.2 4= × < <− Re 106  
f 0.046 (100,692)
 = 0.0046

0.2= × −
 

Pressure drop per unit length: 
∆p
L

4f 1
d

u
2

    = 4 0.0046 1
0.0254

    = 5783.7  Pa / m

i

2
=

× × ×
×

ρ

998 4
2

2
 

 
 

  

www.konkur.in



Problem 4.2 
Water at 5oC flows through a parallel-plate channel in a flat-plate heat exchanger. The 
spacing between the plates is 2 cm, and the mean velocity of water is 3.5 m/s. Calculate the 
pressure drop per unit length in the hydrodynamically fully developed region. 

 
GIVEN 

-Flow of water through parallel-plate channel 
-Water temperature (T) = 5oC 
-Water velocity (u) = 3.5 m/s 
-Spacing between the plates is (B) = 2 cm 
 

FIND 
The pressure drop per unit length ∆p/L 
 

SOLUTION: 
 

Properties of water at T = 5o

ρ µ= ×999  kg / m                   = 15.21 10   Pa.s3 -4 

C = 278 K: 
 

The hydraulic diameter Dh

D
 is: 

h

Reynolds number: 
  = 0.02 m 

 976,45
1021.15

02.05.3999uDRe 4
h =

×
××

== −µ
ρ  (Turbulent)  

The friction factor can be obtained by Blasius correlation in Table 4.1: 
f 0.0791Re      for  4 100.25 3= × < <− Re 105  

0.0054= 
(45,976)0.0791f 0.25−×=  

Pressure drop per unit length: 

Pa/m  6608.4=    
2

5.3999
0.02

10.00544=    

2
u

D
14f

L
p

2

2

h

×
×××

=
∆ ρ
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Problem 4.3 
It is proposed that the stationary diesel exhaust gas (CO2) be used for heating air by the use 
of a double pipe heat exchanger. CO2 flows through the annulus. From the measurements of 
the velocity, it is calculated that the mass flow rate of gases from the engine is 100 kg/h. The 
exhaust gas temperature is 600 K. The air is available at 20oC  and it will be heated to 80oC 
at a mass flow rate of 90 kg/h. One standard (schedule 40) tube size of 4×3 in. double pipe 
exchanger (hairpin) of  2 m length (copper tubes) will be used. 
a. Calculate the frictional pressure drop in the inner tube. 
b. Calculate the pressure drop (Pa) in the annulus. 
c. Calculate the pumping power for both streams. 
Assume the average temperature of CO2 at 500 K and the following properties:  
ρ ν= = ×1.0732  kg / m ,    c 1013     J / kg. K ,   k = 0.03352  W / m. K ,   Pr = 0.702 ,  = 21.67 10  m / s3

p
-6 2  

For air: cp = 1007 J/kg.K 

 
 

GIVEN 
-Double heat exchanger, with CO2 flowing through the annulus and air through the inner tube 
-Inlet CO2 temperature (Th1) = 600 K 
-Mass flow rate of CO2 ( m h ) = 100 kg/h = 0.0278 kg/s 
-Inlet air temperature (Tc1) = 20oC 
-Outlet air temperature (Tc2) = 80oC 
-Mass flow rate of air ( m c ) = 90 kg/h = 0.025 kg/s 
-4×3 double pipe exchanger (hairpin) 
-length of hairpin (L) = 2 m 
 

FIND 
(1) Frictional pressure drop in the inner tube ∆pt; 
(2) Pressure drop in the annulus ∆pa 
(3) Pumping power Pt and Pa 

 
SOLUTION: 
 

Nominal pipe size of 3 in. Nominal pipe size of 4 in. 
do = 3.5 in. = 0.0889 m Do = 4.5 in. = 0.1143 m 
di = 3.068 in. = 0.0779 m Di = 4.026 in. =0.1023 m 

 
Properties of  CO2

ρ µ

ν

= ×

= ×

1.0732  kg / m                   = 2.32 10   Pa.s

c 1013     J / kg. K                 = 21.67 10  m / s

k = 0.03352  W / m. K              Pr = 0.702

3 -5

p
-6 2

 at T = 500 K: 

 

Properties of  air at T = 323 K: ( 20 80
2

50 C 323 Ko+
= = ) 

ρ µ= ×
=
1.0931  kg / m                   = 1.96 10   Pa.s

c 1007     J / kg. K               k = 0.0278  W / m. K       

 Pr = 0.71

3 -5

p  

a.   
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Reynolds number:  

Re
 . .

. .
= = =

×

× ×





=
−

ρ
µ µ π
ud m d

A
i c i

c

0 025 0 0779

196 10
4

0 0779
20848

5 2
(Turbulent) 

Using Eq. (4.7) for friction factor: 
f 0.079Re        for 4 100.25 3= × < <− Re 10 5  
f 0.079 21063
 = 0.00658      

0.25= × −
 

Pressure drop is: 

∆p 4f 2L
d

u
2i

2
=

ρ  

where velocity is: 

m/s     4.8
0779.00931.1

025.04
d

m4
A

m
u 22

i

c

c

c =
××

×
===

πρπρ
  

∴ = × ×
×

=∆p 4 0.00658 4
0.0779

1.0931 4.8
2

17.01   Pat

2
 

b.  
The hydraulic diameter Dh

D
 is: 

h = Di - do

The cross-sectional area of annulus is:  
 = 0.1023-0.0889 = 0.0134 m 

( ) ( )
A

D d

4
0.002  mc

i
2

o
2

2=
−

=
× −

=
π π 01023 0 0889

4

2 2. .
 

Reynolds number:  

( )
Re

 . .
. .

= = =
×

×
=

−

ρ
µ µ

uD m D
A

h c h

c

0 0278 0 0134
2 32 10 0 001996

80285 (Transition flow) 

Using Eq. (4.7) for friction factor: 
f 0.079Re        for 4 100.25 3= × < <− Re 105  
f 0.079 8028
 = 0.00836      

0.25= × −
 

Pressure drop is: 

∆p 4f L
D

u
2h

2
=

ρ  

where velocity is: 

u
m
A

    m / sc

c
= =

×
=

 .
. .

.
ρ

0 0278
10732 0 002

12 95  

∴ = × ×
×

=∆p 4 0.00836 2
0.0134

1.0732
2

   Paa

212 95 44914. .  

c. 
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P
m p

p
=
 ∆
ρη

 

P 0.025 17.01
1.0931 0.8

0.49   Wt =
×
×

=      per hairpin. 

P 0.0278
1.0732 0.8

14.54   Wa =
×
×

=
449 14.     per hairpin. 
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Problem 4.4 
Calculate the pumping power for both streams given in Problem 3.8. 

 
GIVEN 

-Double pipe heat exchanger. City water in annulus, and hot water in inner tube. 
-Mass flow rate of city water ( m c ) = 0.5 kg/s 
-City water inlet temperature (Tc1) = 20oC 
-City water outlet temperature (Tc2) = 35oC 
-Hot water inlet temperature (Th1 ) = 140oC 
-Hot water temperature drop (∆Th) =15oC 
-Hairpin:  L = 4.5 m,  3 in.× 2 in. (schedule 40)  

 
FIND 

Pumping power Pt and Pa 
 
SOLUTION: 
 

Nominal pipe size of 3 in. Nominal pipe size of 2 in. 
do = 3.5 in. = 0.0889 m Do = 2.375 in. = 0.0603 m 
di = 3.068 in. = 0.0779 m Di = 2.067  in. = 0.0525 m 

 
Properties of  hot and city water: 

Bulk mean temperatures: 

Cold city water: T
T T

2
20 35

2
27.5 Cb,c

c1 c2 o=
+

=
+

=  

Hot water: T
T T

2
140 + (140 -15)

2
Ch,c

h1 h2 o=
+

= = 132 5.  

 
Annulus - cold city water at 

27.5oC 
Inner tube - hot water at 132.5oC 

ρc = 996  kg/m3 ρh = 932  kg/m3 
k = 0.61 W/(m.K) k = 0.688  W/(m.K) 
µ = 0.843×10-3  Pa.s µ = 0.207×10-3  Pa.s 
cp,c=4.179 kJ/(kg.K) cp,h=4.269  kJ/(kg.K) 
Pr = 5.79 Pr = 1.28 

 
Heat balance: 

( ) ( ) , ,m c T T m c T Th p h h h c p c c c1 2 2 1− = −  

( )
( )


 . . ( )

.
. /,

,
m

m c T T

c T T
sh

c p c c c

p h h h
=

−

−
=

× × −
×

=2 1

1 2

05 4179 35 20
4 269 15

0 49  kg  

The overall heat transfer coefficient Uo ( hi and ho are obtained in Problem 3.8, and we 
neglect the wall resistance here): 
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U

h
d
d h

o

i

o

i o

=
+

=
× +

=
1

1 1
1

1
21518

0 0603
0 0525

1
626 65

469 6

.
.
. .

.   W / m . K 2  

1 2 105 ClmT T T∆ = ∆ = ∆ = °  
( )12,)( cccpclmtoo TTcmTNLdUQ −=∆= π  

( )
175.0

1055.40603.06.469
)2035(41795.0

)(
12, ≈=

××××
−××

=
∆

−
=

ππ lmoo

cccpc
t TLdU

TTcm
N

  

∴ 1 hairpin is needed. 
 
*   Pressure drop in annulus (cold water): 

Re = 5469 ( obtained from Problem 3.8) 
using Karmen-Nikuradse correlation in table 4.1: 
 f = 0.046 Re-0.2 = 0.046×5469-0.2

Pa  145    

263.0996
2
1

0176.0
5.05.40082.04

2
u

D
)2/L(N

4fp 2
2

h

t

=







 ×××

×
××==∆

ρ

 = 0.0082 

 

The pumping power for annulus flow (assume pump efficiency as 0.8): 

  W09.0
8.0996

1455.0
=

×
×

=
∆

=
pc

a
pmP

ηρ
  

  
*   Pressure drop in inner tube (hot water): 

Re = 57298 ( obtained from Problem 3.8) 
using Dew, Koo and McAdams correlation in table 4.1: 
 f = 0.0014 + 0.125 Re-0.32   (4×103< Re < 5×106

   = 0.0014 +0.125×57298
) 

-0.32

Pa  8.48    

2424.0932
2
1

0525.0
15.40052.04

2
u

d
LN

4fp 2
2

i

t

=







 ×××

×
××==∆

ρ

 = 0.0052 

 

The pumping power for annulus flow (assume pump efficiency as 0.8): 

  W032.0
8.0932
8.4849.0
=

×
×

=
∆

=
pc

t
pmP

ηρ
  
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Problem 4.5 
Consider a shell-and-tube heat exchanger. Air with a flow rate of 1.5 kg/s at 500°C and at 
atmospheric pressure flows through 200 parallel tubes. Each tube has an internal diameter 
of 2 cm and length of 4 m. Assume that the D/D0 = 0.5 data can be used for the contraction 
and enlargement. The outlet temperature of the cooled air is 100°C. Calculate the pressure 
drop for: 
a. The abrupt contraction  
b. Friction  
c. Acceleration  
d. Enlargement  
and compare the total pressure drop with the frictional pressure drop. 

 
GIVEN 

-A shell-and-tube heat exchanger, with air flowing through the inner tubes. 
-Inlet air temperature (Th1) = 500oC 
-Outlet air temperature (Th2) = 100oC 
-Mass flow rate of Air ( m ) = 1.5 kg/s 
-The number of tubes (Nt) = 200 
-The cross-sectional area of inlet tube plate is 40% larger than that of total number of  tubes.  
-Internal diameter of tubes (di) = 2 cm  
-length of tubes (L) = 4 m 
 

FIND 
The pressure drop for:  

a. the abrupt contraction; 
b. friction; 
c. acceleration; 
d. enlargement, 

and compare the total pressure drop with the frictional pressure drop. 
 
SOLUTION: 
 

Properties of  air at T = 500o ρ i = 0.4564  kg / m      3C:     

Properties of  air at T = 100o ρo = 0.9458  kg / m            3C:    
Properties of air at 300o

ρ µm = ×0.6157  kg / m            = 2.95 10    Pa.s3 -5

C: 
 

a.   
Mean velocity:  

u m
A N

4m
d N

   m / sm
c t i t

= =
⋅

=
×

× × ×
=

  .
. .

.
ρ ρ π πm m

4 15
0 6157 0 02 200

3882  

Dynamic head: 
1
2

1
2

0 6157 388 463 452ρm u    Pam
2 = × × =. . .  

      Abrupt contraction: ( k 0.4c = at D/D0 = 0.5 in Table 4.3) 
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2
m

1p k u 0.4 463.45 185.38 Pa
2c c ρ∆ = = × =  

b.   
Reynolds number:  

Re . . .
.

,= =
× ×

×
=

−

ρ
µ

m u dm i 0 6157 388 0 02
2 95 10

16 1965 (Turbulent) 

Using Eq. (4.7) for friction factor: 
f 0.079Re        for 4 100.25 3= × < <− Re 105  
f 0.079 16196
 = 0.007      

0.25= × −
 

Frictional pressure drop: 

∆p 4f L
d

u
2f

i

m
2

=
ρm  

∆p 4 0.007 4
0.02

   kPaf = × × × =46345 2 6. .  

c.   
Acceleration pressure drop: 

∆p Ga = −








2 1 1

ρ ρo i
 

G = = =
×

⋅ ⋅
=

  .
.

.m
N A

m
N d

  kg / m .s
t c t i

2
24 4 15

200 0 02
23872π π

 

∴ = × −




= −∆p    Paa 2384 1

0 9458
1

0 4564
646 22.

. .
.  

d.   
Enlargement pressure drop: ( ek 0.37=  from Kays and London 26

Pa48.17145.46337.0u
2
1kp 2

mee =×==∆ ρ

) 

 

      The total pressure drop 

   p p p p pt c e a f∆ = ∆ + ∆ + ∆ + ∆  
          115.86 171.48 646.2 2600= − − +  
          1898.2 2.6Pa kPa= <  
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Problem 4.6 
The core of a shell-and-tube heat exchanger contains 60 tubes (single-tube pass) with an 
inside diameter of 2.5 cm and length of 2 m. The shell inside diameter is 35 cm. The air, 
which flows through the tubes at a flow rate of 1.5 kg/s, is to be heated from 100°C to 
300°C. 

a. Calculate the total pressure drop as the sum of the frictional pressure drop in the 
tube and the pressure drop due to acceleration, abrupt contraction (kc=0.25), 

and abrupt enlargement (ke=0.37). Is the total pressure drop smaller than the frictional 
pressure drop in 

the tube? Why? 
b. Calculate the fan power needed. 

 
GIVEN 

-A shell-and-tube heat exchanger 
-Inlet air temperature (Tc1)= 100oC 
-Outlet air temperature (Tc2) = 300oC 
-Mass flow rate of CO2 ( m ) = 1.5 kg/s 
-The number of tubes (Nt) = 65 
-Internal diameter of tubes (di) = 2.5 cm  
-Shell inside diameter (Di) = 35 cm 
-length of tubes (L) = 2 m 
 

FIND 
a. The pressure drop for:  

i. the abrupt contraction; 
ii. friction; 
iii. acceleration; 
iv. enlargement, 

       v. and compare the total pressure drop with the fricitonal pressure drop. 
b. the fan power needed 

 
SOLUTION: 
 

Properties of  air at T = 300o      kg/m  0.6088 3=iρC:     

Properties of  air at T = 100o            kg/m  0.9380 3=oρC:    

Properties of air at at 200o

Pa.s   102.59=           kg/m  0.7383 -53 ×= µρm

C: 
 

a. 
i.   

Velocity:  

m/s   98.68
60025.07383.0

5.14
Nd

m4
NA

mu 2
titc

m =
×××

×
=

⋅
==

ππρρ mm

  

Dynamic head: 

Pa   5.175698.687383.0
2
1u

2
1 22

m =××=mρ  

      Abrupt contraction: 
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2
m

1p k u 0.25 1756.5 439.12Pa
2c c ρ∆ = = × =

 
ii. 

Frictional pressure drop: 

∆p 4f L
d

u
2f

i

m
2

=
ρ m  

Renolds number:  

6.044,49
1059.2

025.098.687383.0du
Re 5

im =
×

××
== −µ

ρm (Turbulent) 

Using Eq. (4.7) for friction factor: 
f 0.079Re        for 4 100.25 3= × < <− Re 10 5  

      0.0053= 
6.904440.079f 0.25−×=  

Frictional pressure drop is: 

Pa   27.29815.1756
0.025

20.00534pf =×××=∆  

iii. 
Acceleration pressure drop: 

∆p Ga = −








2 1 1

ρ ρo i

 

.skg/m  96.50
025.060
5.14

dN
m4

AN
m 2

22
itct

=
⋅⋅
×

===
ππ


G  

Pa   1.1497
9380.0
1

6088.0
196.50p 2

a =





 −×=∆∴  

iv. 
Enlargement pressure drop: 

Pa91.6495.175637.0u
2
1kp 2

mee =×==∆ ρ  

v.       
The total pressure drop 

   p p p p pt c e a f∆ = ∆ + ∆ + ∆ + ∆  
          2981.27 439.12 649.91 1497.1= + − +  
          4267.6 2981.27Pa Pa= >  

b. 
Power needed: 

1.5 4267.6 10.8
0.7383 0.8p

m pN kW
ρη
∆ ×

= = =
×

�

 
pη  can be approximated as 80%. 
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Problem 4.7 
Consider a tube bundle arrangement in crossflow heat exchanger. Tubes are staggered bare 
tubes with a longitudinal pitch of 20 mm, transverse pitch of 24.5 mm and 1/2 in. in 
diameter. The length of the heat exchanger is 0.80 m. The frontal area seen by the air 
stream is a 0.6 m × 0.6 m square. The air flows at 2 atm pressure with a mass flow rate of 
1500 kg/h. Assume that the mean air temperature is 200oC. Calculate the air frictional 
pressure drop across the core of the heat exchanger. 

 
 
 

 
 
 

GIVEN 
-Tube bundle in crossflow heat exchanger. 
-Mean temperature of air (Tm)= 200oC 
-Pressure of air flow (p) = 2 atm 
-Mass flow rate of air ( m ) = 1500 kg/h 
-Pitch size of tube bundle (Xl) = 20 mm, and (Xt) = 24.5 mm. 
-Total frontal area: (Af) = 0.6×0.6 m2 
-Internal diameter of tubes (di) = 1/2 in. = 1.27 cm  
-length of heat exchanger (L) = 0.8 m 
 

FIND 
Frictional pressure drop across the core of the heat exchanger (∆p) 

 
SOLUTION: 
 

Properties of air at T = 200o

ρ µ= ×1.495  kg / m            = 2.58 10    Pa.s3 -5

C, p = 2 atm (Table B.1 in appendix B):  
 

Velocity:  

mm
X

XX t
ld 45.23

2
5.2420

2

2
2

2
2 =






+=






+=  

75.107.1245.230 =−=− dX d  

Xl

Xt

Xd
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m/s 577.0
36.0495.1

4166.0
A
mu

f

=
×

==∞ ρ


 

sm
dX

Xu
u

t

t /607.1
7.125.24
5.24775.0

0
max =

−
×

=
−

= ∞  

1183
1058.2

0127.0495.1607.1Re 5
0 =

×
××

== −µ
ρ dum  

575.1
0127.0

02.0

0

* ===
d
X

X l
l  

929.1
0127.0
0245.0

0

* ===
d
X

X t
t  

22.1
575.1
929.1

*

*

==
l

t

X
X

 

From Fig. 4.5 for 22.1*

*

=
l

t

X
X

 and Re = 1183: 

χ = 1.0 

From the main Fig. 4.5 for Re = 1183 and 929.1* =tX : 

0.60Eu
=

χ
 

Number of tube rows is approximately: 

40
02.0
8.08.0
===

lX
n  

Pressure drop: 

Pa  33.4640607.1495.1
2
10.160.0

2
uEup 2

2
m =×××××=⋅⋅








=∆ nρ

χ
χ
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Problem 4.8 
Assume that the tube bundle arrangement given in Problem 3.11 is the core of a heat 
exchanger. Calculate the pressure drop caused by the tubes for in-line and staggered 
arrangements, and compare the two pressure drops and the two pumping powers. 

 
 

SOLUTION: 
 

*   For in-line arrangement, n=20:  
 

According to the solution of 3.11 
Re = 3130.68 

X X X
d

X
dt l

t l* * .
.= = = = =

0 0
0 05

0 025 2  

thus, Eu χ  and χ  can be determined from Figure 4.4 
Eu χ ≅ 0.25 
χ = 1 

Pressure drop can be determined from Equation (4.20) 

 ∆P Eu u n1 0
21

2
=






 ⋅

χ
χ ρ  

                            = 0 25 1 1
2

0 6157 6 202. .× × × × ×  

=55.4 Pa 
 
*   For staggered arrangements, according to the solution of Problem 3.12 
 

 Reb = 3533.5          and 
 X X dt t

∗ = = =0 0 05 0 025 2. .      

X X dl l
∗ = = =0 0 04 0 025 16. . .  

∴ = =∗ ∗X Xt l 2 16 125. .  
thus, Eu χ  and χ  can be determined from Figure 4.4 

Eu χ ≅ 0.25 
χ =1 

Pressure drop can be determined from Equation (4.20) 

∆P Eu u n2 0
21

2
=






 ⋅

χ
χ ρ  

= 0 25 1 1
2

0 6157 6 772 202. . .× × × × ×  

=141.2 Pa 
∆ ∆P P2 1 1412 55 4 2 55= =. . .  
 

*   Pumping power comparison can be made from Equation (4.19) 
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W
W

m P

m P

P
P

P

P

P

P

2

1

2

1

2

1

1

1 2 55=
⋅ ⋅

⋅ ⋅
= =

η ρ

η ρ

∆

∆

∆
∆

.  
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Problem 4.9 
In a crossflow heat exchanger with in-line tubes, air flows across a bundle of tubes at 5oC 
and is heated to 32oC. The inlet velocity of air is 15 m/s. Dimensions of tubes are: do=25 mm, 
Xt=Xl=50 mm. There are 20 rows in the flow direction and 20 columns counted in the heat 
exchanger. The air mass flow rate is 0.5 kg/s. Air properties may be evaluated at 20oC and 1 
atm. Calculate the frictional pressure drop and the pumping power. 

 
GIVEN 

-Tube bundle in crossflow heat exchanger. 
-Inlet temperature of air (Tc1) = 5 oC 
-Outlet temperature of air (Tc2) = 32 oC 
-Pressure of air flow (p) = 1 atm 
-Velocity of air is (u∞) = 15 m/s 
-Mass flow rate of air ( m ) = 0.5 kg/s 
-Pitch size of tube bundle (Xl) = 50 mm, and (Xt) = 50 mm. 
-Diameter of tubes (do) = 25 mm  
-Number of rows (Nrow) = 20 
-Number of columns (Ncolumn) = 20 

FIND 
Frictional pressure drop (∆p) and pumping power (Ppump) 

 
SOLUTION: 
 

Properties of  air at Tm = 18.5 o

ρ µ= ×1.2045  kg / m            = 1.82 10    Pa.s3 -5

C, p = 1 atm:  
 

( )max
15 0.05= 30 /

( ) 0.05 0.025
t

t o

u Xu m s
X d
∞ × ×

= =
− −

 

Reynolds number:  

m o
5

u d 1.2045 30 0.025Re 49636
1.82 10

ρ
µ −

× ×
= = =

×
 

X X X d 50
25l

*
t
*

l o= = = = 2  

From the main Fig. 4.4 for Re = 49,,636 and X t
* = 2 : 

Eu 0.21
χ

=  

Pressure drop: 
2

2mEu u 1p 0.21 1.2045 30 20 2277  Pa
2 2

nρ
χ

 
∆ = ⋅ = × × × × = 

 
 

pump
p

m p 0.5 2277P 1182  W
1.2045 0.8ρη

∆ ×
= = =

×
�
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Problem 4.10 
In a heat exchanger for two different fluids, power expenditure per heating surface area is 
to be calculated. Fluids flow through the channels of the heat exchanger. Hydraulic 
diameter of the channel is 0.0241 m.  
a. For air at an average temperature of 30oC, 2 atm pressure, heat transfer coefficient is 

55 W/m2.K 
b. For water at an average temperature of 30oC, heat transfer coefficient is 3850 W/m2.K.  
Comparing the results of these two fluids, outline your conclusions. 

 
GIVEN 

-Hydraulic diameter (Dh) = 0.0241 m 
-Air temperature (Tair) = 30 oC 
-Air pressure = 2 atm 
-Heat transfer coefficient for air (hair) = 55 W/m2.K 
-Water temperature (Twater) = 30 oC 
-Heat transfer coefficient for water (hwater) = 3850 W/m2.K 

 
FIND 

Power expenditure per heating surface area (P) 
 
SOLUTION: 

Properties of  air at Tm = 30o

   W/m.K0264.0k        J/kg.K     1007c
Pa.s   101.86=           kg/m  3312.2

aap,

-53

==
×= aa µρ

C, p = 2 atm:  

 

Properties of  water at Tm = 30o

ρ µw w= ×
= =
996

0 614
  kg / m            = 7.98 10    Pa.s

c 4179  J / kg. K       k   W / m. K

3 -4

p,w w .

C:  

 

Assume the pump efficiency ηp

a.  
 = 0.8: 

P
A

Ch D
k c

h

p p

= ×
3 5 1 83 0 5

2 33 117 2

. . .

. . )
µ

ρ η
     (C = 1.2465 104  

P
A

=
× × × ×

× × ×

−( . ) ( . ) .
. . .

. . .

. .
12465 10 55 186 10 0 0241

0 0264 1007 2 3312 08

4 3 5 5 1 83 0 5

2 33 117 2  

   = 1.77  W / m2

 

b.  
P
A

Ch D
k c

h

p p

= ×
3 5 1 83 0 5

2 33 117 2

. . .

. . )
µ

ρ η
     (C = 1.2465 104  

P
A

=
× × × ×

× × ×

−( . ) ( . ) .
. .

. . .

. .
12465 10 3850 7 98 10 0 0241

0 614 4179 996 08

4 3 5 4 1 83 0 5

2 33 117 2  

   = 3.34  W / m2

 

The power expenditure per heating surface area for given water is greater than the given air 
flow. 
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 Problem 4.11 
City water will be cooled in a heat exchanger by sea water entering at 15oC. The outlet 
temperature of the sea water is 20oC. City water will be re-circulated to reduce water 
consumption. The suction line of the pump has an I.D. of 154 mm, is 22m long, and has two 
90o bends and a hinged check valve. The pipe from the pump to the heat exchanger has an 
I.D. of 127 mm, is 140 m long, and has six 90o bends. The 90o bends are all made of steel 
with a radius equal to the I.D. of the pipe, R/d=1.0. The heat exchanger has 62 tubes in 
parallel, each tube 6 m long. The I.D. of the tubes is 18 mm. All pipes are made of drawn 
mild steel (ε=0.0445 mm). The sea water flow rate is 120 m3/h. Assume that there is one 
velocity head loss at the inlet and 0.5 velocity head loss at the outlet of the heat exchanger. 
The elevation difference is 10.5 m.  
Calculate: 

a. the total pressure drop in the system (kPa and m liquid head = Hm); 
b. the power of the sea water pump (pump efficiency η=60%); 
plot the pumping power as a function of the sea water flow rate (for three flow 

rate values: 2000 L/min., 2,500 L/min. and 3,000 L/min.). 

 
GIVEN 

-Sea water inlet temperature (Tin) = 15oC 
-Sea water outlet temperature (Tout) = 20 oC 
-Suction pipe has two 90o bends(R/d=1) and a hinged check valve, and 

 di,1 = 154 mm, L1 = 22 m 
-Pipe from pump to H.E. has six 90o bends(R/d=1), and 

di,2 = 127 mm, L2 = 140 m 
-# of tubes in H.E. (Nt) = 62, and  

di,3 = 18 mm, L3 = 6 m 
-Mass flow rate of sea water ( m ) = 120 m3/h 

-Inlet loss (∆pinlet) =
1
2

2ρu   

-Outlet loss (∆poutlet) = 05 1
2

2. × 





ρu  

-Elevation (h) = 10.5 m 
 
FIND 
a. Total pressure drop in the system (∆ptotal) 
b. Sea water pump power (Ppump) 
c. Plot the pumping power as a function of the sea water flow rate. 
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SKETCH 

                       
 
 
 
SOLUTION: 

Properties of  water at Tm
15 20

2
17 5+

= . = o

Pa.s   1010.67=           kg/m  7.998 -43 ×= µρ

C:  

 
Velocities: 

V 120  m / hr 120
3600

  m / s 0.033  m / s3 3 3= = =  

  .m V . . =   kg / s= = ×ρ 998 7 0 033 3329  
* In suction line: 

u V
d

.79  m / ss
s
2= =

×

×
=

 .
.π π

4

4 0 033
0154

12  

* In the pipe from pump to heat exchanger: 

u V
d

2.63  m / sp
p

2= =
×

×
=

 .
.π π

4

4 0 033
01272

 

* In the heat exchanger tubes: 

u V
d

N
2.11  m / st

t
2

t

=

⋅

=
×

× ×
=

 .
.π π

4

4 0 033
0 018 622  

Friction coefficient: 
* In suction line: 

Re . . .
.

= =
× ×

×
=

−

ρ
µ

u ds s 998 7 179 0154
10 67 10

2580144      (Turbulent) 

fs = = × =− −0 046 0 046 258014 0 00380 2 0 2. Re . .. .  
* In the pipe from pump to heat exchanger: 
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Re . . .
.

= =
× ×

×
=

−

ρ

µ

u dp p 998 7 2 63 0127
10 67 10

3126294      (Turbulent) 

fp = = × =− −0 046 0 046 312629 0 00370 2 0 2. Re . .. .  

* In heat exchanger tubes: 

Re . . .
.

= =
× ×

×
=

−

ρ
µ

u dt t 998 7 211 0 018
10 67 10

355494      (Turbulent) 

f t = = × =− −0 046 0 046 35549 0 00560 2 0 2. Re . .. .  
 

a.  
Pressure drop: 

* In suction line: 
L/d

2×90
i 

o

1 hinged check valve  110 
 bends    2×16.5 = 33  (R/D=1.0) 

straight pipe   22
0 154.







 

∴ L
d i

∑ = 28586.  

∆p 4f
u
2

L
d

  N / ms s
s
2

i

2= = × × × × =∑ρ 4 0 0038 998 7 179
2

28586 69519
2

. . . . .  

* In the pipe from pump to heat exchanger: 
L/d

6×90
i 

o

straight pipe   

 bends    6×16.5 = 99 (R/D=1.0) 
140

0 127
1102 36

.
.




=  

∴ 36.1102
d
L

i

=∑  

2
2

i

2
p

pp N/m  5635136.1102
2
63.27.9980037.04

d
L

2
u

4fp =××××==∆ ∑ρ  

* In heat exchanger pipes: 

2
2

i

t
2

t
tt N/m  1.1029173

018.0
662

2
11.27.9980056.04

d
LN

2
u

4fp =
×

××××=
⋅

=∆ ρ  

* In the pipe from heat exchanger to the sewer: 
By assuming that L = 15 m 

L/d
2×90

i 
o

straight pipe   

 bends    2×16.5 = 33 (R/D=1.0) 

15 151.11
0.127

  = 
 
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∴
i

L 151.11
d

=∑  

2 2
p 2

p p
i

u L 2.63p 4f 4 0.0036 998.7 151.11 7515.7  N/m
2 d 2

ρ∆ = = × × × × =∑  

* Pressure loss at the inlet and outlet of the heat exchanger: 

2
22

p
loss N/m  5181

2
63.27.9985.1

2
u

0.5)+(1p =××==∆ ρ  

* Pressure loss due to the elevation difference: 
2

elev N/m  1029765.1082.97.998ghp =××==∆ ρ  

Total pressure drop: 

total s p t h s loss elevp p p p p p p

        =6951.5+56351+1029173+7515.7+5181+102976
        =1213.2096 kPa 1213 kPa

→∆ = ∆ + ∆ + ∆ + ∆ + ∆ + ∆

≈

 

b.  
Pumping power: 

total

p

m p 33.29 1213P 67.4   kW
998.7 0.6ρ η

⋅∆ ×
= = =

⋅ ×
  
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Problem 4.12 
For the situation given in Problem 4.11, 
 a. Plot the total pressure head vs. flow rate (m liquid head vs. lt/min.). 
 b. Change the pipe diameter before and after the pump and repeat (a), (b), and 
(c) in Problem 4.11. 

c. Obtain the optimum pipe diameter considering the cost of pumping power 
(operational cost) plus the fixed charges based on capital investment for the pipe installed. 

 
GIVEN 
This problem can be carried out as Problem 4.11. 
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∆T2 

Problem 4.13 
A shell-and-tube heat exchanger is to be used to cool 25.3 kg/s of water from 38oC to 32oC. 
The exchanger has one shell-side pass and two tube-side passes. The hot water flows 
through the tubes, and the cooling water flows through the shell. The cooling water enters 
at 20oC and leaves at 30oC. The shell-side (outside) heat transfer coefficient is estimated to 
be 5678 W/m2.K. Design specifications require that the pressure drop through the tubes be 
as close to 13.8 kPa as possible, that the tubes be 18 BWG copper tubing (1.24 mm wall 
thickness), and that each pass be 4.9 m long. Assume that the pressure losses at the inlet and 
outlet are equal to one and one half of a velocity heat (ρum

2/2), respectively. For these 
specifications, what tube diameter and how many tubes are needed? 

 
GIVEN 

-Hot water inlet temperature (Th1) = 38oC 
-Hot water outlet temperature (Th2) = 32 oC 
-Mass flow rate of hot water ( m h) = 25.3 kg/s 
-Cooling water inlet temperature (Tc1) = 20oC 
-Cooling water outlet temperature (Tc2) = 30 oC 
-Heat transfer coefficient on shell side (ho) = 5678 W/m2.K 
-# of tube passes (Np) = 2 
-Required pressure drop (∆p) = 13.8 kPa 
-Tube specification: 18 BWG (1.24 mm wall thickness) 

Length (L) = 4.9 m 

-Inlet loss (∆pinlet) =
1
2

2ρum   

-Outlet loss (∆poutlet) = 05 1
2

2. × 





ρu m  

 
FIND 

Tube diameter di and the # of tubes. 
 
SOLUTION: 

Properties of  water at Tm
38 32

2
35+

= = o

J/kg.K      4178=c
4.78=Pr       W/m.K   0.62=k

Pa.s   107.20=           kg/m  994

hp,

-43 ×= µρ

C:  

 

Heat duty: 
( ) Q m c T T 25.3 4178 (38 32) 634.22  kWh p,h h1 h2= − = × × − =  

Log mean temperature: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

  Clm,cf
1 2

1

2

o=
−

=
−

=
8 12

8
12

9 86
ln

.  

 
Correction factor:  

38oC 

30oC 32oC 

20oC 

∆T1 
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P
T T
T T

30 20
38 20

0.56c2 c1

h1 c1
=

−
−

=
−
−

=    ;           R
T T
T T

38 32
30 20

0.6h1 h2

c2 c1
=

−
−

=
−
−

=  

From figure:  F = 0.83 

( ) ( )
Q UAF T

A d LN d 2t LN
d 2t LN Q

UF T
lm,cf

o t i t
i t

lm,cf

=

= = +






⇒ + =

∆

∆π π
π  

We can approximate the tube heat transfer coefficient as hi = 6000 W/m2

U 1
h

1
h

1
6000

1
5678

2917.3   W / m K
o i

1 1
2= +









 = +





= ⋅
− −

.K, and 

 

( )d 2t N Q
LUF Ti t

lm,cf
+ = =

×
× × × ×

=
π π∆

634 22 10
4 9 2917 3 088 9 86

163
3.

. . . .
.  

∴ =
+

N 1.63
d 0.00248t

i
 

Pressure drop: 

∆p u 1 1
2

4f
L N

d
u 3

2
4f

L N
dm

2 t

i
m

2 t

i
= + +

⋅







 = +

⋅









1
2

1
2

ρ ρ  

Velocity: 

  
Nd

0.065
Nd

1
994

23.254

N
N

4
d

mu
t

2
it

2
i

p

t
2

i
m =⋅

×
××

=
⋅

=
ππ

ρ


 

Reynolds number: 

( ) titi
04

i

p
2

i

piim

Nd
4.89480

Nd
1

1020.7
23.254

Nd
Nm4

Nd

Nm4ddu
Re =⋅

××
××

==⋅==
ππµρπµ

ρ
µ

ρ

tt


      

Assuming a turbulent flow, the friction factor is: 

( )[ ] ( ) ( )[ ]
( )[ ] ( )[ ] 2

ti
2

ti

2
ti

2

Ndln32.94.0Nd1.58ln-14.73= 

28.3Ndln58.14.89480ln58.128.3Reln58.1f
−−

−−

−=

−−=−=
 

Pressure drop: 

( )[ ]






 ⋅

⋅−××+









××=∆ −

i

t2
ti

2

t
2

i d
N4.9

Ndln9.320.441.5
Nd

0.065994
2
1p      

∆p  is required as 13.8 kPa as given in the statement, so 

( )
( )[ ]∆p

d N
1 5.23

d
9.32 ln d N

i
2

t
2

i
i t

2
= + ⋅ − ⋅








= ×

−315 138 103. .N t  

Substituting N 1.63
d 0.00248t

i
=

+
, we get the following equation with one unknown, di

( ) ( )
d

d
1 5.23

d
9.35 ln

1.63d
d

i

i
4

i

i

i

2
+

+ ⋅ −
+























⋅











= ×

−
0 00248

1186
0 00248

138 10
2

3.
.

.
.N t

: 
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This equation can be solved using the trial method. 

then N 1.63
0.015875 0.00248

88   tubest = +
= ≈.8 89  

For d i = 5/8 in. = 0.01587 m, the pressure drop is  

( )[ ]

( )[ ]

∆p 1
2

994 0.065
d N

1.5 4 0.4 9.32 ln d N
4.9 N

d

    1
2

994 0.065
0.015875

1.5 4 0.4 9.32 ln 0.015875 4.9 89
0.015875

     Pa

i
2

t

2

i t
2 t

i

2

2
2

= × ×








 + × × − ⋅

⋅







= × ×
×







+ × × − × ⋅
⋅








=

−

−

89
89

6472 3.
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∆T2 

Problem 4.14 
Water is to be heated from 10oC to 30oC at the rate of 300 kg/s by atmospheric pressure 
steam in a single-pass shell-and-tube heat exchanger consisting of 1-in. schedule 40 steel 
pipe. The surface coefficient on the steam side is estimated to be 11,350 W/m2.K. An 
available pump can deliver the desired quantity of water provided that the pressure drop 
through the pipes does not exceed 15 psi. Calculate the number of tubes in parallel and the 
length of each tube necessary to operate the heat exchanger with the available pump. 

 
GIVEN 

-Cooling water inlet temperature (Tc1) = 10oC 
-Cooling water outlet temperature (Tc2) = 30 oC 
-Mass flow rate of hot water ( m c) = 300 kg/s 
-Steam temperature (Ts) = 100oC 
-Heat transfer coefficient on shell side (ho) = 11,350 W/m2.K 
-Required pressure drop (∆p) = 15 psi = 103,442  Pa 
-Tube specification: (do) = 1.315 in. = 0.0334 m 

(di ) = 1.049 in. = 0.0266 m 
 
FIND 

 The # of tubes and the length of tube L. 
 
SOLUTION: 

Properties of  water at Tm
10 30

2
20+

= = o

 7.05=Pr

  W/(m.K)0.599=kJ/kg.K      4182=c
Pa.s   1010.07=           kg/m  998

cp,

-43 ×= µρ

C:  

 

Heat duty: 
( )  ,Q m c T T 4182 (30 10)   kWc p,c c1 c2= − = × × − =300 25 092  

Log mean temperature: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

  Clm,cf
1 2

1

2

o=
−

=
−

=
90 70

90
70

79 6
ln

.  

 
We can approximate the tube heat transfer coefficient as hi = 6000 W/m2

U 1
h

1
h

1
6000

1
11350

   W / m K
o i

1 1
2= +









 = +





= ⋅
− −

3925

.K, and the overall 
heat transfer coefficient is: 

 

Q UA T
A d LN

LN Q
d U T

lm,cf

o t
t

o lm,cf

=

=




⇒ = =

×
× × ×

=
∆

∆π π π
25092 10

0 0334 3925 79 6
7654

3

. .
.  

Velocity: 

u m
d

N

1
N

541
N

  m
i
2

t

2
t t

=

⋅

=
×
×

⋅ =


.
ρ
π π

4

4 300
998 0 0266

 

∆T1 

100oC 

30oC 

100oC 

10oC 
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Reynolds number: 

( )
Re .

.

, ,
= = ⋅ =

×

×
⋅ =

−

ρ
µ

ρ
µ

u d d 541
N N N

m i i

t t t

998 0 0266

10 07 10

541 14 261 985
4

      

Assuming a turbulent flow, the friction factor is: 

( )[ ] ( ) ( )[ ]
( )[ ]

f N

 = N

t

t

= − = − −

−

− −

−

158 328 158 14 261 985 158 328

0 4 14 4

2 2

2

. ln Re . . ln , , . ln .

. . ln
 

Pressure drop: 

( )[ ]
2

2
t

2
m

i
t

541
2
14.765Nln4.144.04u

2
1

d
LN4fp 








⋅⋅⋅−×=






⋅=∆ −

tt
t NN

N ρρ  

( )[ ]

( ) ( )[ ] 103,422 = psi  15
N
1Nln4.14101.78856=    

)4.765(
N
541998

2
1Nln42.144.04p

2
t

2
t

11

2

t

2
t

≤⋅−×

×







××−×=∆

−

−

     

For Nt = 140 tubes, ∆p = 102004 Pa < ∆padmissible 

L = 765.4/140 = 5.5 m 
and  
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Problem 5.1 
Using the Table 3.8 to calculate the Nusselt number in a rectangular channel having aspect 
ratio of 0.5, if the width of the channel is 100 µm and Kn number is 0.12, calculate the heat 
transfer coefficient for air at 40°C for two different boundary conditions. 

 
GIVEN 

- a rectangular channel aspect ratio = 0.5 
- width of the channel = 100 µm 
- Kn number is 0.12 
- air at 40°C 
 

FIND 
a. The Nusselt number in a rectangular channel 
b. The heat transfer coefficient for air at 40°C for two different boundary conditions 

 
SOLUTION: 
 

Properties of Air, from Appendix B (Table B.1), are 

     

( )
( )
( )
( )

3

5

  1  .1267 kg m
  1.91 10   kg m s

1.009 kJ kg K

0.7185 kJ kg K

  0.0271  W m K
Pr 0.711

p

v

c

c

k

ρ

µ −

=

= × ⋅

= ⋅

= ⋅

= ⋅

=

  

Given parameters; 

     

( )
( ) ( )

2    0.5
2
2   100
2   200

4 100 200
133.333

2 100 2 200

Kn  0.12

h

b
a
b m
a m

D m

µ
µ

µ

=

=
=

×
= =
 × + × 

=

  

From the Table 3.8, for the given dimension, Nusselt number for the constant heat flux 

condition can be obtained as  

    4.123Nu =   

So the heat transfer coefficient for the constant heat flux condition is  
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    2
3

4.123 0.0271 838 W m K
0.133 10

Nu kh
d −

× ×
= = =

×
  

From the Table 3.8, for the given dimension, Nusselt number for the constant wall 

temperature condition can be obtained as  

    3.391Nu =   

So the heat transfer coefficient for the constant wall temperature condition is  

    2
3

3.391 0.0271 690.95 W m K
0.133 10

Nu kh
d −

× ×
= = =

×
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Problem 5.2 
A microchannel heat exchanger has been designed for cooling an electronic chip of size 30 
mm by 30 mm. The transition Reynolds number is 800. The average Nusselt numbers, can 
be calculated from the following correlations: 

0.67 0.330.0384 nfNu Re Pr=    for Laminar Flow 
0.8 0.330.00726 nfNu Re Pr=    for Turbulent Flow 

To cool the chips, a square microchannel of 250 µm is chosen where the permissible water 
velocity is 1 m/s and fluid temperature is 40°C. 
a. Calculate the heat transfer coefficient 
b. If the length of the microchannel has been given as 20 mm, calculate the friction 
coefficient and the pressure drop 

 
GIVEN 

-A square microchannel of 250 µm 
-The transition Reynolds number = 800 
-water velocity = 1 m/s 
-fluid temperature = 40°C 
 

FIND 
a. the heat transfer coefficient  
b. the friction coefficient and the pressure drop 
 
SOLUTION: 
 

2 2 250 250 250
250 250h

a bD m
a b

µ× × × ×
= = =

+ +
 

 
Properties of Water at 40 C° , from Appendix B (Table B.2), are 

 
 
 
 
 
 
 
 
 
 

 
 
 
 

379.88  <  800, so flow is laminar. 
 
 
 

5.32 mm <  20 mm so the flow is  hydrodynamically fully developed. 
 

34.4Pr
)/(63063.0
)/(0734.4
)/(1794.4

)/(00065298.0
)/(22.992 3

=
⋅=
⋅=

⋅=
⋅=

=

KmWk
Kkgkjc
Kkgkjc

smkg
mkg

v

p

µ
ρ

88.379
00065298.0

1025022.9921Re
6

=
×××

=
××

=
−

µ
ρ hm Du

mmmDL ht 5.200205.01025034.488.37905.0PrRe05.0 6 ==××××=×××= −

mmmDL hh 32.51032.51025088.379056.0Re056.0 36 =×=×××=××= −−
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20.5 mm > 20 mm ,but it is very close to the thermally fully developed region, so we can 
assume that the flow is thermally fully developed. 

 
a. 

2
6

2.48 0.63063 6255.8  /
250 10

Nu kh W m K
d
∞

−

× ×
= = =

×
 

b. 
Friction Factor;  
f = 16 / Re = 16/379.88= 0.042 

2

6

0.02 992.22 14 4 0.042 6.667 0.067
2 250 10 2

m

h

uLp f kPa bar
D

ρ
−

× ×
∆ = × × × = × × × = =

×
 

 
 

48.234.488.3790384.0PrRe0384.0 33.062.033.062.0 =××=××=∞Nu
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Problem 5.3 
Repeat the problem 5.2, if the permissible water velocity is changed to be 2 m/s but the fluid 
temperature is still the same. By using a proper correlation, determine the average heat 
transfer coefficient. 

 
 

GIVEN 
-A square microchannel of 250 µm 
-The transition Reynolds number = 800 
-water velocity = 2 m/s 
-fluid temperature = 40°C 
 

FIND 
the average heat transfer coefficient 
 
SOLUTION: 
 

62 992.22 250 10Re 759.76
0.00065298

m hu Dρ
µ

−× × × × ×
= = =  

 
 
 

We can use the length of the micro channel as 20 mm.  
10.64 mm < 20 mm so the flow is hydrodynamically fully developed. 

 
 

41 mm > 20 mm so the flow is not thermally  fully developed.  
 
Choi et al. correlation which is proper for the conditions given below; 

 

20000  Re2500       PrRe1082.3

2000 Re          PrRe000972.0
3/196.16

3/117.1

<<×××=

<××=
−Nu

Nu
 

 
The Reynolds number is 759.76 < 2000 so the flow is laminar. We can use the Choi et al. 

correlation for laminar flow. 
 

92.3
02.0
10250172.31

72.334.476.759000972.0PrRe000972.0
3/263/2

3/117.13/117.1

=


















 ×
+=


















+=

=××=××=

−

∞

∞

l
dNuNu

Nu

l

2
6

3.92 0.63063 9889.2   /
250 10

Nu kh W m K
d −

× ×
= = =

×
  

mmmDL hh 64.101064.101025076.759056.0Re056.0 36 =×=×××=××= −−

mmmDL ht 41041.01025034.476.75905.0PrRe05.0 6 ==××××=×××= −
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Problem 5.4 
If the microchannel from the problem 5.2 is changed from the square microchannel to be 
the trapezoidal microchannel. The width of the microchannel is 125 µm, the length of the 
microchannel is 62.5 µm, the side angle is 44 degree, the permissible water velocity is 1.5 
m/s and the fluid temperature is 40°C. By selecting a proper correlation, calculate 
a. the average heat transfer coefficient, 
b. the pressure drop 

 
GIVEN 

-the trapezoidal microchannel: width = 125 µm, the length = 62.5 µm, side angle = 44 degree 
-water velocity = 1.5 m/s 
-fluid temperature = 40°C 

 
FIND 
a. the average heat transfer coefficient, 
b. the pressure drop 
 
SOLUTION: 
 

 
 

2a = 125 mµ , h = 62.5 mµ , 𝜑 = 45o, and long side = 250 mµ  
 
 

𝐷ℎ =
4 × 𝐴𝑐

𝑤𝑒𝑡𝑡𝑒𝑑 𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟
=  

3 × 62.5 × 250
125 + 250 + 2 × 62.5

cos 45�
= 84.9528𝜇𝑚  

 
 

a. 

632.193
00065298.0

109528.8422.9925.1Re
6

=
×××

=
××

=
−

µ
ρ hm Du

 

According to Renksizbulut et. al. correlation the entrance length is  
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𝐿
𝐷ℎ

= �0.085𝑅𝑒 + 0,8
𝑅𝑒0.3� �

90°
𝜑
�
0.6

(1 + 𝛼)−0.24  for    25.0 ≤≤ α and 1000Re10 ≤≤   
  
where  

5.0
125

5.62
2

===
a
hα  and Re = 193.632 

 
So 

𝐿 = 84.9528 × 10−6 × �0.085 × 193.632 +
0,8

193.6320.3� �
90°
45°

�
0,6

(1 + 0.5)−0.24

= 1.94 × 10−3𝑚 
 
Renksizbulut et. al. correlation for the Nusselt number is available for 1000Re1.0 ≤≤    
 

𝑁𝑢 =  �2.87 �
90°
𝜑
�
−0,26

+ 4.8𝑒𝑥𝑝 �−3.9𝛼 �
90°
𝜑
�
0.21

��× 𝐺 

 
𝐺 = [1 + 0.075(1 + 𝛼) × 𝑒𝑥𝑝(−0.45𝑅𝑒)] 

 
Then  

𝐺 = [1 + 0.075(1 + 0.5) × 𝑒𝑥𝑝(−0.45 × 193.632)] = 1 
 
and 

𝑁𝑢 =  �2.87 �
90°
45°

�
−0,26

+ 4.8𝑒𝑥𝑝 �−3.9 × 0.5 × �
90°
45°

�
0.21

��× 1 = 2.90 

 

KmW
d

kNuh 2
6 /57.21527

109528.84
63063.090.2

=
×

×
=

×
= −

 

 
 

b. 
Renksizbulut et. al. correlation for friction factor is;  
 

𝑓 × 𝑅𝑒 = 13.9 �
90°
𝜑
�
−0.07

+ 10.4𝑒𝑥𝑝 �−3.25𝛼 �
90°
𝜑
�
0.23

�  𝑓𝑜𝑟 0 ≤ 𝛼 ≤ 1 

Then  

𝑓 = �13.9 �
90°
45°

�
−0.07

+ 10.4𝑒𝑥𝑝 �−3.25 × 0.5 × �
90°
45°

�
0.23

�� ×
1

193.632
 =  0.07606 

 
The pressure drop is 

barkPa
u

D
Lfp m

h

8.095.79
2

5.122.992
109528.84

02.007606.04
2

4
2

6

2

==
×

×
×

××=
×

×××=∆ −

ρ
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Problem 5.5 
Consider the properties of the nanofluid, Al2O3/water, at 30ºC, calculate the effective 
thermal conductivity of 6% volume fraction of nanofluid by using the Hamilton and 
Crosser model and assuming that the particles are spherical. Repeat the problem with 8% 
volume fraction nanofluid at the same water temperature. 

 
GIVEN 

-nanofluid: Al2O3/water 
-temperature = 30oC 
 

FIND 
a. the effective thermal conductivity of 6% volume fraction 
b. the effective thermal conductivity of 8% volume fraction 
 
SOLUTION: 
 
𝑘𝑛𝑓
𝑘𝑓

=
𝑘𝑝 + (𝑛 − 1)𝑘𝑓 + (𝑛 − 1)(𝑘𝑝 − 𝑘𝑓)𝜙

𝑘𝑝 + (𝑛 − 1)𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜙
 

 
𝛹 = 1 (𝑛 = 3) 𝑎𝑛𝑑 (𝜙 = 0.06 ,𝜙 = 0.08) 

 

𝑘𝑝 = 30
𝑊
𝑚.𝐾

 ,𝑘𝑓 = 0.617 
𝑊
𝑚.𝐾

 
 

𝜙 = 0.06 => 𝑘𝑛𝑓 = 0.728 
𝑊
𝑚.𝐾

 
 

𝜙 = 0.08 => 𝑘𝑛𝑓 = 0.768 
𝑊
𝑚.𝐾
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Problem 5.6 
Consider the Nusselt number for fully developed laminar flow under constant heat flux and 
constant wall temperature boundary conditions are constant as 4.36 and 3.66, respectively. 
If the nanofluid of Al2O3/water flows in a tube with a diameter of 0.5 cm at a bulk 
temperature of 40°C, calculate the heat transfer coefficients for both boundary conditions 
and compare these values with the heat transfer coefficients of pure water in both 
conditions to find the heat transfer enhancement, if the volume fraction is 

a. 0.05% and sphericity value equals to 1, 
b. 0.05% and sphericity value equals to 3. 

 
GIVEN 

-nanofluid: Al2O3/water 
-Nu = 4.36; constant heat flux boundary condition 
-Nu = 3.66; constant wall temperature boundary condition 
-temperature = 40oC 
-tube diameter = 0.5 cm 
 

FIND 
a. the heat transfer enhancement; 0.05% and sphericity value equals to 1 
b. the heat transfer enhancement; 0.05% and sphericity value equals to 3 
 
SOLUTION: 
 
from Table 5.8; Alumina (Al2O3) 

fk  = 0.613 W/m-K (from Table 5.8; water) 
φ  = 5% = 5/100 = 0.05 
The thermal conductivities of Nanofluid, Alumina (Al2O3)/Water, by using classical models; 

Maxwell (1873) 
 

nfk  = 
2 2( )
2 ( )

p f p f
f

p f p f

k k k k
k

k k k k
φ
φ

+ + −

+ − −
 

 = 
(40) (2)(0.613) (2)(40 0.613)(0.05) (0.613)

(40) (2)(0.613) (40 0.613)(0.05)
+ + −
+ − −

 

nfk  = 0.705 W/m-K       
 
The thermal conductivities of Nanofluid, Alumina (Al2O3)/Water, by using classical models; 

Hamilton and Crosser  
a. 

From  n  = 
3
ψ

  ( 1=ψ , 3=n ) 

 nfk  = 
( 1) ( 1) ( )

( 1) ( )
p f f p

f
p f f p

k n k n k k
k

k n k k k
φ

φ
+ − − − −

+ − + −
 

        = 
(40) (3 1)(0.613) (3 1)(0.05)(0.613 40) (0.613)

(40) (3 1)(0.613) (0.05)(0.613 40)
+ − − − −

+ − + −
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       nfk  = 0.705 W/m-K       
b. 

From  n  = 
3
ψ

  ( 3=ψ , 1=n ) 

 nfk  = 
( 1) ( 1) ( )

( 1) ( )
p f f p

f
p f f p

k n k n k k
k

k n k k k
φ

φ
+ − − − −

+ − + −
 

        = 
(40) (1 1)(0.613) (1 1)(0.05)(0.613 40) (0.613)

(40) (1 1)(0.613) (0.05)(0.613 40)
+ − − − −
+ − + −

 

       nfk  = 0.645 W/m-K       
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Problem 5.7 
Consider the solved Example 3.3 where the heat transfer coefficient in the inner tube is 
calculated; if a hot nanofluid of Al2O3/water flows through the inner tube with 5% of 
particle volume fraction and sphericity value equals to 1, calculate the heat transfer 
coefficient by the use of an experimentally obtained nanofluid correlation given by 

( )0.6886 0.001 0.9238 0.40.0059 1.0 7.6286nf d nf nfNu Pe Re Prφ= + , Eq. (5.97). 

