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Problem 2.1

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

T, T
—Thz TCZ = exp{—{ci + Ci\ UA}
h g h c

SOLUTION:

The heat transferred across the area dA is:
8Q=U(T, - T.)dA (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 (dT,<0)

8Q = -myc, ,dT, )
*  for the cold fluid (dT.>0)

6Q = mccpychc 3
The notion of heat capacity can be introduced as:

C=rnc, 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:

8Q = -Cthh = CCdTC (5)
Equations (1) and (5) give:
M __Yga (6)
Th - Tc Ch
L = —idA (7)
Th - Tc Cc
Subtracting equation (7) from (6):
M(LL} UdA ®)
Th - Tc Cc Ch
Considering the overall heat transfer coefficient U=constant, equation (8) can be integrated:
In(T, —TC)=[i-iJUA+|nB 9)
c Ch

T, -T. =Bexp (i-i] UA
Cc Ch (10)
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The constant of integration, K is obtained from the boundary condition at the inlet:

at A=0, T, T, =Ty - T (1)

K=Ty, - Ty, (12)
Introducing equation (12) in (10) we have:

L ( 11 ] }

N —exp|| —-—|UA 13

Thl _Tcz |: Cc Ch ( )
At the outlet the heat transfer area is A;=A and T,-T.=T,-T and:

1 1
T —Te _ ef(aJ(Cic]UA (14)

Thl - Tcl
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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 -Tha  -C¢ {l_e_(clfclc)w}

Thl_Tcl - Ch +Cc

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

* C, +C,

SOLUTION:

The heat transferred across the area dA is:
8Q=U(T, - T, )dA (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 (dT,<0)

8Q = 'thp’thh (2)
*  for the cold fluid (dT.>0)
3Q = mgc, AT, 3
The notion of heat capacity can be introduced as:
C=rc, (@)
Equation (2) and (3) give:
8Q = -CydTy, = C.dT, (5)
Equations (1) and (5) give:
M __ Y4 (6)
Th - Tc Ch
e __Yga )
Th - Tc Cc
Subtracting equation (7) from (6):
A= To) _ (i -i] UdA (8)
Th - Tc Cc Ch
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Considering the overall heat transfer coefficient U=constant, equation (8) can be integrated:

In(T, —Tc)z[i-iJUAHnB 9)
Cc h
1 1
T,-T.=B —-—|UA 10
SN o
The constant of integration, K is obtained from the boundary condition at the inlet:
atA=0, T,-T.=T,; T, (112)
K=Ty, - Te, (12)
Introducing equation (12) in (10) we have:
Tn-Te _ exp{(i-ij UA} (13)
Thl - Tc2 Cc Ch

From equation (10) it can be observed that the temperature difference Ty-T is an exponential
function of surface area A, and T,-T.—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):
M Yog (2 UA}dA (14)
Thl_Tcz Ch L Cc Ch
Integrating:
exp _[ClJrClJUA}
T, :_i L h c +B (15)
Thl_Tcl Ch _ﬂu
Cth
T __Ce exp{[i—ij UA}B (16)
Thl_Tcz Cc_ch Cc Ch

The constant of integration, B is obtained from the boundary condition;
at A=0, T,=T, and
Thl _ Cc

B= @17
Thl - Tcz Cc - Ch
From (16) and (17) we have:
Th=Th _ —Co¢ 1— exp{—(i + ij UA} (18)
Thl_Tcl Ch"'cc Ch Cc
From equations (7) and (13) following the same procedure we obtain:
1.1
Tc B Tcl _ Ch 1— e_[a+§]UA (19)
Thl - Tcl Ch + Cc

Equation (10) shows that for A—o, Th=T:=T.,
The value of T, can be calculated, for example, from equation (19):
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C,
T, =T,+ m(Tm - Tcl) (20)
T — ChThl + CcTcl (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
Tn =T __Co exp (i—ijUA -1
Tu-Te C.-C, Cc C,
and
Te=Tep __ Cn exp (i—ijUA -1
Tu-Te C.-C Cc C,
SOLUTION:
ELUTIN M
Th _Tc Ch
dT, =—£dA 2)
Th _Tc Cc
Subtracting equation (2) from (1):
M(Li} UdA @)
Th_Tc Cc Ch
Integrating for constant values of U, C. and C;, we have
1 1
In(T, -T.,)=| —-—|UA+InB
( h c) (Cc Chj
1 1
T, - T, =Bexp|| —-—|[UA 4
h c p|:(cc Ch] :l ()

where B the constant of integration results from the boundary condition:
atA=0, T,-T.=T,;-To

B=T,,-T. )
Introducing equation (5) in (4):

LDKLL] UA} ©)

Thl - TcZ Cc c h

Examining the evolution of T, and T, separately by multiplying equations (1) and (6), (2)
and (6) respectively, we have:
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T
dTy =—iexp (—-i]UA dA
Thl Tc2 Ch Cc Ch
dT,
‘= —exp (L—L]UA dA
Thl TcZ c Cc Ch
Integrating:
eprCl _Cl jUA}
T
h =—i c i +B
T —Teo Ch ( 1 1)U
Cc Ch

For A=0, T,=Tu, Tc=Tg and:
Thl _ Cc
Thl_Tcz Cc _Ch
Thl _ Cc
Thl - Tcz Cc - Ch
Tcz _ Ch +
Thl _Tc2 Cc - Ch
TcZ _ Ch
Thl - Tc2 Cc - Ch

+B

B=

B'

B=

Substituting (9.1) in (8.1), (9.2) in (8.2), respectively:
Th - Thl _ CC exp[(i _ ij UAi| -1
Thl_Tcz CC_Ch Cc Ch

T.-Te _ Gy expli(i-ijUA 1
Thl_Tcz Cc_ch Cc Ch

(7.1)

(7.2)

(8.1)

(8.2)

(9.1)

(9.2)

(10.1)

(10.2)
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Problem 2.4

d2T, d2T,
From problem 2.3, show that for the case C,<C,, d_zh >0and dAZc >0, and therefore temperature

2
T 2
curves are convex and for the case C,>C,, —(jjA 2“ <0, and d Tzc <0, therefore, the temperature curves
dA

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, - T¢)

dT,

WA (Thy = Te2 )('C—lhj UeXpKC—lC C_lhl UA}

2
d_TZh:(Thl_TCZ)(_L](L_LJUzexp{(i_ijUA
dA Cy,/\C, Cy C. C,

2 T —Te2)(C. -C
d Tzh :( h1 cz)( 20 h) UZexp (L-LJUA >0 Q)
dA C.C, c. C

Similarly, from equation (10.2):
dT, 1 1 1
&= (Th — T )(C_j UeXp[(C__C_j UA

dA c c h

2 T —Te)(C. -C
d-T, :( n — Te2)(Co h) UZeXpKi-ijUA >0 )
c

dA? C.Cy,

h

Since, the second derivatives with respect to area of both T, and T, 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 (C.=C,=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 Th - Thl UA

T, - T, a T, - T, - C

SOLUTION:

When the two fluids have the same heat capacity, from equation (6) in problem 2.3:
8Q=U(T, - T.)dA = -C,dT, (1)

In equation (10.2) in problem 2.3 when C.—C;, we have:

_ CCeyp
TeoTo i {eccch —1J:Iim(—c UAJ:—UA 2

Tu-T,  C.-C, "C.C, C

Similarly, from equation (10.1) in problem 2.3:
d(Th -T) U
Th _Tc - Cc
But C.=C,=C and from (2) and (3):

dA,  When C.—C (3)

In(T, - T,) = —Lé—A+InD 4)
h
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Problem 2.6

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

SOLUTION:

The heat transferred along a surface element dA is:

8Q = U(T, - T, )dA = —C,,dT}, (1)

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

dT, =d(T, - T) 2
Using equations (1) and (2):
4T =Te) U ga, @3)
Th _Tc Cc

Integrating:

In(T, —Tc)=—lé—A+InD
h

T, -T, = Bexp[—i j 4
CC
The constant of integration, B can be calculated with the boundary condition:
TC:TCl! for A:O.
Th-Te=B (5)
The temperature distribution for the cold fluid can be obtained by introducing (5) in (4) as:

UA
T, -T. =(T, —Tcl)exp{— c }

C

Te-Ta =1- exp[_ UAJ
Th - Tcl Cc
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Problem 2.7

In a boiler (evaporator), the temperature of hot gases decreases from T, to T,,, while boiling occurs at
a constant temperature T.. 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 0Q across the heat transfer area dA can be expressed as:

8Q = U(T, - T, )dA = —C,,dT}, (1)

In an evaporator T.= constant and

dT, =d(T, - T) 2)
From equations (1) and (2):
d(Th_Tc):_idA (3)
Th _Tc Ch
In(T, - T,) = “YA b
Ch
T, -T. = Dexp[— %j 4
Ch

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

Th-Tce=D )

Introducing (5) in (4):
U
Th—Te = (Thl —Tc)EXp(—C— j (6)
h
Rearranging:
T _1—exp[—— J
Thl _Tc h

Th—Tht [ U ]
M _ 1 _exp| -— (7)
Thl_Tc I: Ch
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Problem 2.8

Show that Eq. (2.46) is also applicable for C;,>C, that is c’'=C./Cy.

SOLUTION:

From Eq. (2.26b)

1 1
T, =Ty =T, —T.,)exp |:UA(C_C_C_hJ:| (1)
Forthecase C, >C., C,=C_,,C =C_.,
UA(. C,
T, =Ty =T, —T,)exp {C_mm(l_c_hj} (2)

= (Thl _Tcz)eXp[NTU (1_C*)]
From heat balance equation
Cc (Tc2 _Tcl) = Ch (Thl _Thz) (3)
or
C*(Tcz _Tcl) = (Thl _Thz) (4)
The heat exchanger efficiency
— Q — Cmin (TCZ _Tcl) — TCZ _Tcl
Qmax Cmin (Thl _Tcl) Thl _Tcl
— (Tcz _Tcl)(l_C*)
(T —Te)A-C")
— Tc2 _Tcl _C*(Tcz _Tcl)
Thl _Tcl -C (Thl _Tcl)
T Ta—Tu+Thw
T2 =T C (T —Teo) Ty + T, —C T, +C Ty

C.

— T _Tcl — (rhl _Tcz)
T, -T,-C (Tm =T 2)

c

(5)

or
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1_Th1_T02
T, T
N . (6)
1_C* h1 2

Th2 _Tcl

_ 1-exp[-NTU(@1-C")]
~1-Cexp[-NTU (1-C")]

This proves that for C, > 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, g, for parallel flow given by Eq.
(2.47).

SOLUTION:

From Eq. (2.26c)

1 1
Th2 _TCZ = (Thl _Tcl)exp|:_UA(C—c+C—hJ:| (1)
Assume C, >C_,C.=C ., C, =C__,
UA C.
T =T =Ty —T) eXp|:— c (1+C—h]} (2)

= (T, ~Te) exp[-NTU (1+C")]
From heat balance equation
Co(Te, —T) =Cy (T, —Ti2) (3)
or
C*G—cz _Tcl) = (rhl _Thz) (4)
The heat exchanger efficiency
Q _ Cmin (Tcz _Tcl) _ Tc2 _Tcl
Qmax Cmin (Thl _Tcl) Thl _Tcl
— (Tcz _Tc1)(l+C*)
Ty -T)@+C)
(T = Ter) 14 =T
Tc2 _Tcl
(Thl _Tcl)(1+C*)
— Too=To + Ty =T
(rhl _Tcl)(l+ C )
_ (Thl _Tcl) — (Thz _Tcz)
(Thl _Tcl)(1+ C )

(5)
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_1-exp[-NTU (1+C")]
1+C”

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

similar result can also be obtained.
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Problem 2.10

5,000 kg/hr of water will be heated from 20°C to 35°C by hot water at 140°C. A 15°C 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: R;0.000176 m>.K/W

Rt = 0.000352 m’.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 / m? - K and 1600 W /
m? - 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 (T.,) = 20°C
-Cold water outlet temperature (T.,) = 35°C

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

-Hot Water inlet temperature (T;,) = 140°C
-Hot water temperature drop (AT,) = 15°C
-Thermal conductivity of tube material (k,) = 50 W/m.K
-Heat transfer coefficient in the inner tube (h;) = 4620 W/m?*K
-Heat transfer coefficient in the annulus (h,) = 1600 W/m?.K
-Fouling factors: (Rs) = 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 (U,)

b. Surface area (A).

SOLUTION:
a.
The total thermal resistance R, can be expressed as: [eq. (2.11)]
UA UA, UA,
In(VJ
=1 W R R 1
hiAi 27Tk|_ Ai AO AOhO
nf "o )
1 A, Po '”(% A Rj 1
—= + + + R +—
UO hiAi 27'CkL Ai hO
d ~In(r°/)
d o ) d,Ry
=—2 + I+°f'+Rf0+i
h.d, 2k d; h,
0.0603 0.0603 |n(88§g:) 0.000176 x 0.0603 1
= + : 4= O £0.000352 + ——
4620 x 0.0525 2x50 0.0525 1600

= 0.001511 W/m?.K
Q=m.Cpe(Tp —Tey) =17.222x4.179 x (50— 20) = 2159.12 kW

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

m.c

— P2 (T, —T)
h*p,h

0. 62000x4.179

80000 x 4.22

The =T —

x30=76.98 °C

Heat balance equation:
Q=mCpe(Tey —Tea)
Cpc = 4.179 ki/kg.K (from table B.2 in appendix B)
. Q=1.3889x 4179 x (35-20) = 87063.2 W
for parallel flow:

~120-90

mT 120
In—
90

AT =104.28 °C
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for counter flow:
AT,, = AT, = AT, =105 °C

So,
A, = Q __ 870832 55 2 for parallel flow.
U,AT,, 661.7x104.28
Q _ 8706832 _, oe3 2 for counter flow.

° T U,AT, 661.7x105



www.konkur.in

Problem 2.11

Water at a rate of 45,500 kg/hr is heated from 80°C to 150°C in a shell-and-tube heat-exchanger
having two shell passes and eight tube passes with a total surface area of 925m?. Hot exhaust gases
having approximately the same thermal physical properties as air enter at 350°C and exit at 175°C.
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 (T;) = 80°C
-Cold water outlet temperature (T.,) = 150°C

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

-Hot gas inlet temperature (T},) = 350°C
-Hot gas outlet temperature (Ty,) = 175°C

-Total surface area (A) = 925 m”

FIND

Overall heat transfer coefficient (U)

SOLUTION:

The heat balance equation:
Q= mccp,c(Tcz - Tcl) = r.nhcp,h(-l—hz - Thl)

Cpc = 4.227 kJ/(kg.K) (at average temperature of w =115°C)

Q=mCpe(Tep —Tey) =17.222x4.179 x (50— 20) = 2159.12 kW

B AT, — AT, _ 200-95 _ o 350°C
ATlm’Cf = AT, = 200 =141.05 °C
In In—
ATl 95 150°C \\ 175°C
80°C
P= AT, = 0 =0.26
T,,-T, 350-80




www.konkur.in

T,-T, 175

R=——12="—=25
T,-T, 70
From Figure 2.8, F=0.96
Q =UAFAT, 4
Q  37395x10°

= = =29.86 W/(m?-K)
AF-AT_ 925x0.96x141.05
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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 (T.,) = 20°C
-Cold water outlet temperature (T.,) = 50°C

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

-Hot Water inlet temperature (T;,;) = 100°C

-Total surface area (A) = 925 m?

FIND:
Heat transfer rates (Q) and outlet temperature of hot water (T},) for mass flow rate of
a. 80,000 kg/hr

b. 40,000 kg/hr

SOLUTION:

The heat balance equation:
Q= mccp,c(Tcz - Tcl) = thp,h(ThZ - Thl)

Cpe = 4.179 kJ/(kg.K) (T =35°C)
Cpn = 4.22 kJ/(kg.K) (T =100°C)
a. m, =80,000 kg/hr
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Q=mMmeCpe(Tey —Tey) =17.222x 4179 x (50— 20) = 2159.12 kW

cvpc
m.c
=P (T~ Tar)

hCph
5. 62000 4.179

80000 x 4.22

The =T —

x30=76.98 °C

b. m, =40,000 kg/hr
Q=r.c, (T, —T,,)=17.222x4.179x (50 - 20) = 2159.12 kW

m.c

p.c
Th2 = Thl - (TCZ _Tcl)

h*p,h
= 100-82000x4.179 5y _c395 oc
40000 x 4.22
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Problem 2.13

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

a. Parallel flow
b. Counterflow
GIVEN:

-Cold water inlet temperature (T.;) = 10°C
-Cold water outlet temperature (T.,) = 35°C

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

-Hot Water inlet temperature (T,,) = 65°C

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

-Overall heat coefficient (U) = 3,500 W/m?.K
-Specific heat of cold water (c, ) = 4182 J/kg.K

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

FIND:
Heat transfer area (A) required for:

a. parallel flow;

b. counter flow.

SOLUTION:

The heat balance equation:
Q= mcCp,c(Tcz - Tcl) = thp,h(ThZ - Thl)

Q=mpcyn(Thy = Thy) =%x1060x (616—232) =1063 W
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MpCohn
— (Top —Tha)

cvp.c

T =Ty +

=16+ 1063 =67 °C

-3
0.3x107° x 999 « 4180
60

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

Impossible case
65°C
35°C
10% 22.9°C
b. counter flow:
65°C

0
35°C 22.9°C
S 10°C

_ AT, -AT; _ (65-35)-(22.9-10) _ o
ATlm,cf = AT, = 65_35 =203 "C
In—= In——
AT, 229-10

A Q 145.208x10°
U-AT 3500 20.3

=2.04 m?

Im,cf
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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, c,, = 1060 J/kg.K

b. The cooling water enters the annular side at 16°C with a mass flow rate of 0.3 L/min.
Calculate the exit temperature of the water. For water, ¢, = 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/m?.K. Calculate

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

GIVEN:

-Hot air inlet temperature (T,,) = 616°C

-Hot air outlet temperature (Ty,) = 232°C

-Hot air mass flow rate (m, ) = 9.4 kg/hr =0.002611 kg/s
-Specific heat of hot air (c, ) = 1060 J/kg.K

-Cooling water inlet temperature (T) = 16°C

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

-Hot water mass flow rate () = 0.3 |/min

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

FIND:
a. Heat transfer rate Q

b. Exit temperature of the water T

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

a.
The heat balance equation:

Q= mccp,c(Tcz - Tcl) = r.nhcp,h(-l—hz - Thl)

Q=mpCpn(Thz = Thy) :%xmeox (616-232) =1063 W

Water density at 16°C: p,, = 999 kg/m®
So, the exit temperature can be obtained by:

MpCphn
To=Tg+— T -Th)
cvpc

=16+ 1063 =67 °C

-3
0.3x10° x 999) 4180
60

The heat capacity of the hot fluid is
Cththh :9_4><1060:277 W/K
" 3600

The heat capacity of the cold fluid is:

3
C. =MmC,, :meozzo,g WiK

It can be observed that C i, = C, = 2.77 W/K and the effectiveness will be:

o (Th —Tho) _ 616-232 064
(T —-Ty) 616-16

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

1 1-C’¢
—1In
1-C 1-¢

o= Cmin _ 277 _ 41305
Coe 209

NTU =

_ 1 In1—0.1325><0.64
1-0.1325 1-0.64

From the definition of NTU, the overall heat transfer coefficient is
C.inNTU

TAN,

NTU =1.153In2.54 =1.076

U

A, =7nDL=nx2x107 x1.5=0.094 m?

_ CunNTU _ 277x1076 _ o,
A,-U, 0094x385

The number of hairpin is 1.

“Npp
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Problem 2.15

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

-Hot water outlet temperature (T,) = 60°C

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

-Hot water inlet temperature (Ty;) = 180°C

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

-Renolds number (Re) = 10,000
-Tube diameter (d;) =20 mm

-Overall heat transfer coefficient (U) = 450 W/m?*.K

FIND

a. The heat transfer Q and the exit temperature of the hot fluid T,
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i. Heat transfer area A,

ii. Fluid velocity in tubes u,,

iii. Cross-sectional area of tubes A,

iv. Number of tubes N,

SOLUTION:

Cold water bulk mean temperature:

180°C

60 C

Ty +T, 40+60

T =
b.e 2 2

".Cpe = 4.181 kJ/(kg.K) at Ty.=50°C

=50°C

and cpp = 4.407 kl/(kg.K) at Try= 180°C
So, from heat balance:

Q= MCpc(Teo = Ter) = MyCpp (Thy — Ti2)

: . 20,000
Q= mccp,c (TCZ _Tcl) = 3600
Thp = T - L =180— 464,

th,h
3600
Q=U-AT, -A
142.05°C

\\ 4OOC

AT, =

AT, -AT; 120-102.05

AT,) 120
In| —2% Infl ——
AT 102.05

1

Q 464556
U-AT,, 450x110.78

m

A=

556

10,000

x 4407

x 4181 x (60— 40) = 464,556 W

=142.05°C

AT,=180-60=120°C
AT, =142.05-40=102.05°C

=110.78°C

=9319 m?
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Bulk mean temperature of hot fluid

_ ThlZThz _ 180+;42.05 _ 161G

Tb,h

From Table A-27:

p =906.23 kg/ m?®

at Tb,h=161°C.
1 =1.6804x10 Pa-s

Re = pU md i
u
. 4
__Ren 10,000x16804x1077 057 /g
o-d. 906.23x 0.02
iil.
my, = pACUm
m )
A =M 277718 4433 2
pu, 906.23x0.0927
iv.
A I
nd; n x 0.02
4
A, 9319

L

" nd,N, 7x002x106

SOLUTION 2 (USING &-NTU METHOD)

a.
The heat capacities for the two fluids are:
* Cold fluid
Ce=MeCpe _ 20000 416123008 Wik
‘ 3600
*  Hot fluid:
Ch=mpCpp = 10,000 x 4407 =12242 W/ K
‘ 3600

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

20,000
3600

Q= (T, ~To) = x 4181x (60 — 40) = 464,556 W

So, in terms of heat balance:
Q = mccp,c (Tcz - Tcl) = rhhcp,h(-rhl - Th2)
: 464,556

10,000
3600

T, =T, —2 180

hcp,h

=142.05°C

x 4407
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From previous calculation, we can conclude that
Cmin = Ch
and the effectiveness can be written as

oo Tn—Thy _180-14205 .
T —Ta 180-40

The factor of non-equilibrium is:
«_ Cuin _ Cn _ 12242

c =—"nh _ ==
Coax Co 23228

From Table 2.2, we have:
NTU = 1 _In 1-C ¢ _ 1 In 1-0.527x0.271
1-C l1-¢ 1-0.527 1-0.271
..NTU =0.342
The heat transfer area is:

=0.527

C...-NTU .
A, < Cmi _12242x0.342 o o, 2
U 450
From the imposed Renolds number:
Re = pumdi
un
Re: -4
. T) _ 10,000 x 1.6804 x 10 00927 m/s
p-d; 906.23 x 0.02
The cross-sectional area of the tubes is:
mh = pAcum
m .
A, =—" 21778 _ 4033 m?

pu, 9062300927

The total number of tubes necessary fro assuring the required mass flow rate is:
A,  0033x4

N =—C% = ~ =10504 ~ 106
nd,; 7 x 0.02
4
The length of the heat exchanger can be calculated as
L= A _ 9304

TN, zx002x106
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Problem 2.16

An oil cooler is used to cool lubricating oil from 70°C to 30°C. The cooling fluid is treated cooling water
entering the exchanger at 15°C and leaving at 25°C. 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_ required.

b. Calculate the true mean temperature difference AT,, 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 (T.,) = 15°C

-Cooling fluid outlet temperature (T.,) = 25°C

-Lubricating oil inlet temperature (T,,) = 70°C

-Lubricating oil outlet temperature(T,,) = 30°C

-Mass flow rate of oil (mm, ) = 4 kg/s.

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

-The specific heat capacity of oil ( c,1) = 2 ki/(kg.K)

FIND

a. The water mass flow rate m,

b. AT,, 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:

Heat balance equation:
Q = mccp,c(TCZ - Tcl) = rhhcp,h(-rhl - ThZ)

_MnCon(Thi = Tha) 4% 2x(70—30)
Cpe(Tez = Ter) 4.2 x (25-15)

=7.62 kg/s

c

b.
T —Te2) = (Tha =T —25)— (30—
ATy = (Toa = Tez) = (Tre ~Tea) _ (70-25)-(30-15) . o,
In(Thl _Tczj In( 70—25)
The = Tea 30-15
ATm = I:'A-rlm,cf
where F is the correction factor.
R - fﬁccp,c _162x42 _,
thp'h 4 X 2
poTe-Ta _25-15_ .o
Ty—-Tgq 70-15
i. Two-passes-shell-and-four-tube-passes:
F=0.96 (from Fig 2.8 in chapter 2)
S ATy =F- AT =0.96x27.3=2621 °C
ii. One-shell-pass-and-two-tube-passes:
F=0.90 (from Fig 2.7 in chapter 2)
A ATy =F- ATy =0.90x27.3=2457 °C
iii. Unmixed cross flow
F=0.93 (from Fig 2.13 in chapter 2)
ATy = F- ATy =0.93x27.3=2539 °C
C.
Effectiveness of heat exchanger is equal to
€= Q
Qmax

C, = MCp = 7.62x 4200 = 32004 W/K
Cy= thp'h =4x2000=8000 W/K
Ch = Cmin
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For all flow arrangements:

&= Ch(Thl _Thz) — Cc(Tcz _Tcl)
Cmin (Thl - Tcl) Cmin (Thl - Tcl)
(T, -T,) 70-30
(T,-T,) 70-15

=0.727

E =
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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/(m”.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 (T) = 15°C
-Cooling fluid outlet temperature (T.,) = 25°C
-Lubricating oil inlet temperature (T},) = 70°C
-Lubricating oil outlet temperature(T},) = 30°C

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

-The specific heat capacity of cooling water (c, ) = 4.2 kJ/(kg.K)
-The specific heat capacity of oil ( c,n) = 2 ki/(kg.K)

-The overall heat transfer coefficient (U) = 90 W/(m”.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:
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A=
UAT,

_ myc, AT,

~ UAT,

_ 4x2000x (70-30)
© 90-AT,

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

A= 320000 4057 e
90x 26.21
ii. One shell pass and two tube passes:
_ 320,000
 90x24.57
iii. Unmixed cross flow
_ 320,000
90x 25.39

=144.7 m*

=140.0 m?

AU 90x144.7

NTU ==
C.. 4x2000

c* = Cmin _ 8000 o
Crax 32004

2

=1.63

E =

1+C +(1+C?)

12 L+exp[-NTU - (1+

|

2

_ (The = To)
(Thl - Tcl)
T =Ty - S(Tm - Tcl)
=70-0.727 x (70-15)
=30.02
The value obtained correspond to the given value.

1-exp[-NTU- {1+

(ohe
ol

f

/
/

]
]

=0.727
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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 70°C. 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 15°C. Assuming
a total heat exchanger surface area of 150 m” and an overall heat transfer coefficient of 150
W/(m?.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 (T) = 15°C

-Mass flow rate of water (m_ ) = 20 kg/s.

-Oil inlet temperatre (Tn;) = 70°C

-Mass flow rate of oil (mm, ) = 8 kg/s.

-The specific heat capacity of cooling water (c, ) = 4.2 kJ/(kg.K)
-The specific heat capacity of oil ( c,) = 2 ki/(kg.K)

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

-Overall heat transfer coefficient (U) = 150 W/(m?2.K)

FIND

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

SOLUTION:

¢, =15x1050 =15750 W /K

m.c,
m,c,, =5x2000=10000 W /K
Cmin

O O o

c
h
h
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o _ Cun 10000 _ o
C. 15750
NTU = AU _ 600 x 60 _36
C.. 10000

1/2

1+exp[-NTU-(1+C")

1/2

1+C" +(1+C™)Y? -
1-exp[-NTU-(1+C")

]
]

Also,
- Ch(Thl_ThZ) _ CC(TCZ _Tcl)
Cmin (Thl _Tcl) Cmin(Thl _Tcl)
L= (Thl _Thz)
(Thl _Tcl)
and

T =Ty - S(Thl - Tcl)
=70-0.702(70-15)
=31.39 °C

For outlet temperture of cooling water:

R MeCpe _15x1.05

=— = =1575
m,.c,, 5x2

also
R= Thl B ThZ
TCZ - Tcl

thus,
T. = (Thl_Th2)+T

2~ R cl
_ 70;215.39 +15
=22.35 °C
To determine the correction factor F, R and P need to be first determined.
_T,-T, 2235-15
T,-T, 70-15

s0, the correction factor for two-pass shell-and-tube is found to be (from Fig 2.8 in chapter 2):

P =0.134

F=0.98
ATm = F'ATIm,cf
T,-T,)-(T,-T 65-16.
at, = T =Te)= (T, m):4765472§39:2929 'c
In Thl_Tcz |n( . J
T,-T, 16.39

Q= AUAT 1t F = Co(Tep = Te) = Cp(Thy = Thz)

AUAT,, (F 150x 150 x 29.29 x 0.98
@2 = +TCl =
Cc 84000

C

+15=22.69
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AUAT, +F
S mef ™ _ 70 150 x150x 29.29x 0.98

C, 16000

=29.63

For unmixed crossflow units, C", NTU are same as the two-pass shell-and-tube unit, so from
Fig 2.15(c):
e=0.70
T, =Ty — g(Thl _Tcl)
=70-0.7(70-15)
=315 °C
Tcz - (Thl _Th2)+TCl
R
=22.33 °C
b= T,-T, _2235-15
T,-T, 70-15
From Fig 2.13:
F=0.95

=0.133
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Problem 2.19

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

Air: =15 kg/s, ¢, =1050 J/(kg.K), T;,=25°C
Oil: i, =5 kg/s, ¢,»=2000 J/(kg.K), Tr,1=90°C

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 (T.,) = 25°C

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

-Oil inlet temperatre (Ty;) = 90°C

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

-The specific heat capacity of air (c,) = 1.05 kJ/(kg.K)
-The specific heat capacity of oil ( c,n) = 2 ki/(kg.K)
-Total surface area of heat exchanger (A) = 600 m?

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

FIND

a. The outlet temperture T, Thy
b. F-facotr F

c. Effectiveness ¢

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

NTU = AU _ 600 x 60 _136

C. 10000

From Fig 2.15(j):
¢=0.83
Also,
— Cn (Thl _Th2) _ Cc(Tcz _Tcl)

Cmin (Thl - Tcl) Cmin (Thl - Tcl)

Soe= (Thl _Thz)
(Tm _Tcl)
and
T, =Ty — E(Thl - Tcl)
=90-0.83(90-25)
=36.05 °C
For outlet temperture of cooling water:
_mc,. 15x1.05

R=—
m.c,, 5x2

=1575

also
T,-T,

R = h
T,-T

c2 cl

thus,
T. = (Thl_Th2)+T

2~ R cl
_ 90-36.05 L 25
1.575
=59.25 °C
To determine the correction factor F, R and P need to be first determined.
T,-T, 59.25-25

T,-T, 90-25

C

=0.53

S0, 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 m’. The water is to be used to cool oil [c,=2.1k}/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/m?-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

T, = 35C
T., =99%C
Ty, = 120°C
Ty, = 60°C
A=2m?

U = 300 W/mK
cp, = 2.1 k] /kgK

. = 230 kg /h _0.0639 kg/s

SOLUTION:

Because of the reason Tz can not exceed T ; for parallel flow, the heat exchanger must be a counter-
flow heat exchanger.
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Fluid 2

Counter-flow double-pipe heat exchanger.

Assuming water’s heat capacity (r.)is 4187 kJ /kgK

1 1
Ty =Ty = {Thl_rr:}'ﬂp ua i
' k

.= cr_,fﬂ'?,f = 4,187 = 0.0639 = 0.2675 kW /K = 26750 W /K

1 1
_35=0(120— Z c.
60 — 35 = (120 — 99 exp [EUU % -(25?.5 c, )]

. =290W/K
R
EI-': = Chr'?’ﬁ-h

290 = 2100 x mp

"y, = 0.138 kg/s = 497 2 kg/h|
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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/mz-K. The area of the heat exchanger is 30 mZ. Calculate the flow rate of
ammonia.

GIVEN

Th1 =60 °C

Th2 = Unknown

T,=10°C

T,=30°C

ﬂl?’water =4 kg/s

U =600 W/m?’K

A=30 m*

Cpc = 4,74448 ki/kgK (for ammonia)
Con = 4,178 ki/kgK

Counter Flow

FIND
Mo,

SOLUTION:

= mrcp_r{rr: —Ty)= mkhﬂﬂ_h{Tk: — Thy) (1)

. k] kg kJ
m, X 4.?4448@—5{ = (303K — 283K) = 4—x 4.1?8@—5{ x (333K — Ty,)
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Tos = oy = (T = Tedeop [UA (—— - ——)] @)

MeCpc Myl k

1 1
74448 Ky /RgK 45;314,1.-9 i hgk

_ W 2
T, — 283K = (333K — 303K )exp [ 600 —z % I0m* = {” vy ]]

Equation 1 and 2 are solved together, then ;

mammonia =3.5224 kg/s
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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/m?*K. What is the area of the heat exchanger? Calculate
the effectiveness of the heat exchanger.

GIVEN

Ty =90°C
Tc, = 52C
Tc, = 302C
m.= 1.3kg/s
mp= 2.6 kg/s

U = 800 W/(m?*K)

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

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

SOLUTION:

Q= (m * cy)c * ATc=(m * c,), * ATh

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

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

Q=1.3 * 4180 * (30-5) = 2.6 * 4200 * ATh
Q=1359kW=> ATh=12.44=>T,,=77.56 2C

AT1 — AT2

AT1
In {m:]

ATm =
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_ (90-30)-(77.56-5)
" In[(90-30)/(77.56-5)]

ATm = 66.08
Q
4= U=ATm

A=135.9*10%/(800*66.08)

a. A=2.57m’

€ =Q/Qmax

Cc=4180* 1.3 =5434

Ch =4200 * 2.6 =10920

Ch>Cc => Qmax=(m * c,). * (Th; —Tcy)
Qmax =461.9 kW

b. €=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/m?>K. Calculate the area of the heat
exchanger.

SOLUTION:

Q=U=xA=xF x AT,

P TI.':_ cl 25_15 []18
T Ty —-Ty T0-15"

Ty — Tha 70 — 40 ;
- T,-T, 25-15"

From 2.13; F=0.94

AT, — AT, 45 — 25 3403 K
T In{ AT, /AT.Y 45, 77
n( ATy /AT;) In {E]

AT

g=U=xA=xF x AT,

30000 =50 =4 x0.94 x 34.03

Hence,

A=18.756 m?
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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/m?*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

T,=20C T,,=180C

T, =40C Ty =140 C

m¢ = 3 kg/s

me = 1.5 kg/s Mpy = ?

Coc = 4179 J/kgK(@30 C) Con= 2100 J/kgK

U, =200 W/m2K

SOLUTION:

For cold fluid;

g=0U= A x ATy

Q= m;y x Cpe X Tz — Te4)

AT, — AT,
ATy = —fr—
{ﬂﬂ_T:
(180 — 40) — (140 — 20)
AT, = (180 = 300 =129.74C
In"20 — 20

200 = A x 12094 =3 = 4179 = (40 — 20)

A =19.66 m?
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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;

Myg % Cpe % (Tpg — Tpy) = mypg % cpp % (Thy — Tho)
1.5 x 4179 x (40 — 20) = my, x 2100 x (180 — T;,)

59.7 =mypy % (180 — Tpy)  [*¥]

(180 — 40) — (T, — 20)

2 = -2
200 x 966 x { 180 — 20) 1.3 = 4179 = (40 —20)
T, — 20
(120 — 40) ( )
fﬂﬁ = (160 — r.-.:: = 0.0154
gliisn—fﬁ:)xn.mm — 140
Ty, — 20

g 0014 X Tha - 0,084 % Typ — 168 (*)

Tz in star equation found with MATLAB.
T, = 43C

If Taz is put in the double star equation;
59.7 = my, X (180 — Tip)

50.7 = my,; % (180 — 43)

My, = 0.436 kg/s
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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/m?K. Calculate the area of the heat exchanger.

GIVEN

Thy =709C
Tcy =20°C
Tc, =40°C
m.= 10kg/s
my = 15 kg/s

U = 50 W/(m?*K)

FIND

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

SOLUTION:

Q=(m *cy) * ATc=(m * c,)p * ATh

(cp)c =2483.9 J/(kg*K) (www.engineeringtoolbox.com)
(cp)n = 4200 J/(kg*K) (tablo B-4)

Q=10 *2483.9 * (40-20) = 15 * 4200 * ATh
Q=496.78 kW => ATh =7.89 =>T;, =62.11C

From Figure 2.7;

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

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

F=0.975




www.konkur.in

AT1 — AT2

AT1
In {m:]

ATm =

(62,11 — 20) — (70 — 40)
ATm =
1 (6211 =20
n(o—40 )

AT, =35.71

_ Q
T UsF=ATm

) 496780
T 50 «35,71 = 0,975

A=28536m’
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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 sidesare 1 in. by 2 in. and the length of the duct is 6 m. The average temper atur e of
the fluid is 60°C. The fluid completely fills the duct. Calculate the surface heat transfer
coefficient if thefluid is

a. Water;

b. Air at atmospheric pressure;

c. Engine oil (p=864 kg/m® c,=2047 J/(kg.K), v=0.0839x10° m?s, Pr=1050, k=0.140
W/m.K).

GIVEN
-Fluid flowing through a rectangular duct
-Fluid temperature (T,,) =60°C
-Fluid velocity (um) =6 m/s
-Inside size of pipe (axbxL) =1in. x 2in. x 6 m
-Properties of Engine oil: p=864 kg/m®, ¢,=2047 J(kg.K), v=0.0839x10-3 m’/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 ail.