 
GIVEN 

-A hot nanofluid; Al2O3/water 
-particle volume fraction = 5% 
-Nusselt number; ( )0.6886 0.001 0.9238 0.40.0059 1.0 7.6286nf d nf nfNu Pe Re Prφ= +  
 

FIND 
the heat transfer coefficient in the inner tube 

 
SOLUTION: 
 
ΔT1 = ΔT2 = ΔTm = 105ºC = 378K 

𝑇𝑏𝑢𝑙𝑘 =
140 + 125

2
= 132℃ = 405𝐾 ,𝑇𝑤𝑎𝑙𝑙 = 105℃ = 378𝐾 

 
Base fluid properties: 
at wall temperature 

𝜌 =
1

1.047 ∗ 10−3
= 955.11

𝑘𝑔
𝑚3  , µ = 268 ∗ 10−6 𝑃𝑎. 𝑠 

𝑘 = 682 ∗ 10−3 𝑊
𝑚.𝐾

 
at bulk temperature 

𝜌 =
1

1.072 ∗ 10−3
= 932.836

𝑘𝑔
𝑚3  , µ = 209 ∗ 10−6 𝑃𝑎. 𝑠 

𝑘 = 688 ∗ 10−3
𝑊
𝑚.𝐾

 ,𝑃𝑟 = 1.325 , 𝑐𝑝 = 4271
𝐽

𝑘𝑔.𝐾
 

 

𝑅𝑒𝑏 =
𝜌𝑢𝑚𝑑𝑖

µ
=

4ṁ𝑛𝑓
𝜋µ𝑛𝑓𝑑𝑖

=
4 ∗ 1.36

𝜋 ∗ 0.0525 ∗ 0.209 ∗ 10−3
= 15485 

𝑁𝑢𝑓 = 0.0059 ∗ ( )0.6886 0.001 0.9238 0.41.0 7.6286 d nf nfPe Re Prφ+ = 97.0211 
 
 
Nanofluid properties: 

µ𝑛𝑓,𝑏 = (1 + 7.3𝜙 + 123𝜙2)µ𝑓,𝑏 = 3.496 ∗ 10−4𝑃𝑎. 𝑠 
µ𝑛𝑓,𝑤 = (1 + 7.3𝜙 + 123𝜙2)µ𝑓,𝑤 = 4.48 ∗ 10−4𝑃𝑎. 𝑠 
(ṁ ∗ 𝑐𝑝)ℎ ∗ 𝛥𝑇ℎ = (ṁ ∗ 𝑐𝑝)𝑐 ∗ 𝛥𝑇𝑐 

𝛥𝑇ℎ = 𝛥𝑇𝑐 =>  ṁℎ,𝑛𝑓 =
ṁ𝑐 ∗ 𝑐𝑝,𝑐

𝑐𝑝,ℎ
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𝑐𝑝,𝑐 = 4179
𝐽

𝑘𝑔.𝐾
 

𝑐𝑝,ℎ = 𝑐𝑝,𝑛𝑓 = 𝜙𝑐𝑝,𝑝 + (1 − 𝜙)𝑐𝑝,𝑓 => 𝑐𝑝,𝑛𝑓 = 4087.45
𝐽

𝑘𝑔.𝐾
 

ṁℎ,𝑛𝑓 = 1.42
𝑘𝑔
𝑠

 

𝑅𝑒𝑏 =
𝜌𝑢𝑚𝑑𝑖

µ
=

4ṁ𝑛𝑓
𝜋µ𝑛𝑓𝑑𝑖

= 98557.11 > 2300  𝑇𝑢𝑟𝑏𝑢𝑙𝑎𝑛𝑡 𝑓𝑙𝑜𝑤 

𝑘𝑠𝑡𝑎𝑡𝑖𝑐 =
30 + 2 ∗ 0.688 − 2 ∗ 0.05 ∗ (0.688 − 30)

30 + 2 ∗ 0.688 + 0.05 ∗ (688 − 30)
∗ 0.688 = 0.7891

𝑊
𝑚.𝐾

 

 
kBrownian negligible => knf = kstatic = 0.7891 W/m.K 

𝑃𝑟𝑛𝑓 =
𝑐𝑝,𝑛𝑓µ𝑛𝑓
𝑘𝑛𝑓

= 1.81 

𝜌𝑛𝑓 = 𝜙𝜌𝑝 + (1 − 𝜙)𝜌𝑓 = 1086.1942
𝑘𝑔
𝑚3 

𝑁𝑢𝑛𝑓 = �
𝑃𝑒𝑛𝑓
𝑃𝑒𝑓

�

1
3

= �
𝑘𝑓𝜌𝑛𝑓𝑐𝑝,𝑛𝑓

𝑘𝑛𝑓𝜌𝑓𝑐𝑝,𝑓
�

1
3
∗ 𝑁𝑢𝑓 = 342.68 

𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡 =>  
ℎ𝑛𝑓
ℎ𝑓

= (
𝜌𝑛𝑓𝑐𝑝,𝑛𝑓

𝜌𝑓𝑐𝑝,𝑓
)1/3 ∗ (

𝑘𝑛𝑓
𝑘𝑓

)2/3 = 1.136 

Although Nusselt Number decreases in nanofluid, increase of thermal conductivities 
causes increase in convection coefficient. (ℎ𝑛𝑓

ℎ𝑓
> 1) 

ℎ𝑓 =
𝑘𝑓 ∗ 𝑁𝑢𝑓

𝑑
=

97.0211 ∗ 0.688
0.0525

= 1271.438
𝑊

𝑚2.𝐾
 

ℎ𝑛𝑓
ℎ𝑓

= 1.136 => ℎ𝑛𝑓 = 1444.354
𝑊

𝑚2.𝐾
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Problem 5.8 

The CuO/water nanofluid, kCuO = 401 ( )W m K⋅  and kwater = 0.613 ( )W m K⋅ , flows in a 
tube under the fully developed turbulent flow condition at 30ºC. If an inside diameter of the 
tube is 0.5 cm, 
a. using a proper correlation, determine the effective heat transfer coefficient of the 
nanofluid for the constant wall temperature and constant heat flux boundary conditions, 
assuming the volume fraction of the spherical nanoparticles is 8%, 
b. compare the values with the heat transfer coefficients of water under the same conditions 
to find the enhancement. 

 
 

SOLUTION: 
 

𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟: 𝑘𝑤𝑎𝑡𝑒𝑟 = 0.613
𝑊
𝑚.𝐾

 ,𝜌𝑓 =
1

1.004 ∗ 10−3
= 996.016

𝑘𝑔
𝑚3 

𝑝𝑟𝑜𝑝𝑒𝑟𝑡𝑖𝑒𝑠 𝑜𝑓 𝑐𝑜𝑝𝑝𝑒𝑟 [1]: 𝑘𝑐𝑢 = 401
𝑊
𝑚.𝐾

 ,𝜌 = 8.94 ∗ 103
𝑘𝑔
𝑚3  , 𝑐𝑝 = 384.6

𝐽
𝑘𝑔.𝐾

 

𝑘𝑛𝑓
𝑘𝑓

=
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)𝜙
𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜙

   ,𝛹 = 1 (𝑛 = 3) 𝑎𝑛𝑑 𝜙 = 0.08 

𝑘𝑛𝑓 = 0.772
𝑊
𝑚.𝐾

 
 
a. 
Constant heat flux: 

Nunf = 4.36 

ℎ𝑛𝑓 =
𝑁𝑢𝑛𝑓𝑘𝑛𝑓

𝑑𝑖
= 673.184

𝑊
𝑚2.𝐾

 
 
Seider-Tate Correlation 

ℎ𝑛𝑓
ℎ𝑓

= �
𝜌𝑛𝑓𝑐𝑝,𝑛𝑓

𝜌𝑓𝑐𝑝,𝑓
�

1
3
∗ �

𝑘𝑛𝑓
𝑘𝑓

�

2
3

  

The Sieder-Tate Correlation neglecting the variation of viscosity enhancement of the fluid 
with temperature. 

𝜌𝑛𝑓 = 𝜙𝜌𝑝 + (1 − 𝜙)𝜌𝑓 = 1631.534
𝑘𝑔
𝑚3 

𝑐𝑝,𝑛𝑓 = 𝜙𝜌𝑝𝑐𝑝,𝑝 + (1 − 𝜙)𝑐𝑝,𝑓 = 3874.528
𝐽

𝑘𝑔.𝐾
 

𝑒𝑛ℎ𝑎𝑛𝑐𝑒𝑚𝑒𝑛𝑡;  
ℎ𝑛𝑓
ℎ𝑓

= �
1631.534 ∗ 3874.528

996.016 ∗ 4178
�
1
3
∗ �

0.772
0.613

�
2
3

= 1.341 

𝑁𝑢𝑛𝑓 = 4.36; ℎ𝑛𝑓 = 673.184
𝑊

𝑚2.𝐾
=>  ℎ𝑓 = 502.002

𝑊
𝑚2.𝐾

 

𝑁𝑢𝑛𝑓 = 3.36; ℎ𝑛𝑓 = 518.784
𝑊

𝑚2.𝐾
=>  ℎ𝑓 = 386.8635

𝑊
𝑚2.𝐾
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Problem 5.9 
Repeat the Problem 5.6 with the Al2O3/ethylene glycol nanofluid flows in the tube, calculate 
heat transfer coefficients with 
a. 0.05% of particle volume fraction and sphericity value equals to 1. 
b. 0.05% of particle volume fraction and sphericity value equals to 3. 

 
GIVEN 

-nanofluid: Al2O3/ethylene glycol 
-Nu = 4.36; constant heat flux boundary condition 
-Nu = 3.66; constant wall temperature boundary condition 
-temperature = 40oC 
-tube diameter = 0.5 cm 

 
FIND 
a. The heat transfer coefficient; 0.05% of particle volume fraction and sphericity value equals to 

1. 
b. The heat transfer coefficient;0.05% of particle volume fraction and sphericity value equals to 

3. 
 
SOLUTION: 
 

ℎ𝑛𝑓 =
𝑘𝑛𝑓 ∗ 𝑁𝑢𝑛𝑓

𝑑
 

ℎ𝑓 =
𝑘𝑓 ∗ 𝑁𝑢𝑓

𝑑
 

Thermal conductivity of ethylene glycol kf = 0.258 W/m.K  
Thermal conductivity of Al2O3 kp = 30 W/m.K  
 
a. 
𝑘𝑛𝑓
𝑘𝑓

=
𝑘𝑝 + 2𝑘𝑓 + 2(𝑘𝑝 − 𝑘𝑓)𝜙
𝑘𝑝 + 2𝑘𝑓 − (𝑘𝑝 − 𝑘𝑓)𝜙

   ,𝛹 = 1 (𝑛 = 3) 𝑎𝑛𝑑 𝜙 = 0.05 

𝑘𝑛𝑓
𝑘𝑓

= 1.1537;   𝑘𝑛𝑓 = 0.298 
𝑊
𝑚.𝐾

 

ℎ𝑛𝑓 =
𝑁𝑢𝑛𝑓 . 𝑘𝑛𝑓

𝑑
 

𝑁𝑢𝑛𝑓 = 4.36; ℎ𝑛𝑓 =
4.36 ∗ 0.298

0.005
= 259.856 

𝑊
𝑚2.𝐾

 

𝑁𝑢𝑛𝑓 = 3.66; ℎ𝑛𝑓 =
3.66 ∗ 0.298

0.005
= 218.136 

𝑊
𝑚2.𝐾

 
 

b. 
𝑘𝑛𝑓
𝑘𝑓

=
𝑘𝑝

𝑘𝑝 − (𝑘𝑝 − 𝑘𝑓)𝜙
   ,𝛹 = 3 (𝑛 = 1) 𝑎𝑛𝑑 𝜙 = 0.05 

𝑘𝑛𝑓
𝑘𝑓

= 1.0522; 𝑘𝑛𝑓 = 0.271 
𝑊
𝑚.𝐾
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𝑁𝑢𝑛𝑓 = 4.36; ℎ𝑛𝑓 =
4.36 ∗ 0.271

0.005
= 236.312 

𝑊
𝑚2.𝐾

 

𝑁𝑢𝑛𝑓 = 3.66; ℎ𝑛𝑓 =
3.66 ∗ 0.271

0.005
= 198.372 

𝑊
𝑚2.𝐾
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Problem 5.10 
Determine the local heat transfer coefficient at 30 cm from the entrance of a heat exchanger 
where engine oil flows through tubes with a diameter of 0.5 in. The oil flows with a velocity 
of 0.5 m/s and a local bulk temperature of 30°C, while the local tube wall temperature is at 
60°C. If the oil is replaced with the nanofluid of Al2O3/oil with 5% particle volume fraction 
under the same condition, find the heat transfer enhancement.  

 
GIVEN 

-diameter = 0.5 in 
-oil velocity = 0.5 m/s 
-particle volume fraction = 5% 
-local tube wall temperature = 60 oC 
-bulk temperature = 30 oC 
-Heat transfer coefficient for water (hwater) = 3850 W/m2.K 

 
FIND 

the heat transfer enhancement 
 
SOLUTION: 

Properties of Oil are 

    

( )

3   882.3 kg m
  0.416  Pa s
  0.074  Pa s

1.922 kJ kg K

Pr 5550

b

w

pc

ρ
µ
µ

=
= ⋅
= ⋅

= ⋅

=

  

   ,
882.3 0.5 0.0127 13.47

0.416
m i

f b
u dRe ρ
µ

× ×
= = =   

 From the Sieder-Tate Correlation; 

  
1 3

,

,

1.86 34.8f b
f

f w

dNu Pe
L

µ
µ

  = =       
   

   234.8 0.144 394.6 W m K
0.0127

f f
f

k Nu
h

d
× ×

= = = ⋅   

 Properties of Al2O3 are 
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( )

3

,

  30  W m K

   0.05
   4000 kg m

   600 J kg K

p

p

p p

k

c

φ

ρ

= ⋅

=

=

= ⋅

  

The nanofluid properties can be obtained from 

 

( )

( 1) ( 1) ( )
( 1) ( )

(30) (3 1)(0.144) (3 1)(0.05)(0.144 30) (0.144)
(30) (3 1)(0.144) (0.05)(0.144 30)

0.166  W m K

p f f p
nf f

p f f p

k n k n k k
k k

k n k k k
φ

φ
+ − − − −

=
+ − + −

+ − − − −
=

+ − + −

= ⋅

 

     ( ), , ,1 1855.9 J kg Kp nf p p p fc c cφ φ= + − = ⋅  

 3(1 ) 1038.185 kg mnf p fρ φρ φ ρ= + − =  

   
( )
( )

2
, ,

2
, ,

1 7.3 123 0.696 Pa s

1 7.3 123 0.124 Pa s

nf b f b

nf w f w

µ φ φ µ

µ φ φ µ

= + + = ⋅

= + + = ⋅
 

   
1/3 1/3

,

,

342.68nf f nf p nf
nf

f nf f p f

Pe k c
Nu

Pe k c
ρ
ρ

   
= = =      
   

  

   
1/3 0.14

, , ,

, , ,

1.07nf f nf p nf nf b nf w

f nf f p f f b f w

Nu k c
Nu k c

ρ µ µ
ρ µ µ

   
= =      
   

  

   34.8 1.07 37.236nfNu = × =   

   237.236 0.166 486.71 W m K
0.0127nfh ×

= = ⋅   
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 Problem 5.11 
Compare the Nusselt number values obtained from Eqs. (5.96) and (5.99), when the 
nanofluid, Al2O3/water, flows with the Reynolds and Prandtl numbers equal to 10000 and 7, 
respectively,  and 1% volume fraction.  

 
GIVEN 

-Renf = 10000 
-Prnf = 7 
- particle volume fraction = 1% 

 
FIND 

Compare the Nusselt number values obtained from Eqs. (5.96) and (5.99) 
 
SOLUTION: 

From Eq. (5.96) 

    

0.8 0.5

0.8 0.5

0.021

(0.021)(10000) (7)
88.058

nf nf nfNu Re Pr=

=
=

  

From Eq. (5.99) 

    

0.71 0.35
,

0.71 0.35

0.085

(0.085)(10000) (7)
116.199

fd nf nf nfNu Re Pr=

=
=
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Problem 5.12 
Using the experimental correlation with nanofluids given in Eq. (5.99) for turbulent flow 
conditions, calculate the heat transfer coefficient under the same nanofluid conditions as in 
Example 5.16 and compare the heat transfer coefficients from both cases. 

 
GIVEN 

-Eq. (5.99); 𝑁𝑢𝑓𝑑,𝑛𝑓 = 0.085𝑅𝑒𝑛𝑓0.71𝑃𝑟𝑛𝑓0.35 �
10000 < 𝑅𝑒 < 500000

6.6 < 𝑃𝑟 < 13.9
𝜙 < 10%

� 

 
FIND 

the heat transfer coefficient 
 
SOLUTION: 
 
ΔT1=ΔT2=ΔTm=105ºC=378K 

𝑇𝑏𝑢𝑙𝑘 =
140 + 125

2
= 132℃ = 405𝐾 ,𝑇𝑤𝑎𝑙𝑙 = 105℃ = 378𝐾 

 
Base fluid properties at wall temperature: 

𝜌 =
1

1.047 ∗ 10−3
= 955.11

𝑘𝑔
𝑚3 ,  

µ = 268 ∗ 10−6 𝑃𝑎. 𝑠,𝑘 = 682 ∗ 10−3 𝑊
𝑚.𝐾

 
Base fluid properties at bulk temperature: 

𝜌 =
1

1.072 ∗ 10−3
= 932.836

𝑘𝑔
𝑚3  , µ = 209 ∗ 10−6 𝑃𝑎. 𝑠, 

 𝑘 = 688 ∗ 10−3
𝑊
𝑚.𝐾

 , 𝑐𝑝 = 4271
𝐽

𝑘𝑔.𝐾
 

 
Nanofluid properties: 
µ𝑛𝑓,𝑏 = (1 + 7.3𝜙 + 123𝜙2)µ𝑓,𝑏 = 3.496 ∗ 10−4𝑃𝑎. 𝑠 
µ𝑛𝑓,𝑤 = (1 + 7.3𝜙 + 123𝜙2)µ𝑓,𝑤 = 4.48 ∗ 10−4𝑃𝑎. 𝑠 
(ṁ ∗ 𝑐𝑝)ℎ ∗ 𝛥𝑇ℎ = (ṁ ∗ 𝑐𝑝)𝑐 ∗ 𝛥𝑇𝑐 

𝛥𝑇ℎ = 𝛥𝑇𝑐 =>  ṁℎ,𝑛𝑓 =
ṁ𝑐 ∗ 𝑐𝑝,𝑐

𝑐𝑝,ℎ
 

𝑐𝑝,𝑐 = 4179
𝐽

𝑘𝑔.𝐾
 

𝑐𝑝,ℎ = 𝑐𝑝,𝑛𝑓 = 𝜙𝑐𝑝,𝑝 + (1 − 𝜙)𝑐𝑝,𝑓 => 𝑐𝑝,𝑛𝑓 = 4087.45
𝐽

𝑘𝑔.𝐾
 

ṁℎ,𝑛𝑓 = 1.42
𝑘𝑔
𝑠

 

𝑅𝑒𝑏 =
4ṁ𝑛𝑓
𝜋µ𝑛𝑓𝑑𝑖

= 98557.11 > 2300  𝑇𝑢𝑟𝑏𝑢𝑙𝑎𝑛𝑡 𝑓𝑙𝑜𝑤 

𝑘𝑠𝑡𝑎𝑡𝑖𝑐 =
30 + 2 ∗ 0.688− 2 ∗ 0.05 ∗ (0.688− 30)

30 + 2 ∗ 0.688 + 0.05 ∗ (688 − 30)
∗ 0.688 = 0.7891

𝑊
𝑚.𝐾

 

knf = kstatic = 0.7891 W/m.K 
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𝑃𝑟𝑛𝑓 =
𝑐𝑝,𝑛𝑓µ𝑛𝑓
𝑘𝑛𝑓

= 1.81 

𝑁𝑢𝑓𝑑,𝑛𝑓 = 0,085 ∗ 𝑅𝑒𝑛𝑓0.71 ∗ 𝑃𝑟𝑛𝑓0.35 
𝑁𝑢𝑓𝑑,𝑛𝑓 = 0,085 ∗ 98557.110.71 ∗ 1.810.35 = 540.2763 

 

ℎ𝑛𝑓 =
𝑘𝑛𝑓 ∗ 𝑁𝑢𝑛𝑓

𝑑
=

540.2763 ∗ 0.7891
0.0525

= 8120.61 
𝑊

𝑚2.𝐾
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Problem 6.1 

The heat transfer coefficient of a steel (k = 43 W/m · K) tube (1.9 cm ID and 2.3 cm OD) in a 
shell-and-tube heat exchanger is 500 W/m2 · K on the inside and 120 W/m2  · K on the shell 
side, and it has a deposit with a total fouling factor of 0.000176 m2 · K/W. Calculate 

a. The overall heat transfer coefficient 

b. The cleanliness factor, and percent over surface 

 

GIVEN: 

-Tube geometry:  (di) = 1.9 cm  

                            (do) = 2.3 cm 

-Inside heat transfer coefficient (hi) = 500 W/m2.K 

-Outside heat transfer coefficient (ho) = 120 W/m2.K 

-Thermal conductivity of steel tube (k) = 43 W/m.K 

-Total fouling factor (Rft) = 0.000176 m2.K/W 

 

FIND: 

a. Overall heat transfer coefficient (U) 

b. Cleanliness factor (CF), and percent over surface (OS) 

 

SOLUTION: 

 a. 
The overall heat transfer coefficient is: 

( )U d
d

1
h

R
d ln d d

2k
1
hf

o

i i
ft

o o i

o

1

= + + +










−

 

( )
U 2.3

1.9
1

500
0.023ln 2.3 1.9

2 43
1

120

    = 91.06  W / m . K

f

1

2

= + +
×

+












−

0 000176.  

b. 
Clean surface overall heat transfer coefficient is: 
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1
U

R 1
Uc

ft
f

+ =  

U
U

Rc
f

ft= −








 = −





=
− −1 1

9106
0 000176 92 54

1 1

.
. .   W / m K2  

Cleanliness factor: 

CF
U
U

91.06
92.54

0.984f

c
= = =  

Percent over surface: 

c ftOS 100 U R 100 92.54 0.000176 1.63= ⋅ ⋅ = × × =  
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Problem 6.2 

Consider a shell-and-tube heat exchanger having one shell and four tube passes. The fluid 
in the tubes enters at 200oC and leaves at 100oC. The temperature of the fluid is 20oC 
entering the shell and 90oC leaving the shell. The overall heat transfer coefficient based on 
the clean surface area of 12 m2 is 300 W/m2.K. During the operation of this heat exchanger 
for six months, assume that a deposit with a fouling factor of 0.000528 m2.K/W has built up. 
Estimate the percent decrease in the heat transfer rate between the fluids. 

 

GIVEN: 

-A shell-and-tube heat exchanger 

-Hot fluid inlet temperature (Th1) = 200oC 

-Hot fluid outlet temperature (Th2) = 100oC 

-Cold fluid inlet temperature (Tc1) = 20oC 

-Cold fluid outlet temperature (Tc2) = 90oC 

-Clean surface area (Ao) = 12 m2 

-Overall heat transfer coefficient (Uc) = 300 W/m2.K 

-Fouling factor (Rft) = 0.000528 m2.K/W 

 

FIND: 

Percent decrease in the heat transfer rate between the fluids. 

 

SOLUTION: 

 
The fouled surface overall heat transfer coefficient is: 

( )U d
d

1
h

d
d

R
d ln d d

2k
1
hf

o

i i

o

i
fi

o o i

o

1

= ⋅ + ⋅ + +










−

 

U 1
U

R 1
300

0.000528 258.97  W / m Kf
c

ft

1 1
2= +









 = +





=
− −

 

Log-mean temperature difference: 

∆T1 

∆T2 

200oC 

90oC 
100oC 

20oC 
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∆
∆ ∆

∆
∆

T
T T

ln
T
T

72.3

ln 72.3
60

  Clm,cf
1 2

1

2

o=
−











=
−

=
60 6596.  

Heat transfer rate (assume the same heat transfer area before  
and after fouling): 

Q U A F Tc f f lm,cf= ∆  

A =
Q

U F T
= 2.84  mf

f

f lm,cf

2

∆
=

× ×
15682 5

100 78 083 6596
.

. . .  

The percent decrease in the heat transfer rate is: 

CF
U
U

100.78
102.6

f

c
= = = 0 98.  
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Problem 6.3 

Assume the water for a boiler is preheated using flue gases from the boiler stack. The flue 
gases are available at the rate of 0.25 kg/s at 150oC, with a specific heat of 1000 J/kg.K. The 
water entering the exchanger at 15oC at the rate of 0.05 kg/s is to be heated to 90oC. The 
heat exchanger is to be of the type with one-shell pass and four-tube passes. The water flows 
inside the tubes, which are made of  copper (2.5 m I.D., 3.0 cm O.D.). The heat transfer 
coefficient on the gas side is 115 W/m2.K, while the heat transfer coefficient on the water 
side is 1150 W/m2.K. A scale on the water side and gas side offer an additional total thermal 
resistance of 0.000176 m2.K/W. 

a. Determine the overall heat transfer coefficient based on the outer tube diameter. 

b. Determine the appropriate mean temperature difference for the heat exchanger. 

c. Estimate the required tube length. 

d. Calculate the percent over surface design and the cleanliness factor. 

 

GIVEN: 

-A shell-and-tube heat exchanger 

-Hot fluid inlet temperature (Th1) = 150oC 

-Mass flow rate of hot flue gas ( m h) = 0.25 kg/s 

-Specific heat of hot gas (cp,h) = 1000 J/kg.K 

-Cold fluid inlet temperature (Tc1) = 15oC 

-Cold fluid outlet temperature (Tc2) = 90oC 

-Mass flow rate of cold water ( m c) = 0.05 kg/s 

-Heat transfer coefficient on gas side (ho) = 115 W/m2.K 

-Heat transfer coefficient on water side (hi) = 1150 W/m2.K 

-Fouling factor (Rf) = 0.000176 m2.K/W 

-Tube diameter  (di) = 2.5 cm 

                             (do) =3.0 cm 

 

FIND: 
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(1) Overall heat transfer coefficient based on the outer tube diameter (Uo) 

(2) Mean temperature (∆Tm) 

(3) Tube length (L) 

(4) Percent over surface design (OS) and the cleanliness factor(CF). 

 

SOLUTION: 

 
Thermal conductivity of copper: k = 360 W/m.K 

a. 
The overall heat transfer coefficient is: 
 

( ) 1
o o io

f ft
i i o

d ln d dd 1 1U R
d h 2k h

−
 

= ⋅ + + + 
 

 

( ) -1

2
f

0.03ln 3 2.53 1 1U 0.000176 100.78  W/m K
2.5 1150 2 360 115
 

= ⋅ + + + = × 
 

b. 

Properties of water at 15 90
2

52.5 C 326  Ko+
= = : 

cp,c

Heat duty: 
 = 4182 J/kg.K 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

Q = 0.05 4182 (90 -15) = 15682.5  W× ×  

T T Q
m c

150 15682.5
0.25 1000

87.3  Ch2 h1
h p,h

o= − = −
×

=


 

Log-mean temperature difference: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

72.3

ln 72.3
60

  Clm,cf
1 2

1

2

o=
−











=
−

=
60 6596.  

c. 
For one shell and 4-tube passes, from figure (2.7): 

P =
T T
T T

= 90 -15
150 -15

= 0.556,        R =
T T
T T

c2 c1

h1 c1

h1 h2

c2 c1

−
−

−
−

=
−
−

=
150 87 3

90 15
0836. .  

Then, F = 0.83 
Q U A F Tc f f lm,cf= ∆  

Heat transfer area: 

∆T1 

∆T2 

150oC 

90oC 
87.3oC 

15oC 
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A =
Q

U F T
= 2.84  mf

f

f lm,cf

2

∆
=

× ×
15682 5

100 78 083 6596
.

. . .
 

A d L N
N

N d LNo
t

p
p o t= ⋅ ⋅ =π π  

LN = A
dt

oπ π
=

×
=

2 84
0 03

3013.
.

.  

For a number of tubes Nt

d. 
 = 100, L = 0.3 m 

Clean surface overall heat transfer coefficient: 

U 1
U

R 1
100.78

0.000176 102.6  W / m . Kc
f

ft

1 1
2= −









 = −





=
− −

 

Percent over surface: 
OS 100U R 100 102.6 0.000176c ft= = × × = 18.  

Cleanliness factor: 

CF
U
U

100.78
102.6

f

c
= = = 0 98.  
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Problem 6.4 

A horizontal shell-and-tube heat exchanger is used to condense organic vapors. The organic 
vapors condense on the outside of the tubes, while water is used as the cooling medium on 
the inside of the tubes. The condenser tubes are 1.9 cm O.D., 1.6 cm I.D. copper tubes 2.4 m 
in length. There are total of 768 tubes. The water makes four passes through the exchanger. 
Tests data obtained when the unit was first placed into service are as follows: 

water rate = 3700 liters/min 

inlet water  temperature = 29 oC 

outlet water temperature = 49 oC 

organic-vapor condensation temperature = 118 oC 

After three months of operation, another test made under the same conditions as the first 
(i.e., same water rate and inlet temperature and same condensation temperature) showed 
that the exit water temperature was 46 oC. 

a. What is the tube-side fluid (water) velocity? 

b.  By assuming no changes in either the inside heat transfer coefficient or the condensing 

coefficient, negligible shell-side fouling, and no fouling at the time of the first test, 

estimate the tube-side fouling coefficient at the time of the second test. 

 

GIVEN: 

-A shell-and-tube heat exchanger 

-Organic vapor temperature (Th) = 118oC 

-Cold fluid inlet temperature (Tc1) = 29oC 

-Cold fluid outlet temperature (Tc2) = 49oC 

-Cold fluid outlet temperature after fouling (Tc2,f) = 46 oC 

-Mass flow rate of cold water ( m c) = 3700 liters/min 

-Tube diameter  (di) = 1.6 cm 

(do) = 1.9 cm 

-Tube length (L) = 2.4 m 
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-# of tubes (Nt) = 768 

-Tube-side passes (Np) = 4   

 

FIND: 

a. Fluid velocity in tube (ui) 

b. Fouling coefficient at the time of second test. 

 

SOLUTION: 

 a. 
Flow area: 

( )
A

d N
N

  mc
i t

p

2= ⋅ =
×

⋅ =
π π2 2

4
0 016
4

768
4

0 0386
.

.  

Water velocity: 

u = V
A

 m / si

 .
.

.= =
0 06166
0 0386

1597  

b.  
Fouled surface heat transfer coefficient is: 

( )U d
d

1
h

d
d

R
d ln d d

2k
1
hf

o

i i

o

i
fi

o o i

o

1

= ⋅ + ⋅ + +










−

 

Properties of water at 29 49
2

C 312  Ko+
= =39 : 

ρ = =993 4178  kg / m      c   J / kg. K3
p,c  

 

( )Q m c T T   kWc p,c c2 c1= − = × × × − = . ( ) .993 0 06166 4178 49 29 5116 24

Case 1 (before three month): 
 

Log-mean temperature difference: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

110 - 80

ln 110
80

 Clm,cf
1 2

1

2

o=
−











= = 94 2.  

 

P =
T T
T T

= 49 - 29
118 - 29

= 0.24,        R =
T T
T T

c2 c1

h1 c1

h1 h2

c2 c1

−
−

−
−

= =
0
20

0  

F = 1 

∆T1 

∆T2 

118oC 

49oC 

118oC 

29oC 
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2t
o p o t

p

NA d L N d LN 0.019 2.4 768 110.021  m
Nt π π π= ⋅ ⋅ = = × × × =  

Clean surface overall coefficient: 
Q = U A F Tc c C lm,cf∆

 

Heat duty for fouled condition: 

( )Q m c T T   kWc p,c c2,f c1= − = × × × − = . ( ) .993 0 06166 4178 46 29 43488  

Fouled surface heat transfer coefficient: 

o1 2
lm,cf

1

2

T T (118 46) (118 29)T 80.2 C(118 46)T lnln (118 29)T

∆ −∆ − − −
∆ = = =

− ∆
  −∆ 

 

3
2f

f
lm,cf

Q 4348.8 10U = =492.86  W/m .K
A F T 110.021 1 80.2t

×
=

∆ × ×
 

But, U 1
U

d
d

Rf
c

o

i
fi

1

= + ⋅










−

 

2i
fi

o f c

d 1 1 1.6 1 1R = 0.000285  m .K/W
d U U 1.9 502.89 492.86

    − = − =    
   
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Problem 6.5 

In a double pipe heat exchanger, deposits of calcium carbonate with a thickness of 1.12 mm 
and magnesium phosphate with a thickness of 0.88 mm on the inside and outside of the 
inner tube respectively have formed over time. Tubes (ID = 1.9 cm, OD = 2.3 cm) are made 
of carbon steel ( k = 43 W/m.K). Calculate the total fouling resistance based on the outside 
surface area of the heat exchanger. 

 

GIVEN: 

-A double pipe heat exchanger 

-Tube diameter  (di) = 1.6 cm 

                           (do) = 1.9 cm 

-Deposits thickness inside (δ1) = 1.12 mm 

-Deposits thickness outside (δ2) = 0.88 mm 

 

FIND: 

Total fouling resistance based on the outside surface area of the heat exchanger (Rft) 

 

SOLUTION: 

From Table 6.3:  
Calcium carbonate: k1

Magnesium phosphate k
 = 2.941 W/m.K 

2

Total fouling resistance is: 
 = 2.1625 W/m.K 

R d
d

R Rft
o

i
fi fo= ⋅ +  

R A R d L
ln

d
d 2
2 Lkfi i 1 i

i

i

1
= = ⋅

−










π
δ

π
1  

R
d

2k
ln

d
d 2fi

i

1

i

i
=

−










δ1
 

R 0.019
2 2.941

ln 0.019   m . K / Wfi
2=

× − ×





=

0 019 2 0 00112
0 000405

. .
.  
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R A R d L
ln d

d
2 Lkfo o 2 o

o

o

2
= = ⋅

+









π

δ

π

2 2

 

R d
2k

ln d
dfo

o

2

o

o
=

+









2 2δ  

R 0.023
2 2.1625

ln 0.023 + 2 0.00088   m . K / Wfo
2=

×
×




=

0 023
0 000392

.
.  

R 2.3
1.9

  m . K / Wft
2= ⋅ + =0 000405 0 000392 0 000882. . .  
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Problem 6.6 

In a shell-and-tube heat exchanger, water at a flow rate of 3 kg/s is heated from 20 oC to 
90oC. On the shell side stream condenses to heat the water resulting in an overall heat 
transfer coefficient of 2100 W/m2.K. After a period of six months of continuous operation, 
the temperature of tube inside water drops to 80 oC. Calculate 

a. The overall heat transfer coefficient under six months operating conditions 

b. The total fouling resistance under operating conditions. 

 

GIVEN: 

-A shell-and-tube heat exchanger 

-Steam temperature (Th) = 100oC 

-Cold fluid inlet temperature (Tc1) = 20oC 

-Cold fluid outlet temperature (Tc2) = 90oC 

-Cold fluid outlet temperature after fouling (Tc2,f) = 80 oC 

-Mass flow rate of cold water ( m c) = 3 kg/s 

-Overall heat transfer coefficient before fouling (Uc) = 2100 W/m2.K 

 

FIND: 

a. Overall heat transfer coefficient after fouling (Uf)  

b. Total fouling resistance under operating conditions (Rt)  

 

SOLUTION: 

Properties of water at 20 90
2

C   Ko+
= =55 328 : 

ρ = =985 4182  kg / m      c   J / kg. K3
p,c  

a. 
Log-mean temperature difference: 
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∆
∆ ∆

∆
∆

T
T T

ln
T
T

80

ln 80
10

 Clm,cf
1 2

1

2

o=
−











=
−

=
10 337.  

Heat duty under clean conditions: 
( )Q m c T T   kWc p,c c2 c1= − = × × − = ( ) .3 4182 90 20 878 22  

Q = U AF Tc c lm,cf∆  

Heat transfer area: 

A =
Q

U F T
  mc

c lm,cf

2

∆
=

×
× ×

=
878 22 10

2100 1 337
12 409

3.
.

.  

Heat duty under fouled conditions: 

( )Q m c T T   kWc p,c c2,f c1= − = × × − = (80 ) .3 4182 20 752 76  

∆
∆ ∆

∆
∆

′ =
−











=
−

=T
T T

ln
T
T

80

ln 80
20

 Clm,cf
1 2

1

2

o20 433.  

Fouled surface overall heat transfer coefficient is: 

U =
Q

A T
 W /  m Kf

f

lm,cf

2

∆ ′
=

×
×

=
752 76 10
12 409 433

1400 98
3.

. .
. .  

b. 
The total fouling resistance is: 

R = 1
U

1
U

  m . K / Wfi
f c

2−








 = −




=

1
1400 98

1
2100

0 000238
.

.  

 

∆T2 

∆T1 

100oC 

90oC 

100oC 

20oC 
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Problem 6.7 

In problem 6.1,  if shell-side fluid is refined tube oil and tube fluid is sea water with a 
velocity of 2m/s, what value of the overall heat transfer coefficient should be used for design 
proposes if the shell-side heat transfer coefficient remains unchanged? Calculate the 
oversurface design. Is this acceptable? 

 

GIVEN: 

-Sea water flowing in tube 

-Sea water velocity um = 2 m/s 

-Other conditions are the same as those in Problem 6.1 

 

FIND: 

a. Overall heat transfer coefficient; 

b. Percentage over surface. 

 

SOLUTION: 

The sea water properties: 

ρ

µ

= =

= × =−

997 207 0 605

9 09 10 6 29

3

4

. / . / .

. . Pr .

  kg               k

  Pa     

m w m K

s         
 

Thermal conductivity of steel:  ks

Re . .
.

.= =
× ×

×
=

−

ρ
µ

u dm i 997 207 2 0 019
9 09 10

41687 44

 = 43 W/m.K; 

 (Turbulent flow) 

The heat transfer coefficient inside the tube can be calculated by Equation (3.31): 

[ ]
f = −

= × − =

−

−

( . ln Re . )

. ln( . ) . .

158 328

158 41687 4 328 0 00546

2

2  
 

( )( )
( ) ( )

( ) ( )
( ) ( )

Nu
f

f
b

b

b

=
−

+ −

=
⋅ − ⋅

+ × −

=

2 1000

1 12 7 2 1

0 00546 2 41687 4 1000 6 29

1 12 7 0 00546 2 6 29 1

269

0 5
0

2 3

0 5 2 3

Re Pr

. Pr

. . .

. . .

.

.        
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h
Nu k

di
b

i
= =

×
= ⋅

269 0 605
0 019

8564 8.
.

.   W / m K2  

The overall heat transfer coefficient is: 

( )1
U

1
h

R
2k

1
h

1
2445

R 1
8f i

ft
s o

ft= + + + = + +
d
d

d d do

i

o o iln
 

( )

( )

U 1
h

R
2k

1
h

1
2445

R 1
8

     1
8564.8 2 43

1
120

       W / m

i
ft

s o
ft

2

f
o

i

o o id
d

d d d

K

= + + + = + +












= + +
×

+ =












= ⋅

−

−

ln

.

.
.

. ln . / .

.

1

1
0 023
0 019

0 000176
0 023 0 023 0 019

114 9

 

Clean surface overall heat transfer coefficient is: 
1

U
1
h

R 1
h

1
2445

R 1
8f i

ft
o

ft= + + = + +

 

Percentage over surface is: 
OS = 100 UcRft

 
 = 100×117.3×0.000176 = 2.06 
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Problem 6.8 

A counterflow doublepipe heat exchanger is designed to cool lubricating oil for a large 
industrial gas turbine engine. The flow rate of cooling water through the inner tube is 0.2 
kg/s, and the water enters the tubes at 20°C, while the flow rate of oil through the outlet 
annulus is 0.4 kg/s. The oil and water enter the heat exchanger at temperatures of 60°C and 
30°C, respectively. The heat transfer coefficients in the annulus and in the inner tube have 
been estimated as 8 W/m2  · K and 2445 W/m2  · K, respectively. The outer diameter of the 
inner tube is 25 mm, and the inner diameter of the outer tube is 45 mm. The total length of 
the double-pipe heat exchanger (total length per hairpin) is 15 m and total heat exchanger 
area is 325 m2. In the analysis, the tube wall resistance and the curvature of the wall are 
neglected. What is the total value of the fouling resistance used in this design? 

 

GIVEN: 

-A double pipe heat exchanger 

-Cold fluid inlet temperature (Tc1) = 20oC 

-Mass flow rate of cold water ( m c) = 0.2 kg/s 

-Cold fluid inlet temperature (Th1) = 60oC 

-Cold fluid outlet temperature (Th2) = 30oC 

-Mass flow rate of oil ( m h) = 0.4 kg/s 

-Heat transfer coefficient in annulus (ho) = 8 W/m2.K 

-Heat transfer coefficient in inner tube (hi) = 2445 W/m2.K 

-Outer diameter of inner tube (do) = 25 mm 

-Inner diameter of outer tube (Di) = 45 mm 

-Total length per hairpin (L) = 15 m 

- Total heat exchanger area (A) = 325 m2 

 

FIND: 

Total fouling resistance (Rft) 

 

SOLUTION: 

www.konkur.in



 
Specific heat  for lubricating oil: cp,h = 2006 J/kg.K, for water: cp,c

The fouled surface overall heat transfer coefficient is: 
 = 4178 J/kg.K. 

1
U

1
h

R 1
h

1
2445

R 1
8f i

ft
o

ft= + + = + +  

⇒  R 1
U

1
h

1
h

1
Uft

f i o f
= − − = − 0125409.  

Heat duty for fouled condition: 
( ) ( )Q m c T T m c T T   Wc p,c c2 c1 h p,h h1 h2= − = − = × × − =  . ( )0 4 2006 60 30 24072  

( )

( )

T T +
m c T T

m c

      

c2 c1
h p,h h1 h2

c p,c

o

=
−

= +
× × −

×
=





.
.

.20
0 4 2006 60 30

0 2 4178
48 8 C

 

( )
∆

∆ ∆
∆ ∆

T
T T

ln T T

     
ln

  

m
1 2

1 2

o

=
−

=
− − −

−
−







=
( . ) ( )

.
.60 488 30 20

60 488
30 20

1058 C
 

f mQ=U A T∆  cut ( )f o mU d TLπ= ∆ out 

2
f

m

Q 24076U = 7.002  W/m K
A T 325 10.58

= = ⋅
∆ ×��

corrected answer 

ft
f i o f

1 1 1 1 1R 0.125409 0.125409 0.01740734
U h h U 7.002

= − − = − = − = corr

ected answer 
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Problem 6.9 

A shell-and-tube type condenser with one shell pass and four tube passes is used to condense 
organic vapor. The condensation occurs on the shell side, while the coolant water flows 
inside the tubes that are 1.9-cm O.D. and 1.6-cm I.D. copper tubes. The length of the heat 
exchanger is 3 m long. The total number of tubes is 840. The initial data of the condenser 
are recorded as: 

 Water rate, 70 kg/s 

 Water inlet temperature, 20 oC 

 Water outlet temperature, 45 oC 

 Condensation temperature, 105 oC 

After 4 months of operation, under the same conditions, the exit temperature of water drop 
to 40 oC. By assuming shell-side fouling is negligible, there is no fouling at the time of the 
first operation, and the inside and outside heat transfer coefficients are unchanged, estimate 
the tube-side fouling factor after the operation of 4 months. 

 

GIVEN: 

-A shell-and-tube heat exchanger 

-Water inlet temperature (Tc1) = 20oC 

-Water outlet temperature (Tc2) = 45oC 

-Steam temperature (Th) = 105 oC 

-Mass flow rate of cold water ( m c) = 70 kg/s 

 

-Outer diameter of  tube (do) = 1.9 cm 

-Inner diameter of  tube (di) = 1.6 cm 

-Total length of tube (L) = 3 m 

-After four months, (Tc2) = 40 oC 

 

FIND: 

Total fouling resistance (Rft) 
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SOLUTION: 

 

Specific heat  for water at mean temperature T
T T

Cm
c c o=
+

=
+

=1 2

2
35 95

2
65 :  

cp,c

Then:  
 = 4178 J/kg.K 

( )Q m c T T  k Wc p,c c2 c1= − = × × − = ( ) .70 4178 45 20 73119  

The total heat transfer area Ao

A d L No o= ⋅ = × × × =π π 0 019 3 840 150 3. .   m2

 is: 
 

The heat exchanger log mean temperature is: 

( )
∆

∆ ∆
∆ ∆

T
T T

ln T T

     
ln

  

lm,cf
1 2

1 2

o

=
−

=
− − −

−
−







=
( ) ( ) .105 20 105 45

105 20
105 45

718 C
 

According to the heat transfer equation: 
( )Q = U A T U d Tc m c o mo

L∆ ∆= π  

( )
3

2
c

o m

Q 7311.9 10U = 677.1 W/m K
d T 150.3 71.8Lπ

×
= = ⋅

∆ ×
 

After 4 months of operation, the outlet water temperature is decreased to 40 o

T
T T

Cm
c c o=
+

=
+

=1 2

2
35 90

2
62 5

'

.  

C, so the mean 
temperature: 

 

( )f c p,c c2,f c1Q m c T T 70 4179 (40 20) 5850.6 k W= − = × × − =�  

( )
∆

∆ ∆
∆ ∆

T
T T

ln T T

     
ln

  

lm,cf
1 2

1 2

o

=
−

=
− − −

−
−







=
( ) ( ) .105 20 105 40

105 20
105 40

74 6 C
 

( )Q = U A T U d Tf f m f o mo
L∆ ∆= π  

( )
3

2f
f

o m

Q 5850.6 10U = 521.5  W/m K
d T 150.4 74.6Lπ

×
= = ⋅

∆ ×
 

Because the shell-side fouling is negligible, so the tube-side fouling factor is: 

2
ft

f c

1 1 1 1R 0.00044  m /
U U 521.5 677.1

K W= − = − = ⋅  
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Problem 6.10 

In a single-phase double-pipe heat exchanger, water is to be heated from 35 to 95 oC. The 
water flow rate is 4 kg/s. Condensing steam at 200 oC in the annulus is used to heat the 
water. The overall heat transfer coefficient used in the design of this heat exchanger is 3500 
W/m2.K. After an operation of 6 months, the outlet temperature of the hot water drops to 
90 oC. The maintaining of the outlet temperature of the water is essential for the purpose of 
this heat exchanger; therefore fouling is not acceptable. Calculate the total fouling factor 
under these operations and comment if the cleaning cycle must be extended. 

 

GIVEN: 

-A double-pipe heat exchanger 

-Water inlet temperature (Tc1) = 35oC 

-Water outlet temperature (Tc2) = 95oC 

-Water outlet temperature after 6 months of fouling (Tc2′) = 90 oC 

-Steam temperature (Th) = 200 oC 

-Mass flow rate of cold water ( m c) = 4 kg/s 

-Heat transfer coefficient for clean surface (Uc) = 3500 W/m2.K 

 

FIND: 

Total fouling resistance (Rft) 

 

SOLUTION: 

When the surface is clean: 

Specific heat  for water at mean temperature T
T T

Cm
c c o=
+

=
+

=1 2

2
35 95

2
65 :  

cp,c

Then:  
 = 4185 J/kg.K 

( )c p,c c2 c1Q m c T T 4 4185 (95 35) 1004.4 k W= − = × × − =�  

The heat exchanger log mean temperature is: 
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( )
1 2

lm,cf
1 2

o

T TT
ln T T

(200 35) (200 95)     132.7  
200 35ln
200 95

C

∆ −∆
∆ =

∆ ∆

− − −
= =

− 
 − 

 

The total heat transfer area Ao

3
2

c m

Q 1004.4 10A = 2.16  m
U T 3500 132.7o

×
= =

∆ ×

 is: 

 

After 6 months of operation, the outlet water temperature is decreased to 90 o

T
T T

Cm
c c o=
+

=
+

=1 2

2
35 90

2
62 5

'

.  

C, so the mean 
temperature: 

 

and,  
cp,c

( )
∆

∆ ∆
∆ ∆

T
T T

ln T T

     
ln

  

lm,cf
1 2

1 2

o

=
−

=
− − −

−
−







=
( ) ( ) .200 35 200 90

200 35
200 90

1356 C

 = 4185 W/kg.K 

 

( )'
f c p,c c2 c1Q m c T T 4 4185 (90 35) 920.7 k W= − = × × − =  

3
2f

f
m

Q 920.7 10U = 3143.4  W/m K
T 2.16 135.6oA

×
= = ⋅

∆ ×
 

2
ft

f c

1 1 1 1R 0.000032  m /
U U 3143.4 3500

K W= − = − = ⋅  

Because the purpose of the heat exchanger is to maintain the outlet temperature of water at 
95 oC, after 6 months of operation, the outlet temperature is only 90 o

 

C, so the cleaning cycle 
must be shortened. 
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Problem 6.11 

Distilled water enters the tubes of a shell-and-tube heat exchanger at 200oC and leaves at 
100oC. The objective is to design a heat exchanger to heat city water from 20oC to 90oC on 
the shell side. The overall heat transfer coefficient based on the outside clean surface area of 
12 m2 is 1500 W/m2.K. Tubes are carbon steel ID = 16 mm and OD = 19 mm. During the 
operation of this heat exchanger for six months, a deposit builds up on the shell-side only. 

Estimate the percent decrease in the heat transfer rate between the fluids. 

 

GIVEN: 

-A shell-and-tube heat exchanger, with hot water flowing through tubes. 

-Distilled hot water inlet temperture (Th1) = 200oC 

-Distilled hot water outlet temperature (Th2) = 100oC 

-Cold water inlet temperature (Tc1) = 20oC 

-Cold water outlet temperature (Tc2) = 90oC 

-Outside clean surface area (Ac) = 12 m2. 

-Overall heat transfer coefficient based on outside area (Uo) = 1500 W/m2.K 

-Tube diameter  (di) = 16 mm 

(do) = 19 mm 

 

FIND: 

Percent decrease in the heat transfer rate between the fluids. 

 

SOLUTION: 

From table 6.11: ( for the tube side) 

Rfi = 0.176×10
2 /m K W⋅3  

Rfo = 0.352×10
2 /m K W⋅3  

Overall heat transfer coefficient based on the outside surface of the inner tube, with fouling: 

U 1
U

Rf
c

ft

1

= +










−
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Where 

R R
d
d

Rft fo
o

i
fi= + ⋅ = + × =0 000352 19

16
0 000176 0 000561. . .  

since the wall resistance is neglected. 
Then, 

U 1
U

R   W / m . Kf
c

ft

1

2= +








 = +





=
− −1

1500
0 000561 815

1

.  

Log-mean temperature difference: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

110 - 80

ln 110
80

 Clm,cf
1 2

1

2

o=
−











= = 94 2.  

 
Q = U A F Tc c C lm,cf∆  
Q = U A F Tf f f lm,cf∆  

Taking the ratio, the decrease in heat transfer rate is obtained: 
Q
Q

=
U A F T
U A F T

U
U

f

c

f c lm,cf

c C lm,cf

f

c

∆

∆
= = =

815
1500

54 33%.  

 
 
 
 

 

∆T1 

∆T2 

200oC 

90oC 100oC 

20oC 
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Problem 7.1 

A counterflow double pipe heat exchanger is used to cool the lubricating oil for a large 
industrial gas turbine engine. The flow rate of cooling water through the inner tube is mc=0.2 
kg/s, while the flow rate of oil through the outer annulus is mh=0.4 kg/s. The oil and water 
enter at temperature of 60 oC and 30 oC, respectively. The heat transfer coefficient in the 
annulus is calculated to be 15 W/m2.K. The I.D. of the tube is 25 mm and the I.D. of outer 
annulus is 45 mm. The outlet temperature of the oil is 40 oC. Take cp=4178 J/kg.K for water and 
cp=2006 J/kg.K for oil. The tube wall resistance and the curvature of the wall are neglected. 
Calculated the length of the heat exchanger if fouling is neglected. 

 

GIVEN: 

-A double pipe heat exchanger, with oil flowing through annulus. 

-Oil inlet temperature (Th1) = 60oC 

-Oil outlet temperature (Th2) = 40 oC 

-Mass flow rate of oil ( m h) = 0.4 kg/s 

-Cooling water inlet temperature (Tc1) = 30oC 

-Mass flow rate of cooling water ( m c) = 0.2 kg/s 

-Annulus side heat transfer coefficient for oil (ho) = 15 W/m2.K 

-Inner diameter of tube (di) = 25 mm 

-Inside diameter of outer annulus (Di) = 45 mm 

-Specific heat of water (cp,c) = 4178 J/kg.K 

-Specific heat of oil (cp,h) = 2006 J/kg.K 

 

FIND: 

The length of the heat exchanger (L). 

 

ASSUMPTIONS: 

-Fouling, the tube wall resistance, and the curvature of the wall are neglected. 
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-Variation of thermal properties with temperature is negligible. 

-Inner tube wall thickness is assumed to be t = 1 mm. 

 

SOLUTION: 

 
The cooling water outlet temperature can be obtained using the heat balance equation: 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )

( )

T T +
m c T T

m c

    = 30 +
0.4 60 - 40

    = 49.2 C

c2 c1
h p,h h1 h2

c p,c

o

=
−

× ×

×





.
2006
0 2 4178

 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T T
 Cm

1 2

1 2

o=
−

=
−

=
ln

.
ln .

.10 8 10
10 8 10

10 39  

 

Properties of water at 

Tube-side analysis: 
49 2 30

2
39 6. .+

=  Co  is: 

3 -6 2992 kg/m                  =605 10   N.s/m         
Pr 4.36                           k=0.6  W/m.K
ρ µ= ×

=
 

The water velocity can be obtained as: 

c c
m 2 2

ic

m m 0.2u 0.41 m/s
d 0.025A 992
4 4

π πρ ρ
= = = =

××

 ��
 

Therefore, the Reynolds number is: 

m i
6

u d 992 0.41 0.025Re 15198
605 10

ρ
µ −

× ×
= = =

×
  (Turbulent flow) 

From table 3.3, Genielinski’s correlation can be used: 

( ) ( )2 2 31.58ln Re 3.28 1.58 ln16807 3.28 7.0 10f − − −= − = × − = ×  
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( )

( )
21
32

1
22
3

2

f 2 RePr
Nu

1.07 12.7 f 2 Pr 1

0.007 15198 4.44
2    =

0.00681.07 12.7 4.44 1
2

    =100.57  W/m .K

=
 

+ − 
 

  × 
 

  + × −  
   

 

The inside heat transfer coefficient is: 

 2
i

i

Nu k 100.57 0.6h 2413.68  W/m .K
d 0.025
⋅ ×

= = =  

The outside heat transfer coefficient is given, ho = 15 W/m2

The fouling, tube wall resistance and the curvature of the wall are neglected, so the overall 
heat transfer coefficient can be calculated as: 

.K. 

2
o

i o

1 1U 14.9  W/m .K1 1 1 1
h h 2413.68 15

= = =
+ +

 

( ) ( )h p,h h1 h1 2
o

o m o m

m c T T 0.4 2006 60 40QA 108  m
U T U T 14.9 10

− × × −
= = = =

∆ ∆ ×


 

A d 2L = 2 0.0334 3 = 0.63 mo o
2= × × × ×π π  

∴ o

o

A 108L 1375  m
d 0.025π π

= = =
×
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Problem 7.2 

In problem 7.1, the heat transfer coefficient in the annulus is given as 15 W/m2.K. Is this value 
acceptable? Assume the water used is city water with a fouling resistance of 0.000176 m2.K/W 
inside the tube. Oil side deposit is neglected. If the length of the hairpin used is 4 m, calculate 
the heat transfer area and the number of hairpins. If the space to accommodate this heat 
exchanger is limited, what are the alternatives? 

  

GIVEN: 

-Those given in problem 7.1 

-Fouling resistance inside the tube (Rfi) = 0.000176 m2.K/W 

-Length of hairpins (L) = 4 m 

 

FIND: 

a. Heat transfer area (Ao) 

b. The number of hairpins (Nhp)  

 

ASSUMPTIONS: 

-City water is used. 

-Oil side deposit is neglected. 

 

SOLUTION: 

a. 
The heat transfer coefficient in the annulus is too low at 15 W/m2

The overall heat transfer coefficient is(neglect the curvature and wall resistance): 
.K. 

2
f

ft fo
i o

1 1U 14.87  W/m .K1 1 1 1R R 0.000176 0
 h h 2413.68 15

= = =
+ + + + + +

 
The heat transfer surface area needed: 
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( ) ( )h p,h h2 h1 2

m m

m c T T 0.4 2006 60 40QA 107.9  m
U T U T 14.87 10f

f f

− × × −
= = = =

∆ ∆ ×


 

Heat transfer area per hairpin: 
A d L   mhp o

2= = × × =2 2 0 025 4 0 63π π . .  

b. 
Therefore, the number of hairpins needed is: 

o
p

hp

A 107.9N 171.3 172  Hairpins.
A 0.63

= = = ≈  

If the space is limited the number off hairpins can be reduced by the use of finned tubes. 
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Problem 7.3 

Engine oil (raffinate) with a flow rate of 5 kg/s will be cooled from 60°C to 40°C by sea water at 
20°C in a double-pipe heat exchanger. The water flows through the inner tube, whose outlet is 
heated to 30°C. The inner tube outside and inside diameters are do = 1.315 inches (= 0.0334 m) 
and di = 1.049 inches (= 0.02664 m), respectively. For the annulus, Do= 4.5 inches (= 0.1143 m) 
and Di = 4.206 inches (= 0.10226 m). The length of the hairpin is fixed at 3 m. The wall 
temperature is 35°C. The number of the tubes in the annulus is 3. The thermal conductivity of 
the tube wall is 43 W/m · K. Calculate: 

a. The heat transfer coefficient in the annulus; 

b. The overall heat tranfer coefficient; 

c. The pressure drop in the annulus and the inner tube (only straight sections will be 

considered); 

d. What is your decision as an engineer? 