SKETCH

b=2in.
Fluid: —T> 4
V:Gmés a=lin.
Ty=60"C |
lé———— 6m

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 60°C: (Table B.2 in appendix B)
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p=983.1kg/m? k =0.651 W/ (m-K)
1n=466x10" kg/m-s Pr=3.0
c, = 4184 kJ/ (kg-K)

Properties of Air at 60°C: (Table B.1 in appendix B)

p=1.0595kg/ m* k =0.0285 W/ (m-K)

1=20x10"° kg/(m-s) Pr =0.709
¢, =1009 kJ/ (kg-K)

Hydraulic diameter is given by:

h:ﬁ:4x2:ﬂ in. =0.0339m
P 6 3

w

p-Uy,-Dy  9831x6x0.0339

Re= a
n 466x10"

=429104 (Turbulent)

Using Gnielinski’ s correlation:
_ (f/2)Re, —1000)Pr,
1.07+12.7(f/2)*(Pr,” 1)

b

f = (L58InRe, — 3.28) 2

. f = (1.58x In(429104) - 3.28) 2 = 0003376

N, = (0.003376/2)><(429104;210002)/:3 13301
1.07+12.7x (0.003376/2) "2 x (32% —1)

h=nNu- K =1330.1x 281
D 0.0339

h

= 25542.6 WI(m?K)

p-U,-D, 1.0595x6x0.0339

Re= —
7 2x10

=10775.1 (Turbulent)

f = (1.58InRe,, —3.28) 2 = (158 In(107751) — 328) 2 = 00077

NU. — (f/2)(Re, —1000)Pr,  (0.0077/2) x (107751—1000) x 0.709 _
" 1e127(/2)7 ?(Pry?®-1)  1+127x(00077/2)* (07097 -1)

h=Nu-—K_ = 31,82 20285
D 0.0339

h .

=2675 W/(m?K)

p-u,-D, UuD,  6x00339
1 v 0.0839x107

=2424.3 (Transition)

f = (1.58InRe, —3.28)2 = (L58x In(2424.3) - 3.28) = 0.01225

3182



www.konkur.in

~ (f/2(Re, —1000)Pr, (001225 2) x (2424.3~1000) x 1050
" 14127(f/2)"(Pr,?* 1) 1+12.7x(0.01225/ 2)"*(1050*° - 1)

K _ggopx 914
0.0339

=89.22

h=Nu- -3685 W/(m?K)

h
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Problem 3.2

Air at 1.5 atm and 40°C 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 120°C and the average air
temperature at exit is 80°C. 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 (Tiye) = 40°C
-Air outlet temperature(T oue) = 80°C
-Inside size of pipe (axbxL) = 40cm x 25cm x 10 m
-Duct surface temperature(T,,)=120°C
-Air pressure (Py,) =1.5 am
-Air velocity u,=5 m/s

FIND
Total heat transfer coefficient.

SKETCH

b=40 cm.
| — Y Air

Air -

a=25cm

<« 10m —>

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

PROPERTIES AND CONSTANTS

The bulk mean temperatureis:
Tinlet + Toutlet _ 40+80

T, = e ate - 22 < 60°C

Properties of Air at 60°C at 1 atm : (Table B.1in Appendix B)
p =1.0595kg/m® k = 0.0285W/(m-K)
4 =20x10° m?/s Pr = 0.709

c, =1.009kJ(kg-K)
Then at 1.5 atm, p =1.5x1.0596 = 158925 kg/ m*

SOLUTION:
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Hydraulic diameter of the duct is given by:
4A 4ab  4x40x25

Dh = —= =
2(a+b) 2x(40+25)

5 =30.77cm =0.3077m

w

_ punDy  158925x5x 03077

Re s
u 20x10™

=122253 (Turbulent)

Using the simplified Gnielinski’ s correlation:
Nuj,, = 0.0214(Re®®-100) Pr®*  for0.5< Pr<1.5
Nuj, = 00214 x (122253°% —100) x (0.709) %4 = 217.15

The heat transfer coefficient is:

_ Nu-k _ (217.15) x (0.0285)
D, 0.3077

h =2011 W/m?K

The heat transfer rateis:
Q=ANn(T, -T,) =2(@+b)Lh(T, -Ty)

Q=2-(40+25) x1072 x10x 20.11x (120— 60) = 15686 W
Q=15.69 kW

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

W, = Qx45=15.69kW x 4s = 62.76kJ
Meanwhile, the volume of the water is heated from 40 °C to 80 °C, So the energy contained

by this volume of water is

W, = ¢,mAT =1.009x1.58925x (10 0.4 0.25) x (80 — 40) = 64.34k]

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
avelocity of 1 m/s. The aver age temperature of water is 60°C and the surface temperatureis
a. Slightly over 60°C

b. 120°C.

GIVEN
-Water flowing through acircular tube
-Water bulk mean temperature (T,,) = 60°C
-Tube surface temperature (T,,) : (a) 60°C; (b) 120°C
-Water velocity (u) =1 m/s
-Diameter of Tube (D) =2cm

FIND
Heat transfer coefficient, when surface temperatureis a. slightly over 60°C and . 120°C.

SKETCH

T=60°C (or 120°C)

Water: _L 1
Um=1m/s D=0.02 m

Ty=60°C —"

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

PROPERTIES AND CONSTANTS

Properties of water at 60°C: (Table B.1in Appendix B)
p=983.2kg/ m* k =0.651 W/ (m-K)
1 =0.467x10 kg/(m-9) Pr=3.00

SOLUTION:

Reynolds number

_ pund;  9832x1x 002

Re 3
u 0466 x 10~

= 42197 (Turbulent)

a. Using the Petukhov and Kirillov correlation:
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(f/2) RePr

107+ 12.7\/2 ( Pr2/3_ 1)

where f = (158InRe-328) 2 = [158In(42197) - 328] * = 0.0054

NUb =

NU, = (0.0054/2)x 42197x3 1931
1.07+127, /%(32’3 -1)
The hest transfer coefficient is:
ho Nu-k _ (1931)x(0.651) _ o \uimeK

d, 0.02

b. At T=120°C, 11,=0.23x10° kg/ms

Using the Petukhov and kirillov correlation:
(1/8) RePr m

107+12.7\/Z(Pr2’3—1) H

Hw
Heating= n=0.11

Nub =

f = (182log Re,, —164) 2
f =[18210g(42197) —164] 2 = 002177

0.02177/8) x 421053 3 011
| /8) (0.467) _ 2085

Nuy, =
0235
107+127, /70'02177 (32’ 3_ 1)

The heat transfer coefficient, in thiscasg, is;
hoNuk _ (2085)x(0651) _ oo\ 2y
d. 0.02
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Problem 3.4

An oil with k=0.120 W/m.K, ¢,=2000 J/kg.K, p=895 kg/m®, n=0.0041 kg/m.s flows through a
2-cm diameter tube which is 2-m long. The oil is cooled from 60°C to 30°C. The mean flow
velocity is 0.4 m/s, and the tube wall temperature is maintained at 24°C (u,=0.021 kg/m.s).
Calculatethe heat transfer rate.

GIVEN
-Oil flowing through acircular tube
-Oil inlet temperature (Tine) = 60°C
-Qil outlet temperature (Toue) =30°C
-Tube surface temperature (T,,) : 20°C
-Water velocity (uy) = 0.4 m/s
-Diameter of Tube (d) =2 cm

FIND
Heat transfer rate.

SKETCH

Qil —L T _ o
um=0.4m/s d=0.02 m Touﬂet—SO C
Tin|a:60°C _(

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

PROPERTIES AND CONSTANTS
The bulk mean oil temperature:

T = Tinlet +T0utlet _ 60+ 30
b 2 2

=45°C

Properties of Qil at 45°C is given:
p=895kg/m? k=0.120 W/ (m-K)
Cp =2000 J/(kg-K) p=0.0041kg/(m-s)
v _ MGy _ (0.0041) x (2000)
a k 012

Pr= =683

SOLUTION:
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The Reynolds number is:
_pu,-d (895)x(0.4) % (0.02)

Re =1746.34 (laminar)
H 0.0041
Pe=Re Pr =(1746.34)x(68.3)=119,275
9. _0% o0
L 2
6,)s( my ) 0.0041) "
(Pe—‘)g(—bj :[(119252)><(0.01)]%('—j =844 >2
L) {m, 0.021

Using Sieder and Tate correlation, we have:

. }/ 0.14
Nu, = 1.86(PedT'j 3(“-*’] — (1.86)(8.44) = 15.7
p

w

The heat transfer coefficient is:

_Nu-k _ (15.7)x(0.12)
d 0.02

h =942 W/m?K

The heat transfer rateis;
Q=ANT, -T,)=2d,Lh(T, =T, ) = 7(0.02) - (2) - (94.2) - (45— 24) = 248.46 W
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Problem 3.5

A shell-and-tube type condenser is to be made with 3/4 in. O.D.(0.654 in. 1.D.)brass tubes,
and the length of the tubes between tube platesis 3 m. Under the worst conditions, cooling
water isavailable at 21°C and the outlet temperatureisto be 31°C. Water velocity inside the
tubes is to be approximately 2 m/s. Vapor side film coefficient can be taken as 10,000
w/m?K . Calculatethe overall heat transfer coefficient for this heat exchanger.

GIVEN
-Water flowing through the inner tube of a shell-and-tube condenser.
-Water inlet temperature (Tiye) = 21°C
-Water outlet temperature (Toue) =31°C
-Water velocity (Uy) =2 m/s
-Vapor side film coefficient (h,) = 10,000 W/m?.K
-Diameter of Tube: (Do) = 3/4in.;
(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.

PROPERTIESAND CONSTANTS

The bulk mean water temperature:
Tinlet + Toutlet — 21+31

T, = =26°C
2 2
Properties of water at 26°C is:
p =997 kg/ m3 k =0.608 W/ (m-K)
c, = 4180 J/ (kg-K) n=872x10" kg/(m-s)

Pr=6.01

SOLUTION:

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

puy, -d;  (997) x (2)  (0.01661)
m 872x107*
L 3

"d 001661

Re= =37982 (Turbulent)

=180.6 > 60 - Itisfully developed flow.

Using Gnielinski correlation yields:
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(f /2)(Re~1000) Pr
f 1/2
1+12.7(7) (Pr2’3—1)
2

f = (158InRe-328)

NUb =

f = (158In(37982 - 328) 2 = 000559

(0.00559/ 2)(37982 — 1000)(6.01)
Nup, = — 2457

12
1+12.7( 0'02557) (5.932’ 3_ 1)

Theinside heat transfer coefficient is:

_ Nu-k _ (245.7) x (0.608)
d, 0.01661

h; =899371 W/m?K

The overdl heat transfer coefficient is:

1
°d, 1 +doln(d0/di) 1

I hil 2k brass h0

U

The thermal conductivity for brassis Kyass=104 W/(mK).

1
° 001905 1  0.01905In(0.019050.01661) 1
+ +
0.01661 8993.71 2(104) 10000

U

U, =4165.36 W/ m?K
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Problem 3.6

Water at 1.15 bar and 30°C is heated as it flows through a 1 in. 1.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 80°C, calculate the surface temperature of the tube by
assuming theinner surface of thetubeto

a. Besmooth

b. Have a rough surfacewith arelative roughness of 0.001.

GIVEN
-Water flowing through the tube
-Water pressure (p) = 1.15 bar
-Water inlet temperature (Tiye) = 30°C
-Water outlet temperature (Toue) =80°C
-Water velocity (u) =3 m/s
-Diameter of Tube: (D) =11in.

FIND

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

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

PROPERTIES AND CONSTANTS

The bulk mean water temperature:
Tinet + Touter  30+80

Tb = ! = 550C
2 2
Properties of water at 55°C is:
p=985kg/m? k =0.645 W /(m-K)
c, = 4183 J/ (kg-K) 1 =509x10* Pas

Pr=331
SOLUTION:
d=1in.=0.0254 m

The Reynolds number is:

PUy-d;  985x 3x 00254

Re= a
i 509x10~

=147460 (Turbulent)

Mass flow rate;
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2

_ 2
M= ol nd; _ 985X3Tc(0.0254)
PUmM 2 -

=15 kg/s

Heat transfer rate:
Q=mC, (Toyer — Tinier) = (1.5)(4183)(80— 30) = 313725 W
Q=hA(T, - Tp) = hnd; L(T,, - T},)

Wall temperature:

Q
T =
W hTEdi L

+T,

a. Using the Colburh analogy we have:

St'PrZI:gzi
2

wheref, the friction factor, is taken from the Moody diagram (Fig. 4.1).
For smooth tubes, f=0.004
For arelative roughness of 0.001, f=0.00525

PCoUy, 2

St= h —iPr_%

-2
h= pcpumePr %

For smooth tubes:

h= (985)(4183)(3)(#) (3.31) % 11131 Wy (m?-K)

Thewall temperatureis:

313725

"= +55=125.64 °C
(11131)7(0.0254)(5)

b. For rough tubes

(3.28) % _ 14698 W/ (m?-K)

h= (985)(4183)(3)(%]

In this case, the wall temperatureis:

B 313725
" (14698)71(0.0254)(5)

+55=108.5°C

Another way to solve the problem is to use the Petukhov and Kirillov correlation, which
isvalid 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
m.=0.2kg/s, while the flow rate of oil through the outer annulusis my=0.4 kg/s. The il and
water enter at temperatures of 60°C and 30°C 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 40°C. Take c,=4178
J/kg.K for water and ¢,=2006 J/kg.K for ail.

a. Calculatethe heat transfer coefficient in theinner 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 isthe city water with
afouling factor of 0.000176 m?.K/W insidethetube. Oil sideisclean.

GIVEN
-A counterflow double-pipe heat exchanger
-Mass flow rate of cooling water (m_) = 0.2 kg/s
-Mass flow rate of |ubricating oil (, ) = 0.4 kg/s
-Water inlet temperature (T,) = 30°C
-Oil inlet temperature (T ) = 60°C
-Oil outlet temperature (Ty,) =40°C
-Heat transfer coefficient in annulus side (h,) = 8 W/m.K
-Tube diameter (d,) = 45 mm
(d) =25mm
-Specific heat of water (Cpwaer) = 4178 Jkg.K
-Specific heat of oil (Cpqi) = 2006 Jkg.K
-Fouling factor inside the tube (R;) = 0.000175 m*.K/W

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

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

SOLUTION:

Heat balance:
Q= MC, AT, = MCypAT,
(0.2)(4178)(T-30) = (0.4)(2006)(20)
- Tep=49.21°C

The bulk mean water temperature:
Ty +T, 30+49.21

2

T, = =3961°C
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Properties of water at 39.61°C is:

p=992.3kg/m* k=0.626 W/ (m-K)
n=659x10" m?/s Pr=4.36
Flow area
A, = ”‘12 _7(0025)° _ ) 5087104 m?
Mass velocity:
G, M 02 gramr kg/(m?-s)

A, 49087x10™*
Reynolds number:
G.d; _ (407.437)(0.025)

Re= 2
p 6.59x10"

= 15457

-.How isturbulent.

Using Gnielinski Correlation:

f = (1.58In(Re,, ) — 3.28) 2
= (1.58In(15457) - 3.28)
=0.00699

(f/2)(Re,, —1000)Pr,,
1+12.7(f/2)]/2(Pr% —1)

( 0.00699

Nub =

j (15457 —1000)(4.36)

_ S
1+ 12.7(3.495>< 10*3) 2 (4.36é - 1)

=97.78

a. Heat transfer coefficient in inner tube;

b~ Nu -k 97.78x0.6263
ood 0.025

=2448.4 W/ m?.K
b. The overall heat transfer coefficient neglecting tube wall resistance and tube curvature:

U= 1 1 1= 1 1 l=7.96W/m2-K
—+R; +— +0.000176 + —
h. " h 2448.4 8

I [o]
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Problem 3.8

City water flowing at 0.5 kg/swill be heated from 20°C to 35°C by hot treated boiler water at 140°C.
A 15°C hot water temperaturedrop isallowed. A number of 450 m hairpinsof 3in. by 2in.
(schedule 40, see Table 8.2) double-pipe heat exchangerswith annuli and tubes each connected in
serieswill be used. Hot water flowsthrough the inner tube. Calculate the heat transfer coefficient in
thetube 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_) = 0.5kg/s
-City water inlet temperature (T.,) = 20°C
-City water outlet temperature (T,) = 35°C
-Hot water inlet temperature (T, ) = 140°C
-Hot water temperature drop (AT}) =15°C
-Hairpin: L =4.5m, 3in.x 2in. (schedule 40)
-Fouling factor (Ry;) = 0.000175 m?.K/W
(Rr,,) = 0.000352 m?.K/W

FIND
Heat transfer coefficient in the tube and in the annulus.
SOLUTION:
Schedule 40:
Nominal (in.) d, (m) d; (m)

Annulus 3 0.0889 0.0779
Inner pipe 2 0.0603 0.0525

Properties:

Bulk mean temperatures:

Ta+To _20+35
2 2

Ty +T i
Hot water: T, = “1; h2 _ 140+(240 D) _13m50¢

Cold city water: T, = =275°C

Annulus - cold city water at 27.5°C Inner tube - hot water at 132.5°C

pe=996 kg/m®

k = 0.61 W/(m.K)
u=0.843x10° Pas
Cpc=4.179 kJ/(kg.K)
Pr=5.79

pn=932 kg/m’

k = 0.688 W/(m.K)
1 =0.207x10° Pas
Cpn=4.269 kJ/(kg.K)
Pr=1.28

a. Annulus:

Velocity of cold water ug:

Acomius = (D17 ~0c°) = 7(00779% - 0060F ) = 191x10°° m?
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m .
PR 05 =0263 m/s
annulusP ¢ %(0.07792 — 006032 )(996.412)

Hydraulic diameter of annulus:

4A
D, = 5 ¢ =D, -d, =0.0779-0.0603= 0.0176 m
w

4A,  4x191x107°
nd,  m(0.0603)

=00403 m

D, =

Reynolds number:

Uu.-D _ .
Po'te Dy _ 996x0263x O0U70 _gpeq  (rurbulent)
n 0843x 10"

Using Gnielinski’s Correlation:

Re=

f = (158InRe, — 328) *
f = (158In50346 — 328) 2

f = 000523
(f /2)(Re-1000) Pr

N
l+12.7(5) Pr3-1

(000523 2) 50346 x 7.05
P 14+87x(000523/2)Y2 x (7.05-1)

Nuy, = 2515

Ly o Nurk _4L4x061_ o ook
D 0.0403

e

b. Inner tube:
Cp,h mhATh = Cp’CmCATC

C,.M.AT _
_ CpcMe c=4.179><0.5><(35 20):0.489kg/s

my,
Cp ATy 4.269 x 15
m ’
up = h 5= 0489 5 =02424 m/s
nd; © x 00525
Ph* 932 x —————

PhUn-di _ (932)(02429)095259) _ 57598 (Turbuient)
u 0207 x 10"

Re=
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Using Gnielinski’s Correlation:

f = (158InRe-328)

f = (158In(57298) — 3.28) 2
f = 000508

(f 1 2)(Re-1000) Pr

P22
l+12.7(5) Pr3a-1

~ (0.00508/ 2) x (57298 —1000) x 1.28
- 2
1+12.7 x (0.00254) Y2 x (1.283 —1)

Nu=164.2

Nu =

Nu

_ Nu-k  1642x0688

= 21518 W/ m?K
d, 00525

= h;
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Problem 3.9

It is proposed that the stationary diesel exhaust gases (CO,) be used for heating air by the
use of a double pipe heat exchanger. From the measur ements of the velocity, it is calculated
that the mass flow rate of gasesfrom the engine is 100 kg/h.. The exhaust gastemperatureis
600K . The air is available at 20°C and it will be heated to 80°C at a mass flow rate of 90
kg/h. Standar d(Schedule 40) tube size 4x3 in. double pipe heat exchanger (hairpins) 2m in
length (copper tubes) will be used. Air side heat transfer coefficient in tube is 25 W/m*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 (n_) = 90 kg/h = 0.025 kg/s
-Mass flow rate of exhausted gases (m, ) = 100 kg/h = 0.02778 kg/s
-Air inlet temperature (T¢,) = 20°C
-Air outlet temperature (T,) = 80°C
-Exhausted gas temperature (T, ) = 600 K
-Heat transfer coefficient in tube side (h) = 25 W/m?.K
-Copper hairpins; L=2 m; 4x3 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 CO, as 500K, thus the following properties:
p=1.0732kg/ m? k =0.03352 W/ (m-K)
v=21.67x10° m?/s Pr =0.702
cp, =1013 J/kg.K

The bulk mean air temperature:
7 o TatTe 20480 00
2 2
Properties of air at 50°C is:

v=17.94x10°% m? /s c, =1009 J/kg.K p=1.093

Geometry for seamless copper tubing:
4in. Schedule 40: D;=4.026in.=0.10226 m
3in. Schedule 40: d,=3.5in.=0.0889 m
di=3.068in.=0.07793 m
Hydraulic diameter of annulus:
D, =D, —d, =0.10226—0.0889 = 0.01336 m
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D.*-d,2 o 2 _0.08892
b, D" ~do® _010226°-00889" .00
d, 0.0889

Velocity in annulus:
Mh _ 002778 =129 m/s
PA.  (10732)(2.006x107°)

u, =

Flow area
A, =Z(Dz2-d.2)= 7(0:10226° - 0.0889°)= 2.006x10° "

v 21.67x107°

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

Nu = 0.022Re%8pr 05
=0.022 x 7953%8 x 0.702°°
=24.32
Heat transfer coefficient in annulus:
h = Nuk _24.32x0.03352
° D 0.02873

e

=28.37 W/m?-K
The overall heat transfer coefficient neglecting tube wall resistance:

-1

dih;  hg

- S
(3068)(25) 2837
=12.36 W/ m?-K
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Problem 3.10

Consider the laminar flow of an ail inside a duct with a Reynolds number of 1000. The length of the
duct is2.5m and the diameter is2 cm. The duct is heated electrically by the use of itswallsasan
electrical resistance. Properties of the oil at the average oil temperature are: p=870 kg/m®, p=0.004
N.s/m?, and ¢,=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:

p=870kg/ m* k=0.128W/(m-K)

pn =0.004 Pa.s ¢, =1959 J/kg.K

c
Pr_ pH _ (1959)(0.004) 6122
k 0128

Peclet number:

Pe = Re- Pr = (1000)(61.22) = 61220
Pe-d  (61220)(0.02)
L 25

=489.76

Using the Nusselt and Gragetz correlation for laminar flow and >10?; constant heat flux:

N
Nu = 1.953(%%0')

Nu = (1.953)(489.76)* =15.39
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Problem 3.11

In a crossflow heat exchanger, hot air at atmospherewith an average velocity of 3m/sflows
across a bank of tubesin an array with X, = X;=5cm (see Figure 3.2) . The tube diameter is
2.5cm. Thearray has 20 rowsin the direction of flow. Thetubewall temperatureis30° C,
and the average air temperaturein thebundleisassumed to be 300°C. Calculatethe

aver age heat transfer coefficient and repeat the calculation if thearray has6rowsin the
flow direction.

GIVEN

-Tube wall temperature (T,,) = 30°C

-Average air temperature in the bundle (T,) = 300°C
-Face velocity U,,= 3 m/s, In-tube arrangement

X =X¢{=0.05m

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
p =0.6157 kg/m® k = 0.045W/(m-K)
1 =2.95x10° m?/s Pr=0.68
c, =1047 Jkg.K

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

PUAtace = PUoA miin

2 Ug=U, Atae = 3x Xy —3x—0% _ _gmys
A i X, —dg 005- 0025
Thus Re — Ugdopy _ 6x0.025x 0.62157 _ 313068
Ly 295x 10

So we can use Equation (3.42c) to calculate Nu,

Situation1: (n=20)

n=20, C,=10 ( n>16)
NUp, = 0.27Cn ReQ% pr036( 1 025
Prw

068 %%
=027 x 1x 3130.68°¢% x 0.68°% x (—)
0712
=37.0
Che xNu, _ 0.045%x 37.0 _66.6 WK
d, 2.5x102

Situation II: (n=6)
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FromFigure 3.3, itcanbeseen C,=0.95

0.25
Nup, = 027C,, Rel® Prg-%(—Prbj
Pr.,

=0.27x0.95x 3130.68°* x 0.68°* x
0.712

0.68 )0'25

=35.16

kNu, 0.045x35.16

h= 2
d, 2.5x10

= 63.3 W/m? K
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Problem 3.12

Repeat Problem 3.11, if the heat exchanger employs a bank of staggered bare tubeswith a
longitudinal pitch of 4 cm and transver se pitch of 5 cm.

GIVEN
X, =0.04m, X; = 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 isrelated to the minimum
areain Figure 3.2.

2(Xy —dg) = 20,/ X2 +(X, 1 2)* —d,) = 2(:/0.04% +0.025% —0.025) = 0.044

X, —d, = 0.05-0.025=0.025 N v

So,
Xt _do < Z(Xd _do)

Aun _ X.—d, 0.05-0.025

= 0.5
Ao X, 0.05
A
U, =U, == —3xt —6mis
Anin 0.5
Re, = u,dypo _ 6x0.025x 0;655157 _ 313068
7, 2.95x10

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

Pr 0.25 X 0.2
Nuy,, = 0.35C,, Re2® pr0° (—bj (—t]
Pry X

Situation I: (n=20)

n=20, .- N>16, ..C=1

0.25 02
NU, = 0.35x1x 3130.68%° x 0.684°% ( 0'684) y [ 0-05j

0.712 0.04
=39.55

xNu,  39.55x0.045

;. T = 71.2W/m* K
0 O X

h=

Situation II: (n=6)
n=6, ..C,=0.95 (From Figure 3.3)

0.25 0.2
Nu, = 0.35x 0.95x 3130.68° x 0.68°* X(@] X(%j
0.712 0.04

=37.57
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he xNu, _ 0.045x% 37.57 —67.6 WM K

d, 25%10 2
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Problem 3.13

A shell-and-tube heat exchanger isto be used to cool 20 kg/s of water from 40°C to 20°C. The
exchanger has one shell-side pass and two tube-side passes. The hot water flows through the tubes
and the cooling water flowsthrough the shell. The cooling water entersat 15°C and leaves at 25°C.
The maximum permissible pressuredrop is 10 kPa. The tubewall thicknessis1.25 mm and is
selected as 18 Birmingham wire gauge (BWG) copper. The length of the heat exchanger is5 m.
Assumethat the pressurelosses at theinlet and outlet are equal to two of a velocity head ( pu,7/2).
Find the number of tubesand the proper tube diameter to expand the available pressuredrop. (Hint:
assume atube diameter and average velocity inside the tubes.)

GIVEN

-A shell-and-tube heat exchanger, with hot flowing through tubes.
-Hot water inlet temperature (Ty,,) = 40 °C

-Hot water outlet temperature (Ty,) = 20 °C

-Mass flow rate of hot water (m ) = 20 kg/s

-Cooling water inlet temperature (T¢,) = 15 °C
-Cooling water outlet temperature (T,) = 25 °C
-Maximum permissible pressure drop (Ap) = 10 kPa
-Length of heat exchanger (L) =5m

-Pressure losses at the inlet and outlet (Apig) = pun’
-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:

_20+40

Propertiesof water at T, = =30°C:

p=9956 kg/m? n=7.98x10"% Pas
Cpon =4179 J/kg.K k=0.614 W/m.K
Pr =5.44

Assume that the average velocity u, = 1.5 m/s, and try 3/4 18BWG tube with geometrical
dimensions as:

3/4 18 BWG tube: 1.D.=0.652in.; Interna areaA.=0.3339in.%

So,
oy 20 63
" pu,A. 9956 x15x (0.000064516 x 0.3339)
puLd;  995.6x1.5x (0.652x 0.0254)

T u (7.98x107)

Flow regimeisturbulent flow.
Using Blasius correlation in Table 3.4:

f = 00791Re %% = 00791 x 30992 %% = 00596

Re - 30992 (Turbulent)

1, =f -(lpumzj = 000596 x 05x 9956 x 152 = 668 N/ m?
2
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Ap-Ac-Ny=1,-Ay-N,
4, L 4x668x5
d,  00254x0652
Thetotal pressuredropis:
Ap, = Ap+Ap;, = Ap+pU,,> = 8067 +9956x 15% = 8067 +2.24 = 10307 kPa > 10kPa

" Ap = 8067 kPa

Since the total pressure drop is more than permissible pressure drop, so another type of tube
istried:
7/8 18 BWG tube: 1.D. =0.777in.; Interna areaA. = 0.4742in.%

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

om, 20 43
T pupA. 9956x 15x (0000064516 x 04742)
_ pu,d;  995.6x1.5x(0.777 x 0.0254)

g (7.98x10™*)
Flow regime isturbulent flow.
Using Blasius correlation in Table 3.4:

f = 0.0791Re*® = 0.0791x 36934 °* = 0.0057

N

Re =36934 (Turbulent)

f:
i
Epum

w

r,=f (; pumzj =0.0057x0.5% 995.6x1.5° = 6.38 N/m?

Ap-A.-N, =1, -A,-N,

DA 4, L 4x638x5
S T T 0.0254x0.777

Thetota pressure dropis:
Ap, = Ap+Ap, = Ap+ pu,* = 6.465+ 995.6x1.5? = 6.465 + 2.24 = 8.705 kPa <10kPa

= 6.465 kPa
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Problem 3.14 (*)

Repeat Problem 3.13, assuming that an overall heat transfer coefficient isgive or estimated as 2000
W/m?K.

GIVEN

-A shell-and-tube heat exchanger, with hot flowing through tubes.
-Hot water inlet temperature (Ty,) = 40 °C

-Hot water outlet temperature (Tpy) = 20 °C

-Mass flow rate of hot water () = 20 kg/s

-Cooling water inlet temperature (T) = 15 °C

-Cooling water outlet temperature (T,) = 25 °C

-Length of heat exchanger (L) =5m

-18 BWG copper tube with wall thickness of 1.25 mm

FIND
Number of tubes.
SOLUTION:
Propertiesof water at T, = 20440 _ 50c:
p=9956 kg/m? n=7.98x10"% Pas
Cph =4179 J/kg.K k=0.614 W/ m.K

Pr =5.44
The log temperature difference under counter current case
AT _AT,—AT, _ (40-25)-(20-15)
met =T AT, 40-25
In In
AT, 20-15
For one shell pass and two tube pass

p_ AT, _ 10 _04
T,-T, 40-15
T,

=9.1°C

C

Rt The _ 40-20 _
T,-T, 25-15

From Fig. 2.7, the correction factor

F=0.6
From energy balance

Q= rﬁncp,h (Thl _Thz)

=(20)(4179)(20) = 1671.6 KW

Thetotal heat transfer area

Q=UAFAT,_ 4

Al Q _ 16716x10°
UFAT,, 2000x0.6x9.1

If we choose 7/8 18 BWG tube: |. D. = 0.777 in; Internal area A = 0.4742 in?; the tube length
| =10m.

=153.1
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N A 153.1
" zd)  7(0.777x0.0254+1.25x10° x 2) x 10

Thefluid velocity
m

=220

u =

) N, p i ndg
B 20
© 220%995.6x 0.25x 7 % (0.777x0.0254)*
_pud 995.6x0.3x(0.777x0.0254)
o 7.98x10™*

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

f =0.0791Re** = 0.0791x 7386.6 °* = 0.0085

T

f=—"

1 -
— pu
me

=0.30m/s

Re =7386.6(Turbulent)

7,=1 -(%pufn) =0.0085x 0.5x995.6x 0.3* = 0.38N / m*

Ap-A-Ni=7,-A-N,
47, L 4x0.38x5
d 0.0254x0.777

= 0.39kPa

- Ap

Thetotal pressure dropis:
Ap, = Ap+Ap, = Ap+ pu? = 0.39+995.6x0.3° x10°°
=0.39+0.09 = 0.48kPa < 10kPa

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 20°C in along 2.5-cm |.D. pipe by four different correlation from Table 3.6
(No. 2,34, and 6) considering the effect of temperature-dependent properties. The inside
wall temper ature of thetubeis 70°C.

GIVEN
-Water flowing through the pipe
-Water temperature (Tp,) =20°C
-Water velocity (V) =4 m/s
-Inside diameter of pipe (D) =2.5cm = 0.025m
-Pipe surface temperature (Ty)=70°C

FIND
The average heat transfer coefficient (h,) by 4 different correlation.

SKETCH

Tw=70°C

ASSUMPTIONS

Water: t

V=15m/s D=0.025m

T,=20°C |
Steady state.

Fully devel oped flow L/D>60.
Uniform and constant wall surface temperature.
Pipe wall is smooth.

PROPERTIES AND CONSTANTS

Properties of water at 20°C:
p=998kg/m? k=0.599W/m-K
1 =1.007x10"° kg/m-s Pr=7.05
v=1.009x10® m? /s
_ _ —4
Hw = By o 700C =404x10"" Pas

Pl = Per a 700c = 297

SOLUTION:

p-Uy-d;  998x15x0025

n 1007 x 1073
The heat transfer coefficient is given by:

Re=

= 37165 (Turbulent)



www.konkur.in

h, = Nuy -k
d;
Where the Nusselt number can be estimated using the turbulent forced convection correlation in
circular ducts for liquids with variable properties:
a Seider & Tate:

014
Nu, = 0023Re8 Prﬁ{ﬁj

014
Nuy, = 0023 37165% x 7.05" 3(ﬂ)
0404

Nu, = 227
=h, zwzmgg wW/m? - K
0.025

b. Petuknov & Kirilov:
Nub _ (f/8)Reb Pl’b [Han

107 + 12.7\/2 ( Pr,2/3_ 1) Ha

Hw
Heating= n=0.11
f = (182log Re,, —164) 2

f = (182109 37165-164) > = 00224
(00224/8) x 37165x 7.05 (1007j 011

Nuy, =
0404
107+127, /%(7.012’3 - 1)
8
Nu, = 290
h =299%059 _ gorswime .k
0.025

c. Hufschmidt et al:

(f/8)Re, Pr, [ Pr, j o

107+ 12.7\/2 ( pr, 23— 1) P,

IDrW
f = (182logRe, —164) *
f = (18210g 37165 164) 2 = 00224
 (0.0224/8) x 37165 7.05 (7.05) o

Nuy =
257
107+127, /&524 (7.052’ 3_ 1)

Nu, = 294
_ 294x0.599
! 0.025

Nub =

= 7044 W/m? - K
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d. Oskay & Kakac:

0.262
Nu,, = 0023Re"® Pr,** [hj

w

0.262
Nu,, = 0.023x 37165°® x 7.05> x 1.007j
0.404
Nu, =289
i =M=6924W/m2.|<
0.025

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 40°C saturation temperature.
Water at average bulk temperature of 20°C flows at 2m/s through the inner pipe (copper,
254 cm |.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 [.D. The
average heat transfer coefficient of the condensing steam is 6000 w/m°K, and the thermal
resistance of a surface scale on the outer surface of the copper pipeis0.000176 m?K/W.

a. Determinethe overall heat transfer coefficient between the steam and the water based on

the outer area of the copper pipe.
b. Evaluatethetemperatureat theinner surface of the pipe.
c. Estimatethelength 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) =40°C
-Average bulk water temperature (T,,) =20°C
-Water velocity (V) =2 m/s
-Inner pipe diameter: (1.D.) =0.0254m; (O.D.) = 0.0305m.
-outer pipe diameter: (1.D.)= 0.06 m.
-Heat transfer coefficient in annulus side (h,) = 6000 W/nK..
-Thermal resistance caused by fouling (Ri,) = 1.76x10™* m*K/W.

FIND

a. Overall heat transfer coefficient (U).

b. Temperature of the inner surface of the copper pipe (Twi)-
c. Thelength (L) required to condense 0.5 kg/s of steam.

SKETCH

Steam Y 4
(0]
Ts=40°C O.DT.:O.O305 .
Water: 11.D.=0.0254 Di=0.06 m
V=2m/s |
To=20°C A

ASSUMPTIONS
Steady state.
Fully devel oped flow.
Constant steam temperature.

PROPERTIES AND CONSTANTS

Properties of water at 20°C:
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p=998kg/m?3 k=0599W/m-K
1 =1.007x10° kg/m-s Pr=7.05
v=1.009x10° m? /s

Properties of steam 40°C:
hfg =257345-1675= 2406 kJ/kg

SOLUTION:
a.
Re= £ tn 0 _ 998x20x00258 _ g ety jen
U 1.007x10
The overall heat transfer coefficient based on the pipes outside surface area can be
expressed by:
1
UA,=
°e 1 +In(r0/ri)+Rf0+ 1
hIAI 2TCkCL AO hvo
= Nusk

di
and from Table 3.3, Correlation #1.:;

(f/2)Rey, Pry,
f 2
l+8.7(§j (Pr,—1)

f = (158InRe,, — 328) *

Nub =

f = (1581n50346 — 328) 2

f = 000523
(0.00523/ 2) x 50346 x 7.05

Up = 12
1+87 x (0.00523/2) Y2 x (7.05-1)
Nuy, = 2515
_ 2515x 0599
' 00254

=5931 W/ m?K

Thermal Conductivity of copper at 40°C: K =383 W/mK
1

A, Agln(ry/r) 1
+ fot
hiAi 27chl_ hO
1
d0 +do|n(ro/ri)+Rfo+i
hd, 2k, h,

U, =

(o}
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1
o =
0.0305In(01525/0.0127
00305 + ( il ) +0.000176 + L
0.0254 x 5931 2x 383 6000

U, =1827 W/ m?K

The thermal circuit can be sketched as follows:
TS Two TWi Tb

— 1o 1o 1o 1o
Ro RfO RW R|

R, = Thermal resistance of steam [=1/(Acho)].
Ts= Temperature of the steam.

R¢, = Thermal resistance of the surface scale.
Two = Tube outside wall temperature.

R« = Thermal resistance of the copper tube.
Twi = Tube inside wall temperature.

R = Water thermal resistance [=1/(Aihy)].

Ty = Water bulk temperature.

b.
From the above circuit;
Ts B Tb _ Twi B Tb
R )
R, +—2+R, +R, R
A (0]
T.-T,
= TWi = Ri R S b + Tb
R, +—°+R, +R,
A (o]
T = (5913J = f)%254 In(0.01525/0.0127) 20
. x In{O. A
00254 1 0025 000176+ Lt
0.0305 6000 0.0305 2-383 5931
T, =214 °C
C.

The heat released by the steam condensing at 40°C is.
Q=mj-hgy =05x 2405

=1203 kJ/s
Q=A Uy(Ts—Ty) =2r-1,LU,(Ts-Ty)
Q 1203000

=L

211Uy (Tg—Ty) 2 x 001525 1827 x (40— 20)
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Problem 3.17

Carbon dioxide gasat 1 atm pressureisto be heated fro 30 to 75 °C by pumping it through a tube
bank at a velocity of 4 m/s. The tubes ar e heated by steam condensing within them at 200°C. The
tubeshavea 2.5-cm O.D., arein an in-line arrangement, and have a longitudinal spacing of 4 cm and
atransverse spacing of 4.5 cm. If 15 tuberows arerequired, what isthe average heat transfer
coefficient?

GIVEN

-Carbon dioxide being pumping through tube banks, and being heated by condensing steam.
-Co;, inlet temperature (T;,) = 30 °C

-Co, outlet temperature (Toy) = 75 °C

-Co, velocity (uy,) =4 m/s

-Steam temperature (Ts) = 200 °C

-Tube O.D. (d,) =2.5cm

-X;=4cm

-Xy=4.5cm

-Number of tuberow (n) = 15

FIND
Average heat transfer coefficient h.

SOLUTION:
) . 30+75

From Appendix B (Table B.1), the properties of Co, at Tayerage = . 525 °C and atmosphere pressure
are:

p=1641kg/m? k =0.0185 W/ (m-K)

1 =163x10° m?/s Pr=0.77

cp, =876 J/kg.K
Approximate wall temperature T, = w =12625°C, then Pr,, =0.77

For calculating Reynolds number, we must determine the smallest flow section,

According to mass conservation equation
PUMA tace = PoUoA min

Atwe _, X 0.045

SUg =Upy =4x =9 m/s
A min X —dg 0.045-0.025
Thus
Re— Ugdopp _ 9 x 0.025 x 1541 _ 29651
Hp 163x 10~
n=15 C,~1.

So we can use Equation (3.42c) to calculate Nuy,

Pr 0.25
Nu, = 027C, Re,*® Pr, %% (—bj
Pry,

0.25
=027 x 1x 22651%%2 x 0.77°%¢ (%j =1362

_ Nu-k _ 1362x00185
do 0025

h =1008 W/ m?.K
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Problem 4.1

Consider the flow of 20°C water through a circular duct with an I.D. of 2.54 cm. The
aver age velocity of thewater is4 m/s. Calculate the pressuredrop per unit length (Ap/L).

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

FIND
The pressure drop per unit length Ap/L

SOLUTION:

Properties of water at T = 20°C = 293 K:
p=998 kg/m* n=10.07x10"* Pas
Reynolds number:
pud; 998x4x 00254
W 1007x10°
The friction factor can be obtained by Karman-Nikuradse correlation in Table 4.1:
f =0.046Re *? for 3x10* < Re<10°
f = 0.046 x (100,692) 2

Re= =100,692 (Turbulent)

=0.0046
Pressure drop per unit length:
2
Ap _ 4 1 pu”
L d, 2
2
= 4% 0.0046x —  28x4
0.0254 2

=5783.7 Pa/m
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Problem 4.2

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

GIVEN
-Flow of water through parallel-plate channel
-Water temperature (T) = 5°C
-Water velocity (u) = 3.5 m/s
-Spacing between the platesis (B) = 2 cm

FIND
The pressure drop per unit length Ap/L

SOLUTION:

Properties of water at T = 5°C = 278 K:

p =999 kg/m?® n=1521x10* Pas
The hydraulic diameter Dy, is:

D, =0.02m
Reynolds number:

Re 1Dy _ 999x35x0.02 _ o o (Turbulent)
u 15.21x10™*

Thefriction factor can be obtained by Blasius correlation in Table 4.1:
f =0.0791Re ®®  for 4x10° < Re<10°
f = 0.0791x (45,976) °*
= 0.0054
Pressure drop per unit length:

Ap_ g Lt

L D, 2

2
= 4% 0.0054% L x 999%35°
002 2

= 6608.4 Pa/m
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Problem 4.3

It isproposed that the stationary diesel exhaust gas (CO,) be used for heating air by the use
of a double pipe heat exchanger. CO,flows through the annulus. From the measur ements of
the velocity, it is calculated that the mass flow rate of gasesfrom the engineis 100 kg/h. The
exhaust gas temperatureis 600 K. The air is available at 20°C and it will be heated to 80°C
at a mass flow rate of 90 kg/h. One standard (schedule 40) tube size of 4x3 in. double pipe
exchanger (hairpin) of 2 m length (copper tubes) will be used.

a. Calculatethefrictional pressuredrop in theinner tube.

b. Calculatethe pressuredrop (Pa) in the annulus.

c. Calculate the pumping power for both streams.

Assume the aver age temperature of CO, at 500 K and the following properties:

p=10732 kg/m*, c,=1013 J/kg.K, k=003352 W/m.K, Pr=0.702, v=21.67x10° m*/s
For air: ¢, = 1007 J/kg.K

GIVEN
-Double heat exchanger, with CO, flowing through the annulus and air through the inner tube
-Inlet CO, temperature (Ty,) = 600 K
-Mass flow rate of CO, (m, ) = 100 kg/h = 0.0278 kg/s
-Inlet air temperature (T;) = 20°C
-Outlet air temperature (T,) = 80°C
-Mass flow rate of air (m_) = 90 kg/h = 0.025 kg/s
-4x3 double pipe exchanger (hairpin)
-length of hairpin (L) =2m

FIND
(1) Frictional pressure drop in the inner tube Ap;;
(2) Pressure drop in the annulus Ap,
(3) Pumping power P, and P,

SOLUTION:
Nominal pipesize of 3in. Nominal pipesizeof 4in.
d,=3.5in. =0.0889 m Do=4.5in.=0.1143m
di=3.068in.=0.0779 m D;=4.026 in. =0.1023 m

Propertiesof CO, at T =500 K:

p=10732 kg/m® n=232x10° Pas

c,=1013 J/kg.K v=2167x10° m?/s

k =0.03352 W/ m.K Pr=0.702
Propertiesof airat T = 323K: ( 20;80 -50°C=323K)

p=1.0931 kg/m?3 1 =196x10° Pas

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

Pr=0.71
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Reynolds number:

d; m.d; ) )
Re= Ui _ Mcli _ 0025x00779 = 20848 (Turbulent)

B MAC 196y 10*5(% x 0.07792)

Using Eq. (4.7) for friction factor:
f =0.079Re™*® for 4x10° < Re<10°

f =0.079 x 21063 %%
=0.00658
Pressuredropis:

2
Ap=4f£&
d 2

where velocity is:

: an .
m, _ mC2 _ 4x0.025 _—48 mis
PA.  prd”  1.0931x 7z x0.0779

U=

2
- A, = 4x0.00658x —_ 10981487 .01 by
0.0779 2

The hydraulic diameter Dy, is:
D, =D; -d, =0.1023-0.0889 = 0.0134 m
The cross-sectional areaof annulusis:
Tc(DiZ —doz) 7 (010282 - 008897
4 B 4

A= =0.002 m?

Reynolds number:

_puD, MDD,  00278x00134

Lo pA,  232x 10°(0.001996)
Using Eq. (4.7) for friction factor:
f =0.079Re®®  for 4x10° < Re<10°

f =0.079x 8028 0%
=0.00836
Pressuredropis:

Re

= 8028 (Transition flow)

2
Ap=4 L&
D, 2

where velocity is:

m, 00278

u= =
pA. 10732x 0002

=1295 m/s

2
- A, = 4x0.00836x —2 10782x12957 _ 1014 pa

0.0134 2
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p_ Mnap
PMp

S0 AP0 49 W per hairpin.
10931 0.8

& 1.0732x0.8

t

=1454 W 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_) = 0.5 kg/s
-City water inlet temperature (T,) = 20°C
-City water outlet temperature (T,) = 35°C
-Hot water inlet temperature (T, ) = 140°C
-Hot water temperature drop (AT,) =15°C
-Hairpin: L =4.5m, 3in.x 2in. (schedule 40)

FIND
Pumping power P, and P,

SOLUTION:

Nominal pipesize of 3in.

Nominal pipesizeof 2in.

d, =3.5in. =0.0889 m
di=3.068in.=0.0779 m

D,=2.375in.=0.0603 m
D;=2.067 in. =0.0525 m

Propertiesof hot and city water:
Bulk mean temperatures:

: T, T,
Cold city water: T, = atTeo 20435
, > >
T T, -
Hot water: T, = hl; h2 _ 140+(1240 15)

=275°C

=1325°C

Annulus - cold city water at
27.5°C

Inner tube - hot water at 132.5°C

pe=996 kg/m’

k = 0.61 W/(m.K)

1 = 0.843x10° Pas
Cpc=4.179 kJ/(kg.K)

pn=932 kg/m®

k =0.688 W/(m.K)
1 =0.207x10° Pas
Coh=4.269 kJ/(kg.K)

Pr=5.79 Pr=1.28
Heat balance:
mhcp,h(Thl _ThZ) = mccp,c(Tcz _Tcl)
MeCpo(Ter =T _
_m. pe(Tee ~Tea) _ 05x4179%(35-20) _ o s

Con(The = The) 4269x15

The overall heat transfer coefficient U, ( h; and h, are obtained in Problem 3.8, and we

neglect the wall resistance here):




www.konkur.in

1 1 X
U - _ _ 4696 W/m?.K
°“ 14, 1 00603 1 m

1 X +
h d, h, 21518 00525 62665
AT, = AT, = AT, =105°C
Q = Uo(ﬂdoL)NtATlm =m.C (TCZ _Tcl)

c¥p,c

ne (T, -T _
e, (T,-Ty)  05x4179x(35-20) 075e1

" U, (d L)AT,  469.6x 7 x0.0603x 4.5x105
. L 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®? = 0.046x5469°2 = 0.0082

2
ap=af ENSD AT 6 0082x 22205 (1 69602637
D, 2 00176 |2

h

=145 Pa
The pumping power for annulus flow (assume pump efficiency as 0.8):
mAp  0.5x145

P, = = =0.09 W
P,  996x0.8

*  Pressure drop in inner tube (hot water):
Re = 57298 ( obtained from Problem 3.8)
using Dew, Koo and McAdams corrdation in table 4.1:
f =0.0014 + 0.125 Re®* (4x10°< Re < 5x10°)
= 0.0014 +0.125x57298 % = 0.0052
ap=af N 4 600524 4321
L2 0.0525
=48.8 Pa
The pumping power for annulus flow (assume pump efficiency as 0.8):
b MAp _ 0.49x48.8
" pen,  932x0.8

y [; % 932 0.24242j

=0.032 W
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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/D, = 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. Theabrupt contraction

b. Friction

c. Acceleration

d. Enlar gement

and compar e thetotal pressuredrop with thefrictional pressuredrop.

GIVEN
-A shell-and-tube heat exchanger, with air flowing through the inner tubes.
-Inlet air temperature (T,) = 500°C
-Outlet air temperature (Ty,) = 100°C
-Mass flow rate of Air (m) = 1.5 kg/s
-The number of tubes (N,) = 200
-The cross-sectional area of inlet tube plate is 40% larger than that of total number of tubes.
-Internal diameter of tubes (d)) =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:
Propertiesof airat T=500°C: p, =0.4564 kg/m?®

Propertiesof airat T =100°C: p, =0.9458 kg/m?®
Properties of air at 300°C:

pm =0.6157 kg/m? n=295x10° Pas
a.
Mean velocity:
=AM 2L 38 mis
PmAN  pmdi Ny 06157 x 1 x 0022 x 200
Dynamic head:
1

>Pm uy,? = % x 06157 x 3882 = 46345 Pa

Abrupt contraction: (K, =0.4at D/Dy = 0.5in Table 4.3)
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Ap. =k %pum2 =0.4x463.45=185.38 Pa

C (o3

b.
Reynolds number:
d; ) : ]
Re< PmUmdi _ 06157x388x5002 16196 (Turbulent)
n 295x 10~
Using Eq. (4.7) for friction factor:
f =0.079Re *®  for 4x10° < Re<10°
f =0.079x 16196 *%
=0.007
Frictional pressure drop:
L pyu 2
Ap, = 4f — Em-m
Ps d 2
Ap; =4x0.007 x 4 x46345=26 kPa
0.02
C.
Acceleration pressure drop:
Apa = Gz(i_ij
Po Pi
G=_M _ 4”‘2= 4x15 - =2387 kg/m?.s
N{A; N,nd,? 200 7-002
- Ap, = 23842 x(—l L ) =-6462 Pa
09458 04564
d.

Enlargement pressure drop: (k, = 0.37 from Kays and London *°)

Ap, =k, % pu,” =0.37x 463.45 = 171.48Pa

Thetotal pressure drop
Ap, = Ap, +Ap, + Ap, + Ap;
=115.86-171.48-646.2+ 2600
=1898.2Pa < 2.6kPa
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Problem 4.6

The core of a shell-and-tube heat exchanger contains 60 tubes (sngle-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. Calculatethetotal pressuredrop asthe sum of thefrictional pressuredrop 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
pressuredropin
the tube? Why?
b. Calculatethe fan power needed.

GIVEN
-A shell-and-tube heat exchanger
-Inlet air temperature (T.;)= 100°C
-Outlet air temperature (T,) = 300°C
-Mass flow rate of CO, (m) = 1.5 kg/s
-The number of tubes (N;) =65
-Internal diameter of tubes (d)) =2.5cm
-Shell inside diameter (D;) = 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:

Propertiesof airat T =300°C: . =0.6088 kg/m?
Propertiesof airatT=100°C: p_ =0.9380 kg/m®
Properties of air at at 200°C:

P = 0.7383 kg/m® 1 =259%x10° Pas
a.
i
Velocity:
u ——m ___ A4m 4xL5 ~68.98 m/s
" pwAN,  p.rd-N,  0.7383x 7 x 0.025% x 60
Dynamic head:
1

> pou 2= %x 0.7383x68.98> =1756.5 Pa

Abrupt contraction:
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C c

Ap. =k %pum2 =0.25x1756.5=439.12Pa
Frictional pressure drop:
L p,u,’

d 2

Ap, = 4f

Renolds humber:
PmUd 0.7383x 68.98x 0.025
T 4 259x10°
Using Eq. (4.7) for friction factor:
f =0.079Re*®  for4x10° <Re<10°
f = 0.079x 49044.6°%®
= 0.0053
Frictional pressuredrop is:

Re = 49,044.6 (Turbulent)

Ap, = 4x 0.0053x

2 = x1756.5=2981.27 Pa
ii.
Acceleration pressure drop:

pO p\
G-_m __4m _= 4x15 _=50.96 kg/m®.s
NA, Ngd? 60-7-0.025
) 1 1
.. Ap, =50.96 x( - ):1497.1 Pa
0.6088 0.9380
iv.
Enlargement pressure drop:
1
Ap, =k, > pu, > =0.37x1756.5= 649.91Pa
V.

Thetota pressure drop
Ap, = Ap, +Ap, + Ap, + Ap;
=2081.27+439.12-649.91+1497.1
=4267.6Pa > 2981.27Pa

b.
Power needed:

N _ AP _ 1.5x4267.6 _

= =10.8kKW
pn, 0.7383x0.8

77, can be approximated as 80%.
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Problem 4.7

Consider atube 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 12 in. in
diameter. The length of the heat exchanger is 0.80 m. The frontal area seen by the air
stream isa 0.6 m x 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 200°C. Calculate the air frictional
pressure drop acrossthe core of the heat exchanger.

GIVEN
-Tube bundle in crossflow heat exchanger.
-Mean temperature of air (T,,)= 200°C
-Pressure of air flow (p) = 2 atm
-Mass flow rate of air () = 1500 kg/h
-Pitch size of tube bundle (X,) = 20 mm, and (X;) = 24.5 mm.
-Total frontal area: (A;) = 0.6x0.6 m?
-Internal diameter of tubes (d) = 1/2in.=1.27 cm
-length of heat exchanger (L) =0.8 m

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

SOLUTION:

Properties of air at T = 200°C, p = 2 atm (Table B.1 in appendix B):
p=1495 kg/ m* n=258%x10" Pas
Velocity:

2 2
xdz\/xf{ﬁJ :\/202{&] = 23.45mm
2 2

X4—d,=2345-127=10.75
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m 0.4166

u, = = =0.775m/s
PA, 1.495x0.36

Ly _ X _0775x245
™ X~d, 245-127

=1.607m/s

Re_ Y d, 1.607x1.495x0.0127

m =1183
U 2.58x10°°
X, = X 002 575
d, 0.0127
X, O
X, ==t= 00295 _ 1 929
d, 0.0127
X, 1929
X, 1575

x *
From Fig. 4.5 for x—t =1.22 and Re=1183:
|

x=1.0
From the main Fig. 4.5 for Re= 1183 and X, =1.929:

Eu =0.60

X

Number of tube rowsis approximately:

n08_08

X, 0.02

Pressure drop:

2
Ap= [—j . Zp”Tm- = 0.60x1.0><%x1.495><1.6072 « 40 = 46.33 Pa
P2
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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 compar e 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

f oy _Xi/ _005/  _
X=X = %O— AO— 0025=2

thus, Eu/ y and y, can be determined from Figure 4.4
Eu/y = 0.25
x=1

Pressure drop can be determined from Equation (4.20)

AP, = (ijlpug -n
X 2

~025x1x % « 06157 x 62 x 20
=554 Pa

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

Re,= 3533.5 and
X{ =X,/dy =0050025= 2
X| =X, /d, =004/0025=16
S XI /X! =2/16=125
thus, Eu/y andy can be determined from Figure 4.4
Eu/y = 0.25

x =1
Pressure drop can be determined from Equation (4.20)

AP, — [ijzpug n
X 2
~025x1x % « 06157 x 67722 x 20
=141.2 Pa
AP, /AP, = 1412/55.4 = 255

*  Pumping power comparison can be made from Equation (4.19)
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ESLINS
We» _"p P _ AP, _ 55
Wp, L.E.Apl AP

NMe P
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Problem 4.9

In a crossflow heat exchanger with in-line tubes, air flows across a bundle of tubes at 5°C
and is heated to 32°C. Theinlet velocity of air is 15 m/s. Dimensions of tubes are: d,=25 mm,
X=X,=50 mm. There are 20 rows in the flow direction and 20 columns counted in the heat
exchanger. The air massflow rateis 0.5 kg/s. Air properties may be evaluated at 20°C and 1
atm. Calculate thefrictional pressure drop and the pumping power.

GIVEN
-Tube bundle in crossflow heat exchanger.
-Inlet temperature of air (Ty) =5°C
-Outlet temperature of air (T,) = 32 °C
-Pressure of air flow (p) =1 atm
-Velocity of airis (u,) =15 m/s
-Mass flow rate of air (m) = 0.5 kg/s
-Pitch size of tube bundle (X,) = 50 mm, and (X;) = 50 mm.
-Diameter of tubes (d,) = 25 mm
-Number of rows (Nyqy) =20
-Number of columns (Noymn) = 20
FIND
Frictional pressure drop (Ap) and pumping power (Ppump)

SOLUTION:

Propertiesof airat T, =18.5°C, p=1am:
p =1.2045 kg/m® n=182x10° Pas
_u.xX,  15x0.05

Uy = = =30m/s
(X,—d,) (0.05— 0.025)
Reynolds number:
Re— pu,.d, _1.2045%30x0.025 _ 49636

L 1.82x10°
x « 50
X =X, =X,/d,=—=2
| t I/ o] o5

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

Bu_ 0.21

V4
Pressure drop:

2
Ap= (EJ% ‘n= 0.21x%x1.2045>< 302 20= 2277 Pa
P2

o _MAp_ 05x2277
M o, 1.2045x0.8

=1182 W
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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 is0.0241 m.
a. For air at an average temperature of 30°C, 2 atm pressure, heat transfer coefficient is

55 W/m?.K
b. For water at an average temperature of 30°C, heat transfer coefficient is 3850 W/m2K .
Comparing theresults of thesetwo fluids, outline your conclusions.

GIVEN
-Hydraulic diameter (Dy) = 0.0241 m
-Air temperature (T;) = 30°C
-Air pressure = 2 atm
-Heat transfer coefficient for air (hs,) = 55 W/m?.K
-Water temperature (Tyze) = 30 °C
-Heat transfer coefficient for water (hyae) = 3850 W/n?.K

FIND
Power expenditure per heating surface area (P)

SOLUTION:
Propertiesof air at T,, = 30°C, p =2 am:
p, = 2.3312 kg/m® 1, =1.86x10° Pas

Cpa =1007 Jkg.K k, =0.0264 W/m.K
Properties of water at T, = 30°C:
Pw =996 kg/m? i, =7.98x10* Pas

Cow =4179 J/kg.K  k, =0614 W/m.K
Assume the pump efficiency n, = 0.8:

a.
p Ch 35 ].83D 05
—= muﬁ; (C = 12465>< 104)
A k*Fc, " pn,
P (12465x10") x 55%° (186 x 10~°)** x 0.0241%°
A 0026423 x 1007 x 2.3312% x 08
=177 W/m?
b.

E ~ Ch3'5].1183D h0.5

A k2.3’3‘>Cpil_17pZrIp

(C=1.2465x10%)

P (12465x10") x 3850°(7.98x 10~*)*® x 0,0241%°
A 0.6142% x 4179M x 9967 x 08
=334 W/m?

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 15°C. The outlet
temperature of the sea water is 20°C. City water will be re-circulated to reduce water
consumption. The suction line of the pump hasan |.D. of 154 mm, is 22m long, and has two
90° bends and a hinged check valve. The pipe from the pump to the heat exchanger has an
[.D. of 127 mm, is 140 m long, and has six 90° bends. The 90° bends are all made of steel
with a radius equal to the 1.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 (€=0.0445 mm). The sea water flow rate is 120 mh. 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 differenceis 10.5 m.
Calculate:

a. thetotal pressuredrop in the system (kPa and m liquid head = Hm));

b. the power of the sea water pump (pump efficiency n=60%);

plot the pumping power as a function of the sea water flow rate (for threeflow

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

GIVEN

-Sea water inlet temperature (T;,) = 15°C

-Sea water outlet temperature (To,) = 20 °C

-Suction pipe has two 90° bends(R/d=1) and a hinged check valve, and
d;=154mm,L;=22m

-Pipe from pump to H.E. has six 90° bends(R/d=1), and
di» =127 mm, L, =140 m

-# of tubesin H.E. (N,) = 62, and
diz=18mm,L;=6m

-Mass flow rate of seawater (m) = 120 m¥h

-Inlet 10ss (Apinet) =%pu2

-Outlet 10s (APouter) = 05x @ puz)
-Elevation (h) = 10.5m

FIND

a. Total pressure drop in the system (Apiota)

b. Seawater pump power (Poump)

c. Plot the pumping power as afunction of the seawater flow rate.
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SKETCH
Cooled city water
S
®127
City water in
N
$127
Sewer
$154
Pump
SOLUTION:
Propertiesof water at T, = 15+20 175°C:

p =998.7 kg/m* 1 =10.67x10" Pas

Velocities:

20

V =120 m3/hr:1— m®/s=0.033 m®/s
3600

m=pV =998.7x0033=3329 kg/s

* In suction line:
Ug = V2 = 4XO'0332 =179 m/s
nd," 7wx0154
4
* In the pipe from pump to heat exchanger:
u, = V2 = 4X0'0332 =2.63 m/s
nd, 7t x 0127
4
* In the heat exchanger tubes:
u=— o A¥008 500 s

nd? 1% 00182 x 62
t

Friction coefficient:

* In suction line;
d ) )
Re— pudg _ 098.7 x 179 x (;)1154 - 258014  (Turbulent)
i 1067 x 10~

f, = 0046 Re %2 = 0,046 x 258014 %2 = 00038
* In the pipe from pump to heat exchanger:
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u.,d
Re< PUe% _ 9987 x 263x 0127 _ 312629  (Turbulent)

H 1067x10™*
f, = 0046 Re %% = 0046 x 312629 °% = 00037

* In heat exchanger tubes:
d . . I
Re_ PUtde _ 9987x211x 2018 ~35549  (Turbulent)
m 1067 x 10"

f, = 0046 Re %2 = 0,046 x 35549 %2 = 0.0056

a
Pressure drop:
* In suction line:
L/d;
2x90° bends 2x16.5=33 (R/D=1.0)
1 hinged check valve 110
. . 22
straight pipe (—)
gnpip 0154
zi = 28586
d,
2 2
Apg = 4@‘%2(}'L 4% 00038x 9987 x =12 28586 - 69519 N/ m?
i
* In the pipe from pump to heat exchanger:
L/d;
6x90° bends 6x16.5=99 (R/D=1.0)
. . 140
straight pipe (—j =1102.36
gnpip 0127
ZL =1102.36
d
2 2
u, L 2.63 2
Ap, =4f p7zd— =4 0.0037 x 998.7 x x1102.36 =56351 N/m
* In heat exchanger pipes:
2 . 2
Ap, = 4ftp“—tM — 4% 0.0056x998.7x 2t 826 10001731 Nim?
i 2 0018
* In the pipe from heat exchanger to the sewer:
By assumingthat L =15m
L/d;
2x90° bends 2x165=33 (R/D=1.0)

15
straight pipe ———|=15111
JEPP (o.127]



www.konkur.in

Zdi =151.11
2

a L, 2,63 )
Ap, = 4f,p—- 3 = 4x0.0036x 998.7x == x151.11= 75157 N/m

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

2 2632

u
AP, = (1+0.5) p—; =1.5%x998.7 x =5181 N/m?

Pressure loss due to the elevation difference:

APy, = pgh =998.7x 9.82x10.5=102976 N/m*
Total pressure drop:

APy = APs + AP, + AP, + APy, + APy + ADye,

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

Pumping power:
_m-Ap,, 33.29x1213
o1, 998.7x0.6

P

=674 kW
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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. [t/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) plusthefixed charges based on capital investment for the pipeinstalled.

GIVEN
This problem can be carried out as Problem 4.11.
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Problem 4.13

specifications, what tube diameter and how many tubes are needed?

A shell-and-tube heat exchanger isto be used to cool 25.3 kg/s of water from 38°C to 32°C.
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 20°C and leaves at 30°C. The shell-side (outside) heat transfer coefficient is estimated to
be 5678 W/m*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 pressurelosses at the inlet and
outlet are equal to one and one half of a velocity heat (pu,7/2), respectively. For these

GIVEN
-Hot water inlet temperature (Ty,,) = 38°C
-Hot water outlet temperature (Ty) = 32 °C
-Mass flow rate of hot water () = 25.3 kg/s
-Cooling water inlet temperature (T.,) = 20°C
-Cooling water outlet temperature (T,) = 30 °C
-Heat transfer coefficient on shell side (hy) = 5678 W/m?.K
-# of tube passes (N,) = 2
-Required pressure drop (Ap) = 13.8 kPa
-Tube specification: 18 BWG (1.24 mm wall thickness)
Length (L) =4.9m

-Inlet 10ss (Apiner) :%pU'm2

-Outlet 10sS (APouer) = 05x [% pumzj

FIND

Tube diameter d; and the # of tubes.
SOLUTION:

Propertiesof water at T, = 38+32 _ 350

p =994 kg/m? 1 =7.20x10" Pas
k =0.62 W/m.K Pr=4.78
C,n = 4178 JkgK

Heat duty:
Q=muCyn(Thy — Trp) = 25.3x 4178x (38— 32) = 634.22 kW

L og mean temperature:

AT,—AT, 8-12
ATIm,cf = 1AT1 = Ini :986 OC 30°C
AT, 12

38°C

Correction factor:

AT,

AT

32°C

20°C
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Te-Ty _30-20
Tu—-Tg 38-20
From figure: F=0.83

Q= UAFAT,, ¢

A =nd LN, =n(d; + 2t)LN,

T -Tre  38-32
To-Tg 30-20

P= ~056 ; R= 0.6

Q

}: n(d; +2)LNy = ——=——
UFAT o

We can approximate the tube heat transfer coefficient as h; = 6000 W/m?.K, and

-1 1
uz(i+i] =(—1 — j =2017.3 W/m?.K
h, h; 6000 5678
3
(d; +2tN, = Q - 634.22x10 -163
nLUFAT ¢ mx4.9x2917.3x 088x 9.86
163
' d, +0.00248
Pressure drop:
1 L. 1 L-th 1 2[3 L-th
Ap=—=puy,”| 1+=+4f =—pUpy,”"| =+4f
P=3P m[ 2" g ) TP (T g
Velocity:
3 m _4x253x2 1 0.065
Up = 2 - U 2h 42
ad” N, 994xz  d°N, d°N,
r 4 N,

Reynolds number:

Re_ Pndi _ p0; AN, 4MN,  4x253x2 1 894804
P i prd®N, md N, 7x(7.20x10%) dN,  d,N,
Assuming aturbulent flow, the friction factor is:
f =[1.58In(Re)—3.28] = [1.58In(89480.4)-1.58In(d, N, ) - 3.28] *
= [14.73-1.58In(d,N, )] * = 0.4[9.32—In(d,N, )] ®

Pressure drop:

Ap= %x994x(0'?65

i t

2
J {1.5+ 4x0.4x[9.32—In(d,N, )] .ﬂ}

d.

Ap isrequired as 13.8 kPa as given in the statement, so

Ap= 3'15 2{1+-5('123[9.32—In(diNt)]_2-Nt}=13.8x103
(oli Nt)

Substituting N, = _ 16,8 , We get the following equation with one unknown, d;:

~ d; +0.00248

2 -2
d; +000248 63d,
u(uss) 14281935 In(ﬂJ ‘N, t =138x10°
d* d, d; +0.00248
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This equation can be solved using the trial method.
~ 1.63

~ 0.015875+0.00248
For d,=5/8in. = 0.01587 m, the pressure drop is

then N, =888~ 89 tubes

2

. 2 49N

Ap=2x 004 x| 2065 1.5+4><0.4><[9.32—|n(d-N)]2- O N,

2 N, o d;

L oo 005 _
0015875 x 89

=64723 Pa

2
) {1.5+ 4x0.4x[9.32-1n(0.015875x 89)|

4.9-89

10015875

}
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Problem 4.14

Water is to be heated from 10°C to 30°C 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 stedl
pipe. The surface coefficient on the steam side is estimated to be 11,350 W/m2K. 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 tubesin paralle and the
length of each tube necessary to operatethe heat exchanger with the available pump.

GIVEN
-Cooling water inlet temperature (T,) = 10°C
-Cooling water outlet temperature (T,) = 30 °C
-Mass flow rate of hot water () = 300 kg/s
-Steam temperature (T¢) = 100°C
-Heat transfer coefficient on shell side (h,) = 11,350 W/m*.K
-Required pressure drop (Ap) = 15 ps = 103,442 Pa
-Tube specification: (d,) = 1.315in. = 0.0334 m
(d) =1.049in. =0.0266 m

FIND
The # of tubes and the length of tube L.

SOLUTION:

_10+30

Propertiesof water at T, = =20°C:

p =998 kg/m® 1 =10.07x10* Pas
Cpo =4182 JkgK k=0.599 W/(m.K)
Pr=7.05
Heat duty:
Q=mCpc(Tey — Tep) = 300x 4182 x (30— 10) = 25,092 kW

L og mean temperature: 100°C $ > 100°C
AT, AT, 90-70 AT2
ATime = AT - % =796 °C 30°C AT
AT, 70 10%C

We can approximate the tube heat transfer coefficient as h; = 6000 W/m?.K, and the overall
heat transfer coefficient is:

-1 1

u:(i+i] :(—1 —1 j =3925 W/m? K
h, h, 6000 11350
= UAAT, 3
Q met | N, = Q _ 25092 x 10 _ 7654
A =nd LN, ndoUAT ¢ 7 x00334x3925% 79.6
Velocity:
m  4x300 1 541

U, =

nd? T 998xm 00266°N, N,
2 t
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Reynolds number:
pu,d; B & 541 998x 00266 541 14,261,985

Re= 0 TROXIUA
m po N (1o.o7x10*4) N, N,

Assuming aturbulent flow, the friction factor is:
f =[158In(Re) -328] * =[158In(14,261,985) - 158In(N ) - 328]'2
=04144-In(N, )]
Pressure drop:

Ap=4f -N, é_(;pumzj =4%0.4[14.4—-1In(N,)]*- N,

7654 1 (541)°

i N, 27 (NJ
2

_21><998><[541J x (765.4)

2 N

t

Ap=4x0.414.42~In(N,)]

= (1.78856x 10 J14.4— In(N, )| *- % <15 psi =103,422

t
For N = 140 tubes, Ap = 102004 Pa < APagmissibie 2d
L =765.4/140=55m
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Problem 5.1

Using the Table 3.8 to calculate the Nusselt number in arectangular channe having aspect
ratio of 0.5, if the width of the channel is 100 um and Kn number is 0.12, calculate the heat
transfer coefficient for air at 40°C for two different boundary conditions.

GIVEN
- arectangular channel aspect ratio = 0.5
- width of the channel = 100 um
- Kn number is0.12
- air at 40°C

FIND
a. The Nusselt number in arectangular 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

p=1.1267 kg/m’
p=1.91x10"° kg/(m-s)
c, =1.009kJ/(kg-K)

¢, =0.7185kJ/(kg-K)
k=0.0271 W/(m-K)
Pr=0.711

Given parameters;

2b
2a
2b=100um
2a=200 um
_ 4(100x200)
" [(2x100)+(2x200)

Kn=0.12

=05

=133.333um

From the Table 3.8, for the given dimension, Nusselt number for the constant heat flux
condition can be obtained as

Nu =4.123

So the heat transfer coefficient for the constant heat flux conditionis
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~ Nuxk 4.123x0.0271
d 0.133x10°°

h =838 W/m?K

From the Table 3.8, for the given dimension, Nusselt number for the constant wall
temperature condition can be obtained as

Nu =3.391

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

_ Nuxk _ 3.391x0.0271

h —
d 0.133x10°°

=690.95 W/m’K
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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:

Nu = 0.0384Re**"Pr 2% for Laminar Flow

Nu = 0.00726Re*®Pr 0 for Turbulent Flow

To cool the chips, a square microchannel of 250 um is chosen where the permissible water
velocity is1 m/sand fluid temperatureis40°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 pm
-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:

D, = 2xaxb _ 2x250x 250 — 250m
a+b 250+ 250

Properties of Water at 40 C, from Appendix B (Table B.2), are
0 =992.22(kg/ m?)

4 =0.00065298(kg/ m- s)

c, =4.1794(kj / kg - K)

c, =4.0734(kj /' kg - K)

k =0.63063(W/m- K)

Pr=434

U, xpxD, 1x992.22x250x10°°
U 0.00065298

Re =379.88

379.88 < 800, so flow islaminar.
L, = 0.056x Rex D, = 0.056x 379.88x 250x10° = 5.32x 10 *m = 5.32mm

5.32 mm < 20 mm so the flow is hydrodynamically fully devel oped.
L, = 0.05x Rex Prx D, = 0.05x 379.88x 4.34x 250x10° = 0.0205m = 20.5mm
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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 devel oped.
Nu, = 0.0384x Re*®x Pr®* =0.0384x 379.88°% x 4.34°% = 2.48
a
~ Nu,xk 2.48x0.63063

r 250X 10-° =6255.8 W/ n’K
X

h

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

2

X = 6.667kPa = 0.067bar
D, 2 250x10 2
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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 sguare microchannel of 250 um
-The transition Reynolds number = 800
-water velocity = 2 m/s
-fluid temperature = 40°C

FIND
the average heat transfer coefficient

SOLUTION:

_U,xpxD, 2x992.22x250x10°
U 0.00065298

Re =759.76

L, = 0.056x Rex D, = 0.056x 759.76x 250x10™° =10.64x10*m=10.64mm

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

L, = 0.05x Rex Prx D, = 0.05x 759.76x 4.34x 250x10° = 0.041m = 41mm
41 mm > 20 mm so the flow is not thermally fully devel oped.