 

GIVEN: 

-A double pipe heat exchanger, with engine oil flowing through annulus. 

-Oil inlet temperature (Th1) = 60oC 

-Oil outlet temperature (Th2) = 40 oC 

-Mass flow rate of oil ( m h) = 5 kg/s 

-Cooling water inlet temperature (Tc1) = 20oC 

-Cooling water outlet temperature (Tc2) = 30oC 

-Inner tube diameters: (di) = 1.049 inches = 0.02664 m 

(do) =1.315 inches = 0.0334 m 

-Annulus diameters: (Di) = 4.206 inches = 0.10226 m 

(Do) = 4.5 inches = 0.1143 m 

-Length of the hairpin (L) = 3 m 

-Wall temperature (Tw) = 35oC 
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-Thermal conductivity of the tube wall is 43 W/m.K. 

-Number of tubes in the annulus (Nt) = 3 

 

FIND: 

a.)  The heat transfer coefficient in the annulus (ho) 

b.  The overall heat transfer coefficient (Uo)  

c. The pressure drop in the annulus and the inner tube (only straight sections will be considered) 

d.  What is your decision as an engineer. 

 

ASSUMPTIONS: 

-Fouling, the tube wall resistance, and the curvature of the wall are neglected. 

-Variation of thermal properties with temperature is negligible. 

 

SOLUTION: 

 

∆
∆ ∆

∆
∆

T
T T

T
T

 Cm
1 2

1

2

o=
−











=
−





=

ln ln
.30 20

30
20

24 6  

 

Properties of water at 20 30
2

25+
=  Co  is: 

ρ µ= ×
=
=

997
6 18
4180

 kg / m                  = 894 10   N.s / m
                             k = 0.0606  W / m. K

c   J / kg. K

3 -6 2

p,c

Pr .  

Properties of engine oil at 60 40
2

50+
=  Co  is: 

ρ µ

µ

=
=
=

= =

870
1760
2005

0 3 35

 kg / m                  = 0.124  N.s / m
                             k = 0.141  W / m. K

c   J / kg. K

 N.s / m   (at T

3 2

p,c

w
2

w

Pr

. )o C

 

 

∆T1 

Tube side analysis: 

∆T2 

60oC 

30oC 
40oC 

20oC 
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The cooling water mass flow rate can be obtained using the heat balance equation: 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

( )
( )

( )
( )




.m
m c T T

c T T
  kg / sc

h p,h h1 h2

p,c c2 c1

=
−

−
=

× × −
× −

=
5 2005 60 40

4180 30 20
4 8  

The water velocity can be obtained as: 

m/s 88.2

4
02664.09973

8.4

4
d

m
A

m
u 22

i

c

c

c
m =

×
××

===
ππ

ρ
ρ

t
t N

N


 

Therefore, the Renolds number is: 

7.562,85
10894

02664.088.2997duRe 6
im =

×
××

== −µ
ρ

  (Turbulent flow) 

From table 3.3, Petukhof and Kirillov correlation can be used: 

( ) ( ) 322 1065.428.37.85562ln58.128.3Reln58.1 −−− ×=−×=−=f  

( )
( ) ( )

Nu
f 2 Re Pr

1.07 12.7 f 2 Pr 1b
b b

b
2

=
+ −1 2 3

 

520.2=       

118.6
2

0037.07.1207.1

18.67.85562
2

0.00465

=Nu

3
2

2
1b











−






×+

××







 

The inside heat transfer coefficient is: 

 2b
i

i

Nu k 520.2 0.606h 2550  W/m .K
d 0.02664
⋅ ×

= = =  

 

( ) ( )D D N d N d 0.10226 3 0.03340 3 0.03340 0.071 me i
2

t o
2

t o
2 2= − = − × × =

Annulus side analysis: 
 

D D N d 0.035 mh i t o= − = − × =0 10226 3 0 03340. .  

( ) ( )
u

m
A

m
D - N d

4

 m / sm
h

c

h

i
2

t o

= = =

×
× − ×

=
 

. .
.

ρ
ρ
π π2 2 2

5

870
0 10226 3 0 0334

4

1 03  

Re
u Dm h= =

× ×
=

ρ
µ

870 1 03 0 035
0 124

252 9. .
.

.   (Laminar flow) 

Sieder and Tate correlation is used: 

Nu
h D

k
1.86 PrRe

D
LT

o e h
1 3

= = 















µ
µ

b

w

0 14.
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0.141 3 1 3 0.14
hD 0.035 0.124PrRe 1760 252.9 2.32 2

L 3 0.3
b

w

µ
µ

      = × × = ≥      
      

 

Therefore, Sieder and Tate correlation is valid for the given data, and 

T
o

e

Nu k 1.86 2.32 0.141h 8.57
D 0.071

× ×
= = =  

 

Table 6.10 and 6.11 give: 
Fouling factors: 

R 8.8 10   m . K / W

R 0.000176  m . K / W
fi

5 2

fo
2

= ×

=

−

 

The overall heat transfer coefficient based on the outside surface area is: 

( )

.K  W/m55.6=    

6.56
1000176.0

02664.0
108.80334.0

3.11830.02664
0.0334

1=

h
1ln

d
d

hd
d

1U

2

5

oi

o

ii

o
f

++
××

+
×

++++
= −

fo
ioofi R

k
rrrR

 
The heat transfer surface area: 

( ) ( )
A Q

U T
m c T T

U T
  mo

o m

h p,h h1 h2

o m

2= =
−

=
× × −

×
=

∆ ∆



. .
.

5 2005 60 40
55 6 24 6

146 7  

Surface area per hairpin: 
A d 2L = 2 0.0334 3 = 0.63 mo o

2= × × × ×π π  
The number of hairpins can then be calculated as: 

N
A

A N
 hairpinshp

o

hp t

= =
×

=
146 7

0 63 3
78.

.
 

The friction factor in the annulus can be calculated as: 

f 16
Re

16
252.9

0.0633= = =  

The pressure drop in the annulus can be calculated as: 

∆P = 4f L
D

u
2

= 4 870 1.03 = 1.56 MPa
h

m
2

ρ
2

0 0633 3 2 78
0 035 2

× ×
× ×

× ×.
.

 

Pressure drop in the tubes: 
f = 0.037 

∆P = 4f L
d

u
2

= 4 8.64 = 9.67 MPa
i

m
2

ρ
2

0 0037 3 2 78
0 02664

997
2

× ×
× ×

× ×.
.

 

The number of hairpins can be reduced by the use of finned tubes. 
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Problem 7.4 

The objective of this problem is to design an oil cooler with sea water. The decision was made 
to use a hairpin heat exchanger. 

 

 Fluid   Annulus fluid - engine oil        Tube-side fluid - sea water  

Flow rate, kg/s   4    -    

Inlet temperature, oC  65    20 

Outlet temperature, oC  55    30    

Density, kg/m3   885.27    1013.4 

Specific heat, kJ/kg.oC  1.902    4.004  

viscosity, kg/m.s   0.075    9.64×10-4 

Prandtl number (Pr)   1050    6.29  

    Thermal conductivity, W/m.K 0.1442    0.6389 

 

The length of the hairpin    = 3 m. 

Annulus nominal diameter    = 2 inches 

Nominal diameter of the inner tube   = 3/4 inches 

Fin height, H      = 0.00127 m 

Fin thickness, δ      = 0.9 mm 

Number of fins      = 18 

Material throughout     = carbon steel 

Thermal conductivity, k    = 52 W/m.K 

Number of tubes inside the annulus   = 3 

 

Select the proper fouling factors. Calculate: 

a. The velocity in the tube and in the annulus; 
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b. The overall heat transfer coefficient for clean and fouled heat exchanger; 

c. The total heat transfer area of the heat exchanger with and without fouling; OS 

design; 

d. The surface area of a hairpin and the number of hairpins; 

e. Pressure drop inside the tube in the annulus; 

f. Pumping powers for both streams. 

  

 

SOLUTION: 

 
Nominal diameter of the inner tube = 3/4 in. (Schedule 40): 

do

d
 = 0.02667 m 

i

Annulus nominal diameter = 2 in. (Schedule 40): 
 = 0.02093 m 

Di

Heat balance: 
 = 0.0525 m 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

( )
( )


 .

.
.m

m c T T

c T T
  kg / sc

h p,h h1 h2

p,c c2 c1
=

−

−
=

× × ×

× ×
=

4 1902 10 10
4 004 10 10

19
3

3
 

Annulus: 

( )
( )

A D d N

    =

    = 4.888 10   m

c i
2

o
2

t

-4 2

= −

− ×

×

π

π
4

4
0 0525 0 02667 32 2. .  

Hydraulic diameter: 
( )
( )

P D d N

   = 0.0525 + 0.02667 3
   = 0.416  m

w i o t= +

× ×

π

π  

D =
4A
Ph

c

w
=

× ×
=

−4 4 888 10
0 416

0 0047
4.

.
.  

Equivalent diameter: 
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P d N
   =
   = 0.251  m

h o t=
× ×
π
π 0 02667 3.  

D =
4A
Pe

c

h
=

× ×
=

−4 4 888 10
0 251

0 0078
4.

.
.  

a. 

u
m

A
m
d
4

  m / sm
c

c

c

i

= = =
×

× × ×
=

  .
. .

.
ρ

ρπ
πN

Nt
t

2 2
4 19

10134 0 02093 3
182

Inner tube--cold: 

 

u
m

A
  m / sm

h

c
= =

× ×
=

−



. .
.

ρh

4
88527 4 888 10

9 244

Annulus--hot: 

 

b. 

Reynolds number: 
Inner tube--cold: 

Re
u dm i= =

× ×

×
=

−

ρ
µ

10134 182 0 02093
9 64 10

400454
. . .

.
  (Turbulent flow) 

Petuknov and Krillov correlation: 

( ) ( )f = − = × − =− −364 328 364 40045 328 0 00552 2. log Re . . log . .  

( )

( )
Nu

f 2 RePr

1.07 12.7 f 2 Pr 1

 =

0.0055
2

1
2

2
3

=

+ −












=






× ×

+ × 





−












=
40045 6 29

1 12 7 0 0055
2

6 29 1

259 11
2

2
3

.

. . .

.  

h Nu k
d

  W / m . Ki
i

2=
⋅

=
×

=
2591 0 639

0 02094
7910. .

.
 

Reynolds number: 
Annulus -- hot: 

Re
u Dm h= =

× ×
=

ρ
µ

885 27 9 24 0 0047
0 075

512 6. . .
.

.   (Laminar) 

Sieder and Tate correlation: 

Nu D
La

h= 













186

1 3 0 14

. RePr
/

µ
µ

b

w
 

Re Pr . . .
D
L

h = × × = ≥512 6 1050 0 0047
3

843 2 2  

T 1
2

65 55
2

20 30
2

42.5 C 315 Kw
o=

+
+

+




= =  

µw  Pa.s= 0197.  
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( )Nua = 





=186 8432 0 075
0197

15351 3
0 14

. . .
.

.
/

 

 

h Nu k
D

 W / m . Ko
e

2=
⋅

=
×

=
15 35 01442

0 0078
284. .

.
 

Hausen Correlation: 

Nu 3.66
0.19 Pe

D
L

1 0.117 Pe
D
L

3.66 0.19 39.9
1 0.117 39.9

5.85

h
0.8

h
0.467

0.8

0.467= +







+






= +
×

+ ×
=  

h Nu k
D

  W / m . Ko
e

2=
⋅

=
×

×
=

−

585 01442
1053 10

80113
. .
.

.  

Compare with ho = 760 W/m2

 
.K for Sieder and Tate correlation. 

Finned area: 

( ) ( )A 2N N L H   mf t f f
2= + = × × × × × + × =−2 2 3 18 3 2 0 0127 0 9 10 85213δ . . .  

Unfinned area: 

( ) ( )A 2N L d N   mu t o f
2= − = × × × × − × × × =−π δ π2 3 0 02667 3 18 3 0 9 10 12173. . .  

Total area: 
A A A   mt u f

2= + = + =8521 1217 9 738. . .  
Inner tube surface area: 

A 2N L d   mi t i
2= = × × × × =π π2 3 3 0 02093 1184. .  

Fin efficiency: 

m
2h
k

o

f
= =

×

× ×
=

−δ
2 760

0 9 10 52
180 223.

.  

( ) ( )
η f

f

f

tanh mH
mH

= =
×

×
=

tanh . .
. .

.
180 22 0 0127

180 22 0 0127
0 428  

Overall surface efficiency: 

( ) ( )η ηo f
f

t

A
A

= − −








 = − −




=1 1 1 1 0 428 8521

9 738
05. .

.
.  

Overall heat transfer coefficient (fouled): 
Fouling resistance: 

Rfo = 0.176×10-3  m2

R
.K/W     (engine oil, Table 4.6/p123) 

fi = 0.088×10-3  m2

U
A

A h
A R

A
A R + R

h

of
o

i i

o fi

i
o w fo

o

=
+ + +

1
1

.K/W      (sea water, Table 4.10/p127) 
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( )
U

d
d h

d R
d

d
ln d d

2k
+ R

h

     = 0.02667
0.02094

     = 248  W / m . K

of
o

i i

o fi

i
o

o i
fo

o

2

=

+ + +

×
+ × × +







×
+ × +



















− −

−

1
1

7910
0 02667
0 02094

0 088 10
0 02667 0 02667

0 02093
2 52

0176 10 1
284

3 3

1

.

.
.

. ln .
. .

 
Clean conditions: 
 

( )
U

d
d h

d
ln d d

2k
+

h

oc
o

i i
o

o i

o

=

+

1
1

 

  = 0.02667
0.02093

     = 279  W / m . K2

×
+







×
+



















−

7910

0 02667 0 02667
0 02093

2 52
1

284

1

. ln .
.

 

Cleanliness factor: 

CF
U
U

248
279

0.89of

oc
= = =  

Total fouling resistance: 

R 1 CF
U CFft

oc
=

−
⋅

=
−
×

=
1 089

279 089
0 000443.

.
.  

c. 
Percentage over surface: 

OS 100 U Roc ft= ⋅ = × × =100 279 0 000443 12 4%. .  
 Log-mean temperature difference: 

∆
∆ ∆

∆
∆

∆ ∆ ∆

T
T T

ln
T
T

T T T 35 C

lm,cf
1 2

1

2

m 1 2
o

=
−











= = =

 

Total heat transfer area (without fouling): 
( ) ( )

A Q
U T

m c T T
U T

  mo
oc m

h p,h h1 h2

oc m

2= =
−

=
× × −

×
=

∆ ∆


.

4 1902 65 55
279 35

7 791  

Total heat transfer area (with fouling): 

( ) ( )
A Q

U T
m c T T

U T
  mo

of m

h p,h h1 h2

of m

2= =
−

=
× × −

×
=

∆ ∆


.

4 1902 65 55
248 35

8 765  

d. 

∆T1 

∆T2 

65oC 

30oC 
55oC 

20oC 
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Hairpin surface area: 

( ) ( )A 2L N = 0.02093 2 3 3 = 1.508  mhp hp
2= ⋅ × × × ×π πd o  

Therefore, the number of hairpins (without fouling): 

N
A
A

 Hairpins.hp
of

hp
= = ≈

7 791
1508

6.
.

 

The number of hairpins (with fouling): 

N
A
A

 Hairpins.hp
oc

hp
= = ≈

8 765
1508

6.
.

 

e.  
Pressure drop: 

Inner tube: 

∆P 4f L
d

u
2

N
0.02093

  kPat
i

m
2

hp= ⋅ = × ×
×

× × × =ρ 4 0 0055 3 2 10134 182
2

6 6348
2

. . . .  

Annulus: 

f 16
Re

16
512.6

0.0312cp = = =  

f fcp
b

w
=









 = 





=
− −µ

µ

0 58 0 58

0 0312 0 075
0197

0 055
. .

. .
.

.  

∆P 4f L
D

u
2

N
0.0047

  MPaa
h

m
2

hp= ⋅ = × ×
×

× × × =ρ 4 0 055 3 2 88527 9 24
2

6 637
2

. . . .  

 
f. 

Pumping power: 
Inner tube: 

P
P m

  Wt
t= =

× ×
×

=
∆  . .

. .
.

η ρp t

6348 10 19
080 10134

1488
3

 

Annulus: 

P
P m

  kWa
a a= =

× ×
×

=
∆  .

. .η ρp a

637 10 4
080 88527

360
6
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Problem 7.5 

Repeat Problem 7.4 with unfinned inner tubes. Write your comments. 

  

 

SOLUTION: 

 
Nominal diameter of the inner tube = 3/4 in. (Schedule 40): 

do

d
 = 0.02667 m 

i

Annulus nominal diameter = 2 in. (Schedule 40): 
 = 0.02093 m 

Di

Heat balance: 
 = 0.0525 m 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

( )
( )


 .

.
.m

m c T T

c T T
  kg / sc

h p,h h1 h2

p,c c2 c1
=

−

−
=

× × ×

× ×
=

4 1902 10 10
4 004 10 10

19
3

3
 

Annulus: 

( )
( )

A D d N

    =

    = 4.888 10   m

c i
2

o
2

t

-4 2

= −

− ×

×

π

π
4

4
0 0525 0 02667 32 2. .  

Hydraulic diameter: 
( )
( )

P D d N

   = 0.0525 + 0.02667 3
   = 0.416  m

w i o t= +

× ×

π

π  

D =
4A
Ph

c

w
=

× ×
=

−4 4 888 10
0 416

0 0047
4.

.
.  

Equivalent diameter: 
P d N
   =
   = 0.251  m

h o t=
× ×
π
π 0 02667 3.  

D =
4A
Pe

c

h
=

× ×
=

−4 4 888 10
0 251

0 0078
4.

.
.  

a. 
Inner tube--cold: 
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u
m

A
m
d
4

  m / sm
c

c

c

i

= = =
×

× × ×
=

  .
. .

.
ρ

ρπ
πN

Nt
t

2 2
4 19

10134 0 02093 3
182  

u
m

A
  m / sm

h

c
= =

× ×
=

−



. .
.

ρh

4
88527 4 888 10

9 244

Annulus--hot: 

 

b. 

Reynolds number: 
Inner tube--cold: 

Re
u dm i= =

× ×

×
=

−

ρ
µ

10134 182 0 02093
9 64 10

400454
. . .

.
  (Turbulent flow) 

Petuknov and Krillov correlation: 

( ) ( )f = − = × − =− −364 328 364 40045 328 0 00552 2. log Re . . log . .  

( )

( )
Nu

f 2 RePr

1.07 12.7 f 2 Pr 1

 =

0.0055
2

1
2

2
3

=

+ −












=






× ×

+ × 





−












=
40045 6 29

1 12 7 0 0055
2

6 29 1

259 11
2

2
3

.

. . .

.  

h Nu k
d

  W / m . Ki
i

2=
⋅

=
×

=
2591 0 639

0 02094
7910. .

.
 

Reynolds number: 
Annulus -- hot: 

Re
u Dm h= =

× ×
=

ρ
µ

885 27 9 24 0 0047
0 075

512 6. . .
.

.   (Laminar) 

Sieder and Tate correlation: 

Nu D
La

h= 













186

1 3 0 14

. RePr
/

µ
µ

b

w
 

Re Pr . . .
D
L

h = × × = ≥512 6 1050 0 0047
3

843 2 2  

T 1
2

65 55
2

20 30
2

42.5 C 315 Kw
o=

+
+

+




= =  

µw  Pa.s= 0197.  

( )Nua = 





=186 8432 0 075
0197

15351 3
0 14

. . .
.

.
/

 

 

h Nu k
D

 W / m . Ko
e

2=
⋅

=
×

=
15 35 01442

0 0078
284. .

.
 

Overall heat transfer coefficient (fouled): 
Fouling resistance: 

Rfo = 0.176×10-3  m2.K/W     (engine oil, Table 4.6/p123) 
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Rfi = 0.088×10-3  m2

U
A

A h
A R

A
A R + R

h

of
o

i i

o fi

i
o w fo

o

=
+ + +

1
1

.K/W      (sea water, Table 4.10/p127) 

 

( )
U

d
d h

d R
d

d
ln d d

2k
+ R

h

     = 0.02667
0.02094

     = 248  W / m . K

of
o

i i

o fi

i
o

o i
fo

o

2

=

+ + +

×
+ × × +







×
+ × +



















− −

−

1
1

7910
0 02667
0 02094

0 088 10
0 02667 0 02667

0 02093
2 52

0176 10 1
284

3 3

1

.

.
.

. ln .
. .  

Clean conditions: 

( )
U

d
d h

d
ln d d

2k
+

h

oc
o

i i
o

o i

o

=

+

1
1

 

  = 0.02667
0.02093

     = 279  W / m . K2

×
+







×
+



















−

7910

0 02667 0 02667
0 02093

2 52
1

284

1

. ln .
.

 

Cleanliness factor: 

CF
U
U

248
279

0.89of

oc
= = =  

Total fouling resistance: 

R 1 CF
U CFft

oc
=

−
⋅

=
−
×

=
1 089

279 089
0 000443.

.
.  

c. 
Percentage over surface: 

OS 100 U Roc ft= ⋅ = × × =100 279 0 000443 12 4%. .  
 Log-mean temperature difference: 

∆
∆ ∆

∆
∆

∆ ∆ ∆

T
T T

ln
T
T

T T T 35 C

lm,cf
1 2

1

2

m 1 2
o

=
−











= = =

 

Total heat transfer area (without fouling): 
( ) ( )

A Q
U T

m c T T
U T

  mo
oc m

h p,h h1 h2

oc m

2= =
−

=
× × −

×
=

∆ ∆


.

4 1902 65 55
279 35

7 791  

Total heat transfer area (with fouling): 
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( ) ( )
A Q

U T
m c T T

U T
  mo

of m

h p,h h1 h2

of m

2= =
−

=
× × −

×
=

∆ ∆


.

4 1902 65 55
248 35

8 765  

d. 
Hairpin surface area: 

( ) ( )A 2L N = 0.02093 2 3 3 = 1.508  mhp hp
2= ⋅ × × × ×π πd o  

Therefore, the number of hairpins (without fouling): 

N
A
A

 Hairpins.hp
of

hp
= = ≈

7 791
1508

6.
.

 

The number of hairpins (with fouling): 

N
A
A

 Hairpins.hp
oc

hp
= = ≈

8 765
1508

6.
.

 

e.  
Pressure drop: 

Inner tube: 

∆P 4f L
d

u
2

N
0.02093

  kPat
i

m
2

hp= ⋅ = × ×
×

× × × =ρ 4 0 0055 3 2 10134 182
2

6 6348
2

. . . .  

Annulus: 

f 16
Re

16
512.6

0.0312cp = = =  

f fcp
b

w
=









 = 





=
− −µ

µ

0 58 0 58

0 0312 0 075
0197

0 055
. .

. .
.

.  

∆P 4f L
D

u
2

N
0.0047

  MPaa
h

m
2

hp= ⋅ = × ×
×

× × × =ρ 4 0 055 3 2 88527 9 24
2

6 637
2

. . . .  

 
f. 

Pumping power: 
Inner tube: 

P
P m

  Wt
t= =

× ×
×

=
∆  . .

. .
.

η ρp t

6348 10 19
080 10134

1488
3

 

Annulus: 

P
P m

  kWa
a a= =

× ×
×

=
∆  .

. .η ρp a

637 10 4
080 88527

360
6
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Problem 7.6 

A double pipe heat exchanger is designed as an engine oil cooler. The flow rate of oil is 5 kg/s 
and it will be cooled from 60oC to 40oC through annulus (ID = 0.10226 m, OD = 0.1143 m). Sea 
water flows through the tubes (ID = 0.02664 m, OD = 0.03340) and is heated from 10oC to 
30oC. The number of bare tubes in the annulus is 3 and the length of the hairpin is 3 m. 
Assume that the tube wall temperature is 35oC. Design calculations give the number of 
hairpins as 85. Allowable pressure drop in the heat exchanger for both stream is 20 psi. Is this 
design acceptable? Outline your comments. 

  

 

GIVEN: 

 

Tube side (water): 

-Inlet water temperature (Tc1) = 10oC 

-Outlet water temperature (Tc2) = 30oC 

-Number of bare tubes in the annulus (#) = 3 

-Diameters: do = 1.315 in. = 0.03340 m 

di = 1.049 in. = 0.02664 m 

- wall temperature (Tw) = 35 oC 

-Length of the hairpin (L) = 3 m 

 

Annulus (engine oil): 

-Inlet temperature (Th1) = 60oC 

-Outlet temperature (Th2) = 40oC 

-Mass flow rate ( m h) = 5 kg/s 

-Diameters: Do = 4.5 in. = 0.1143 m 

Di = 4.026 in. = 0.10226 m 
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SOLUTION: 

 

Properties of water at T 10 30
2

20 Co=
+

= : 

ρ µ

µ

= = ×

= = = × −

998 4182

0599 7 20 10 4

  kg / m           c   J / kg. K        = 10.07 10   N.s / m

 W / m. K       Pr 7.05                        N.s / m

3
p

-4 2

w
2k . .
 

Properties of oil at T 40 60
2

Co=
+

= 50 : 

ρ µ

µ

= =

= =

870 2006

0141 0 30

  kg / m           c   J / kg. K        = 0.123  N.s / m

 W / m. K       Pr = 1749                        N.s / m

3
p

2

w
2k . .

 

a. 
Calculation of heat transfer coefficient in annulus: 

Equivalent diameter for heat transfer: 

( )
( )

A D 3d

    =
4

    = 5.585 10   m

c i
2

o
2

-3 2

= −

− ×

×

π

π
4

01022604 3 0 03342 2. .  

D
4A

d
 me

c

o
= =

× ×
×

=
−

3
4 5585 10

3 0 0334
0 071

3

π π
.

.
.  

Hydraulic diameter: 

D
4A

D d
 mh

c

i o
=

+
=

× ×
× + ×

=
−

π π π π3
4 5585 10

010226 3 0 0334
0 035

3.
. .

.  

Reynolds number: 

u
m

A
  m / sm

h

c
= =

× ×
=

−



.
.

ρh

5
870 5585 10

10293  
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Re
u Dm h= =

× ×
=

ρ
µ

870 1029 0 035
0123

254 7. .
.

.   (Laminar flow) 

Sieder and Tate correlation: 

Nu D
La

h= 













186

1 3 0 14

. Re Pr
/

µ
µ

b

w
 

Re Pr . . .
.

.
. .D

L
h













 = × ×











= ≥
1 3 0 14 1 3 0 14

254 7 1749 0 035
3

0123
0 3

1529 2
µ
µ

b

w
,  

so this correlation is valid for the given data. 

Nu
D
LT

h=














 = × =186 186 1529 28 44

1 3 0 14

. Re Pr . . .
.

µ
µ

b

w
 

h Nu k
D

 W / m . Ko
e

2=
⋅

=
×

=
28 44 0141

0 071
56 48. .

.
.  

b. 
Calculation of heat transfer coefficient in tubes: 

Heat balance: 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )
( )


 ( )

( )
.m

m c T T

c T T
  kg / sc

h p,h h2 h1

p,c c2 c1
=

−

−
=

× × −
−

=
5 2006 60 40

4182 30 10
2 4  

A d  mt i
2   2= = × = × −π π

4 4
0 02664 557 102 4. .  

u
m
A n

  m / sc

t
= =

× × ×
=

−

 .
.

.
ρ

2 4
998 557 10 3

1444  

Re
ud i= =

× ×

×
=

−

ρ
µ

998 144 0 02664
10 07 10

380194
. .

.
 (Turbulent flow) 

Petuknov and Krillov correlation: 

( ) ( )f = − = × − =− −364 328 364 38019 328 0 00562 2. log Re . . log . .  

( )

( )
Nu

f 2 RePr

1.07 12.7 f 2 Pr 1

 =

0.0056
2

1
2

2
3

=

+ −












=






× ×

+ × 





−












=
38019 7 05

107 12 7 0 0056
2

7 05 1

26161
2

2
3

.

. . . .

.  

h Nu k
d

  W / m . Ki
i

2=
⋅

=
×

=
2616 0599

0 02664
5882. .

.
 

Overall heat transfer coefficient: 
From 1988 TEMA standards, fouling resistance: 

Rfo = 0.176×10-3  m2

R
.K/W 

fi = 0.088×10-3  m2

k = 43 W/m.K 
.K/W 
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( )
U

r
r h

r R
r

r
ln r r

k
+ R

h

o
o

i i

o fi

i
o

o i
fo

o

=

+ + +

1
1

 

  

     = 0.0334
0.02664

     = 55  W / m . K2

×
+ × × +






+ × +



















− −

−

5882
0 0334
0 02664

0 088 10
0 0167 0 0334

0 02664
43

0176 10 1
56 48

3 3

1

.
.

.
. ln .

. .
.

 

c. 
Calculation of heat transfer area: 

Q U A To o lm= ∆  

( )Q = m c T T

  = 5 2006 (60 - 40)
  = 200.5  kW 

h p,h h2 h1 −

× ×  

 Log-mean temperature difference: 
∆ ∆ ∆T T Tlm,cf 1 2= = = 30  o

A Q
U T

  mo
o m

2= =
×
×

=
∆

2005 10
55 30

1215
3. .

C 

 

Surface area per hairpin: 
A d L   mo hp

2= = × × =2 2 0 0334 3 0 630π π . .  

d. 
Number of hairpins: 

N
A

A nhp
o

hp
=

⋅
    ( n = number of tubes in annulus ) 

N 121.5
0.63 3

64.28  hairpinshp =
×

=    ⇒ n = 65 hairpins 

e. 
Total pressure drop in annulus: 

f 16
Re

= = =
16

254 7
0 0628

.
.  

∆P 4f
LN
D

u
2

  MPa = 187.09 psihp

h

2
= = × ×

× ×
× × =ρ 4 0 0628 3 2 65

0 035
870 1029

2
129

2
.

.
. .  

Total pressure drop in tubes: 
f = 0 0056.  

∆P 4f L
D

u
2

  MPa = 49 psi
h

2
= = × ×

× ×
× × =ρ 4 0 0056 3 2 65

0 02664
998 144

2
0 34

2
.

.
. .  
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Problem 7.7 

Assume that the mass flow rate of oil in Problem 7.6 is doubled (10 kg/s) which may result in 
an unacceptable pressure drop. It is decided that two-hairpins will be used in which the hot 
fluid flows in parallel between two units and the cold fluid in series flow. Calculate: 

a. the pressure drop in the annulus for series arrangements for both streams; 

b. the pressure drop in the annulus if the hot fluid is split equally and flows in parallel 

between these two units. 

  

 

GIVEN: 

 

Tube side (water): 

-Inlet water temperature (Tc1) = 10oC 

-Outlet water temperature (Tc2) = 30oC 

-Number of bare tubes in the annulus (#) = 3 

-Diameters: do = 1.315 in. = 0.03340 m 

di = 1.049 in. = 0.02664 m 

- wall temperature (Tw) = 35 oC 

 

Annulus (engine oil): 

-Inlet temperature (Th1) = 60oC 

-Outlet temperature (Th2) = 40oC 

-Mass flow rate ( m h) = 10 kg/s 

-Diameters: Do = 4.5 in. = 0.1143 m 

Di = 4.026 in. = 0.10226 m 

   -Number of hairpins (Nhp) = 2 
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(1)                                                                           (2) 

 

 

 

SOLUTION: 

Properties of water at T 10 30
2

20 Co=
+

= : 

ρ µ

µ

= = ×

= = = × −

998 4182

0599 7 20 10 4

  kg / m           c   J / kg. K        = 10.07 10   N.s / m

 W / m. K       Pr 7.05                        N.s / m

3
p

-4 2

w
2k . .
 

Properties of oil at T 40 60
2

Co=
+

= 50 : 

ρ µ

µ

= =

= =

870 2006

0141 0 30

  kg / m           c   J / kg. K        = 0.123  N.s / m

 W / m. K       Pr = 1749                        N.s / m

3
p

2

w
2k . .

 

a. 
Annulus oil velocity: 

u
m

A
  m / sm

h

c
= =

× ×
=

−

 .
.

.
ρh

0 4
870 1099 6 10

0 426  

Re
u Dm h= =

× ×
=

ρ
µ

870 2 058 0 035
0123

509 5. .
.

.   (Laminar flow) 

f 16
Re

= = =
16

509 5
0 0314

.
.  

D 0.035 m
N

h

hp

=
= 2
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∆P 4f
L N

D
u
2

  kPahp

h

2
=

⋅
= × ×

×
× × =ρ 4 0 0314 3 2

0 035
870 2 058

2
39 7

2
.

.
. .  

b. 

u
m
A

  m / sm
h

c
= =

× ×
=

 .

.
.

ρ π
0 4

996
4

0 025
0818

2  

Re
u Dm h= =

× ×
=

ρ
µ

870 1029 0 035
0123

254 7. .
.

.   (Laminar flow) 

f 16
Re

= = =
16

254 7
0 0628

.
.  

∆P 4f
L N

D
u
2

  kPahp

h

2
=

⋅
= × ×

×
× × =ρ 4 0 0628 3 2

0 035
870 1029

2
19 8

2
.

.
. .  

 
Calculation of heat transfer coefficient in annulus: 

Sieder and Tate correlation is used for Re = 509.5 in annular side: 

Nu D
La

h= 













186

1 3 0 14

. RePr
/

µ
µ

b

w
 

Re Pr . . .
.

.
. .D

L
h













 = × ×











= ≥
1 3 0 14 1 3 0 14

509 5 1749 0 035
3

0123
0 3

1529 2
µ
µ

b

w
,  

so this correlation is valid for the given data. 

Nu
D
LT

h=














 = × =186 186 1529 28 44

1 3 0 14

. Re Pr . . .
.

µ
µ

b

w
 

h Nu k
D

 W / m . Ko
e

2=
⋅

=
×

=
28 44 0141

0 071
56 48. .

.
.  

Calculation of heat transfer coefficient in tubes: 
Heat balance: 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )
( )


 ( )

( )
.m

m c T T

c T T
  kg / sc

h p,h h2 h1

p,c c2 c1
=

−

−
=

× × −
−

=
5 2006 60 40

4182 30 10
2 4  

A d  mt i
2   2= = × = × −π π

4 4
0 02664 557 102 4. .  

u
m
A n

  m / sc

t
= =

× × ×
=

−

 .
.

.
ρ

2 4
998 557 10 3

1444  

Re
ud i= =

× ×

×
=

−

ρ
µ

998 144 0 02664
10 07 10

380194
. .

.
 (Turbulent flow) 

Petuknov and Krillov correlation: 

( ) ( )f = − = × − =− −364 328 364 38019 328 0 00562 2. log Re . . log . .  
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( )

( )
Nu

f 2 RePr

1.07 12.7 f 2 Pr 1

 =

0.0056
2

1
2

2
3

=

+ −












=






× ×

+ × 





−












=
38019 7 05

107 12 7 0 0056
2

7 05 1

26161
2

2
3

.

. . . .

.  

h Nu k
d

  W / m . Ki
i

2=
⋅

=
×

=
2616 0599

0 02664
5882. .

.
 

Overall heat transfer coefficient: 
From 1988 TEMA standards, fouling resistance: 

Rfo = 0.176×10-3  m2

R
.K/W 

fi = 0.088×10-3  m2

k = 43 W/m.K 
.K/W 

( )
U

r
r h

r R
r

r
ln r r

k
+ R

h

o
o

i i

o fi

i
o

o i
fo

o

=

+ + +

1
1

 

  

     = 0.0334
0.02664

     = 55  W / m . K2

×
+ × × +






+ × +



















− −

−

5882
0 0334
0 02664

0 088 10
0 0167 0 0334

0 02664
43

0176 10 1
56 48

3 3

1

.
.

.
. ln .

. .
.

 

Calculation of heat transfer area: 
Q U A To o lm= ∆  

( )Q = m c T T

  = 5 2006 (60 - 40)
  = 200.5  kW 

h p,h h2 h1 −

× ×  

 Log-mean temperature difference: 
∆ ∆ ∆T T Tlm,cf 1 2= = = 30  o

A Q
U T

  mo
o m

2= =
×
×

=
∆

2005 10
55 30

1215
3. .

C 

 

Surface area per hairpin: 
A d L   mo hp

2= = × × =2 2 0 0334 3 0 630π π . .  

Number of hairpins: 

N
A

A nhp
o

hp
=

⋅
    ( n = number of tubes in annulus ) 

N 121.5
0.63 3

64.28  hairpinshp =
×

=    ⇒ n = 65 hairpins 

Total pressure drop in annulus: 

f 16
Re

= = =
16

254 7
0 0628

.
.  
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∆P 4f
LN
D

u
2

  MPa = 187.09 psihp

h

2
= = × ×

× ×
× × =ρ 4 0 0628 3 2 65

0 035
870 1029

2
129

2
.

.
. .  

Total pressure drop in tubes: 
f = 0 0056.  

∆P 4f L
D

u
2

  MPa = 49 psi
h

2
= = × ×

× ×
× × =ρ 4 0 0056 3 2 65

0 02664
998 144

2
0 34

2
.

.
. .  
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Problem 7.8 

Seawater at 30oC flows on the inside of a 25-mm I.D. steel tube with a 0.8-mm wall thickness 
at a flow rate of 0.4 kg/s. The tube forms the inside of a double -pipe heat exchanger. Engine 
oil (refined lubricating oil) at 100oC flows in the annular space with a flow rate of 0.1 kg/s. The 
outlet temperature of the oil is 60oC. The material is carbon steel. The I.D. of the outer tube is 
45 m. Calculate: 

a. Heat transfer coefficient in the annulus 

b. Heat transfer coefficient inside the tube 

c. Overall heat transfer coefficient with fouling 

d. Area of the heat exchanger; and by assuming the length of a hairpin to be 4 m, the number 
of hairpins 

e. Pressure drop and pumping powers for both streams 

  

 

GIVEN: 

 

Tube side (water): 

-Inlet water temperature (Tc1) = 30 oC 

-Mass flow rate of inlet water ( m c) = 0.4 kg/s 

-Number of bare tubes in the annulus (#) = 3 

-Diameters: do = 26.6 mm 

di = 25 mm 

   -Length of the hairpin (L) = 4 m 

 

Annulus (engine oil): 

-Lubricating oil inlet temperature (Th1) = 100oC 

-outlet temperature (Th2) = 60oC 
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-Mass flow rate ( m h) = 0.1 kg/s 

-Diameters: Di = 45 mm 

 

FIND:   

a. Heat transfer coefficient in annulus (ho) 

b. Heat transfer coefficient inside the tube (hi) 

c. Overall heat transfer coefficient with fouling (Uo) 

d. Area of the heat exchanger (Ao), number of hairpin (Nhp) 

e. Pressure drop (∆pa , ∆pt) and pumping powers (Pa , Pt) 

 

SOLUTION: 

Properties of oil at 100 60
2

80+
= o

ρ µ=
=
=

852
501
2133

 kg / m                  = 0.032  N.s / m
                             k = 0.138  W / m. K

c   J / kg. K

3 2

p

Pr

C = 353.15 K: 

 

Properties of water at 30 o

ρ µ= ×
=
=

996
5 44
4179

 kg / m                  = 7.98 10   N.s / m
                             k = 0.614  W / m. K

c   J / kg. K

3 -4 2

p

Pr .

C : 

 

a. Annular side heat transfer coefficient: 

( ) ( )A D dc i o= − = − =
π π
4 4

0 045 0 0266 0 0010352 2 2 2. . .  m

( )
D

A
P

D d

D d
D dh

c

w

i o

i o
i o= =

−

+
= − = − =

4
0 045 0 0266 0 0184

2 2

. . .

2 

m 

( )
D

A
P

D d

de
c

h

i o

o
= =

−
=

−
=

4 0 045 0 0266
0 0266

0 0495
2 2 2 2. .

.
.  m 

Annulus oil velocity: 

u
m

A
  m / sm

h

c
= =

× ×
=

−

 .
.

.
ρh

0 4
870 1099 6 10

0 426  

Re =
u

 m= =
× ×

=
ρ

µ
D h 852 01134 0 0184

0 032
556. .

.
.  

Assume the wall temperature to be 50 oC, µw = 0.124 Pa.s 
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Sieder and Tate correlation is used: 

Nu h D
k

1.86 PrRe D
LT

o e h
1 3

= = 















µ
µ

b

w

0 14.

 

PrRe
D
L

h
1 3















 = × ×











= ≥
µ
µ

b

w

0 14 1 3 0 14

501 556 0 0184
4

0 032
0124

417 2
. .

. . .
.

.  

Therefore, Sieder and Tate correlation is valid for the given data, and 

h
Nu k

Do
T

e
= =

× ×
=

186 417 0138
0 0495

216. . .
.

.  

b. Tube side heat transfer coefficient: 

u
m
A

  m / sm
h

c
= =

× ×
=

 .

.
.

ρ π
0 4

996
4

0 025
0818

2
 

Re =
u

 m= =
× ×

×
=

−

ρ
µ

d i 996 0818 0 025
7 98 10

255294
. .

.
 

( ) ( )f = − = × − =− −364 328 364 25529 328 0 00612 2. ln Re . . ln . .  

( )
( ) ( )Nu

f 2 Re Pr

1.07 12.7 f 2 Pr 1
b

b b

b
2

=
+ −1 2 3

 

Nu =

0.0061
2

       = 166.9 

b






× ×

+ × 





−












25529 5 44

107 12 7 0 0061
2

5 44 1

1
2

2
3

.

. . . .
 

The inside heat transfer coefficient is: 

 h
Nu k

d
166.9

0.025
 W / m . Ki

b

i

2=
⋅

=
×

=
0 614 4099.  

c. Overall heat transfer coefficient with fouling: 
Assuming fouling: Rfi = 0.000088 m2

            R
/(K.W) 

fo = 0.000176 m2

and k
/(K.W) 

w

The overall heat transfer coefficient based on the outside surface area is: 
 = 52 W/(m.K): 

( )

( )

U
d

d h
d

d h

    = 1
0.0266

0.025
    = 21.3  W / m . K

f
o

i i

o

i o

2

=

+ + + +

×
+

× ×
+

×
+ +

−

1
1

4099
0 0266 88 10

0 025
0 0266 0 0266 0 025

2 52
0 000176 1

216

5

R r r r
k

Rfi o o i

w
fo

ln

. .
.

. ln . .
.

.

 

 
d. Heat exchanger area and number of hairpins: 
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( ) ( )Q m c T T m c T Tc p c c c h p h h h= − = − , ,2 1 1 2  

( )Q m c T Th p h h h= − = × × − = . ( ), 1 2 01 2133 100 60 8532  W  

( )
T T

m c T T
m cc c

h p h h h

c p c
2 1

1 2 30 8532
0 4 4179

351= − +
−

= +
×

=


 .
.,

,
 o

( )
T

T T
T Tm =
−

=
− − −

−
−







=
∆ ∆
∆ ∆

1 2

1 2

100 351 60 30
100 351

60 30

4523
ln

( . ) ( )

ln .
.

C 

 o

Q U T Am o= ∆

C 

 

A Q
U To

m
= =

×
=

∆
8531

213 4523
886

. .
.  m2

A N L do hp o= ( )2 π

  

 

N
A
L dhp

o

o
= =

× × ×
= ≈

( )
.

.
.

2
886

2 4 0 0266
1325 14

π π
 hairpins 

e. pressure drops and pumping powers: 

f 16
Re

= = =
16

556
0 288

.
.  

∆P 4f
2LN

D
u
2

  kPaa
hp

h

2
= = ×

× ×
× × =ρ 4 0 288 2 4 14

0 0184
852 01134

2
38 4

2
.

.
. .  

∆P 4f
(2L)N

d
u
2

  kPat
hp

i

2
= = × ×

× ×
× × =ρ 4 0 0061 2 4 14

0 025
996 0818

2
36 4

2
.

.
. .  

P
m p

a
h a

p
= =

× ×
×

=
 . .

.
.

∆
ρη

01 38 4 10
852 08

563
3

 W 

P
m p

t
c t

p
= =

× ×
×

=
 . .

.
.

∆
ρη

0 4 36 4 10
996 0 8

18 3
3

 W 

 

www.konkur.in



Problem 7.9 

A counterflow double pipe heat exchanger is used to cool the lubricating oil for a large 
industrial gas turbine engine. The flow rate of oil through the annulus is mh = 0.4 kg/s. The oil 
and water enter at temperature of 60 oC and 30 oC, respectively. The heat transfer coefficient 
in the inner tube is calculated to be 3000 W/m2.K. The inner tube diameter is 25 mm and the 
I.D. of outer tube is 45 mm. The outlet temperature of oil and water are 40oC and 50oC 
respectively. Take cp = 4178 J/kg.K for water and cp = 2000 J/kg.K for oil. The tube wall 
resistance and the curvature of the wall are neglected. Assume the length of the double pipe 
heat exchanger as 4 m. Calculate: 

a. the heat transfer coefficient in the annulus. 

b. the heat transfer area and the number of hairpins. 

Because of the space limitation, assume that maximum number of hairpins should not be 
more than 10. Is this condition satisfied? If not, suggest a new design for a solution for the use 
of double pipe heat exchanger. 

  

 

GIVEN: 

 

Tube side (water): 

-Inlet water temperature (Tc1) = 30oC 

-Outlet water temperature (Tc2) = 50oC 

-Diameters: do = 25 mm 

-Heat transfer coefficient (hi) = 3000 W/m2.K 

-Length of the hairpin (L) = 4 m 

-Specific heat of water (cp,c) = 4178 J/kg.K 

-Limitation on number of hairpins = 10. 

 

Annulus ( oil ): 

-Inlet temperature (Th1) = 60oC 
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-Outlet temperature (Th2) = 40oC 

-Mass flow rate ( m h) = 0.4 kg/s 

-Specific heat of oil ( cp,h) = 2000 J/kg.K 

-Diameters: Di  = 45 mm 

 

FIND: 

 

a. Heat transfer coefficient in annulus (ho)  

b. Heat transfer area (Ao) and the number of hairpins ( Nhp) 

Length of hairpins (L), and suggest a new design if the length limitation doesn’t satisfied. 

 

SOLUTION: 

 
a. 

Properties of oil at 60 40
2

50+
= o

ρ µ

µ

=

= =

870 kg

0 22

/ m            = 0.124 N.s / m

k 0.14  W / m K        N.s / m         Pr = 1761

3 2

2
w

2.

C: 

 

Log-mean temperature: 
∆ ∆ ∆T T T 10 C1 2 lm

o= = =  
Equivalent diameter for heat transfer: 

D
4A

d
D d

d
45 25

25
56  mm = 0.056 me

e

o

i
2

o
2

o

2 2
= =

−
=

−
=

π
 

Hydraulic diameter for pressure drop analysis: 
D D d   mm = 0.02 mh i o= − = − =45 25 20  

Flow velocity: 

( )A D d  mm  mc i
2

o
2 2 2= − = = × −π

4
1099 6 1099 6 10 6. .  

u
m

A
  m / sm

h

c
= =

× ×
=

−

 .
.

.
ρh

0 4
870 1099 6 10

0 426  

Re . .
.

.= =
× ×

=
ρ

µ
u Dm h 870 0 42 0 02

0124
58 9  (Laminar flow) 

One can use Sieder-Tate correlation: 
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Nu D
La

h= 













186

1 3 0 14

. RePr
/

µ
µ

b

w
 

Check validity: 

Re Pr . . .
.

.
. .D

L
h













 = × ×











= ≥
1 3 0 14 1 3 0 14

58 7 1761 0 02
4

0124
0 22

7 4 2µ
µ

b

w
,  

so this correlation is valid for the given data. 

Nu
D
LT

h=














 = × =186 186 7 4 1376

1 3 0 14

. Re Pr . . .
/

µ
µ

b

w
 

h Nu k
D

 W / m . Ko
e

2=
⋅

=
×

=
1376 014

0 056
34 4. .

.
.  

 
b. 

Overall heat transfer coefficient: 

( )
U 1

r
r h

r
ln r r

k
1

h

1
1
h

1
h

1
1

3000
1

34.4

34  W / m . Ko

o

i i
o

p i

o
i o

2=

+ +

≈
+

=
+

=  

A Q
U To

o lm
=

∆
 

where Ao = 2πdoLN
Surface area of a hairpin: 

hp 

A d Lhp o= 2π  

Heat balance: 
( ) ( ) ( )Q m c T T m c T T  Wc p,c c2 c1 h p,h h2 h1= − = − = × × − =  . ,0 4 2000 60 40 16 000  

N =
A
A

Q
U T

d Lhp
o

hp

o lm

o
= = ×

× ×
=

∆
2

16000
34 10

2 0 025 4
74 89

π π .
.  

More than 10 hairpins are needed to satisfy the heat duty specified, so finned-tube can be 
applied to increase the heat transfer area in annulus side, where the heat transfer coefficient is too 
low. 
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Problem 7.10 

In example 7.1, assume that the mass flow rate of cold fluid is increased to 20,000 kg/h. The 
remaining geometric parameter and the process specifications remain the same. In this case 
pressure drop will increase. Assume that the allowable pressure drop in the annulus is 10 kPa. 
The velocity of cold water through the annulus will be around 3 m/s, which would require a 
large pressure drop to drive the cold fluid through the inner tube. The pressure drop could be 
reduced by using several units with cold water flowing in four parallel units and hot water 
flowing through the inner tube in series. Calculate: 

a. Number of hairpins 

b. Pressure drop in annulus 

c.  The appropriate mean temperature difference 

 

GIVEN: 

-Several double pipe heat exchangers, with cold water flowing in parallel units and hot 

 water flowing through the inner tube in series. 

-Cold water inlet temperature (Tc1) = 20 oC 

-Cold water outlet temperature (Tc2) = 35 oC 

-Mass flow rate of oil ( m c) = 20,000 kg/h = 5.556 kg/s 

-Hot water inlet temperature (Th1) = 140 oC 

-Hot water temperature drop (∆Th) = 15 oC 

-Allowable pressure drop in annulus (∆pa) = 10 kPa 

-I.D. of inner tube (di ) = 0.0525 m 

-O.D. of inner tube (do) = 0.0603 m 

-Inside diameter of outer annulus (Di) = 0.0799 m 

-Length of the hairpins (L) = 3.5 m 

-Fouling factors: Rfi = 0.000176 m2.K/W 

     Rfo = 0.000352 m2.K/W 
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FIND: 

a. Number of hairpins (Nhp)  

b. Pressure drop in annulus(∆pa) 

c.  The appropriate mean temperature difference 

 

SOLUTION: 

Properties of water at 140 125
2

132 5+
= .  Co  is: 

ρ µ= ×
=
=

932 53
128
4268

.
Pr .

 kg / m                  = 0.207 10   N.s / m
                             k = 0.687  W / m. K

c   J / kg. K

3 -3 2

p

 

Properties of water at 35 20
2

27 5+
= .  Co  is: 

ρ µ= ×
=
=

996 4
577
4179

.
Pr .

 kg / m                  = 0.841 10   N.s / m
                             k = 0.609  W / m. K

c   J / kg. K

3 -6 2

p

 

a. 

Calculate hot water mass flow rate by: 

( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h2 h1= − = −   

( )
( )


 ( , / ) ( ) .m
m c T T

c T T
 m / sh

c p,c c2 c1

p,h h2 h1
=

−

−
=

× × −
×

=
20 000 3600 4179 35 20

4268 15
544  

u
m

A
m

d
4

 m / sm
h

c

h

i

= = =

×
×

=
  .

. .
.

ρ
ρ
π πh

2 2
544

932 53 0 0525
4

2 695  

Re
u dm i= =

× ×

×
=

−

ρ
µ

932 53 2 695 0 0525
0 207 10

637 3983
. . .

.
,   (Turbulent flow) 

Prandtl’s correlation is used here with constant properties: 

( ) ( )f = − = × − =− −158 328 158 637398 328 0 003142 2. ln Re . . ln . .  
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( )

( ) ( )

( )

Nu
f 2 RePr

1 8.7 f 2 Pr 1

    =

0.00314
2

    = 1168  W / m . K

1
2

2

=
+ −






× ×

+ × 





−

637398 4 44

1 8 7 0 00314
2

128 1

1
2

.

. . .

 

The inside heat transfer coefficient is: 

 h Nu k
d

1168
0.0525

  W / m . Ki
i

2=
⋅

=
×

=
0 687 15284.  

 
Heat transfer coefficient in annulus: 

u
m
(nA

m

d
4

 m / sm
c

c

c

i

= =

×










=

× ×
× −

=


)
 ( , / )

. ( . . )
.

ρ
ρ

π πc
4

20 000 3600

996 4 4 0 0779 0 0603
4

0 73
2 2 2

 

where n is the number of units in parallel connection in annulus side. 

D =
4A
P

  mh
c

w
= − = − =D di o 0 0779 0 0603 0 0176. . .  

Re
u Dm h= =

× ×

×
=

−

ρ
µ

c 996 4 0 73 0 0176
0841 10

15 2223
. . .

.
,   (Turbulent flow) 

Prandtl’s correlation is used again for the annulus: 

( ) ( )f = − = × − =− −364 328 364 15222 328 0 0072 2. log Re . . log . .  

( )

( ) ( )
Nu

f 2 RePr

1 8.7 f 2 Pr 1
  

1
2

=
+ −  

( )

 =

0.007
2

    = 88.97  W / m . K2






× ×

+ × 





−

15222 577

1 8 7 0 007
2

577 1

1
2

.

. . .
 

The hydraulic diameter for heat transfer is: 

D
D d

de
i o

o
=

−
=

−
=

2 2 2 20 0779 0 0603
0 0603

0 0403. .
.

.   m  

The annulus heat transfer coefficient is: 

 h Nu k
D 0.0403

  W / m . Ko
e

2=
⋅

=
×

=
88 97 0 609 1344. .  

The overall heat transfer coefficient based on the outside area of the inner tube: 
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( )

( )

U
d

d h
d

d
d

2k h

     

       702 W / m . K

o
o

i i

o

i

o

o

2

=

+ + + +

=

×
+

×
+

×
+ +

=

1
1

1
0 0603

0 0525 15284
0 0603 0 000176

0 0525
0 0603 603 525

2 54
0 000352 1

1344

R d d
Rfi o i

fo
ln

.
.

. .
.

. ln
.

 

The heat transfer surface is: 

( ) ( )
A Q

U T
m c T T

U T
  mo

o m

h p,h h2 h1

o m

2= =
−

=
× × −

×
=

∆ ∆

 .
.

5556 4179 35 20
702 105

4 72  

where ∆Tm = ∆T1 = ∆T2 = 105 o

The heat transfer area per hairpin is: 
C 

A d 2L = 2 0.0603 3.5 = 1.326 mhp o
2= × × × ×π π  

A
A

o

hp
= =

4 72
1326

356.
.

.  

Therefore, the number of hairpins, Nhp

 
 = 4. 

b. 
Pressure drop in the annulus side is calculated by: 

∆p f L
D

u
Na

h

m
hp=

= × ×
×

× × × =

4 2
2

4 0 007 2 35
0 0176

996 4 0 73
2

4 11826

2

2

ρ

         Pa. .
.

. .
 

 
c. 
The appropriate mean temperature difference  

∆Tm = ∆T1 = ∆T2 = 105 oC 
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Problem 7.11 

A sugar solution (ρ = 1080 kg/m3, cp = 3601 J/kg.K, kf = 0.5764 W/m.K, µ = 1.3×10-3 N.s/m2) 
flows at rate of 2 kg/s and is to be heated from 25 oC to 50 oC. Water at 95 oC is available at a 
flow rate of 1.5 kg/s (cp = 4004 J/kg.K). Sugar solution flows through annulus. It is proposed to 
design a double pipe heat exchanger for this process.  

The following geometrical parameters are proposed: 

The length of the hairpin = 3 m 

Do(annulus) = 6 cm 

Di (annulus) = 5.25 cm 

do (inner tubes) = 2.6 cm 

di (inner tubes) = 2.09 cm 

# of tubes inside the annulus = 1 

# of the fins = 20 

Fin height = 0.0127 m 

Fin thickness = 0.0009 m 

Thermal conductivity of the material, k = 52 W/m.K. 

 

a. Calculate the hydraulic diameter of the annulus of the pressure drop analysis. 

b. Calculate the equivalent diameter for heat transfer analysis. 

 c. Calculate the heat transfer surface area of this heat exchanger and number of hairpins. 