Choi et a. correlation which is proper for the conditions given below;

Nu = 0.000972x Re*'" x prt/3 Re < 2000
Nu =3.82x10°xRe'®xPr¥® 2500 < Re< 20000

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

Nu, = 0.000972x Re"""x Pr'/® = 0.000972x 759.76""" x 4.34"* =3.72

2/3 6\2/3
Nu, = Nu, |1+ (ﬂJ _379 14| 2010739
| 0.02

_ Nuxk 3.92x0.63063
d 250x10°°

h =0889.2 W/m’K
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Problem 5.4

If the microchannel from the problem 5.2 is changed from the square microchannd to be
the trapezoidal microchannel. The width of the microchanne is 125 um, the length of the
microchannel is 62.5 um, the side angle is 44 degree, the permissible water veocity is 1.5
m/sand the fluid temperatureis 40°C. By selecting a proper correlation, calculate

a. the aver age heat transfer coefficient,

b. the pressuredrop

GIVEN
-the trapezoidal microchannel: width = 125 um, the length = 62.5 um, 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=125um, h=62.5 um, ¢ = 45°, and long side = 250 x/m

_ 4x A, _ 3x62.5x 250
B j B 62.5
wetted perimeter 125 4 250 4+ 2 X /cos 45

Dy, = 84.9528um

_u,xpxD, 15x992.22x84.9528x10°

Y7, 0.00065298
According to Renksizbulut et. al. correlation the entrance length is

Re =193.632
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o\ 0.6
— = (0.085Re + ﬂ) (ﬂ) (1+a)™°2* for 05<q <2and 10< Re<1000

h Re%3/ \ ¢
where

a= % = % = 0.5 and Re=193.632
So

o, 0,6

9
L = 84.9528 x 107° x (0.085 % 193.632 —) (—) 1+ 0.5)7024
+ 193.63203/ \45° (1+05)

=194 x10"3m

Renksizbulut et. al. correlation for the Nussalt number isavailablefor 0.1 < Re <1000
o, —0,26 o, 0.21

= fo7 (%) ) P

G =[1+4+0.075(1 + a) X exp(—0.45Re)]

+ 4.8exp [—3.90{ (

Then
G =[1+0.075(1+ 0.5) X exp(—0.45 x 193.632)] = 1
and
900 -0,26 o, 0.21

Nu = {2.87 (450) + 4.8exp [—3.9 x 0.5 x (450) } X 1=290
he Nu x k _ 2.90x 0.630663 _ 21507 57W / m2K

d 84.9528x 10"
Renksizbulut et. al. correlation for friction factor is;

90° —-0.07 900 0.23
foe=13.9((p) +10.4exp[—3.25a((p) ]forOSaSl

Then
900 -0.07
f= {13.9 (352)

The pressuredropis

0, 0.23
1
+ 10.4exp [—3.25 X 0.5 X (450) ]} X 193632 0.07606

2 2
Ap—dx fx-x PXUn’ _ 4, 007606% 002, 992.22x15
Dy 2 84.9528x 10 2

= 79.95kPa = 0.8bar
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Problem 5.5

Consider the properties of the nanofluid, Al,Oj/water, at 30°C, 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: Al,Os/water
-temperature = 30°C

FIND

a. the effective thermal conductivity of 6% volume fraction
b. the effective thermal conductivity of 8% volume fraction

SOLUTION:

@ =1(n=3)and (¢ = 0.06,¢ = 0.08)

—BOW k- =0.617 w
T mk T T

k
m.K

p

w
=006=>k,r=0.728 —
¢ n m.K

=008=>k,r=0768 —
¢ n 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 Al,Os/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
conditionsto find the heat transfer enhancement, if the volume fraction is

a. 0.05% and sphericity value equalsto 1,

b. 0.05% and sphericity value equalsto 3.

GIVEN
-nanofluid: Al,Os/water
-Nu = 4.36; constant heat flux boundary condition
-Nu = 3.66; constant wall temperature boundary condition
-temperature = 40°C
-tube diameter = 0.5 cm

FIND
a. the heat transfer enhancement; 0.05% and sphericity value equalsto 1
b. the heat transfer enhancement; 0.05% and sphericity value equalsto 3

SOLUTION:

from Table 5.8; Alumina (Al,Os)
ki = 0.613 W/m-K (from Table 5.8; water)
¢ = 5% = 5/100 = 0.05

The thermal conductivities of Nanofluid, Alumina (Al,Oz)/Water, by using classical models,;
Maxwell (1873)

kp + 2K, + 2(kp —-k;)¢ K

§ Ko+ 2K, —(k,—K)p

(40) + (2)(0.613) + (2)(40— 0.613)(0.05) 061
(40) + (2)(0.613) — (40— 0.613)(0.05)

0.705 W/m-K

3

k

nf

The thermal conductivities of Nanofluid, Alumina (Al,Oz)/Water, by using classical models;
Hamilton and Crosser

a.
From n = 3 (w =1,n=3)
74
. _ k, +(n—1k, —(n-Dg(k, —k,) )
n k, +(n—Dk, + ¢k, —K) f

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

(40) + (3—1)(0.613) + (0.05)(0.613— 40) 13
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nf

From

nf

nf

0.705 W/m-K

- 3 (y=3,n=1)

14

kp +(n=Dk; —(n-Dg(k, - kp) k
k, +(n-Dk; +d(k, —k,) f

(40) + (1-1)(0.613) — (1-1)(0.05)(0.613~ 40) (0.613)
(40) + (1-1)(0.613) + (0.05)(0.613— 40)

0645 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 Al,Ozwater 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

Nu,, =0.0059(1.0+7.6286¢"**Pe} ") Re\;™*Pr¢*, Eq. (5.97).

GIVEN
-A hot nanofluid; Al,Os/water
-particle volume fraction = 5%

-Nusselt number; Nu,, = 0.0059(1.0+7.62864°* Pej*" ) ReS ™ Pr,p*

FIND
the heat transfer coefficient in the inner tube

SOLUTION:
AT =AT, = AT = 105°C = 378K

140 + 125 ) .
Tyute = ———— = 132°C = 405K , Ty q = 105°C = 378K

Base fluid properties:
at wall temperature

kg
-~ _95511-9 L =1268+10"° Pa.
P =1047 %103 m3 M * a.s
k=682 %10~%
N m.K
at bulk temperature
Y 93383689 209 % 10~6 P
— — —_— = £
P=1072+103 03073/ H a.s
k= 688103 pr=1325. ¢ =4271—2_
m.K’ e kg.K
U,, di 4m 4 % 1.36
Re, = 24m& _ T — 15485

W mp,di m*0.0525%0.209 x 103
Nus = 0.0059 = (1.0+ 7.6286¢°-6886Pe3-°°1) Re*#®pro4 = 97,0211

Nanofluid properties:

Moy = (1+7.3¢ +123¢HH, , = 3.496 x 10*Pa.s
Hopw = (L4736 + 123¢2)“f,w =4.48+10"*Pa.s
(it % cp)p * AT = (i cp) * ATe

: Mg * Cp e
AT, = AT, => Mppp = C—

ph
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J
= 4179 ——
“pe kg.K
J
Con = Cpng = PCpp + (L= P)Cpp => Cpny = 4087'45@7

k
mh,nf S 142 Tg

pumdi 4mnf

Re, = = - =98557.11 > 2300 Turbulant flow

H T[I'lnfdl
) 30+2+0.688-2+005+(0688-30) . . W

static 30+ 2 % 0.688 + 0.05 = (688 — 30) m. K
Karownian Negligible => ks = Kgaic = 0.7891 W/m.K
CpnrH

Prnf — M =1.81

ks

kg
Pny = pp + (1 — P)ps = 1086.1942F

1 1
Pe,\3 [(kipnsc 3
Nty = <—"f> - <M> ¥ Nuy = 342.68

Pey A KnfPsCp,s )
c
enhancement => —L = (pnf p’nf)1/3 * (Lf)z/3 = 1.136
he " prcps ky

Although Nusselt Number decreases in nanofluid, increase of thermal conductivities
causes increase in convection coefficient. (’;Lf > 1)
f

. ke« Nup 970211 % 0.688 1971438
r=d 0.0525 - U m2 K
Ry w

h_f = 1.136 => h,; = 1444.354

m2. K
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Problem 5.8

The CuO/water nanofluid, ke,o = 401 W/(m- K) and Kuaer = 0.613 W/(m- K), flowsin a

tube under the fully developed turbulent flow condition at 30°C. If an inside diameter of the
tubeis0.5 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 nanoparticlesis 8%,

b. compare the values with the heat transfer coefficients of water under the same conditions
to find the enhancement.

SOLUTION:
) w 1 kg
properties of water: k,qter = 0.613m PF = 1004+10-3 996.016$
roperties of copper [1]: kg, = 401L =894 %103 — kg = 384. 6L
prop pp tRey mK P . 3 kg K

ks _ kyp + 2ks + 2(ky, — k)
ke~ kp+2ke— (kp —kp)p
knf = 0772m

Y=1(n=3)and ¢ =0.08

a.

Constant heat flux:
Nunf knf

hor =i =

Seider-Tate Correlation
1 2

by _ <Pnf%nf>§ \ <@>§
by \ Prevs ke ) . - — .
The Sieder-Tate Correlation neglecting the variation of viscosity enhancement of the fluid
with temperature.
kg
Pnf = $pp + (1 — P)ps = 1631.534—3
J
Cpnf = PPpCpp + (1 — @)y = 3874.528 —— kg, K
2
hnf (1631.534* 3874.528)5 (0.772 3

3
= 1.341
hy 996.016 x 4178 ) 0.613)

enhancement;

Nuyr = 4.36; h

m2.K
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Problem 5.9

Repeat the Prablem 5.6 with the Al,O4/ethylene glycol nanofluid flowsin the tube, calculate
heat transfer coefficientswith

a. 0.05% of particle volumefraction and sphericity value equalsto 1.

b. 0.05% of particle volume fraction and sphericity value equalsto 3.

GIVEN
-nanofluid: Al,O4/ethylene glycol
-Nu = 4.36; constant heat flux boundary condition
-Nu = 3.66; constant wall temperature boundary condition
-temperature = 40°C
-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:

knf * Nunf
fnp =T
kr* Nu
B =LY
Thermal conductivity of ethylene glycol k; = 0.258 W/m.K
Thermal conductivity of Al,Os k, =30 W/m.K

a.
kng  kp+2ke +2(kp — ke)p

ke ky,+ 2k —(k, —kp)p
kg w
—= = 1.1537; kpy = 0.298 —

Y =1(Mn=3)and ¢ = 0.05

_ Nunfknf
VI
4.36 * 0.298
Nunf = 436, hnf = W = 259.856 mZ.K
3.66 * 0.298
Nunf = 366, hnf = W = 218.136 mZ.K
b.
knf kp

= ,2W=3(n=1)and ¢ = 0.05
ke kyp—(kp—ke)o ¢

fnf 10522 k.o = 0271 .
7 A
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4.36 x 0.271

Nunf = 4.36; hnf = W = 236.312 mZ. K
3.66 x 0.271

Ny = 3.66; hyp = ————— = 198.372

0.005 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
wher e engine oil flows through tubes with a diameter of 0.5 in. The oil flows with a velocity
of 0.5 m/sand alocal bulk temperature of 30°C, while the local tube wall temperatureis at
60°C. If the qil isreplaced with the nanofluid of Al,Os/0il with 5% particle volume fraction
under the same condition, find the heat transfer enhancement.

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

FIND
the heat transfer enhancement

SOLUTION:
Properties of Qil are

p=882.3kg/m°

1, =0.416 Pa-s
u,=0.074 Pa-s

c, =1.922kJ/(kg-K)
Pr = 5550

Re,, = pPuyd  882.3x0.5x0.0127 _13.47
’ U 0.416

From the Sieder-Tate Corrdation;

d\*( u
Nuf=1.86(Pe—J b 1-348
L luf,w

o ki xNu;  34.8x0.144
f d 0.0127

=394.6 W/m?-K

Properties of Al,O; are
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k,=30 W/(m-K)
$=0.05

p,=4000 kg/m®

c, ,=600J/kg-K

The nanofluid properties can be obtained from

k, +(n-Dk, —(n-Dg(k, —k) )
k,+(n-Dk, +¢(k, k)

Ky =

(30) + (3—1)(0.144) + (0.05)(0.144 — 30)
0.166 W/(m-K)

Cont =#C, , +(1-4)c,  =1855.9 J/kg-K
P =9, +(1-4)p, =1038.185kg/m’

Mo p = (1"' 7-3¢+123¢2),Uf »=0.696Pa-s
Mg w (1+ 73¢ +123¢2),vaw =0.124 Pa-s

P 3 k e /3
Num{ e“fJ =(—fp i P'”f] ~ 342,68

Pe, Ky 04 Co 1
U3 0.14
Nunf _ kf pnf Cp,nf funf ,b/:unf W — 1 07
Nu, knflofcp,f /Uf,b/:uf,w
Nu,, = 34.8x1.07 =37.236
= 37.236x0.166 _ 10 0\ K

0.0127

(30)+ (3-1)(0144) — (3-1)(0.05(0.144-30) |

44)
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Problem 5.11

Compare the Nusselt number values obtained from Egs. (5.96) and (5.99), when the
nanofluid, Al,Oz/water, flows with the Reynolds and Prandtl numbers equal to 10000 and 7,
respectively, and 1% volumefraction.

GIVEN
-Res = 10000
'Prnf =7

- particle volume fraction = 1%

FIND
Compare the Nusselt number values obtained from Egs. (5.96) and (5.99)

SOLUTION:
From Eq. (5.96)

Nu,, = 0.021Re’3Pr0®
= (0.021)(10000)°%(7)°*
—88.058

From Eq. (5.99)

Nuy, , = 0.085Re5"Pr;®

= (0.085)(10000)°™(7)°*
=116.199
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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 asin
Example 5.16 and compar e the heat transfer coefficientsfrom both cases.

GIVEN
10000 < Re < 500000

-EQ. (5.99); Nusgns = 0.085Re, 07 Py %! 6.6 < Pr <139

¢ <10%
FIND
the heat transfer coefficient
SOLUTION:
AT{=AT,=AT=105°C=378K
140 + 125 . .
Tyuske = ———— = 132°C = 405K, Tyyqyy = 105°C = 378K
Base fluid properties at wall temperature:
1 g1l
P=T0a7+103 " 27 w3 "
U =268+*10"%Pa.s,k = 6821073 p—
Base fluid properties at bulk temperature:
1 kg
p—m 932.836 3,|J—209*10 Pa.s,
k =688+1073—— w 4271L
m.K’ kg. K
Nanofluid properties:
Moy = (1+73¢ +123¢ )ufb =3.496 x 10™*Pa.s
Moy = (14730 + 123¢2 Mg, =448 %107 *Pa.s
(m * cp)p * ATy, = (11 * cp) * AT,
. mc * Cp,c
ATh = ATC => mh_nf el —
Cp,h
J
=4179 ——
kg.K
J
Cph = Cpnf = PCpp + (L — @)cp r => cppp = 4087, 45kg—K
: kg
Mpnf = 142?
Ktiry
Rep, = Frie 98557.11 > 2300 Turbulant flow
nf
" 30+ 2% 0.688 — 2 % 0.05 * (0.688 — 30) 0.688 = 0.7891 w
L= * (). = 0. R —
statie 30 + 2 = 0.688 + 0.05 * (688 — 30) m. K

Krt = Kgatic = 0.7891 W/m.K
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CpnfH
Progp = % = 181
nf
Niggpy = 0,085 * ReQ7t + Prof®

Nufd,nf = 0,085 * 98557.11%71 x 1.81%35 = 540.2763

o _knprNuny 540276307891 o
veod 0.0525 = 812061 ——
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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/m? - K on the inside and 120 W/m? - K on the shell
side, and it has a deposit with a total fouling factor of 0.000176 m® - K/W. Calculate

a. The overall heat transfer coefficient

b. The cleanliness factor, and percent over surface

GIVEN:
-Tube geometry: (d) =1.9cm

(dy) =2.3cm
-Inside heat transfer coefficient (h) = 500 W/m*.K
-Outside heat transfer coefficient (h,) = 120 W/m?.K
-Thermal conductivity of steel tube (k) = 43 W/m.K

-Total fouling factor (Rg) = 0.000176 m*.K/W

FIND:
a. Overall heat transfer coefficient (U)

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

SOLUTION:

a.
The overdll heat transfer coefficient is:

-1
d,Iln(d,/d.
Uf :|:$i+th+M+ii|

d. h 2k h,
-1
0.023In(2.3/1.9
f = Ei+0.000176+#+i
1.9 500 2x43 120
=91.06 W/ m?.K

Clean surface overall heat transfer coefficient is:
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1 1
4 th -
Uc Uf

-1 1
U, =[i—th] =(i—0.000176) = 9254 W/ m?K
U, 9106

Cleanliness factor:

Percent over surface:
0S=100-U,-R;, =100x92.54x0.000176 =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 200°C and leaves at 100°C. The temperature of the fluid is 20°C
entering the shell and 90°C leaving the shell. The overall heat transfer coefficient based on
the clean surface area of 12 m? 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 m?*.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 (Ty;) = 200°C

-Hot fluid outlet temperature (Tp,) = 100°C

-Cold fluid inlet temperature (T.,) = 20°C

-Cold fluid outlet temperature (T,) = 90°C

-Clean surface area (A,) = 12 m?

-Overall heat transfer coefficient (U) = 300 W/m?.K

-Fouling factor (Ry) = 0.000528 m?.K/W

FIND:

Percent decrease in the heat transfer rate between the fluids.

SOLUTION:

Thefouled surface overall heat transfer coefficient is:

-1
uf{% 1 d, R‘+doln(do/di)+i}

d h d " 2k hy
1 T =
U, :[—+ th] = (—+0.000528) = 25897 W/ m?K
U 300

Log-mean temperature difference:
200°C

i

‘l’ATl
100°C

AT,

90°C

;

20°C
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AT, — AT 3-
ATing =——2 _ 123700 _gr96 oc

Heat transfer rate (assume the same heat transfer area before
and after fouling):
Qc = UfAf FATIm.cf
O _ 156825 — 284 m?
U;FAT ¢  100.78x 0.83x 6596

f

The percent decrease in the heat transfer rateis:
_ Uy 10078
U, 1026

c

CF =098
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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 150°C, with a specific heat of 1000 J/kg.K. The
water entering the exchanger at 15°C at the rate of 0.05 kg/s is to be heated to 90°C. 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 1.D., 3.0 cm O.D.). The heat transfer
coefficient on the gas side is 115 W/m?.K, while the heat transfer coefficient on the water
side is 1150 W/m?%.K. A scale on the water side and gas side offer an additional total thermal
resistance of 0.000176 m”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 (Ty,) = 150°C

-Mass flow rate of hot flue gas () = 0.25 kg/s
-Specific heat of hot gas (c,p) = 1000 Jkg.K

-Cold fluid inlet temperature (T;) = 15°C

-Cold fluid outlet temperature (T,) = 90°C

-Mass flow rate of cold water (I ) = 0.05 kg/s

-Heat transfer coefficient on gas side (h) = 115 W/m”.K
-Heat transfer coefficient on water side (h;) = 1150 W/m*.K
-Fouling factor (R;) = 0.000176 m”.K/W

-Tube diameter (d) =2.5cm

(dy) =3.0cm

FIND:
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(1) Overdl heat transfer coefficient based on the outer tube diameter (U,)
(2) Mean temperature (AT,
(3) Tubelength (L)

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

SOLUTION:

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

The overdl heat transfer coefficient is:

r -1
d In(d,/d.
Uf = %.i+ Rﬁ+LO/')+i
d h 2k h,
r -1
0.03In(3/2.5
U, = 3.1 0.000176+ ( / )+ ! =100.78 W/m’K
| 25 0 2x 360 115
b.
Properties of water at 15;90 =525°C=326 K :

Cpc = 4182 Jkg.K
Heat duty:
Q =My o(Tez — Tea) = MiCon(Tra — Tha)
Q=0.05x 4182 x (90-15) = 15682.5 W
Q 15682.5

The =T —— =150-——-—-=87.3 °C
MnCon 0.25% 1000

Log-mean temperature difference: 150°C

AT, — AT 3-
AT = ———2 _123-00 506 o

n AT, In 72.3 ]
) 60 90°C

ATl
AT, —-\‘\ \ AT,
C. /_Jsoc
For one shell and 4-tube passes, from figure (2.7):

“Te-Ta_ 9015 _,ope  poTm-Te 150-873
Ty Ty 150-15 To-Ta  90-15

P = 0836

Then, F=0.83
Q. =UA, FAT|m,cf

Heat transfer area:
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Q4 156825 -

" U(FATjngq 10078x083x 6596
Nt

A=mnd,L-—- Np = ndo LN,
Np

LN, = A _ 284 =3013
nd, 7©x003

For anumber of tubesN; =100,L = 0.3 m

Clean surface overall heat transfer coefficient:

-1 1
U, =(i—th] =(;—0.000176j =102.6 W/m?.K
U; 100.78

Percent over surface:
0S=100U Ry, =100x102.6x 0.000176 = 18
Cleanliness factor:

100.78
102.6

U
CF=—f— =098
UC
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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 1.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°C

outlet water temperature = 49°C

organic-vapor condensation temperature = 118 °C

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 °C.

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 (T) = 118°C
-Cold fluid inlet temperature (T.y) = 29°C
-Cold fluid outlet temperature (T,) = 49°C
-Cold fluid outlet temperature after fouling (T,s) = 46°C
-Mass flow rate of cold water (I ) = 3700 liters/min
-Tube diameter (d) =1.6cm
(dy) =1.9¢cm

-Tubelength (L) =2.4m
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-# of tubes (N,) = 768

-Tube-side passes (N,) = 4

FIND:
a. Fluid velocity in tube (u)

b. Fouling coefficient at the time of second test.

SOLUTION:
a.
Flow area
d2 N 0016)°
P Ny _ 7x(0016)" 768 _ 135 2
4 N, 4 4
Water velocity:
u = Q06186 ., p0r s
A 00386
b.

Fouled surface heat transfer coefficient is:
-1

d,In(d,/d;
Uf = &.i.;.&.Rﬁ_;_M_Fi
d h d 2k h,
Properties of water at 29-+49 =39°C=312 K:

p=993 kg/m® c,. =4178 J/kg.K

Case 1 (before three month):
Q=mMmCp(Tep — Ty ) = 993x 0.06166 x 4178 x (49— 29) = 511624 kW

Log-mean temperature difference:
AT, —AT - 118°C . 0
AT, = In( T ) = 1;011%0 =942 °C $AT1 18c
AT, 80 R AT,
\\— 29°C
poTe—Ta _ 49-29 ReTu-The _ 0 _,

Ty-Ty 118-29 7 T,-Ty 20
F=1
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A, =nd,L % N, = 7zd,LN, = 7x0.019x 2.4x 768=110.021 m?
p
Clean surface overall coefficient:
Q. =U_A_FAT, .
Heat duty for fouled condition:
Q=cCpc(Teas — Ter) = 993x 006166 x 4178 x (46— 29) = 43488 kW
Fouled surface heat transfer coefficient:
_ AT, —AT, (118-46)—-(118-29)

AT = AT (18-49) =80.2°C
In AT, (118- 29)
3
= QO BBEAC g 85 wimPk
AFAT, , 110.021x1x80.2
1
BUt Uf:|:i+$‘Rﬂ:|
Uc di

rR=0 1 1 :(EJ( t 1 j:o.ooozss m2.K/W
19\ 50289 49286



www.konkur.in

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 (d) =1.6cm
(dy) =1.9¢cm
-Deposits thicknessinside (8,) = 1.12 mm

-Deposits thickness outside (6,) = 0.88 mm

FIND:

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

SOLUTION:

From Table 6.3:
Calcium carbonate: k; = 2.941 W/m.K
Magnesium phosphate k, = 2.1625 W/m.K
Total fouling resistanceis:
d
R = d—o Rii +Ryo

I

Ri =A,R; =nd,L-
fi i Rg = T; 2TEL|(1

Rfi=d—iln( d; ]
2k, \d;-25;

0019 In( 0.019
© 2x2941 \0019-2x 000112

. j = 0000405 m?.K /W
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In(do-FZSZJ
d,

Ri, =A,R, =nd,L-
fo o2 = T, 211:Lk2

Ry, = o .(d_zs]
2k, d,

o= 0.023 In( 0.023+2 x 0.00088) 0000392 m2.K /W
2x2.1625 0.023

Ry = % -0.000405+ 0.000392 = 0.000882 m?.K /W
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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°C to
90°C. On the shell side stream condenses to heat the water resulting in an overall heat
transfer coefficient of 2100 W/m®.K. After a period of six months of continuous operation,
the temperature of tube inside water drops to 80°C. 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 (Ty,) = 100°C

-Cold fluid inlet temperature (T..) = 20°C

-Cold fluid outlet temperature (T,) = 90°C

-Cold fluid outlet temperature after fouling (T,s) = 80°C
-Mass flow rate of cold water (I ) = 3kg/s

-Overall heat transfer coefficient before fouling (Uo) = 2100 W/m?.K

FIND:
a. Overall heat transfer coefficient after fouling (Uy)

b. Tota fouling resistance under operating conditions (Ry)

SOLUTION:

20+90

Properties of water at =55°C=328 K:

p=985kg/m® c,.=4182 J/kg.K

Log-mean temperature difference:
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_AT,-AT, 80-10 ___, lo0°c > = 100°C
n —— A o~ Y
ATZ 10 o \4\ -
Heat duty under clean conditions: Y_20°C

Q=mcCpe(Tep — Ty ) = 3x 4182 x (90— 20) = 87822 kW
Qc = UCAFATIm,Cf
Heat transfer area:

_ Q.  87822x10°

= = =12.409 m?
UFAT g 2100x1x 337

Heat duty under fouled conditions:
Q=gCp(Teas — Tea) = 3x 4182 (80— 20) = 752.76 kW

AT, - AT -
AT =———=2 _80=20_ 43530¢

|n(Ale In @
AT, 20

Fouled surface overall heat transfer coefficient is:

_ Q  75276x10°

= = =140098 W/ m?.K
AAT/g 12409x 433

U

Thetotd fouling resistanceis:

Ry =| - L :( ! _Lj=o.000238 m2.K /W
U, U, | \140098 2100

c
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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:
-Seawater flowing in tube
-Seawater velocity Uy, =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 seawater properties:
p =997.207 kg/m?3 k = 0605w / m.K
n=909x10"* Pas Pr =629
Thermal conductivity of steel: ks =43 W/m.K;

_ PUpd; _ 997.207x 2x 0019
H 9.09x107*
The heat transfer coefficient inside the tube can be calculated by Equation (3.31):

f = (158In Re—328) 2
=[158x In(41687.4) - 328] = 000546

Re =41687.4 (Turbulent flow)

~ (f/2)(Re,—1000) Pr
" 1e127()2) " (Pro™*-1)
_ (0.00546/2)-(41687.4—-1000)-6.29

 1+127x(000546/2)°°(620%° -1
~ 269
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o _ Nupk _ 269x0605

i =85648 W/m?-K
d; 0019

The overdl heat transfer coefficient is:

d, In(d,/d;
iId—oi+th+M+i=i+Rn+l
U, d, h 2K h, 2445 8

-1
d d,In(d,/d;
Uf — _oi.l_th +M+i:i+ th _;,_l
d, h 2k h, 2445 8
0.023In(0.023/0.019
212028 1 6000176+ ( ), L
0.019 8564.8 2x43 120
=1149 W/m?-K
Clean surface overall heat transfer coefficient is;
i:iJrRft +i:i+Rﬁ+l
U; h h, 2445 8

! (o]

Percentage over surfaceis:
0OS =100 U.R¢ = 100x117.3x0.000176 = 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/m? - K and 2445 W/m? - 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 m 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 (T.,) = 20°C

-Mass flow rate of cold water (I ) = 0.2 kg/s

-Cold fluid inlet temperature (Ty,) = 60°C

-Cold fluid outlet temperature (Ty,) = 30°C

-Mass flow rate of il (M) = 0.4 kg/s

-Heat transfer coefficient in annulus (hy) = 8 W/m?.K
-Heat transfer coefficient in inner tube (h) = 2445 W/m?.K
-Outer diameter of inner tube (d,) = 25 mm

-Inner diameter of outer tube (D;) = 45 mm

-Tota length per hairpin (L) = 15m

- Total heat exchanger area (A) = 325 m?

FIND:

Total fouling resistance (Ry)

SOLUTION:
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Specific heat for lubricating oil: ¢, = 2006 Jkg.K, for water: ¢, = 4178 Jkg.K.
The fouled surface overall heat transfer coefficient is:
1 1 1 1 1
=—+Ry+—=——+Rp +=
U, h, h, 2445 8

IS S N S S

Uf hi ho Uf
Heat duty for fouled condition:
Q=mcCpe(Teo = Ter) = MnCpn(Trg — Thz ) = 04 x 2006 x (60— 30) = 24072 W

mhcp,h(Thl —Thz)

To=Tu+ mccp,c
04 x 2006 % (60— 30) o
=20+ =488 °C
02x4178
AT = ATi=AT,
In(AT,/AT,)
_(60-488)-(30-20) 0 op
In( 60— 48.8)
30-20
Q=U,A AT, cut = U, (7d,L)AT, out
U= Q __ 28070 _ 5000 Wim?.K corrected answer
ALAT, 325x10.58
Ry = 1 1 1 0.125409 = 1 0.125409 = 0.01740734 corr
U h h, U, 7.002

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 1.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 °C
Water outlet temperature, 45°C
Condensation temperature, 105°C

After 4 months of operation, under the same conditions, the exit temperature of water drop
to 40°C. 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 (T,) = 20°C
-Water outlet temperature (T,) = 45°C
-Steam temperature (T},) = 105 °C

-Mass flow rate of cold water (I ¢) = 70 kg/s

-Outer diameter of tube (d,) =1.9cm
-Inner diameter of tube (d) = 1.6 cm
-Tota length of tube (L) =3 m

-After four months, (T,) =40°C

FIND:

Tota fouling resistance (Ry)
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SOLUTION:

. T +T,
Specific heat for water at mean temperatureT,, = CNZ_ 2 _ 35; %_

65 °C:

Cpc = 4178 Jkg.K
Then:
Q=mMmCp (T —Tyy) = 70x 4178 (45— 20) = 73119 k W
Thetota heat transfer area A, is.
A, =nd,L-N=mx0019x3x840=1503 m?
The heat exchanger log mean temperature is:
AT, -AT,
In(AT; /AT,)
_ (105-20) — (105- 45)
In( 105- 20)
105-45
According to the heat transfer equation:
Q=UA AT, =Ug(nd,L)AT,,
U= Q _ 7311.9x10°
¢ (ﬂ'dol_) AT, 150.3x71.8

After 4 months of operation, the outlet water temperature is decreased to 40 °C, so the mean
temperature:

ATlm,cf

=718 °C

=677.1W/m*-K

Ta+Te  35+90
2 2

Q =1 G, (T —Tey) = 70x4179x (40— 20) =5850.6 k W

c~pc

T, = =625 °C

AT, -AT,
~ In(AT,/AT,)
_ (105-20) — (105 40)

| n( 105- 20)
105-40

Qf =UtA AT, = Uy (nd,L)AT,,

ATlm,cf

=746 °C

U= Q 3 5850.6x10°

" (7d,L)AT, 150.4x74.6

Because the shell-side fouling is negligible, so the tube-side fouling factor is:
1 1 1 1

R =—--—=—>_——=_-000044 m*-K/W
U, U, 5215 677.1

c

=521.5 W/m?-K
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Problem 6.10

In a single-phase double-pipe heat exchanger, water is to be heated from 35 to 95°C. The
water flow rate is 4 kg/s. Condensing steam at 200 °C 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/m?®.K. After an operation of 6 months, the outlet temperature of the hot water drops to
90°C. 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 (T,) = 35°C

-Water outlet temperature (T,) = 95°C

-Water outlet temperature after 6 months of fouling (T,") = 90°C
-Steam temperature (Ty,) = 200 °C

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

-Heat transfer coefficient for clean surface (Uy) = 3500 W/m?.K

FIND:

Total fouling resistance (Ry)

SOLUTION:

When the surface is clean:

- Ty +T,
Specific heat for water at mean temperatureT,, = °1; 2 _ 35; %S _esoc:

Cpc = 4185 Jkg.K
Then:

Q=mC, (T, —T,,) = 4x 4185x (95— 35) =1004.4 k W

The heat exchanger log mean temperature is:
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AT, = AT,
Tinet =7y
“In(AT,/AT,)
_ (200—35) — (200-95) 1327 °C
In 200-35
200-95
Thetota heat transfer area A, is.
A = Q _10044x10°
° UAT, 3500x132.7
After 6 months of operation, the outlet water temperature is decreased to 90 °C, so the mean
temperature:

2.16 m?

Ty +Te
7 —Jatle 35490 o500

2 2

and,
Cp,c = 4185 W/kg.K
AT, — AT,
ATjpg = ———2—
™ In(AT, /AT, )
_ (200-35-(200-90) o0 o
n( 200 35)
200-90

Q =MCy (T, — T,y ) = 4x 4185x (90—-35) =920.7 k W

Q _ 920.7x10°
AAT, 216x135.6

m

=3143.4 W/m?-K

U, =

_1 1 L1 0000032 m?.K/w

R. = =
" U, U, 31434 3500

c

Because the purpose of the heat exchanger is to maintain the outlet temperature of water at
95 °C, after 6 months of operation, the outlet temperature is only 90 °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 200°C and leaves at
100°C. The objective is to design a heat exchanger to heat city water from 20°C to 90°C on
the shell side. The overall heat transfer coefficient based on the outside clean surface area of
12 m? 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.
-Ditilled hot water inlet temperture (Ty,,) = 200°C

-Distilled hot water outlet temperature (Ty,) = 100°C

-Cold water inlet temperature (T.y) = 20°C

-Cold water outlet temperature (T.,) = 90°C

-Outside clean surface area (A.) = 12 .

-Overall heat transfer coefficient based on outside area (U,) = 1500 W/m*.K
-Tube diameter (d) =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)
2
Ry = 0.176x10° M " K/W

2
Rpo = 0.352x10° M - K /W
Overal heat transfer coefficient based on the outside surface of the inner tube, with fouling:

E
1
Uf :|:U—C+ th:|
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Where

d
Ry =R+ R, =0000352+ % x 0.000176 = 0.000561
since the wall resistance is neglected.
Then,

4 .
U, = i+RfI =[L+O.000561} =815 W/m?.K
U 1500

c

Log-mean temperature difference:

o AT AT, 110-80 200°
ms ( Ale oo T
In o o |Y_
AT, 80 ¢ \:\_ 100°C
AT,
—— 20°C

Q. =U_,A_FAT,
Q, =U,AFAT,

Taking theratio, the decrease in heat transfer rate is obtained:
Q, _UAFAT,, U, 815

= === _5433%
Q. UAFAT,, U, 1500

c
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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 m.=0.2
kg/s, while the flow rate of oil through the outer annulus is m,=0.4 kg/s. The oil and water
enter at temperature of 60 °C and 30 °C, respectively. The heat transfer coefficient in the
annulus is calculated to be 15 W/m”.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 °C. Take c,=4178 J/kg.K for water and
¢,=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 (Ty;) = 60°C

-Oil outlet temperature (T},) = 40 °C

-Mass flow rate of oil (M) = 0.4 kg/s

-Cooling water inlet temperature (T) = 30°C

-Mass flow rate of cooling water (M ) = 0.2 kg/s

-Annulus side heat transfer coefficient for oil (h,) = 15 W/m?.K
-Inner diameter of tube (d;) = 25 mm

-Inside diameter of outer annulus (D;) = 45 mm

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

-Specific heat of oil (c, ) = 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= mccp,c(Tcz - Tcl) = mhcp,h(ThZ - Thl)

N thp,h(Thl —Thz)
mccp,c

, 04 2006 (60-40)
02x 4178

=492 °C
AT,—AT,  108-10

ATy = = =1039 °C
In(AT; /AT,)  In(108/10)
Tube-side analysis.
Properties of water at 492+30 _ 396 °C is:
p =992 kgym® 1=605x10° N.§/m?
Pr=4.36 k=0.6 W/m.K
The water velocity can be obtained as:
Um = mc = mc > = 02 > 2041 m/S
PA. 7d, 9925 7> 0.025

Therefore, the Reynolds number is:
Re=~ Uyd, _ 992x 0'41X2'025 =15198 (Turbulent flow)
Y7, 605x10

From table 3.3, Genidlinski’ s correlation can be used:
f =(1.58InRe-3.28) ” = (1.58xIn16807 - 3.28) * = 7.0x10°°
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NU (f/2)RePr

1 2
1.07+ 12.7(f/2)5 [Pr 8 — 1]

(0007) 15198 x 4.44

2 2
1.07+12.7 (0'02068)2 (4.443 —1j

=100.57 W/m? K
Theinside heat transfer coefficient is:
Nu-k 100.57x0.6
d 0025

The outside heat transfer coefficient is given, h, = 15 W/m*.K.
The fouling, tube wall resistance and the curvature of the wall are neglected, so the overal
heat transfer coefficient can be calculated as:

11 )
Uy=q—g=— 7 =149 Wim'K

+ +-—
h, h, 241368 15
Q  mC,(Tu-Ty) 0.4x2006x(60-40)

h, = = 2413.68 W/m*.K

o = = :108 m2
UAT, UAT, 14.9x10
A, =7zxd, x2L =27x0.0334x 3= 0,63 m?
~ L= Ao 108 =1375 m

zd B 7 x0.025

o]
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Problem 7.2

In problem 7.1, the heat transfer coefficient in the annulus is given as 15 W/m’.K. Is this value
acceptable? Assume the water used is city water with a fouling resistance of 0.000176 m*.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 (Rq) = 0.000176 m2.K/W

-Length of hairpins (L) =4 m

FIND:
a. Heat transfer area (A,)

b. The number of hairpins (Np)

ASSUMPTIONS:
-City water is used.

-Oil side deposit is neglected.

SOLUTION:

a.
The heat transfer coefficient in the annulusistoo low at 15 W/m?.K.
The overall heat transfer coefficient is(neglect the curvature and wall resistance):

U, = 1 ! =1 1 1 =14.87 W/m*.K
—+R,+R,,+— 7+0.000176+0+1—5

h. h, 2413.68

1 o]

The heat transfer surface area needed:
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Q M, (Tp—Ty) 0.4x2006x(60-40)

TUAT,  UAT, 14.87x10
Heat transfer area per hairpin:
App =2nd,L =21 x0025x 4 =063 m?

f

b.
Therefore, the number of hairpins needed is:
0= Ao = 107.9 =171.3~172 Hairpins.
A 0.63

hp

=107.9 m?

If the space islimited 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°Cin 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 d, = 1.315 inches (= 0.0334 m)
and d; = 1.049 inches (= 0.02664 m), respectively. For the annulus, D,= 4.5 inches (= 0.1143 m)
and D; = 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 (Ty;) = 60°C

-Oil outlet temperature (T},) = 40 °C

-Mass flow rate of oil (M) = 5 kg/s

-Cooling water inlet temperature (T;) = 20°C

-Cooling water outlet temperature (T,) = 30°C

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

(do) =1.315 inches = 0.0334 m

-Annulus diameters: (D;) = 4.206 inches =0.10226 m
(Do) =4.5inches =0.1143 m

-Length of the hairpin (L) =3 m

-Wall temperature (T,,) = 35°C
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-Thermal conductivity of the tube wall is 43 W/m K.

-Number of tubes in the annulus (N;) = 3

FIND:

a.) The heat transfer coefficient in the annulus (h,)

b. The overall heat transfer coefficient (U,)

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:

_AT,-AT, 30-20

60°C
In( AT, j In( 30) AT, 40°C

AT, 20 30°C AT
\& 2
20°C
Properties of water at 20430 25°C is
p =997 kg/ m® 1 =894x10° N.s/m?
Pr=618 k =0.0606 W/ m.K
c,. =4180 J/kg.K
Properties of engine ail at 60-+40 =50 °C is
p=870kg/ m? 4 =0.124 N.s/m?
Pr=1760 k=0.141 W/ m.K

C,. =2005 J/kg.K
u, =03N.s/m? (aT, =35°C)

Tube sSide analysis:
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The cooling water mass flow rate can be obtained using the heat balance equation:

Q = mcCp,c(TcZ _Tcl) = mhcp,h(Thl _Thz)
i T,-T, -
i = M,Cy0 (T = T) _ 5x2005x(60-40) _ s
Coo(To = To) 4180 x (30— 20)
The water velocity can be obtained as:
=M Mo 48 _—288ms
N, pA . d. 7 x 0.02664

N, o 4' 3% 997 x

Therefore, the Renolds number is:
Re_ Pund; _ 997x 2.88x0.02664
U 894x10°°
From table 3.3, Petukhof and Kirillov correlation can be used:
f = (1.58InRe-3.28) * = (1.58x In85562.7 - 3.28) * = 4.65x10°°
~ (f/2)Re,Pr,
1.07+12.7(f/2)" (Pr,”* -1)

(0.00465
Nu, =

=85,562.7 (Turbulent flow)

b

] x 85562.7 % 6.18

1 2
1.07+12.7><(0'0337j2[6.183 —1}

=520.2
Theinside heat transfer coefficient is.
h = Nu, -k _ 520.2 x 0.606
' d 0.02664

= 2550 W/m?.K

Annulus side analysis:
D, =(D’-N,d,*)/N,d, =(0.10226° - 3x 0.033407 ) /3x 0.03340 = 0.071 m
D, =D, —N,d, = 010226 —3x 0.03340 = 0.035 m
Um = mh = mh — 5 :lo3m/S
PA #(D,*-N,d.?) 7x(010226” —3x 0.0334°)
p——— 870 "

Cc

pu, D, 870x103x0.035
y7, 0124

Sieder and Tate correlation is used:

h D D" o
Nu, =—°—¢ _1 86l prRe—"| |
Tk L/ \u,

Re= =252.9 (Laminar flow)
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M, 0.3

Therefore, Sieder and Tate correlation is valid for the given data, and
Nu,k 1.86x2.32x0.141
D 0.071

e

V3 0.14 V3 0.14
(PrRe%) [ﬂJ - (1760>< 252.9 0'235j (0'124j —232>2

h, = =857

Fouling factors:
Table6.10 and 6.11 give:

R, =88x10° m%.K/W
R,, =0.000176 m?.K/W
The overdl heat transfer coefficient based on the outside surface areais:

1 1
Uf = =
d,R; : 5
d, , R +roln(ro/rl)+Rfo+i 00334 00334x88x10° oo 1
dh  d, k h, 002664x11833 0.02664 56.6

1 0o

=55.6 W/m2.K

The heat transfer surface area:
Q Mo, (Tu—T,) 5x2005x(60-40)

A, = = =146.7 m?
U,AT, U AT, 55.6 % 24.6

Surface area per hairpin:
A, =7zxd, x2L =27x0.0334x3=0.63m’

The number of hairpins can then be calculated as.

A . -~
N, = o _ 1467 = 78 hairpins
AN, 063x3

Thefriction factor in the annulus can be calculated as:
_16_ 18 _ 0633
Re 2529
The pressure drop in the annulus can be calculated as:

2 2
AP=4f 5 o8~ 45006335 222X T8 70, 103
D, “ 2 0.035

Pressure drop in the tubes:
f=0.037

=1.56 MPa

2 2
AP:4fd£p“; = 4%00037x 2X2X 78 97, 864

=9.67 MPa
0.02664

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, °C 65 20
Outlet temperature, °C 55 30
Density, kg/m? 885.27 1013.4
Specific heat, kJ/kg.’C 1.902 4.004
viscosity, kg/m.s 0.075 9.64x10™
Prandtl number (Pr) 1050 6.29
Thermal conductivity, W/m.K 0.1442 0.6389
The length of the hairpin =3m.
Annulus nominal diameter =2 inches
Nominal diameter of the inner tube =3/4 inches
Fin height, H =0.00127 m
Fin thickness, & =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. (Schedul e 40):
do = 0.02667 m
d; =0.02093 m

Annulus nominal diameter = 2 in. (Schedul e 40):
D; =0.0525m

Heat balance:

Q= mccp,c(Tcz _Tcl) = r.nhcp,h(-rhl _Thz)

 nCon (T~ The)  4x1902x10% x 10
¢ Cp,c(Tcz - Tcl) 4.004 x 103 x 10

=19 kg/s

Annulus;
T 2 2
AC=Z(Di ~d, Nt)

= %(0.05252 — 0026672 x 3)

=4.888x10* m?
Hydraulic diameter:
Py =m(D; +d,N,)
= 1 x (0.0525+0.02667 x 3)
=0.416 m

4A.  4x4888x107*
P, 0416

w

D h= =0.0047

Equivalent diameter:
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Ph = TCdONt
=1 x 002667 x 3
=0.251 m
4A _ -4
p, =% _ 4% 4888x10 00078
P, 0251
a.
Inner tube--cold:
m
M= == L9 182 mis
PA N, d; 10134 x 1t x 0020932 x 3
pt——N;
4
Annulus--hot:
m 4
Uy = —1—= =924 m/s
prA. 88527 x4888x10"
b.

Inner tube--cold:
Reynolds number:
Re_ Pumdi _ 10134x182x 002093

u 9.64x107*
Petuknov and Krillov corréelation:

=40045 (Turbulent flow)

f = (364logRe-328) * = (364 x 10g 40045 - 328) % = 0.0055

(0.0055

(f/Z)RePr jx40045><6.29
Nu = = =

i 2 1 2
107+12.7(f/2)2 [Pr 3 1] 14127 % (0-0055) 2 [6.293 _ 1]
2

_ Nu-k _ 2591x 0639
d; 002094

=2591

h.

=7910 W/ m?.K

Annulus -- hot:
Reynolds number:

Re_ PUmDh _ 88527 9.24x 00047
mn 0075
Sieder and Tate correlation:

D Y3 0/14
Nu, = ].86( RePr—hj (ﬁj
L H

0.0047
3

=5126 (Laminar)

RePr%:512.6><1050>< —8432>2

T, =%(65“2L55+ 20;30j —425°C=315K

py =0197 Pas
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0/14
Nu, = 186(8432)"° (%) ~1535

_ Nu-k  1535x 01442
~ D. 00078

h, =284 W/m?.K

e

Hausen Correlation:

0.8
0.19(PeDhj

L
Nu = 3.66+ o - 3.66
1+ 0.117(PeL"j

0.19x 39.9%8

+ =585
1+0.117 x 39.9%467

_ Nu-k  585x01442
D, 1053x107°
Compare with h, = 760 W/m?.K for Sieder and Tate correlation.

h =8011 W/ m?.K

0o

Finned area:

A¢ = 2NN L(2H; +6)=2><3><18x3x(2x0.0127+o.9><10*3)=8.521 m?
Unfinned area:

A, =2NL(nd, - N8)=2x3x(nx 002667 x 3) -18x 3x 09x 10~> =1217 m?
Tota area:

A =A,+A; =8521+1217 = 9.738 m?
Inner tube surface area:

A, =2N,Lnd; = 2x3x 3x 1 x 002093 = 1184 m?

Fin efficiency:
m= 2o _ \/ 270 _ 18022
3ki  ¥09x107° x52
tanh(mH )  tanh(180.22x 0.0127)
Ny = = = 0428
mH ¢ 180.22 x 00127

Overall surface efficiency:

A 8521
No = {1_ (1-ny )A—:} = {1— (1-0428) ﬁ} =05

Overall hesat transfer coefficient (fouled):
Fouling resistance:
Ri, = 0.176x10° m’.K/W  (engineoil, Table 4.6/p123)
Ry = 0.088x10° m’K/W  (seawater, Table 4.10/p127)

1
A A Ry
oy LA LR, +Rf0+i
Aibi A, h,

Ug =
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1
. In(d,/d;
dO +dORfI +d0 ( 0/ I)+Rfo+i
d;h; d, 2k h,

Ug =

0.026671 n( 002667)

0.02667 N 0.02667 < 0088x10°3 + 0.02093
0.02094 x 7910  0.02094 2x52

+0176x107° + L
284

=248 W/ m?.K

Clean conditions:

1
d, o In(do/di)+i
d.h, 2k h,

Uy =

-1

0.026671 n( 0'02667) 1

_|__ o067 002093/ 1
0.02093x 7910 2x52 284

=279 W/m?.K
Cleanliness factor:
Uys 248

=——=0.89
] 279

CF=
oc

Tota fouling resistance:
1-CF _ 1-089

- - — 0000443
Uy -CF  279x 089

th

Percentage over surface:
0S=100-U Ry, =100x 279 x 0000443 = 12.4%

L og-mean temperature difference:
AT; —AT. 65°C
AT = # AT,
|n[lj agc 55°C
AT, AT,
AT,, =AT, =AT, =35°C — 20°C

Tota heat transfer area (without fouling):
Q  MnCpn(Tr —Tro) 4x1902x(65-55)

o= = = 7791 m?
U AT, U AT, 279x35
Tota heat transfer area (with fouling):
M,ConlThy — T, 4 %1902 x (65-55
Ag=—2 T on(Th = Thz) _ (85-59) g 765 m?
Uy AT, Uy AT, 248x 35
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Hairpin surface area:
App =10 (2L)- Ny, = mx0.02093x (2% 3) x 3=1.508 m?

Therefore, the number of hairpins (without fouling):

Ay 7791

=9 - ~ 6 Hairpins.
A, 1508 g

The number of hairpins (with fouling):

A : -
Npp = —== 8765 6 Hairpins.
Ap, 1508
e.
Pressure drop:
Inner tube:
2 2
AP =4t S p UM N 4x00085x — X2« 10134x 222 6= 6348 kPa
d, 2 0.02093
Annulus:
p=2- 10 _o0312
Re 5126
-058 -0.58
f=fg (“—bj = 0.0312(%j = 0055
w 0197
2 2
AP, —4f = pUm_ hp = 4% 0055x 3x2 | g8527x 324 L 6-637 MPa
D, 2 0.0047
f.
Pumping power:
Inner tube:

b _ARm _ 6348x10° x 19 1488 W
“ mppy  080x10134 '

Annulus:

b _ APaa 637x10° x4

x - =360 kW
NePa  080x 88527
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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. (Schedul e 40):
do = 0.02667 m
d; =0.02093 m

Annulus nominal diameter = 2 in. (Schedul e 40):
D; =0.0525m

Heat balance:

Q= mccp,c(Tcz _Tcl) = thp,h(Thl _Thz)

 nCon (T~ The)  4x1902x10% x 10
© Cpe(Te-Ta)  4004x10°x10

=19 kg/s

Annulus:

A, =%(Di2 —doth)

= %(0.05252 — 0026672 x 3)

=4.888x10* m?
Hydraulic diameter:
Py =7(D; +doNy)

= 1 x(0.0525+0.02667 x 3)
=0.416 m
4A j -
D, =2 _ 4x4.888x10 00047
P, 0416
Equivalent diameter:
Ph = T[do N t
=1 x 002667 x 3
=0251 m
4A . -4
D, =2Ac _4x4888x10 ~ 40
P, 0251

Inner tube--cold:
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m m
Up = =% = DA 182 mis
pA N d. 10134 x 7t x 0.02093° x 3
pr— — Ny
4
Annulus--hot:
my, 4

u

m = = 2 = 9.24 m/S
pnA. 88527 x4888x10

Inner tube--cold:
Reynolds number:
pu,d; ~ 10134 x1.82x 002093

n 964x107*
Petuknov and Krillov corréation:

Re=

=40045 (Turbulent flow)

f = (364log Re-328) ? = (364x10g40045-328) * = 0.0055

(0.0055

¢ 19\ RePr 7j><40045>< 6.29
Nu = (/) = = 2

i 2 L 2
107+12.7(f/2)2 [Pr 3_ 1} 14127 (0-0055) 2 [6_29 3_ 1]
2

h = Nu-k _ 2501x0639
' d; 002094

Annulus -- hot:
Reynolds number:

u..D . . ;
Re— pu,Dy _ 885.27 x 9.24 x 0.0047 _5126 (Lam nar)
W 0075

Sieder and Tate correlation:

D y3 0/14
Nu, = l86(RePr—hj (ﬂj
L Hy

0.0047

=2591

=7910 W/ m?.K

D
RePr Th = 512.6x 1050 x =8432>2

T, :%(@+@j —425°C=315K

p,, =0197 Pas

0/14
Nu, = 186(8432)"° (%j ~1535

_ Nu-k _ 1535x 01442
D, 00078

Overall hesat transfer coefficient (fouled):
Fouling resistance:

R = 0.176x10° m?.K/W  (engine cil, Table 4.6/p123)

h, =284 W/m?.K
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Ry = 0.088x10° m?.K/W

(seawater, Table 4.10/p127)

1
Uof =
A A R
2 +°7f'+A0RW+RfO+i
Aihi Ai o
1
Uof =
d d. R In(d,, /d,
o Y ﬁ+do (o/ I)+Rfo+i
d;h, d, 2k o
0.02667 0.02667 0026671 n( 882?)29 1
= : T x 0088x107° + : +0176x107° + —
0.02094 x 7910  0.02094 2x52 284
=248 W/ m?.K
Clean conditions:
1
Uy =
In(d,, /d.
d +d, n(do/ I)+i
d;h, 2k h,
-1
0026671 n( 0'02667)
0.02667 002093/ 1
0.02093x 7910 2x52 284
=279 W/ m?.K
Cleanliness factor:
CF= Uor _2%8_ g9
Upe 279

Tota fouling resistance:
1-CF 1-089

= = = 0000443

" U, -CF 279x089

Percentage over surface:

0S=100-U Ry =100x 279 x 0.000443 = 12.4%

L og-mean temperature difference:

|n[ Ale
AT, = AT, =AT, =35°C
Tota heat transfer area (without fouling):

ATime =

Q mhcp,h(Thl_

° T ULAT,  UgAT,
Total heat transfer area (with fouling):

Trp)  4x1902x (65-55)
-~ 279x35

=7.791 m?

-1
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Q  ™MnCon(Tma—The) 4x1002x (65-55)

A, = =8765 m?
Uy AT, Uy AT, 248x 35
d.
Hairpin surface area:
App =10y (2L) Ny, = mx0.02093x (2% 3) x 3=1.508 m?
Therefore, the number of hairpins (without fouling):
A . .
Npp = o _ 1L 6 Hairpins.
Ay, 1508
The number of hairpins (with fouling):
A : .
Npp =—== 8765 6 Hairpins.
Ay 1508
e
Pressure drop:
Inner tube:

2 2
AP =df = p UM N - 4x00085x o2 10134 x o2 x 6= 6348 kPa
P2 0.02093 2

Annulus:
o= =10 _00312
Re 5126
-0.58 -058
ff | Ho _ 00312 2970 — 0055
Pluy, 0197
L u.? 3x2 9.24°

x 88527 x x6=637 MPa

AP, = 4f — pdm N, = 4x0085x
a=%p, P 0.0047

Pumping power:
Inner tube:
AP, 8
p —ARM_6348x10°x19 1 a8 w
NPy 080x10134
Annulus:
5 6
P _ AP;m, 637x10° x4 _ 360 KW

® mppa  080x88527
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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 60°C to 40°C 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 10°C to
30°C. 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 35°C. 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.

Tube side (water):
-Inlet water temperature (T,;) = 10°C
-Outlet water temperature (T,) = 30°C
-Number of bare tubes in the annulus (#) = 3
-Diameters: d, =1.315in.=0.03340 m
di=1.049in.=0.02664 m
- wall temperature (T,,) =35 °C

-Length of the hairpin (L) =3 m

Annulus (engine oil):
-Inlet temperature (T},) = 60°C
-Outlet temperature (T},) = 40°C
-Mass flow rate () = 5 kg/s
-Diameters: D,=4.5in.=0.1143 m

D;=4.026 in.=0.10226 m
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SOLUTION:

10+ 30

Properties of water at T = =20°C:

p =998 kg/m® c,=4182 J/kg.K ~ n=1007x10" N.s/m?
k=059 W/m.K Pr=7.05 i, =720x10* N.s/m?

40+ 60

Properties of dil at T = =50°C:

p =870 kg/m? c,=2006 J/kg.K  p=0123 N.s/m?
k=0141W/m.K  Pr=1749 i, =030 N.s/m?

Calculation of heat transfer coefficient in annulus:
Equivalent diameter for heat transfer:

A =%(Di2 —3d02)
= E(0.10226042 ~3x o.03342)
4

=5585x10° m?

b _ A _ 4x5585x10°°

e =0071m
3nd, 3 x 00334

Hydraulic diameter:

4N, 4x5585x107°

D, = _ =0035m
7D, +3nd, 7 x 010226+ 3 x 00334

Reynolds number:
u = m, 5

= = =1029 m/s
prA. 870x5585x 1072
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D . :
Re= PUmDn _ 870x1029x0035 _ .0/ 7 (| aingr flow)
W 0123

Sieder and Tate correlation:

D V3 0/14
Nu, = lSG(RePr—h) (ﬁj
L Hw

Y3 014 13 014
(Re Pr ﬁj [“_bj - (254.7 x 1749 x @) (%j =1529>2,
L iy, 3 03

so thiscorrelation is valid for the given data.

D V3 014
Nu; = 186( RePr Thj [ﬂj =186x1529 = 2844
Hw

_ Nu-k _ 2844x0141
D, 0071

h

=5648 W/ m?.K

0o

Calculation of heat transfer coefficient in tubes;
Heat balance:

Q= mccp,c(Tcz - Tcl) = r;nth,h(ThZ - Thl)

o nCon(Tro —Tra) _ 5x 2006 x (60-40)
el T —Ta) 4182(30-10)

=24 kg/s

A, =%di2 =%x0.026642 =557x10% m?

m, 24

PAN  998x557x107% x 3

pud;  998x 144 x 002664
B 1007x107°

Petuknov and Krillov correlation:

u=

=144 m/s

Re=

=38019 (Turbulent flow)

f = (364logRe-328) > = (364 x l0g 38019 328) * = 00056

0.0056
(f/Z) RePr (T) x 38019 x 7.05
Nu = 5 = = T = 2616
i 2 = 2
1.07+ 12.7(f/2)5 [PI’ 8 — l} 107 +12.7 x (0'0056) 2 [7_053 _ 1]
2
- _Nu-k _2616x0599
= =

=5882 W/ m?.K
d, 002664

Overall heat transfer coefficient:
From 1988 TEMA standards, fouling resistance:
Ry, = 0.176x10° m“.K/W
Ry = 0.088x10° m“K/W
k=43 W/m.K
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0.0334 0.0334 00167 ln( 1
= : +— x 0088x107° + +0176x107° + ———
0.02664 x 5882  0.02664 43 5648

55 W/ m?.K

Calculation of heat transfer area:
Q = UvoATIm

Q= mhcp,h(ThZ ~Th)
= 5x 2006 x (60- 40)
=200.5 kw
L og-mean temperature difference:
ATing =AT; =AT, =30 °C

Q  2005x10°

A, = =1215 m?
U,AT,  55x30

Surface area per hairpin:
A =2nd, L, =27 x 00334 x 3=0630 m?

Number of hairpins:
A .
p=—— ('n = number of tubesin annulus)
App N
1215
" 0.63x3

N

=64.28 hairpins = n =65 hairpins

Tota pressure drop in annulus:

_16_ 16 _oeos
Re 2547

3x2x65 10292

LNy, u?
p— =4x0.0628 x ————— x 870 %
2 0035

AP = 4f

=129 MPa=187.09 ps
h

Total pressure drop in tubes:
f = 0.0056

2 2
AP =4 oM 4y 00056x 22205, gog, 144
D, " 2 002664

=034 MPa=49 ps
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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.

Tube side (water):
-Inlet water temperature (T.,) = 10°C
-Outlet water temperature (T,) = 30°C
-Number of bare tubes in the annulus (#) =3
-Diameters: d, = 1.315in. =0.03340 m
di=1.049 in. =0.02664 m

- wall temperature (T,,) =35 °C

Annulus (engine oil):
-Inlet temperature (T,,) = 60°C
-Outlet temperature (T},) = 40°C
-Mass flow rate (m,) = 10 kg/s
-Diameters: D,=4.5in.=0.1143 m
D;=4.026 in.=0.10226 m

-Number of hairpins (Np,) = 2
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1 The f Tre
T
‘ = ! - Ta ( = H=—"Ta
| o
| — i Tez : p—— i e Teo
TM ‘ A ﬂ
“‘ ‘ | Th | |
‘ The ! | 1T ‘ |
— i fa / - E— I <é Ta
| 1L
— i —=Te \\C : — :‘ .
H W
(1) (2)
SOLUTION:
Properties of water at T = 10+30 20°C:

p =998 kg/m® c,=4182 J/kg.K  n=1007x10" N.s/m?

k=059 W/m.K Pr=7.05 i, =720x10* N.s/m?
40+ 60

Properties of cil at T = =50°C:

p =870 kg/m? c,=2006 J/kg.K  p=0123 N.s/m?
k=0141W/m.K  Pr=1749 i, =030 N.s/m?

Annulus oil velocity:

_omy, 04
™ ppnA.  870x1099.6x 107
_ pu,D},  870x2.058x 0035

u =042 m/s

Re

=5095 (Laminar flow)

" 0123
_16_ 16 hosia
Re 5005
D, =0.035m

th:2
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LNy 2 2
AP=af = Y 4 00814x 22 « 870x 298" 397 Kkpa
P 0035
b.
U, =h _ 04 =0818 m/s
PA

996 x % x 00252

_pu,Dy,  870x1029x 0035

Re =254.7 (Laminar flow)
i 0123
f :E:£=0,0628
Re 2547
L-N 2 2
AP=4f ——® U 3x2 10297 _ 198 kPa

p——=4x 00628~ x870x
ho2 0035

Calculation of heat transfer coefficient in annulus;
Sieder and Tate correlation is used for Re = 509.5 in annular side:

D y3 0/14
Nu, = lSG(RePr—h) (ﬂj
L Hw

3 014 13 014
D . .
(Re pr—h j [—” b ] - (509.5 « 1749 x 2032 035) (—0 123) =1529>2,
L iy, 3 03

so this correlation is valid for the given data.

D V3 014
Nu; = 186( RePr Thj [&j =186x1529 = 2844
Hw

_ Nu-k _ 2844x0141
D, 0071

Calculation of heat transfer coefficient in tubes:
Heat balance:

Q= mccp,c(Tcz - Tcl) = mhcp,h(ThZ - Thl)

h, = 5648 W/ m?.K

~ MnCon(Tre = Tha)  5x 2006 x (60— 40)
(T —Ta) 4182(30-10)

=24 kg/s

A, :%di2 :%x0.026642 =557x10* m?

m, 24

PAN  998x557x107% x 3

pud,  998x 144 x 002664
B 1007x107°

Petuknov and Krillov correlation:

f = (364log Re-328) > = (364 x log 38019 328) > = 0.0056

u=

=144 m/s

Re=

=38019 (Turbulent flow)
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0.0056
N (f/Z)RePr ( ) ) x 38019 x 7.05
TE =

1

2 1 2
1.07+12.7(f/2)2 [Pr 3 - lJ 107 +12.7 x (W} 2 (7_053 - 1]
2

h o Nuk _2616x0899 oo\
d, 002664

Overall heat transfer coefficient:

From 1988 TEMA standards, fouling resistance:
R = 0.176x10° m?.K/W
R;i = 0.088x10° m2.K/W
k=43 W/mK

1
U, =

- r r-Re In(r, /r;
o , o fi +r, (0/ I)+Rf0+7
r;h; r k h

o]

0.0334 00334 0'0167'n( 00&13;4)
= : +— x 0088x107° + -
0.02664 x5882 002664

+0176x107° +

=55 W/m?.K
Calculation of heat transfer area:
Q=UAAT,
Q= thp,h(ThZ ~Tha)
= 5x 2006 x (60- 40)
=200.5 kw
L og-mean temperature difference:
ATing =AT; =AT, =30 °C
- Q _ 2005x 103 1215 m?
U,AT,,  55x30
Surface area per hairpin:

A =2nd,L, =21 x00334x3=0630 m?
Number of hairpins:

A
Np °

p = ('n = number of tubesin annulus)
App N
hp _ 1215 | 64.28 hairpins = n =65 hairpins
0.63x3
Total pressure drop in annulus:

16 16

=== -00628
Re 2547

= 2616
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LN 2 2
oY 4x00628x 252X, g70, 1929
2 0035

AP = 4f =129 MPa=187.09 ps

h
Total pressure drop in tubes:
f = 0.0056
L u? 3x2x65 1442

AP =4f — p— = 4% 0.0056 x ————— x 998 x
D, 2 0.02664

=034 MPa=49 ps
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Problem 7.8

Seawater at 30°C 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 100°C flows in the annular space with a flow rate of 0.1 kg/s. The
outlet temperature of the oil is 60°C. 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

Tube side (water):
-Inlet water temperature (T.,) =30 °C
-Mass flow rate of inlet water () = 0.4 kg/s
-Number of bare tubes in the annulus (#) =3
-Diameters: d, = 26.6 mm
d;=25mm

-Length of the hairpin (L) =4 m

Annulus (engine oil):
-Lubricating oil inlet temperature (T,,) = 100°C

-outlet temperature (Tn,) = 60°C
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-Mass flow rate (m) = 0.1 kg/s

-Diameters: D; =45 mm

FIND:

a. Heat transfer coefficient in annulus (h,)

b. Heat transfer coefficient inside the tube (h;)

c. Overall heat transfer coefficient with fouling (U,)

d. Area of the heat exchanger (A,), number of hairpin (Np,)

e. Pressure drop (Apas, Ap:) and pumping powers (P,, P,)

SOLUTION:
Properties of oil at 22090 _gpoc = 353.15 K:

p=2852kg/m?3 1 =0.032 N.s/m?

Pr = 501 k=0138 W/m.K

cp = 2133 J/ kg.K

Properties of water at 30 °C :

p =996 kg/m? 1n=7.98x10" N.s/m?
Pr =544 k=0.614 W/m.K
Cp, =4179 J/kg.K

a. Annular side heat transfer coefficient:

A, :E(Di2 —doz) =7 (0045 - 002667 ) = 0001035 "’
4 4
2 2
an, (D7 -4
D, =—C¢= =D, —d, = 0045- 00266 = 00184 M
Py D; +d,
2 2
4p, \Di7-d 1045° — 0.0266°
D, - C:( | ):0045 00266 _ 0495 m
P, d, 00266
Annulus oil velocity:
u M __ 04 =042 m/s

™ phA.  870x1099.6x 1078

_PumDy _ 852x01134x00184
u 0032 '

Assume the wall temperature to be 50 °C, p,, = 0.124 Pa.s

Re=
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Sieder and Tate correlation is used:

Y3 014
N, = NoPe _ 1.86(PrRe&j (ﬂ]
k L Hy

13 014 13 014
(PrRe&j (ﬁj - (501>< 556 0‘0184) (O'O?QJ —417>2
L Hw 4 0124

Therefore, Sieder and Tate correlation is valid for the given data, and
~ Nurk  186x417x 0138

he =216
D, 0.0495
b. Tube side heat transfer coefficient:
m }
Up =30 = 04 _os18 mis
PRec 996x % x 00257
Re—_ PUndi _ 996 0818 2.025 .
W 7.98x10"
f = (364InRe-328) % = (364xIn25529-328) = 0.0061
(f/2)Re,Pr,

Nuy, =
" 107+227(1/2) (P2 1)

(%} x 25529 x 544

1 2
107+127 % (%Oelj 2 (5.443 - 1]

=166.9
Theinside heat transfer coefficient is.
h = Nu, -k _ 166.9 x 0.614
! d, 0.025

Nuy =

=4099 W/ m?.K

c. Overall heat transfer coefficient with fouling:
Assuming fouling: Ry = 0.000088 m*(K.W)
R, = 0.000176 m?/(K.W)
and ky, = 52 W/(m.K):
The overall heat transfer coefficient based on the outside surface areaiis:

1
Uf =
do +doRfi +r0|n(r0/ri)+Rfo+i
dihi  d Ku h,
_ 1
B 5 002661n(0.0266/0.025
00266 00266x88x10°° (00266/0025) \ios, 1
0.025x 4099 0025 2x52 216

=213 W/ m?.K

d. Heat exchanger area and number of hairpins:
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Q= mccp,C(TCZ _Tcl) = r.nhcp,h(Thl _Th2)

Q=MyCpn(Thy — Thz) = 01x 2133x (100 60)= 8532 W

S MnCpn( T~ The) 0. 8982 oo
2 a MeCpe C T 04x4179
T _ AT,-AT, _ (100-351)-(60-30) _ o0 oc
™ In(AT,/AT,) |n(100‘35'1j
60— 30
Q=UAT,A,
A, = Q 831 _ g6 m?

UAT. 213x4523

m
A, =Ny, (2L)nd,

A, 886

Npp = = =1325~ 14 hairpins
(2L)md, 2x4xmx0.0266

e. pressure drops and pumping powers:

_10_ 10 _ioee
Re 556
AN, 2 2
AP, —af 0 JUT 4 00gg 218 gy 01134
D, ' 2 00184
2Ny, 2 2
ap, —as BMNmw U7 00061x 2414 oo, 0818
4, 2 0025
myA 1 38, 3
o, _ Mipy _01x384x10° .o\
PMp 852x 08
m.A ) . 3
o MeAD _ 04x364x10° oo\

PNp 996 x 0.8
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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 m,, = 0.4 kg/s. The oil
and water enter at temperature of 60 °C and 30 °C, respectively. The heat transfer coefficient
in the inner tube is calculated to be 3000 W/m?.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 40°C and 50°C
respectively. Take c, = 4178 J/kg.K for water and c, = 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.

Tube side (water):
-Inlet water temperature (T,,) = 30°C
-Outlet water temperature (T,) = 50°C
-Diameters: d, =25 mm
-Heat transfer coefficient (h;) = 3000 W/m?*.K
-Length of the hairpin (L) =4 m
-Specific heat of water (c, ) = 4178 J/kg.K

-Limitation on number of hairpins = 10.

Annulus ( oil ):

-Inlet temperature (T},) = 60°C




www.konkur.in

-Outlet temperature (T},) = 40°C
-Mass flow rate (m ) = 0.4 kg/s
-Specific heat of oil ( ¢, ) = 2000 J/kg.K

-Diameters: D; =45 mm

a. Heat transfer coefficient in annulus (h,)
b. Heat transfer area (A,) and the number of hairpins ( Ny,)

Length of hairpins (L), and suggest a new design if the length limitation doesn’t satisfied.

SOLUTION:

60+ 40

Properties of ail at =50°C:

p=870kg/m?3 1 =0.124 N.s/ m?

k=014 W/m?K p, =022 N.s/m?>  Pr=1761
L og-mean temperature:

AT, = AT, = AT, =10°C
Equivalent diameter for heat transfer:

De = iﬁ: = D‘Zd_od"z = 4522_5252 =56 mm=0.056 m
Hydraulic diameter for pressure drop analysis:

D, =D, -d, =45-25=20 mm=0.02m
Flow velocity:

A, :E(Di2 —d02)=1099.6 mm? =1099.6x10°® m?
4

iy, 04
um = = o
prAc  870x1099.6x10

D ’ ! ;
_ PUmDn _ 870x042x002 _ g4 ) aminar flow)
u 0124

One can use Sieder-Tate correl ation:

=042 m/s

Re
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D Y3 0/14
Nu, = 186( RePr—hj (ﬁj
L H

Check validity:

V3 014 y3 014
(RePr ﬁ) (ﬂj - (58.7 « 1761 O'OZJ (%) —74>2,
L) Ly, 4 022

so this correlation is valid for the given data.

D 3 0/14
Nup = 186( RePr Th) (ﬂJ —186x 7.4=1376

My

h, = Nu-k _ 1376x 014 _ 1AW/ m2 K

D, 0.056

b.
Overall heat transfer coefficient:
1 1 1 )

U, = ~ = =34 W/m“.K

P

rhy %k he 1
Ag=—2

UoATim

where A, = 2nd,L Ny,
Surface area of ahairpin:

App=2nd,L
Heat balance:
Q=mcCpe(Teo = Tea) = MnCpn(Thz — Ty ) = 04 x 2000 x (60— 40) = 16,000 W
~_Q 16000
Nip = : :p ) Li;ﬁlm = Zreaizs 0

More than 10 hairpins are needed to satisfy the heat duty specified, so finned-tube can be
applied to increase the heat transfer areain 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 (T;) = 20 °C

-Cold water outlet temperature (T.,) = 35 °C

-Mass flow rate of oil (M () = 20,000 kg/h = 5.556 kg/s
-Hot water inlet temperature (Ty;) = 140 °C

-Hot water temperature drop (AT;) = 15 °C
-Allowable pressure drop in annulus (Ap,) = 10 kPa
-1.D. of inner tube (d;) = 0.0525 m

-0.D. of inner tube (d,) = 0.0603 m

-Inside diameter of outer annulus (D;) = 0.0799 m
-Length of the hairpins (L) =3.5m

-Fouling factors: R = 0.000176 m>.K/W

Rs, = 0.000352 m%.K/W
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FIND:
a. Number of hairpins (Np,)
b. Pressure drop in annulus(Ap,)

c. The appropriate mean temperature difference

SOLUTION:

Properties of water at % =1325°C is
p=93253kg/m? 1=0.207x10" N.s/m?
Pr=128 k=0.687 W/m.K
c, =4268 J/kg.K

Properties of water at H+20_ 275°C is
p =994 kg/m* 1 =0.841x10° N.s/m?
Pr =577 k=0.609 W/m.K

cp =4179 J/kg.K

a.
Calculate hot water mass flow rate by:

Q= mccp,c(Tcz - Tcl) = r.nhcp,h(-l—hz - Thl)

_ MeCpo(Tez ~Tea) _ (20,0007 3600) x 4179 x (35~ 20)

my, = =544 m/s
Con(Thz = Tha) 4268x 15
Up =— == S o = 2695 m/s
PhAc o ﬂdi 93253 x 7 x 00525

puLd;  93253x 2.695x 00525
H 0207x1073
Prandtl’ s correlation is used here with constant properties:

f = (158InRe-328) * = (158x In637398 - 328) = 000314

Re= =637,398 (Turbulent flow)
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(f/2)RePr

Nu = I
1+8.7(f/2)2(Pr-1)
(0.00314

j x 637398 x 444

1
0.00314) 2

1+87x ( (128-1)

=1168 W/ m?.K
Theinside heat transfer coefficient is:
h - Nu-k _ 1168 x 0.687
' 0.0525

=15284 W/ m?.K

Heat transfer coefficient in annulus:
M, M, (20,000/ 3600)

Um = AL 2\ - 00TTe% —0080a) oM/
Pe ¢ P(4><m;lli ] 996.4><4><n><(' - )

4

where nisthe number of unitsin parallel connection in annulus side.

4A
D, =—¢

=D, —-d, = 00779-00603= 00176 m

w
_ pUpDy  9964x073x 00176
n 0841x107°
Prandtl’ s correlation is used again for the annulus:

f = (364log Re-328) = (364 x log15222 - 328) = 0.007

Re =15,222 (Turbulent flow)

(f/2)RePr
1+ 8.7(f/2)%(Pr—1)

Nu =

(@j « 15222 x 577

1
1+87x (&207) ?(577-1)

=88.97 W/m?.K
The hydraulic diameter for heat transfer is:

D;*-d,> 00779% — 00603’

D, = =00403 m
d, 0.0603
The annulus heat transfer coefficient is:
h, = Nu-k _ 88.97 x 0.609 _ 1344 W/ m2.K
D, 0.0403

The overdll heat transfer coefficient based on the outside area of the inner tube:
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1
0 =
do +doRfi +d0|n(do/di)+Rf0+i
d;h; d, 2k h,
B 1
B 0.06031n(603/525
0.0603 . 0.0603><0.000176+ (603/ )+0.000352+ 1
0.0525x 15284 0.0525 2x54 1344
= 702W/m?.K
The heat transfer surfaceis:
m.c, (T, =T 5556 x 4179 x (35— 20
Q _ MnCon(The m): x 4179 % ( ):4_72 m2

°TUAT,  U,AT, 702 x 105
where AT, = AT, = AT, =105°C
The heat transfer areaper hairpinis.
App =mxd, x 2L =21 x 0.0603x 3.5=1.326 m?

h:4‘_72: 356
An 1326

Therefore, the number of hairpins, Ny, = 4.

b.

Pressure drop in the annulus side is cal culated by:

2L u,’
Ap, =4f —p—N
pa Dh p 2 hp
2
=4x0.007 x 2x35 x 9964 x 073 x4=11826 Pa
00176 2

C.

The appropriate mean temperature difference

AT, =AT; = AT, =105°C
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Problem 7.11

A sugar solution (p = 1080 kg/m’, ¢, = 3601 J/kg.K, k;= 0.5764 W/m.K, p = 1.3x10® N.s/m?)
flows at rate of 2 kg/s and is to be heated from 25 °C to 50 °C. Water at 95 °C is available at a
flow rate of 1.5 kg/s (c, = 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=3m

D,(annulus) =6 cm

D; (annulus) = 5.25 cm

d, (inner tubes) =2.6 cm

d; (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 (Tn;) = 95°C

-Mass flow rate of hot water (M ;) = 1.5 kg/s

-Cold fluid inlet temperature (T.,) = 25°C
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-Cold fluid outlet temperature (T.,) = 50°C

-Mass flow rate of sugar solution (M () = 2 kg/s

-Overall surface efficiency (n,) = 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 (Dy,).
b. Equivalent diameter for heat transfer analysis (D)

c. Heat transfer surface area (A,) and # of hairpins (Np,)

SOLUTION:

a.
Annulus:
The cross-sectiona areain the annulus with longitudinal finned tubesis:
I
A =Z(Di2 ~do’Ny )~ (8H Ny N, )

= %(0.05252 ~0026% x 1) —(0.0009 x 00127 x 20x 1)

=1.405x10° m?
Hydraulic diameter:
4A .