 

GIVEN: 

-A double pipe heat exchanger, with sugar solution flowing through annulus. 

-Organic vapor temperature (Th1) = 95oC 

-Mass flow rate of hot water ( m h) = 1.5 kg/s 

-Cold fluid inlet temperature (Tc1) = 25oC 
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-Cold fluid outlet temperature (Tc2) = 50oC 

-Mass flow rate of sugar solution ( m c) = 2 kg/s 

 

-Overall surface efficiency (ηo) = 0.90 

-Thermal conductivity of the material (k) = 52 W/m.K 

-Geometrical parameters listed in the statement of the problem. 

 

FIND: 

a. Hydraulic diameter of the annulus for pressure drop analysis (Dh). 

b. Equivalent diameter for heat transfer analysis (De) 

 c. Heat transfer surface area (Ao) and # of hairpins (Nhp)  

 

SOLUTION: 

a. 
Annulus: 
The cross-sectional area in the annulus with longitudinal finned tubes is: 

( ) ( )

( ) ( )

A D d N H N N

    =

    = 1.405 10   m

c i
2

o
2

t f f t

-3 2

= − −

− × − × × ×

×

π
δ

π
4

4
0 0525 0 026 1 0 0009 0 0127 20 12 2. . . .  

Hydraulic diameter: 

D = 4A
Ph

c

w
 

( )
( )

P D d N 2H N N

   = 0.0525 + 0.026 1
   = 0.755  m

w i o t f f t= + +

× × + × × ×

π

π 2 0 0127 20 1.  

∴
3

34 1.405 10 6.04 10
0.755hD

−
−× ×

= = ×  m 

b.  
P d N 2H N N
   =
   = 0.59  m

h o t f f t= +
× × + × × ×
π
π 0 026 1 2 0 0127 20 1. .  
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D =
4A
Pe

c

h
=

× ×
= ×

−
−4 1405 10

059
9 525 10

3
3.

.
.  

Sugar solutions flows through the annulus: 

u
m
A

  m / sm
c

c
= =

× ×
=

−



.
.

ρ
2

1080 1405 10
13183  

Pr
c
k

1.3 10 3601
0.5764

8.12p
3

= =
× ×

=
−µ

 

Re
u Dm h= =

× × ×

×
=

−

−

ρ
µ

1080 1318 7 44 10
13 10

8146 46
3

3
. .
.

.   (Turbulent flow) 

Genielinski’s correlation: 

( ) ( )f = − = × − = ×− − −158 328 158 8146 46 328 8 34 102 2 3. ln Re . . ln . . .  

( )( )

( )

( )

Nu
f 2 Re 1000 Pr

1 12.7 f 2 Pr 1

    =

0.00834
2

    = 69.28  W / m . K

1
2

2
3

2

=
−

+ −


















− ×

+ × 





−












8146 46 1000 812

1 12 7 0 00834
2

812 1

1
2

2
3

. .

. . .

 

 h Nu k
D

69.28 0.5764
9.525 10

4192.44  W / m . Ko
e

3
2=

⋅
=

×

×
=

−
 

Finned and unfinned heat transfer area: 
( )A N N H Lf f t f= + ⋅2 2 δ  

( )A N L d Nu t o f= −2 δ  

( )A A A 2N N 2H L + 2N L d
    = 2 1 20 2 0.0127 3 + 2 1 3 0.026

    = 3.538  m

t f u f t f t o

2

= + = ⋅

× × × × × × × × ×

π

π  

Overall heat transfer coefficient 

( )
( )

U
A

A h
A ln d d

k 2L h

    = 3.538
2 3 0.0209

   = 344.32  W / m . K

o
t

i i

t o i

o

2

=

+ +

× × ×
⋅ +

× 





× × ×
+

×



















−

1

2
1

1
4000

3538 0 026
0 0209

2 52 6
1

0 9 4192 44

1

π η

π π

o

. ln .
.

. .
 

c. 
Heat balance: 
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( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

( )

( )

T T -
m c T T

m c

    = 95-
2 3601 50 - 25

    = 65 C

h2 h1
c p,c c2 c1

h p,h

o

=
−

× ×
×





.15 4004
 

Log-mean temperature difference: 

∆
∆ ∆

∆
∆

T
T T

ln
T
T

ln 45
40

 Clm,cf
1 2

1

2

o=
−











=
−

=
45 40 42 45.  

( ) ( )Q m c T T   Wc p,c c2 c1= − = × × − = 2 3601 50 25 180050  

A Q
U T

  mo
o m

2= =
×

=
∆

180050
344 32 42 45

12 318
. .

.  

Number of hairpins: 

N =
A
A

= 3.48 4  hp
o

t
= ≈

12 318
3538

.
.

 

 
 

 
 

 
 

∆T1 

∆T2 

95oC 

50oC 
65oC 

25oC 
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Problem 8.1 

Repeat example 8.1 for the refrigerant-22 and compare with R-134A. 

 

 

GIVEN: 

-Quiescent refrigerant 22 vapor at saturation temperature of 47 oC 

-Wall temperature: 40 oC 

-O.D. of tube: do = 19 mm 

 

SOLUTION: 

 
Properties of saturated R-22 at Tsat = 47 o

ρ

µ

l = =

= ×
=

997 7 4181

6 68

. .

.

  kg / m            c   kJ / kg. K

k 0.602  W / mK            = 959 10   Pa.s
Pr

3
p g

l l
-6

C are (Table B.8, Appendix B): 

 

Using Eg. (8.2): 

( )
( )

h
k
d

(0.728
g i d

T T kl
l

o

lg o

sat w l
=

− ⋅

−















)
ρ ρ ρ

µ
l l g

l

3 1 4

 

( )
( )

1 43 3

l 4

2

1098.6 1098.6 79.05 9.81 158.1 10 0.0190.077h 0.728
0.019 1.76 10 47 40 0.077

    1738.6  W/m .K

−

 × − × × × ×
= × ×  × × − × 
=

 
Comparing with R-134A, the average heat transfer coefficient is a little bit higher with R-22. 
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Problem 8.2 

Repeat Example 8.2 for the refrigerant-22 and compare with R-134A. 

 

 

GIVEN: 

-R-22 moving downward over the tube at a velocity of 10 m/s at saturation temperature of  

47 oC. 

-Wall temperature: 40 oC 

-O.D. of tube: do = 19 mm 

 

SOLUTION: 

 
Properties of R-22 at Tsat = 47 o

ρ ρ

µ

l = =

= ×

1098 6 79 05. . kg / m               kg / m

k 0.077  W / mK            = 1.76 10   Pa.s
i = 158.1  kJ / kg             

3
g

3

l l
-4

lg

C: 

 

Using Eg. (8.7): 

( )( )h
k
d

(0.416m
l

o
= + +) . ~Re1 1 9 47 1 2 1 2 1 2F  

Where F is given by Equation (8.5): 

F
gd i

u k T
l

g l

=
µ lg

2 ∆
 

F =
× × × × ×

× × −
=

−9 81 0 019 176 10 1581 10
10 0 068 47 40

0109
4 3

2
. . . .

. ( )
.  

The two-phase Reynolds number is 
~Re . .

.
, ,= =

× ×

×
=

−

ρ

µ
l g

l

u d 1098 6 10 0 019
176 10

1185 9894  

Then the average heat transfer coefficient is obtained as: 

( )( ) ( )h 0.077
0.019

(0.416

       W / (m

m

2

= × × + + ×

=

) . . , ,

)

1 1 9 47 0109 1185 989

2859

1 2 1 2 1 2

K
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Comparing with R-134A under the same condition, the average heat transfer coefficient is a 
little higher with R-22. 
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Problem 8.3 

Under the conditions given in Example 8.4, calculate the local heat transfer coefficient for the 
20th row of tubes using the method given by Butteworth. 

 

 

GIVEN: 

-Saturation temperature of steam: Tsat = 373.15 K = 100 oC 

-N = 320 tubes 

-The tube are arranged in a square, in-line pitch (p = 35.0 mm) 

-do = 0.03 m 

-Tw = 93 oC 

- Mass flow rate m g = 14.0 kg/s 

 

SOLUTION: 

Properties of steam at Tsat = 100 o
3 3

g

-4
l l

5
lg

p,l

957.9 kg/m              0.598  kg/m

k 0.681  W/mK            =2.79 10   Pa.s

1.2 10  kg/m.s       i =2257  kJ/kg       
c 4.219   kJ/kg.K        Pr 1.73

l

g

l

ρ ρ

µ

µ −

= =

= ×

= ×

= =

C: 

 

Mean flow area: 
A wN Lm t=  

where w is given by Equation (8.14): 

w
p p d

p
L t

L
=

−
=

− ×
=

π π2 2 24 0 035 0 03 4
0 035

0 0148
/ . . /

.
.   m  

A m = × × =0 0148 16 4 0 947 2. .   m  
The local steam velocity is: 

ug =
×

=
14

0598 0 947
24 7

. .
.   m / s  

The local heat transfer coefficient is given by Equation (8.16): 
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( )[ ]h h h h N NN sh sh l= + +

















× − −
1
2

1
4

12 4 4
1 2 1 2

5 6 5 6  

where  

h
k
dsh

l= 059 1 2. ~Re  

and 

( )
( )

h
k
d

(0.728
g i d

T T kl
l

o

lg o

sat w l
=

− ⋅

−















)
ρ ρ ρ

µ
l l g

l

3 1 4

 

The two-phase Reynolds number is: 
~Re . . .

.
.= =

× ×

×
= ×

−

ρ

µ
l g

l

u d 957 9 24 7 0 03
2 79 10

2 54 104
6  

So 

( )hsh = × × =059 0 681
0 03

2 54 10 21 3456 1 2
. .

.
. ,   W / (m K)2  

( )
( )

h 0.681
0.03

(0.728
9.81

0.681

      W / (m K)

l

2

= × ×
× − × × × ×

× × − ×













=

−
)

. . . . .

.

,

957 9 957 9 0598 2 257 10 0 03

2 79 10 100 93

13 241

6 3

4

1 4

 

Therefore, with N=20, the local heat transfer coefficient is: 

( )
1 21 2

5 62 4 4 5 6

2

1 121345 21345 13241 20 20 1
2 4

     11530  W/(m K)

Nh
    = × + × + × − −       
=
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Problem 8.4 

Calculate the average heat transfer coefficient for film-type condensation of water at pressure 
of 10 kPa for: 

a. An outside surface of 19-mm O.D. horizontal tubes 2-m long 

b. A 12-tube vertical bank of 19-mm horizontal tubes 2-m long 

It is assumed that the vapor velocity is negligible and the surface temperatures are constant at 
10 oC below saturation temperature. 

 

 

GIVEN: 

-Psat = 0.1 bar, Tsat = 333.23 K = 60.08 oC 

-d = 0.019 m 

-L = 2 m 

-Tw = 323.23 K = 50.08 oC 

 

SOLUTION: 

 
Properties of steam at Psat

ρ

µ

l = =

= ×
=

997 7 4181

6 68

. .

.

  kg / m            c   kJ / kg. K

k 0.602  W / mK            = 959 10   Pa.s
Pr

3
p g

l l
-6

 = 0.1 bar: 

 

a.  
Using Eq. (8.2) for condensation on a single horizontal tube: 

( )
( )

( )
( )

h
k
d

(0.728
g i d

T T k

   0.635
0.019

0.728
9.81

      W / m . K

m
l

o

lg o

sat w l

2

=
− ⋅

−















= × ×
× − × × × ×

× × ×













=

−

)

. . . . .

. .

.

ρ ρ ρ

µ
l l g

l

3 1 4

3 3

4

1 4
989 8 989 8 0 0682 2 392 10 0 019

588 10 10 0 635

19613

 

b.  
Using Kern’s correlation to account for the effect of Condensate Inundation in a tube bundle: 
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h

h
m,N

1
= −N 1 6  

1 6 1 6 2
m,N 1h h 1961.3 12 1336.2  W/(m K)N − −∴ = = × =  
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Problem 8.5 

A horizontal 2-cm O.D. tube is maintained at a temperature of 27 oC on its outer surface. 
Calculate the average heat transfer coefficient if saturated steam at 6.22 kPa is condensing on 
this tube. 

 

 

GIVEN: 

-Steam saturation pressure Psat = 6.22 kPa 

-Tube wall temperature Tw = 27 oC 

-do = 0.02 m 

 

SOLUTION: 

 
Properties of steam at 6.22 kPa are: 

ρ

µ

l = =

= ×
=

997 7 4181

6 68

. .

.

  kg / m            c   kJ / kg. K

k 0.602  W / mK            = 959 10   Pa.s
Pr

3
p g

l l
-6

 

Using Eg. (8.2): 

( )
( )

h
k
d

(0.728
g i d

T T kl
l

o

lg o

sat w l
=

− ⋅

−















)
ρ ρ ρ

µ
l l g

l

3 1 4

 

( )
( )

h 0.673
0.02

0.728
9.81

      W / m . K

l

2

= × ×
× − × × × ×

× × − ×













=

−

967 4 967 4 0 376 2 291 10 0 02

327 10 359 94 30015 0 673

1465

3 3

4

1 4
. . . . .

. . . .  
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Problem 8.6 

In a shell-and-tube type steam condenser, assume that there are 81 tubes arranged in a 
square pitch with 9 tubes per column. The tubes are made of copper with an outside diameter 
of 1 in. The length of the condenser is 1.5 m. The shell-side condensation occurs at saturation 
pressure. Water flows inside the tubes with a mass flow rate of 4 kg/s. The tube outside wall 
temperature is 90°C. With reasonable assumptions, perform thermal and hydraulic analysis of 
the condenser. 

 

 

GIVEN: 

 

The fluid conditions are as follows: 

-Refrigerant flow rate  19.3 kg/hr (per tube path) 

-Refrigerant inlet temperature -5oC 

-Refrigerant inlet quality  0.1 

-Refrigerant exit condition  0oC superheat 

-Air velocity   2 m/s 

-Air inlet temperature  15oC 

 

 

The geometrical parameters are as follows: 

-Tube inside diameter  0.00826 m 

-Tube outside diameter  0.00952 m 

-Width of heat exchanger  1.25 m 

-Number of rows   4 

-Number of independent circuits 4 

-Horizontal tube spacing  0.0222 m 
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-Vertical tube spacing  0.025 m 

-Number of tubes vertical to 

      air flow direction  12 

-Number of tubes along air 

      flow direction   4 

-Fin thickness   1.6154×10-4 m 

-Fin pitch    551.18 m 

-Fin surface area/total 

    outside surface area  0.948 

-Free air-flow area/frontal area 0.5466 

 

SOLUTION: 

 
Properties of R-134a at -5o

ρ

µ

l = =

= ×
=

997 7 4181

6 68

. .

.

  kg / m            c   kJ / kg. K

k 0.602  W / mK            = 959 10   Pa.s
Pr

3
p g

l l
-6

C are: 

 

The evaporation heat transfer coefficient using kandlikar’s correlation Eq.( 8.89) is: 
h C (Co) (25Fr ) h C (Bo) F hTP 1

C
l

C
l 3

C
fl l

2 5 r= +  
The convection number, Co, is given by Eq.(8.67): 

Co 1 x
x

=
−













 =

−











=
0 8 0 5 0 8 0 51 0 1

0 1
12 2
1308

0 56
. . . ..

.
. .

ρ
ρ

g

l

 

Boiling number, Bo, is given by Eq. (8.68): 
3

4
3

lg

q 7.4 10Bo 3.66 10
G h 100 202.3 10

−′′ ×
= = = ×

⋅ × ×
 

Froude number, Fr, is given by Eq. (8.65): 
2 2

l 2 2
i

G 100Fr 0.0721
gd 1308 9.81 0.00826lρ

= = =
× ×

 

Liquid Reynolds number, Eq. (8.84): 
( ) ( )

Re
. .

l
l

=
−

=
× − ×

×
=

−

G 1 x d i

µ
100 1 0 1 0 00826

301 10
24706
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The liquid-only heat transfer coefficient can be calculated using the Dittus-correlation, Eq. 
(8.56): 

0.8 0.4 0.8 0.4 2e
l

i

k 0.0981h 0.023Re Pr 0.023 2470 3.98 245.77  W/m .K
d 0.00826

= = × × × =

 
The constants C1 through C5

C
 are given in Table 8.3 for Co< 0.65 as: 

1 = 1.136, C2 = -0.9, C3 = 667.2, C4 = 0.7, C5

( ) ( )[ ]h 1.136 0.56 25 1.5

       W / m . K

TP
-0.9 0.4 0.7

2

= × × × + × × × ×

=

−0 0722 667 2 3 64 10 245 76

1558 82

4. . . .

.

 = 0.4 

 

Ffl

 
 =1.5 for R-134a. 
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Problem 8.7 

A water -cooled, shell-and-tube freon condenser with in-tube condensation will be designed 
to satisfy the following specifications: 

Cooling load of the condenser:   125 kW 

Refrigerant:     R-22 

Condensing temperature:    37oC 

Coolant water:     City water 

inlet temperature:    18oC 

Outlet temperature:    26oC 

Mean pressure:    0.4 Mpa 

Heat transfer matrix:    3/4 inch OD, 20 BWG 

Brass tubes 

If it is proposed that the following heat exchanger parameters are fixed: one-tube pass with 
shell diameter of 15 1/4 in., pitch size is 1 in. with baffle spacing of 35 cm. The number of 
tubes is 137. 

a. Calculate the shell-and-tube size heat transfer coefficients. 

b. By assuming proper fouling factors, calculate the length of the condenser. 

c. Space available is 6 m. Is the design acceptable? 

 

 

SOLUTION: 

For preliminary design: 
Assumed values for the shell-and-tube condenser: 

Np

D
 = 1 tube pass 

s

N
 = 15.25″ = 0.387 m 

T

p = 1″
 = 137 tubes 

 

B = 0.35 m baffle spacing 
square pitch 

Properties of shell-side coolant: 
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Fluid: City water 
Tc1 = 18o

T
C (inlet temperature) 

c2 = 26o

d
C (outlet temperature) 

o

Bulk temperature: 
 = 0.75 ″= 0.01905 m 

Tb = (Tc1 +Tc2) /2 = (18+26) /2 = 22 o

Properties at bulk temperature from Appendix: 
C 

ρ

µ

l = =

= ×
=

997 7 4181

6 68

. .

.

  kg / m            c   kJ / kg. K

k 0.602  W / mK            = 959 10   Pa.s
Pr

3
p g

l l
-6  

Cooling water flow rate (shell-side): 
( )Q m c T Tc p,c c2 c1= −  

( ) ( )


.
.m Q

c T T
  kg / sc

p,c c2 c1
=

−
=

× −
=

125000
4181 26 18

374  

Properties of tube side - condensing: 
Fluid: R-22 

TH = Tsat = 37 o

d
C (saturation temperature) 

i

A
 = 0.68″ = 0.01727 m 
c = 0.3632 in2 = 2.34×10-4 m

Properties at saturation temperature from Appendix: 

2 

Psat =

= =

= =

=
=

14 17

1145 60 9

0 000186 0 0000141

0 082
169 6

.

. /

. .

.
.

  bar                      c = 1.305 kJ / kg. K 

 kg / m                     m kg

  Pa.s                  Pa.s

k   W / m. K                Pr = 2.96
i   kJ / kg

pl

l
3

g
3

l g

l

fg

ρ ρ

µ µ  

Refrigerant flow rate (in-tube): 

m Q
i

125
169.6

0.737  kg / sR
fg

= = =  

a. 
Shell-side calculations: 

Calculate As

( )
A

D CB
P

0.387 0.0254 0.01905 0.35
0.0254

0.0339  ms
s

T

2= =
× − ×

=

 = shell-side area by calculating fictitious cross-sectional area: 

 

Mass flux: 

G
m
A

3.74
0.0339

110.3  kg / m .ss
c

s

2= = =


 

Equivalent diameter, De

Assuming square pitch: 
: 
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D

4 P
d

d
  me

T
2 o

2

o
=

−









=

−
×









×
=

π

π

π

π

4
4 0 0254 0 01905

4

0 01905
0 0241

2
2

. .

.
.  

Reynolds number, shell-side: 

Re . .
s = =

×

×
=

−

G ds o

µ
110 3 0 0241

959 10
27726  (Turbulent flow on shell side) 

Shell-side heat transfer coefficient: 
For 2000 < Re < 10

h D
k

0o e =








. Re Pr.

.

35 0 55 1 3
0 14

s s
b

w

µ
µ

5 

 

where µ µb w is assumed to be 1 because of the small temperature difference. 

h 0   W / m . Ko
2= × × 




=. . .

.
.35 2772 6 68 0 602

0 0241
12880 55 1 3  

 
Tube-side calculations: 

Mass flux (refrigerant): 

A
A N

N
0.000234

1
  mR

c T

p

2= =
×

=
137 0 0321.  

G
m
A

0.737
0.0321

 kg / m .sR
R

R

2= = =


.22 96  

where Ac

Reynolds number: 
 = cross-sectional tube area. 

ReL
l

=
G (1- x)dR i

µ
  

For a quality of x = 0.5: 

Re .
L =

× ×

×
=

−

22.96 (1- 0.5) 0 01727
186 10

10666
 

As first assumption,  the length of  the tube is 6m: 

( )

( )

Bo
q

G i
Q

A G i
Q

d LN G ifg w fg i t fg
=

′′
⋅

=
⋅ ⋅

=
⋅ ⋅

=
× × × × ×

=

π

π
    125

0 01727 6 137 22 96 169 6
0 000718

. . .
.

 

Co x
x

g

l
=

−













 =

−











=
1 1 05

05
60 9
1145

0 231
0 8 0 5 0 8 0 5. . . ..

.
. .

ρ

ρ
 

Relo < 2300 , Sieder-Tate correlation: (otherwise, Petukhov correlation or Gnielinski’s are 
used) 

Nu
d
La

i=














186

1 3 0 14

. Re Pr
/

µ
µ

b

w
 

Check validity (ignore the temperature difference between fluid and wall): 
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Re Pr . . .
d
L

i





= × ×





= ≥
1 3 1 3

1066 2 96 0 01727
6

21 2 ,  

so this correlation is valid for the given data. 

Nu
d
LT

i=






= × =186 186 2 1 3 91
1 3

. Re Pr . . .  

h Nu k
d

 W / m . KLo
i

2=
⋅

=
×

=
391 0 082

0 01727
18 6. .

.
.  

Froude number, Fr, is given by Eq. (8.65): 

Fr G
gd

l

2

i

= =
× ×

= >
ρ l

2

2

2
22 96

1145 9 81 0 01727
0 0024 0 04.

. .
. .  

then there is no stratified effects need to be taken care of.  
Ffl

( )
( )

0.2 0.7 0.8
,

0.2 0.7 0.8

2

0.6683 1058.0 (1 )

           0.6683 0.231 1.058 0.000718 2.20 (1 0.5) 18.6

           1.05   W/m

TP CBD fl loh Co Bo F x h

K

−

−

= + −

= × + × × × − ×

=

 is found to be 2.20 for R-22 in Table (8.1). 

 

( )
( )

0.9 0.7 0.8
,

0.9 0.7 0.8

2

1.136 667.2 (1 )

           1.136 0.231 667.2 0.000718 2.2 (1 0.5) 18.6

           103.02   W/m

TP NBD fl loh Co Bo F x h

K

−

−

= + −

= × + × × × − ×

=

 

 h hTP NBD TP CBD, ,>  

∴hTP = hTP,NBD = 103.02 W/m2

 
K 

b. 
Assuming the fouling: 

Rfi = 0.000088 m2

R
K/W 

fo = 0.000176 m2

Thermal conductivity of brass is approximated as: k
K/W 

w

The overall heat transfer coefficient is : 
 = 104 W/(m.K) 

Overall heat transfer coefficient: 

( )
U 1

r
r h

+ r
ln r r

k
1

h

o
o

i i
o

o i

o

=

+ + +
r Rfi

r
Ro

i
fo

 

( )
U 1

0.01905
0.01727

+ 0.01905
2

ln 0.01905 0.01727
104

1
1288

      W / (m K)

o

2

=

×
+

×
× + +

=
93 25

0 01905 0 000088
0 01727

0 000176

77 59
.

. .
.

.

.

 

( ) ( ) ( )( )
∆

∆ ∆
∆ ∆

T
T T

T Tm =
−

=
− − −
− −

=1 2

1 2

37 18 37 26
37 18 37 26

14 64
ln

( ) ( )
ln

. oC 
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Q A U To o m= ∆  

A Q
U To

o m
= =

×
=

∆
125000

77 59 14 64
110 04 2

. .
.   m  

L
A

d N N
o

o t p
= =

× ×
=

π π
110 04

0 01905 137
1342.

.
.   m  > 6 m 

c. 
Since we assume in the earlier calculation that L = 6 m, we have to repeat the former 

procedure with the length finally obtained (13.42 m), until the assumed and the obtained match 
each other. 
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Problem 8.8 

R-134a flows in a horizontal 8 mm diameter circular tube. The mass flux is 400 kg/m2.s, 
entering quality is 0.0 and the exiting quality is 0.8. The tube length is 3m. Assuming a 
constant saturation temperature of 20oC, plot the variation of hTP as a function of x. 

 

GIVEN: 

G = 400 kg/m2.s; 

L = 3 m; 

d = 0.008 m; 

xi = 0.0; 

xo = 0.8; 

Ts = 20oC. 

 

SOLUTION:  

Properties of R-134a at 20o

ρ

ρ

µ

l

g

l

m

k

=

=

= ×
=

=

=

−

1225 9

27 9

2 25 10
1029 5

3 761
0 0843

3

4

.

. /

.
.

Pr .
.

  kg / m

 kg

  kg / m.s
c   J / kg. K

  W / mK

3

p

C (from Applendix) are: 

 

From Table 8.1,  Ffl

Fr G
gdlo

l

= =
× ×

= ≥
2

2

2

2
400

1225 9 9 81 0 008
1356507 0 04

ρ . . .
. .

 = 1.63 for R-134a. 

 

∴ No correction is needed. 
To calculate the variation of hTp with x, we assume the starting x to be 0.01. Calculation of 

hTP corresponding to x = 0.01 is given below, then, a computer program is developed to calculate 
variation of hTP

x = 0.01: 

 with x in a same way when x = 0.01. The final results are given in both table and 
figure. 

( ) ( )
Bo

q
G i

G A x x i
A G i

x x d
Lfg

c o i fg

w fg

o i i=
′′
⋅

=
⋅ ⋅ − ⋅

⋅ ⋅
=

−
=

− ×
×

=
4

08 0 0 0 008
4 3

0 000533( . . ) . .  
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Co x
x

g

l

=
−













 =

−











=
1 1 0 01

0 01
27 9

1225 9
5 958

0 8 0 5 0 8 0 5. . . ..
.

.
.

.
ρ

ρ
 

Re ( ) ( . ) .
.lo

l

G x d
=

−
=

× − ×
×

=−

1 400 1 0 01 0 008
2 25 10

140804µ
 

f lo= − =−( . ln Re . ) .1 58 3 28 0 00722  

Re lo > 10 4   , Petukhov correlation is used: (otherwise, Genielinski correlation is used) 

( )
( ) ( ) ( ) ( )

Nu
f

f
lo

lo l

l

=
+ −

=
× ×

+ × × −
=

Re Pr

. . Pr
. .

. . . .
.. .

2

1 07 12 7 2 1
14080 3 761 0 0072 2

1 07 12 7 0 0072 2 3 761 1
91 2950 5 2 3 0 5 2 3

 

h Nu k
d

Klo = =
×

=
91 295 0 0843

0 008
962 02. .

.
.   W / m 2  

( )
( )

h Co Bo F x h

K

TP NBD fl lo,
. . .

. . .

. . ( )

. . . . . ( . ) .

.45

= + −

= × + × × × − ×

=

−

−

0 6683 1058 0 1

0 6683 5 958 1 058 0 000533 1 63 1 0 01 962 02

8865

0 2 0 7 0 8

0 2 0 7 0 8           

              W / m 2

 

( )
( )

h Co Bo F x h

K

TP NBD fl lo,
. . .

. . .

. . ( )

. . . . . ( . ) .

.

= + −

= × + × × × − ×

=

−

−

1136 667 2 1

1136 5 958 667 2 0 000533 1 63 1 0 01 962 02

5526 82

0 9 0 7 0 8

0 9 0 7 0 8           

              W / m 2

 

h hTP NBD TP CBD, ,>  

∴hTP = hTP,NBD = 8865.45 W/m2

x 

K 

Bo Co Relo f Nulo hlo hTP,NBD hTP,CBD hTP 

0.01 0.000533 5.958 14080 0.0072 91.295 962.025 8865.45 5526.82 8865.45 
0.1 0.000533 0.875 12800 0.0074 84.586 891.329 7790.12 5607.64 7790.12 
0.2 0.000533 0.457 11378 0.0076 76.994 811.328 6517.82 5334.82 6517.82 
0.3 0.000533 0.297 9956 0.0079 62.281 656.282 4772.81 4415.46 4772.81 
0.4 0.000533 0.209 8533 0.0082 54.097 570.042 3688.3 3870.72 3870.72 
0.5 0.000533 0.151 7111 0.0087 45.614 480.661 2704.82 3256.47 3256.47 
0.6 0.000533 0.109 5689 0.0093 36.739 387.139 1834.54 2587.05 2587.05 
0.7 0.000533 0.077 4267 0.0101 27.304 287.72 1091.5 1870.67 1870.67 
0.8 0.000533 0.05 2844 0.0116 16.96 178.713 495.12 1108.28 1108.28 
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Variation of h_tp With Quality
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Problem 9.1 
Crude oil at a flow rate of 63.77 kg/s enters the exchanger at 102oC and leaves at 65oC. The 
heat will be transferred to 45 kg/s of tube water (city water) coming from a supply at 21oC. 
The exchanger data is given below: 3/4″ O.D., 18 BWG tubes on 1 inch square pitch 2-tube 
passes and 4-tube passes will be considered. Tube material is carbon steel. The heat 
exchanger has one shell. Two different shell diameter of I.D. 35 and 37 inches should be 
studied. Baffle spacing is 275 mm. Calculate the length of the heat exchanger for clean and 
fouled surfaces. Calculate: 

a. Tube side velocity for 1-2 and 1-4 arrangements. 
b. Overall heat transfer coefficients for clean and fouled surfaces. 
c. Pressure-drops. 
d. Pumping powers. 

The allowable shell-side and tube-side pressure drops are 60 kPa and 45 kPa respectively. 
The following properties are given: 
 

     Shell-side  Tube-side 
Specific heat, J/kg.K   2177   4186.8 
Dynamic viscosity, N.s/m2  0.00189  0.00072 
Thermal conductivity, W/m.K  0.122   0.605 
Density, kg/m3    786.4   995 
Prandtl number   33.73   6.29 
Maximum pressure loss, Pa  60,000   45,000 

 
 

 
GIVEN: 

-Mass flow rate of crude oil ( m h) = 63.77 kg/s 
-Inlet temperature of crude oil (Th1) = 102 oC 
-Outlet temperature of crude oil (Th2) = 65 oC 
-Mass flow rate of city water ( m c) = 45 kg/s 
-Inlet temperature of city water (Tc1) = 21 oC 
-Heat exchanger data: 3/4″ OD, 18 BWG tubes on 1 inch square pitch 
-One shell pass (with 35 inches ID or 37 inches ID) and two tube passes (or 4 tube passes) 
-Baffle spacing (B) = 275 mm 
 

FIND: 
a. Tube side velocity for 1-2 and 1-4 arrangements (u). 
b. Overall heat transfer coefficients for clean and fouled surfaces (Uc, Uf). 
c. Pressure-drops (∆p). 
d. Pumping powers (Ppump). 
 

SOLUTION: 
 

Design calculations for Ds = 35″ and Np

a. Tube side velocity: 
 = 2 passes and 4 passes. 

i. From Table 9.3 for 3/4″ OD tubes in 1- in. square pitch and Ds

Number of tubes N
 = 35″:  

t = 824 for 2-P, and Nt

Tube flow area: 
 = 780 for 4-P. 

www.konkur.in



Np

A
N
N

d
 mt

t

p

i
2

2= ⋅ = ⋅
×

=
π π

4
824

2
0 01656

4
0 089

2. .

 = 2 passes:  

  

Np

A
N
N

d
  mt

t

p

i
2

2= ⋅ = ⋅
×

=
π π

4
780
4

0 01656
4

0 042
2. .

 = 4 passes: 

  

Tube side velocity: 
Np

u
m
A

  m / sm
c

t
= =

×
=



.
.

ρ
45

995 0 089
051

 = 2 passes:  

 

Np

u
m
A

  m / sm
c

t
= =

×
=



.
.

ρ
45

995 0 042
108

 = 4 passes: 

 

ii. From Table 9.3 for 3/4″ OD tubes in 1- in. square pitch and Ds

Number of tubes N
 = 37″:  

t = 914 for 2-P, and Nt

Tube flow area: 
 = 886 for 4-P. 

Np

A
 = 2 passes:  

t = 0.098 m
N

2 
p

A
 = 4 passes: 

t = 0.048 m
Tube side velocity: 

2 

Np

u
 = 2 passes:  

m

N
 = 0.46 m/s 

p

u
 = 4 passes: 

m

 
 = 0.94 m/s 

b. Overall heat transfer coefficient for clean and fouled surfaces: 
i. For Ds

Tube side heat transfer coefficient: 
 = 35″: 

N
Reynolds number: 

p

Re
u dm i= =

× ×
=

ρ
µ

995 051 0 01656
0 00072

11 671. .
.

,

 = 2 passes:  

 (Turbulent flow) 

Np

Re
u dm i= =

× ×
=

ρ
µ

995 108 0 01656
0 00072

24716. .
.

 = 4 passes: 

 (Turbulent flow) 

Using the simplified Gnielinski correlation valid for 1.5 < Pr < 500 and 3×10
Nusselt number: 

3 < Re < 
106

N
, we have: 

p = 2 passes:  
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( ) ( )Nu 0.012 Re 280 Pr0.87 0.4= − = × − × =0 012 11671 280 6 29 79 50 87 0 4. . .. .  

Np

( ) ( )Nu 0.012 Re 280 Pr0.87 0.4= − = × − × =0 012 24716 280 6 29 159 20 87 0 4. . .. .

 = 4 passes: 

 

N
Tube side heat transfer coefficient: 

p

h Nu k
d

79.5 0.605
0.01656

2904.44 W / m . Ki
i

2=
⋅

=
×

=

 = 2 passes:  

 

Np

h Nu k
d

159.2 0.605
0.01656

 W / m . Ki
i

2=
⋅

=
×

= 581618.

 = 4 passes: 

 

ii. For Ds

Tube side heat transfer coefficient: 
 = 37″: 

N
Reynolds number: 

p

Re = 10527 (Turbulent flow) 
 = 2 passes:  

Np

Re = 21512 (Turbulent flow) 
 = 4 passes: 

Using the simplified Gnielinski correlation valid for 1.5 < Pr < 500 and 3×10
Nusselt number: 

3 < Re < 
106

N
, we have: 

p

Nu = 72.1 
 = 2 passes:  

Np

Nu = 140.2 
 = 4 passes: 

N
Tube side heat transfer coefficient: 

p

h
 = 2 passes:  

i = 2634.09 W/(m2

N
 K) 

p

h
 = 4 passes: 

i = 5122.04 W/(m2

 
 K) 

Shell side heat transfer coefficient: 
Ds

( ) ( ) 2

T

oTs

T

s
s m 061.0

0254.0
275.001905.00254.0889.0

P
BdPD

P
BCD

A =
×−×

=
⋅−⋅

=
⋅⋅

=

 = 35″: 

 

Ds = 37 ″: 
( ) ( ) 2

T

oTs

T

s
s m 065.0

0254.0
275.001905.00254.09398.0

P
BdPD

P
BCD

A =
×−×

=
⋅−⋅

=
⋅⋅

=  

Equivalent diameter: 
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( ) ( )[ ]
D

P d

d
 me

T o

o
=

⋅ − ⋅
=

× − ×

×
=

4 4 4 0 0254 0 01905 4

0 01905
0 024

2 2 2 2π

π

π

π

. .

.
.  

D
Reynolds number: 

s

13275
061.000189.0
77.63024.0

A
mD

A
mDDu

Re
s

he

s

heem =
×
×

==⋅==
µρµ

ρ
µ

ρ 

 = 35″: 

 (Turbulent flow) 

Ds

12458
065.000189.0
77.63024.0

A
mD

A
mDDu

Re
s

he

s

heem =
×
×

==⋅==
µρµ

ρ
µ

ρ 

 = 37″: 

 (Turbulent flow) 

For shell with baffles: 
Nusselt number: 

Ds

2.21573.331327536.0Pr0.36ReNu 3155.0310.55 =××==

 = 35″: 
 

Ds

8.20773.331245836.0Pr0.36ReNu 3155.0310.55 =××==

 = 37″: 
 

D
Shell side heat transfer coefficient: 

s

.K W/m9.1093
0.024

0.1222.152
D

kNuh 2

e
o =

×
=

⋅
=

 = 35″: 

 

Ds

.K W/m3.1056
0.024

0.1228.072
D

kNuh 2

e
o =

×
=

⋅
=

 = 37″: 

 

Overall heat transfer coefficient: 
For Ds = 35″ and Np

Cleaned conditions: 
 = 2 passes: 

( )

.K  W/m99.747   

9.1093
1

502
01656.0
01905.0ln01905.0

44.290401656.0
01905.0    

h
1

2k
ddlnd

hd
d

U

2

1

1

o

ioo

ii

o
o

=



















+
×









+
×

=









++=

−

−

 

Fouled conditions: 
Fouling resistance for city water is Rfi = 0.000176 m2.K/W, and for crude oil is Rfo = 

0.000352. Thermal conductivity for carbon steel is k = 50 W/m.K 
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( )

.K  W/m78.528    

9.1093
1000352.0

502
01656.0
01905.0ln01905.0

01656.0
000176.001905.0

44.290401656.0
01905.0    

h
1R

2k
ddlnd

R
d
d

hd
d

U

2

1

1

o
fo

ioo
fi

i

o

ii

o
f

=



















++
×







×

+
×

+
×

=









++++=

−

−

 
c.  

Shell-side pressure drop: 

( )
∆p

fG N 1 D
Ds

s
2

b s

e
=

+
2ρ φs

 

N L
B

1b = −

Number of baffles: 

 

( ) ( ) Q m c T T 63.77 2177 102 65 5136.6 kWh p,h h1 h2= − = × × − =

Heat transferred: 
 

( ) ( )  Q m c T T m c T Th p,h h1 h2 c p,c c2 c1= − = −

Cold fluid outlet temperature: 
 

T T + Q
m c

48 Cc2 c1
c p,c

o= = +
×

×
=





.
.

21 5136 6 10
45 41868

3
 

( ) ( ) C83.48

2165
48102ln

216548102T o
cflm, =

−
−

−−−
=∆

Log-mean temperature difference: 
 

Heat transfer area 

2
3

cflm,o
c m  26.156

83.489.099.747
106.5136

TFU
QA =

××
×

=
∆

=

(F = 0.9 for preliminary design for any even number of tube-side passes): 

 

2
3

cflm,f
f m  04.221

83.489.078.528
106.5136

TFU
QA =

××
×

=
∆

=  

m  48.4
82401905.0

04.221
Nd

AL
to

f =
××

==
ππ

Heat exchanger length: 

          

1629.151
275.0
48.41

B
LNb ≈=−=−=

Number of baffles: 

 

.skg/m  4.1045
061.0
77.63

A
m

G 2

s

s
s ===



Mass velocity: 
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( ) ( )[ ] 293.013275ln19.0576.0expReln19.0576.0expf =−=−= s

Shell-side friction factor: 
 

( ) ( ) Pa   128203
1024.04.7862

889.01164.1045293.0
D2

D1NfG
p

2

e

sb
2

s
s =

×××
×+××

=
+

=∆
sφρ

Shell-side pressure drop: 

 

∆ps > ∆pa

 
 = 60,000 Pa.  (Unacceptable) 

Tube side pressure drop: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 11671 3.28 0.00752 2
= − = − =− −  

Pa   6.4154      
2

51.099524
01656.0

248.40075.04      

2
u4N

d
LN

4fp

2

2
m

p
i

p
t

=

×
×



 ×+

×
××=









+=∆

ρ

 

∆pt < ∆pa

d. Pumping powers: 
 = 45,000 Pa     (Acceptable) 

Shell side: 

kW   0.13
4.7868.0

12820377.63m
P h

t =
×
×

=
∆

=
ρη t

sp  

Tube side: 

   W9.234
9958.0

6.415445m
P c

t =
×

×
=

∆
=

ρη t

sp  
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Problem 9.2 
Water at a flow rate of 60 kg/s enters a baffled shell-and-tube heat exchanger at 35 oC and 
leaves at 25 oC. The heat will be transferred to 150 kg/s of raw water coming from a supply 
at 15 oC. You are requested to design the heat exchanger for this purpose. A single shell and 
single tube pass is preferable. The tube diameter is 3/4″ (19 mm O.D. with 16 mm I.D.) and 
tubes are laid out on 1 in. square pitch, Maximum length of the heat exchanger 8 m is 
required because of space limitations. The tube material is 0.5 Cr-alloy. Assume a total 
fouling resistance of 0.000176 m2.K/W. Note that surface over design should not exceed 
30%. Reasonable design assumption can be made along with the calculation if  it is needed. 
Calculate: 

Shell diameter, number of tubes, fluid velocities, shell-side heat transfer coefficients, 
overall heat transfer coefficient, mean temperature difference, total area and pressure-
drops. Is the final design acceptable? Discuss your findings. 

 

 
 

 
GIVEN: 

-Mass flow rate of distilled water ( m h) = 60 kg/s 
-Inlet temperature of distilled water (Th1) = 35 oC 
-Outlet temperature of distilled water (Th2) = 25 oC 
-Mass flow rate of raw water ( m c) = 150 kg/s 
-Inlet temperature of raw water (Tc1) = 15 oC 
-Heat exchanger configuration: 
* Single shell pass, Single tube pass. 
* OD (do) = 19 mm, ID (di) =16 mm.  

* PT = 1 in, Square pitch 90o. 
*  L = 8 m. 
 

 
SOLUTION: 

 
Properties of raw water in tube side at 15 o

c p c, =

×

4186  J / kg. K                     Pr = 8.21

= 11.54 10  N.s / m              k = 0.591  W / m . K

= 999 kg / m

-4 2 2

3

µ

ρ

C: 

 

Properties of distilled water in shell side at 30 o

c p h, =

×

4179  J / kg. K                     Pr = 5.44

= 7.98 10  N.s / m              k = 0.614  W / m . K

= 996 kg / m

-4 2 2

3

µ

ρ

C: 

 

Cold fluid outlet temperature: 
( ) ( )   ( )Q m c T T m c T T    Wh p,h h1 h2 c p,c c2 c1= − = − = × × − =60 4179 35 25 2507400  

( )
T T +

m c T T
m c

Cc2 c1
h p,h h1 h2

c p,c

o=
−

= +
× × −

×
=





( )15 60 4179 35 25
150 4186

19  
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Log-mean temperature difference: 
( ) ( )

( ) ( )

∆T
T T T T

T T
T T

         
35-19 25-15

ln 35-19
25-15

 C

lm,cf
h1 c2 h2 c1

h1 c2

h2 c1

o

=
− − −

−
−

=
−

=

ln

.12 76

 

One tube pass:  CTP = 0.93 
The tube layout: CL = 1.0 for 90
Assume velocity:  u

o 
t

m
d

N ut
i
2

t t= ρ
π

4

 = 2 m/s  for tube side. 

 

N
4m
d u

t
t

i
2

t

= =
×

× × ×
= ≈



.
.

ρπ π

4 150
999 0 016 2

37339 3742
 

Flow area: 

A
d

N  mt
i
2

t
2= =

×
× =

π π
4

0 016
4

374 0 075
2. .  

Shell diameter: 

( ) 26222
T1 m  1016.6451054.21(CL)PA −− ×=××==   (tube pitch PT

2
6

1t2
s m  330344.0

93.0
1016.6453744

CTP)(
A4N

D =
×

×××
==

−

ππ

 = 2.54 cm) 

 

D   mms = 574 = 22.6 in. 
Round to the standards in Table 9.3, Ds = 23.25 in. and the number of tubes Nt

 
 = 341 for 1-P. 

Design and results evaluation 
Shell diameter   Ds

Number of tubes   N
 = 23.25 in. 

t

Tube length   L = 8 m 
 = 341  

Tube diameter   do = 19 mm,    di

Shell baffle spacing  B = 500 mm, baffle cut 25% 
 = 16 mm 

Tube side heat transfer: 

u t
i= =

×

× × ×
=

4 4 150
999 0 016 341

2192 2



.
.

m

d N
t

i tρπ π
 m/s 

Re
u d

t
t i= =

× ×

×
=

−

ρ
µ

999 219 0 016
1154 10

303344
. .

.
 

f = − = − =− −( . ln Re . ) ( . ln( ) . ) .158 328 158 30334 328 0 00592 2  

( )
( )

( )
( )

Nu
f

f
=

+ −
=

× ×

+ × −
=

2

107 12 7 2 1

0 0059 2 30334 8 20

107 12 7 0 0059 2 20 1
230 220 5 2 3 0 5 2 3

Re Pr

. . (Pr )

. .

. . . (8. )
.. .  
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h k
d

   W / m . Kt
i

2= = × =Nu 0595
0 016

230 22 8504.
.

.  

Pressure drop: 

kPa  08.113
016.0
8

2
19.2999059.04

d
L

2
u

f4p
2

i

2
t

ft =×
×

××==∆
ρ  

 
Shell side heat transfer: 
The equivalent diameter is:  

( )
D

4A
P

P
d

d
  me

c

w

T
2 o

2

o
= =

−









=

× −
×











×
=

−4
4

4 2 54 10 0 019
4

0 019
0 0242

2 2 2π

π

π

π

. .

.
.  

A
D CB

Ps
s

T
= =

× × − ×
=

( . . ) ( . . ) .
.

.2325 0 0254 0 0254 0 019 0 5
0 0254

0 0744  m

G m
As

s
= = =



.
.60

0 0744
806 45

2 

 kg/(m2

Re
G Ds e= =

×

×
=

−µ
806 45 0 0242

7 98 10
244564

. .
.

.s) 

 

Assuming constant properties: 

Nu =








 = × × =0 36 0 36 24456 544 16410 55 1 3

0 14
0 55 0 4. Re Pr . . ..

.
. .µ

µ
b

w
 

h
Nu k
D

  W / m . Ks
s

e

2= =
×

=
1641 0 614

0 0242
4164. .

.
 

Shell side pressure drop: 

( ) ( )[ ]f = − = − =exp . . ln Re exp . . ln .0576 019 0576 019 24456 0 259s  

N L
B

8
0.5

  bafflesb + = = =1 16 15( )  

 

( ) ( )
∆p

fG N 1 D
D

  kPas
s
2

b s

e
=

+
=

× × × ×

× × ×
=

2
0 259 806 45 16 2325 0 0254

2 996 0 0242 1
3302

2

ρ φ s

. . ( . . )
.

.  

Overall heat transfer: 
Assuming for the material: 0.18% C, 0.65% Cr, 0.23% Mo, 0.6% Si⇒ k = 42.3 W/m.K 

For clean surface: 

( )

( )

.K   W/m2390   

3.42
016.0019.0ln105.9

016.0
019.0

8504
1

4164
1    

k
ddlnr

d
d

h
1

h
1U

2

13

1

ioo

i

o

ts
c

=








 ×
++=









++=

−−

−

       

For fouled surface: 
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U 1
U

R    W / m . Kf
c

ft

1
2= +









 = +





=
− −1

2390
0 000176 1682

1

.  

F
U
U

      f
c

f
= = =

2390
1682

142. fouling factor. 

The overall surface design should not be more than 30 %, then clean schedule must be 
arranged accordingly. 

Assume U
U

c

f
= 12. : 

U
U

1.20
      f

c= = =
2390
12

1992
.

W/(m2

R 1
U

1
U

      f
f c

= − = 0 0000834.

.K) 

(m2

Heat transfer area: 

.K)/W 

A Q
U T

   mf
c lm,cf

2= =
×

=
∆

2507400
1992 12 76

98 65
.

.  

L m=
× ×

= <
98.65

0.019 341π
4 84 8.  
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Problem 9.3 
Distilled water at a flow rate of 80,000 kg/h enters an exchanger at 35 oC and leaves at 25 oC. 
The heat will be transferred to 140,000 kg/h of raw water coming from a supply at 20 oC. 
The baffles will be spaced 12 inches apart. Write a computer program to determine the 
effects of varying tube size and configuration as well as shell diameter on thermal 
characteristics, size and fluid flow characteristics of the shell and tube type of heat 
exchanger. 1-P, 2-P, and 4-P configurations will be considered. The exchanger data is  given 
below: 

3/4 ″ OD, 18 BWG tubes on 1 in. square pitch. 
3/4 ″ OD, 18 BWG tubes on 1 in. triangular pitch 

Study three different shell diameter of 15 1
4

, 17 1
4

, and 19 1
4

 inch. Calculate the length of 

this heat exchanger for clean and fouled surfaces. A 120,000 N/m2 pressure drop may be 
expended on both streams. Will this heat exchanger be suitable? For the pumping power 
assume a pump efficiency of 80%. 

 

 
 

 

 
 

Square pitch   triangular pitch 
 
 

SOLUTION:  
Calculations for square pitch, shell diameter is 15.25 in. and 1 pass. All tubes are 18 BWG 
tubes 3/4 inch outer diameter. 

Outer diameter, d
Tube side: 

o

Inner diameter, d
 = 3/4 in = 0.01905 m 

i

Flow area, A
 = 0.652 in = 0.01656 m 

f = 0.3339 in2 = 0.0002154 m
Wall thickness, t

2 
w

Mass flow rate, 

 = 0.049 in = 0.001245 m 

mt = 140000  kg / h
3600  s / h

=38.89 kg/s 

Pitch size, P
Shell side: 

T

Clearance, C = 0.25 in = 0.00635 m 
 = 1.0 in = 0.0254 m 

Baffle spacing, B = 12 in = 0.3048 m 
Shell diameter, Ds

Mass flow rate, 

 = 15.25 = 0.3874 m 

ms  = 80000  kg / h
3600  s / h

=22.22 kg/s  
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For a single pass shell and tube heat exchanger with a shell diameter of 15.25 in., the number 
of tubes, Nt

 
 in a 1.0 in. square pitch with an outer tube diameter of 3/4 in. is 137 tubes. 

T
Shell side: 

in, h = 35 o

T
C 

out, h = 25 o

T

C 

bulk, h
35 25

2
+ = =30 o

Water properties: 

C 

cp h

b

, .= 4179  kJ / kg.K 

Pr = 5.44

= 0.000798 N.s / m

k = 0.614  W / m .K

= 996 kg / m

2

2

3

µ

ρ

 

T
Tube side: 

in,c = 20 o

T
C 

out, c = 25 o

assume: T

C 

bulk, c 
20 25

2
+= =22.5 o

Water properties: 

C 

cp c

b

, .= 4181  kJ / kg.K 

Pr = 6.58

= 0.000947 N.s / m

k = 0.602  W / m .K

= 998 kg / m

2

2

3

µ

ρ

 

 

Wall temperature, Twall
T T

2
26.25 Cbulk,h bulk,c o+

=
+

=
30 22 5

2
. = , µw

Heat load: 

 = 0.000867 Pa.s. 

Q (T T (T Tc2 c1 h1 h2= − = − )  )m c m cc pc h ph  

( )
T Tc2 c1= + = +

× × −

×
=

Q
m cc pc

, .
, .

.20
80 000 4179 35 25

140 000 4181
257 o

Log-mean temperature difference: 

C 

( ) ( ) ( ) ( )
∆T

T T T T
T T
T T

=
35- 25.7 25- 20

ln 35- 25.7
25- 20

 Clm,cf
in,h out,c out,h in,c

in,h out,c

out,h in,c

o=
− − −

−

−

−
=

ln
.6 93  

F, for a single pass shell and tube heat exchanger is one. 
F = 1. 

 
Shell side: 

( )
A

D C B
P

  ms
s

T

2=
⋅ ⋅

=
× ×

=⋅ ( . . . )
.

.0 3874 0 00635 0 3048
0 0254

0 02952  

G
m
A

  kg / m .ss
s

s

2= = =
 .

.
.22 22

0 02952
752 71  

( ) ( )
D

4 P / 4

d
  me

T
2

o
2

o
=

−
=

× − ×

×
=

π

π

π

π

d 4 0 0254 0 01905 4

0 01905
0 0241

2 2. . /

.
.  

Re
D G

s
e s=
⋅

=
×

=
µ

0 0241 752 41
0 000798

22732. .
.

 

Therefore, the flow of the fluid on shell side is turbulent. Using the McAdam’s Correlation, 
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Nu
D G c

     

     

e s p,h= ⋅
⋅







 ⋅

⋅







 ⋅











= × × × 





=

0 36

0 36 22732 544 0 000798
0 000867

154 94

0 55 0 33 0 14

0 55 0 33
0 14

.

. . .
.

.

. . .

. .
.

µ

µ µ
µb

b b

wk

 

The shell side heat transfer coefficient, ho

h Nu k
D

154.94 0.614
0.0241o

e
=

⋅
=

×
= 3947 4.

, is then found by the equation, 

  W/(m2

 

.K) 

Tube side: 

A
d
4

  mt
2= =

×
=

π πi
2 20 01656

4
0 0002154. .  

A
N A

#  of passes
  mtp

t t 2= =
×

=
137 0 0002154

1
0 02951. .  

G
m
A

  kg / m .st
t

tp

2= = =
 .

.
.38889

0 02951
1317 94  

u
G

  m / st
t= = =
ρ

1317 94
998

132. .  

23036
000947.0

01656.099832.1u
Re it

t =
××

=
⋅⋅

=
µ
ρ d  

Therefore, the flow of the fluid on tube side is turbulent. Since it is the variable property 
condition, the equation (3) in Table 3.6 is used: 

( )
( ) ( )

11.0

3221
bb

1Pr8f12.71.07
PrRe8f

Nu 








−+
=

w

b

µ
µ  

where ( )[ ] 0.02521.6423,0361.28log1.64)(1.82logRef 22
b =−=−= −−  

23.169Nu =  
The tube side heat transfer coefficient, hi

)/(0.6152
0.01656

602.0169.23
d

kNuh 2

i
i KmW ⋅=

×
=

⋅
=

, is then found by the equation, 

 

Now, finding the overall heat transfer coefficient, Uo

( )

( )

K  W/m9.2150    
4.3947

1
542

01656.001905.0ln01905.0
0.615201656.0

01905.0    

h
1

2k
ddlnd

hd
d

U

2

1

1

o

ioo

ii

o
o

=





 +

×
×

+
×

=









++=

−

−

, is done by the following equation, 

 

Assume the total fouling resistance to be Rft = 0.000176 (m2

25.1560000176.0
9.2150

11 11

=



 +=








+=

−−

ft
c

f R
U

U

.K)/W 
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To find the area and consequently, the length of the heat exchanger, the required heat transfer 
must first be determined. This heat transfer is determined by, 

( ) ( )Q m c T T   Wh p,h in,h out,h= − = × × − = .22 22 4179 35 25 928574  

Now, the heat transfer is also defined as: 
Q U A To m= ⋅ ⋅ ∆  

Therefore, the area can be determined, 

2

mc
c m  30.62

93.69.2150
928574

TU
QA =

×
=

∆
=  

2

mf
f m  88.85

93.625.1560
928574

TU
QA =

×
=

∆
=  

and the length, 

m  11
01905.0137

88.85
N

AL
ot

f ≈
××

==
ππd

 

 
Pressure drop in tube side: 

Pa  9.58215
2

32.1998
01656.0

1110252.04
2

4
22

=
×

×
×

××=⋅=∆ m

i

p
t

u
d

LN
fp

ρ <120,000 Pa 

Pressure drop in shell side: 
Shell-side friction factor: 

( ) ( )[ ]f = − = − =exp . . ln Re exp . . ln .0576 019 0 576 019 22732 0 2645s  

Shell-side pressure drop: 

φ
µ
µs

b

w
=








 = 





=
0 14 0 140 000798

0 000867
0 988

. ..
.

.  

N L
BB + = = =1 11

0 3048
36

.
 

( )
∆p

fG N 1 D
D

   Pas
s
2

b s

e
=

+
=

× × ×
× × ×

=
2

0 2645 752 71 36 0 3874
2 996 0 0241 0 988

44063
2

ρ φ s

. . .
. .

<120,000 Pa 

Following the same procedure to calculate the other size and configuration choice. 
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Problem 9.4 

A heat exchanger is available to heat raw water by the use of condensed water at 67 oC 
which flows in the shell-side with a mass flow rate of 50,000 kg/h. Shell side dimensions are: 

Ds = 19 1
4

 in., PT = 1.25 in. (square), Baffle spacing B = 0.3 m 

The raw water enters the tubes at 17 oC with mass flow rate of 30,000 kg/h. Tubes 
dimensions are:  

do = 1 in. = 0.0254 m (18 BWG tubes),   di = 0.902 in.  
The length of the heat exchanger is 6 m with two passes. The permissible maximum 
pressure drop on the shell side is 1.5 psi. Water outlet temperature should not be less than 
40 o. 
Calculate: 

a. outlet temperature; 
b. heat load of the heat exchanger; 

Is the heat exchanger appropriate to be used for this purpose? 
 

 
 
 
 

SOLUTION:  
 

T
Shell side (Condensed water): 

h1 = 67 o

m h

C 
= 50,000 kg/hr 

PT

B = 0.3 m 
 = 1.25 in = 0.03175 m (square) 

Ds

 
 = 19.25 = 0.489 m 

T
Tube side (Raw water): 

c1 = 17 o

m c

C 
=30,000 kg/hr 

do

d
 = 1″ = 0.0254 m  (18 BWG) 

i

 L = 6 m 
 = 0.902″ = 0.02291 m 

Np

 

 = 2 passes 

Water properties taken at inlet temperatures: 

At Th1

cp h

b

, .= 4188  kJ / kg.K 

Pr = 2.69

= 0.000422 N.s / m

k = 0.625  W / m .K

= 979 kg / m

2

2

3

µ

ρ

 = 340 K: 

 

At Tc1

cp h

b

, .= 4184  kJ / kg.K 

Pr = 7.69

= 0.00109 N.s / m

k = 0.594  W / m .K

= 999 kg / m

2

2

3

µ

ρ

 = 290 K: 
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C = PT - do 

 
= 0.03175-0.0254 = 0.00635 m 

Shell side heat transfer coefficient: 
Shell side flow area: 

( )
A

D C B
P

     m

s
s

T

2

=
⋅ ⋅

=
× ×

=

⋅

( . . . )
.

.0 489 0 00635 0 3
0 03175

0 02934
 

Equivalent diameter: 

( ) ( )
D

4 P d / 4

d
  me

T
2

o
2

o
=

−
=

× − ×

×
=

π

π

π

π

4 0 03175 0 0254 4

0 0254
0 02513

2 2. . /

.
.  

Reynolds number: 

u
m
A

  m / sm
s

s
= =







×
=



,

.
.

ρ

50 000
3600

979 0 02934
0 48  

Re
u Dm e= =

× ×
=

ρ
µ

979 0 48 0 02513
0 000422

27984. .
.

 (Turbulent) 

Using the McAdam’s Correlation (assume µb = µw

Nu

     
     

= ⋅ ⋅ ⋅










= × × ×
=

0 36

0 36 27984 2 69 1
139 3

0 55 0 33
0 14

0 55 0 33 0 14

. Re Pr

. .
.

. .
.

. . .

µ
µ

b

w

) 

 

Shell side heat transfer coefficient: 

h Nu k
D

139.3 0.625
0.02513

  W / m . Ko
e

2=
⋅

=
×

= 3464  

 
Tube side heat transfer coefficient: 

For a two pass shell and tube heat exchanger with a shell diameter of 19.25 in., the number of 
tubes, Nt

Tube area: 
 in a 1 in. square pitch with an outer tube diameter of 1 in. is 132 tubes. 

A
N
N

d
4

  mt
t

P

2= ⋅ = ×
×

=
π πi

2 2132
2

0 02291
4

0 02721. .  

u
m
A

  m / sm
t

t
= =







×
=



,

.
.

ρ

30 000
3600

999 0 02721
0 3066  

Re
u dm i=

⋅ ⋅
=

× ×
=

ρ
µ

0 3066 999 0 022911
0 00109

6438. .
.

 

Using the Petukhov and Kirillov Correlation, 
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( )( )
( ) ( )

Nu
f 2 Re -1000 Pr

1.0 12.7 f 2 Pr 11 2 2 3
=

+ −
 

where ( )[ ]f (1.58lnRe 3.28) 1.58ln 6438 3.28 0.008942 2
= − = − =− −  

( ) ( )
( ) ( )

Nu
0.00894 2

1.07 12.7 0.00894 2 7.69 11 2 2 3
=

× − ×

+ −
=

6437 1000 7 69
52 97

.
.  

h Nu k
d

63.97
0.022911

  W / m . Ki
i

2=
⋅

=
×

=
0594 1373.  

 
a. Fluid outlet temperature: 

C m c   W / Kh h p,h= = 




× =

,50 000
3600

4188 58167  

C m c   W / Kc c p,c= = 




× =

,30 000
3600

4184 34867  

C C   W / Kmin c= = 34867  

C C / C 34867
58167

0.6*
min max= = =  

Assume copper tube, k = 386 W/m.K, Rfi = 3.52×10-5 m2.K/W, Rfo = 8.8×10-5 m2

( )

( )

U
d

d h
d R

d
d ln d d

2k
R 1

h

    

      W / m K

o
o

i i

o fi

i

o o i
fo

o

2

= + + + +












=
×

+
×

+
×

×
+ +













=

−

−

1

1
0 0254

0 02291 1373
0 0254 0 0000352

0 02291
0 0254 0 0254 0 02291

2 386
0 000088 1

3464

81526

.
.

. .
.

. ln . .
.

.

.K/W. 

 

Heat exchanger surface area: 
2

oto m  2.6360254.0132LdNA =×××== ππ  

NTU
A U
C

o o

min
= =

×
=

632 81526
34867

15. . .  

From Fig. (2.15),  
( )
( )

ε =
−

−

T T
T T

c2 c1

h1 c1
= 0.6 

Then,  

( ) ( )T T T T 47 Cc2 h1 c1 c1
o= − + = × − + =ε 0 6 67 17 17.  

From 
( ) ( )Q m c T T m c T Tc p,c c2 c1 h p,h h1 h2= − = −   

( )
T T -

m c T T
m c

 Ch2 h1
c p,c c2 c1

h p,h

o=
−

= −
× −

=




( )67 34867 47 17
58167

49
 

 
b. heat load of the heat exchanger 
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2 1

1 1

47 17P 0.612
67 18

c c

h c

T T
T T

− −
= = =

− −  

1 2

2 1

67 49R 0.6
47 17

h h

c c

T T
T T

− −
= = =

− −  

From  Figure 2.7; F = 0.83  

( ) ( )
( ) ( )

( ) ( )
( ) ( )

2 1 1 2

2 1 1 2

49 17 67 47
T 25.532

ln / ln 49 17 / 67 47
h c h c

lm
h c h c

T T T T
T T T T
− − − − − −

∆ = = =
   − − − −     

From Eq (2.36) 
3

o oQ A U 0.83 25.532 63.2 815.26 1092 10mF T W= ∆ = × × × = ×  

 
Shell side pressure drop: 

( )
sφρ e

2
sBs

s D2
G1NDf

p
⋅+⋅

=∆  

( )[ ]
( )[ ]

f = −

= −

=

exp . . ln Re

exp . . ln

.

0576 019

0576 019 27984

0 254

  

  

 

N L
B

6
0.3

20 ,  therefore 19 bafflesB + = = =1  

( )
G

m
A

50000 3600
0.02934s

s

s
= = =


.47328  

φ s = 1   (Since assume constant properties.) 
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( )

( )

∆p
f D N 1 G

D

      

         N / m
         Psi

s
s B s

2

e

2

=
⋅ + ⋅

=
× × + ×

× ×
=
=

2

0 254 0 489 19 1 47338
2 979 0 02513

11313
164

2

ρ φ s

. . .
.

.

 

Heat exchanger is inappropriate since ∆p s > 1.5 Psi. To make improvement, baffle space can 
be increased, for example, to 0.5 m, to decrease the pressure drop in shell side. 
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Problem 9.5 
Distilled water at a flow rate of 20 kg/s enters an exchanger at 35oC and leaves at 25 oC. The 
heat will be transferred to 40 kg/s of raw water coming from supply at 20 oC. Available for 
this service is a 17 1/4-in. I.D. exchanger having 166, 3/4-in. O.D. Tubes (18 BWG) and laid 
out on 1-in. square pitch. The bundle is arranged for two passes and baffles are spaced 12 
in. apart. Calculate the length of this heat exchanger if all the surfaces are clean. Will this 
heat exchanger be suitable? Assume fouling factors. A 12×104 N/m2 pressure drop may be 
expended on both streams. 

 
GIVEN: 

-Distilled water flowing in shell side, and raw water in tube side, of a shell and tube H.E. 
-Hot water inlet temperature (Th,1) = 35 oC 
-Hot water outlet temperature (Th,2) = 25 oC 
-Mass flow rate of hot water ( m h) = 20 kg/s 
-Raw water inlet temperature (Tc,1) = 20 oC 
-Mass flow rate of raw water ( m c) = 40 kg/s 
-I.D. of shell (Ds) = 17.25 in.= 0.4382 m 
-Number of tubes (Nt) = 166 tubes. 
-Tube arrangement: 1 in. square pitch 
-Tube diameter: do = 3/4 in. = 0.01905 m 

di = 0.652 in. = 0.01656 m 
(for 3/4 O.D., 18 BWG tubes given) 

-Baffle space (LB) = 12 in. = 0.3048 m 
-Number of tube passes (Np) = 2 
 

SOLUTION:  
a.  

Properties of distilled water in shell side at 30 o

c p h, =

×

4179  J / kg. K                     Pr = 5.44

= 7.98 10  N.s / m              k = 0.614  W / m . K

= 996 kg / m

-4 2 2

3

µ

ρ

C: 

 

Properties of raw water in tube side at 22.5 o

cp c

b

, .= 4181  kJ / kg.K              Pr = 6.58

= 0.000947 N.s / m           k = 0.602  W / m .K

= 998 kg / m

2 2

3

µ

ρ

C (Assume bulk temperature = (20+25)/2): 

 

( )( ) ( )( )
u

m

d N N
m

c

i t p

= =
× ×

=


.
.

ρ π π2 24

40

998 0 01656 4 166 2
2 24  m / s

Tube side heat transfer coefficient: 

 

Re . .
.

= =
× ×

×
= >

−

ρ
µ

u dm i 998 2 24 0 01656
9 47 10

39092 23004   

Using Prandtle’s Correlation: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 39092 3.28 0.00552 2
= − = − =− −  
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( )
( ) ( )

( )
( )

Nu
f 2 RePr

1.0 8.7 f 2 Pr 11 2=
+ −

=
× ×

+ × × −
=

0 0055 2 39092 658

1 8 7 0 0055 2 658 1
199 51 2

. .

. . ( . )
.  

h Nu k
d

Ki
i

=
⋅

=
×

=
115 05 0 602

0 01656
7252. .

.
  W / m2  

C P dT o= − = − =0 0254 0 01905 0 00635. . .
Shell side heat transfer coefficient: 

m 

( )
A

D C B
P

  ms
s

T

2=
⋅ ⋅

=
× ×

=⋅ ( . . . )
.

.0 4382 0 00635 0 3048
0 0254

0 03339  

G
m
A

  kg / m .ss
s

s

2= = =


.
20

0 03339
599  

( ) ( )
D

4 P / 4

d
  me

T
2

o
2

o
=

−
=

× − ×

×
=

π

π

π

π

d 4 0 0254 0 01905 4

0 01905
0 0241

2 2. . /

.
.  

Re
D G

s
e s=
⋅

=
×

=
µ

0 0241 599
0 000798

18089.
.

 

Therefore, the flow of the fluid on shell side is turbulent. Using the McAdam’s 
Correlation(neglect the temperature difference between the tube wall and bulk fluid), 

Nu
D G c

     
     

e s p,h= ⋅
⋅







 ⋅

⋅









= × ×
=

0 36

0 36 18089 544
138 24

0 55 0 33

0 55 0 33

.

. .
.

. .

. .

µ

µ

b

b

k

 

The shell side heat transfer coefficient, ho

h Nu k
D

138.24 0.614
0.0241o

e
=

⋅
=

×
= 3522

, is then found by the equation, 

  W/(m2.K) 

( )

( )

U
d

d h
1

h

    

      W / m K

o
o

i i o

2

= + +












=
×

+
×

+












=

−

−

d d d
k

o o i

w

ln

.
.

. ln . .

2

0 01905
0 01656 7252

0 01905 0 01905 0 01656
2 52

1
3522

2136

1

1

Overall heat transfer coefficient (Clean surface): 

 

assume the tube wall thermal conductivity to be 52 W/(m.K). 

Number of tubes: 
LMTD: 

Heat balance: 

( ) ( ) ( ) ( )  Q mc mcp c p h
= − = −T T T Tc2 c1 h1 h2  

( ) ( )  ( )Q mc p h
= − = × × − =T T   Wh1 h2 20 4179 35 25 835800  

( )
T T   c2 c1

o= + = +
×

=
Q

mc
C

p c


20 835800
40 4181

25  
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R
T T
T T

35- 25
25- 20

h1 h2

c2 c1
=

−
−

= = 2  

P
T T
T T

25- 20
35- 20

c2 c1

h1 c1
=

−
−

= = 0 33.  

Then, F = 0.77 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T T
Clm cf, ln ln /

.=
−

=
−

=1 2

1 2

10 5
10 5

7 21  o  

A Q
U T Fo

o lm cf
=

⋅ ⋅
=

× ×
=



. .
.

,∆
835800

2136 7 21 0 77
70 48  m2  

A d N Lo o T= π  

⇒ = =
× ×

= ≈L
A

d N
o

o Tπ π
70 48

0 01905 166
7 09 8.

.
.   m  

 
b. 

Assume the fouling factor to be Rft = 0.000079 (m2.K)/W, then the overall heat transfer 
coefficient Uf

U
U

Rf
c

ft= +








 = +





=
− −1 1

2136
0 000079 1828

1 1

.

 after fouling is: 

  W/(m2

A Q
U T Fo

o lm cf
=

⋅ ⋅
=

× ×
=



. .
.

,∆
835800

1828 7 21 0 77
82 36  m2

.K) 

 

A d N Lo o T= π  

⇒ = =
× ×

= ≈L
A

d N
o

o Tπ π
82 36

0 01905 166
8 28 9.

.
.   m  

∆p f
LN
d

u
t

p

i

m= ⋅ = × ×
×

×
×

=4
2

4 0 0055 9 2
0 01656

998 2 24
2

59873
2 2ρ

.
.

.   Pa

Pressure drop in tube side: 

<120,000 Pa 

Shell-side friction factor: 
Pressure drop in shell side: 

( ) ( )[ ]f = − = − =exp . . ln Re exp . . ln .0576 019 0576 019 18089 0 276s  

Shell-side pressure drop: 
φ s = 1 

N L
BB + = = = ≈1 9

0 3048
29 52 30

.
.  

( )
∆p

fG N 1 D
D

   Pas
s
2

b s

e
=

+
=

× × ×
× × ×

=
2

0 276 599 30 0 4382
2 996 0 0241 1

27118
2

ρ φ s

. .
.

<120,000 Pa 

The heat exchanger is suitable for the designated heat load and pressure drop requirement. 
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Problem 9.6 
A 1 to 2 baffled shell-and-tube type heat exchanger is used as an engine oil cooler. Cooling 
water flows through tubes at 25 oC at a rate of 8.16 kg/s and exits at 35 oC. The inlet and 
outlet temperatures of the engine oil are 65 and 55 oC, respectively. The heat exchanger has 
15.25-in. I.D. shell, and 18 BWG and 0.75-in. O.D. tubes. A total of 160 tubes are laid out on 
a 15/16-in. triangular pitch. By assuming Rfo = 1.76×10-4 (m2.K)/W, AoRw = 1.084×10-5 
(m2.K)/W , ho = 686 W/(m2.K), Ao/Ai = 1.1476, and Rfi = 8.8×10-5 (m2.K)/W, find the 

a. the heat transfer coefficient inside the tubes. 
b. the total surface area of the heat exchanger. 

 
GIVEN: 

-A shell-and-tube oil cooler, cooling water flowing in tube. 
-Engine oil inlet temperature (Th,1) = 65 oC 
-Engine oil outlet temperature (Th,2) = 55 oC 
-Cooling water inlet temperature (Tc,1) = 25 oC 
-Cooling water outlet temperature (Tc,2) =35 oC 
-Mass flow rate of cooling water ( m c) = 8.16 kg/s 
-Shell side heat transfer coefficient (ho) = 686 W/(m2.K) 
-Fouling resistance: Rfo = 0.000176 (m2.K/W) 
   Rfi = 0.000088 (m2.K/W) 
-Ratio of outer surface and inner surface area (Ao/Ai) = 1.1476 
-Thermal resistance of tube material (AoRw) = 1.084×10-5 W/(m.K) 
-Tube diameter: do = 3/4 in. = 0.01905 m 

di = 0.652 in. = 0.01656 m 
(for 3/4 O.D., 18 BWG tubes given) 

-Number of tubes (Nt) = 160 tubes 
-Number of tube passes (Np) = 2 
-Tube arrangement: 15/16-in. triangular pitch. 
 

SOLUTION:  
a. 

Properties of cooling water in tube side at 30 o

c p h, =

×

4179  J / kg. K                     Pr = 5.44

= 7.98 10  N.s / m              k = 0.614  W / m . K

= 996 kg / m

-4 2 2

3

µ

ρ

C: 

 

( )( ) ( )( )
u

m

d N N
m

c

i t p

= =
× ×

=
 .

.
.

ρ π π2 24

816

996 0 01656 4 160 2
0 475  m / s

Tube side heat transfer coefficient: 

 

Re . .
.

= =
× ×

×
=

−

ρ
µ

u dm i 996 0 475 0 01656
7 98 10

98174   

Using Genielinski’s Correlation: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 9817 3.28 0.00792 2
= − = − =− −  

( )( )
( ) ( )

( )
( )

Nu
f 2 Re -1000 Pr

1.0 12.7 f 2 Pr 11 2 2
=

+ −
=

× − ×

+ × × −
=

3 1 2

0 0079 2 9817 1000 544

1 12 7 0 0079 2 44 1
70 94

. ( ) .

. . (5. )
.  
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h Nu k
d

Ki
i

=
⋅

=
×

=
70 94 0 614

0 01656
2630. .

.
  W / m2  

b. 

U
A

A h
1

h

    

      W / m K

o
o

i i o

2

= + + + +










= + × + × + +





=

−

−
−

A R
A

A R Ro fi

i
o w fo

1

5
111476

2630
11476 0 000088 1084 10 0 000176 1

686

458

. . . . .

Overall heat transfer coefficient: 

 

Heat balance: 

R
T T
T T

65-55
35- 25

h1 h2

c2 c1
=

−
−

= = 1.  

P
T T
T T

35- 25
65- 25

c2 c1

h1 c1
=

−
−

= = 0 25.  

Then, F = 0.97 
CTTT cflm

o
21,   30=∆=∆=∆  

Thus, the total heat transfer area Ao

A Q
U T F

m c T
U T Fo

o lm cf

c p c c

o lm cf
=

⋅ ⋅
=

⋅ ⋅
=

× ×
× ×

=
  .

.
.

,

,

,∆

∆

∆
816 4179 10
458 30 0 97

2559  m2

 is: 
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Problem 9.7 
A water-to-water system is used to test the effects of changing tube length, baffle spacing, 
tube pitch, pitch layout, and tube diameter. Cold water at 25 oC and 100,000 kg/h is heated 
by hot water at 100 oC, and also at 100,000 kg/h. The exchanger has a 31-in. I.D. shell. 
Perform calculations on this 1 to 2 shell-and-tube heat exchanger for the following 
conditions, as outlined in the examples; and put together an overall comparison chart. 
a. 3/4 in. OD tubes, 12 BWG laid out on a 1 in. triangular pitch; 3 baffles per meter of tube 
length. Analyze the exchanger for tube lengths of 2 m, 3 m, 4 m, and 5 m. 
b. 3/4 in. OD tubes, 12 BWG laid out on a 1 in. triangular pitch; 2 m long. Analyze for baffle 
placement of 1 baffle per meter of tube length, 2 baffles per meter of tube length, 3 baffles 
per meter of tube length, 4 baffles per meter of tube length, and 5 baffles per meter of tube 
length. 
c. 3/4 in. OD tubes, 12 BWG; 2 m long; 4 baffles per meter of tube length. Analyze the 
exchanger for tube layouts of 15/16 in. triangular pitch, 1 in. triangular pitch, and 1 in. 
square pitch. 
d. 1 m OD tubes, 12 BWG; 4 m long; 9 baffles. Analyze the exchanger for tube layouts of 
1.25 in. triangular pitch and 1.25 in. square pitch. 
e. 3/4 in. OD tubes, 12 BWG laid out on a 1 in. triangular pitch; 2 m long; 4 baffles per 
meter of tube length. Analyze the exchanger for 2, 4, 6, and 8 tube passes, and compare to 
the case of true counterflow (i.e., 1 tube pass). 

 
GIVEN: 

-Hot water inlet temperature (Th,1) = 100 oC 
-Cold water inlet temperature (Tc,1) = 25 oC 
-Mass flow rate of hot water ( m h) = 100,000 kg/hr = 27.778 kg/s 
-Mass flow rate of cold water ( m c) = 100,000 kg/hr = 27.778 kg/s 
-Shell I.D. (Di ) = 31 in. = 0.7874 m 
-Tube: 3/4-in O.D. (12 BWG) 
  do = 0.75 in. = 0.01905 m 
  di = 0.532 in. = 0.01351 m 
-Number of tube pass (Np) = 2 
 

SOLUTION:  
Properties of cold water in shell side at 25 o

c p c, =

×

4180  J / kg. K                     Pr = 6.16

= 8.92 10  N.s / m              k = 0.606  W / m . K

= 997 kg / m

-4 2 2

3

µ

ρ

C: 

 

Properties of hot water in tube side at 100 o

c p h, =

×

4222  J / kg. K                     Pr = 1.729

= 2.79 10  N.s / m              k = 0.681  W / m . K

= 958 kg / m

-4 2 2

3

µ

ρ

C: 

 

Approximate the tube wall temperature by 100 25
2

62 5+
= . oC, then µw = 4.51×10-4

a.  Comparing effects of different tube length: 

 Pa.s. 

From Table 9.3, for shell I.D. = 31 in., 2-P heat exchanger with 3/4-in. O.D. tube in 1-in. 
triangular pitch, the number of the tubes Nt = 728 tubes. 
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( )( ) ( )( )
u

m

d N N
m

h

i t p

= =
× ×

=
 .

.
.

ρ π π2 24

27 788

958 0 01351 4 728 2
0 556  m / s

Tube side heat transfer coefficient: 

 

Re . .
.

= =
× ×

×
= >

−

ρ
µ

u dm i 958 0556 0 01351
2 79 10

25792 23004   

So, it is turbulent flow. 
Using Prandtle’s Correlation: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 25792 3.28 0.006132 2
= − = − =− −  

( )
( ) ( )

( )
( )

Nu
f 2 RePr

1.0 8.7 f 2 Pr 11 2=
+ −

=
× ×

+ × × −
=

0 00613 2 25792 1729

1 8 7 0 00613 2 1729 1
184 771 2

. .

. . ( . )
.  

h Nu k
d

Ki
i

=
⋅

=
×

=
184 77 0 681

0 01351
9314. .

.
  W / m2  

The equivalent diameter is:  
Shell side heat transfer: 

( )

D
4A
P

P d

d
  me

c

w

T
2

o
2

o
= =

−









=

×
−

×
















×
=

−

4
3

4 8

2

4
2 54 10 3

4
0 01905

8

0 01905 2
0 01829

2 2
2

π

π

π

π

. .

. /
.  

B
N B

=
+

=
+

=
1

1
1

3 1
0 25

( )
.  m 

A
D CB

Ps
s

T
= =

× × − ×
=

( . ) ( . . ) .
.

.31 0 0254 0 0254 0 019 0 25
0 0254

0 0492  m

G
m
As

c

s
= = =
 .

.
.27 778

0 0492
564 45

2 

 kg/(m2

Re
G Ds e= =

×

×
=

−µ
564 45 0 01892

8 92 10
119724

. .
.

.s) 

 

Assuming constant properties: 

Nu =








 = × × 





=0 36 0 36 11972 616 8 92
4 51

14340 55 1 3
0 14

0 55 0 4
0 14

. Re Pr . . .
.

..
.

. .
.µ

µ
b

w
 

h
Nu k
D

  W / m . Ks
s

e

2= =
×

=
143 4 0 606

0 01892
4594. .

.
 

Overall heat transfer coefficient: (assume the wall thermal conductivity kw

( )
U

d
d h

1
ho

o

i i o
= + +












−
d d d

k
o o i

w

ln
2

1

 = 52 W/mK) 

 

( )

K  W/m2315    
4594

1
522

01351.001905.0ln01905.0
931401351.0

01905.0    

2

1

=






 +
×

+
×

=
−

 

ε-NTU method for exit temperatures of cold and hot water: 

www.konkur.in



( ) ( )A d L N L Lo o t= = × × × = ⋅π π 0 01905 728 4357. .  

 ( )C mch p h
= = × = .27 778 4222 117279  kJ/(s.K) 

( )C mcc p c
= = × = .27 778 4180 116306  kJ/(s.K) 

∴ ( )C mc p cmin = = 116306  kJ/(s.K) 

C
C
C

* min

max
.= = = ≈

116306
117279

0 99 1  

NTU
A U
C

o o=
min

 

( )
minQ C= ⋅ −ε T Th1 c1  

( ) ( ) ( ) ( )  Q mc mcp c p h
= − = −T T T Tc2 c1 h1 h2  

( )
T Tc2 c1= +





Q
mc p c

  

( )
T Th2 h1= −





Q
mc p h

 

∆p f
LN
d

u L L  Pat
p

i

m= ⋅ = × ×
×

×
×

= ⋅4
2

4 0 00613 2
0 01351

958 0556
2

5
2 2ρ

.
.

. (537. )

Pressure drop in tube side: 

 

Pressure drop in shell side: 
Shell-side friction factor: 

( ) ( )[ ]f = − = − =exp . . ln Re exp . . ln .0576 019 0576 019 11972 0 299s  

Shell-side pressure drop: 

φ
µ
µs

b

w
=








 = 





=
0 14 0 140 000892

0 000451
11

. ..
.

.  

N L
B

L LB + = = =1
0 25

4
.

 

( ) ( )
∆p

fG N 1 D
Ds

s
2

b s

e
=

+
=

× × × ×

× × ×
= ⋅

2
0 299 564 45 4 31 0 0254

2 997 0 01829 11
7479

2

ρ φ s

L
L   Pa

. . ( ) .
. .

( )  
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For different length (L =2, 3, 4, 5 m), the calculation is tabulated as follow: 

 L = 2 m L = 3 m L = 4 m L = 5 m 

Ao  (m2 87.14 ) 130.71 174.28 217.85 

NTU 1.73 2.60 3.47 4.34 
ε  

(Fig 2.15) 
0.54 0.57 0.59 0.59 

Q (W) 4710393 4972082 5146540 5146540 

Tc2 (o 65.5 C) 66.2 69.2 69.2 

Th2 (o 59.8 C) 57.6 56.1 56.1 

∆pt 1075 (Pa) 1612 2150 2688 

∆ps 14958  (Pa) 22437 29916 37395 

 
 
 
b.  Comparing effects of different baffle spacing :  

From Table 9.3, for shell I.D. = 31 in., 2-P heat exchanger with 3/4-in. O.D. tube in 1-in. 
triangular pitch, the number of the tubes Nt = 728 tubes. 

( )( ) ( )( )
u

m

d N N
m

h

i t p

= =
× ×

=
 .

.
.

ρ π π2 24

27 788

958 0 01351 4 728 2
0 556  m / s

Tube side heat transfer coefficient: 

 

Re . .
.

= =
× ×

×
= >

−

ρ
µ

u dm i 958 0556 0 01351
2 79 10

25792 23004   

So, it is turbulent flow. 
Using Prandtle’s Correlation: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 25792 3.28 0.006132 2
= − = − =− −  

( )
( ) ( )

( )
( )

Nu
f 2 RePr

1.0 8.7 f 2 Pr 11 2=
+ −

=
× ×

+ × × −
=

0 00613 2 25792 1729

1 8 7 0 00613 2 1729 1
184 771 2

. .

. . ( . )
.  

h Nu k
d

Ki
i

=
⋅

=
×

=
184 77 0 681

0 01351
9314. .

.
  W / m2  

The equivalent diameter is:  
Shell side heat transfer: 

( )

D
4A
P

P d

d
  me

c

w

T
2

o
2

o
= =

−









=

×
−

×
















×
=

−

4
3

4 8

2

4
2 54 10 3

4
0 01905

8

0 01905 2
0 01829

2 2
2

π

π

π

π

. .

. /
.  

B
N B

=
+

1
1( )

 m   (NB is the number of baffles per meter of tube length) 
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( )A
D CB

P
B Bs

s

T
= =

× × − ×
= ⋅

( . ) ( . . )
.

.31 0 0254 0 0254 0 01905
0 0254

019685  m

G
m
A B Bs

c

s
= =

⋅
=

 .
.

.27 778
019685

14111

2 

 kg/(m2

Re
G Ds e= =






×

×
=

−µ

14111 0 01892

8 92 10
299305

4

. .

.
.B

B

.s) 

 

Assuming constant properties: 

Nu =








 = × 





× 





=0 36 0 36 299305 616 8 92
4 51

66 9060 55 1 3
0 14 0 55

0 4
0 14

0 55. Re Pr . . . .
.

..
. .

.
.

.

µ
µ

b

w B B
 

h
Nu k
D

  W / m . Ks
s

e

2= =






×

=

66 906 0 606

0 01892
2143055

0 55

. .

. .
B

B
 

 
Overall heat transfer coefficient: (assume the wall thermal conductivity kw

( )
U

d
d h

1
ho

o

i i o
= + +












−
d d d

k
o o i

w

ln
2

1

 = 52 W/mK) 

 

( )
    

       W / m K2

=
×

+
×

+












= +












−

−

0 01905
0 01351 9314

0 01905 0 01905 0 01351
2 52 2143

0 00021434
2143

0 55 1

0 55 1

.
.

. ln . .

.

.

.

B

B
 

( )A d L No o t= = × × × =π π 0 01905 2 728 8714. .

ε-NTU method for exit temperatures of cold and hot water: 
 m

 

2 

( )C mch p h
= = × = .27 778 4222 117279  kJ/(s.K) 

( )C mcc p c
= = × = .27 778 4180 116306  kJ/(s.K) 

∴ ( )C mc p cmin = = 116306  kJ/(s.K) 

C
C
C

* min

max
.= = = ≈

116306
117279

0 99 1  

NTU
A U
C

o o=
min

 

( )
minQ C= ⋅ −ε T Th1 c1  

( ) ( ) ( ) ( )  Q mc mcp c p h
= − = −T T T Tc2 c1 h1 h2  

( )
T Tc2 c1= +





Q
mc p c
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( )
T Th2 h1= −





Q
mc p h

 

∆p f
LN
d

u
t

p

i

m= ⋅ = × ×
×

×
×

=4
2

4 0 00613 2 2
0 01351

958 0556
2

1075
2 2ρ

.
.

.   Pa

Pressure drop in tube side: 

 

Pressure drop in shell side: 
Shell-side friction factor: 

( )f = − = − 













exp . . ln Re exp . . ln .0576 019 0576 019 299305

s B
 

Shell-side pressure drop: 

φ
µ
µs

b

w
=








 = 





=
0 14 0 140 000892

0 000451
11

. ..
.

.  

∆p
fG D

Ds

s
2

s

e
=

+










2
1

2
N B

sρ φ
 

 
 
 
 
 
 
 
For baffle spacing (NB 

N

/meter = 1, 2, 3, 4, 5), the calculation is tabulated as follow: 

B 1 /meter 2  3 4 5 

B (m) 0.5 1/3 0.25 0.2 1/6 

Uo  (W/m2 1876 K) 2130 2315 2458 2574 

NTU 1.40 1.60 1.73 1.84 1.93 
ε  

(Fig 2.15) 
0.52 0.53 0.54 0.55 0.56 

Q (W) 4535934 4623164 4710393 4797622 4884852 

Tc2 (o 64 C) 64.75 65.5 66.25 67 

Th2 (o 61.3 C) 60.6 59.8 59.1 58.3 

∆pt 1075 (Pa) 1075 1075 1075 1075 

∆ps 2060 (Pa) 6437  14447 27046 45144 
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 Follow the similar procedure of heat exchanger rating, as in (a). and (b)., comparisons in 
(c), (d), (e) can be finished. 
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Problem 9.8 

A sugar solution (ρ=1080 kg/m3, cp = 3601 J/kg.K, kf = 0.5764 W/m.K, µ = 1.3×10-3 N.s/m2) 
flows at rate of 60,000 kg/hr and is to be heated from 25 oC to 50 oC. Water at 95 oC is 
available at a flow rate of 75,000 kg/hr (cp = 4004 J/kg.K). It is proposed to use one shell-
pass and two tube-pass shell-and-tube heat exchanger containing 3/4 in. OD, 16 BWG tubes. 
Velocity of the sugar solution through the tube is 1.5 m/s, and the length of the heat 
exchanger should not be more than 3 m because of the space limitations. Assume that the 
shell side heat transfer coefficient is 700 W/m2.K. Thermal conductivity of the tube material 
is 52 W/m.K. 

a. Calculate the number of tubes, the tube side (sugar) heat transfer coefficient. 
b. Calculate the overall heat transfer coefficient. 
c. Calculate the length of this heat exchanger. Is this heat exchanger acceptable? 

 
GIVEN: 

-A shell and tube heat exchanger, with sugar solution through tubes and water through shell 
side. 

-Hot water inlet temperature (Th,1) = 95 oC 
-Mass flow rate of hot water ( m h) = 75,000 kg/hr = 20.833 kg/s 
-Specific heat of hot water (cp) = 4004 J/kg.K 
-Sugar solution inlet temperature (Tc,1) = 25 oC 
-Sugar solution outlet temperature (Tc,2) =50 oC 
-Mass flow rate of sugar solution ( m c) = 60,000 kg/hr = 16.667 kg/s 
-Shell side heat transfer coefficient (ho) = 700 W/m2.K 
-Velocity inside the tube (u) = 1.5 m/s 
-Thermal conductivity of tube material (k) = 52 W/m.K 
-Tube diameter: do = 3/4 in. = 0.01905 m 

di = 0.62 in. = 0.01575 m 
(for 3/4 O.D., 16 BWG tubes given) 

-Length limitation (L) = 3 m 
 

SOLUTION:  
a. 

m/s  5.1=mu
Tube side heat transfer coefficient: 

 

Pr .
.

.= =
× ×

=
−µc

k
p 13 10 3601

05764
812

3
 

Re . .
.

= =
× ×

×
= >

−

ρ
µ

u dm i 1080 15 0 01575
13 10

19627 23003   

So, it is turbulent flow. 
Using Prandtle’s Correlation: 

( )[ ]f (1.58lnRe 3.28) 1.58ln 19627 3.28 0.006572 2
= − = − =− −  

( )
( ) ( )

( )
( )

Nu
f 2 RePr

1.0 8.7 f 2 Pr 11 2=
+ −

=
× ×

+ × × −
=

0 00657 2 19627 812

1 8 7 0 00657 2 12 1
115051 2

. .

. . (8. )
.  
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h Nu k
d

Ki
i

=
⋅

=
×

=
115 05 0 5764

0 01575
4210 5. .

.
.   W / m 2  

b. 

( )

( )

U
d

d h
1

h

    

      W / m K

o
o

i i o

2

= + +












=
×

+
×

+












=

−

−

d d d
k

o o i

w

ln

.
. .

. ln . .

.

2

0 01905
0 01575 42105

0 01905 0 01905 0 01575
2 52

1
700

57121

1

1

Overall heat transfer coefficient: 

 

Number of tubes: 
LMTD: 

m d N uc
i T

m= ⋅ ⋅
π

ρ
2

4 2
 

N
m

d u
T

c

i m

= =
×

× × ×
= ≈

8 8 16 667
0 01575 15 1080

105 61 1062 2

 .
. .

.
π ρ π

 

Heat balance: 

( ) ( ) ( ) ( )  Q mc mcp c p h
= − = −T T T Tc2 c1 h1 h2  

( ) ( )  . (50 )Q mc p c
= − = × × − =T T   Wc2 c1 16 667 3601 25 1500447  

( ) ( )
( )

T T
T T

  h2 h1
c2 c1 o= −
−

= −
× × −

×
=





. (50 )
.

mc

mc
C

p c

p h

95 16 667 3601 25
20833 4004

77  

R
T T
T T

95- 77
50 - 25

h1 h2

c2 c1
=

−
−

= = 0 72.  

P
T T
T T

50 - 25
95- 25

c2 c1

h1 c1
=

−
−

= = 0 357.  

Then, F = 0.96 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T T
Clm cf, ln ln

.=
−

=
−

=1 2

1 2

45 52
45 52

48 42  o  

A Q
U T Fo

o lm cf
=

⋅ ⋅
=

× ×
=



. . .
.

,∆
1500447

57121 48 41 0 96
5651  m2  

A d N Lo o T= π  

c. 

⇒ = =
× ×

=L
A

d N
o

o Tπ π
5651

0 01905 106
8 9.

.
.   m  

Because L > 3m,  ∴this heat exchanger is unacceptable! 
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Problem 10.1 
Air at 1 atm and 400 K and with a velocity of 10 m/s flows across the compact heat 
exchanger shown in Figure 10.6a and exits with a mean temperature of 300 K. The core is 
0.6 m long. Calculate the total frictional pressure drop between the air inlet and outlet and 
the average heat transfer coefficient on the air side. 

 
 

SOLUTION:  

At T
T T

m
in out=
+

=
+

=
2

400 300
2

350 K, 1 atm, properties of air from Appendix are: 

708.0Pr

J/kg.K  1009c
kg/m.s  1008.2

kg/m  002.1

p

5

3

=

=
×=

=
−µ

ρ

 

From Fig. 10.6 A, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 443

05477  cm
 

Then  

G
U A
A

U
sfr= = =

×
=∞ ∞ρ ρ

σmin

.
.

. . )1002 10
0 443

22 62  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
22 62 0 005477

2 08 10 5 5956 

From Fig. 10.6 A, for Re = 5956, we can obtain: 
h

Gc p
Pr 2 3 = 0.0068 

h
Gc

Kp= × = ×
×

=0 0068 0 0068 22 62 1009
0 708

195.38 W2 3 2 3.
Pr

. .
.

./ m2  

For Re = 5956, from Fig. 10.6 A, f = 0.026 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 0 6

0 005477
438196  

Then 

Pa  2909196.438
002.12

62.22026.0
2

=×
×

×=∆ fp  

 
  

www.konkur.in



Problem 10.2 
Air enters the core of a finned tube heat exchanger of the type shown in Figure 10.4 at 2 atm 
and 150°C. The air mass flow rate is 10 kg/s and flows perpendicular to the tubes. The core 
is 0.5 m long with a 0.30 m2 frontal area. The height of the core is 0.5 m. Water at 15°C and 
at a flow rate of 50 kg/s flows inside the tubes. Airside data are given on Figure 10.4. For 
water side data, assume that σw = 0.129, Dh = 0.373 cm, and waterside heat transfer 
area/total volume = 138 m2/m3. This is a rating problem. Calculate: 

a. The airside and waterside heat transfer coefficients 
b. Overall heat transfer coefficient based on the outer (airside) surface area 
c.  Total heat transfer rate and outlet temperatures of air and water 
 
 

GIVEN: 
Air side: 

p = 2 atm, Tin,a = 150 oC, m a = 10 kg/s 
Af = 0.30 m2,  Core length = 0.5 m, Core height = 0.5 m.  

Water side: 
Tin,w = 15 oC, m w = 50 kg/s 
σw = 0.129, Dh,w = 0.373, Water side heat transfer area/total volume = 138 m2/m3 

FIND: 
a.  ha = ?, hw = ? 
b. Ua = ? 
c. Tout,a = ?, Tout,w = ? 

 

 
 
 
 
SOLUTION:  

For the air side, we assume a mean temperature 80oC and determine the physical properties of 
air at pa

ρ

µ
a

a

a

=

= ×
=

=

−

19816

21 10
1009

0 708

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p,a

 = 2 atm. 

 

Assuming an average temperature of 15oC for the water, we take the physical properties as: 

Fin thickness, t = 0.033 cm 
Fin Area/ Total area = 0.839 
Fin Length L: 

 L =
−

= =
( . .402) . " .1 00 0

2
0 299 0 7595 cm  

Air passage hydraulic diameter, Dh=0.3633 m 
Free flow area/Frontal area, σ = 0.534 
Heat transfer area/ Total volume = 587 m2/m3 
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ρ

µ
w

w

w

wk m K

=

= ×
=

=
=

−

999

1154 10
4186

8 20
0591

4

  kg / m

  kg / m.s
c   J / kg.K

  W

3

p,w

.

Pr .
. / .

 

a. Heat transfer coefficient: 

G
m

A
m

A
sa

a a

a fr
= =

⋅
=

×
=

 

. .
. . )

min σ
10

0534 0 30
62 42  kg / (m2

Air side: 

 

Re . .
.

,= =
×

×
=

−

G Da h a

aµ
62 42 0 003633

21 10
107995

 

From Fig. 10.4, for Re = 10799, we have: 
h

G c
a

a p a
a

,
Pr 2 3 = 0.004 

h
G c

Ka
a p a

a

= × = ×
×

=0 004 0 004 62 42 1009
0 708

31712 3 2 3.
Pr

. .
.

. . ),   W / (m2  

2
, m  25.05.05.0 =×=wfrA

Water side: 
 

).kg/(m  39.1550
3.0129.0

50 2

,min

s
A

m
A
m

G
wfrw

ww
w =

×
=

⋅
==
σ

  

=
×
×

== −4
,

1054.11
00373.039.1550Re

w

whw
w

DG
µ

5011 

Using Gnielinski’s correlation, we have: 

( )
( )( )

( )
( )

( )
8.42

)12.8(200965.07.121
2.8)10005011(200965.0

)1(Pr27.121
Pr1000Re2

00965.028.3Reln58.1

325.03221

2

=
−×+

×−×
=

−+
−

=

=−= −

f
fNu

f
 

So,  

).  W/(m4.67818.42
00373.0

591.0 2 KNu
D
k

h
e

w
w =×=⋅=  

b. Overall  heat transfer coefficient Ua

To determine U
: 

air

 k = 212 W/(m.K) for aluminum 

, based on the air-side surface, the fin efficiency η should be determined. 
The reason is that the effective temperature difference between the fluid and the fin surface is 
lower than that between the fluid and the fin base. Only the air side has extended surfaces which 
can be regarded as plate fins, the thermal conductivity of fin material, k is given as: 

The fin efficiency η for a plate fin can be calculated as: 
( )

ηf
mL

mL
=

tanh
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where  m
h

k t
a=

2  

Then mL =
×

× ×
× × =

−
−2 3171

212 0 033 10
0 7595 10 0 72312

2.
.

. .  

and  856.0
7231.0

)7231.0tanh()tanh(
===

mL
mL

fη  

The air-weighted fin efficiency is determined by the following Eq.: 

( ) ( )[ ]η η= − −








 = − × − =1 1 1 0839 1 0856 0879

A
A

f
f . . .  

The overall heat transfer coefficient, Ua

( )
1 1 1

U h A A ha a w a w
= +
η

, based on the air-side surface, is: 

 

Here the ratio of the water-side to air-side heat transfer surfaces is found to be 
A
A

w

a
= = =

water - side heat transfer area / total volume
air - side heat transfer area / total volume

138
587

0 235.  

Then 

4.6781235.0
1

1.317879.0
11

×
+

×
=

aU
 

).  W/(m238 2 KU a =  

c. Total heat transfer rate and outlet temperatures of air and water: 
C m ca a p a= = × = , 10 1009 10090  W / K  

C m cw w p w= = × = , 50 4186 209300  W / K  

So,    C Camin = = 10090  W / K  

and  C
C

min

max
.= =

10090
209300

0 048  

Total volume of matrix, V = Afr× (core length) = 0.3×0.5 = 0.15 m3

A
V

a = 587   (from Fig.  9.4)

. 

 

Then  A Va = ⋅ = × =587 587 015 88 05. .   m2  

NTU
A U
C

a a= =
×

=
min

. .88 05 230
10090

2 0  

From Fig. 2.15, for a cross-flow heat exchanger with both fluids unmixed, for NTU = 2.0, 
and C Cmin max .= 0 048 , we obtain: 

ε = 0.85 
Then the total heat transfer rate, Q becomes: 

( )
( )

Q C T Tin a in w= −

× ×

ε min , ,

  = 0.85 10090 150 - 15
  = 1158  kW
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From the heat balance 

( ) ( )Q m c T T m c T Ta p a in a out a w p w out w in w= − = − , , , , , ,  

the outlet temperature can be obtained as: 

T T Q
m c

Cout a in a
a p a

o
, ,

,
.= − = −

×
=150 1158 10

10090
352

3
  

T T Q
m c

Cout w in w
w p w

o
, ,

,
.= + = +

×
=15 1158 10

209300
205

3
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Problem 10.3 
Hot air at 2 atm and 500 K at a rate of 8 kg/s flows across a circular finned-tube matrix 
configuration shown in Figure 10.6. The frontal area of the heat exchanger is 0.8 m × 0.5 m 
and the core is 0.5 m long. Geometrical configurations are shown in Figure 10.6. Calculate: 

a. the heat transfer coefficient; 
b. the total frictional pressure drop between the air inlet and outlet. 
 

GIVEN: 
Hot Air flows across a circular finned-tube matrix configuration: 

p = 2 atm, Tin,a = 500 K, m a = 8 kg/s 
Af = 0.8×0.5 m2,  Core length = 0.5 m. 

 
FIND: 

a.  h = ? 
b. ∆pf = ? 
  

 
 

 
SOLUTION:  

At 500 K, 2 atm, properties of air from Appendix are: 
ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p

 

From Fig. 10.6 A, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 443

05477  cm
 

Then  

G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
8

0 443 0 8 0 5
4515  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
4515 0 005477

2 687 10 5 9203 

From Fig. 10.6 A, for Re = 9203, we can obtain: 
h

Gc p
Pr 2 3 = 0.0058 

Air-passage hydraulic Diameter, Dh = 0.5477 cm 
Free flow area/ frontal area, σ = 0.443 
Heat transfer area/total volume = 323.8 m2/m3 
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h
Gc

Kp= × = ×
×

=0 0058 0 0058 4515 1030
0 68

3492 3 2 3.
Pr

. .
.

. W / m2  

For Re = 9203, from Fig. 10.6 A, f = 0.025 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 05

0 005477
3652  

Then 

Pa 65712.365
416.12

15.45025.0
2

=×
×

×=∆ fp  
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Problem 10.4 
Repeat Problem 10.3 for a finned-tube matrix shown in Figure 10.5 and discuss the results. 

 
GIVEN: 

Hot Air flows across a circular finned tube matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 8 kg/s 
Af = 0.8×0.5 m2,  Core length = 0.5 m. 

 
FIND: 

a.  h = ? 
b. ∆pf = ? 
 

Air-passage hydraulic Diameter, Dh = 0.443 cm 
Free flow area/ frontal area, σ = 0.494 
Heat transfer area/total volume = 446 m2/m3 

 
SOLUTION:  

At 500 K, 2 atm, properties of air from Appendix are: 
ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p

 

Then  

G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
8

0 494 08 05
40 48  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
40 48 0 00443

2 687 10 5 6674 

From Fig. 10.5, for Re = 6674, we can obtain: 
h

Gc p
Pr 2 3 = 0.0067 

h
Gc

Kp= × = ×
×

=0 0067 0 0067 40 48 1030
0 68

3612 3 2 3.
Pr

. .
.

. W / m2  

For Re = 6674, from Fig. 10.5, f = 0.035 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 05

0 00443
4515  

Then 

Pa 92165.451
416.12

64.40035.0
2

=×
×

×=∆ fp  
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Problem 10.5 
Repeat Problem 10.1 for the heat exchanger matrix configuration in Figure 10.8 for the 
matrix 9.1-0.737-s as given in Table 10.1. 

 
GIVEN: 

Hot Air flows across a circular finned-tube matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 8 kg/s 
Af = 0.8×0.5 m2,  Core length = 0.5 m. 

FIND: 
a.  h = ? 
b. ∆pf = ? 
  

SOLUTION:  
At 500 K, 2 atm, properties of air from Appendix are: 

ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p

 

From Table 10.1, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 788

0 3565 cm
 

Then  G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
8

0 788 08 05
2538  kg / (m2  

=
×

×
== −510687.2

003565.038.25Re
µ

hGD 3367 

From Fig. 10.8 and Fig. 10.7, for Re = 3367, we can obtain: 
h

Gc p
Pr 2 3 = 0.0057 

h
Gc

Kp= × = ×
×

=0 0057 0 0057 2538 1029 5
0 68

192 72 3 2 3.
Pr

. . .
.

. . W / m2  

For Re =3367, from Fig. 10.8 and Fig. 10.7, f = 0.018 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

= =
×

=
4 4 05

0 003565
561 

Then Pa  2297561
416.12

38.25018.0
2

=×
×

×=∆ fp  
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Problem 10.6 
Repeat Problem 10.2 for the heat exchanger matrix configuration shown in Figure 10.8 for 
the surface 11.32-0.737-S-R (see Table 10.1). 

 
GIVEN: 

Hot Air flows across a circular finned-tube matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 8 kg/s 
Af = 0.8×0.5 m2,  Core length = 0.5 m. 

FIND: 
a.  h = ? 
b. ∆pf = ? 
  

SOLUTION:  
At 500 K, 2 atm, properties of air from Appendix are: 

ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p

 

From Table 10.1, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 78

0 3434 cm
 

Then  G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
8

0 78 08 05
25 64  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
2564 0 003434

2 687 10 5 3277 

From Fig. 10.8 and Fig. 10.7, for Re = 3277, we can obtain: 
h

Gc p
Pr 2 3 = 0.0063 

h
Gc

Kp= × = ×
×

=0 0063 0 0063 2564 1030
0 68

2152 3 2 3.
Pr

. .
.

. W / m2  

For Re =3277, from Fig. 10.8 and Fig. 10.7, f = 0.025 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 05

0 003434
582 4  

Then Pa  33804.582
416.12

64.25025.0
2

=×
×

×=∆ fp  
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Problem 10.7 
Air at 2 atm and 500 K and at a rate of 12 kg/s flows across a plain plate-fin matrix of the 
configuration shown in Figure 10.8 and in Table 10.1 for the surface 9.68-0.870. The frontal 
area is 0.8 m × 0.6 m and the length of the matrix is 0.6 m. Calculate: 
a. the heat transfer coefficient; 
b. friction coefficient. 

 
GIVEN: 

Hot Air flows across a plain plate-fin matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 12 kg/s 
Af = 0.8×0.6 m2,  Core length = 0.6 m. 

FIND: 
a.  h = ? 
b. ∆pf = ? 
  

SOLUTION:  

 
At 500 K, 2 atm, properties of air from Appendix are: 

ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p

 

From Table 10.1, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 697

0 2997 cm
 

Then  G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
12

0 697 08 0 6
359  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
359 0 002997

2 687 10 5 4001 

From Fig. 10.8 and Fig. 10.7, for Re = 4001, we can obtain: 
h

Gc p
Pr 2 3 = 0.0038 

h
Gc

Kp= × = ×
×

=0 0038 0 0038 359 1030
0 68

18172 3 2 3.
Pr

. .
.

. . W / m2  

For Re =4001, from Fig. 10.8 and Fig. 10.7, f = 0.015 
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∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 0 6

0 002997
8008  

Then Pa  54678.800
416.12
9.35015.0

2

=×
×

×=∆ fp  
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Problem 10.8 
Repeat Problem 10.5 for a finnedtube matrix of the configuration shown in Figure 10.8 for 
the surface 9.68-0.870-R (see Figure 10.7) geometrical configuration given in Table 10.1. 

 
GIVEN: 

Hot Air flows across a plain plate-fin matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 12 kg/s 
Af = 0.8×0.6 m2,  Core length = 0.6 m. 

FIND: 
a.  h = ? 
b. ∆pf = ? 
  

SOLUTION:  
At 500 K, 2 atm, properties of air from Appendix are: 

ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p
 

From Table 10.1, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 697

0 2997 cm
 

Then  G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
12

0 697 08 0 6
359  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
359 0 002997

2 687 10 5 4001 

From Fig. 10.8 and Fig. 10.7, for Re = 4001, we can obtain: 
h

Gc p
Pr 2 3 = 0.005 

K
Gc

h p . W/m1.239
68.0

10309.35005.0
Pr

0063.0 2
3232 =

×
×=×=  

For Re =4001, from Fig. 10.8 and Fig. 10.7, f = 0.023 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 0 6

0 002997
8008  

Then Pa  83828.800
416.12
9.35023.0

2

=×
×

×=∆ fp  
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Problem 10.9 
An air-to-water compact heat exchanger is to be designed to serve as an intercooler in a gas 
turbine plant. Geometrical details of the proposed surface (surface 9.29-0.737-S-R) for the 
air side are given in Figure 10.8 and Table 10.1. Hot air at 2 atm and 400 K with a flow rate 
of 20 kg/s flows across the matrix. The outlet temperature of air is 300 K and the allowable 
pressure drop is 0.3 bar. Water at 17°C and a flow rate of 50 kg/s flows inside the flat tubes. 
Water velocity is 1.5 m/s. Waterside geometrical details are: 

D

Water side heat 

h

w

=

=

−
=

0 373
0 129

138

.

.
  m

transfer are
total volume

 m / m2 3

σ  

Calculate: 
a. Overall heat transfer coefficient based on air side; 
b. Air flow frontal area, Afr; 
c. Flow length and core size. 
 
 

GIVEN: 
An compact heat exchanger with surface 9.29-0.737-S-R. 
Air side: 

p = 2 atm, Tin,a = 400K, Tout,a = 300K, m a = 20 kg/s 
Water side: 

Tin,w = 17 oC, m w = 50 kg/s 
σw = 0.129, Dh,w = 0.373, Water side heat transfer area/total volume = 138 m2/m3 

FIND: 
a.  ha = ?, hw = ? Ua  = ? 
b. Afr = ? 
c. L = ? 

 

 
 
 
 
SOLUTION:  

Properties of air at pa T Km =
+

=
400 300

2
350 : = 2 atm,  

ρ µa

a

m s= = = ×

=

−2 004 1009 208 103 6. / , . .

Pr

  kg      c   J / (kg. K),            Pa

0.708
p,a a  

Properties of water at 17 o

ρ µw

w

m s= = = ×

= =

−999 4184 1084 10

7 65 0594

3 4  kg      c   J / (kg.K),            Pa

      k
p,w w

w

/ , . .

Pr . , .

C (or 273.15+17=290.15K): 

 

Fin thickness, t = 0.0102 cm 
Fin Area/ Total area = 0.845 
Fin Length L: 

 L =
−

= =
( . . ) . " .0 55 0 100

2
0 225 0 5715 cm  

Air passage hydraulic diameter, Dh=0.351 cm 
Free flow area/Frontal area, σ = 0.788 
Heat transfer area/ Total volume = 885.8 
m2/m3 
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The thermal conductivity of aluminum is taken as: 
kal 

The solution requires iteration. For the first iteration, let 

= 250 (W/m.K) 

Re = =104 G Da h

aµ
: 

G
Da

a

h
=

⋅
=

× ×
=

−Re .
.

.
µ 10 208 10

0 00351
59 26

4 6
  kg / (m .s)2

Mass velocity: 

 

From Fig. 10.7, for Re = 10
Air side heat transfer coefficient: 

4

h
G c

a

a p a
a

,
Pr 2 3 =

, we have: 

0.0053,  f = 0.021 

h
G c

Ka
a p a

a

= × = ×
×

=0 0053 0 0053 59 26 1009
0 708

3992 3 2 3.
Pr

. .
.

. ),   W / (m2  

( )
ηf

mL
mL

=
tanh

Fin efficiency: 

 

where  m
h

k t
a=

2  

Then mL =
×

× ×
× × =

−
−2 399

250 0 0102 10
05715 10 1012

2

.
. .  

and  η f
mL

mL
= = =

tanh( ) tanh( . )
.

.103
103

0 76  

so, the total fin efficiency is: 

( ) ( )[ ] 80.076.01845.0111 =−×−=







−−= f

f

A
A

ηη  

Since G m
Aa

a

free flow
=

 , then 

A
m
Gfree flow

a

a
= = =


.
.20

59 26
0 3375  m2  

A
A free flow

fr
2  m= = =

σ
0 3375
0 788

0 428.
.

.  