Dy =

W
Py =7(D; +doNy ) +2H NN,
=1 x(0.0525+0.026x 1) + 2 x 00127 x 20x 1
=0.755 m
_ 4x1.405x10°°

h =6.04x10° m
0.755

Ph =T[dON'[ +2HfoNt
=1 x0026x1+2x00127 x 20x 1
=0.59 m
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4A.  4x1405x10°°

D, = =9525%107°
P, 059
Sugar solutions flows through the annulus:
m
Up=—12-= 2 5 =1318 m/s
PA. 1080x1405x 10~
C -3
pr_ MG _13x107°x3601_, .,
k 0.5764
D . -3
Re= PmDn _ 1080x 1318 744x10 " _g14646 (Turbulent flow)
p 13x10”

Genielinski’ s correlation:
f = (158InRe-328) * = (158 In814646-328) * =834x107°

(f/2)(Re—1000)Pr

_1]
( 0'00834j (814646 —1000) x 812

—

wln

1+ 12.7(1‘/2);[Pr

1 2
14127 % (%} 2 [8.12 3 _ 1]

=69.28 W/ m?.K
he - Nu-k _ 69.28><O.57§4 419244 W/ m?.K
D. 9.525x10™
Finned and unfinned heat transfer area:

A =2N;N,(2H; +3)-L

A, =2N,L(d, - N¢3)
A=A +A,=2N{N(2H;)-L+2NLnd,
=2x1x20x2x0.0127 x 3+2x1x 3x 7t x 0.026
=3538 m?
Overadll heat transfer coefficient
1
A, +At|”(do/di)+ 1
A;h 2kn(2L)  moh,

U, =

0026 ) -
3.538 . 1 N 0.0209 . 1
T x 2% 3x0.0209 4000 2xB52xnx6 09x4192.44

3538 x| n(

=344.32 W/ m?.K

Heat balance:
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Q= mccp,c(Tcz - Tcl) = r.nhcp,h(-rhl - Th2)
mccp,c(Tcz - Tcl)

MyCp
i 2 x 3601 x (50- 25)

15x 4004

Th2 = Thl -

=95

=65°C
L og-mean temperature difference:

AT, - AT. -
ATjpg =————2 = 45790 _ goa5°C

| n[Ale In E
AT, 40

95°C

50°C

e
~—.

65°C
N
ATZ

25°C

Q=eCpe(Tez — Tea) = 2 3601 (50— 25) = 180050 W

Q 180050

o= = =12318 m?
U AT, 34432x4245

Number of hairpins:

—Bo 123185 48~4

N, =_—_9°
" A, 3538
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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 °C
-Wall temperature: 40 °C

-0.D. of tube: d, = 19 mm

SOLUTION:

Properties of saturated R-22 at T, = 47 °C are (Table B.8, Appendix B):

p; =997.7 kg/ m? Cp, = 4181 k/kg.K
k; =0.602 W/ mK 1, =959x10° Pas
Pr = 668

Using Eg. (8.2):

Hl(Tsat—Tw)k|

(o]

. v4
pi(P1 —Pg)riigdy®
h, :';_'(0.728)[ P1=PoJ0i ]

1098.6 x (1098.6 — 79.05) x 9.81x 158.1x10° x 0.019° | *
1.76x10 " x (47— 40) x 0.077

h =— ><O.728>{
9

=1738.6 W/m?.K

Comparing with R-134A, the average heat transfer coefficient is alittle 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 °C.
-Wall temperature: 40 °C

-0.D. of tube: d, = 19 mm

SOLUTION:

Properties of R-22 at T, = 47 °C:
p; =10986 kg/ m? pg =79.05 kg/m°
k, =0.077 W/ mK i, =1.76x10* Pas
iy =158.1 kJ/kg

Using Eg. (8.7):

2
hyy = g—'(0.416)(1+(1+ 9.47F)]/2)]/ Re!?

o

Where F is given by Equation (8.5):

A i
F= %
Ug kAT
-4 3
Fo 9.81x 0.0129 x176x107" x1581x 10 — 0109
102 x 0.068 x (47 — 40)
The two-phase Reynolds number is
~ u,d
Re— Prtlg® 1098.6x 10x (2.019 — 1185989
o] 176x10~
Then the average heat transfer coefficient is obtained as:
. 2
. % % (0.416) x L+ (L+ 947 0109)** ) (1185,989)**

=2859 W/(m?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: T.,.= 373.15 K =100 °C

-N =320 tubes

-The tube are arranged in a square, in-line pitch (p = 35.0 mm)
-do=0.03m

-T,=93°C

- Mass flow rate m = 14.0 kg/s

SOLUTION:

Properties of steam at T = 100 °C:
p, =957.9 kg/m® P, =0.598 kg/m?
k, =0.681 W/mK 14,=2.79x10" Pas
My = 1.2x10°° kg/m.s I,,=2257 kJkg
C, =4.219 kJkgK Pr,=173

Mean flow area:
A, =wN,L
where w is given by Equation (8.14):
_ PP —7d*/4 0035 - nx 003 /4
PL 0.035

w =0.0148 m

A, =00148x16x 4 = 0947 m?

Thelocal steam velocity is:
14
u,=———
9 0598x0947
Thelocal heat transfer coefficient is given by Equation (8.16):

=247 m/s




www.konkur.in

1 1 v2 ¥ 5/6
hy = Ehshz+(zhsh4+h|4j X[N%—(N—l) ]
where
K, ~
hg, =o.597' Re¥?

and

14
_ diod.3
h :ﬁ(0.728) P|(P| Pg)g 1g%o
d, “I(Tsat_Tw)kl

The two-phase Reynolds number is:
~  pUgd 957.9x24.7x003
Re= =

—— = 254x 108
m 279%10"
So
., 0681 6\¥2 2
hg, = 059 TR (2.54>< 10 ) = 21,345 W/ (m?K)
6 37Y4
o _ 0681 0728 957.9 % (957.9~ 0598) x 9.81x 2.257 x 10° x 0.03
=—X . X
' 0,03 2.79x10™* x (100 93) x 0.681

=13241 W/ (m?K)
Therefore, with N=20, the local heat transfer coefficient is;

y2 2
hy = E x 21345 + G x 21345" + 132414] } x [205/6 —-(20- 1)%}

=11530 W/(m?K)
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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 °C below saturation temperature.

GIVEN:

-P..:= 0.1 bar, T.,:= 333.23 K =60.08 °C
-d=0.019 m
-L=2m

-Tw =323.23 K=50.08 °C

SOLUTION:

Properties of steam at Ps; = 0.1 bar:

p| =997.7 kg/m? Cp, =4181 ki/kg.K
k; =0.602 W/ mK 1, =959x10° Pas
Pr = 6.68
a.
Using Eq. (8.2) for condensation on a single horizontal tube:
Y4
k pi{PI —Pg)9-iigd
h, =~ (0.728) (1 =PoJa-iinde
d, “I(TH_TW)kI
4
0635 e 989.8 x (9898 - 0.0682) x 9.81x 2.392 x 10° x 0.019° v
= ——-XU. X
0.019 588x10~* x (10) x 0.635
=19613 W/ m?.K
b.

Using Kern's correlation to account for the effect of Condensate Inundation in a tube bundle:
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hm,N _NYe
hy

o hpy =N =1961.3x12° =1336.2 W/(m?K)
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Problem 8.5

A horizontal 2-cm 0.D. tube is maintained at a temperature of 27 °C 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 P, = 6.22 kPa
-Tube wall temperature T,, = 27 °C

-d, =0.02 m

SOLUTION:

Properties of steam at 6.22 kPa are:
p| =997.7 kg/m?® Cp, =4181 kd/kg.K
k; =0.602 W/ mK 1, =959x10° Pas

Pr = 6.68
Using Eg. (8.2):

. ya
— g-i d 3
h| =|;—|(0.728)[p|(p| pg) lg¥o ]

) Wy (th =Ty )kl
3 37v4
h 0.673 0728 967.4 x (967.4— 0.376) x 9.81x 2.291x10° x 0.02
=—x0. X
' 002 327x107% x (359.94— 300.15) x 0.673

=1465 W/ m?.K
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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.

The fluid conditions are as follows:
-Refrigerant flow rate 19.3 kg/hr (per tube path)

-Refrigerant inlet temperature -5°C

-Refrigerant inlet quality 0.1
-Refrigerant exit condition 0°C superheat
-Air velocity 2m/s

-Air inlet temperature 15°C

The geometrical parameters are as follows:

-Tube inside diameter 0.00826 m
-Tube outside diameter 0.00952 m
-Width of heat exchanger 1.25m
-Number of rows 4
-Number of independent circuits 4

-Horizontal tube spacing 0.0222 m




www.konkur.in

-Vertical tube spacing 0.025m
-Number of tubes vertical to
air flow direction 12

-Number of tubes along air

flow direction 4
-Fin thickness 1.6154x10" 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 -5°C are:

p; =997.7 kg/m? c

oy = 4181 k/kg.K

k; =0.602 W/ mK 1, =959x10° Pas
Pr = 6.68
The evaporation heat transfer coefficient using kandlikar’s correlation Eq.( 8.89) is:

h,, = C,(Co)“ (25Fr,)* h, + C,(Bo)“ F,h,
The convection number, Co, is given by Eq.(8.67):

08 05 08 05
Co- (1— x) (&j _ (1— o.1) (12.2) 056
X 2, 01 1308

Boiling number, Bo, is given by Eq. (8.68):
qQ’ 7.4x10°

Bo= = ~=3.66x10"*
G-h, 100x202.3x10
Froude number, Fr, is given by Eq. (8.65):
2 2
Fr, G 100 =0.0721

~ plgd. 13087 x 9.81x 0.00826

Liquid Reynolds number, Eq. (8.84):
me _ G(1-X)d, _ 100x(1-01)x0.00826

| — = 2470
1, 301x 10
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The liquid-only heat transfer coefficient can be calculated using the Dittus-correlation, Eq.
(8.56):

h = O.OZSReO'SPrO"1£ = 0.023x 2470°° x 3.98%* x 0.091 =245.77 W/m* K

d 0.00826

The constants C, through Cs are given in Table 8.3 for Co< 0.65 as:
C, =1.136, C,=-0.9, C; =667.2, C,=0.7, Cs=04

hy, =[1136x 0.56°° x (25x 0.0722)* +667.2x (364x10*)"" x 1.5] x 245,76

=155882 W/ m?.K
Fq =1.5for 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: 37°C
Coolant water: City water
inlet temperature: 18°C
Outlet temperature: 26°C
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:

N, = 1 tube pass
Ds=15.25"=0.387m
N+ = 137 tubes

p = 1" square pitch
B = 0.35 m baffle spacing
Properties of shell-side coolant:
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Fluid: City water
T = 18°C (inlet temperature)
T = 26°C (outlet temperature)
d, =0.75"=0.01905 m
Bulk temperature:
To=(Te +Te) /2= (18+26) /2=22°C
Properties at bulk temperature from Appendix:

p; =997.7 kg/m? Cp, = 4181 k/kg.K

k; =0.602 W/ mK 1, =959x10° Pas
Pr =6.68
Cooling water flow rate (shell-side):

Q= mccp,c(Tcz - Tcl)

Q 125000

e e (To —Ta)  4181x(26-18)

C

=374 kg/s
pel

Properties of tube side - condensing:
Fluid: R-22
Ty = Te = 37 °C (saturation temperature)
di =0.68" =0.01727 m
A.=0.3632in" = 2.34x10" m*
Properties at saturation temperature from Appendix:

P, =1417 bar Cp =1.305k/ kg.K
p| =1145kg/ m* py =609 m*/kg

u, = 0000186 Pa.s 1, = 00000141 Pas
k, =0082 W/ m.K Pr=2.96

iy =1696 k/kg

Refrigerant flow rate (in-tube):
Q 125

Mg =—>=-—""=0.737 kg/s
R0, 1696 J

Shell-side calculations:
Calculate A = shell-side area by calculating fictitious cross-sectional area:

_ D,CB _ 0.387x(0.0254-0.01905) x 0.35

A =0.0339 m?
P 0.0254
Mass flux:
m .
Gy=—C%= 374 1103 kg/m?.s
A 0.0339

Equivalent diameter, De:
Assuming sguare pitch:
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d,’ 2
4[ P2 -Te 4 J 4{0.02542 e 0'(;1905 j

D, = = =00241 m
nd, 7 x 001905

Reynolds number, shell-side:
~ G, 1103x00241
p 959x10°
Shell-side heat transfer coefficient:
For 2000 < Re < 10°
014
hoDe _ 035ReprY 3(ﬁj
k Hw
where u, /u, isassumed to be 1 because of the small temperature difference.

h, =035x 2772°% x 6.68]/3(&02]) -1288 W/m?.K
0024

= 2772 (Turbulent flow on shell side)

Reg

Tube-side calculations:
Mass flux (refrigerant):

AN .
A, AcNT _000024x137 0o o
N, 1
Mg 0737

R=—R=—"_=22096kg/m?.s
Ap 00321

where A = cross-sectiona tube area.
Reynolds number:
Gr(1-X)d,
K
For aquality of x = 0.5:
22.96 x (1-0.5) x 001727

ReL =

Re, = - =1066
186x 10~
Asfirst assumption, thelength of thetubeis6m:
Bo = q _ Q _ Q _
Giitg Ay -Grigg  (ndiLN)-G-igg
= 125 =0.000718

(mx 001727 x 6x 137) x 22.96 x 169.6

08 05 08 05
Coz(l— x] (p_gj =(1—o.5) (60.9) _ o231
X o} 05 1145

" Re,, <2300, Sieder-Tate correlation: (otherwise, Petukhov correlation or Gnielinski’s are

used)
Y3 0/14
d.
Nu, = lSG(Re Pr T‘) (”—bj
Hw

Check validity (ignore the temperature difference between fluid and wall):
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d %2
(Re Pr le - (1066>< 296 x ~21>2,

0.01727j Ve

6

so this correlation is valid for the given data.
d\"®

Nu; = lSG(RePr T'j =186x21=391

_ Nu-k _ 391x0082

ho = = =186 W/ m?.K
d; 001727
Froude number, Fr, is given by Eq. (8.65):
2 2
Fr, G 229 = 00024 > 004

p2gd, 11452 x 981x 001727

then there is no stratified effects need to be taken care of.
Fy isfound to be 2.20 for R-22in Table (8.1).

Prp cap = (0-6683(:0_0'2 +1058.0Bo%’F i ) (1-x)°8 h,

= (0.6683x 0.231% +1.058x 0.000718"" x 2.20) x (1- 0.5)*° x18.6
=1.05 W/m’K
P,NBD — (1.136(:0_0'9 + 667.2800'7FfI )(1_ x)°8 h,

= (1.136x0.231°°° + 667.2x 0.000718° x 2.2) x (1- 0.5)*° x 18.6
=103.02 W/m°K

~ hrp nBD > Mrp cap

S hp = hTP,NBD =103.02 W/mZK

Assuming the fouling:
Ry = 0.000088 m*K/W
Ry, = 0.000176 m°K/W
Thermal conductivity of brassis approximated as: k,, = 104 W/(m.K)
The overall heat transfer coefficient is:
Overal heat transfer coefficient:

U - 1
o~ .
Rf In(r, /r;
o, To |+r0 (O/I)+Rfo+i
r,h; r k h,
U - 1
0=
In(0.01905/0.01727
0.01905 N 0.01905 x 0.000088 N 0.01905 5 ( / ) + 0000176+ 1
0.01727 x 93.25 0.01727 2 104 1288

= 7759 W/(m?K)

AT, -AT,  (37-18-(37-20) ., ..o
Alm = In(AT,/AT,)  In((37-18)/(37-26)) 16
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Q=A,U,ATy,
Ag=— o 12000 4450 2
U AT, 7759x14.64
Ao 11004 =1342 m>6m

" ndoN{N,  7x001905x 137

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/mz.s,
entering quality is 0.0 and the exiting quality is 0.8. The tube length is 3m. Assuming a
constant saturation temperature of 20°C, plot the variation of h;p as a function of x.

G =400 kg/m’.s;
L=3m;

d = 0.008 m;

x; =0.0;

X, =0.8;

T° =20°C.

SOLUTION:

Properties of R-134a at 20°C (from Applendix) are:
p, =12259 kg/m?
pg =279kg/m’
n=225x10" kg/m.s
¢, =1029.5 J/kg.K
Pr, =3.761
k =0.0843 W/ mK
From Table 8.1, F; =1.63 for R-134a.
G? 4002

Pyl 2 =1356507 > 0.04
p,“gd  1225.9° x 9.81x 0.008

Fr, =

.. No correction is needed.

To calculate the variation of hr, with x, we assume the starting x to be 0.01. Calculation of
htr corresponding to x = 0.01 is given below, then, a computer program is devel oped to calculate
variation of hrp with x in a same way when x = 0.01. The final results are given in both table and

figure.
x =0.01:
N G-Ac(Xo=X;) igg _(xo—xi)di _ (08-00)x0008 _ oo

" Gigg Ay -Grigg 4L 4x3
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08 05 0.8 05
CO:(l—xj (p_g) =(1_O'Olj ( 27.9) _coss
X P 0.01 12259

_ G(1-x)d _ 400x(1-001)x0.008 _ ..

Re
o I, 225%10™

f = (158InRe,,—3.28) 2 = 0.0072
*Re,, >10* , Petukhov correlation is used: (otherwise, Genielinski correlation is used)
Re,, Pr,(f/2) 14080 x 3.761x 0.0072/2

Nu,, = o5 = o = 91295
107+1277(f/2)°(Pr,?*~1)  107+12.7x(0.0072/2)*° x(3.761%° ~1)
h, = Nu% - —9129(‘:’_;0%0843 - 96202 W/m?2K
hapep = (0.6683C0 2 +1058.0B0°"F, )(1-x)°*h,,
= (0.6683 x 5958792 +1.058 x 0.000533%7 x 163) x (1-0.01)%8 x 962.02
=886545 W/m?’K
hapneo = (1136C0*° +667.2B0°"F, )(1-x)°°h,,
= (1136 % 59587 + 667.2 x 0.000533°7 x 163) x (1- 0.01)°® x 962.02
= 552682 W/m?K
“* Nrpnep > Nipeep
~.hrp = hpnep = 8865.45 W/mPK
X Bo Co Reyo f Nujo hio hre,neD hre,cap hre

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 aflow rate of 63.77 kg/s enters the exchanger at 102°C and leaves at 65°C. The
heat will be transferred to 45 kg/s of tube water (city water) coming from a supply at 21°C.
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 1.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. Tubeside velocity for 1-2 and 1-4 arrangements.

b. Overall heat transfer coefficientsfor 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.
Thefollowing propertiesare 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 pressureloss, Pa 60,000 45,000

GIVEN:
-Mass flow rate of crude oil () = 63.77 kg/s
-Inlet temperature of crude oil (Ty,) = 102 °C
-Outlet temperature of crude oil (T2) = 65°C
-Mass flow rate of city water (rn ) = 45 kg/s
-Inlet temperature of city water (Ty) =21°C
-Heat exchanger data: 3/4” OD, 18 BWG tubes on 1 inch sgquare 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. Overal heat transfer coefficients for clean and fouled surfaces (U, Us).

c. Pressure-drops (Ap).
d. Pumping powers (Poump)-

SOLUTION:

Design calculationsfor Ds = 35" and N, = 2 passes and 4 passes.
a. Tube side velocity:
i. From Table 9.3 for 3/4” OD tubesin 1- in. square pitch and D = 35":
Number of tubes N, = 824 for 2-P, and N, = 780 for 4-P.
Tube flow area:
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N, = 2 passes:

N, ndi® 824 x001656

A, = = 0,089 m?
N, 4 2
N, = 4 passes:
N, nd;? 1016567
A, _ Ny md :@_nx001656 0042 m?
N, 4 4 4
Tube side vel ocity:
N, = 2 passes:
m
Up =—= B _o51mis

pA,  995x 0089
N, = 4 passes:
M, 45

u = =
™ pA, 995x0042

=108 m/s

ii. From Table 9.3 for 3/4” OD tubesin 1- in. square pitch and Ds = 37":
Number of tubes N, = 914 for 2-P, and N, = 886 for 4-P.
Tube flow area
N, = 2 passes:
A, =0.098 m?
N, = 4 passes:
A, =0.048 7
Tube side velocity:
N, = 2 passes:
Up = 0.46 m/s
N, = 4 passes:
Upn = 0.94 m/s

b. Overall heat transfer coefficient for clean and fouled surfaces:
i. For Dy =35":
Tube side heat transfer coefficient:
Reynolds number:
N, = 2 passes:
_ pupd;  995x 051x 0.01656
n 000072
N, = 4 passes:
_ pupd;  995x 108 x 0.01656

Re

=11,671 (Turbulent flow)

Re = 24716 (Turbulent flow)
m 000072
Nusselt number:
Using the simplified Gnielinski correlation valid for 1.5 < Pr < 500 and 3x10° < Re <
10°, we have:

N, = 2 passes:
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Nu = 0.012( Re%87 — 280) Pro4 = 0012 x (116710'87 - 280) x 629% = 795
N, = 4 passes:
Nu = 0.012( Re%% _ 280)F>r°-4 = 0012 (247160'87 - 280) x 629%4 = 1592
Tube side heat transfer coefficient:

N, = 2 passes:
h, = NUk _ 79530605 o0 10\ m2 K
d; 0.01656
N, = 4 passes:
h, = Nu- k _1592x0.605 o ciow/m? K
d; 0.01656
ii. For Dg = 37"

Tube side heat transfer coefficient:
Reynolds number:
N, = 2 passes:
Re = 10527 (Turbulent flow)
N, = 4 passes:
Re = 21512 (Turbulent flow)
Nusselt number:

Using the simplified Gnielinski correlation valid for 1.5 < Pr < 500 and 3x10° < Re <
10°, we have:

N, = 2 passes:
Nu=72.1
N, = 4 passes:
Nu = 140.2
Tube side heat transfer coefficient:
N, = 2 passes:
h; = 2634.09 W/(m? K)
N, = 4 passes:
h; = 5122.04 W/(m? K)

Shell side heat transfer coefficient:

D =35"
A, -D:CB_D, (Pr—d,)-B _ 0.889x(0.0254-0.01905)x0.275 _ o/ 2
P, P 0.0254
Ds=37":
A _D.CB_ D, -(P; -d,)-B _ 0.9398x(0.0254 - 0.01905)x 0.275 _ 0.065m?

Y P, 0.0254
Equivalent diameter:
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4(Pr?-nd,?/a).  4x|00254” (0019057 /4]

D, = =0024m
nd, 7 x 001905

Reynolds number:
D,=35"
Roo PnDe _ pD. My _ Doy 0.024x6377 _oooe (Tyrbulent flow)

u  pA,  pA, 0.00189x0.061

U
D= 37"
Re_ PUnDe _ D My _ Dy, 0.024x6377 .0 (Turbulent flow)
i u pA, uwA, 0.00189x0.065
Nusselt number:
For shell with baffles:
D, =35"
Nu = 0.36Re”®Pr¥® = 0.36x13275%% x 33.73"° = 215.2
D= 37"

Nu = 0.36Re*®Pr¥® = 0.36 x12458%% x 33.73"° = 207.8
Shell side heat transfer coefficient:

D, =35":
o NUk _2152x0.022 0000y e
D, 0.024
D¢ = 37":
o _Nuk 207.8x0.122 oo

° D 0.024

Overall heat transfer coefficient:
For Ds = 35" and N, = 2 passes:
Cleaned conditions:

uo{ d, +doln(do/di)+1r

d.h. 2k h,
-1
0.01905n 9-01905
~ 0.01905 0.01656 1
| 0.01656 % 2904.44 2x 50 1093.9

=747.99 W/m? K

Fouled conditions:
Fouling resistance for city water is R; = 0.000176 m2K/W, and for crude oil is Ry, =

0.000352. Thermal conductivity for carbon stedl isk = 50 W/m.K
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i T fo T
dh, d, 2k h

[ | I o

-1
Uf:{doerORﬂ doIn(d,/d) 1}

0.01905x | n( 0.01905

_ 0.01905 N 0.01905x 0.000176 N 0-01656) +0.000352 + 1

0.01656 x 2904.44 0.01656 2x50 1093.9

=528.78 W/m?.K

Shell-side pressure drop:

fG¢ (N, +1)Dg
2pDeds

Number of baffles:

:L—l
B

Apg =

N

b

Heat transferred:
Q=muCpp(Thy — o) = 63.77 x 2177 x (102 - 65) = 5136.6 KW

Cold fluid outl et temperature:
Q = r.nhcp,h(-rhl - Thz) = mccp,c(Tcz - Tcl)

- 3
T, =T, + Q 1. 5136.6x 10 _48°C
45x% 41868

L og-mean temperature difference:
(102-48)-(65-21)
102-48
65-21
Heat transfer area (F = 0.9 for preliminary design for any even number of tube-side passes):
A = Q __ 5136.6x 10°
¢ UFAT,.s 747.99x0.9x48.83

ATy = =4883°C

In

=156.26 m?

Q 5136.6x 10°
U,FAT,., 528.78x0.9x48.83
Heat exchanger length:

A, 221.04
7zd0Nt 7 x0.01905x 824
Number of baffles:

=221.04 m*

f =

L= =448 m

Nb=£—1 448 1 1529~16
B 0.275
Mass velocity:
G, =M 8377 10454 kgim?.s

A, 0.061

)
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Shell-side friction factor:
f = exp(0.576 - 0.19InRe, ) = exp[0.576 — 0.19In(13275)] = 0.293
Shell-side pressure drop:

_fG.*(N, +1)D,  0.293x1045.4° x (16 +1)x 0.889
2D g, 2% 786.4x0.024x1

Aps > Ap, = 60,000 Pa. (Unacceptable)

=128203 Pa

Apg

Tube side pressure drop:

f = (158InRe—3.28) = [1.58In(11671) - 3.28]‘2 =0.0075

LN Py
AP, :(4fdp+4|\|p]

i 2
2
| 4% 0.0075x 248%2 4 5], 995x 051
0.01656 5

=4154.6 Pa
Ap; < Ap, = 45,000 Pa  (Acceptable)
d. Pumping powers:
Shell side:
_ M Ap,  63.77x128203

P, = =13.0 kW
np 0.8x 786.4

Tube side:

p - m.Ap, _ 45x4154.6 _ 2319 W
Ne 0.8x 995
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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°C and
leaves at 25°C. The heat will be transferred to 150 kg/s of raw water coming from a supply
at 15°C. You arerequested to design the heat exchanger for this purpose. A single shell and
single tube passis preferable. The tube diameter is 3/4” (19 mm O.D. with 16 mm |.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 m”K/W. Note that surface over design should not exceed
30% . Reasonable design assumption can be made along with the calculation if it isneeded.
Calculate:

Shell diameter, number of tubes, fluid veocities, shell-sde heat transfer coefficients,
overall heat transfer coefficient, mean temperature difference, total area and pressure-
drops. Isthe final design acceptable? Discuss your findings.

GIVEN:
-Mass flow rate of digtilled water () = 60 kg/s
-Inlet temperature of distilled water (Ty,) = 35 °C
-Outlet temperature of distilled water (T;,) = 25 °C
-Mass flow rate of raw water (1) = 150 kg/s
-Inlet temperature of raw water (T¢,) = 15°C

:Heat exchanger configuration: o
Single shell pass, Single tube pass. Z %2
" 0D (dy) =19 mm, ID (d) =16 mm. (PTI inch
" PT =1in, Square pitch 90°. BB
" L=8m. <
SOLUTION:

Properties of raw water in tube side at 15 °C:

Cpe =4186 J/kg.K Pr=821
n=1154x10"* N.s/ m? k=0591 W/m?.K
p=999kg/m?

Properties of distilled water in shell side at 30 °C:
Cpn =4179 J/kg.K Pr=5.44
1=7.98x10" N.s/m? k=0.614 W/m?.K
p =996 kg/m?®

Cold fluid outlet temperature:
Q=muCpn(Thy — Tha) = McCpe(Tep — Ty ) = 60x 4179 x (35— 25) = 2507400 W

MnCon(Th — Trz) _ 154 60x 4179 x (35— 25)
MeCpe 150x 4186

=19°C

To=Ta
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Log-mean temperature difference:
(Thl - Tcz) _<Th2 - Tcl)

In Thl — Tcz

Th2 - Tcl
35-19)—-(25-15
L |n)35'(19 ) 1276 °C
25-15

Onetube pass. CTP=0.93
Thetube layout: CL = 1.0 for 90°
Assume velocity: u; =2 m/s for tube side.

. nd,?
m; =PTINtUt

ATIm,cf =

N =M 4x150 — 37339~ 374
" prd2u, 999 x 1 x 00162 x 2
Flow area:
d;? 0162
At=“4' N, = FX0016% o4 0075 m?
Shell diameter:

A, =(CL)P? =1x (2.54><10’2 )2 =645.16x10° m? (tube pitch P; = 2.54 cm)
»  ANA,  4x374x645.16x10°°
* T (CTP)z 0.93x 7
D, =574 mm=22.6in.
Round to the standardsin Table 9.3, Ds = 23.25 in. and the number of tubes N, = 341 for 1-P.

=0.330344 m?

Design and results evaluation

Shell diameter D,=23.25in.
Number of tubes N, =341
Tube length L=8m
Tube diameter do=19mm, di=16 mm
Shell baffle spacing B = 500 mm, baffle cut 25%
Tube side heat transfer:
U, = 4m2“ = 4X1502 =219 m/s
prnd;“N; 999x 7 x 0016° x 341
Re, = puid; _ 999x219x 0;:)16 _ 30334
i 115410~
f = (158In Re— 328) 2 = (1581n(30334) — 328) 2 = 0.0059
(f/2) RePr (0.0059/2) x 30334 x 820
Nu= = =230.22

107+127(1/2)° (Pr?3-1)  107+127x(00059/2) % (82073 - 1)
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h, = K nu=25% 23020 - 8504 W/m?.K
d, 0016
Pressure drop:
2 2
Ap, = 4F UL 4 0050x 9% 219° 8 11308 kPa
2 d, 2 0.016

Shell side heat transfer:
The equivalent diameter is:

d 2 2 2
z{PTZ—TE ° J 4‘:(2.54><10_2) _ mx 00197 }
4A 4 4
C

D, - _ _ =0.0242 m
P, nd, nt x 0.019
D.CB I \ — Ul -
A, = DsCB _ (2325x00254)x (00254-0019)x05 _ 17, ppy2
P; 0.0254
m 60 2
S A s 00744 9/ )
G.D ) ]
Re— CsPe _ 806.45 x 00342 _ 24456
n 798x10"

Assuming constant properties:

014
Nu = 036 Re®® pr¥ 3[ﬁj = 0.36x 24456%%° x 544%4 — 1641

Hw

_ Nugk _ 1641x0614 _ 0 0f 12
D, 00242

hS
Shell side pressure drop:
f = exp(0576—0191n Re,) = exp[0576— 0191n(24456) | = 0.259

Ny +1= < = -8 _ 16 (15 bafles
05

A fG’ (N, +1)Dg 0259 x 806457 x (16) x (2325x 0.0254) 3302 kP
— = =33 a
Ps 20D 0 2x 996 x 00242 x 1

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:
-1
U, {11d'<d/d>}

h, h, d k
3 -1
_|.1 1 0019 95x10 In(0.019/0.016)
4164 8504 0.016 42.3
=2390 W/m°.K

For fouled surface:
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-1 1
U =| —+Ry | =|—1-+0000176| =1682 W/m?.K
U 2390

U, 2390
U, 1682

= =142 fouling factor.

The overdl surface design should not be more than 30 %, then clean schedule must be
arranged accordingly.

U
Assume —%=12:
f

U
f=—C = 2390 _ 1992 W/(n? K)
1.20 12
1 1 2
Rf =——-—=00000834  (n’.K)/W
U, U,
Heat transfer area:
A, - Q __ 2507400 _ oo o2
UATimg  1992x12.76
98.65

=——=484<8m
7 x 0.019x 341
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Problem 9.3

Distilled water at a flow rate of 80,000 kg/h enters an exchanger at 35°C and leaves at 25°C.
The heat will be transferred to 140,000 kg/h of raw water coming from a supply at 20°C.
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 tubeson 1in. squar e pitch.

3/4" OD, 18 BWG tubeson 1in. triangular pitch

Study three different shell diameter of 15%, 17%, and 19% inch. Calculate the length of
this heat exchanger for clean and fouled surfaces. A 120,000 N/m? pressure drop may be

expended on both streams. Will this heat exchanger be suitable? For the pumping power
assume a pump efficiency of 80%.

flow

Square pitch triangular pitch

SOLUTION:

Calculationsfor square pitch, shell diameter is15.25in. and 1 pass. All tubesare 18 BWG
tubes 3/4 inch outer diameter.
Tube side:
Outer diameter, d, = 3/4in=0.01905m
Inner diameter, d; = 0.652 in = 0.01656 m
Flow area, A; = 0.3339 in” = 0.0002154 nv’
Wall thickness, t,, = 0.049 in = 0.001245 m
Massflow rate, m, = w=38.89 ka/s
3600 s/h
Shell side:
Pitchsize, Pr =1.0in=0.0254 m
Clearance, C=0.25in=0.00635m
Baffle spacing, B =12in=0.3048 m
Shell diameter, D = 15.25=0.3874 m
80000 kg/h

Mass flow rate, g —m=22.22 ka/s




www.konkur.in

For a single pass shell and tube heat exchanger with a shell diameter of 15.25 in., the number
of tubes, N, in a 1.0 in. square pitch with an outer tube diameter of 3/4 in. is 137 tubes.

Shell side: Tube side:

Tinn=35°C Tine=20°C
Toun=25°C Towc=25°C

Towcn= 2F2=30°C asUMe: Tou o = 2052 =22 5°C
Water properties: Water properties:

Con = 4179 kJ/ kg.K Cpc = 4181 kJ/ kg.K

Pr =5.44 Pr=6.58

i, = 0.000798 N.s/ m? 1, = 0.000947 N.s/ m?

k =0.614 W/ m?.K k=0.602 W/ m?.K

p =996 kg/ m°® p=998kg/m?

T T
Wall temperature, Ty = b”'k'“; buice _ 30 +222'5 = 26.25°C, p,, = 0.000867 Pas.

Heat |oad:

Q= mccpc (Tc2 _Tcl) = thph (Thl _Thz)

80,000x 4179 x (35— 25)
MeCpe 140,000x 4181
Log-mean temperature difference:

To=Tu+ Q _ 20+ 257°C

(Tin,h - Tout,c ) - (Tout,h - Tin,c) (35' 25-7) - (25' 20)
ATlm,c:f =

= =693 °C
" Tinh — Toutc n 35-257
Tout,h - Tin,c 25-20
F, for asingle pass shell and tube heat exchanger is one.
F=1
Shell side:
D,-C-B
- (Ds-C-B) _ (03874 000635x 0.3048) _ 002952 m?
P 00254
G, =M 2222 5501 \g/mP.s
A, 002952
4Py - nd,? /4) 4x (002547 - 7. x 0019057 / 4]
D, = = =00241 m
nd, 1 x 001905
D.-G 1 .
Re, = DeCs _ 00241x 75241 _ 0y
i 0.000798

Therefore, the flow of the fluid on shell side isturbulent. Using the McAdam'’s Correlation,
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055 0.33 014
NUZO.SG.(DG.GS) '(Cp’h.ub] .(“_bj
Hp k Hw

014
= 036 x 2273295 x 544°% x (M}
0000867

=15494

The shell side heat transfer coefficient, h,, isthen found by the equation,
_ Nu-k _ 154.94 x 0.614

h =3947.4 WI/(m’.K)
D, 0.0241
Tubeside
2 2
A, = mil _ X 0.01656 — 00002154 m?2
__NA,_137x00002154 o oori 2
® 7 # of passes '
G =M _ 38889 131704 kg/m?.s
A, 002951
_Cu B9  ys
Yo 998
Re — u-p-d  1.32x998x0.01656 23036
t 7 0.000947

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:

0.11
U= (f/B)Reb Pr, Hy
1.07+12.7(f/8)2(Pr?® —1){
where f = (1.82logRe, —1.64) 2 = [1.28l0g(23,036) - 1.64] * = 0.0252
Nu =169.23
The tube side heat transfer coefficient, h;, isthen found by the equation,

h _ Nu-k _169.23x0.602
'od 0.01656

Now, finding the overall heat transfer coefficient, U,, is done by the following equation,
-1
Uo :|: do + doln(do/di)+l:|

= 6152.0W /(m? - K)

dh, 2k h,
~ 001905 0.01905x In(0.01905/0.01656) L1 .
0.01656 x 6152.0 2x54 3947.4

=2150.9 W/m*K
Assume the total fouling resistance to be Ry = 0.000176 (m?.K)/W

-1 1
U, = 1 +Ry | = 1 +0.000176 | =1560.25
U 2150.9

C
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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=mpCpn(Tinn — Town ) = 22.22 x 4179 x (35— 25) = 928574 W
Now, the heat transfer is aso defined as;

Q=U,-A-AT,
Therefore, the area can be determined,
A= o 98T g3 m
UAT,, 2150.9x6.93
- Q _ 928574 _ 85.88 m?
U,AT,, 1560.25x6.93
and the length,
A .
] 85.88 im

" Nd,  137x7x001905

Pressure drop in tube side;
2

LN 2
p Py 40,0252 11x1  998x1.32

a2 001656 2

Pressure drop in shell side:
Shell-side friction factor:

f = exp(0576—0191nRe,) = exp[0576—0191n(22732)| = 0.2645

=58215.9 Pa<120,000 Pa

Ap, = 4f

Shell-side pressure drop:

014 014
b= ( Uy J _ (0.000?QS) _ 0988

M 0.000867
Ng+1= L4 36
B 03048
fGs?(Ny, +1)D 2
ap, = 1Cs (No+1Ds _ 02645x 75271° x36x 03874 _ ) o 120,000 Pa
2pD g0, 2x 996 x 00241 0.988

Following the same procedure to calcul ate 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 °C
which flowsin the shell-side with a mass flow rate of 50,000 kg/h. Shell side dimensions are:

Ds= 19% in., Pr=2125in.(square), BafflespacingB =0.3m

The raw water enters the tubes at 17 °C with mass flow rate of 30,000 kg/h. Tubes
dimensionsare:
do=11in.=0.0254 m (18 BWG tubes), di=0.902in.