Assume the frontal areas for water side and air side are the same, 
Water-side heat transfer coefficient:  

6.905
428.0129.0

50
=

×
=

⋅
==

frw

w

w

w
w A

m
A
m

G
σ

  

3116
1084.10
00373.06.905Re 4

, =
×

×
== −

w

whw
w

DG
µ

 

Using Gnielinski’s correlation for low Re (2300<Re<104) 
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( )
( )( )

( )
( ) ( )

( ) ( ) 2.24
165.720112.07.121

65.71000311620112.0
)1(Pr27.121

Pr1000Re2
0112.028.3Reln58.1

32213221

2

=
−×+

×−×
=

−+
−

=

=−= −

f
fNu

f
 

).  W/(m38542.24
00373.0
594.0 2 KNu

D
k

h
e

w
w =×==  

The overall heat transfer coefficient, U
Overall heat transfer coefficient: 

a

( )
1 1 1

U h A A ha a w a w
= +
η

, based on the air-side surface, is: 

 

where 
A
A

w

a
= = =

water - side heat transfer area / total volume
air - side heat transfer area / total volume

138
8858

0156
.

.  

Then 

3854156.0
1

39980.0
11

×
+

×
=

aU
 

).  W/(m5.208 2 KU a =  

Heat balance: 

( ) ( )Q m c T T m c T Ta p a in a out a w p w out w in w= − = − , , , , , ,  

( ) ( )T T
m c
m c

T T C Kout w in w
a p a

w p w
in a out a

o
, ,

,

,
, ,




.= + − = +

×
×

− = =17 20 1009
50 4184

400 300 26 6 300  

( )
( )

ε =
−

−
=

−
−

=
C T T

C T T
h in a out a

in a in w

, ,

min , , .
.400 300

400 29015
0 91  

096.0
418450
100920

max

min =
×
×

=
C
C  

from Fig. 2.15, we obtain NTU = 3.5 

NTU
A U
C

a a=
min

 

( ) 2min m  339
5.208
1009205.3

=
××

=
⋅

=
a

a U
CNTUA  

3m  0.40=
8.855

339
748

== aA
V

Heat exchange volume: 

 

9.0
428.0
40.0

===
frA

VL

Core length: 

 m 

The core pressure drop: 
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bar 0.3< Pa  18872
00351.0

9.04
004.22

26.59
021.0

4
2

22

=
×

×
×

×=⋅⋅=∆
hD
LG

fp
ρ

 

The pressure drop is less than the limitation given in problem, so this is an acceptable design. 
 

 
  

www.konkur.in



Problem 10.10 
Repeat Problem 10.7 for air at a flow rate of 15 kg/s while everything else remains the same. 

 
GIVEN: 

Hot Air flows across a plain plate-fin matrix configuration: 
p = 2 atm, Tin,a = 500 K, m a = 15 kg/s 
Af = 0.8×0.6 m2,  Core length = 0.6 m. 

FIND: 
a.  h = ? 
b. ∆pf = ? 
  

SOLUTION:  

 
At 500 K, 2 atm, properties of air from Appendix are: 

ρ

µ

=

= ×
=

=

−

1416

2 687 10
1030

0 68

5

.

.

Pr .

  kg / m

  kg / m.s
c   J / kg. K

3

p
 

From Table 10.1, we have 
A
A

D
fr

h

min .

.

= =

=

σ 0 697

0 2997 cm
 

Then  G
m

A
m
A

sa a

fr
= =

⋅
=

× ×
=

 

. . .
. . )

min σ
15

0 697 08 0 6
44 8  kg / (m2  

Re . .
.

= =
×

×
=

−

GD h

µ
44 8 0 002997

2 687 10 5 4997 

From Fig. 10.8 and Fig. 10.7, for Re = 4997, we can obtain: 
h

Gc p
Pr 2 3 = 0.0037 

h
Gc

Kp= × = ×
×

=0 0037 0 0037 44 8 1030
0 68

22082 3 2 3.
Pr

. .
.

. . W / m2  

For Re = 4997, from Fig. 10.8 and Fig. 10.7, f = 0.014 

∆p f G A
Af

a

t=
2

2ρ min
 

A
A

L
D

t

hmin

.
.

.= =
×

=
4 4 0 6

0 002997
8008  
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Then Pa  79458.800
416.12
8.44014.0

2

=×
×

×=∆ fp  

 
  

www.konkur.in



Problem 10.11 
An aircooled refrigerant condenser is to be designed. A flattened tube with corrugated fins 
will be used. The surface selected for the matrix is similar to Figure 10.4. The cooling load 
(heat duty) is 125 kW. The refrigerant 134A condenses inside the tubes at 310 K. Air enters 
the condenser at 18°C and leaves at 26°C. The mean pressure is 2 atm. Calculate: 
a. Air-side heat transfer coefficient 
b. Tube-side condensation heat transfer coefficient 
c. Overall heat transfer coefficient 
d. Core dimensions based on the following parameters: 
 Air-side geometric configurations for the surface 7.75-5/8 T3 
 Tube O.D. = 1.717 m 
 Tube arrangement = staggered 
 Fins/in. = 7.75 
 Fin type = plain 
 Fin thickness = 0.41× 10-3 m 
 Minimum flow area/frontal area, σ = 0.481 
 Hydraulic diameter, Dh = 3.48 × 10-3 m 
 Heat transfer area/total volume, α = 554 m2/m3. 

 
GIVEN: 

 
Cold Air flows across a plain plate-fin matrix configuration similar to that in Fig. 10.4: 

pm = 2 atm, Tin,a = 18 oC, Tout, a = 26 oC 
Refrigerant side:  

T = 310 K 
Cooling load: Q = 125 kW. 
 
Geometrical size of the core is listed in the problem statement 
 

SOLUTION:  
 

 
 
 
 
 

 
 

Refrigerant  side: 
Assume the tube wall thickness to be 0.2 cm. 
Frontal area associated with one tube: 0.866”× 1.0”=0.866 in2 =5.587×10-4 m

( ) ( )
σ

π π
w

t iA d
=

×
=

×

×
=

×

×
=

− − −5587 10

4

5587 10

4 0 01317

5587 10
0 2444

2

4

2

4. .

.

.
.

2 

 

Heat transfer area/Volume = π ×

×
=

−

0 01317
5587 10

744
.

.
 

Fins per in. = 7.75 
Dh = 0.00348 m 
Fin thickness t = 0.00041cm 
Heat transfer area/Total volume α = 554 m2/m3 

Free flow area/ frontal area σ = 0.481  
Tube O.D. = 1.717 cm 
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At 18 26
2

22+
= oC, pm 

ρ

µ

=

= ×
=

=
=

−

2 2265

2 02 10
1009

0 71
0 0274

5

.

.

Pr .
.

  kg / m

  kg / m.s
c   J / kg. K

3

p

k

= 2 atm, properties of air from Appendix are: 

 

Properties of refrigerant from Appendix are (310K): 
p

k

sat

l g

l

l

l

=

= =

= × = ×

=

=
=
=

− −

9 33

1156 45 45

189 10 0125 10

1497

398
0 071
1653

4 4

.

.

. .

.

Pr .
.

.

  bar

  kg / m                          kg / m

  kg / m.s              kg / m.s

c   J / kg. K

  W / (m. K)
h   kJ / kg

3 3

g

p

fg

ρ ρ

µ µ

 

Thermal conductivity of aluminum is taken as kal

 
 = 250 W/(m.K) 

( )Q m h m c T Tf fg a p a c c= = −  , 2 1

Mass flow rates of air and refrigerant: 
 


.

.m Q
hf

fg
= = =

125
1653

0 7562   kg/s 

( )


. ( )
.

,
m Q

c T Ta
p a c c

=
−

=
× −

=
2 1

125
1009 26 18

155   kg/s 

Assume Re for air flow to be 7000, i.e. Re = 
G Da h a

a

,

µ
= 7000 . 

G
Da

a

h a
=

⋅
=

× ×
=

−Re .
.

.
,

µ 7000 2 02 10
0 00348

40 63
5

  kg / (m .s)2

Mass velocity: 

 

From Fig. 10.4, for Re = 7000, we can obtain: 
Air side heat transfer coefficient: 

h
Gc p

Pr 2 3 = 0.0048 

f = 0.02 

h
G c

Ka
a p a

a

= × = ×
×

=0 0048 0 0048 40 63 1009
0 71

247 252 3 2 3.
Pr

. .
.

. .,   W / m2  

Fin length (from fig. 10.4): 
Fin efficiency: 

L =
× −

=
1 0 0254 0 01717

2
0 004115. . .  m 
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mL
Ph
k A

L
h

k t
La

al

a

al
= ⋅ ≈

⋅
⋅ =

×

× ×
× =

−

2 2 247 25
250 0 41 10

0 004115 0 28583
.

.
. .  

η f
mL

mL
= =

tanh( ) .0 97  

The total efficiency: 
The ratio of finned area/ total surface area: 

( )A u = × − × × × × =−1 0 0254 7 75 0 41 10 0 01717 0 00119870713. . . . . .π  

A f = × × × × −
×







 =7 75 2 0866 10 0 0254 0 01717

4
0 00507107592

2
. . . . . .π  

A
A

A
A A

f

t

f

f u
=

+
= 0 809.  

[ ]η η= − −








 = − × − =1 1 1 0809 1 0 97 0 98

A
A

f

t
f( ) . ( . ) .  

fr

a

free

a
a A

m
A
mG

⋅
==
σ


Air side frontal area: 

 

A
m

Gfr
a

a
=

⋅
=

×
=

 .
. .

.
σ

155
0 481 40 63

0 7931  m2  

 

Assume: (1). tube wall thickness to be t = 0.002 m, so the I.D. of tube is d = 0.01317 m. 
Water side heat transfer coefficient:  

 (2). average quality x = 0.5. 
 (3).  condensate velocity inside tube ul

   so the mass flux G = ρ
 = 0.05 m/s, 

lul = 1156 × 0.05 = 57.8 kg/(m2

Then, 
.s). 

( )
Re . ( . ) .

.l
l

G x d
=

⋅ − ⋅
=

× − ×

×
=

−

1 57 8 1 05 0 01317
189 10

20144µ
 

Re . ( . ) .
.g

g

G x d
=

⋅ ⋅
=

× − ×

×
=

−µ
57 8 1 05 0 01317

0125 10
304494

 

Re Re Re .
. .

. .

eq g
g

l

l

g
l=


















 + = × 




× 





+ =
µ

µ
ρ
ρ

0 5 0 5

30449 0125
189

1156
4545

2014 12170  

h
k
dTP eq l

l= = × × × =0 05 0 05 12170 398 0 071
0 01317

788 60 8 0 33 0 8 0 33. Re Pr . . .
.

.. . . .   W / (m . K)2  

U
A
A h

A R
ha

o

i i
o w

o
= + +










−
1 1

1

η

Overall heat transfer coefficient: 
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     = 554
74

     = 73.4  W / (m . K)2

× +
×
×






+

×













− −
1

788 6
1717 10

2 250
1717
1317

1
0 98 247 25

2 1

.
. ln .

. . .  

C C m cair a p amin , . .= = = × =155 1009 15639 5
Heat balance: 

  W/K 

ε =
−

− −
=

26 18
310 27315 18

0 4244
( . )

.  

C
C

min

max

.
=

∞
=

15639 5 0  

From Fig. 2.15: NTU = 0.5 

A
NTU C
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Problem 10.12 
Design an air-water compact heat exchanger to serve as an intercooler for a gas turbine 
plant. The heat exchanger is to meet the following heat transfer and pressure drop 
performance specifications: 

flow rate: 25 kg/s 
inlet temperature: 500oC 
outlet temperature: 350oC 
inlet pressure: 2×105 N/m2 
pressure drop rate: 8% 
water side operating conditions: flow rate 50 kg/s 
inlet temperature: 290 K 

 
GIVEN: 

The heat exchanger surface for this heat exchanger is given in Fig. 10.8 (surface 9.1-0.737-S) 
with flattened tube-fin compact surface. Fins are continuous aluminum fins. The geometrical data 
for air side is given in Table 10.1. Water side: the flatted tube is 0.2 cm×1.6 cm. The inside 
diameter of the tubes before it was flatted was 1.23 cm, with a wall thickness of 0.025 cm. Water 
velocity inside is 1.5 m/s. The design should specify the core size, the core pressure drop. 

Hot Air flows across a plain plate-fin matrix configuration (9.1-0.737-S): 
p1 = 2×105 N/m2, Tin,a = 500 oC, Tout, a = 350 oC, m a = 25 kg/s 
∆p = 8% 

Water side:  
Tin,w = 290 K, m w = 50 kg/s 

Geometrical size: 
Water side: 

Flatted tube size: 0.2×1.6 cm2,  Diameter of tube before flatted: dt = 1.23 cm,  
Tube wall thickness: δ = 0.025 cm, Water velocity uw = 1.5 m/s 

 
SOLUTION:  
 

 
 

 
 
 
 
 
 
 

Water side: 
Frontal area associated with one tube: 0.79”×0.55”=0.4345 in2 = 2.803×10-4 m2 

Fins per cm = 23.114 
Dh = 0.3565 cm 
Fin thickness t = 0.0102 cm 
Extended area/Total area: 0.813 
Area/Core volume β = 734.9 m2/m3 

Free flow area/ frontal area σ = 0.788  
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, properties of air from Appendix are: 

 

From Table 10.1, we have 

32

min

/m 734.9=

cm 3565.0

788.0

m
D
A
A

h

fr

β

σ

=

==

 

Properties of water from Appendix are (Assume mean temperature as being 300K): 
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Thermal conductivity of aluminum is taken as kal

The trial-and-error method is needed for air side calculation, for the first attempting, let Re 

for air flow be 7000, i.e. Re = 

 = 250 W/(m.K) 
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Mass velocity: 

 

From Fig. 10.8 and Fig. 10.7, for Re = 7000, we can obtain: 
Air side heat transfer coefficient: 

h
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Fin efficiency: 
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η f
mL
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The total efficiency is then: 
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Water side heat transfer coefficient: 
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Using Gnielinski’s correlation for 2300<Re<10000, we obtain: 
f = − =−( . ln Re . ) .158 328 0 00932  
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Overall heat transfer coefficient: 
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From Fig. 2.15: NTU = 0.4 
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To calculate ρ1, ρ2 from p1

p p

p
p

Pa
p p

1 2

2
1 5 1 2 5

102

102
196 10

2
198 10

=

= = × =
+

= ×

. ,

.
. , .   and p   Pam

, a pressure drop assumption must be made and, then, verified. A 
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The final result is almost the same as we assume, so ∆p
p

f

1
2%= . The pressure drop 2% is less 

than the pressure drop limitation 8%, and the design is acceptable. 
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Problem 10.13 
Design a heat exchanger asking the surface given in Figure 10.8 (surface 9.29-0.737-S-R). 
Fins are continuous aluminum. The geometrical data for the air side are given in Table 
10.1. On the water side, the flatted tube is 0.2 cm × 1.6 cm. The inside diameter of the tube 
before it was flattened was 1.23 cm, with a wall thickness of 0.025 cm. Water velocity inside 
is 1.5 m/s. The design should specify the core size and the core pressure drop. 

 
GIVEN: 

The heat exchanger surface for this heat exchanger is given in Fig. 10.8 (surface 9.1-0.737-S) 
with flattened tube-fin compact surface. Fins are continuous aluminum fins. The geometrical data 
for air side is given in Table 10.1. Water side: the flatted tube is 0.2 cm×1.6 cm. The inside 
diameter of the tubes before it was flatted was 1.23 cm, with a wall thickness of 0.025 cm. Water 
velocity inside is 1.5 m/s. The design should specify the core size, the core pressure drop. 

Hot Air flows across a plain plate-fin matrix configuration (9.1-0.737-S): 
p1 = 2×105 N/m2, Tin,a = 500 oC, Tout, a = 350 oC, m a = 25 kg/s 
∆p = 8% 

Water side:  
Tin,w = 290 K, m w = 50 kg/s 

Geometrical size: 
Water side: 

Flatted tube size: 0.2×1.6 cm2,  Diameter of tube before flatted: dt = 1.23 cm,  
Tube wall thickness: δ = 0.025 cm, Water velocity uw = 1.5 m/s 

 
SOLUTION:  
 

 
 

 
 
 
 
 
 
 

Water side: 
Frontal area associated with one tube: 0.79”×0.55”=0.4345 in2 = 2.803×10-4 m
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Fins per cm = 23.114 
Dh = 0.3565 cm 
Fin thickness t = 0.0102 cm 
Extended area/Total area: 0.813 
Area/Core volume β = 734.9 m2/m3 

Free flow area/ frontal area σ = 0.788  
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Properties of water from Appendix are (Assume mean temperature as being 300K): 
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Thermal conductivity of aluminum is taken as kal

The trial-and-error method is needed for air side calculation, for the first attempting, let Re 

for air flow be 7000, i.e. Re = 
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From Fig. 10.8 and Fig. 10.7, for Re = 7000, we can obtain: 
Air side heat transfer coefficient: 
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Fin efficiency: 
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The total efficiency is then: 
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Using Gnielinski’s correlation for 2300<Re<10000, we obtain: 
f = − =−( . ln Re . ) .158 328 0 00932  
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The final result is almost the same as we assume, so ∆p
p

f

1
2%= . The pressure drop 2% is less 

than the pressure drop limitation 8%, and the design is acceptable. 
 

www.konkur.in



Problem 11.1 
The following constructional information is available for a gasket-plate heat  exchanger: 
 chevron angle    50 o 
 Enlargement factor  1.17 
 All port diameters   15 cm 
 Plate thickness   0.0006 m 
 Vertical port distance  1.50 m 
 Horizontal port distance 0.50 m 
 Plate pitch   0.0035 m 
Calculate: 
a. Mean channel flow gap 
b. One-channel flow area 
c. Channel equivalent diameter 
d. Projected plate area 
e. Effective surface area per plate 

 
 

SOLUTION:  
a. Mean channel flow gap: 

b p t= − = − =0 0035 0 0006 0 0029. . .    m  

b. One-channel flow area: 

( )A b L b L Dc w h p1 0 0029 05 015 0 001885= ⋅ = ⋅ + = × + =. ( . . ) .   m2  

c. Channel equivalent diameter: 
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w
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2
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φ φ

2    m.
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.  

d. Projected plate area: 

( )( )A L L L D L Dp p w h p v p1 05 015 15 015 08775= ⋅ = + − = + − =( . . )( . . ) .   m2  

e. Effective surface area per plate: 
A A p1 1= ⋅ ×φ = 1.17 0.8775 = 1.0267  m2  
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Problem 11.2 
A gasketed-plate heat exchanger will be used for heating city water (Rfc = 0.00006 m2.K/W) 
using the wastewater available at 90 oC. The vertical distance between the ports of the plate 
is 1.60 m and the width of the plate is 0.50 m with a gap of 6 mm between the plates. The 
enhancement factor is provided by the manufacturer as 1.17 and the Chevron angle is 50 
oC. The plates are made of titanium (k = 20 W/m.K) with a thickness of 0.0006m. The port 
diameter is 0.15 m. The cold water enters to the plate heat exchanger at 15 oC and leaves at 
45 oC at a rate of 6 kg/s; and it will be heated by the hot water available at 90 oC, flowing at 
a rate of 12 kg/s. By considering single-pass arrangements for both streams, calculate: 
a. The effective surface area and the number of plates of this heat exchangers 
b. The pressure drop for both streams 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 90 oC 
-Mass flow rate of hot water ( m h) = 12 kg/s 
-Inlet temperature of cold water (Tc1) = 15 oC 
-Outlet temperature of cold water (Tc2) = 45 oC 
-Mass flow rate of cold water ( m c) = 6 kg/s 
-Fouling resistance (Rfc) = 0.00006 m2.K/W 
-Plate thermal conductivity (Titanium , kw) = 20 W/(m.K) 
-Gasket heat exchanger configuration: 

Lv = 1.60 m   Lw = 0.50 m 
b = 6 mm   φ = 1.17 
β = 50o   t = 0.0006 m 
Dp = 0.15 m 
 

 
SOLUTION:  

Cold water properties at  30
2

4515
2

TT
T outin

m =
+

=
+

= o

  W/(m.K)612.0k
58.5Pr

J/kg.K  4179c
kg/m.s  1015.8

kg/m  996

p

4

3

=
=

=
×=µ

=ρ
−

C: 

 

Hot water properties at Th1 = 90 o

  W/(m.K)675.0k
96.1Pr

J/kg.K  4205c
kg/m.s  1016.3

kg/m  965

p

4

3

=
=

=
×=µ

=ρ
−

C: 

 

 
a. 

 

Heat duty: 
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( ) ( ) ( ) ( )
( )   W 752220154541796  

TTcmTTcmQ 2h1hhp1c2ccp

=−××=

−=−= 
 

( ) ( )
( )

( ) 75
420512

15454179690
cm

TTcm
TT

hp

1c2ccp
1h2h =

×
−××

−=
−

−=



 oC 

( ) ( )
( )
( )

14.52

1575
4590ln

)1575()4590(

TT
TT

ln

TTTT
T

1c2h

2c1h

1c2h2c1h
cf,lm =

−
−

−−−
=

−
−

−−−
=∆

Log-mean temperature difference: 

 o

To solve for the number of plates needed, a trial-and-error method has to be used. First, an 
estimated heat transfer coefficient is assumed, which is verified and iterated later until the 
assumed value matches the value resulted from it. 

C 

Assume the overall heat transfer coefficient Uc to be 5000 W/(m2

For safety factor C
.K) (From table 11.2). 

s

10531087522204.1QCQ rsf =×=⋅=

 = 1.4,  
 W 

where Q U A F Tf f e lm cf= ⋅ ∆ , , then: 

0395.4
14.5215000

1053108
TFU

Q
A

cf,lmf

f
e =

××
=

∆⋅
=  m2 

( ) 725.0)50.0)(15.06.1(LDLLLA wpvpwp1 =−=⋅−=⋅=

The single-plate projected area: 
 m2 

8483.017.1725.0AA p11 =×=φ⋅=

The single-plate heat transfer area: 
m2  

5
8483.0
0395.4

A
A

N
1

e
e ≈==

The number of plates: 

 plates 

∴ 7252NN et =+=+= plates 

Verify the assumed heat transfer coefficient: 

2
wch m   003.05.0006.0LbA =×=×=

One channel flow area: 
 

( )
( ) m   01026.0

17.1
006.02b2

Lb2
Lb4

D
w

w
e =

×
=

φ
=

φ+
⋅

=

Channel equivalent diameter: 

 

 
The number of channels per pass, Ncp

3
12
17

N2
1N

N
p

t
cp =

×
−

=
⋅
−

=

: 

 

 
 
Mass flow rate per channel: 
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4
3

12m h,ch ==   kg/s 

2
3
6m c,ch ==   kg/s 

Mass velocity, Gch

34.1333
003.0
4G h,ch ==

: 

  kg/(m2

67.666
003.0
2G c,ch ==

s) 

  kg/(m2s)  

43291
1016.3

01026.034.1333DG
Re 4

h

eh,ch
h =

×

×
=

µ

⋅
=

−

Hot and cold fluid Reynolds numbers for correlation proposed by Kumar are: 

 

8393
1015.8

01026.067.666DG
Re 4

c

ec,ch
c =

×

×
=

µ

⋅
=

−
 

Heat transfer coefficients, hhThis can be obtained by referring to Table 11.6 Ch=0.13, and 
n= 0.732 for β = 50 o

( ) ( )
17.0

w

b31732.0
h

eh
h PrRe13.0

k
Dh

Nu 







µ
µ

⋅==

: 

 

By assuming µb = µw

( ) ( )

K)  W/(m26507
01026.0

675.09.402
D

kNu
h

9.40296.14329113.0Nu

2

e

h
h

31732.0
h

⋅=
×

==

=⋅=

, then: 

 

( ) ( )

K)  W/(m7.10247
01026.0

612.08.171
D

kNu
h

8.17158.5839313.0Nu

2

e

c
c

31732.0
c

⋅=
×

==

=⋅=
 

1 1 1
U h hc c h

= + + 0.0006
20

Overall heat transfer coefficient: 

 

3.6049
20

0.0006+
26507

1+
7.10247

1
20

0.0006+
h
1+

h
1U

11

hc
c =



=








=

−−

 W/(m2

 

.K) 

1 1
U Uf c

= + 0.00006

Fouled overall heat transfer coefficient: 

 

4.44380006.0
3.6049

10.00006+
U
1U

11

c
f =



 +=








=

−−

 W/(m2

So, the resulting heat transfer coeffcient is less than the assumed 5000 W/(m

.K) 

2.K), the 
procedure has to be repeated, assuming the Uf  to be 4438.4 W/(m2.K) as follows: 
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5506.4
14.5214.4438

1053108
TFU

Q
A

cf,lmf

f
e =

××
=

∆⋅
=  m2 

736.5
8483.0
5506.4

A
AN

1

e
e ≈===

The number of plates: 

 plates (round off to odd number to make equal 

 number of channel passes for cold and hot fluid) 
So the number of plates we get is: 

∴ 9272NN et =+=+= plates 
and the effective surface area is: 

2
1ee m  9381.58483.0)29(ANA =×−=⋅=  

 
 

b. 
Hot and cold fluid friction coefficients: This can be obtained by referring to Table 11.6 

Kp=0.772, and m= 0.161 for β = 50 o 

( )
138.0

43291
772.0

Re
772.0f

161.0161.0
h

h ===

and Re > 300:  

  

( )
180.0

6456
772.0

Re
772.0f

161.0161.0
c

c ===   

∆p f
L N

D
G

c
eff p

e

c b

w
=










−

4
2

2 0 17

ρ
µ
µ

.

Hot and cold fluid frictional pressure drop: 

  

( ) 79293
9652
34.1333

01026.0
16.1138.04p

2

hc =
×

×
×

××=∆  Pa 

( ) 25051
9962
67.666

01026.0
16.1180.04p

2

cc =
×

×
×

××=∆  Pa 

06.679

4
15.0

12

4
D

mG
22

p
h,p =











×π

=














π

=


Port mass velocity: 

  kg/(m2

53.339

4
15.0

6

4
D

m
G

22
p

c
c,p =











×π

=














π

=


s) 

  kg/(m2s) 

ρ
=∆

2
G

N4.1p
2

p
pp

Pressure drop in port ducts: 

 

( ) 49.334
9652
06.67914.1p

2

hc =
×

××=∆  Pa 
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( ) 02.81
9962
53.33914.1p

2

cc =
×

××=∆  Pa 

PCt ppp ∆+∆=∆

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( ) 5.7962749.33479293ppp
hphcht =+=∆+∆=∆  Pa 

( ) ( ) ( ) 02.2513202.8125051ppp
cpccct =+=∆+∆=∆  Pa 
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Problem 11.3 
Solve problem 11.2 with the use of the correlations proposed by Kumar, and Mulay and 
Manglik. List the resutls in a Table and compare the results. 

 
 

 
SOLUTION:  

Hot fluid properties: 
ρ

µ

=

= ×
=

=
=

−

986

511 10
4183

3 32
0 635

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Cold water properties: 
ρ

µ

=

= ×
=

=
=

−

995

7 68 10
4178

521
0 616

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Stepwise performance analysis: 

( ) ( ) ( )Q mc T Trc p c c c= − = × × − = .2 1 140 4178 42 22 11698 4  W 

Heat duty: 

 

( ) ( ) ( )Q mc T Trh p h h h= − = × × − = .1 2 140 4183 65 45 11712 4  W  

∆ ∆ ∆T T Tlm cf1 2 23= = =,

Log-mean temperature difference: 
 oC 

N Ne t= − =2 103
The effective number of plate is: 

 

p
L
N

c

t
= = =

0 38
105

0 0036. .

Plate pitch: 

 m 

b = − =0 0036 0 0006 0 003. . .
Mean channel flow gap: 

 m 

A b Lch w= × = × =0 003 0 63 0 00189. . .    m2

One channel flow area: 
 

A
A
N

e

e
1

110
103

1067= = = .

The single-plate heat transfer area: 

  m2  

Enlargement factor: 
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φ = =
1.067
085

1255
.

.  

( )
( )

D
b L

b L
b

e
w

w
=

⋅

+
= =

×
=

4
2

2 0 003
1255

0 00478
φ φ

2    m.
.

.

Channel equivalent diameter: 

 

N
N

Ncp
t

p
=

−
=

−
×

=
1

2
105 1

2 1
52

The number of channel per pass: 

 

 .mch = =
140
52

2 69

Mass flow rate per channel: 

  kg/s 

Mass velocity, Gch

G ch = =
2 69

0 00189
1423 3.

.
.

: 

  kg/(m2s) 

Re . .
.h

ch e

h

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

511 10
133144

Hot and cold fluid Reynolds numbers are: 

 

Re . .
.c

ch e

c

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

7 68 10
88594  

For β = 0.60: 
Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 

Ch=0.108, and n= 0.703 for β = 60 o

( ) ( )Nu
h D

kh
h e

h
b

w
= = ⋅









0108 0 703 1 3

0 17

. Re Pr.
.

µ
µ

C: 

 

By assuming µb = µw

( ) ( )Nu

h
Nu k

D

h

h
h

e

= ⋅ =

= =
×

= ⋅

0108 13314 332 127 8
127 8 0 635

0 00478
16977

0 703 1 3. . .
. .
.

.

  W / (m K)2

, then: 

 

( ) ( )Nu

h
Nu k

D

c

c
c

e

= ⋅ =

= =
×

= ⋅

0108 8859 521 1115
1115 0 616

0 00478
14372

0 703 1 3. . .
. .
.

.

  W / (m K)2
 

1 1 1
U h hc c h

= + + 0.0006
17.5

Overall heat transfer coefficient: 

 

U
h hc

c h
=








 = 





=
− −1 1 1

14372
1

16977
6144

1 1

+ + 0.0006
17.5

+ + 0.0006
17.5

 W/(m2.K) 

1 1
U Uf c

= + 0.00006

Fouled overall heat transfer coefficient: 
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U
Uf

c
=








 = +





=
− −1 1

6144
0 0005 4700

1 1

+ 0.00006 .  W/(m2.K) 

CF
U
U

f

c
= = =

4700
6144

0 76.

The corresponding cleanliness factor is: 

   

Q U A Tc c e m= = × × =∆ 6144 110 23 15544
Actual heat duties for clean surface are: 

  kW 

Q U A Tf f e m= = × × =∆ 4700 110 23 11891    kW 

C
Q
Qs

f

r
= = =

11891
11698

101.

The safety factor is: 

 

OS U Rc ft= = × × =100 100 6144 0 00005 30 72%. .
The percentage over surface design is: 

 

( )
fh

h

= = =
0 76 0 76

13314
0 0990 215 0 215

.

Re

. .. .

Hot and cold fluid friction coefficients: 

  

( )
fc

c

= = =
0 76 0 76

6456
01080 215 0 215

.

Re

. .. .   

∆p f
L N

D
G

c
eff p

e

c b

w
=










−

4
2

2 0 17

ρ
µ
µ

.

Hot and cold fluid frictional pressure drop: 

  

( )∆pc h = × ×
×

×
×

=4 0 099 155 1
0 00478

14233
2 986

131912
2

. .
.

.  Pa 

( )∆pc c = × ×
×

×
×

=4 0108 15 1
0 00478

1423 3
2 995

142602
2

. .
.

.  Pa 

G G m

D
p h p c

p
, ,



.
.= =













=

×










=

π π
2 2

4

140

0 2
4

4458 6

Port mass velocity: 

  kg/(m2s) 

∆p N
G

p p
p= 14

2

2

.
ρ

Pressure drop in port ducts: 

 

( )∆pc h = × ×
×

=14 1 4458 6
2 986

14112 96
2

. . .  Pa 

( )∆pc c = × ×
×

=14 1 4458 6
2 995

1398531
2

. . .  Pa 

∆ ∆ ∆p p pt C P= +

Total pressure drop for hot and cold fluids: 
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( ) ( ) ( )∆ ∆ ∆p p pt h c h p h
= + = + =131912 14112 96 146025.  Pa 

( ) ( ) ( )∆ ∆ ∆p p pt c c c p c
= + = + =142602 13985 31 156587.  Pa 

For β = 0.65: 
Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 

Ch=0.087, and n= 0.718 for β = 65 o

( ) ( )Nu
h D

kh
h e

h
b

w
= = ⋅









0 087 0 718 1 3

0 17

. Re Pr.
.

µ
µ

C: 

 

By assuming µb = µw

( ) ( )Nu

h
Nu k

D

h

h
h

e

= ⋅ =

= =
×

= ⋅

0 087 13314 332 118 7
118 7 0 635

0 00478
15770

0 718 1 3. . .
. .
.

.

  W / (m K)2

, then: 

 

( ) ( )Nu

h
Nu k

D

c

c
c

e

= ⋅ =

= =
×

= ⋅

0 087 8859 521 103
103 0 616

0 00478
13269

0 718 1 3. .
.

.

.

  W / (m K)2
 

1 1 1
U h hc c h

= + + 0.0006
17.5

Overall heat transfer coefficient: 

 

U
h hc

c h
=








 = 





=
− −1 1 1

13269
1

15770
5778

1 1

+ + 0.0006
17.5

+ + 0.0006
17.5

 W/(m2.K) 

1 1
U Uf c

= + 0.00006

Fouled overall heat transfer coefficient: 

 

U
Uf

c
=








 = +





=
− −1 1

5778
0 0005 4483

1 1

+ 0.00006 .  W/(m2.K) 

CF
U
U

f

c
= = =

4483
5778

0 78.

The corresponding cleanliness factor is: 

   

Q U A Tc c e m= = × × =∆ 5778 110 23 14618
Actual heat duties for clean surface are: 

  kW 

Q U A Tf f e m= = × × =∆ 4483 110 23 11342    kW 

C
Q
Qs

f

r
= = =

11342
11698

0 97.

The safety factor is: 

 

OS U Rc ft= = × × =100 100 5778 0 00005 2889%. .
The percentage over surface design is: 

 
Hot and cold fluid friction coefficients: 
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( )
fh

h

= = =
0 639 0 639

13314
0 0840 213 0 213

.

Re

. .. .   

( )
fc

c

= = =
0 639 0 639

6456
0 0990 213 0 213

.

Re

. .. .   

∆p f
L N

D
G

c
eff p

e

c b

w
=










−

4
2

2 0 17

ρ
µ
µ

.

Hot and cold fluid frictional pressure drop: 

  

( )∆pc h = × ×
×

×
×

=4 0 084 155 1
0 00478

14233
2 986

111926
2

. .
.

.  Pa 

( )∆pc c = × ×
×

×
×

=4 0 099 15 1
0 00478

14233
2 995

131912
2

. .
.

.  Pa 

G G m

D
p h p c

p
, ,



.
.= =













=

×










=

π π
2 2

4

140

0 2
4

4458 6

Port mass velocity: 

  kg/(m2s) 

∆p N
G

p p
p= 14

2

2

.
ρ

Pressure drop in port ducts: 

 

( )∆pc h = × ×
×

=14 1 4458 6
2 986

14112 96
2

. . .  Pa 

( )∆pc c = × ×
×

=14 1 4458 6
2 995

1398531
2

. . .  Pa 

∆ ∆ ∆p p pt C P= +

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( )∆ ∆ ∆p p pt h c h p h
= + = + =111926 14112 96 126039.  Pa 

( ) ( ) ( )∆ ∆ ∆p p pt c c c p c
= + = + =131912 13985 31 145897.  Pa 
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Problem 11.4 
Repeat Example 11.1 for 30% or less oversurface design. 

 
 

SOLUTION:  
Hot fluid properties: 

ρ

µ

=

= ×
=

=
=

−

986

511 10
4183

3 32
0 635

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Cold water properties: 
ρ

µ

=

= ×
=

=
=

−

995

7 68 10
4178

521
0 616

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Stepwise performance analysis: 

( ) ( ) ( )Q mc T Trc p c c c= − = × × − = .2 1 140 4178 42 22 11698 4  W 

Heat duty: 

 

( ) ( ) ( )Q mc T Trh p h h h= − = × × − = .1 2 140 4183 65 45 11712 4  W  

∆ ∆ ∆T T Tlm cf1 2 23= = =,

Log-mean temperature difference: 
 oC 

N Ne t= − =2 103
The effective number of plate is: 

 

p
L
N

c

t
= = =

0 38
105

0 0036. .

Plate pitch: 

 m 

b = − =0 0036 0 0006 0 003. . .
Mean channel flow gap: 

 m 

A b Lch w= × = × =0 003 0 63 0 00189. . .    m2

One channel flow area: 
 

A
A
N

e

e
1

110
103

1067= = = .

The single-plate heat transfer area: 

  m2  

φ = =
1.067
085

1255
.

.

Enlargement factor: 

 

Channel equivalent diameter: 
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( )
( )

D
b L

b L
b

e
w

w
=

⋅

+
= =

×
=

4
2

2 0 003
1255

0 00478
φ φ

2    m.
.

.  

N
N

Ncp
t

p
=

−
=

−
×

=
1

2
105 1

2 1
52

The number of channel per pass: 

 

 .mch = =
140
52

2 69

Mass flow rate per channel: 

  kg/s 

Mass velocity, Gch

G ch = =
2 69

0 00189
1423 3.

.
.

: 

  kg/(m2s) 

Re . .
.h

ch e

h

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

511 10
133144

Hot and cold fluid Reynolds numbers are: 

 

Re . .
.c

ch e

c

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

7 68 10
88594  

Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 
Ch=0.3, and n= 0.633 for β = 45 o

( ) ( )Nu
h D

kh
h e

h
b

w
= = ⋅









0 3 0 633 1 3

0 17

. Re Pr.
.

µ
µ

C: 

 

By assuming µb = µw

( ) ( )Nu

h
Nu k

D

h

h
h

e

= ⋅ =

= =
×

= ⋅

0 3 13314 3 32 242 8
242 8 0 635

0 00478
32255

0 633 1 3. . .
. .
.

.

  W / (m K)2

, then: 

 

( ) ( )Nu

h
Nu k

D

c

c
c

e

= ⋅ =

= =
×

= ⋅

0 3 8859 521 2154
2154 0 616

0 00478
27759

0 633 1 3. . .
. .
.

.

  W / (m K)2
 

1 1 1
U h hc c h

= + + 0.0006
17.5

Overall heat transfer coefficient: 

 

U
h hc

c h
=








 =
−

1 1 9870
1

+ + 0.0006
17.5

 W/(m2.K) 

OS U Rc ft= =100 30%
For 30% of oversurface design: 

 

R OS
Uft

c
= =

×
=

100
0 3

100 9870
0 0000003. .  

1 1
U Uf c

= + 0.0000003

Fouled overall heat transfer coefficient: 
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U
Uf

c
=








 = +





=
− −1 1

9870
0 0000003 9840

1 1

+ 0.0000003 .  W/(m2.K) 

CF
U
U

f

c
= = =

9840
9870

0 997.

The corresponding cleanliness factor is: 

 

Q U A Tc c e m= = × × =∆ 9870 110 23 24971
Actual heat duties for clean surface are: 

  kW 

Q U A Tf f e m= = × × =∆ 9840 110 23 24895    kW 

C
Q
Qs

f

r
= = =

24895
11698

213.

The safety factor is: 

 

( )
fh

h

= = =
1441 1441

13314
0 2040 206 0 206

.

Re

. .. .

Hot and cold fluid friction coefficients: 

  

( )
fc

c

= = =
1441 1441

8859
0 2220 206 0 206

.

Re

. .. .   

∆p f
L N

D
G

c
eff p

e

c b

w
=










−

4
2

2 0 17

ρ
µ
µ

.

Hot and cold fluid frictional pressure drop: 

  

( )∆pc h = × ×
×

×
×

=4 0 204 155 1
0 00478

1423 3
2 986

271819
2

. .
.

.  Pa 

( )∆pc c = × ×
×

×
×

=4 0 222 15 1
0 00478

14233
2 995

293128
2

. .
.

.  Pa 

G G m

D
p h p c

p
, ,



.
.= =













=

×










=

π π
2 2

4

140

0 2
4

4458 6

Port mass velocity: 

  kg/(m2s) 

∆p N
G

p p
p= 14

2

2

.
ρ

Pressure drop in port ducts: 

 

( )∆pc h = × ×
×

=14 1 4458 6
2 986

14112 96
2

. . .  Pa 

( )∆pc c = × ×
×

=14 1 4458 6
2 995

1398531
2

. . .  Pa 

∆ ∆ ∆p p pt C P= +

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( )∆ ∆ ∆p p pt h c h p h
= + = + =271819 14112 96 285932.  Pa 
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( ) ( ) ( )∆ ∆ ∆p p pt c c c p c
= + = + =293128 13985 31 307113.  Pa 
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Problem 11.5 
Solve Problem 11.2 for two-pass/two-pass arrangement. 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 90 oC 
-Mass flow rate of hot water ( m h) = 12 kg/s 
-Inlet temperature of cold water (Tc1) = 15 oC 
-Outlet temperature of cold water (Tc2) = 45 oC 
-Mass flow rate of cold water ( m c) = 6 kg/s 
-Fouling resistance (Rfc) = 0.00006 m2.K/W 
-Plate thermal conductivity (Titanium , kw) = 20 W/(m.K) 
-Gasket heat exchanger configuration: 

Lv = 1.60 m   Lw = 0.50 m 
b = 6 mm   φ = 1.17 
β = 50 oC   t = 0.0006 m 
Dp = 0.15 m 
 

 
SOLUTION:  

Cold water properties at  T
T T

m
in out=
+

=
+

=
2

15 45
2

30 o

ρ

µ

=

= ×
=

=
=

−

996

815 10
4179

558
0 612

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

Hot water properties at Th1 = 90 o

ρ

µ

=

= ×
=

=
=

−

965

316 10
4205

196
0 675

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

a. 

( ) ( ) ( ) ( )
( )

Q mc T T mc T Tp c c c p h h h= − = −

= × × − =

 2 1 1 2

6 4179 45 15 752220    W 

Heat duty: 

 

( ) ( )
( )

( )
T T

mc T T

mc
h h

p c c c

p h

2 1
2 1

90
6 4179 45 15

12 4205
75= −

−
= −

× × −

×
=




 oC 

Log-mean temperature difference: 
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( ) ( )
( )
( )

∆T
T T T T

T T
T T

lm cf
h c h c

h c

h c

,

ln

( ) ( )

ln
.=

− − −

−

−

=
− − −

−
−

=1 2 2 1

1 2

2 1

90 45 75 15
90 45
75 15

5214  o

To solve for the number of plates needed, a trial-and-error method has to be used. First, an 
estimated heat transfer coefficient is assumed, which is verified and iterated later until the 
assumed value matches the value resulted from it. 

C 

Assume the overall heat transfer coefficient Uc to be 7000 W/(m2

For safety factor C
.K) (From table 11.2). 

s

Q C Qf s r= ⋅ = × =14 752220 1053108.
 = 1.4,  

 W 

where Q U A F Tf f e lm cf= ⋅ ∆ , , then: 

A
Q

U F Te
f

f lm cf
=

⋅
=

× ×
=

∆ , .
.1053108

7000 1 5214
2 885  m2 

( ) 725.05.0)15.06.1(1 =×−=⋅−=⋅= wpvpwp LDLLLA
The single-plate projected area: 

 m2 

848.017.1725.011 =×=⋅= φpAA
The single-plate heat transfer area: 

m2  

54.3
848.0
885.2

1

≈===
A
A

N e
e

The number of plates: 

 plates (odd number) 

∴ 7252 =+=+= et NN plates 

Verify the assumed heat transfer coefficient: 

2m   003.05.0006.0 =×=×= wch LbA
One channel flow area: 

 

( )
( )

D
b L

b L
b

e
w

w
=

⋅

+
= =

×
=

4
2

2 0 006
117

0 01026
φ φ

2    m.
.

.

Channel equivalent diameter: 

 

The number of channels per pass, Ncp

2
22
17

2
1

=
×
−

=
⋅
−

=
p

t
cp N

N
N

: 

 

6
2

12
, ==hchm

mass flow rate per channel: 

  kg/s 

6
2
6

, ==cchm   kg/s 

Mass velocity, Gch

5.1538
0039.0
6

, ==hchG

: 

  kg/(m2

2.769
0039.0
3

, ==cchG

s) 

  kg/(m2s) 
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49953
1016.3

01026.05.1538Re 4
, =

×
×

=
⋅

= −
h

ehch
h

DG
µ

Hot and cold fluid Reynolds numbers are: 

 

9684
1015.8
01026.02.769Re 4

, =
×
×

=
⋅

= −
c

ecch
c

DG
µ

 

Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 
Ch=0.13, and n= 0.732 for β = 50 o

( ) ( )Nu
h D

kh
h e

h
b

w
= = ⋅









0 3 0 732 1 3

0 17

. Re Pr.
.

µ
µ

C: 

 

By assuming µb = µw

( ) ( )

K)  W/(m86788
01026.0

612.00.1455
0.145558.5499533.0

2

31732.0

⋅=
×

==

=⋅=

e

h
h

h

D
kNu

h

Nu

, then: 

 

( ) ( )

K)  W/(m20395
01026.0

675.00.310
0.31096.196843.0

2

31732.0

⋅=
×

==

=⋅=

e

c
c

c

D
kNu

h

Nu
 

1 1 1
U h hc c h

= + + 0.0006
20

Overall heat transfer coefficient: 

 

11043
20

0.0006+
86788

1+
20395

1
20

0.0006+1+1 11

=



=








=

−−

hc
c hh

U  W/(m2.K) 

1 1
U Uf c

= + 0.00006

Fouled overall heat transfer coefficient: 

 

664200006.0
11043

10.00006+1 11

=



 +=








=

−−

c
f U

U  W/(m2

So, the resulting heat transfer coefficient is less than the assumed 7000 W/(m

.K) 

2.K), the 
procedure has to be repeated, assuming the Uf  to be 6642 W/(m2

04.3
14.5216642

1053108

,

=
××

=
∆⋅

=
cflmf

f
e TFU

Q
A

.K) as follows: 

 m2 

56.3
848.0
04.3

1

≈===
A
A

N e
e

The number of plates: 

 plates (round off to odd number to make equal 

 number of channel passes for cold and hot fluid) 
∴ 7252 =+=+= et NN plates 

The following calculation is the same as the above procedure, where we obtain the fouled overall 
heat transfer coefficient as 7912 W/(m2.K).  
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So the number of plates we get is: 
∴N Nt e= + = + =2 5 2 7 plates 

and the effective surface area is: 
2

1 m  24.4848.05 =×=⋅= ANA ee  

 
b. 

( )
135.0

49953
772.0

Re
772.0

161.0161.0 ===
h

hf

Hot and cold fluid friction coefficients: 

  

( )
176.0

9684
772.0

Re
772.0

161.0161.0 ===
c

cf   

∆p f
L N

D
G

c
eff p

e

c b

w
=










−

4
2

2 0 17

ρ
µ
µ

.

Hot and cold fluid frictional pressure drop: 

  

( ) 206554
9652

5.1538
01026.0

26.1135.04
2

=
×

×
×

××=∆ hcp  Pa 

( ) 65218
9962
2.769

01026.0
26.1176.04

2

=
×

×
×

××=∆ ccp  Pa 

G m

D
p h

p
,



.
.=













=

×










=

π π
2 2

4

12

015
4

679 06

Port mass velocity: 

  kg/(m2

G
m

D
p c

c

p
,



.
.=













=

×










=

π π
2 2

4

6

015
4

339 53

s) 

  kg/(m2s) 

∆p N
G

p p
p= 14

2

2

.
ρ

Pressure drop in port ducts: 

 

( ) 0.669
9652
06.67924.1

2

=
×

××=∆ hcp  Pa 

( ) 0.162
9962
53.33924.1

2

=
×

××=∆ ccp  Pa 

∆ ∆ ∆p p pt C P= +

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( ) 207223669206554 =+=∆+∆=∆
hphcht ppp  Pa 

( ) ( ) ( ) 6538016265218 =+=∆+∆=∆
cpccct ppp  Pa 
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Problem 11.6 
A heat exchanger is required to heat treated cooling water with a flow reate of 60 kg/s from 
10 to 50 oC using the waste heat from water, cooling from 60 to 20 oC with the same mass 
flow rate as the cold water. The maximum allowable pressure drop for both streams is 120 
kPa A gasketed-plate heat exchanger with 301 plates having a channel width of 50 cm, a 
vertical distance of 1.5 m between ports is proposed, and the plate pitch is 0.0035 m with an 
enlargement factor of 1.25. The spacing between them is 6 mm. Plates are made of stainless 
steel (316) (k = 16.5 W/m.K). For a two-pass/two-pass arrangement, analyze the problem to 
see if the proposed design is feasible. Could this heat exchanger be smaller or larger? 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 60 oC 
-Outlet temperature of hot wastewater (Th2) = 20 oC 
-Mass flow rate of hot water ( m h) = 60 kg/s 
-Inlet temperature of cold water (Tc1) = 10 oC 
-Outlet temperature of cold water (Tc2) = 50 oC 
-Mass flow rate of cold water ( m c) = 60 kg/s 
-Fouling resistance (Rfc) = 0.00006 m2.K/W 
-Plate thermal conductivity (stainless steel, kw) = 16.5 W/(m.K) 
-Number of plates (Nt) = 301 
-Allowable pressure drop(∆p) = 120 kPa 
-Gasket heat exchanger configuration: 

Lv = 1.5 m   Lw = 0.50 m 
p = 0.0035 m  φ = 1.25 
β = 60 o   t = 0.0006 m 
Dp = 0.15 m   

 
SOLUTION:  

Hot fluid properties at 𝑇𝑚 = 𝑇ℎ1+𝑇ℎ2
2

=  60+20
2

= 40 𝐶 𝑜  : 

𝜌 = 992.2 𝑘𝑔 𝑚3⁄  

𝜇 = 6.53 𝑥 10−4  𝑘𝑔 𝑚. 𝑠⁄  

𝑐𝑝 = 4179 𝐽 𝑘𝑔.𝐾⁄  

Pr = 4.34 

𝑘 = 0.629 𝑊 𝑚.𝐾⁄  

Cold water properties at  𝑇𝑚 = 𝑇𝑐1+𝑇𝑐2
2

=  50+10
2

= 30 𝐶 𝑜  : 

𝜌 = 995.7 𝑘𝑔 𝑚3⁄  

𝜇 = 7.975 𝑥 10−4  𝑘𝑔 𝑚. 𝑠⁄  

𝑐𝑝 = 4178 𝐽 𝑘𝑔.𝐾⁄  

Pr = 5.43 

𝑘 = 0.614 𝑊 𝑚.𝐾⁄  

Stepwise performance analysis:  
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Heat duty: 

𝑄𝑟𝑐 = �𝑚̇𝑐𝑝�𝑐(𝑇𝑐2 − 𝑇𝑐1) = 60 𝑥 4178 𝑥 (50 − 10) = 10027.2 𝑘𝑊  

𝑄𝑟ℎ = �𝑚̇𝑐𝑝�ℎ(𝑇ℎ1 − 𝑇ℎ2) = 60 𝑥 4179𝑥 (60 − 20) = 10029.6 𝑘𝑊  

Log -mean temperature difference:  

∆𝑇1 =  ∆𝑇2 =  ∆𝑇𝑙𝑚,𝑐𝑓 = 10 𝐶 𝑜   

The effective number of plate is: 

𝑁𝑒 = 𝑁𝑡 − 2 = 299 

Mean channel flow gap:  

𝑏 = 0.0035− 0.0006 = 0.0029 𝑚 

One channel flow area:  

𝐴𝑐ℎ = 𝑏 𝑥 𝐿𝑤 = 0.0029 𝑥 0.5 = 0.00145 𝑚2 

The single plate projected area:  

𝐴1𝑝 = 𝐿𝑤  .  𝐿𝑝 = �𝐿𝑣 − 𝐷𝑝� . 𝐿𝑤 = (1.5 − 0.15) 𝑥 0.5 = 0.675 𝑚2 

The single plate heat transfer area:  

𝐴1 = 𝐴1𝑝 .∅ = 0.675 𝑥 1.25 = 0.844 𝑚2 

Channel equivalent diameter: 

𝐷𝑒 =
4(𝑏. 𝐿𝑤)

2(𝑏 + 𝐿𝑤∅)
=

2𝑏
∅

=
2 𝑥 0.0029

1.25
= 0.00464 𝑚 

The number of channel per pass: 

𝑁𝑐𝑝 =
𝑁𝑡 − 1

2𝑁𝑝
=  

301 − 1
2 𝑥 2

= 75 

Mass flow rate per channel: 

𝑚̇𝑐ℎ =
60
75

= 0.8 𝑘𝑔 𝑠⁄  

Mass velocity, Gch: 

𝐺𝑐ℎ =
0.8

0.00145
= 551.7 𝑘𝑔 (𝑚2𝑠)⁄  

Hot and cold fluid Reynolds numbers are: 

𝑅𝑒ℎ =
𝐺𝑐ℎ .  𝐷𝑒
𝜇ℎ

=
551.7 𝑥 0.00464

6.53 𝑥 10−4
= 3920.2 

𝑅𝑒𝑐 =
𝐺𝑐ℎ  .  𝐷𝑒
𝜇𝑐

=
551.7 𝑥 0.00464

7.975 𝑥 10−4
= 3209.8 

Hot fluid and cold fluid heat transfer coefficient,hh and hc:    This can be obtained by referring 

to Table 11.6 (Kumar’s correlation) Ch=0.108, and n=0.703 for β=60º : 
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𝑁𝑢ℎ =  
ℎℎ  𝑥 𝐷𝑒

𝑘
= 0.108 𝑥 (𝑅𝑒ℎ)0.703(𝑃𝑟)1 3⁄ �

𝜇𝑏
𝜇𝑤
�
0.17

 

By assuming µb=µw, then: 

𝑁𝑢ℎ = 0.108 𝑥 (3920.2)0.703(4.34)1 3⁄ = 59.16 

ℎℎ =  
𝑁𝑢ℎ  𝑥 𝑘
𝐷𝑒

=  
59.16 𝑥 0.629

0.00464
= 8019.75 𝑊 (𝑚2.𝐾⁄ )   

𝑁𝑢𝑐 = 0.108 𝑥 (3209.8)0.703(5.43)1 3⁄ = 55.39 

ℎ𝑐 =  
𝑁𝑢𝑐  𝑥 𝑘
𝐷𝑒

=  
55.39 𝑥 0.614

0.00464
= 7329.6 𝑊 (𝑚2.𝐾⁄ )   

Overall heat transfer coefficient:  
1
𝑈𝑐

=
1
ℎℎ

+
1
ℎ𝑐

+
0.0006

16.5
 

𝑈𝑐 = �
1

8019.75
+

1
7329.6

+
0.0006

16.5 �
−1

= 3361.5 𝑊 (𝑚2.𝐾⁄ )   

For %30 of oversurface design:  

𝑂𝑆 = 100𝑈𝑐𝑅𝑓𝑡 = 30% 

𝑅𝑓𝑡 =
𝑂𝑆

100𝑈𝑐
=

0.3
100 𝑥 3361.5

= 8.92 𝑥 10−7  (𝑚2.𝐾)/𝑊 

Fouled overall heat transfer coefficient:  
1
𝑈𝑓

=
1
𝑈𝑐

+ 8.92 𝑥 10−7  

𝑈𝑓 = �
1
𝑈𝑐

+ 8.92 𝑥 10−7�
−1

= �
1

3361.5
+ 8.92 𝑥 10−7�

−1
= 3351.4𝑊 (𝑚2.𝐾⁄ )    

Corresponding cleanliness factor: 

𝐶𝐹 =  
𝑈𝑓
𝑈𝑐

=
3351.4
3361.5

= 0.997 

Actual heat duties for clean surface:  

𝑄𝑐 = 𝑈𝑐𝐴𝑒∆𝑇𝑚 = 3361.5 𝑥 299 𝑥 0.844 𝑥 10 = 8482.95 𝑘𝑊  

𝑄𝑓 = 𝑈𝑓𝐴𝑒∆𝑇𝑚 = 3351.4 𝑥 299 𝑥 0.844 𝑥 10 = 8457.49 𝑘𝑊  

The safety factor: 

𝐶𝑠 =
𝑄𝑓
𝑄𝑟

=
8457.49
10029.6

= 0.84 

Hot and cold friction coefficients with Kumar’s correlation from Table 11.6 for Kp=0.760 and 

m=0.215:  

𝑓ℎ =
0.760

(𝑅𝑒ℎ)0.215 =
0.760

(3920.2)0.215 = 0.128 
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𝑓𝑐 =
0.760

(𝑅𝑒𝑐)0.215 =
0.760

(3209.8)0.215 = 0.134 

Hot and cold fluid frictional pressure drop:  

∆𝑃𝑐  = 4𝑓
𝐿𝑒𝑓𝑓𝑁𝑝
𝐷𝑒

𝐺𝑐2

2𝜌
�
𝜇𝑏
𝜇𝑤
�
−0.17

 