The length of the heat exchanger is 6 m with two passes. The permissible maximum
pressure drop on the shell sideis 1.5 psi. Water outlet temperatur e should not be less than
40°.
Calculate:

a. outlet temperature;

b. heat load of the heat exchanger;
Isthe heat exchanger appropriate to be used for this purpose?

SOLUTION:
Shell side (Condensed water): Tube side (Raw water).
T =67°C Ta=17°C
m, = 50,000 kg/hr m_=30,000 kg/hr
Pr =1.25in=0.03175 m (square) d, =1"=0.0254 m (18 BWG)
B=03m di =0.902" =0.02291 m
Ds=19.25=0.489m L=6m
N, = 2 passes
Water properties taken at inlet temperatures:
At Ty = 340 K: At Ty =290 K:
Coh = 4188 kJ/kg.K Con = 4184 kJ/ kg.K
Pr=2.69 Pr=7.69
1, = 0.000422 N.s/ m? 1, = 0.00109 N.s/ m?
k =0.625 W/ m?.K k=0.594 W/ m?.K

p=979kg/ m® p=999kg/m?
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~— 0,
C=P; - d, = 0.03175-0.0254 = 0.00635 m ﬂ
NP/ i
Shell side heat transfer coefficient: C T
Shell sideflo : 4
\W area \/
~ (Ds -C-B)
s = P—I—
_ (0489x000635x03) _ o ooy o
0.03175

Equivalent diameter:
S 4(PT2 —nd,? /4) 4x (0031757 - 7 x 0.0254? / 4)
e nd, n x 00254
Reynolds number:

=002513 m

( 50,000)

m
Up=—>= 3600 =048 m/s
pA; 979x0.02934

pumDe  979x048x0.02513
o) 0.000422

Using the McAdam’s Correlation (assume py, = py)

Re= = 27984 (Turbulent)

0.14
Nu = 0.36- Re®%. Pr0%. (”—b]
Hw

= 036 x 279849 x 2,693 x 1014
=1393
Shell side heat transfer coefficient:
_ Nu-k 139.3x0.625
- D, 002513

=3464 W/ m?.K

ho

Tube side heat transfer coefficient:

For atwo pass shell and tube heat exchanger with a shell diameter of 19.25 in., the number of
tubes, N; inal in. square pitch with an outer tube diameter of 1in. is 132 tubes.

Tube area
N, nd? . 2
A, =y 1O 182 mx002291 5701 m?
N, 4 2
(30,000]
My 3600/ _ 3066 m/s

u. = =
™ pA,  999x002721

Up-p-d;  03066x999x 0022911
no 000109

Using the Petukhov and Kirillov Correlation,

Re= = 6438
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(f/2)(Re-1000)Pr

Nu=
10+127(f/2)"*(Pr?*-1)

where f = (1.58InRe—3.28) ? = [1.58In(6438) - 3.28]‘2 =0.00894

(0.00894/2) x (6437 - 1000) x 7.69

: = - 5297
107+127(0.00894/2)*(7.69%° - 1)

b _ Nuk _ 63.97x0594
o, 0.022911

=1373 W/ m?.K

a. Fluid outlet temperature:
Cp =MpCpp = (M) x 4188 = 58167 W/K
' 3600

Ce =MCpe = (%j x 4184 = 34867 W /K

Cpin = C, = 34867 W/K

* 34867
C =Cnin /Cmax = 58167 =

Assume copper tube, k = 386 W/m.K, Ry = 3.52x10° m?.K/W, Ry, = 8.8x10™° m?.K/W.

1
UO:{ do_ doRy +d°|n(d°/di)+R + 1}

0.6

dh  d, 2k " h

+0.000088 + 1
34

_|_ 00254  00254x00000352 00254x In(0.0254/0.02291)
| 002291x 1373 0.02291 2x 386

= 81526 W/m?K
Heat exchanger surface area:
A, =Nd,L =132x 7 x0.0254x 6 = 63.2 m?

AU, 632x81526

NTU = 15
Crin 34867

From Fig. (2.15),

- Te=Ta) g

(Thl - Tcl)

Then,

Teo =&(Tpy —Te) + Tey = 06x(67-17) +17=47°C
From

Q= mccp,c(TCZ - Tcl) = mhcp,h(Thl - Thz)

MeCpo(Ter ~Ter) _ . 34867 (47-17)

- =49 °C
MpCpyn 58167

Th2 = Thl -

b. heat load of the heat exchanger
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From Figure2.7; F=0.83
_ (Thz _Tl)_(Thl _Tcz) _ (49_17) _(67_ 47) — 25532
Im — = = &9
In[(T, ~Tu) /(T —T,)]  In[(49-17)/(67-47)]
From Eq (2.36)
Q=FAT A U, =0.83x25.532x63.2x815.26 =1092x 10°W

V4

Shell Fluid
|ﬂ Tube Fluid

Tu Tube Pass 1

Shell side pressure drop: -
_f-D,(Ng +1)-G.

) 2D 4,

f= exp[0.576— 019In( Re)]
= exp[0576-0191n(27984)]

=0254

Ng +1:£:%: 20, therefore 19 baffles

B
g (50000/3600)

Ge=—=""""""7 _47328
A, 002934

s =1 (Since assume constant properties.)

Ap
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f-Dy(Ng +1)-G
- 2pD o5

0254 x 0489 x (19+1) x 473387
B 2% 979x 002513
=11313 N/m?
=164 Ps

Heat exchanger is inappropriate since Ap,> 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.

Aps
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Problem 9.5

Distilled water at a flow rate of 20 kg/s enters an exchanger at 35°C and leaves at 25 °C. The
heat will be transferred to 40 kg/s of raw water coming from supply at 20 °C. Available for
thisserviceisa 17 1/4-in. 1.D. exchanger having 166, 3/4-in. O.D. Tubes (18 BWG) and laid
out on 1-in. square pitch. The bundleis 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 12x10* N/m? pressure drop may be
expended on both streams.

GIVEN:

-Didtilled water flowing in shell side, and raw water in tube side, of a shell and tube H.E.

-Hot water inlet temperature (Ty,1) = 35°C

-Hot water outlet temperature (Ty,2) = 25°C

-Mass flow rate of hot water () = 20 kg/s

-Raw water inlet temperature (T.;) = 20 °C

-Mass flow rate of raw water (rn ) = 40 kg/s

-1.D. of shell (Ds) =17.25in.=0.4382 m

-Number of tubes (N;) = 166 tubes.

-Tube arrangement: 1 in. sguare pitch

-Tube diameter: d, = 3/4in. = 0.01905 m
di=0.652in. = 0.01656 m
(for 3/4 O.D., 18 BWG tubes given)

-Baffle space (Lg) =121in. =0.3048 m

-Number of tube passes (Ny) = 2

SOLUTION:
a.
Properties of distilled water in shell side at 30 °C:
Cpn = 4179 J/kg.K Pr=>5.44
1 =7.98x10" N.s/ m? k=0.614 W/m?.K
p =996 kg/ m?®
Properties of raw water in tube side at 22.5 °C (Assume bulk temperature = (20+25)/2):
Cpc = 4181 ki/kg.K Pr=6.58
1, = 0.000947 N.s/ m? k=0.602 W/ m?.K
p=998kg/m?
Tube side heat transfer coefficient:
M, 40

=224 m/s

" (i /4)N /N, " 008 (7 x 0.016567 /4 166/2)

_ pupnd;  998x2.24x 001656
i 947x107
Using Prandtle’s Correlation:

f = (1.58INRe3.28) 2 = [1.58In(39092) - 3.28] * = 0.0055

Re = 39092 > 2300
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Nu— (f/2)RePr (0.0055/2) x 39092 x 658

= 7 = 72 =1995
1.0+87(f/2)"°(Pr—1) 1+87x(0.00552)"" x (658-1)
h = Nu-k _ 11505x 0602

= =

=7252 W/ m?K
d, 0.01656
Shell side heat transfer coefficient:

C=P; —d, =0.0254-001905= 0.00635m

D.-C-B
S (Ds-C-B) _ (04382x 0.00635x 0.3048) _ 003339 m?
P, 00254

20 599 kg/m?.s
0.03339

G =

mS
AS

A(PT2 —nd,? /4) 4x (002547 - 7 x 0019057 / 4]
D, - - =00241 m
nd, 7 x 001905
D, G, O
Re, - De s _ 00241x599 o
" 0000798

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),

0.55 0.33
Nu=o.36-[De'GSj -[C"’“'“bj
Uy

K
= 0.36x 18089°%%° x 54403
=13824

The shell side heat transfer coefficient, h,, isthen found by the equation,
h - Nu-k _ 138.24x 0.614

0o

=3522 W/(m’K)
D, 0.0241

Overall heat transfer coefficient (Clean surface):

-1
U, - d, +doln(d0/di)+i
d.h, 2k

w hO
B { 001905 001905In(001905001656) 1 -
001656 7252 2x52 3522
=2136 W/m?K

assume the tube wall thermal conductivity to be 52 W/(m.K).
LMTD:

Number of tubes:
Heat balance:

Q=(mep) (Teo = Tea) = (M), (Tra = The)
Q

(mc )h(Thl —Thp) = 20x 4179 x (35— 25) = 835800 W

T, =T+ =904 33800 _ 5 o
(mcp) 40x 4181
Cc
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Thl_Th2 _ 35'25_2
TC2 - TCl 25' 20

To-Ta 25-20
Ty-Tyq 35-20

=033

P:

Then, F=0.77

AT,-AT,  10-5 0
ATing = = =721 °C
"™ In(AT,/AT,)  In(10/5)

A, = Q = 835800 =7048 m?
Uy ATimg -F  2136x7.21x0.77

A, =nd,NsL

LR 7048 =709~8 m

" nd N,  7x001905x 166

b.
Assume the fouling factor to be Ry = 0.000079 (m*K)/W, then the overall heat transfer

coefficient Uy after fouling is:

-1 1
U =| 4Ry | =|—1 +0000079| =1828 WI(M2K)
u 2136

C

A, = Q __ BB g w2

Uy ATimg -F  1828x7.21x 077
A, =nd,NL

A .
=L= 0 — 8236 =828~9 m
nd,N; 7 x001905x 166
Pressure drop in tube side:
LN 2 2
Ap, = 4f 2 PUm _ 4 000m5x 22, 998X 2247 59073 pa<120,000 Pa
0.01656 2

i
Pressure drop in shell side:
Shell-side friction factor:
f = exp(0576- 0191 Re,) = exp[ 0576 - 0191n(18089) | = 0276

Shell-side pressure drop:

bs=1
Ng+l=t=—2 _2952~30
B 03048
fG¢* (N, +1)D 2
ap, =G (Np+Ds _ 0276x599% x30x04382 _ ., Pa<120,000 Pa
20D 04 2x996x00241x1

The heat exchanger is suitable for the designated heat |oad and pressure drop requirement.
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Problem 9.6

A 1to 2 baffled shell-and-tube type heat exchanger is used as an engine oil cooler. Cooling
water flows through tubes at 25 °C at a rate of 8.16 kg/s and exits at 35 °C. The inlet and
outlet temperatures of the engine oil are 65 and 55 °C, 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 arelaid out on
a 15/16-in. triangular pitch. By assuming Rj, = 1.76x10* (m%K)/W, AR, = 1.084x10°
(M2K)/W , hy,= 686 W/(m?K), AJA; = 1.1476, and R;; = 8.8x10° (m*.K)/W, find the

a. the heat transfer coefficient inside the tubes.

b. thetotal surface area of the heat exchanger.

GIVEN:
-A shell-and-tube oil cooler, cooling water flowing in tube.
-Engine oil inlet temperature (Ty, 1) = 65 °C
-Engine oil outlet temperature (Ty,) = 55 °C
-Cooling water inlet temperature (T.;) = 25 °C
-Cooling water outlet temperature (T,) =35 °C
-Mass flow rate of cooling water () = 8.16 kg/s
-Shell side heat transfer coefficient (ho) = 686 W/(m?.K)
-Fouling resistance: Ry, = 0.000176 (m*.K/W)
Ry = 0.000088 (n?.K/W)

-Ratio of outer surface and inner surface area (AJ/A;) = 1.1476
-Thermal resistance of tube material (A.Ry) = 1.084x10° W/(m.K)
-Tube diameter: d, = 3/4in. = 0.01905 m

di=0.652in. = 0.01656 m

(for 3/4 O.D., 18 BWG tubes given)
-Number of tubes (N;) = 160 tubes
-Number of tube passes (Ny) = 2
-Tube arrangement: 15/16-in. triangular pitch.

SOLUTION:
a.
Properties of cooling water in tube side at 30 °C:
Cpn =4179 J/kg.K Pr=>5.44
1=7.98x10" N.s/ m? k=0.614 W/m?.K
p =996 kg/m?
Tube side heat transfer coefficient:
Uy = Me = 816 =0475 m/s
p(ndi 2 /4)(N /N,) 996 (7 x 0016562 /4)(160/2)
Re— PUnd; _ 996x 0475x 0.31656 _ 9817
n 7.98x10"
Using Genidinski’s Correlation:
f = (1.58InRe—3.28) 2 = [1.58| n(9817) - 3.28]‘2 =0.0079
f /2)( Re-1000)P 0.0079/2) x (9817 —1000) x 544
Nu<_(1/2)(Re-1000)Pr _ (00079/2)x( ekl v

- 10+127(1/2)%(Pr?° 1) 1+127x(00079/2)"* x (544~ 1)
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_ Nu-k  7094x0614
~ d. 001656

=2630 W/ m?K

h;

Overall heat transfer coefficient:

-1
A ARy

Uy =|—2+—2 " +AORW+Rm+i
Aihi A h,

=)
= {11476 +11476x 0000088+ 1084 x 10> + 0000176 + 5}6}

=458 W/ m’K
Heat balance:
Thy—Th, 65-55
Ty-Ty 3525
To-Ta 35-25
T Ty 6525

R:

P= 025

Then, F=0.97
AT,

Im,cf

Thus, the total heat transfer area A, is.
Ao Q MGl 816x4179x10
® Uy-ATig -F Ug-ATyg -F 458x30x097

= AT,=AT,=30 °C

= 2559 m?
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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 °C and 100,000 kg/h is heated
by hot water at 100 °C, and also at 100,000 kg/h. The exchanger has a 31-in. 1.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. 3/4in. OD tubes, 12 BWG laid out on a 1in. triangular pitch; 3 baffles per meter of tube
length. Analyzethe exchanger for tubelengthsof 2m, 3m, 4m, and 5m.

b. 3/4in. OD tubes, 12 BWG laid out on a 1in. triangular pitch; 2m 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.
squar e pitch.

d. 1 m OD tubes, 12 BWG; 4 m long; 9 baffles. Analyze the exchanger for tube layouts of
1.25in. triangular pitch and 1.25in. squar e 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 (Ty,;) = 100 °C
-Cold water inlet temperature (T.;) = 25°C
-Mass flow rate of hot water () = 100,000 kg/hr = 27.778 kg/s
-Mass flow rate of cold water () = 100,000 kg/hr = 27.778 kg/s
-Shell I.D. (D;) =31in. =0.7874 m
-Tube: 3/4-in O.D. (12 BWG)
do,=0.75in. =0.01905 m
di =0.532in. =0.01351 m
-Number of tube pass (Np) = 2

SOLUTION:

Properties of cold water in shell side at 25 °C:
Cpe =4180 J/kg.K Pr=6.16
1 =892x10" N.s/ m? k=0.606 W/m?.K
p =997 kg/m?3

Properties of hot water in tube side at 100 °C:
Cpn =4222 J/kg.K Pr=1729
n=279x10"* N.s/ m? k=0.681 W/m?.K
p=958kg/m?

Approximate the tube wall temperature by =625°C, then p, = 4.51x10 Pas.

100+ 25
2

a. Comparing effects of different tubelength:

From Table 9.3, for shell 1.D. = 31 in., 2-P heat exchanger with 3/4-in. O.D. tube in 1-in.
triangular pitch, the number of the tubes N; = 728 tubes.
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Tube side heat transfer coefficient:
_ My, _ 27.788
" p(ndi 2 /4)(N (/Np) 958 (nx 0013512 /4)(728/2)

=0556 m/s

_ pund;  958x0556x 001351
op 279x10*

So, itisturbulent flow.

Using Prandtle’ s Correlation:

f = (L58InRe—3.28)  =[1.58In(25792) - 3.28]‘2 =0.00613

Re =25792 > 2300

~ (f/2)RePr ~ (000613/2) x 25792 x 1729
10+87(1/2)2(Pr-1)  1+87x(000613/2)"* x (1729-1)

_ Nu-k  184.77x 0681
~d, 001351

Shell side heat transfer:
The equivalent diameter is:

=184.77

h, =9314 W/ m?K

o2
(2-54 =10 2) V3 _ 7x 001905

PTZ\/§_ ndoz 4 4 3
4A 4 8

D, = ¢ - =001829 m
P, nd, /2 7 x 001905/ 2

B= 1 = L =025 m
(Ng+D) 3+1
_ D,CB  (31x0.0254) x (00254 - 0.019) x 0.25
s Pr 00254

G, = Me _ 27778 _56r 5 kgl(mP.s)
. 00492
S

D. 564.45x 001892
u 892x107*
Assuming constant properties:

A = 00492 M’

A
G
Re= =11972

014 8 92 014
Nu = 036 Re®® pr¥ 3(ﬁj =036x11972%% x 6.160'4(Ej =1434
Hw -

_ Nugk 1434 x 0606
°* D, 001892

Overall hest transfer coefficient: (assume the wall thermal conductivity k,, = 52 W/mK)

-1
U, - d, +doln(do/di)+i
d.h; 2k, hy

h =4594 W/ m?.K

_[ 001905  001905In(0.01905/0.01351) 1 N
0.01351x 9314 2x52 4594

= 2315 W/m?K
e-NTU method for exit temperatures of cold and hot water:
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A, =(ndoL)N, =7 x001905x L x 728 = (4357)- L
C, = (mcp)h = 27.778x 4222 = 117279 kJ/(sK)
C =(mc, _=27778x4180=116306 kJ/(sK)

5 Co =(mcp)C =116306 kJ/(sK)

o _ Cmin _ 116306
Crax 117279

_ AoUo

=099~1

NTU

min
Q =& Cmin(Thl - Tcl)

Q=(rmcy) (Tee = Tea) = (Cy), (Toa = Tre)

T, :Tcl+ﬁ
P/c
Tho :Thl_ﬁ
P/h

Pressure drop in tube side:

LN 2 2
Ap, =4f — 2 PUm__ 4, 000613 =22 208 0556

x = (5375)-L Pa
d 2 001351 2

Pressure drop in shell side:
Shell-side friction factor:

f = exp(0576— 0191 Re,) = exp[ 0576 - 0191n(11972)| = 0299
Shell-side pressure drop:

o ( np ] o (0.000892 L
T 0.00045

_fG?(Ny+1)Dg  0299x564.45% x (4L) x (31x 0.0254)

Ap, = = (7479)-L Pa
20D o0 2x 997 x 001829 x 11
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For different length (L =2, 3, 4, 5 m), the calculation is tabulated as follow:

L=2m L=3m L=4m L=5m
A, (M) 87.14 130.71 174.28 217.85
NTU 1.73 2.60 3.47 4.34
€ 0.54 0.57 0.59 0.59
(Fig2.15)

QW) 4710393 4972082 5146540 5146540
T (°C) 65.5 66.2 69.2 69.2
Tr2 (°C) 59.8 57.6 56.1 56.1
Ap; (Pa) 1075 1612 2150 2688
Aps (Pa) 14958 22437 29916 37395

b. Comparing effects of different baffle spacing :

From Table 9.3, for shell 1.D. = 31 in., 2-P heat exchanger with 3/4-in. O.D. tube in 1-in.
triangular pitch, the number of the tubes N; = 728 tubes.

Tube side heat transfer coefficient:
My, 27.788
Ug, = =
p(ndi 2 /4)(N (/Np) 958 (nx 0013512 /4)(728/2)

=0556 m/s

_ pupd;  958x0556x 001351
w 279x107*

So, it isturbulent flow.

Using Prandtle’s Correlation:

Re = 25792 > 2300

f = (1.58InRe—3.28) 2 = [1.58| n(25792) - 3.28]’2 =0.00613

_ (f/2)RePr _ (000613/2) x 25792 x 1729
10+87(f/2)*(Pr—1)  1+87x(000613/2)"? x (1729-1)

b Nuk _ 184770681
o, 001351

Shell side heat transfer:
The equivalent diameter is:

=184.77

=9314 W/ m?K

2
254x1072)"4/3 2
[{Pﬁﬁ_ndoj 4( ) V3 x001905
4A.

2 P 4 8

D= = = =0.01829 m
P, nd, /2 nt x 001905/ 2

B=——— m (Ng isthe number of baffles per meter of tube length)
(Ng +1)
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D.CB . 02540,
p, - D:CB_ (31x00250) x (00254001908 xB _ 10
P, 00254
6, Mo 2078141, oo
A, 019858 B
(Lmj « 001892
e G0\ B 299305

i 892x107* B
Assuming constant properties:

014 055 014
Nu = 0.36 Re?%5 Pr]/?’(”_bj ~ 036x (299§05j y 6_160.4(8.93 _ 66906

[T 45 BO.55
66906
Nu.k ( 055 jx 006 143
hg=-——st_ 2B - W/m2.K
D, 001892 505

Overall hest transfer coefficient: (assume the wall thermal conductivity k,, = 52 W/mK)

u, { dy  doIn(do/d;) +i}

d;h, 2k, ho

1

001905  0.01905In(0.01905/001351) BO% |
= + +
001351 x 9314 2x52 2143

g5
=1 0.00021434 +
2143

-1
} W/ m?K

e-NTU method for exit temperatures of cold and hot water:
A, =(ndoL)N = 1x001905x 2x 728 = 8714 m°

C, = (mcp)h = 27.778x 4222 = 117279 kJ/(sK)
C. = (mcp)C 27.778x 4180 = 116306 kJ/(S.K)
. C

min = (MCp ) =116306 kI(sK)

o _ Cmn _ 116306

Crax 117279
A [0} U 0]

=099~1

NTU =

Q =& Cmin(Thl - Tcl)
Q=(rmcy) (Tee = Tea) = (Cp), (o = Tre)
Q

(mey),

Tc = Tcl +
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Q
The =T —7
Cp

(1es),

Pressure drop in tube side:

LN 2 2
Ap, = 4f — P PUm _ 4 000613x 232, 958> 0556
d 2 001351 2

Pressure drop in shell side:
Shell-side friction factor:

=1075 Pa

f = exp(0576-019InRe,) = exp{O.S?G —-0191 n( 299305)}

Shell-side pressure drop:

o ( s ] e (0.000892 L
g 0.00045

fGSZ[ 2 JDS
Ng+1

2pD s

Ps

For baffle spacing (Ng /meter = 1, 2, 3, 4, 5), the calculation is tabulated as follow:

Ng/meter 1 2 3 4 5

B (m) 05 13 0.25 0.2 1/6

Uo (W/mK) 1876 2130 2315 2458 2574
NTU 1.40 1.60 1.73 1.84 1.93
€ 0.52 0.53 0.54 0.55 0.56

(Fig 2.15)

Q (W) 4535934 4623164 4710393 4797622 4884852
Te (°C) 64 64.75 65.5 66.25 67
Tr2 (°C) 61.3 60.6 59.8 59.1 58.3
Ap: (Pa) 1075 1075 1075 1075 1075
Aps (Pa) 2060 6437 14447 27046 45144
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Follow the similar procedure of heat exchanger rating, asin (a). and (b)., comparisonsin
(c), (d), (e) can befinished.
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Problem 9.8

A sugar solution (p=1080 kg/m®, ¢, = 3601 J/kg.K, ks = 0.5764 W/m.K, u = 1.3x10° N.g/m?)
flows at rate of 60,000 kg/hr and is to be heated from 25 °C to 50 °C. Water at 95°C is
available at a flow rate of 75,000 kg/hr (c, = 4004 J/kg.K). It is proposed to use one shell-
pass and two tube-pass shell-and-tube heat exchanger containing 3/4in. 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/m2K. Thermal conductivity of the tube material
is52 W/m.K.

a. Calculate the number of tubes, the tube side (sugar) heat transfer coefficient.

b. Calculatethe overall heat transfer coefficient.

c. Calculatethelength of this heat exchanger. Isthisheat exchanger acceptable?

GIVEN:
-A shell and tube heat exchanger, with sugar solution through tubes and water through shell
side.
-Hot water inlet temperature (Ty,;) = 95 °C
-Mass flow rate of hot water () = 75,000 kg/hr = 20.833 kg/s
-Specific heat of hot water (c,) = 4004 Jkg.K
-Sugar solution inlet temperature (T¢;) = 25°C
-Sugar solution outlet temperature (T) =50 °C
-Mass flow rate of sugar solution () = 60,000 kg/hr = 16.667 kg/s
-Shell side heat transfer coefficient (hy) = 700 W/m*.K
-Velocity inside the tube (u) = 1.5 m/s
-Thermal conductivity of tube material (k) = 52 W/m.K
-Tube diameter: d, = 3/4in. = 0.01905 m
di=0.62in.=0.01575m
(for 3/4 O.D., 16 BWG tubes given)
-Length limitation (L) =3 m

SOLUTION:
a.
Tube side heat transfer coefficient:
u,=15m/s
C -3
Pr_ HCp _ 13x10 X3601=8.12
k 05764
Re_ PUmdi _ 1080x15x 001575 oo o0
n 13x1073

So, itisturbulent flow.
Using Prandtle’s Correlation:

f = (L58InRe—3.28)  =[1.58In(19627) - 3.28]  ~0.00657

NU— (f/2)RePr ~ (000657/2) x 19627 x 812

- i - . - 11505
10+87(1/2)"*(Pr-1)  1+87x(000657/2)"* x (812-1)
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h Nu-k _ 11505x05764 _ 0\ oo
d, 0.01575

Overall heat transfer coefficient:

U, - d, +d0|n(do/di)+i
d.h, 2k h

-1

w (0]

+ —_—
0.01575x 42105 2x52 700

{ 001905 0.01905In(001905/001575) 1
= +

=57121 W/m?K
LMTD:
Number of tubes:
m, = ﬁ ﬁ -pU,
4 2
8m, 8x16.667

nd%pu,, 7 x 0015757 x 15x 1080

N = =10561~ 106

Heat balance:
( )C(TCZ ) ( . Cp)h(Thl_ThZ)

( p)c(Tcz—Tcl) 16.667 x 3601 (50— 25) = 1500447 W

me
TeT, - ( p()c( ) U g 1666;::??;)11&5)2 511 op
me, X

R Tu-Te _95-77_ .,
To-Ty 50-25

To—-Ty 50-25

P = =
Tu—-Tg 95-25

= 0357

Then, F=0.96

AT ATiAT, | 4552 oo
™ In(AT/AT,)  In(45/52)

~ Q ~ 1500447
® Uy :ATjmg -F  57121x4841x 096

A, =nd,NsL

=5651 m?

A, 5651

= =89 m
nd,N; 7 x001905x 106

= L=

Because L > 3m, ...thisheat exchanger is unacceptable!

95°C

a0°C

/

L{or AD

77°C

e5°C
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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 theair side.

SOLUTION:
At T, = Tin +2T°“‘ = 400; 300 _ 350 K, 1 atm, properties of air from Appendix are:
p=1.002 kg/m®
1 =2.08x10"° kg/m.s
¢, =1009 Jkg.K
Pr=0.708
From Fig. 10.6 A, we have
Amin _ 5 0443
fr
D,, =05477 cm
Then
GoPYxAr _pU, 1002x10 ) o o/ (m2.9
Ain G 0443
GD i ]
Re— h _ 22.62 x 00055477 _ 5056
[ 208x 10"
From Fig. 10.6 A, for Re = 5956, we can obtain:
N 2300068
Ge,,
Gc
h=00068x — 2 = 00068x 22021909 _ 105 3\ /m?. K
pr/3 070873
For Re = 5956, from Fig. 10.6 A, f =0.026
2
Ap = f G* A,
205 Anin
A 4L 4x08 45106
A.n Dy 0005477
Then
22.62°

Ap; =0.026 x P x 438.196 = 2909 Pa

x1.
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Problem 10.2

Air entersthecore of afinned tube heat exchanger of the type shown in Figure 10.4 at 2 atm
and 150°C. The air mass flow rateis 10 kg/s and flows per pendicular to the tubes. The core
is 0.5 m long with a 0.30 m*frontal area. The height of the coreis 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 o, = 0.129, D, = 0.373 cm, and waterside heat transfer
area/total volume = 138 m¥m?®. Thisisarating problem. Calculate:

a. Theairsideand 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=2atm, Tj,a= 150 °C, m,= 10kg/s
A;=0.30 m?, Corelength=0.5m, Core height =0.5m.
Weater side:
Tinw =15°C, m,, =50kg/s
ow = 0.129, Dy, = 0.373, Water side heat transfer arealtotal volume = 138 m”/m®

FIND:
a h,=?h,=7?
b. Ua = ?
C. Tout a = ?
- Finthickness, t = 0.033 cm
Fin Areal/ Total area= 0.839
Al FinLength L:
Flow 110 —
L— (100—20'402) = 0.299"= 0.7595 cm
LA Air passage hydraulic diameter, Dp=0.3633 m
Free flow area/Frontal area, ¢ = 0.534
Heat transfer areal Total volume = 587 m/m®
SOLUTION:
For the air side, we assume a mean temperature 80°C and determine the physical properties of
air at p, = 2 atm.

pa =19816 kg/m?®
n, =21x10"° kg/m.s
Cpa =1009 J/kg.K
Pr, =0.708
Assuming an average temperature of 15°C for the water, we take the physical properties as:
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Pw =999 kg/m?

n, =1154x10* kg/m.s
Cpw =4186 J/ kg.K

Pr,, =820

k, =0591 W/ m.K

a. Heat transfer coefficient:

Air side:
Go=a __Ma 10 _u kg/my
An o.-A;  0534x030
G,D
Re_ CaPha _ 6242x 0.00:53633 _ 10799
Ha 21x 10
From Fig. 10.4, for Re = 10799, we have:
Ny Pr,?% =0.004
Gacp,a
G,C
h, =0004x ——22 = o.omX%xgog =3171 W/ (m?2.K)
Pr,? 07087
Water side:
A, =05x05=0.25 m’
G, - __ M 0 _ 155039 kg/(m?.s)

Y Au Ou Ap. 0129x03

_ G,D;,, 1550.39x0.00373
" u,  11.54x10*
Using Gnielinski’ s correlation, we have:

f = (L.58InRe-3.28) % = 0.00965
_ (f/2(Re-1000)Pr  (0.00965/2)x (5011-1000)x8.2
T 1+212.7(F /2 (Pr¥°-1)  1+12.7x(0.00965/2)°°(8.2%° —1)

Re =5011

h, = Ko Nu=-9%9 | o8- 6781.4 Wim?K)
D, 0.00373

b. Overall heat transfer coefficient Uj:

To determine Uy, based on the air-side surface, the fin efficiency n 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 materid, k is given as:

k =212 W/(m.K) for aluminum
The fin efficiency n for a plate fin can be calculated as:
_ tanh(mL)

Ny = mL
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2h
where m= |—&
K t
Then mL = \/ 2x31rl > x07595x 102 = 0.7231
212 % 0033x 10"

_ tanh(mL)  tanh(0.7231)
- omL 07231
The air-weighted fin efficiency is determined by the following Eq.:

and = 0.856

f

n= {1-AA—f(1— N )} =[1-0839 % (1-0856)] = 0879

The overdl heat transfer coefficient, U,, based on the air-side surface, is:
1 1 1
—= +
Ua nha (Aw/Aa)hw
Here theratio of the water-side to air-side heat transfer surfacesis found to be

Ay, _ water - side heat transfer area/ total volume _ 138
A, air - side hesat transfer area/ total volume 587

=0235

Then
1 1 N 1
U, 0.879x317.1 0.235x6781.4
U, =238 W/(m*.K)
c. Total heat transfer rate and outlet temperaturesof air and water:
C, =MyCpa =10x1009=10090 W/ K

Cyy = My Cppy =50 x 4186 = 209300 W / K
S0, C,yp=C,=10090 W/K

and Chin _ 10090 _
Crax 209300
Total volume of matrix, V = A x (core length) = 0.3x0.5 = 0.15 m°.
A
Ta =587 (fromFig. 9.4)
Then A, =587-V =587 x 015=88.05 m?
NTU = PaVa _8805x 230

Crrin 10090

From Fig. 2.15, for a cross-flow heat exchanger with both fluids unmixed, for NTU = 2.0,
and C . /C, . =0.048, we obtain:

€=0.85
Then the total heat transfer rate, Q becomes:
Q= SCmin(Tin,a - Tin,w)
= 0.85x 10090 x (150- 15)
=1158 kwW

min
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From the heat balance
Q= macp,a<Tin,a - Tout,a) = mwcp,w (Tout,w - Tin,w)

the outlet temperature can be obtained as:

3
Touta:Tina_ - Q :150_M:35.2 OC
’ ' aCpa 10090
Q 1158x10° o
T =T ,+———=15+——-=205°C
outw I T g e 209300

w ¥ p,w
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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 is0.8m x 0.5m
and the coreis 0.5 m long. Geometrical configurationsare shown in Figure 10.6. Calculate:

a. the heat transfer coefficient;

b. thetotal frictional pressure drop between theair inlet and outlet.

GIVEN:
Hot Air flows across a circular finned-tube matrix configuration:
p=2am, Tin,=500K, m,=8kgls
A;=0.8x0.5m?, Corelength=0.5m.

FIN

<

a h=7?
b. Apr=7?

_ {% { mﬂ% Air-passage hydraulic Diameter, Dy, = 0.5477 cm
Al E} Free flow area/ frontal area, o = 0.443
Flow @2:[ Heat transfer area/total volume = 323.8 m/m?

SOLUTION:
At 500 K, 2 atm, properties of air from Appendix are:
p=1416 kg/m?
n=2687x10"° kg/m.s
¢, =1030 J/kg.K

Pr =068
From Fig. 10.6 A, we have
Amn _ 5 _ 0443
fr
D,, =05477 cm
Then
Gea _ Ma _ 8 = 4515 kg/ (m2.9)
Amm GAfI’ O443X 08>< 05
Re GD,, _ 4515x% 0.005477 _ 9203
H 2687x107°
From Fig. 10.6 A, for Re = 9203, we can obtain:
N 2300058

ch
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Gc
h = 0.0058 x 2p _ 00058 x 2215x1030 _ 500\ m2 K
pr2/s 068%°
For Re=9203, from Fig. 10.6 A, f =0.025
2
Apf — fG_ At
2pa A nin
L — ﬁ — ﬂ = 3652
A.. D, 0005477
Then
2
Ap, =0.025x 2" 3655 6571Pa

2x1.416
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Problem 10.4

Repeat Problem 10.3 for a finned-tube matrix shown in Figure 10.5 and discusstheresults.

GIVEN:
Hot Air flows across a circular finned tube matrix configuration:
p=2am, Tin,=500K, m,=8kgl/s
A;=0.8x0.5m?, Corelength=0.5m.

FIND:
a h=?
b. Apr=7?
Air-passage hydraulic Diameter, Dy, = 0.443 cm
Free flow areal frontal area, o = 0.494
Heat transfer arealtotal volume = 446 m?/m®
SOLUTION:

At 500 K, 2 atm, properties of air from Appendix are:
p=1416 kg/m?
n=2687x10"° kg/m.s
c, =1030 J/kg.K
Pr =068
Then
m, m, 8
Ann  GA, 0494x08x05
GD,,  40.48x0.00443
wo 2687x10°
From Fig. 10.5, for Re = 6674, we can obtain:
h

G= = 4048 kg/(m?.9)

Re= = 6674

——Pr?®=0.0067
ch
Gc
h = 00067 x —P_ = 00067 x 20481030 _ 201 \\// m2 K
pr23 0.68%°
For Re=6674, from Fig. 10.5, f = 0.035
2
Apy = f G A,
2p4 Aniin
A _AL_ 4x05 .

A D, 000443
Then

40.642
2x1.416

Ap, =0.035x x 451.5 = 9216 Pa
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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-sasgiven in Table 10.1.

GIVEN:
Hot Air flows across a circular finned-tube matrix configuration:
p=2am, Tio=500 K, m,=8kg/s
A;=0.8x0.5m?, Corelength=0.5m.

a h=?
b. Apr=7?

FIN

O

SOLUTION:
At 500 K, 2 atm, properties of air from Appendix are:
p=1416 kg/m?
n=2687x10"° kg/m.s
¢, =1030 J/kg.K

Pr =068
From Table 10.1, we have
Amn __ 0788
fr
D, = 0.3565 cm
Then G=Ta __Ma 8 — 2538 kg/ (mZ.9)

Ann G-A; 0783x08x05
GD, _ 25.38x0.003565 3357

Re=
U 2.687x107°
From Fig. 10.8 and Fig. 10.7, for Re = 3367, we can obtain:
N w23 00057
Gc,
Gc
h = 0.0057 x 2p = 0.0057 XM =1927 W/ m?.K
pr/s 068%°
For Re =3367, from Fig. 10.8 and Fig. 10.7, f = 0.018
.G A,
apy =1 2pa Aniin

A, 4L 4x05
A.in D, 0003565

2
Then Ap; =0.018x % x561= 2297 Pa

x 1.
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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=2am, Tio=500 K, m,=8kg/s
A;=0.8x0.5m?, Corelength=0.5m.

a h=?
b. Apr=7?