(∆𝑃𝑐) ℎ = 4 𝑥 0.128 𝑥 
1.5 𝑥 2 
0.00464

 𝑥 
551.72

2 𝑥 992.2
= 50775𝑃𝑎 

(∆𝑃𝑐) 𝑐 = 4 𝑥 0.134 𝑥 
1.5 𝑥 2 
0.00464

 𝑥 
551.72

2 𝑥 995.7
= 52968.2 𝑃𝑎 

Port mass velocity:  

𝐺𝑝,ℎ = 𝐺𝑝,𝑐 =
𝑚̇

𝜋 �
𝐷𝑝2
4 �

=
60

𝜋 �0.15 
2

4 �
= 3395.3 𝑘𝑔 (𝑚2𝑠)⁄  

Pressure drop in port ducts:  

∆Pp = 1.4𝑁𝑝
𝐺𝑝  

2

2𝜌
 

(∆𝑃𝑝)ℎ = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 992.2
= 16266.2 𝑃𝑎 

(∆𝑃𝑝)𝑐 = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 995.7
= 16209 𝑃𝑎 

Total pressure drop for hot and cold fluids:  

∆𝑃𝑡 =  ∆𝑃𝑐 + ∆𝑃𝑝 

(∆𝑃𝑡)ℎ =  (∆𝑃𝑐)ℎ + (∆𝑃𝑝)ℎ = 50775 + 16266.2 = 67041.2 𝑃𝑎 

(∆𝑃𝑡)𝑐 =  (∆𝑃𝑐)𝑐 + (∆𝑃𝑝)𝑐 = 52968.2 + 16209 = 69177.2 𝑃𝑎 

 

As a result, this heat exchanger can be smaller since pressure drop values are lower than 

allowable pressure drop. Heat exchanger size can be reduced until pressure drop values get close 

to allowable pressure drop value. 
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Problem 11.7 
Analyze problem 11.6 with the use of the correlations proposed by Kumar and correlation 
proposed by Chisholm and Wanniarachchi to see if the proposed design is feasible. Then 
compare the results of both correlations. Could this heat exchanger be smaller or larger? 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 60 oC 
-Outlet temperature of hot wastewater (Th2) = 20 oC 
-Mass flow rate of hot water ( m h) = 60 kg/s 
-Inlet temperature of cold water (Tc1) = 10 oC 
-Outlet temperature of cold water (Tc2) = 50 oC 
-Mass flow rate of cold water ( m c) = 60 kg/s 
-Fouling resistance (Rfc) = 0.00006 m2.K/W 
-Plate thermal conductivity (stainless steel, kw) = 16.5 W/(m.K) 
-Number of plates (Nt) = 301 
-Allowable pressure drop(∆p) = 120 kPa 
-Gasket heat exchanger configuration: 

Lv = 1.5 m   Lw = 0.50 m 
p = 0.0035 m  φ = 1.25 
β = 60 o   t = 0.0006 m 
Dp = 0.15 m 

 
SOLUTION:  

Hot fluid properties at 𝑇𝑚 = 𝑇ℎ1+𝑇ℎ2
2

=  60+20
2

= 40 𝐶 𝑜  : 

𝜌 = 992.2 𝑘𝑔 𝑚3⁄  

𝜇 = 6.53 𝑥 10−4  𝑘𝑔 𝑚. 𝑠⁄  

𝑐𝑝 = 4179 𝐽 𝑘𝑔.𝐾⁄  

Pr = 4.34 

𝑘 = 0.629 𝑊 𝑚.𝐾⁄  

Cold water properties at  𝑇𝑚 = 𝑇𝑐1+𝑇𝑐2
2

=  50+10
2

= 30 𝐶 𝑜  : 

𝜌 = 995.7 𝑘𝑔 𝑚3⁄  

𝜇 = 7.975 𝑥 10−4  𝑘𝑔 𝑚. 𝑠⁄  

𝑐𝑝 = 4178 𝐽 𝑘𝑔.𝐾⁄  

Pr = 5.43 

𝑘 = 0.614 𝑊 𝑚.𝐾⁄  

 

 

Stepwise performance analysis:  

Heat duty: 
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𝑄𝑟𝑐 = �𝑚̇𝑐𝑝�𝑐(𝑇𝑐2 − 𝑇𝑐1) = 60 𝑥 4178 𝑥 (50 − 10) = 10027.2 𝑘𝑊  

𝑄𝑟ℎ = �𝑚̇𝑐𝑝�ℎ(𝑇ℎ1 − 𝑇ℎ2) = 60 𝑥 4179𝑥 (60 − 20) = 10029.6 𝑘𝑊  

Log -mean temperature difference:  

∆𝑇1 =  ∆𝑇2 =  ∆𝑇𝑙𝑚,𝑐𝑓 = 10 𝐶 𝑜   

The effective number of plate is: 

𝑁𝑒 = 𝑁𝑡 − 2 = 299 

Mean channel flow gap:  

𝑏 = 0.0035− 0.0006 = 0.0029 𝑚 

One channel flow area:  

𝐴𝑐ℎ = 𝑏 𝑥 𝐿𝑤 = 0.0029 𝑥 0.5 = 0.00145 𝑚2 

The single plate projected area:  

𝐴1𝑝 = 𝐿𝑤  .  𝐿𝑝 = �𝐿𝑣 − 𝐷𝑝� . 𝐿𝑤 = (1.5 − 0.15) 𝑥 0.5 = 0.675 𝑚2 

The single plate heat transfer area:  

𝐴1 = 𝐴1𝑝 .∅ = 0.675 𝑥 1.25 = 0.844 𝑚2 

Channel equivalent diameter for Kumar’s correlation: 

𝐷𝑒 =
4(𝑏. 𝐿𝑤)

2(𝑏 + 𝐿𝑤∅)
=

2𝑏
∅

=
2 𝑥 0.0029

1.25
= 0.00464 𝑚 

Channel equivalent diameter for Chisholm and Wanniarachchi’s correlations: 

𝐷𝑒 = 2𝑏 = 2 𝑥 0.0029 = 0.0058𝑚 

The number of channel per pass: 

𝑁𝑐𝑝 =
𝑁𝑡 − 1

2𝑁𝑝
=  

301 − 1
2 𝑥 2

= 75 

Mass flow rate per channel: 

𝑚̇𝑐ℎ =
60
75

= 0.8 𝑘𝑔 𝑠⁄  

Mass velocity, Gch: 

𝐺𝑐ℎ =
0.8

0.00145
= 551.7 𝑘𝑔 (𝑚2𝑠)⁄  

 

Solution with Kumar’s Correlation from Table 11.6 for β=60º : 
Hot and cold fluid Reynolds numbers are: 

𝑅𝑒ℎ =
𝐺𝑐ℎ .  𝐷𝑒
𝜇ℎ

=
551.7 𝑥 0.00464

6.53 𝑥 10−4
= 3920.2 

𝑅𝑒𝑐 =
𝐺𝑐ℎ  .  𝐷𝑒
𝜇𝑐

=
551.7 𝑥 0.00464

7.975 𝑥 10−4
= 3209.8 
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Hot fluid and cold fluid heat transfer coefficient,hh and hc:    This can be obtained by referring 

to Table 11.6 (Kumar’s correlation) Ch=0.108, and n=0.703 for β=60º : 

𝑁𝑢ℎ =  
ℎℎ  𝑥 𝐷𝑒

𝑘
= 0.108 𝑥 (𝑅𝑒ℎ)0.703(𝑃𝑟)1 3⁄ �

𝜇𝑏
𝜇𝑤
�
0.17

 

By assuming µb=µw, then: 

𝑁𝑢ℎ = 0.108 𝑥 (3920.2)0.703(4.34)1 3⁄ = 59.16 

ℎℎ =  
𝑁𝑢ℎ  𝑥 𝑘
𝐷𝑒

=  
59.16 𝑥 0.629

0.00464
= 8019.75 𝑊 (𝑚2.𝐾⁄ )   

𝑁𝑢𝑐 = 0.108 𝑥 (3209.8)0.703(5.43)1 3⁄ = 55.39 

ℎ𝑐 =  
𝑁𝑢𝑐  𝑥 𝑘
𝐷𝑒

=  
55.39 𝑥 0.614

0.00464
= 7329.6 𝑊 (𝑚2.𝐾⁄ )   

Overall heat transfer coefficient:  
1
𝑈𝑐

=
1
ℎℎ

+
1
ℎ𝑐

+
0.0006

16.5
 

𝑈𝑐 = �
1

8019.75
+

1
7329.6

+
0.0006

16.5 �
−1

= 3361.5 𝑊 (𝑚2.𝐾⁄ )   

For %30 of oversurface design:  

𝑂𝑆 = 100𝑈𝑐𝑅𝑓𝑡 = 30% 

𝑅𝑓𝑡 =
𝑂𝑆

100𝑈𝑐
=

0.3
100 𝑥 3361.5

= 8.92 𝑥 10−7  (𝑚2.𝐾)/𝑊 

Fouled overall heat transfer coefficient:  
1
𝑈𝑓

=
1
𝑈𝑐

+ 8.92 𝑥 10−7  

𝑈𝑓 = �
1
𝑈𝑐

+ 8.92 𝑥 10−7�
−1

= �
1

3361.5
+ 8.92 𝑥 10−7�

−1
= 3351.4𝑊 (𝑚2.𝐾⁄ )    

Corresponding cleanliness factor: 

𝐶𝐹 =  
𝑈𝑓
𝑈𝑐

=
3351.4
3361.5

= 0.997 

Actual heat duties for clean surface:  

𝑄𝑐 = 𝑈𝑐𝐴𝑒∆𝑇𝑚 = 3361.5 𝑥 299 𝑥 0.844 𝑥 10 = 8482.95 𝑘𝑊  

𝑄𝑓 = 𝑈𝑓𝐴𝑒∆𝑇𝑚 = 3351.4 𝑥 299 𝑥 0.844 𝑥 10 = 8457.49 𝑘𝑊  

The safety factor: 

𝐶𝑠 =
𝑄𝑓
𝑄𝑟

=
8457.49
10029.6

= 0.84 

Hot and cold friction coefficients with Kumar’s correlation from Table 11.6 for Kp=0.760 and 

m=0.215:  
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𝑓ℎ =
0.760

(𝑅𝑒ℎ)0.215 =
0.760

(3920.2)0.215 = 0.128 

𝑓𝑐 =
0.760

(𝑅𝑒𝑐)0.215 =
0.760

(3209.8)0.215 = 0.134 

Hot and cold fluid frictional pressure drop:  

∆𝑃𝑐  = 4𝑓
𝐿𝑒𝑓𝑓𝑁𝑝
𝐷𝑒

𝐺𝑐2

2𝜌
�
𝜇𝑏
𝜇𝑤
�
−0.17

 

(∆𝑃𝑐) ℎ = 4 𝑥 0.128 𝑥 
1.5 𝑥 2 
0.00464

 𝑥 
551.72

2 𝑥 992.2
= 50775𝑃𝑎 

(∆𝑃𝑐) 𝑐 = 4 𝑥 0.134 𝑥 
1.5 𝑥 2 
0.00464

 𝑥 
551.72

2 𝑥 995.7
= 52968.2 𝑃𝑎 

Port mass velocity:  

𝐺𝑝,ℎ = 𝐺𝑝,𝑐 =
𝑚̇

𝜋 �
𝐷𝑝2
4 �

=
60

𝜋 �0.15 
2

4 �
= 3395.3 𝑘𝑔 (𝑚2𝑠)⁄  

Pressure drop in port ducts:  

∆Pp = 1.4𝑁𝑝
𝐺𝑝  

2

2𝜌
 

(∆𝑃𝑝)ℎ = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 992.2
= 16266.2 𝑃𝑎 

(∆𝑃𝑝)𝑐 = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 995.7
= 16209 𝑃𝑎 

Total pressure drop for hot and cold fluids:  

∆𝑃𝑡 =  ∆𝑃𝑐 + ∆𝑃𝑝 

(∆𝑃𝑡)ℎ =  (∆𝑃𝑐)ℎ + (∆𝑃𝑝)ℎ = 50775 + 16266.2 = 67041.2 𝑃𝑎 

(∆𝑃𝑡)𝑐 =  (∆𝑃𝑐)𝑐 + (∆𝑃𝑝)𝑐 = 52968.2 + 16209 = 69177.2 𝑃𝑎 

 

Solution with Chisholm and Wanniarachchi’s correlation from Table 11.5 for 

β=60º: 
Hot and cold fluid Reynolds numbers are: 

𝑅𝑒ℎ =
𝐺𝑐ℎ .  𝐷𝑒
𝜇ℎ

=
551.7 𝑥 0.0058

6.53 𝑥 10−4
= 4900.2 

𝑅𝑒𝑐 =
𝐺𝑐ℎ  .  𝐷𝑒
𝜇𝑐

=
551.7 𝑥 0.0058
7.975 𝑥 10−4

= 4012.4 

Hot fluid and cold fluid heat transfer coefficient,hh and hc: This can be obtained by referring 

to Table 11.5 for β=60º and Ø=1.25: 
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𝑁𝑢ℎ = 0.72 𝑥 𝑅𝑒ℎ0.59𝑃𝑟0.4∅0.41 (𝛽 30⁄ )0.66 

𝑁𝑢ℎ = 0.72 𝑥 (4900.2)0.59(4.34)0.4(1.25)0.41 (60 30⁄ )0.66 = 337.3 

ℎℎ =  
𝑁𝑢ℎ  𝑥 𝑘
𝐷𝑒

=  
337.3 𝑥 0.629

0.0058
= 36579.6 𝑊 (𝑚2.𝐾⁄ )   

𝑁𝑢𝑐 = 0.72 𝑥 𝑅𝑒𝑐0.59𝑃𝑟0.4∅0.41 (𝛽 30⁄ )0.66 

𝑁𝑢𝑐 = 0.72 𝑥 (4012.4)0.59(5.43)0.4(1.25)0.41 (60 30⁄ )0.66 = 327.8 

ℎ𝑐 =  
𝑁𝑢𝑐  𝑥 𝑘
𝐷𝑒

=  
327.8 𝑥 0.614

0.0058
= 34701.6 𝑊 (𝑚2.𝐾⁄ )   

Overall heat transfer coefficient:  
1
𝑈𝑐

=
1
ℎℎ

+
1
ℎ𝑐

+
0.0006

16.5
 

𝑈𝑐 = �
1

36579.6
+

1
34701.6

+
0.0006

16.5 �
−1

= 10808.7𝑊 (𝑚2.𝐾⁄ )   

For %30 of oversurface design:  

𝑂𝑆 = 100𝑈𝑐𝑅𝑓𝑡 = 30% 

𝑅𝑓𝑡 =
𝑂𝑆

100𝑈𝑐
=

0.3
100 𝑥 10808.7

= 2.78 𝑥 10−7  (𝑚2.𝐾)/𝑊 

Fouled overall heat transfer coefficient:  
1
𝑈𝑓

=
1
𝑈𝑐

+ 2.78𝑥 10−7  

𝑈𝑓 = �
1
𝑈𝑐

+ 2.78 𝑥 10−7�
−1

= �
1

10808.7
+ 2.78 𝑥 10−7�

−1
= 10776.3 𝑊 (𝑚2.𝐾⁄ )    

Corresponding cleanliness factor: 

𝐶𝐹 =  
𝑈𝑓
𝑈𝑐

=
10776.3
10808.7

= 0.997 

Actual heat duties for clean surface with:  

𝑄𝑐 = 𝑈𝑐𝐴𝑒∆𝑇𝑚 = 10808.7 𝑥 299 𝑥 0.844 𝑥 10 = 27276.4 𝑘𝑊  

𝑄𝑓 = 𝑈𝑓𝐴𝑒∆𝑇𝑚 = 10776.3𝑥 299 𝑥 0.844 𝑥 10 = 27194.6 𝑘𝑊  

The safety factor: 

𝐶𝑠 =
𝑄𝑓
𝑄𝑟

=
27194.6 
10029.6

= 2.71 

Hot and cold friction coefficients:  

𝑓ℎ = 0.08(𝑅𝑒ℎ)−0.25∅1.25(𝛽 30⁄ )3.6 =  0.08(4900.2)−0.25(1.25)1.25(60 30⁄ )3.6

=  0.153 
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𝑓𝑐 = 0.08(𝑅𝑒𝑐)−0.25∅1.25(𝛽 30⁄ )3.6 =  0.08(4012.4)−0.25(1.25)1.25(60 30⁄ )3.6

=  0.161 

Hot and cold fluid frictional pressure drop:  

∆𝑃𝑐  = 4𝑓
𝐿𝑒𝑓𝑓𝑁𝑝
𝐷𝑒

𝐺𝑐2

2𝜌
�
𝜇𝑏
𝜇𝑤
�
−0.17

 

(∆𝑃𝑐) ℎ = 4 𝑥 0.153 𝑥 
1.5 𝑥 2 
0.0058

 𝑥 
551.72

2 𝑥 992.2
= 48553.6 𝑃𝑎 

(∆𝑃𝑐) 𝑐 = 4 𝑥 0.161 𝑥 
1.5 𝑥 2 
0.0058

 𝑥 
551.72

2 𝑥 995.7
= 50912.8 𝑃𝑎 

Port mass velocity:  

𝐺𝑝,ℎ = 𝐺𝑝,𝑐 =
𝑚̇

𝜋 �
𝐷𝑝2
4 �

=
60

𝜋 �0.15 
2

4 �
= 3395.3 𝑘𝑔 (𝑚2𝑠)⁄  

 

 

Pressure drop in port ducts:  

∆Pp = 1.4𝑁𝑝
𝐺𝑝  

2

2𝜌
 

(∆𝑃𝑝)ℎ = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 992.2
= 16266.2 𝑃𝑎 

(∆𝑃𝑝)𝑐 = 1.4 𝑥 2 𝑥 
3395.32

2 𝑥 995.7
= 16209 𝑃𝑎 

Total pressure drop for hot and cold fluids with:  

∆𝑃𝑡 =  ∆𝑃𝑐 + ∆𝑃𝑝 

(∆𝑃𝑡)ℎ =  (∆𝑃𝑐)ℎ + (∆𝑃𝑝)ℎ = 48553.6 + 16266.2 = 64819.8 𝑃𝑎 

(∆𝑃𝑡)𝑐 =  (∆𝑃𝑐)𝑐 + (∆𝑃𝑝)𝑐 = 50912.8 + 16209 = 67121.8 𝑃𝑎 

 

Table 1. Comparison of the results 
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As a result, this heat exchanger can be smaller since pressure drop values are lower than 

allowable pressure drop. Heat exchanger size can be reduced until pressure drop values get close 

to allowable pressure drop value. 

  

Kumar's 
Correlation

Chisholm and 
Wanniarachchi's

 Correlation

Heat Transfer Coefficient (Hot Fluid) [W/m2K] 8019.8 36579.6

Heat Transfer Coefficient (Cold Fluid)[W/m2K] 7329.6 34701.6

Overall Heat Transfer Coefficient[W/m2K] 3361.5 10808.7
Friction Coefficient (Hot Fluid) 0.1 0.2
Friction Coefficient (Cold Fluid) 0.1 0.2
Frictional Pressure Drop (Hot Fluid) [Pa] 50775.0 48553.6
Frictional Pressure Drop (Cold Fluid) [Pa] 52968.2 50912.8
Pressure Drop in Port Ducts (Hot Fluid) [Pa] 16266.2 16266.2
Pressure Drop in Port Ducts (Cold Fluid) [Pa] 16209.0 16209.0
Total Pressure Drop (Hot Fluid) [Pa] 67041.2 64819.8
Total Pressure Drop (Cold Fluid) [Pa] 69177.2 67121.8
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Problem 11.8 
Repeat Example 11.1 for different types of water conditions: 
a. Coastal ocean (Rfc = 0.0005 K.m2/W), demineralized closed loop ( 0.000001 K.m2/W ) 
b. Wastewater ( 0.00001 K.m2/W ), cooling tower ( Rfc = 0.000069 m2.K/W) 
Write you conclusions. 

 
 

 
SOLUTION:  

Hot fluid properties: 
ρ

µ

=

= ×
=

=
=

−

986

511 10
4183

3 32
0 635

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Cold water properties: 
ρ

µ

=

= ×
=

=
=

−

995

7 68 10
4178

521
0 616

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

 

Stepwise performance analysis: 

( ) ( ) ( )Q mc T Trc p c c c= − = × × − = .2 1 140 4178 42 22 11698 4  W 

Heat duty: 

 

( ) ( ) ( )Q mc T Trh p h h h= − = × × − = .1 2 140 4183 65 45 11712 4  W  

∆ ∆ ∆T T Tlm cf1 2 23= = =,

Log-mean temperature difference: 
 oC 

N Ne t= − =2 103
The effective number of plate is: 

 

p
L
N

c

t
= = =

0 38
105

0 0036. .

Plate pitch: 

 m 

b = − =0 0036 0 0006 0 003. . .
Mean channel flow gap: 

 m 

A b Lch w= × = × =0 003 0 63 0 00189. . .    m2

One channel flow area: 
 

A
A
N

e

e
1

110
103

1067= = = .

The single-plate heat transfer area: 

  m2  
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φ = =
1.067
085

1255
.

.

Enlargement factor: 

 

( )
( )

D
b L

b L
b

e
w

w
=

⋅

+
= =

×
=

4
2

2 0 003
1255

0 00478
φ φ

2    m.
.

.

Channel equivalent diameter: 

 

N
N

Ncp
t

p
=

−
=

−
×

=
1

2
105 1

2 1
52

The number of channel per pass: 

 

 .mch = =
140
52

2 69

Mass flow rate per channel: 

  kg/s 

Mass velocity, Gch

G ch = =
2 69

0 00189
1423 3.

.
.

: 

  kg/(m2s) 

Re . .
.h

ch e

h

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

511 10
133144

Hot and cold fluid Reynolds numbers are: 

 

Re . .
.c

ch e

c

G D
=

⋅
=

×

×
=

−µ
14233 0 00478

7 68 10
88594  

a. 
Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 

Ch=0.3, and n= 0.633 for β = 45 o

( ) ( )Nu
h D

kh
h e

h
b

w
= = ⋅









0 3 0 633 1 3

0 17

. Re Pr.
.

µ
µ

C: 

 

By assuming µb = µw

( ) ( )Nu

h
Nu k

D

h

h
h

e

= ⋅ =

= =
×

= ⋅

0 3 13314 332 242 8
242 8 0 635

0 00478
32255

0 633 1 3. . .
. .
.

.

  W / (m K)2

, then: 

 

( ) ( )Nu

h
Nu k

D

c

c
c

e

= ⋅ =

= =
×

= ⋅

0 3 8859 521 2154
2154 0 616

0 00478
27759

0 633 1 3. . .
. .
.

.

  W / (m K)2
 

1 1 1
U h hc c h

= + + 0.0006
17.5

Overall heat transfer coefficient: 

 

U
h hc

c h
=








 =
−

1 1 9870
1

+ + 0.0006
17.5

 W/(m2.K) 

Fouled overall heat transfer coefficient: 
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1 1
U Uf c

= + 0.0005 + 0.000001  

U
Uf

c
=








 = +





=
− −1 1

9870
0 000501 1660

1 1

+ 0.000501 .  W/(m2.K) 

CF
U
U

f

c
= = =

1660
9870

017.

The corresponding cleanliness factor is: 

  m2 

Q U A Tc c e m= = × × =∆ 9870 110 23 24971
Actual heat duties for clean surface are: 

  kW 

Q U A Tf f e m= = × × =∆ 1660 110 23 4200    kW 

C
Q
Qs

f

r
= = =

4200
11698

0 359.

The safety factor is: 

  

Can not be used for the specific heat transfer purpose, since the fouled overall heat transfer is 
too low to meet the requirement. 

 
b. 

1 1
U Uf c

= + 0.00001+ 0.000069

Fouled overall heat transfer coefficient: 

 

U
Uf

c
=








 = +





=
− −1 1

9870
0 000079 5546

1 1

+ 0.000079 .  W/(m2.K) 

CF
U
U

f

c
= = =

5546
9870

056.

The corresponding cleanliness factor is: 

  m2 

Q U A Tc c e m= = × × =∆ 9870 110 23 24971
Actual heat duties for clean surface are: 

  kW 

Q U A Tf f e m= = × × =∆ 5546 110 23 14031   kW 

C
Q
Qs

f

r
= = =

14031
11698

12.

The safety factor is: 

  

This heat exchanger is acceptable for the heat transfer design. From a. and b., it is seen that 
there is no use to keep the fouling resistance of only one side very low, and should keep the total 
fouling resistance below certain value to meet the heat transfer requirements. 
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Problem 11.9 
A one-pass countercurrent flow heat exchanger has 201 plates. The exchanger has a vertical 
port distance of 2 m and is 0.6 m wide, with a gap between the plates of 6 mm. The heat 
exchanger will be used for the following process: cold water from the city supply with an 
inlet temperature of 10 oC is fed to the heat exchanger at a rate of 15 kg/s that will be heated 
to 75oC with a wastewater entering at an inlet temperature of 90 oC. The flow rate of hot 
water is 30 kg/s, which is a distilled water. The other construction parameters are given as 
in Problem 11.2. There is no limitation on the pressure drop. Is this heat exchanger suitable 
for this purpose (larger or smaller)? 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 90 oC 
-Mass flow rate of hot water ( m h) = 30 kg/s 
-Inlet temperature of cold water (Tc1) = 10 oC 
-Outlet temperature of cold water (Tc2) = 75 oC 
-Mass flow rate of cold water ( m c) = 15 kg/s 
-Plate thermal conductivity (Titanium , kw) = 20 W/(m.K) 
-Gasket heat exchanger configuration: 

Lv = 2.0 m   Lw = 0.60 m 
b = 6 mm   φ = 1.17 
β = 50o   t = 0.0006 m 
Dp = 0.15 m 
 

 
SOLUTION:  

Cold water properties at  T
T T

m
in out=
+

=
+

=
2

10 75
2

42 5. o

ρ

µ

=

= ×
=

=
=

−

991

6 24 10
4179

414
0 630

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

Hot water properties at Th1 = 90 o

ρ

µ

=

= ×
=

=
=

−

965

316 10
4205

196
0 675

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

( ) ( ) ( ) ( )
( )

Q mc T T mc T Tp c c c p h h h= − = −

= × × − =

 2 1 1 2

15 4179 75 10 4074525    W 

Heat duty: 

 

( ) ( )
( )

( )
T T

mc T T

mc
h h

p c c c

p h

2 1
2 1

90
15 4179 75 10

30 4205
57 7= −

−
= −

× × −

×
=




.  oC 
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( ) ( )
( )
( )

∆T
T T T T

T T
T T

lm cf
h c h c

h c

h c

,

ln

( ) (57. )

ln
.

.=
− − −

−

−

=
− − −

−
−

=1 2 2 1

1 2

2 1

90 75 7 10
90 75

57 7 10

217

Log-mean temperature difference: 

 oC 

N Ne t= − =2 199
The effective number of plate is: 

 

 
 

One channel flow area: 

( )A L L L D Lp w p v p w1 2 0 015 0 6 111= ⋅ = − ⋅ = − × =( . . ) . .

The single-plate projected area: 

 m2 

1 1 1.11 1.17 1.2987pA A φ= ⋅ = × =
The single-plate heat transfer area: 

  m2  

( )
( )
4 2 2 0.006 0.01025   m

2 1.17
w

e
w

b L bD
b L φ φ
⋅ ×

= = = =
+

Channel equivalent diameter at φ = 1.17:  

 

N
N

Ncp
t

p
=

−
=

−
×

=
1

2
201 1
2 1

100

The number of channel per pass: 

 

 .,mch h = =
30

100
0 3

Mass flow rate per channel: 

  kg/s 

 .,mch c = =
15

100
015   kg/s 

Mass velocity, Gch

G ch h,
.

.
.= =

0 3
0 0036

8333

: 

  kg/(m2

G ch c,
.

.
.= =

015
0 0036

4167

s) 

  kg/(m2s) 

4

83.33 0.01025Re 2703
3.16 10

ch e
h

h

G D
µ −

⋅ ×
= = =

×

Hot and cold fluid Reynolds numbers are: 

 

4

41.67 0.01025Re 684.5
6.24 10

ch e
c

c

G D
µ −

⋅ ×
= = =

×
 

Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 
Ch=0.13, and n= 0.732 for β = 50 o

( ) ( )
17.0

31732.0 PrRe13.0 







⋅==

w

b
h

eh
h k

Dh
Nu

µ
µ

C: 

 

20.006 0.60 0.0036   mch wA b L= × = × =
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By assuming µb = µw

( ) ( )0.732 1 3

2

0.13 2703 1.96 52.9
52.9 0.675 3484 W/(m K)

0.01025

h

h
h

e

Nu
Nu kh
D

= ⋅ =

×
= = = ⋅

, then: 

 

( ) ( )0.732 1 3

2

0.13 684.5 4.14 24.84
24.84 0.630 1526 W/(m K)

0.01025

c

c
c

e

Nu
Nu kh
D

= ⋅ =

×
= = = ⋅

 

1 1 1
U h hc c h

= + + 0.0006
20

Overall heat transfer coefficient: 

 

1 11 1 0.0006 1 1 0.0006+ + + + 1028.5
20 3484 1526 20c

c h

U
h h

− −   = = =     
 W/(m2.K) 

Assume the R
Fouled overall heat transfer coefficient: 

fc = 0.00006 (m2.K/W) for city water, and Rfh = 0.000086(m2

1 1
U Uf c

= + 0.00006 + 0.000086

.K/W) for the 
wastewater side. 

 

1 11 1+0.00006+0.000086 0.000146 894
1028.5f

c

U
U

− −   = = + =     
 W/(m2.K) 

894 0.87
1028.5

f

c

U
CF

U
= = =

The corresponding cleanliness factor is: 

  m2 

1028.5 199 1.2987 21.7 5462.3c c e mQ U A T= ∆ = × × × =
Actual heat duties for clean surface are: 

  kW 

894 199 1.2987 21.7 5013.7f f e mQ U A T= ∆ = × × × =    kW 

35013.7 10 1.23
4074525

f
s

r

Q
C

Q
×

= = =

The safety factor is: 

 

100 100 1028.5 0.000146 15%c ftOS U R= = × × =
The percentage over surface design is: 

 

This heat exchanger is NOT suitable for this purpose since it is too large. 
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Problem 11.10 
In Example 11.1 a new mass flow rate is provided as 90 kg/s. Assume that the inlet 
temperature of hot and cold fluid are changed to 120 and 20 oC, respectively. If the flow 
arrangement is single pass for both streams, use the ε-NTU method to calculate the outlet 
temperatures for the specific heat exchanger. There may be a constraint on the outlet 
temperature of the cold stream; then this type of analysis is important to see if the required 
outlet temperature of the cold stream is satisfied.  

 
 

SOLUTION:  
Cold water properties at TC,in = 20 o

ρ

µ

=

= ×
=

=
=

−

999

10 67 10
4183

8 20
0591

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C (using this as approximation): 

 

Hot water properties at Th,in = 120 o

ρ

µ

=

= ×
=

=
=

−

943

2 295 10
4245

1419
0 687

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

N Ne t= − =2 103
The effective number of plate is: 

 

p
L
N

c

t
= = =

0 38
105

0 0036. .

Plate pitch: 

 m 

b = − =0 0036 0 0006 0 003. . .
Mean channel flow gap: 

 m 

A b Lch w= × = × =0 003 0 63 0 00189. . .    m2

One channel flow area: 
 

A
A
N

e

e
1

110
103

1067= = = .

The single-plate heat transfer area: 

  m2  

φ = =
1.067
085

1255
.

.

Enlargement factor: 

 

( )
( )

D
b L

b L
b

e
w

w
=

⋅

+
= =

×
=

4
2

2 0 003
1255

0 00478
φ φ

2    m.
.

.

Channel equivalent diameter: 

 

The number of channel per pass: 
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N
N

Ncp
t

p
=

−
=

−
×

=
1

2
105 1

2 1
52  

 .mch = =
90
52

173

Mass flow rate per channel: 

  kg/s 

Mass velocity, Gch

G ch = =
173

0 00189
9153.

.
.

: 

  kg/(m2s) 

Re . .
.h

ch e

h

G D
=

⋅
=

×

×
=

−µ
9153 0 00478

2 295 10
190644

Hot and cold fluid Reynolds numbers are: 

 

Re . .
.c

ch e

c

G D
=

⋅
=

×

×
=

−µ
9153 0 00478

10 67 10
41004  

Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 
Ch=0.3, and n= 0.663 for β = 45 o

( ) ( )
17.0

31663.0 PrRe3.0 







⋅==

w

b
h

eh
h k

Dh
Nu

µ
µ

C: 

 

By assuming µb = µw

( ) ( )

K)  W/(m33311
00478.0

687.08.231
8.231419.1190643.0

2

31663.0

⋅=
×

==

=⋅=

e

h
h

h

D
kNu

h

Nu

, then: 

 

( ) ( )

K)  W/(m18455
00478.0

591.03.149
3.1492.841003.0

2

31663.0

⋅=
×

==

=⋅=

e

c
c

c

D
kNu

h

Nu
 

1 1 1
U h hc c h

= + + 0.0006
17.5

Overall heat transfer coefficient: 

 

8439
17.5

0.0006+1+1
1

=







=

−

hc
c hh

U  W/(m2.K) 

1 1
U Uf c

= + 0.00006

Fouled overall heat transfer coefficient: 

 

560200006.0
8439

10.00006+1 11

=



 +=








=

−−

c
f U

U  W/(m2.K) 

66.0
8439
5602

===
c

f

U
U

CF

The corresponding cleanliness factor is: 

 

NTU: 
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( )C mcc p c
= = × = 90 4183 376470  

( )C mch p h
= = × = 90 4245 382050  

∴ Cmin = C

637.1
376470

1105602

min

=
×

==
C
AUNTU

c 

 

60.0
1exp

11exp

max

min

max

min

max

min

=

−















−

−















−

=

C
CNTU

C
C

NTU
C
C

ε

ε for counterflow: 

 

( ) ( ) 225882012037647060.011min =−××=−⋅= ch TTCQ ε
Actual heat duties: 

  kW 

( ) 61
424590

1022588120
3

12 =
×
×

−=−=
hp

hh cm
QTT


Outlet temperature: 

 o

( ) 80
418390

102258820
3

12 =
×
×

+=+=
hp

cc cm
QTT


C 

 o

 

C 
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Problem 12.1 
(See also Problem 8.1) Design a shell-and-tube type power condenser for a 250 MW(e) coal-fired power 
station. Steam enters the turbine at 500°C and 4 MPa. The thermodynamic efficiency of the turbine is 0.85. 
Assume that the condenser pressure is 10 kPa. Cooling water for the operation is available at 15°C. Assume a 
laminar film condensation on the shell side. 

 
 

SOLUTION:  
Tube geometry: 

O. D.  of the tubes,  d  m
I. D.  of the tubes,  d   m
Tube wall thermal conductivity,  k =  111 W / (m. K)

o

i

=
=

0 00254
0 02291

.
.  

Cooling water properties at 15 o

ρ

µ
c

c

c

ck m K

=

= ×
=

=
=

−

999

1154 10
4186

8 2
0591

4

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,c

.

Pr .
. / .

C: 

 

Properties of the condensed liquid at 10 kPa, Ts = 45.8 o

i

k m K
i

l

l

l

l

lg

.

. / .
.

=

=

= ×
=
=

−

2392

990

588 10
0 635

1918

4

  kJ / kg

  kg / m

  kg / m.s
  W

  kJ / kg

3ρ

µ

C: 

 

Thermodynamic properties of steam enter and exit the turbine: 
h1 34452 7 09= =. .   kJ / kg ,           s   kJ / kg. K1  

Since the expansion process in the turbine is almost the adiabatic, the state of the exit steam can be determined 
as: 

h2 2246 7 09
08587

= =
=

   kJ / kg ,           s    kJ / kg. K
x

2

2

.
.

 

As the turbine proficiency is 0.85, the actual exit enthalpy should be: 

( )h2 3445 0 85 3445 2246 242585′ = − × − =. .    kJ / kg  

Mass flow rate of wet steam entering the condenser: 


.

.m
W

is
T= =

×
−

=
∆

250 10
3445 242585

2453
3

  kg / s  

Fouling resistances chosen from TEMA tables in Chapter 6 are: 
R K W

R K W
fi

fo

=

=

0 00018

0 00009

. . /

. . /

  m

  m

2

2
 

Condenser heat load: 
( ) ( )Q m i ic in l= − = × − = . . .2453 242585 1918 549  MW 

By assume the temperature increase of cooling water to be 10 o

( )


,
m Q

T T cc
c c p c

=
−

=
×
×

=
2 1

6549 10
10 4186

13115    kg / s

C, the cooling water mass flow rate is calculated 
by: 
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Number of tubes: 

N
m

u d
T

c

c c i

= =
×

× × ×
=

4 4 13115
2 999 0 02291

159242 2



.ρ π π
 tubes 

To calculate the condensing-side heat transfer coefficient, an estimate of the average number of tubes rows in a 
vertical column is needed. For typical condenser tube layouts, this was estimated as 70. 

Tube-side Reynolds number: 

Re .
.

= =
× ×

×
=

−

u dc c i

c

ρ
µ

2 999 0 02291
1154 10

396664  

( )( )f = − = × − =− −
( . ln Re . ) . ln . .158 328 158 39666 328 0 00552 2

Tube-side heat transfer coefficient: 

 

( )
( ) ( )

( )
( ) ( )

Nu
f

f
=

+ −

=
× ×

+ −

=

2

107 12 7 2 1

0 0055 2 39666 8 2

107 12 7 0 0055 2 8 2 1

287 4

1 2 2 3

1 2 2 3

Re Pr

. . Pr

. .

. . . .

.

     

     

 

( )h
Nu k

d
Ki

c

i
=

⋅
=

×
=

287 4 0591
0 02291

7414. .
.

  W / m2  

Assume the condenser is to be designed without subcooling, so that: 
∆Tin = − =( . ) .458 15 308  o

and 
C 

∆Tout = − =( . ) .458 25 208  o

Hence the LMTD is:  
C 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T Tlm
in out

in out
=

−
=

−
=

ln
. .

ln . .
.30 8 208

30 8 208
255  o

The shell-side heat transfer coefficient depends on the local heat flux and hence an iteration are necessary. The 
overall heat transfer coefficient, U, based on the tube O.D., is given by: 

C 

1 1
U

R
ht

o
= +  

where ho is the coefficient outside the tubes (shell side) and Rt

R R
h

R
d
d

t
k

d
Dt fo

i
fi

o

i

w

w

o

m
= + +









 +

1

 is the sum of all other thermal resistances given by: 

 

where Dm

( ) ( )D
d d

d d
d dm

i

o i
o i=

−
≈ +0 1

2ln

 is approximated as: 

 

where tw

Hence 
 is the wall thickness. 

R t = + +





+

= × −

0 00009 1
7414

0 00018 0 0254
0 0229

0 0013
111

0 0254
0 0229

4 515 10 4

. . .
.

. .
.

.     

 

and 
1 4 515 10 14

U ho
= × +−.  

The condensing-side heat transfer coefficient, ho, may be calculated by the Nusselt method with the Kern 
correction for condensate inundation, hence 
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h
g i k

T d No
l l

l w o
=

⋅











0 728 1
2 3 1 4

1 6. lgρ

µ ∆
 

where ∆Tw
ρ ρl g>>

 is the difference between the saturation temperature and the temperature at the surface of the fouling. 
Because , the above equation has been simplified. By inserting the values, we get: 

( )
( ) ( )

( )

h
T

T

o
w

w

=
⋅ ×

×















=

−
0 728

990 9 81 2392 10 0 635

566 10 0 0254

1
70

8986

2 3 3

4

1 4

1 6

1 4

.
( ) ( . ) ( ) .

. .∆

∆    

 

The temperature difference, ∆Tw, 

∆ ∆T T R qw t= − ′′

is given by: 
 

where ∆T is the local temperature difference between the streams; Rt ′′q is the sum of all other resistances; and is the 
local heat flux, which is given by: 

′′ =q U T∆  
Hence 

( ) ( )∆ ∆ ∆T T R U T Uw t= − = − × −1 1 4 515 10 4.  

Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the condenser when ∆Tin = 
30.8 oC and ∆Tout = 20.8 oC, respectively. The initial guess of ∆Tw is 10o

Table 12.1.1    Iteration for Overall Coefficient at the Inlet of the Power Condenser 
C. 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

5053 1540 

25.46 4000 1425 

25.56 3996 1425 

 
Table 12.1.2    Iteration for Overall Coefficient at the Outlet of the Power Condenser 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

5053 1540 

17.19 4413 1474 

17.23 4410 1474 

 
The mean overall heat transfer coefficient can then be determined by taking the average of the inlet and outlet 

overall heat transfer coefficients: 

U m =
+

=
1425 1474

2
1450  W / m . K2  

The required surface area is therefore calculated as: 
Q U A Tm o m= ∆  

A Q
U To

m m
= =

×
×

=
∆

549 10
1450 255

14848
6

.
  m

The required length is found by the following equation: 

2 

A N d Lo T o= π  

L
A

N d
o

T o
= =

× ×
=

π π
14848

15923 0 0254
117

.
.  m 
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Now that the length of the power condenser has been determined, the shell size of the condenser, the tube-side 
pressure drop, and the tube-side pumping power can all the calculated. 

The expression of the shell diameter as a function of heat transfer area, Ao; tube length, L; and tube layout 
dimensions, PT, PR, and do

( )
D CL

CPT
A PR d

Ls
o o=













0 637
2 1 2

.

 as parameters can be estimated from equation: 

 

where CL is the tube layout constant, CL = 1.00 for 90o and 45o; and CL = 0.87 for 30o and 60o

CPT accounts fro the incomplete coverage of the shell diameter by the tubes: 
. 

CPT = 0.93 for 1-tube pass 
CPT = 0.9 for 2-tube pass 
CPT = 0.85 for 3-tube pass 
PT

PR (the tube pitch ratio) is P
 (the tube pitch) is 0.0381 m. 

T/do

( )
Ds =

× ×











=0 637 1
0 93

14848 1501 0 0254
117

56
2 1 2

.
.

. .
.

.

 = 0.0381/0.0254 = 1.501. 

 m 

The pressure drop on the tube side is calculated as: 
∆ ∆ ∆p p ptotal t r= +  

∆p f
LN
D

G
t

p

e
= 4

2

2

ρ

The pressure drop through the tubes: 

 

where  
f = = × =− −0 046 0 046 39666 0 00550 2 0 2. Re . .. .  
G uc= ρ  

Therefore, 

∆p t = × ×
×

×
×
×

=

4 0 0055 117 1
0 02291

2 999
2 999

22448

2
. .

.
( )

        Pa
 

The pressure drop due to the return is given by: 

( )
∆p N G

r p= = × ×
×

×
=4

2
4 1

2 999
2 999

7992
2 2

ρ
  Pa  

Therefore, the total pressure drop on the tube side is determined by: 
∆ ∆ ∆p p ptotal t r= +

= +
=

           
             Pa

22448 7992
30440

 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=


.
∆
ρη

13115 30440
999 085

470141   W 
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Problem 12.2 
In a power plant, a shell-and-tube type heat exchanger is used as a condenser. This heat exchanger consist of 
20,000 tubes and the fluid velocity through the tubes is 2 m/s. The tubes are made of Admiralty metal and 
have 18 BWG, 7/8-in. O.D. The cooling water enters at 20oC and exits at 30 oC. The average temperature of 
the tube walls is 55 oC and the shell side heat transfer coefficient is 4000W/m2.K. Fouling on both sides is 
neglected. By making acceptable engineering  assumptions, perform the thermal design of this condenser. 

 
 

SOLUTION:  
 

- Tube Geometry; 
From Table 9.1, 
The tube is 18 BWG,7/8 in. OD 

OD = 7
8� in. = 7

8�  x 0.0254 = 0.022225 m 
ID = 0.777 in. = 0.777 x 0.0254 = 0.0197358 m 

Ac = 0.4742 in.2 = 0.4742 x (0.0254)2 = 0.000305934 m2 
The mean temperature of the water can be calculated as below. 

Tm =
20 + 30

2
= 25℃ 

Thermal properties of cooling water @ Tm = 25℃ 
ρc = 997 kg

m3�  

µc = 0.000909 kg
ms�  

cpc = 4180 J
kgK�  

Prc = 6.29 
kc = 0.605 W

mK�  
- Admiralty metal is known as Admiralty Brass (%70-73 Cu). [1] 
Thermal conductivity of tube wall; 

kw = 110.784 W
mK�  

- Mass flow rate of cooling water can be found as below; 
ṁc = ρu(AcNT) = 997 x 2 x (0.000305934 x 20000) = 12200.65 kg

s�  

- Reynolds number; 

Re =
ρudi
µ

=
997 x 2 x 0.0197358

0.000909
= 43292.8 

- Heat load; 
Q = ṁcpc�Tc2 − Tc1� = 12200.65 x 4180 x (30 − 20) = 509987170 W 

Q = 510 MW 
- Tube side heat transfer coefficient and friction factor can be calculated with 2 different correlations. So that two 

thermal designs can be defined. 
Table 3.3,  

f = (1.58 lnRe − 3.28)−2 

Nu =
(f 2⁄ )RePr

1.07 + 12.7(f 2⁄ )1 2⁄ (Pr2 3⁄ − 1)
 

f = (1.58 ln (43292.8) − 3.28)−2 
f = 0.0054164 

Nu =
(0.0054164 2⁄ ) x 43292.8 x 6.29

1.07 + 12.7(0.0054164 2⁄ )1 2⁄ (6.292 3⁄ − 1)
 

Nu = 277.13 

hi =
Nuk

di
=

277.13 x 0.605
0.0197358
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hi = 8495.4 W m2K⁄  
- Overall heat transfer coefficient can be calculated form Eq. 12.6. 

1
Uo

=
1
hi

+
1

ho
+

doln(do di⁄ )
2kw

 

1
Uo

=
1

8495.4
+

1
4000

+
0.022225 x ln(1.126)

2 x 110.784
 

Uo = 2634.25 W m2K⁄   
Table 3.3,  

f = (1.58 lnRe − 3.28)−2 

Nu =
(f 2⁄ )RePr

1 + 8.7(f 2⁄ )1 2⁄ (Pr − 1)
 

f = (1.58 ln (43292.8) − 3.28)−2 
f = 0.0054164 

Nu =
(0.0054164 2⁄ ) x 43292.8 x 6.29

1 + 8.7(0.0054164 2⁄ )1 2⁄ (6.29 − 1)
 

Nu = 217.22 

hi =
Nuk

di
=

217.22 x 0.605
0.0197358

 

hi = 6658.87 W m2K⁄  
- Overall heat transfer coefficient can be calculated form Eq. 12.6. 

1
Uo

=
1
hi

+
1

ho
+

doln(do di⁄ )
2kw

 

1
Uo

=
1

6658.87
+

1
4000

+
0.022225 x ln(1.126)

2 x 110.784
 

𝑈𝑜 = 2426.72𝑊 𝑚2𝐾⁄
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Problem 12.3 
A surface condenser is designed as a two-tube-pass, shell-and-tube type of heat exchanger at 
10 kPa (hfg = 2007.5 kJ/kg, Ts = 45 oC). Coolant water enters at 15 oC and leaves at 25 oC 
inside the tubes. Heat transfer coefficient is 300 W/m2.K. The tubing is thin walled, has a  5-
cm I.D. and is made of carbon steel; and the length of the heat exchanger is 2 m. 
Calculate: 
a. LMTD 
b. Steam mass flow rate 
c. Surface area of the condenser 
d. Number tubes 
e. Effectiveness, ε 

 
 

SOLUTION:  
Cooling water properties at 20 o

ρ

µ
c

c

c

ck m K

=

= ×
=

=
=

−

998

10 07 10
4182

7 05
0599

4

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,c

.

Pr .
. / .

C: 

 

a. 
Assume the condenser is to be designed without subcooling, so that: 

∆Tin = − =( )45 15 30  o

and 
C 

∆Tout = − =( )45 25 20  o

Hence the LMTD is:  
C 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T Tlm
in out

in out
=

−
=

−
=

ln ln
.30 20

30 20
24 7  o

b.  

C 

( ) ( ) 22 0.05 2 2 0.157 mcA D Lπ π= = =  
300 0.157 2 24.7 2328.857 Wc t mQ UA N T= × ∆ = × × × =  

32007.5 10 2328.857 Ws fg sQ m h m= = × × =   

0.00116 kg ssm =  
c. 

( ) ( ) 22 0.05 2 2 0.157 mcA D Lπ π= = =  
d. 
Nt = 2 
e. 
from steam propertiy; cps = 1894 J/kg K   
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2.197 W Ks psm c =  
4182 10 2328.857 Wc pc c cQ m c T m= ∆ = × × =   

0.056 kg scm =  
232.886 W Kc pcm c =  

min 2.197 W KC =  
max 232.886 W KC =  
min max 0.0094C C =  

min 21.456AU C =  
From figure 2.15;   

100%ε =   
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Problem 12.4 
A shell-and-tube steam condenser is to be constructed of 18 BWG Admiralty tubes with 7/8-
in. O.D. Steam will condense outside these single-pass horizontal tubes at Ts = 60 oC. 
Cooling water enters each tube at Ti = 17 oC, with a flow rate of m = 0.7 kg/s per tube and 
leaves at To = 29 oC. The heat transfer coefficient for the condensation of steam is hs = 4500 
W/m2.K. Steam-side fouling is neglected. The fouling factor for the cooling water is 1.76×10-

4 m2.K/W. Assume that the tube wall temperature is 50oC. The tube material is carbon steel. 

 
 

SOLUTION:  

Cold fluid properties at Tm=  : 

  
  

  

  
  

For 18 BWG and O.D. 7/8 in tubes at Table 9.1: 

  
  

  
  

Velocity of cooling water in tube: 

  

  
Flow is turbulent so Nusselt number can be calculated from Table 3.3 by using Petukhov 

correlation: 

  
  

  

  
The overall heat transfer coefficient:  

  

    
 

Assume that condenser will be designed without subcooling:  
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LMTD can be calculated as follows: 

  
Assume that heat capacity of condenser is 100 kW: 

  
Number of tubes can be calculated as follows: 

  
  

  
Hence, length of the tubes can be calculated from Ao: 

  

  
Shell diameter can be calculated as follows:  

  
For single pass CPT = 0.93 
Select tube layout as 90o and CL becomes 1 (CL=1) 
Assume that tube pitch ratio as 1.5 (PR=1.5) 

  
Total pressure drop on the tube side; 

  
  

  

  
Pump Power: 
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Problem 12.5 
(See also Problem 8.2) A shell-and-tube type condenser will be designed for a refrigerant-22 
condenser for a refrigeration system that provides a capacity of 100 KW for air-
conditioning. The condensing temperature is 47°C at design conditions. The tubes are 
copper (386 W/m · K) and are 14 mm ID and 16 mm OD. Cooling water enters the 
condenser tubes at 30°C with a velocity of 1.5 m/s and leaves at 35°C. The condenser will 
have two tube passes. Inline and triangular pitch arrangements will be considered. 

 
 

SOLUTION:  
Tube geometry: 

O. D.  of the tubes,  d  m
I. D.  of the tubes,  d   m
Tube wall thermal conductivity,  k =  386 W / (m. K)

o

i

=
=

0 016
0 014

.
.  

Cooling water properties at 32.5 o

ρ

µ
c

c

c

ck m K

=

= ×
=

=
=

−

995

7 57 10
4178

513
0 617

4

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,c

.

Pr .
. / .

C: 

 

Properties of the condensed liquid at 47 o

i

k m K

l

l

l

l

lg .

.

Pr .
. / .

=

=

= ×
=

=
=

−

1581

1099

176 10
1372

314
0 077

4

  kJ / kg

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,l

ρ

µ

C, from Appendix B.8: 

 

Mass flow rate of wet steam entering the condenser: 


.

.m
W

is
T= = =

∆
100

1581
0 63  kg / s  

Fouling resistances chosen from TEMA tables in Chapter 6 are: 
R K W

R K W
fi

fo

=

=

0 000176

0 000352

. . /

. . /

  m

  m

2

2
 

The cooling water mass flow rate is calculated by: 

( )


.

.
,

m Q
T T cc

c c p c
=

−
=

×

=
2 1

100
5 4178

4 79    kg / s
 

Number of tubes: 

N
m

u d
T

c

c c i

= =
×

× × ×
=

4 4 4 79
15 995 0 014

212 2

 .
. .ρ π π

 tubes 

Since the condenser is two tube passes, the tube number is rounded to 22 tubes. 
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To calculate the condensing-side heat transfer coefficient, an estimate of the average number 
of tubes rows in a vertical column is needed. For two-tube passes, assume the tube rows in 
vertical column to be 3. 

Tube-side Reynolds number: 

Re . .
.

= =
× ×

×
=

−

u dc c i

c

ρ
µ

15 995 0 014
7 57 10

276024  

Tube-side heat transfer coefficient: 

( )( )f = − = × − =− −
( . ln Re . ) . ln . .158 328 158 27602 328 0 00602 2  

( )
( ) ( )

( )
( ) ( )

Nu
f

f
=

+ −

=
× ×

+ −

=

2

107 12 7 2 1

0 0060 2 27602 513

107 12 7 0 0060 2 513 1

1738

1 2 2 3

1 2 2 3

Re Pr

. . Pr

. .

. . . .

.

     

     

 

( )h
Nu k

d
Ki

c

i
=

⋅
=

×
=

1738 0 617
0 014

7662. .
.

  W / m2  

Assume the condenser is to be designed without subcooling, so that: 
∆Tin = − =( )47 30 17  o

and 
C 

∆Tout = − =( )47 35 12  o

Hence the LMTD is:  
C 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T Tlm
in out

in out
=

−
=

−
=

ln ln
.17 12

17 12
14 4  o

The shell-side heat transfer coefficient depends on the local heat flux and hence an iteration 
are necessary. The overall heat transfer coefficient, U, based on the tube O.D., is given by: 

C 

1 1
U

R
ht

o
= +  

where ho is the coefficient outside the tubes (shell side) and Rt

R R
h

R
d
d

t
k

d
Dt fo

i
fi

o

i

w

w

o

m
= + +









 +

1

 is the sum of all other thermal 
resistances given by: 

 

where Dm

( ) ( )
D

d d
d dm

i

o i
=

−
=

−
=0 0 016 0 014

0 016 0 014
0 015

ln
. .

ln . .
.

 is approximated as: 

 

where tw

Hence 
 is the wall thickness. 

R t = + +





+

= × −

0 000352 1
7662

0 000176 0 016
0 014

0 001
386

0 016
0 015

5737 10 4

. . .
.

. .
.

.     

 

and 
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1 5737 10 14

U ho
= × +−.  

The condensing-side heat transfer coefficient, ho

h
g i k

T d No
l l

l w o
=

⋅











0 728 1
2 3 1 4

1 6. lgρ

µ ∆

, may be calculated by the Nusselt method 
with the Kern correction for condensate inundation, hence 

 

where ∆Tw
ρ ρl g>>

 is the difference between the saturation temperature and the temperature at the surface 
of the fouling. Because , the above equation has been simplified. By inserting the values, 
we get: 

( )
( ) ( )

( )

h
T

T

o
w

w

=
⋅ ×

×















=

−
0 728

1099 9 81 1581 10 0 077

176 10 0 016

1
3

2530

2 3 3

4

1 4

1 6

1 4

.
( ) ( . ) ( . ) .

. .∆

∆    

 

The temperature difference, ∆Tw, 

∆ ∆T T R qw t= − ′′

is given by: 
 

where ∆T is the local temperature difference between the streams; Rt

′′q
 is the sum of all other 

resistances; and is the local heat flux, which is given by: 

′′ =q U T∆  
Hence 

( ) ( )∆ ∆ ∆T T R U T Uw t= − = − × −1 1 5737 10 4.  

Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the 
condenser when ∆Tin = 17 oC and ∆Tout = 12 oC, respectively. The initial guess of ∆Tw is 10o

Table 12.1.1    Iteration for Overall Coefficient at the Inlet of the Power Condenser 
C. 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1422 783 

11 1389 773 

11.06 1387 772 

11.07 1387 772 

11.07 1387 772 

 
Table 12.1.2    Iteration for Overall Coefficient at the Outlet of the Power Condenser 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1422 783 

7.77 1515 810 

7.65 1521 812 

7.64 1521 812 
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7.64 1521 812 

 
The mean overall heat transfer coefficient can then be determined by taking the average of 

the inlet and outlet overall heat transfer coefficients: 

U m =
+

=
1521 1387

2
1454  W / m . K2  

The required surface area is therefore calculated as: 
Q U A Tm o m= ∆  

A Q
U To

m m
= =

×
×

=
∆

100 10
1454 14 4

4 78
3

.
.   m

The required length is found by the following equation: 

2 

A N d Lo T o= π  

L
A

N d
o

T o
= =

× ×
=

π π
4 78

22 0 016
4 32.

.
.  m 

Now that the length of the power condenser has been determined, the shell size of the 
condenser, the tube-side pressure drop, and the tube-side pumping power can all the calculated. 

The expression of the shell diameter as a function of heat transfer area, Ao; tube length, L; 
and tube layout dimensions, PT, PR, and do

( )
D CL

CPT
A PR d

Ls
o o=













0 637
2 1 2

.

 as parameters can be estimated from equation: 

 

where CL is the tube layout constant, CL = 1.00 for 90o and 45o; and CL = 0.87 for 30o and 60o

CPT accounts fro the incomplete coverage of the shell diameter by the tubes: 
. 

CPT = 0.93 for 1-tube pass 
CPT = 0.9 for 2-tube pass 
CPT = 0.85 for 3-tube pass 
PT

PR (the tube pitch ratio) is P
 (the tube pitch) is 0.0381 m. 

T/do = 1.5, PT

( )
Ds =

× ×











=0 637 087
0 90

4 78 15 0 016
4 32

0125
2 1 2

. .
.

. . .
.

.

 = 1.5×0.016 = 0.024 

 m 

The pressure drop on the tube side is calculated as: 
∆ ∆ ∆p p ptotal t r= +  

The pressure drop through the tubes: 

∆p f
LN
D

G
t

p

e
= 4

2

2

ρ
 

where  
f = = × =− −0 046 0 046 27602 0 00600 2 0 2. Re . .. .  
G uc= ρ  

Therefore, 
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∆p t = × ×
×

×
×
×

=

4 0 0060 4 32 2
0 014

15 995
12 995

16580

2
. .

.
( . )

        Pa
 

The pressure drop due to the return is given by: 

( )
∆p N G

r p= = × ×
×

×
=4

2
4 2

15 995
2 995

8955
2 2

ρ

.
  Pa  

Therefore, the total pressure drop on the tube side is determined by: 
∆ ∆ ∆p p ptotal t r= +

= +
=

           
             Pa

16580 8955
25535

 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=
 .

.
∆
ρη

4 79 25535
995 085

144   W 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=
 .

.
∆
ρη

4 79 25535
995 085

144   W 
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Problem 12.6 
Repeat Problem 12.5 for the refrigerant-134A. 

 
 

SOLUTION:  
Tube geometry: 

O. D.  of the tubes,  d  m
I. D.  of the tubes,  d   m
Tube wall thermal conductivity,  k =  386 W / (m. K)

o

i

=
=

0 016
0 014

.
.  

Cooling water properties at 32.5 o

ρ

µ
c

c

c

ck m K

=

= ×
=

=
=

−

995

7 57 10
4178

513
0 617

4

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,c

.

Pr .
. / .

C: 

 

Properties of the condensed liquid at 47 o

i

k m K

l

l

l

l

lg .

.

Pr .
. / .

=

=

= ×
=

=
=

−

154 6

1117

172 10
1559

398
0 068

4

  kJ / kg

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,l

ρ

µ

C, from Appendix B.8: 

 

Mass flow rate of wet steam entering the condenser: 


.

.m
W

is
T= = =

∆
100

154 6
0 65  kg / s  

Fouling resistances chosen from TEMA tables in Chapter 6 are: 
R K W

R K W
fi

fo

=

=

0 000176

0 000352

. . /

. . /

  m

  m

2

2
 

The cooling water mass flow rate is calculated by: 

( )


.

.
,

m Q
T T cc

c c p c
=

−
=

×

=
2 1

100
5 4178

4 79    kg / s
 

Number of tubes: 

N
m

u d
T

c

c c i

= =
×

× × ×
=

4 4 4 79
15 995 0 014

212 2

 .
. .ρ π π

 tubes 

Since the condenser is two tube passes, the tube number is rounded to 22 tubes. 
To calculate the condensing-side heat transfer coefficient, an estimate of the average number 

of tubes rows in a vertical column is needed. For two-tube passes, assume the tube rows in 
vertical column to be 3. 

Tube-side Reynolds number: 
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Re . .
.

= =
× ×

×
=

−

u dc c i

c

ρ
µ

15 995 0 014
7 57 10

276024  

Tube-side heat transfer coefficient: 

( )( )f = − = × − =− −
( . ln Re . ) . ln . .158 328 158 27602 328 0 00602 2  

( )
( ) ( )

( )
( ) ( )

Nu
f

f
=

+ −

=
× ×

+ −

=

2

107 12 7 2 1

0 0060 2 27602 513

107 12 7 0 0060 2 513 1

1738

1 2 2 3

1 2 2 3

Re Pr

. . Pr

. .

. . . .

.

     

     

 

( )h
Nu k

d
Ki

c

i
=

⋅
=

×
=

1738 0 617
0 014

7662. .
.

  W / m2  

Assume the condenser is to be designed without subcooling, so that: 
∆Tin = − =( )47 30 17  o

and 
C 

∆Tout = − =( )47 35 12  o

Hence the LMTD is:  
C 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T Tlm
in out

in out
=

−
=

−
=

ln ln
.17 12

17 12
14 4  o

The shell-side heat transfer coefficient depends on the local heat flux and hence an iteration 
are necessary. The overall heat transfer coefficient, U, based on the tube O.D., is given by: 

C 

1 1
U

R
ht

o
= +  

where ho is the coefficient outside the tubes (shell side) and Rt

R R
h

R
d
d

t
k

d
Dt fo

i
fi

o

i

w

w

o

m
= + +









 +

1

 is the sum of all other thermal 
resistances given by: 

 

where Dm

( ) ( )
D

d d
d dm

i

o i
=

−
=

−
=0 0 016 0 014

0 016 0 014
0 015

ln
. .

ln . .
.

 is approximated as: 

 

where tw

Hence 
 is the wall thickness. 

R t = + +





+

= × −

0 000352 1
7662

0 000176 0 016
0 014

0 001
386

0 016
0 015

5737 10 4

. . .
.

. .
.

.     

 

and 
1 5737 10 14

U ho
= × +−.  

The condensing-side heat transfer coefficient, ho, may be calculated by the Nusselt method 
with the Kern correction for condensate inundation, hence 
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h
g i k

T d No
l l

l w o
=

⋅











0 728 1
2 3 1 4

1 6. lgρ

µ ∆
 

where ∆Tw
ρ ρl g>>

 is the difference between the saturation temperature and the temperature at the surface 
of the fouling. Because , the above equation has been simplified. By inserting the values, 
we get: 

( )
( ) ( )

( )

h
T

T

o
w

w

=
⋅ ×

×















=

−
0 728

1117 9 81 154 6 10 0 068

172 10 0 016

1
3

2324

2 3 3

4

1 4

1 6

1 4

.
( ) ( . ) ( . ) .

. .∆

∆    

 

The temperature difference, ∆Tw, 

∆ ∆T T R qw t= − ′′

is given by: 
 

where ∆T is the local temperature difference between the streams; Rt

′′q
 is the sum of all other 

resistances; and is the local heat flux, which is given by: 

′′ =q U T∆  
Hence 

( ) ( )∆ ∆ ∆T T R U T Uw t= − = − × −1 1 5737 10 4.  

Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the 
condenser when ∆Tin = 17 oC and ∆Tout = 12 oC, respectively. The initial guess of ∆Tw is 10o

Table 12.1.1    Iteration for Overall Coefficient at the Inlet of the Power Condenser 
C. 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1307 747 

11.22 1270 734 

11.3 1268 734 

11.3 1268 734 

 
Table 12.1.2    Iteration for Overall Coefficient at the Outlet of the Power Condenser 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1307 747 

7.92 1385 771 

7.81 1390 773 

7.81 1390 773 

 
The mean overall heat transfer coefficient can then be determined by taking the average of 

the inlet and outlet overall heat transfer coefficients: 

U m =
+

=
734 773

2
754  W / m . K2  

The required surface area is therefore calculated as: 
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Q U A Tm o m= ∆  

A Q
U To

m m
= =

×
×

=
∆

100 10
754 14 4

9 21
3

.
.   m

The required length is found by the following equation: 

2 

A N d Lo T o= π  

L
A

N d
o

T o
= =

× ×
=

π π
9 21

22 0 016
8 33.

.
.  m 

Now that the length of the power condenser has been determined, the shell size of the 
condenser, the tube-side pressure drop, and the tube-side pumping power can all the calculated. 

The expression of the shell diameter as a function of heat transfer area, Ao; tube length, L; 
and tube layout dimensions, PT, PR, and do

( )
D CL

CPT
A PR d

Ls
o o=













0 637
2 1 2

.

 as parameters can be estimated from equation: 

 

where CL is the tube layout constant, CL = 1.00 for 90o and 45o; and CL = 0.87 for 30o and 60o

CPT accounts fro the incomplete coverage of the shell diameter by the tubes: 
. 

CPT = 0.93 for 1-tube pass 
CPT = 0.9 for 2-tube pass 
CPT = 0.85 for 3-tube pass 
PT

PR (the tube pitch ratio) is P
 (the tube pitch) is 0.0381 m. 

T/do = 1.5, PT

( )
Ds =

× ×











=0 637 087
0 90

9 21 15 0 016
8 33

0125
2 1 2

. .
.

. . .
.

.

 = 1.5×0.016 = 0.024 

 m 

The pressure drop on the tube side is calculated as: 
∆ ∆ ∆p p ptotal t r= +  

The pressure drop through the tubes: 

∆p f
LN
D

G
t

p

e
= 4

2

2

ρ
 

where  
f = = × =− −0 046 0 046 27602 0 00600 2 0 2. Re . .. .  
G uc= ρ  

Therefore, 

∆p t = × ×
×

×
×
×

=

4 0 0060 4 32 2
0 014

15 995
12 995

16580

2
. .

.
( . )

        Pa
 

The pressure drop due to the return is given by: 

( )
∆p N G

r p= = × ×
×

×
=4

2
4 2

15 995
2 995

8955
2 2

ρ

.
  Pa  

Therefore, the total pressure drop on the tube side is determined by: 
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∆ ∆ ∆p p ptotal t r= +
= +
=

           
             Pa

16580 8955
25535

 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=
 .

.
∆
ρη

4 79 25535
995 085

144   W 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=
 .

.
∆
ρη

4 79 25535
995 085

144   W 
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Problem 12.7 
A shell-and-tube type condenser will be designed for a refrigerant-22 condenser for a 
refrigeration system that provides a capacity of 100 KW for air conditioning. The 
condensing temperature is 47°C at design conditions. The tubes are copper and are 14 mm 
ID and 16 mm OD. Cooling water enters the condenser tubes at 30°C with a velocity of 1.5 
m/s and leaves at 35°C. The condenser will have two tube passes. 

 
 

SOLUTION:  
Tube geometry: 

O. D.  of the tubes,  d  m
I. D.  of the tubes,  d   m
Tube wall thermal conductivity,  k =  386 W / (m. K)

o

i

=
=

0 016
0 014

.
.  

Cooling water properties at 23 o

ρ

µ
c

c

c

ck m K

=

= ×
=

=
=

−

997

9 35 10
4180

6 49
0 603

4

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,c

.

Pr .
. / .

C: 

 

Properties of the condensed liquid at 47 o

i

k m K

l

l

l

l

lg .

.

Pr .
. / .

=

=

= ×
=

=
=

−

154 6

1117

172 10
1559

398
0 068

4

  kJ / kg

  kg / m

  kg / m.s
c   J / kg. K

  W

3

p,l

ρ

µ

C, from Appendix B.8: 

 

Mass flow rate of wet steam entering the condenser: 


.

.m
W

is
T= = =

∆
100

154 6
0 65  kg / s  

Fouling resistances chosen from TEMA tables in Chapter 6 are: 
R K W

R K W
fi

fo

=

=

0 000176

0 000352

. . /

. . /

  m

  m

2

2
 

The cooling water mass flow rate is calculated by: 

( )


.

.
,

m Q
T T cc

c c p c
=

−
=

×

=
2 1

100
5 4180

4 78    kg / s
 

Number of tubes: 

N
m

u d
T

c

c c i

= =
×

× × ×
=

4 4 4 78
2 997 0 014

162 2

 .
.ρ π π

 tubes 
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To calculate the condensing-side heat transfer coefficient, an estimate of the average number 
of tubes rows in a vertical column is needed. For two-tube passes, assume the tube rows in 
vertical column to be 3. 

Tube-side Reynolds number: 

Re .
.

= =
× ×

×
=

−

u dc c i

c

ρ
µ

2 997 0 014
9 35 10

298574  

Tube-side heat transfer coefficient: 

( )( )f = − = × − =− −
( . ln Re . ) . ln . .158 3 28 158 29857 328 0 00592 2  

( )
( ) ( )

( )
( ) ( )

Nu
f

f
=

+ −

=
× ×

+ −

=

2

107 12 7 2 1

0 0059 2 29857 6 49

107 12 7 0 0059 2 6 49 1

205 6

1 2 2 3

1 2 2 3

Re Pr

. . Pr

. .

. . . .

.

     

     

 

( )h
Nu k

d
Ki

c

i
=

⋅
=

×
=

2056 0 603
0 014

8855. .
.

  W / m2  

Assume the condenser is to be designed without subcooling, so that: 
∆Tin = − =( )47 20 27  o

and 
C 

∆Tout = − =( )47 26 21  o

Hence the LMTD is:  
C 

( ) ( )
∆

∆ ∆
∆ ∆

T
T T

T Tlm
in out

in out
=

−
=

−
=

ln ln
.27 21

27 21
23 9  o

The shell-side heat transfer coefficient depends on the local heat flux and hence an iteration 
are necessary. The overall heat transfer coefficient, U, based on the tube O.D., is given by: 

C 

1 1
U

R
ht

o
= +  

where ho is the coefficient outside the tubes (shell side) and Rt

R R
h

R
d
d

t
k

d
Dt fo

i
fi

o

i

w

w

o

m
= + +









 +

1

 is the sum of all other thermal 
resistances given by: 

 

where Dm

( ) ( )
D

d d
d dm

i

o i
=

−
=

−
=0 0 016 0 014

0 016 0 014
0 015

ln
. .

ln . .
.

 is approximated as: 

 

where tw

Hence 
 is the wall thickness. 

R t = + +





+

= × −

0 000352 1
8855

0 000176 0 016
0 014

0 001
386

0 016
0 015

685 10 4

. . .
.

. .
.

.     

 

and 
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1 685 10 14

U ho
= × +−.  

The condensing-side heat transfer coefficient, ho

h
g i k

T d No
l l

l w o
=

⋅











0 728 1
2 3 1 4

1 6. lgρ

µ ∆

, may be calculated by the Nusselt method 
with the Kern correction for condensate inundation, hence 

 

where ∆Tw
ρ ρl g>>

 is the difference between the saturation temperature and the temperature at the surface 
of the fouling. Because , the above equation has been simplified. By inserting the values, 
we get: 

( )
( ) ( )

( )

h
T

T

o
w

w

=
⋅ ×

×















=

−
0 728

1117 9 81 154 6 10 0 068

172 10 0 016

1
3

2324

2 3 3

4

1 4

1 6

1 4

.
( ) ( . ) ( . ) .

. .∆

∆    

 

The temperature difference, ∆Tw, 

∆ ∆T T R qw t= − ′′

is given by: 
 

where ∆T is the local temperature difference between the streams; Rt

′′q
 is the sum of all other 

resistances; and is the local heat flux, which is given by: 

′′ =q U T∆  
Hence 

( ) ( )∆ ∆ ∆T T R U T Uw t= − = − × −1 1 68 10 4.  

Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the 
condenser when ∆Tin = 17 oC and ∆Tout = 12 oC, respectively. The initial guess of ∆Tw is 10o

Table 12.1.1    Iteration for Overall Coefficient at the Inlet of the Power Condenser 
C. 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1307 690 

11.83 1253 674 

12.23 1243 671 

12.30 1240 671 

12.32 1240 671 

12.33 1240 671 

12.33 1240 671 

 
Table 12.1.2    Iteration for Overall Coefficient at the Outlet of the Power Condenser 

∆Tw , 
o hC o ,  W/m2 U, W/m.K 2

10 

.K 

1307 690 

9.2 1334 697 
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9.0 1342 699 

9.0 1342 699 

 
The mean overall heat transfer coefficient can then be determined by taking the average of 

the inlet and outlet overall heat transfer coefficients: 

U m =
+

=
671 699

2
685  W / m . K2  

The required surface area is therefore calculated as: 
Q U A Tm o m= ∆  

A Q
U To

m m
= =

×
×

=
∆

100 10
685 239

6108
3

.
.   m

The required length is found by the following equation: 

2 

A N d Lo T o= π  

L
A

N d
o

T o
= =

× ×
=

π π
6108

16 0 016
7 6.

.
.  m 

Now that the length of the power condenser has been determined, the shell size of the 
condenser, the tube-side pressure drop, and the tube-side pumping power can all the calculated. 

The expression of the shell diameter as a function of heat transfer area, Ao; tube length, L; 
and tube layout dimensions, PT, PR, and do

( )
D CL

CPT
A PR d

Ls
o o=













0 637
2 1 2

.

 as parameters can be estimated from equation: 

 

where CL is the tube layout constant, CL = 1.00 for 90o and 45o; and CL = 0.87 for 30o and 60o

CPT accounts fro the incomplete coverage of the shell diameter by the tubes: 
. 

CPT = 0.93 for 1-tube pass 
CPT = 0.9 for 2-tube pass 
CPT = 0.85 for 3-tube pass 
PT

PR (the tube pitch ratio) is P
 (the tube pitch) is 0.0381 m. 

T/do = 1.5, PT

( )
Ds =

× ×











=0 637 087
0 90

6108 15 0 016
7 6

0106
2 1 2

. .
.

. . .
.

.

 = 1.5×0.016 = 0.024 

 m 

The pressure drop on the tube side is calculated as: 
∆ ∆ ∆p p ptotal t r= +  

The pressure drop through the tubes: 

∆p f
LN
D

G
t

p

e
= 4

2

2

ρ
 

where  
f = = × =− −0 046 0 046 29857 0 00580 2 0 2. Re . .. .  
G uc= ρ  
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Therefore, 

∆p t = × ×
×

×
×
×

=

4 0 0058 7 6 2
0 014

2 997
12 997

50226

2
. .

.
( )

        Pa
 

The pressure drop due to the return is given by: 

( )
∆p N G

r p= = × ×
×

×
=4

2
4 2

2 997
2 997

15952
2 2

ρ
  Pa  

Therefore, the total pressure drop on the tube side is determined by: 
∆ ∆ ∆p p ptotal t r= +

= +
=

           
             Pa

50226 15952
66178

 

The pumping power is proportional to the pressure drop across the condenser: 

P
m p tot

p
= =

×
×

=
 .

.
∆
ρη

4 78 66178
997 085

373   W 
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Problem 13.1 
Water, cp = 4182 J/kg· K, at a flow rate of 2 kg/hr is heated from 7°C to 25°C in a double-
pipe PPS oil cooler by engine oil, cp = 2072 J/kg· K, with an inlet temperature of 65°C and a 
flow rate of 10 kg/hr. The tubes with an outside diameter of 1 cm and the wall thickness is 
0.2 cm. Take the thermal conductivity to be 0.3 W/m2· K and the heat transfer coefficient of 
water to be 4911 W/m· K, what are the areas required for counterflow. 

 
 

SOLUTION:  
 The hot water outlet temperature can be obtained from the heat balance; 

 

( ) ( ) ( ) ( )

( )( )

( ) ( ), ,

2 4182 25 7 41.82 W
3600

41.8265 57.73
10 3600 2072

p in out p out inh ch c

out h in h
p h

Q mc T T mc T T

Q

QT T C
mc

= − = −

= − =

= + = + = °
×

 



  

Properties of unused engine oil at 61.370C, from Appendix B (Table B.12), are 

    
( )
( )

3   863.111 kg m
  0.07  kg m s

  0.14  W m K
1030.77

k
Pr

ρ
µ
=

= ⋅

= ⋅

=

 

 
( )

4 4 10Re 9740.63
0.07 0.008

m i i

i

u d m
d

ρ
µ µπ π

×
= = = =

   

The flow is turbulent. 

The heat transfer coefficient inside the tube can be calculated by use of the correlation given for 

turbulent flow in Chapter 3. The Gnielinski correlation for constant properties, Eq. (3.31), is used 

here: 
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( )
( )

( )( )
( ) ( )
( )
( ) ( )

2

2

1/2 2/3

1/2 2/3

2

1.58ln 3.28

1.58ln 9740.63 3.28 0.11

/2 1000
1 12.7 /2 1

0.11/2 9740.63 1000 1030.77
1637.4

1 12.7 0.11/2 1030.77 1

1637.4 0.140 28562.03 W/m K
0.008

b

b

i
i

f Re

f

f Re Pr
Nu

f Pr

Nu

Nu kh
d

−

−

= −

= − =

−
=

+ −

−
= =

+ −

×
= = = ⋅

 

The overall heat transfer coefficient for the clean PPS surface based on the outside surface area of 

the tube is 

 

Uc =
1

do

di

1
hi

+
do ln do/di( )

2k
+

1
ho

  

 

( ),
1 525.015

0.01ln 0.01/0.0080.01 1 1
0.008 4911 2 0.3 28562.03

c PPSU = =
+ +

×

 

 

 

and the mean temperature difference is 

 
( ) ( )

( )
( )

1 2

1

2

57.73 7 65 25
103.98 C

57.73 7ln ln
65 25

lm
T TT T

T

− − −∆ −∆
∆ = = = °

∆ −
∆ −

  

The surface areas are calculated from Eqs. (6.1).  

 c o lmQ U A T= ∆  
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,

,

2
,

41.82 525.015 103.97

41.82
525.015 103.97
0.766 m

o PPS

o PPS

o PPS

A

A

A

= × ×

=
×

=
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Problem 13.2 
Refrigerant-22 (R-22) boiling at 250 K flows through a tubular heat exchanger. Tubes are 
arranged horizontally with an inner diameter of 0.0172 m. The mass velocity of the R-22 is 
200 kg/m2· s. Heat is supplied by condensing the fluid outside at –12°C. The hot fluid-side 
heat transfer coefficient, hh, is 5400 W/m2 · K. The tube is made of PVDF polymer, and 
fouling is neglected. By the use of both Chen and Shah’s methods, calculate the convection 
heat transfer coefficient for R-22 for various values of quality assuming no nucleate boiling 
and the heat transfer rate per length. 

 
 

SOLUTION:  
 
The properties of refrigerant-22, from Appendix A, at 250 K (–23°C) are: 

 

( )

3

3

4
gn

3

217.4 kPa 2.174bars
221900 J/kg
9.6432 kg/m
1360 kg/m
1122 J/kg K

k 0.112 W/m K
=0.0155 N/m

0.110 10 Pa s
0.282 10 Pa s

s

l

pl

l

l

P
h

c

ν

νρ
ρ

σ
µ
µ

−

−

=
∆ =

=
=
= ⋅
= ⋅

= × ⋅
= × ⋅

 

The Prandtl number can be calculated as follows: 

 
( )( )30.282 10 1122

2.825
0.112

l pl

l

c
Pr

k
µ −×

= = =   

The Reynolds number for the liquid phase is  

 
( )( )200 0.0172

12.200
0.000282

i
LO

l

GdRe
µ

= = =   

The Nusselt number at x = 0 can be calculated by Gnielinski’s correlation: 
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 NuLO =
f /2( ) ReLO −1000( )Prl

1+12.7 f /2( )1/2 Prl
2 /3 −1( )

  

where 

 

f = 1.58 ln ReL − 3.28( )−2

f = 1.58 ln 12200( )− 3.28 
−2

NuLO =
0.00372( ) 12200 −1000( ) 2.825( )

1+12.7 0.00372( )1/2 2.8252/3 −1( )= 66.43

  

The heat transfer coefficient is then 

 
( )( )

( )
266.43 0.112

432.55 W/m K
0.0172

LO l
LO

i

Nu kh
d

= = = ⋅   

Using the Shah method,45,46

 

 define whether the effect of stratification is important or not. For 

this, calculate the Froude number: 

FrLO =
G2

ρl
2gdi

=
200( )2

1360( )2 9.81( ) 0.0172( )
= 0.1282   

Fr

Chen’s method, at 

 > 0.04, therefore stratification effects are negligible and both Shah and Chen’s methods may 

be used. 

x 

 

= 0.05, employs the Martinelli Parameter: 

1
Xtt

=
x

1− x( )







0.9
ρl

ρν








0.5
µν

µl







0.1

=
0.05
0.95







0.9 1360
9.64







0.5 110
2820







0.1

= 0.6069
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The enhancement factor can be calculated from Eq. (8.55): 

 Fo = F 1− xν( )0.8
  

where F

 

, from Eq. (8.54), is 

F = 2.35 0.213+
1

Xtt







0.736

= 2.031  

Therefore, 

 Fo = 2.031 1− 0.05( )0.8 = 1.949   

and hcb

 

 can be calculated from Eq. (8.72): 

hcb = Fo hLO( )= 1.949 432.55( )= 842.7 W/m2 ⋅K   

The overall heat transfer coefficient, with negligible wall resistance and fouling, is 

 

( )
1
ln /1 1
2

c
o o io

i cb PVDF h

U
d d dd

d h k h

=
+ +

  

 

( )

2

1
ln /0.019 1 1

0.0172 842.7 2 0.19 5400
273.43 W/m K

c
o o i

U
d d d

=
+ +

×
= ⋅

 
 

  

To calculate heat flux, 

 ( ) ( )( )2 2 0.019 273.43 12 23 838.14 W/mo H sQ L d U T Tπ π= − = × × × − − − =  
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Problem 13.3 
A heat exchanger is to be designed to heat raw water by the use of condensed water at 67°C 
and 0.2 bar, which will flow in the shell side with a mass flow rate of 50,000 kg/hr. The heat 
will be transferred to 30,000 kg/hr of city water coming from a supply at 17°C (cp = 4184 
J/kg · K). A single shell and a single tube pass without baffles is preferable. A fouling 
resistance of 0.000176 m2 · K/W is suggested and the surface over design should not be over 
35%. A maximum coolant velocity of 1.5 m/s is suggested to prevent erosion. A maximum 
tube length of 5 m is required because of space limitations. The tube material is PPSU 
polymer. Raw water will flow inside of 3/4in. straight tubes (19 mm OD with 16 mm ID). 
Tubes are laid out on a square pitch with a pitch ratio of 1.25. The permissible maximum 
pressure drop on the shell side is 5.0 psi. The water outlet temperature should not be less 
than 40°C. Perform the preliminary analysis whether the surface over design acceptable. 

 
SOLUTION:  
Preliminary Analysis — The cold water outlet temperature of at least 40°C determines the 

exchanger configuration to be considered. Heat duty can be calculated from the fully specified 

cold stream: 

 
( ) ( )

( )

2 1

30,000 4179 40 17 801 kW
3600

p c cc
Q mc T T

Q

= −

= × − =



  

The hot water outlet temperature becomes 

 
( )2 1

3801 1067 53.2 C50,000 4184
3600

h h
p h

QT T
mc

×
= − = − = °

×
  

First, we have to estimate the individual heat transfer coefficients from Table 9.4. We can assume 

the shell side heat transfer coefficient and the tube side heat transfer coefficient as 5000 W/m2 · K 

and 5000 W/m2 · K, respectively. Assuming bare tubes, one can estimate the overall heat transfer 

coefficient from Eq. (9.2) as 
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( )

( ) 1
2

ln /1 1 1

ln 19/161 19 1 0.0190.000176 378.89  W/m K
5,000 16 5,000 2 0.35

o io
ft o

f o i i

f

r rr R r
U h r h k

U
−

= + + +

 
= + + + = ⋅ 
 

  

where kppsu

 

 = 0.35 W/mK and 

( )

( ) 1
2

ln /1 1 1

ln 19/161 19 1 0.019 405.96 W/m K
5,000 16 5,000 2 0.35

o io
o

c o i i

c

r rr r
U h r h k

U
−

= + +

 
= + + = ⋅ 
 

  

We need to calculate ΔTm

 

 from the four inlet and outlet temperatures. 

∆Tlm,cf =
∆T1 − ∆T2

ln ∆T1/∆T2( ) =
27 − 36.2

ln 27
36.2







= 31.4°C   

Assuming F

 

 = 0.90, then 

∆Tm = 0.90∆Tlm,cf = 0.90 × 31.4 ≈ 28°C   

Next we can estimate the required areas Af and Ac

 

: 

3
2

3
2

801.93 10 75.50 m
378.89 28

801.93 10 70.47 m
405.96 28

f
f m

c
c m

QA
U T

QA
U T

×
= = =

∆ ×

×
= = =

∆ ×

  

The surface over design is Af/Ac = 1.07 (7%), which is acceptable. 
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Problem 13.4 
Air at 2 atm and 500 K with a velocity of u∞ = 20 m/s flows across a PVDF compact heat 
exchanger matrix studied by Cheng and Van Der Geld44 having the configuration shown in 
Figure 13.5. By assuming that the PVDF heat exchange surface is similar to the surface 
9.68-0.870 and using the length of the matrix as 48 plates with 4 mm per plate, calculate the 
heat transfer coefficient and the frictional pressure drop. 

 
 

SOLUTION:  
For air at 500 K and 2 atm, from the appendix, 

 

3

-5

1.41 kg/m
1030 J/kg K

2.69 10  kg/m s
0.718

pc

Pr

ρ

µ

=
= ⋅

= × ⋅
=

  

The mass flux G

 

 is 

2

min min

1.41 20 36.15 kg/m s
0.78

fru A umG
A A

ρ ρ
σ

∞ ∞ ×
= = = = = ⋅


  

From Figure 13.5, the hydraulic diameter can be obtained as 

 
( ) ( )

4 4 0.00147 0.00137 0.00142 m
0.00147 2 0.00137 2

c
h

w

AD
P

× ×
= = =

× + ×
  

The Reynolds number becomes 

 5

36.15 0.00142 1732.07
2.69 10

hGDRe
µ −

×
= = =

×
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From Figure 10.7, for Re

 

 = 1732.07, we get 

( )

( )

2/3

2/3

2
2/3

2

min

3

min

0.0045

0.0045
Pr

36.15 10300.0045 208.97 W/m K
0.718

2

4 48 4 104 541.52
0.00142

p

p

t i
f

i

t

h

h Pr
Gc

Gc
h

h

A Gp f
A

A L
A D

ρ
ρ ρ

−

⋅ =

=

×
= × = ⋅

∆ =

× × ××
= = =

  

For Re = 1732.07, from Figure 10.7, f i oρ ρ = 0.0275 and  ≈ 1: 

 
( )2

236.15
0.0275 541.52 6901 N/m

2 1.41fp∆ = × × =
×
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Problem 13.5 
Air enters the core of a finned tube PTFE heat exchanger of the type shown in Figure 10.4 
at 2 atm and 150°C. The air mass flow rate is 10 kg/s and flows perpendicular to the tubes. 
The core is 0.5 m long with a 0.30 m2 frontal area. The height of the core is 0.5 m. Water at 
15°C and at a flow rate of 50 kg/s flows inside the tubes. Airside data are given on 
Figure 10.4. For water side data, assume that σw = 0.129, Dh = 0.373 cm, and waterside heat 
transfer area/total volume = 138 m2/m3. When consider this problem as a rating problem, 
calculate: 
a. The airside and waterside heat transfer coefficients 
b. Overall heat transfer coefficient based on the outer (airside) surface area 
c. Total heat transfer rate and outlet temperatures of air and water 

 
 

SOLUTION:  

 

 For the air side, we assume a mean temperature 80°C  and determine the physical properties of 

air at pa = 2 atm  

    
( )

3

5

,

  1  .9816 kg m

  2.1 10   Pa s
1009 kJ kg K

0.708

a

a

p a

a

c
Pr

ρ

µ −

=

= × ⋅

= ⋅

=
 

 Assuming an average temperature of 15°C for the water, we take the physical properties as: 

 
     

( )

( )

4

,

  11.54 10   Pa s
4.186 kJ kg K

8.20
0.591 W m K

w

p w

w

w

c
Pr
k

µ −= × ⋅

= ⋅

=

= ⋅

  

(a) Heat transfer coefficient: 
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Air side: 

 
( )2

min fr

,
5

10 62.42 kg m s
0.534 0.30

62.42 0.003633 10799
2.1 10

a a
a

a

a h a

a

m mG
A A
G D

Re

σ

µ −

= = = = ⋅
×

×
= = =

×

 

 

 From Fig. 10.4, for Re = 10799, we have: 

 

( )

2 3

,

, 2
2 3 2 3

0.004

62.42 10090.004 0.004 317.1 W m K
0.708

a
a

a p a

a p a
a

a

h Pr
G c

G c
h

Pr

=

×
= × = × = ⋅  

Water side: 

 ( )

2
fr,w

2

min fr,w

,
5

0.3 0.5 0.3 m
0.5

50 1550.39 kg m s
0.129 0.25

1292 0.003733 5011
11.54 10

w w
w

w

w h w
w

w

A

m mG
A A
G D

Re

σ

µ −

= × =

= = = = ⋅
×

×
= = =

×

 

  

Using Gnielinski’s correlation, we have: 

 

( )
( )( )

( ) ( )
( )( )

( ) ( )

2

1/2 1/22/3 2/3

1.58ln 3.28 0.00965

/2 1000 0.01022/2 4179 1000 8.2
37

1 12.7 /2 1 1 12.7 0.01022/2 8.2 1

f Re

f Re Pr
Nu

f Pr

−= − =

− −
= = =

+ − + −  

So  

 20.591 37 5862.5 W/m K
0.00373

w
h

e

k Nuh
D

×
= = = ⋅   

(b) Overall heat transfer coefficient Ua

To determine U

: 

air

 

, based on the air-side surface, the fin efficiency η should be 

determined. The reason is that the effective temperature difference between the fluid and the fin 

surface is lower than that between the fluid and the fin base. Only the air side has extended 

surfaces which can be regarded as plate fins, the thermal conductivity of fin material, k is given 

as: 

0.27 W m K for PTFEk = ⋅
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The fin efficiency η for a plate fin can be calculated as:
 

 ( )
( )

tanh mL
mLfη =   

Where 

 
( ) ( )

2
2

2 2317.1mL 0.7595 10 54.77
0.27 0.033 10

tanh mL tanh 54.77
0.018

mL 54.77fη

−
−

×
= × × =

× ×

= = =

  

The air-weighted fin efficiency is determined by following Eq.: 

 ( ) ( )1 1 1 0.839 1 0.018 0.176f
f

A
A

η η
 

= − − = − × − =    
 

  

The overall heat transfer coefficient, Ua

 

, based on the air-side surface, is: 

( )
1 1 1

a a w a wU h A A hη
= +   

Here the ration of the water-side to air-side heat transfer surfaces is found to be 

 
water - side heat transfer area / total volume 138 0.235

air - side heat transfer area / total volume 587
w

a

A
A

= = =   

Then 

 
2

1 1 1
0.176 317.1 0.235 5862.5

53.64 W m K
a

a

U
U

= +
× ×

= ⋅
 

(c) Outlet temperature of air and water: 
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,

,

min

min

min

10 1009 10090 W K

50 4186 209300 W K

10090 W K
10090 0.048
209300

a a p a

w w p w

a

C m c
C m c
C C
C
C

= = × =

= = × =

= =

= =





  

Total volume of matrix, V = Afr×(core length) = 0.3×0.5 = 0.15 m

 

3 

( )
2

587 from Fig. 9.4

587 587 0.15 88.05 m

a

a

A
V
A V

=

= × = × =
  

 
min

88.06 53.64 0.47
10090

a aA UNTU
C

×
= = =   

From Fig. 2.15, for a cross-flow heat exchanger with both fluids unmixed, for NTU = 0.47, and 

Cmin/Cmax

 

 = 0.048, we obtain: 

0.40ε =   

Then the total heat transfer rate, Q becomes: 

 

( )
( )

min , ,

0.40 10090 150 15
544860 W

in a in wQ C T Tε= −

= × × −

=  

From the heat balance 

 ( ) ( ), , , , , ,a p a in a out a w p w out w in wQ m c T T m c T T= − = −    

the outlet temperature can be obtained as: 

 
, ,

,

, ,
,

544860150 96 C
10090

54486015 17.6 C
209300

out a in a
a p a

out w in w
w p w

QT T
m c

QT T
m c

= − = − = °

= + = + = °




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Problem A.1: Additional problem for Chapter 11 
A gasketed-plate heat exchanger will be used for heating city water (Rfc = 0.0006 m2.K/W) 
using the wastewater available at 90 oC. The vertical distance between the ports of the plate 
is 1.60 m and the width of the plate is 0.50 m with a gap of 6 mm between the plates. The 
enhancement factor is provided by the manufacturer as 1.17 and the Chevron angle is 60o. 
The plates are made of titanium (k = 20 W/m.K) with a thickness of 0.0006m. The port 
diameter is 0.15 m. The cold water enters to the plate heat exchanger at 15 oC and leaves at 
45 oC at a rate of 6 kg/s; and it will be heated by the hot water available at 90 oC, flowing at 
a rate of 12 kg/s. By considering single-pass arrangements for both streams, calculate a, b 
with using correlation proposed by Kumar and correlation proposed by Muley and 
Manglik than compare these results: 
a. The effective surface area and the number of plates of this heat exchangers 
b. The pressure drop for both streams 

 
 

GIVEN: 
-Inlet temperature of hot wastewater (Th1) = 90 oC 
-Mass flow rate of hot water ( m h) = 12 kg/s 
-Inlet temperature of cold water (Tc1) = 15 oC 
-Outlet temperature of cold water (Tc2) = 45 oC 
-Mass flow rate of cold water ( m c) = 6 kg/s 
-Fouling resistance (Rfc) = 0.00006 m2.K/W 
-Plate thermal conductivity (Titanium , kw) = 20 W/(m.K) 
-Gasket heat exchanger configuration: 

Lv = 1.60 m   Lw = 0.50 m 
b = 6 mm   φ = 1.17 
β = 60o   t = 0.0006 m 
Dp = 0.15 m 
 

 
SOLUTION:  

Cold water properties at  30
2

4515
2

TTT outin
m =

+
=

+
= o

  W/(m.K)612.0k
58.5Pr

J/kg.K  4179c
kg/m.s  1015.8

kg/m  996

p

4

3

=
=

=
×=µ

=ρ
−

C: 

 

Hot water properties at Th1 = 90 o

  W/(m.K)675.0k
96.1Pr

J/kg.K  4205c
kg/m.s  1016.3

kg/m  965

p

4

3

=
=

=
×=µ

=ρ
−

C: 
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a. 

( ) ( ) ( ) ( )
( )   W 752220154541796  

TTcmTTcmQ 2h1hhp1c2ccp

=−××=

−=−= 

Heat duty: 

 

( ) ( )
( )

( ) 75
420512

15454179690
cm

TTcm
TT

hp

1c2ccp
1h2h =

×
−××

−=
−

−=



 oC 

( ) ( )
( )
( )

14.52

1575
4590ln

)1575()4590(

TT
TTln

TTTTT

1c2h

2c1h

1c2h2c1h
cf,lm =

−
−

−−−
=

−
−

−−−
=∆

Log-mean temperature difference: 

 o

To solve for the number of plates needed, a trial-and-error method has to be used. First, an 
estimated heat transfer coefficient is assumed, which is verified and iterated later until the 
assumed value matches the value resulted from it. 

C 

Assume the overall heat transfer coefficient Uc to be 5000 W/(m2

For safety factor C
.K) (From table 11.2). 

s

10531087522204.1QCQ rsf =×=⋅=

 = 1.4,  
 W 

where Q U A F Tf f e lm cf= ⋅ ∆ , , then: 

0395.4
14.5215000

1053108
TFU

QA
cf,lmf

f
e =

××
=

∆⋅
=  m2 

( ) 725.0)50.0)(15.06.1(LDLLLA wpvpwp1 =−=⋅−=⋅=

The single-plate projected area: 
 m2 

8483.017.1725.0AA p11 =×=φ⋅=

The single-plate heat transfer area: 
m2  

5
8483.0
0395.4

A
A

N
1

e
e ≈==

The number of plates: 

 plates 

∴ 7252NN et =+=+= plates 

Verify the assumed heat transfer coefficient: 

2
wch m   003.05.0006.0LbA =×=×=

One channel flow area: 
 

( )
( ) m   01026.0

17.1
006.02b2

Lb2
Lb4D

w

w
e =

×
=

φ
=

φ+
⋅

=

Channel equivalent diameter: 

 

The number of channels per pass, Ncp

3
12
17

N2
1N

N
p

t
cp =

×
−

=
⋅
−

=

: 
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4
3

12m h,ch ==

Mass flow rate per channel: 

  kg/s 

2
3
6m c,ch ==   kg/s 

Mass velocity, Gch

34.1333
003.0
4G h,ch ==

: 

  kg/(m2

67.666
003.0
2G c,ch ==

s) 

  kg/(m2s)  

43291
1016.3

01026.034.1333DG
Re

4
h

eh,ch
h =

×

×
=

µ

⋅
=

−

Hot and cold fluid Reynolds numbers for correlation proposed by Kumar are: 

 

8393
1015.8

01026.067.666DG
Re

4
c

ec,ch
c =

×

×
=

µ

⋅
=

−
 

50633
1016.3

012.034.1333b2G
Re

4
h

h,ch
h =

×

×
=

µ

⋅
=

−

Hot and cold fluid Reynolds numbers for correlation proposed by Muley and Manglik are: 

 

9816
1015.8

012.067.666b2G
Re

4
c

c,ch
c =

×

×
=

µ

⋅
=

−
 

Heat transfer coefficient : 

1) 
  

This can be obtained by referring to Table 11.6 Ch=0.108, and n= 0.703 for β = 60 o 

( ) ( )
17.0

w

b31703.0
h

eh
h PrRe108.0

k
DhNu 








µ
µ

⋅==

with 
using the correlation proposed by Kumar: 

 

By assuming µb = µw

( ) ( )

K)  W/(m16158
01026.0

675.06.245
D

kNuh

6.24596.143291108.0Nu

2

e

h
h

31703.0
h

⋅=
×

==

=⋅=

, then: 

 

( ) ( )

K)  W/(m4.6555
01026.0

612.09.109
D

kNu
h

9.10958.58393108.0Nu

2

e

c
c

31703.0
c

⋅=
×

==

=⋅=
 

20
0.0006+

h
1+

h
1

U
1

hcc
=

Overall heat transfer coefficient: 

 

4091
20

0.0006+
16158

1+
4.6555

1
20

0.0006+
h
1+

h
1U

11

hc
c =



=








=

−−

 W/(m2.K) 
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0.00006+
U
1

U
1

cf
=

Fouled overall heat transfer coefficient: 

 

7.328400006.0
4091

10.00006+
U
1U

11

c
f =



 +=








=

−−

 W/(m2

So, the resulting heat transfer coeffcient is less than the assumed 5000 W/(m

.K) 

2.K), the 
procedure has to be repeated, assuming the Uf  to be 3284.7 W/(m2

1489.6
14.5217.3284

1053108
TFU

Q
A

cf,lmf

f
e =

××
=

∆⋅
=

.K) as follows: 

 m2 

925.7
8483.0
1489.6

A
A

N
1

e
e ≈===

The number of plates: 

 plates (round off to odd number to make equal 

 number of channel passes for cold and hot fluid) 
So the number of plates we get is: 

∴ 11292NN et =+=+= plates 
and the effective surface area is: 

2
1ee m  6347.78483.0)211(ANA =×−=⋅=  

However, this problem cannot be solved without iterations. Reynolds numbers were 
calculated according to mass velocities for 7 plates. But, number of plates is determined to be 11 
for those Reynolds numbers. Therefore, iterations should be performed until same number of 
plates is obtained for consecutive iterations.  

2) Heat transfer coefficient can be obtained for β = 60, Reh= 38947, Rec

 

=7550  by referring 
to the correlation proposed by Muley et al. and Muley Manglik (Eq 11.12) : 

[ ] [ ]

( ) ( ){ }[ ] ( )
17.0

w

b317.345/sin0543.0728.0

3225h

xPrxRex

51.101.4194.5078.20x10x244.7006967.02668.0
k

bh2
Nu









µ
µ

Φ−Φ+Φ−β+β−==

+πβ+

−

 

By assuming µb = µw, then: 

( ) ( ){ }[ ] ( )

8.13543
006.0x2

675.0x78.240
b2

khNu
hh

78.2403196.1x7.345/60sin0543.0728.050633x

3)17.1(x51.102)17.1(x1.41)17.1(x94.5078.20x2)60(x510x244.7)60(x00696.02668.0hNu

===

=+π+




 −+−



 −+−=
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( ) ( ){ }[ ] ( )

6.5207
006.0x2

612.0x1.102
b2

kcNuhc

1.1023158.5x7.345/60sin0543.0728.09816x

3)17.1(x51.102)17.1(x1.41)17.1(x94.5078.20x2)60(x510x244.7)60(x00696.02668.0Nuc

===

=+π+




 −+−



 −+−=

 

20
0.0006+

h
1+

h
1

U
1

hcc
=

Overall heat transfer coefficient: 

 

3380
20

0.0006+
8.13543

1+
6.5207

1
20

0.0006+
h
1+

h
1U

11

hc
c =



=








=

−−

 W/(m2

 

.K) 

0.00006+
U
1

U
1

cf
=

Fouled overall heat transfer coefficient: 

 

281000006.0
3380

10.00006+
U
1U

11

c
f =



 +=








=

−−

 W/(m2

So, the heat transfer coefficient is less than the assumed 5000 W/(m

.K) 

2.K), the procedure has to 
be repeated, assuming the Uf  to be 2810 W/(m2

1878.7
14.5212810

1053108
TFU

Q
A

cf,lmf

f
e =

××
=

∆⋅
=

.K) as follows: 

 m2 

947.8
8483.0
1878.7

A
A

N
1

e
e ≈===

The number of plates: 

 plates (round off to odd number to make equal 

 number of channel passes for cold and hot fluid) 
So the number of plates we get is: 

∴ 11292NN et =+=+= plates 
and the effective surface area is: 

2
1ee m  6347.78483.0)211(ANA =×−=⋅=  

However, this problem cannot be solved without iterations. Reynolds numbers were 
calculated according to mass velocities for 7 plates. But, number of plates is determined to be 11 
for those Reynolds numbers. Therefore, iterations should be performed until same number of 
plates is obtained for consecutive iterations.  

 

b. 

 
Friction coefficients and Pressure Drop : 

1) Friction coefficients can be obtained by referring to Table 11.6 Kp=0.760, and m= 0.215 
for β = 60 o , Reh=33300 and Rec=6456; 
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( )
077.0

43291
760.0

Re
760.0f 215.0215.0
h

h ===   

( )
109.0

8393
760.0

Re
760.0f 215.0215.0
c

c ===   

 
 
 

17.0

w

b
2

c

e

peff
c 2

G
D

NL
f4p

−









µ
µ

ρ
=∆

Hot and cold fluid frictional pressure drop: 

  

( ) 3.44243
9652
34.1333

01026.0
16.1077.04p

2

hc =
×

×
×

××=∆  Pa 

( ) 15170
9962
67.666

01026.0
16.1109.04p

2

cc =
×

×
×

××=∆  Pa 

06.679

4
15.0

12

4
D

mG
22

p
h,p =











×π

=














π

=


Port mass velocity: 

  kg/(m2

53.339

4
15.0

6

4
D

m
G

22
p

c
c,p =











×π

=














π

=


s) 

  kg/(m2s) 

ρ
=∆

2
G

N4.1p
2

p
pp

Pressure drop in port ducts: 

 

( ) 49.334
9652
06.67914.1p

2

hc =
×

××=∆  Pa 

( ) 02.81
9962
53.33914.1p

2

cc =
×

××=∆  Pa 

PCt ppp ∆+∆=∆

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( ) 8.4457749.3343.44243ppp
hphcht =+=∆+∆=∆  Pa 

( ) ( ) ( ) 1525102.8115170ppp
cpccct =+=∆+∆=∆  Pa 

 
2) Friction coefficients  can also be obtained for β = 60 o for β = 60, Reh=3e3300 and 

Rec

 

=6456 by referring to the correlation proposed by Muley et al. and Muley Manglik 
(Eq 11.13): 
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( ){ }[ ]1.245/sin0557.02.0
Rex3341.5293.1802.19474.5x2310x016.21277.0917.2f +πβ+−





 Φ−Φ+Φ−



 β−+β−=

 
 

( ){ }[ ] 156.01.245/60sin0557.02.050633x

3)17.1(x341.52)17.1(93.18)17.1(x02.19474.5x2)60(x310x016.2)60(x1277.0917.2hf

=+π+−




 −+−



 −+−=

 

( ){ }[ ] 219.01.245/60sin0557.02.09816x

3)17.1(x341.52)17.1(93.18)17.1(x02.19474.5x2)60(x310x016.2)60(x1277.0917.2cf

=+π+−




 −+−



 −+−=

 

ρ
=∆→

∆ρ
=

2

2
G

b
LfP

LG2
Pb2f

Muley and Manglik defined  the Fanning friction factor as given below : 

  

( ) 38319
965

34.1333
012.0
6.1156.0p

2

hc =××=∆  Pa 

( ) 13030
996

67.666
012.0
6.1219.0p

2

cc =××=∆  Pa 

Usage of this correlation does not change the way that pressure drop in port ducts are 
calculated. Pressure drop in port ducts can be used which have already been calculated above.  

PCt ppp ∆+∆=∆

Total pressure drop for hot and cold fluids: 
 

( ) ( ) ( ) 5.3865349.33438319ppp
hphcht =+=∆+∆=∆  Pa 

( ) ( ) ( ) 02.1311102.8113030ppp
cpccct =+=∆+∆=∆  Pa 

 
Table 1. Comparison of results for different correlations 

 
 

 

Correlations proposed by Kumar Correlations proposed by Muley and Manglik
Hot water heat transfer coefficient (hh) 16158 (W/m2K) 13543.8 (W/m2K)

Cold water heat transfer coefficient (hc) 6555.4(W/m2K) 5207.6 (W/m2K)

Overall heat transfer coefficient (Uf) 3284.7 (W/m2K) 2810 (W/m2K)

Number of plates 11 11
Pressure drop in hot water due to friction(∆Pc)h 44243 (Pa) 38319 (Pa)

Pressure drop in cold water due to friction(∆Pc)c 15170 (Pa) 13030 (Pa)

Total pressure drop in hot water(∆Ptotal)h 44577.8 (Pa) 38653.5 (Pa)
Total pressure drop in cold water(∆Ptotal)c 15251 (Pa) 13111.02(Pa)

www.konkur.in



Problem A.2: Additional problem for Chapter 11 
A one-pass countercurrent flow heat exchanger has 201 plates. The exchanger has a vertical 
port distance of 2 m and is 0.6 m wide, with a gap between the plates of 6 mm. The heat 
exchanger will be used for the following process: cold water from the city supply with an 
inlet temperature of 10 oC is fed to the heat exchanger at a rate of 15 kg/s that will be heated 
to 75oC with a wastewater entering at an inlet temperature of 90 oC. The flow rate of hot 
water is 30 kg/s, which is a distilled water. The other construction parameters are given as 
in Problem 11.2 but using the enlargement factor as 1.25. There is no limitation on the 
pressure drop. Is this heat exchanger suitable for this purpose (larger or smaller)? 

 
GIVEN: 

-Inlet temperature of hot wastewater (Th1) = 90 oC 
-Mass flow rate of hot water ( m h) = 30 kg/s 
-Inlet temperature of cold water (Tc1) = 10 oC 
-Outlet temperature of cold water (Tc2) = 75 oC 
-Mass flow rate of cold water ( m c) = 15 kg/s 
-Plate thermal conductivity (Titanium , kw) = 20 W/(m.K) 
-Gasket heat exchanger configuration: 

Lv = 2.0 m   Lw = 0.60 m 
b = 6 mm   φ = 1.25 
β = 50o   t = 0.0006 m 
Dp = 0.15 m 
 

 
SOLUTION:  

Cold water properties at  T
T T

m
in out=
+

=
+

=
2

10 75
2

42 5. o

ρ

µ

=

= ×
=

=
=

−

991

6 24 10
4179

414
0 630

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

Hot water properties at Th1 = 90 o

ρ

µ

=

= ×
=

=
=

−

965

316 10
4205

196
0 675

4

  kg / m

  kg / m.s
c   J / kg. K

  W / (m. K)

3

p

.

Pr .
.k

C: 

 

( ) ( ) ( ) ( )
( )

Q mc T T mc T Tp c c c p h h h= − = −

= × × − =

 2 1 1 2

15 4179 75 10 4074525    W 

Heat duty: 

 

( ) ( )
( )

( )
T T

mc T T

mc
h h

p c c c

p h

2 1
2 1

90
15 4179 75 10

30 4205
57 7= −

−
= −

× × −

×
=




.  oC 
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( ) ( )
( )
( )

∆T
T T T T

T T
T T

lm cf
h c h c

h c

h c

,

ln

( ) (57. )

ln
.

.=
− − −

−

−

=
− − −

−
−

=1 2 2 1

1 2

2 1

90 75 7 10
90 75

57 7 10

217

Log-mean temperature difference: 

 oC 

N Ne t= − =2 199
The effective number of plate is: 

 

 
 

One channel flow area: 

( )A L L L D Lp w p v p w1 2 0 015 0 6 111= ⋅ = − ⋅ = − × =( . . ) . .

The single-plate projected area: 

 m2 

1 1 1.11 1.25 1.3875pA A φ= ⋅ = × =
The single-plate heat transfer area: 

  m2  

( )
( )
4 2 2 0.006 0.0096   m

2 1.25
w

e
w

b L bD
b L φ φ
⋅ ×

= = = =
+

Channel equivalent diameter at φ = 1.17:  

 

N
N

Ncp
t

p
=

−
=

−
×

=
1

2
201 1
2 1

100

The number of channel per pass: 

 

 .,mch h = =
30

100
0 3

Mass flow rate per channel: 

  kg/s 

 .,mch c = =
15

100
015   kg/s 

Mass velocity, Gch

G ch h,
.

.
.= =

0 3
0 0036

8333

: 

  kg/(m2

G ch c,
.

.
.= =

015
0 0036

4167

s) 

  kg/(m2s) 

4

83.33 0.0096Re 2531.544
3.16 10

ch e
h

h

G D
µ −

⋅ ×
= = =

×

Hot and cold fluid Reynolds numbers are: 

 

4

41.67 0.01025Re 641.077
6.24 10

ch e
c

c

G D
µ −

⋅ ×
= = =

×
 

Hot fluid heat transfer coefficient, hhThis can be obtained by referring to Table 11.6 
Ch=0.13, and n= 0.732 for β = 50 o

( ) ( )
17.0

31732.0 PrRe13.0 







⋅==

w

b
h

eh
h k

Dh
Nu

µ
µ

C: 

 

20.006 0.60 0.0036   mch wA b L= × = × =
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By assuming µb = µw

( ) ( )0.732 1 3

2

0.13 2531.6 1.96 50.17
50.17 0.675 3527.34 W/(m K)

0.0096

h

h
h

e

Nu
Nu kh
D

= ⋅ =

×
= = = ⋅

, then: 

 

( ) ( )0.732 1 3

2

0.13 641.077 4.14 23.67
23.67 0.630 1553.594 W/(m K)

0.0096

c

c
c

e

Nu
Nu kh
D

= ⋅ =

×
= = = ⋅

 

1 1 1
U h hc c h

= + + 0.0006
20

Overall heat transfer coefficient: 

 

1 11 1 0.0006 1 1 0.0006+ + + + 1044.5
20 3527.34 1553 20c

c h

U
h h

− −   = = =     
 W/(m2.K) 

Assume the R
Fouled overall heat transfer coefficient: 

fc = 0.00006 (m2.K/W) for city water, and Rfh = 0.000086(m2

1 1
U Uf c

= + 0.00006 + 0.000086

.K/W) for the 
wastewater side. 

 

1 11 1+0.00006+0.000086 0.000146 906.3
1044.5f

c

U
U

− −   = = + =     
 W/(m2.K) 

906.3 0.87
1044.5

f

c

U
CF

U
= = =

The corresponding cleanliness factor is: 

  m2 

1044.5 199 1.3875 28.3 8161.706c c e mQ U A T= ∆ = × × × =
Actual heat duties for clean surface are: 

  kW 

906.3 199 1.3875 28.3 7083.376f f e mQ U A T= ∆ = × × × =    kW 

37083.376 10 1.738
4074525

f
s

r

Q
C

Q
×

= = =

The safety factor is: 

 

1131.5 1.1525 15%
971.1

c

f

UOS
U

= = = ≈

The percentage over surface design is: 
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