FIN

O

SOLUTION:
At 500 K, 2 atm, properties of air from Appendix are:
p=1416 kg/m?
n=2687x10"° kg/m.s
¢, =1030 J/kg.K
Pr =0.68
From Table 10.1, we have

A

——mn _ 5=078
fr

Dy =03434 cm

m, m, 8
A min c-A fr 078 X 08 X 05
GD,, 2564 x 0003434

Then G=

= 2564 kg/(m?.s)

Re= =3277
H 2687x107°
From Fig. 10.8 and Fig. 10.7, for Re = 3277, we can obtain:
N 23 _0.0063
ch
Gc
h= 0.0063x—2p=0.0063xM= 215W / m2.K
pr2/3 0.68%°
For Re =3277, from Fig. 10.8 and Fig. 10.7, f = 0.025
2
Aps = fG_ A
2pa Amin
A — 4L — 4X—05 =5824
A, Dp 0003434

2
Then  Ap, = 0.025x % «582.4 = 3380 Pa

x 1.
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Problem 10.7

Air at 2 atm and 500 K and at arate 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
areais0.8 m x 0.6 m and thelength of the matrix is0.6 m. Calculate:

a. the heat transfer coefficient;

b. friction coefficient.

GIVEN:
Hot Air flows across a plain plate-fin matrix configuration:
p=2am, Tio=500K, m,=12kg/s
A; = 0.8x0.6 m?, Corelength = 0.6 m.

FIND:
a h=2
b. Apr=?
SOLUTION:
]
o —
R R G—
—

R

Surface 9.68-0.870
At 500 K, 2 atm, properties of air from Appendix are:

p=1416 kg/m?
n=2687x10"° kg/m.s
¢, =1030 J/kg.K

Pr =0.68
From Table 10.1, we have
Amn _ . _ 0697
fr
Dy, =0.2997 cm
Then G=—a __Ma 12 359 kg/(m2.9)

A o-A, 0697x08x06

GD,, _ 35.9 x 0.002997
u 2.687x107°

From Fig. 10.8 and Fig. 10.7, for Re = 4001, we can obtain:

Re= =4001

N 52200038

ch
Gc

h = 00038 x — - = 00038 x 359x1030 _ 101 7 \w/m?.K
pr2/3 06873

For Re =4001, from Fig. 10.8 and Fig. 10.7, f = 0.015
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. G? A,
Apr = f 204 Anin
A _AL _ 4x06 o098
A, Dy 0002997
35.92
Then Ap; =0.015x —————x 800.8 = 5467 Pa

2x1.416
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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=2am, Tio=500 K, m,=12kg/s
A; = 0.8x0.6 m?, Corelength = 0.6 m.

a h=?
b. Apr=7?

FIN

O

SOLUTION:
At 500 K, 2 atm, properties of air from Appendix are:

p=1416 kg/m®
1 =2687x10" kg/m.s
¢, =1030 J/kg.K

Pr=0.68
From Table 10.1, we have

Amn _ . _ 097

fr

Dy, =0.2997 cm

Then G=a __Ma _ 12 359 kg/(m2.9)
Ain o-A,  0697x08x06
GD . I
Ro_ CPh _ 359x0002997 _ . .

0 2.687x107°
From Fig. 10.8 and Fig. 10.7, for Re = 4001, we can obtain:

N p22 0005

ch
Gc

h=0.0063x —22 = 0.005x >22*1930 _ 59 1 wWim2 K
pr#? 68%°

For Re =4001, from Fig. 10.8 and Fig. 10.7, f = 0.023
. G* A
AP = f Zpa Amin
A 4L _ 4x08 oo

A D, 0002997

35.9°
Then Ap; =0.023x 221416 x 800.8 =8382 Pa

x 1.
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Problem 10.9

An air-to-water compact heat exchanger isto 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 sidearegiven 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
pressuredrop is0.3 bar. Water at 17°C and a flow rate of 50 kg/s flows inside theflat tubes.
Water velocity is 1.5 m/s. Water side geometrical details are:

D,=0373 m

o, =0129
Water — side heat transfer are
total volume

=138 m? / m?

Calculate:
a. Overall heat transfer coefficient based on air side;
b. Air flow frontal area, As;
c. Flow length and core size.

GIVEN:
An compact heat exchanger with surface 9.29-0.737-S-R.
Air side:
p=2am, Ti,a= 400K, Toxa= 300K, m,=20kg/s
Water side:
Tinw = 17°C, m,, =50kg/s
ow = 0.129, Dy, = 0.373, Water side heat transfer arealtotal volume = 138 m”/m®

FIND:
a h,=2h,=2U,="?
b. Afr =7
c.L="?
D Fin thickness, t = 0.0102 cm
ﬁoz:) — Fin Areal Total area= 0.845
055 8 > Fin Length L:
J—ﬂF:L , LJ L = (055-0100) _ 4 o5 5715 em
P NN 2
ooes S - e Air passage hydraulic diameter, D;=0.351 cm
Free flow area/Frontal area, c = 0.788
Heat transfer area/ Tota volume = 885.8
27~~3
m/m
SOLUTION:
Propertiesof airatp,=2am, T, = M = 350K:

pa=2004 kg/m®,  c,,=1009 J/(kg.K), n, =208x10"° Pas
Pr, = 0.708

Properties of water at 17 °C (or 273.15+17=290.15K):
pw =999 kg/m*,  c,, =4184 I/ (kg.K), i, =1084x10™* Pas
Pr, =765  k, =059
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The thermal conductivity of aluminum is taken as:
ka =250 (W/m.K)

. . . L . G,D
The solution requiresiteration. For the first iteration, let Re=10* = —2—":
Ha
Mass vel ocity:
R 4 } —6
G, = eMa 100 x208x107 5956 g/ (m?.g

Dy, 000351

Air side heat transfer coefficient:
From Fig. 10.7, for Re= 104, we have:

_Ma 2300053, f=0021
Gan,a
G,c
h, = 00053x 22 _ 00053 22100 _ 399 yy/(m? k)
Pr,% 0.7087
Fin efficiency:
~ tanh(mL )
Ny = mL
where m= Z—ha
k t
Then mL = \/ 2> 399 ~x05715x107 =101
250% 0.0102 x 10™
and np = tanh(mL.) _ tanh(103) _ 076

mL 103
so, the total fin efficiency is:

7= {1—A—Af(1—nf )} = [1- 0.845x (1- 0.76)] = 0.80

dl , then

free flow

Since G, =

A _m, 20
free flow G o 59.26

Ay = Atrcotion _ 03875 _ 4 48 2
c 0.788
Woater-side heat transfer coefficient:
Assume the frontal areas for water side and air side are the same,
G =Mv_ M 0 gy
A, o, A, 0129x0.428
3 G, Dy _905.6x0.00373

Y, 10.84x10™*
Using Gnielinski's correlation for low Re (2300<Re<104)

= 0.3375 m?

Re =3116
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f =(1.58InRe-3.28) % = 0.0112
_ (f/2)(Re-1000)Pr _ (0.0112/2)x(3116-1000)x 7.65 _ 42
1+12.7(f 22 (Pr?°-1)  1+12.7x(0.0112/2)%(7.65%° -1)

h, =K Ny =059 o4 o 3884 Wim2K)
D, 000373

Overadll heat transfer coefficient:
The overdl heat transfer coefficient, U,, based on the air-side surface, is:
1 1 1

= +
Ua nha (Aw/Aa)hw

where
A, _ water - side heat transfer area/ total volume _ 138 0156
A, air - side heat transfer area/ total volume 8858
Then
11 1
U, 080x399 0.156x3854
U, =208.5 W/(m?.K)
Heat balance:
Q= macp,a<Tin,a - Tout,a) = mwcp,w (Tout,w - Tin,w)
- MaCp.a . 20x1009 Copm O
Toww = Tinw - (Tina — Towa) =17+ m(400— 300) = 266 °C = 300K
Ch (Tin,a - Tout,a) 400- 300
€= = =091
Cmin (Tin,a - Tin,w ) 400-29015
Chin _ 20x1009 _ 0.096
C. 50x4184
from Fig. 2.15, we obtain NTU = 3.5
NTU = 2ala
min
NTU -C_. .
A - U -Cpin _ 35x(20x1009) _ 339 m?
U, 208.5
Heat exchange volume:
= i = ﬁ =040 m®
748 855.8
Core length:

A, 0428

The core pressure drop:

V _040 o
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G? 4L 59.26° 4x09
. . .021 x X
2p D, 2x 2.004 0.00351

The pressure drop isless than the limitation given in problem, so thisis an acceptable design.

=18872 Pa< 0.3 bar
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Problem 10.10

Repeat Problem 10.7 for air at aflow rate of 15 kg/swhile everything else remains the same.

GIVEN:
Hot Air flows across a plain plate-fin matrix configuration:
p=2am, Ti,a=500K, m,=15kg/s
A; = 0.8x0.6 m?, Corelength = 0.6 m.

FIND:
a h=2
b. Apr=7?
SOLUTION:
i
o ——
—H o

B

Surface 9.68-0870
At 500 K, 2 atm, properties of air from Appendix are:
p=1416 kg/m?
u=2687x10" kg/m.s
¢, =1030 J/kg.K
Pr=068
From Table 10.1, we have
Amn _ ;0697
fr
Dy, =0.2997 cm
m, M, 15
Ann ©-Ap  0697x08x06
GD,,  44.8x0.002997
H 2687x107°
From Fig. 10.8 and Fig. 10.7, for Re = 4997, we can obtain:
h

Then G= =448 kg/(m?.9)

Re= =4997

— Pr?% -0.0037
ch
Gc
h= 00037 x —P — 00037 x 48x1030 _ e w/m? .k
Prs 68%°
For Re =4997, from Fig. 10.8 and Fig. 10.7, f = 0.014
G2 A
Aps =f t
P Zpa Amin
AL AL _ 4x06 o000

A, D, 0002997
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44.8°
Then Ap; =0.014x—————x800.8 = 7945 Pa
2x1.416

X L.
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Problem 10.11

An aircooled refrigerant condenser isto 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 condensesinside the tubes at 310 K. Air enters
the condenser at 18°C and leaves at 26°C. The mean pressureis2 atm. Calculate:
a. Air-side heat transfer coefficient
b. Tube-side condensation heat transfer coefficient
c. Overall heat transfer coefficient
d. Coredimensions based on the following parameters:

Air-side geometric configurations for the surface 7.75-5/8 T°

TubeO.D.=1.717m

Tube arrangement = staggered

Fing/in.=7.75

Fin type =plain

Fin thickness = 0.41x 10° m

Minimum flow area/frontal area, o = 0.481

Hydraulic diameter, D, = 3.48 x 10°m

Heat transfer area/total volume, o = 554 m%/m?.

GIVEN:

Cold Air flows across a plain plate-fin matrix configuration similar to that in Fig. 10.4:
Pm=2atm, Tina=18°C, Ty, a=26°C

Refrigerant side;
T=310K

Cooling load: Q = 125 kW.

Geometrica size of the coreislisted in the problem statement

SOLUTION:

Finsperin.= 7.75

D, = 0.00348 m

Fin thicknesst = 0.00041cm

Heat transfer area/Total volume o = 554 m/m°
Freeflow area/ frontal area o= 0.481

Tube O.D. = 1.717 cm

Refrigerant side:
Assume the tube wall thicknessto be 0.2 cm.
Frontal area associated with one tube: 0.866” x 1.0" =0.866 in® =5.587x10 n?

4)xd;? 4) x 0013172
— At n — (TE/ ) |4:(TC/ ) - =0244
5587x10™* 5587x10" 5587 x 10
nx001317 __,

5587 x107*

Ow

Heat transfer area/Volume =
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At 18+ 26

=22°C, pm = 2 am, properties of air from Appendix are:

p=22265 kg/ m®
n=202x10"° kg/m.s
Cp =1009 J/kg.K
Pr=071

k = 00274

Properties of refrigerant from Appendix are (310K):
Pe = 9:33 bar
p; =1156 kg/m? pg =4545 kg/m®
i, =189x10™ kg/m.s g =0125x10"* kg/m.s
c, =1497 J/kg.K
Pr, =398
k, =0071 W/ (m.K)
h¢, =1653 kJ/kg

Thermal conductivity of aluminum istaken as k, = 250 W/(m.K)

Mass flow rates of air and refrigerant:
Q= rhf hfg = macp,a(Tcz _Tcl)

m, =2 =15 _ 47560 Kkg's
hy 1653

mo-— 2 15 155 kgs
cp,a(TC2 -Ty) 1009x(26-18)

. . G.D
Assume Re for air flow to be 7000, i.e. Re= —_"2 _ 7000,
Ha

Mass vel ocity:

R . K
_Reu, :7000><202><10 _ 4063 kg/(mz.s)
Dha 0.00348

Air side heat transfer coefficient:
From Fig. 10.4, for Re = 7000, we can obtain:
h

—— Pr?® =0.0048

ch

f=0.02

Ga

G,C
h, = 00048 x — "2 _ 00048 x 20631009

=24725 W/ m?.K
Pr, 3 07173

Fin efficiency:
Finlength (from fig. 10.4):
1x0.0254-001717

L= > =0004115 m
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Ph 2h
mL= |—2 .|~ \/ a | = \/ 2x241.25 | 5004115= 02858

kaA  \kat  \250x041x107°
np = tanh(mL) 097
mL

Thetotd efficiency:
The ratio of finned areal total surface area:

A= (lx0.0254 —7.75%x041x 10’3) x 1t x 001717 = 00011987071

2
A =7.75x2x [0.866 x10% 002542 — M} = 00050710759
Ao A g
A, A;+A,

n= {1—2—f (1-ny )} =[1-0809x (1-097)] = 098
t

Air sdefrontal area:

o M _
= =
Afree O-'Afr
A, = a 155 7031 m?

" 5.G, 0481x4063

Water side heat transfer coefficient:
Assume: (1). tube wall thicknessto bet = 0.002 m, so the I.D. of tubeisd = 0.01317 m.
(2). average quality x = 0.5.
(3). condensate velocity inside tube u; = 0.05 m/s,
so the mass flux G = pju; = 1156 x 0.05 = 57.8 kg/(m".s).

Then,

G-(1-x)-d  578x(1-05)x 001317
W 189x 107

_ G-x-d_578x(1-05)x 001317

"~ pg 0125x10°

05 05
Res = Re, (“_9) P 4 Re =30449% (%j x (@j +2014 = 12170
w ) pg 189 )\ 4545

Re, = = 2014

Re

’ = 30449

0071

=7886 W/ (m?.K)
001317

k
hrp = 005Re, % Pr,®® Fl = 0.05x 121708 x 398°% x

Overall heat transfer coefficient:

-1
A
Uaz{—ohi+AoRW + 1 }

i M nny
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-1
_|554 1 1717x10°° In(l?l?j L1
747886  2x250  \1317) 098x247.25
=734 W/(m?.K)
Heat balance:

Criin = Car = MyCp, =155x 1009 = 156395 W/K

&= 218 o4
(310-27315)-18

Crin _ 156395 _

Cmax o

From Fig. 2.15: NTU =0.5
_ NTU-C,,, 05x156395
a U, 734
Heat exchanger size:
_Aa 1065 195
554 554
Corelength Ly:

A =1065 m?

V. 0192

- - =0242 M
Ay, 07931

Ly

Corelength L,:

_my 07562
psU;  1156x0.05

_Agug 0013
o, 0244

V0192,

T Ap. 0053

V. 0192
T L,L, 0242x36

=0013 m?

- 0053 m?

=022 m
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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
perfor mance specifications:

flow rate: 25 kg/s

inlet temperature: 500°C

outlet temperature: 350°C

inlet pressure: 2x10° N/m?

pressuredrop rate: 8%

water side oper ating 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 cmx1.6 cm. The inside
diameter of the tubes before it was flatted was 1.23 cm, with awall thickness of 0.025 cm. Water
velocity insideis 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 = 2x10° N/m?, Tina = 500 °C, Toy 2 = 350 °C, .= 25 kg/s
Ap=8%

Water side:
Tinw = 290K, m,, =50 kg/s

Geometrica size:

Water side:

Flatted tube size: 0.2x1.6 cm?, Diameter of tube before flatted: d, = 1.23 cm,
Tube wall thickness: 6 = 0.025 cm, Water velocity u, = 1.5 m/s

SOLUTION:

0.100" (GE—

>
055" 1 —>

Surface 9.1-0.737-S

— ~=0.110"

Finsper cm= 23.114

Dy = 0.3565 cm

Fin thicknesst = 0.0102 cm

Extended area/Total area: 0.813
Area/Core volume = 734.9 mé/m®
Freeflow area/ frontal area o= 0.788

Water side:
Frontal area associated with one tube: 0.79” x0.55" =0.4345 in? = 2.803x10* n?
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A (16-02) x02+(n/4) x02%|x10™*
Oy = = m =0111
2803x 10~ 2803x 10~
x 0.0123
Heat transfer area/Volume = T =138

2803x107%

At w = 425°C, p,=2x10° N/m? properties of air from Appendix are:
p=1012 kg/m?
n=336x10" kg/m.s
c, = 1074 J/kg.K
Pr =0.682
From Table 10.1, we have

Ain _ 5 _0.788

fr

D, =0.3565cm
L =7349m* /m°
Properties of water from Appendix are (Assume mean temperature as being 300K):
p,, =996 kg/m®
1, =8.56x10"* kg/m.s
C,w = 4179 Jkg.K
Pr,, =5.88
k, =0.609 W/(m.K)

Thermal conductivity of aluminum istaken ask, = 250 W/(m.K)
The trial-and-error method is needed for air side calculation, for the first attempting, let Re

G.D
for air flow be 7000, i.e. Re= —2—"2 _ 7000
Ha

Mass velocity:
_ Rep, 7000x336x10°°

= =6597 kg/(m?.s
*  Dpa 0003565 g/ (m*.9

Air side heat transfer coefficient:
From Fig. 10.8 and Fig. 10.7, for Re = 7000, we can obtain:

G

h

— Pr?® = 0.0044

Ge,

f=0.015
G,c

h, = 00044 x — P2 = 00044 x 591074 _ 15 36 Wim? Kk
pr, %3 068273

Fin efficiency:

Ph 2h .
ML= |—a | . [ -L=\/ 2428, 05715x10 = 1015
K A K, -t 250% 00102 x 10”
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np = tanh(mL) 076
mL

Thetotd efficiency isthen:
n= {1—AA—f (1-n; )} = [1-0813(1- 0.76)] = 080

Air sdefrontal area:

c .M __m
LI
Afree G'Afr
A, =—a B 04809 m?

" 5.G, 0783x6597

Water side heat transfer coefficient:

Re, = PulhiDry

Hy

2
ax| 09027 (16 02)x02x107
th:ﬁz =0.003224 m
" E 7x00123

Re,, = 220X 15x 0'0(13224 = 9640

854 %10~

Using Gnielinski’ s correlation for 2300<Re<10000, we obtain:
f = (158In Re—328) % = 00093
_ (f/2)(Re-1000)Pr  (0.0093/2) x (5640—-1000) 588
C1+127(F/2) % (Pr?3-1) 1+127x(000932)°° (58873 1)

_ k-Nu _ 0609x429
" Dy, 0003224

Overall heat transfer coefficient:

A, 1 1 ]
Ua={—°—+AORW+—}
Ai b nh,

429

h

=8104 W/(m?.K)

~ {734.9 1 128x1072 (12.8) 1 T
= x + In +
138 8104 2x250 \123) 08x40236
=265.6 W/(m?.K)
Heat balance:
, 25x1074
50x 4179
,__ 500-350
500+ 273— 290
Coin  20x1074
Cro 50x4179

T

out,w —

x (500 350) = 309 K

=031
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FromFig. 2.15: NTU =0.4

A, - NTU-Crip _ 04 (25x1074) _ 000 -2
U, 2656
Heat exchanger size:
A ;
_ Aa 04055 m?
7349 7349
Corelength L:
L, = V. _ 095 5194 m
Aya. 04809
Corelength L ;:
m
GW = ﬁ =Ppwly
m
Ay =—w N 03347
Pwly 996x15
A I
Ay _Aw 008347 30
"o, 0111
L, _ V05 i m
Ag, 0302
L= \Y _ 0.055 —265m
L,L, 0114x0182
Pressure drop:

Ap 2
.G {(1+o-2)(p1—1J+ fA‘(pl H
pl 2pap1 :02 Amin pm

To caculate p4, p, from py, a pressure drop assumption must be made and, then, verified. A
pressure drop of 2% will be used as the initial guess:

p; =102p,,
Py 5 P +P> 5
=——=196x10 and =— 2 -198x10" Pa
P2 =702 <10°Pa, andpy =5
Pr_P1_q0p
P> P2
Pr_P1_19g
Pm  Pm

A, 4L 4x0114 _
Amn Dy 0003565

2
Apr _ G_{(lJr cﬁ)(ﬂ _ 1) of L(ﬂﬂ
Then Py 2p,P; P2 Amin \Pm
65.972

= —[(1+ 0.7882)(102 ~1)+0015x 128 x 101| = 00215
2% 2x10° x 0996
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The find result is amost the same as we assume, so APt _ 504 The pressure drop 2% is less
Py

than the pressure drop limitation 8%, and the design is acceptable.



www.konkur.in

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 tubeis 0.2 cm x 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 cor e size and the cor e pressur e 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 cmx1.6 cm. The inside
diameter of the tubes before it was flatted was 1.23 cm, with awall thickness of 0.025 cm. Water
velocity insideis 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):
Py = 2x10° N/m?, Tina = 500 °C, Toy 2 = 350 °C, .= 25 kg/s
Ap=8%

Water side:
Tinw = 290K, m,, =50 kg/s

Geometrica size:

Water side:

Flatted tube size: 0.2x1.6 cm?, Diameter of tube before flatted: d, = 1.23 cm,
Tube wall thickness: 6 = 0.025 cm, Water velocity u, = 1.5 m/s

SOLUTION:
0.100" (GE—
>
0.55" T (:)
LO.79”J

Lo,737” 0.18"

-~ =0.110"

Surface 9.1-0.737-S

Finsper cm= 23.114

Dy = 0.3565 cm

Fin thicknesst = 0.0102 cm

Extended area/Total area: 0.813
Area/Core volume = 734.9 mé/m®
Freeflow area/ frontal area o= 0.788

Water side:
Frontal area associated with one tube: 0.79” x0.55" =0.4345 in? = 2.803x10* n?
A (16-02) x02+ (n/4) x02%|x107*
Oy = L= m =0111
2803x 10~ 2803x 10~
nt x 0.0123

Heat transfer area/Volume = ——=
2.803x10~




www.konkur.in

At w = 425°C, p,=2x10° N/m? properties of air from Appendix are:
p=1012 kg/m?
n=336x10" kg/m.s
c, = 1074 J/kg.K
Pr =0.682
From Table 10.1, we have

Aun _ o =0.788

fr
D, =0.3565cm
L =7349m* /m°
Properties of water from Appendix are (Assume mean temperature as being 300K):
p,, =996 kg/m®
1, =8.56x10"* kg/m.s
C,w = 4179 Jkg.K
Pr,, =5.88
k, =0.609 W/(m.K)
Thermal conductivity of aluminum istaken ask, = 250 W/(m.K)
The trial-and-error method is needed for air side calculation, for the first attempting, let Re

G.D
for air flow be 7000, i.e. Re= —2—"2 _ 7000
Ha

Mass velocity:

R -5
_Repy  7000x336x10° (o o
Dha 0.003565

Air side heat transfer coefficient:
From Fig. 10.8 and Fig. 10.7, for Re = 7000, we can obtain:
h

—— Pr?® = 0.0044

ch

f =0.015

Ga

G.c
=Pl - 00044 x 29731074 _ 0 36 Wim?.k
pr, 23 068273

a

h, = 00044 x

Fin efficiency:

Ph 2h .
ML= |—a | . [ -L=\/ 242, 05715x10 = 1015
K A K, -t 250 00102 x 10~

np = tanh(mL) 076
mL

Thetotd efficiency isthen:
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n= {1— AA—f (1-ny )} =[1-0813(1-0.76)] = 080

Air sdefrontal area:

o M _
a
Afree O-.Afr
A, =l D _ 04809 m’

" 5.G, 0783x6597

Water side heat transfer coefficient:

Re, = PulhiBhy

Hy

2
ax| 09027 (16 02)x02x107
th:ﬂ: S m
. 7 x00123

Re,, - 296X16x0003224 oo,

854x10"

Using Gnielinski’ s correlation for 2300<Re<10000, we obtain:
f = (158In Re—328) % = 00093
(f/2)(Re-1000) Pr  (0.0093/2) x (5640—1000) x588
C1+127(F/2) % (Pr?3-1)  1+127x(000932)°° (58873 1)

_k-Nu _ 0609x429
Dhw 0003224

Overall heat transfer coefficient:

-1
A
U, :{—°i+AORW +%}

h,, =8104 W/ (m?.K)

A; h

i i o]

-1
7349 1 128x107° (12.8) 1
= X + In +
138 8104 2x250 123/ 08x402.36

=265.6 W/(m?.K)

Heat balance:
N 25x1074
50x 4179
. 500- 350 _
500+ 273— 290
Coin _ 2061074 _ )

Toutw = 290 x (500~ 350) = 309 K

031

Crm  50x4179
From Fig. 2.15: NTU = 0.4

_NTU-Cpy,  04x(25x1074)
U, 2656

A = 4044 m?

a
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Heat exchanger size:

A
a 4044—0055m
7349 7349
Corelength L:
L, = vV.__ 005 =0114 m
Aya 04809
Corelength L,:
Gw= = =pwlUy
w
m
Ay =Tw 0 o347
pwUy 996x15
A I
Ag, =—2= 003347 _ 1300 m?
"oy, 0111
L,=—— V__0%5_ 4180 m
Ag, 0302
L= \Y 0.055 265 m
L,L, 0114x0182
Pressure drop:

Ap 2
.G {(1+o-2)(pl—1}+ fA‘(pIH
pl Zpapl :DZ Amin pm

To calculate p,, p, from p;, a pressure drop assumption must be made and, then, verified. A
pressure drop of 2% will be used as the initial guess:

p; =102p,,

P, =PL _196x10°Pa, andp,, = 2 P2 _ 198,105 Pa
102 2

Pr_Pi_qpp

P2 P2

Pr_P1_19n

Pm Pm

A, AL 4x0114
A, D, 0003565

2
ap G {(1+ c )(pl l) LfAL (&ﬂ
Then Py 2pap1 P2 Amin Pm
2
= B9 (1+ 0.7882)(102 -1)+0015x 128 x 101| = 00215
2x2x10° x 0996
The fina result is amost the same as we assume, so —/— APt _ 295 The pressure drop 2% is less
P

than the pressure drop limitation 8%, and the design is acceptable.
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Problem 11.1

Thefollowing constructional information isavailablefor a gasket-plate heat exchanger:

chevron angle
Enlar gement factor
All port diameters
Platethickness
Vertical port distance
Horizontal port distance
Plate pitch
Calculate:
a. Mean channd flow gap
b. One-channel flow area
c¢. Channel equivalent diameter
d. Projected plate area
e. Effective surface area per plate

50°

1.17
15cm
0.0006 m
1.50 m
0.50m
0.0035m

SOLUTION:
a. Mean channd flow gap:

b=p-t=00035-0.0006=00029 m

b. One-channd flow area:

Ay =b-L, =b:(Ly+D,)=00029x (05+015) = 0001885 m’

¢. Channel equivalent diameter:

4b-Ly) _2b_2x00029

© 2b+Lyd) ¢
d. Projected plate area:

=0004957 m
117

Ap=LyLy=(Ly +Dp)(LV —Dp)z (05+ 015)(15- 015) = 08775 m?

e. Effective surface area per plate:

A;=0-Ay, =117x0.8775=1.0267 m?
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Problem 11.2

A gasketed-plate heat exchanger will be used for heating city water (R;. = 0.00006 m*.K/W)
using the wastewater available at 90 °C. 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
°C. The plates are made of titanium (k = 20 W/m.K) with a thickness of 0.0006m. The port
diameter is0.15 m. The cold water entersto the plate heat exchanger at 15 °C and leaves at
45°C at arate of 6 kg/s; and it will be heated by the hot water available at 90 °C, flowing at
arateof 12 kg/s. By considering single-pass arrangementsfor both streams, calculate:

a. The effective surface area and the number of plates of thisheat exchangers

b. Thepressuredrop for both streams

GIVEN:
-Inlet temperature of hot wastewater (T,) = 90 °C
-Mass flow rate of hot water (my) = 12 kg/s
-Inlet temperature of cold water (Ty) = 15 °C
-Outlet temperature of cold water (T,) = 45 °C
-Mass flow rate of cold water (m ) = 6 kg/s
-Fouling resistance (Ry.) = 0.00006 m*.K/W
-Plate thermal conductivity (Titanium , k) = 20 W/(m.K)
-Gasket heat exchanger configuration:

L,=1.60m L,=050m
b=6mm ¢=1.17
B =50° t =0.0006 m
Dp,=0.15m

SOLUTION:

Tin + Tow 15+ 45

Cold water propertiesat T, =—" 5 B 30°C:

p =99 kg/m®
n=815x10"* kg/m.s
Cp = 4179 Jkg.K
Pr=558
k =0.612 W/(m.K)
Hot water propertiesat T, = 90 °C:
p =965 kg/m®
n=316x10"* kg/m.s
c, =4205 JkgK
Pr=1.96
k =0.675 W/(m.K)

Heat duty:
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Q= (mcp )c (Tc2 - Tcl) = (mcp )h (Thl - Thz)
=6x 4179 (45-15)= 752220 W

(e, ), (Teo ~ Ter) _ 6x4179x (45-15)

Tho =Try — =90 =75 °C
Sl (e, ). 12x 4205
L og-mean temperature difference:
(Ti = Tep)—(Tha — Tet) (90— 45) — (75-15) .
ATimer = e = =52.14 °C
T Te) 1n 2045
(Tho = Ta) 75-15

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 fromit.

Assume the overall heat transfer coefficient U, to be 5000 W/(m?.K) (From table 11.2).
For safety factor Cs = 1.4,

Qs =C, - Q, =1.4x 752220=1053108 W

Qs 1053108

o= = —4.0395 m°
U; -FAT) g 5000 1x 52.14

The single-plate projected area:

Ap=L, L, =(,-D,)L, =(16-015)(0.50) = 0.725 "’
The single-plate heat transfer area

Ap=Ay, - $=0725x1.17= 084837

The number of plates:

_ A, _4.03%5
® A, 08483

~5 plates

. Ny=N,+2=5+2=7plates
Verify theassumed heat transfer coefficient:
One channel flow area:
Ay =bxL, =0.006x05=0.003 m?
Channel equivalent diameter:

De:4(b'—'-w):2_b:M:o_01026 m
2b+Ly9) ¢ 117

The number of channels per pass, N,:
N -1_7-1_,

PT2N, 2x1

Mass flow rate per channel:
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Mehh =

| -
N

=4 Kkgls

m =2 kg/s

che =

Wl ¢,

Mass velocity, Gen:

4 2
G =——=1333.34 ko/(m‘s
o = 5o /(9
2 2
G =———=666.67 ko/(m‘s
ch,c 0.003 g/( )

Hot and cold fluid Reynolds numbers for correlation proposed by Kumar are:
Genn -De  1333.34x0.01026

Re,, = T = 43201
iy 3.16x10"
Gy D
re, - Sene De _ 666,67 0.014026 _ 8393
He 8.15x 10"

Heat transfer coefficients, h,—This can be obtained by referring to Table 11.6 C,=0.13, and
n=0.732for B =50°:

hnDe

0.17
Nu, = = 0.13-(Re, )0'732(Pr)]/3(“—b]

Huw
By assuming pp = py, then:
Nuj, = 0.13-(43291)°"%(1.96)"* = 402.9

_ Nupk  402.9x0.675
D, 0.01026

Nu, =0.13-(8393)*"%*(5.58)° =171.8
_ Nuck 171.8x0.612
° D, 001026
Overall hesat transfer coefficient:
1 _1,1 00006

hi

= 26507 W/(m? -K)

h

=10247.7 W/(m? -K)

U, h. h, 20

{1 1 o.oooes}‘l { 1 1 0.0006
U,.= +—+ = + +

-1
¢t = 6049.3 W/(m’.K)
10247.7 26507 20

h. h, 20

Fouled overall heat transfer coefficient:

A1 000006
U, U

f c

-1
U; = i+0.00006 = 1
U 6049

C

-1
5 0.0006} = 4438.4 W/(m*.K)

So, the resulting heat transfer coeffcient is less than the assumed 5000 W/(n?.K), the
procedure has to be repeated, assuming the U; to be 4438.4 W/(m?K) as follows:
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A Qs _ 1053108 _ e o
® U FAT,q 44384x1x5214

The number of plates:
Ae (4506 g6 7 plates (round off to odd number to make equal

©TA, 08483

number of channel passes for cold and hot fluid)
So the number of plateswe get is:
SNy =N.+2=7+2=9plates

and the effective surface areais:
Ao =Ng-A; =(9-2)x0.8483=5.9381 m?

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 § = 50 °and Re > 300:

0.772 0.772
fn = 0161 ozer — 0138
(Rey, )***  43201%

0.772 0.772
fe= 0161 ozer — 0-180
(Re,)***  6456>

Hot and cold fluid frictional pressure drop:
LetNp G (Hbjaﬂ

Ap, =4f =P ¢ | Tb
¢ De  2p \ny
2
(Ape), = 4x0.138x 101 1333347 79203 Pa
0.01026  2x 965

2
(AP, ), = 4x0.180x 21 8067 _onnny py
001026 2x996

Port mass velocity:

Gpp=— =12 _67906 kg/(m’s)
[ D,> J [0.152 J
o ——| T™mX
4 4
m, 6 2
Gpe = = =339.53 kg/(m"s)
[ D, J [0.152 j
n— TX
4 4
Pressure drop in port ducts:
2
p
App = 14N p 2—p

2
(Ape), =14x1x 6279555 =334.49 Pa
X
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2
(Ape), = l.4xlx% =81.02 Pa

X
Total pressure drop for hot and cold fluids:
Apy = Apc +App
(Ap¢), = (Apc), +(App ) = 79293+ 334.49 = 79627.5 Pa

(Apy), =(Apc), +(Apy ) = 25051+ 81.02 = 25132.02 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 theresutlsin a Table and compar etheresults.

SOLUTION:
Hot fluid properties:
p =986 kg/m?®
n=511x10"* kg/m.s
c, =4183 J/kg.K
Pr =332
k =0635 W/(m.K)
Cold water properties:
p =995 kg/m?
n=768x10" kg/m.s
cp =4178 J/kg.K
Pr=521
k=0616 W/(m.K)
Stepwise performance analysis:
Heat duty:
Q,. = (r‘ncp)c(Tcz ~T.) = 140x 4178x (42 - 22) = 116984 W

Qun = (MCp), (Tha — The) = 140 4183x (65— 45) = 117124 W

L og-mean temperature difference:
AT, = AT, = AT, 4 =23 °C

The effective number of plateis:
N, =N,-2=103

Plate pitch:

p=i=%=0.0036 m
N, 105
Mean channel flow gap:
b = 0.0036-0.0006 = 0.003 M
One channel flow area:
A, =bxL, =0003x063=000189 m?

The single-plate heat transfer area:

A, =Re 101667 2
YN, 103

Enlargement factor:
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b= 1.067 _ 1255
085

Channel eguivalent diameter:

L
p, - APLw) _2b_ 2x0008_ 0000
2b+L,0) ¢ 1255

The number of channel per pass:
~Ny-1 105-1
® 2N 2x1

52

p
Mass flow rate per channel:
140

m,, =—=269 kag/s
ch 52 g/
Mass velocity, Gen:
2.69 >
‘"~ 000189 g(m's)

Hot and cold fluid Reynolds numbers are;
G -De  14233x 000478

Re;, = ——=13314
i 511x 10"
Gy, -D 3% 0!
re, = GenDe _ 14233 x 000:178 _ 885
He 768x10"

For B = 0.60:

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
Cy=0.108, and n= 0.703 for B = 60 °C:

o 017
Nuj, = % = o.108-(Reh)o'm(Pr)w(E_b)
w

By assuming pp, = py, then:
Nu, = 0108.(13314)%"%(332)"° = 12738

_ Nugk  1278x 0635
D, 000478

hy, =16977 W/(m?-K)

Nu, = 0108-(8859)*"*(521)*® = 1115

_ Nuck  1115x 0616
° D, 000478

Overall heat transfer coefficient:
1 1 1 0.0006
+—+

U, h. h, 175

h

=14372 W/(m?-K)

1 1 00006]" [ 1 1 00006
Ug=|—+—+—"]| = + +
h, h, 175 14372 16977 175

Fouled overall heat transfer coefficient:

A1 000006
U, U

f c

-1
} = 6144 W/(M*.K)
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-1 -1
U, = L 000008 :[ 1 +o.0005} = 4700 W/(m*K)
U 6144

c
The corresponding cleanliness factor is.
U; 4700
T U, 6144
Actual heat dutiesfor clean surface are:
Q. = U A AT, = 6144x110x 23=15544 kW
Qs = U;AAT,, =4700x110x 23=11891 kW
The safety factor is.
Q11891

°Q, 11698
The percentage over surface designis:
OS=100U Ry, =100x 6144 x 000005 = 30.72%

Hot and cold fluid friction coefficients:

CF

0.76 0.76
f. = = =0.099
h ( Re, ) 0215 ~ 133140215
076 0.76 0108

- (Rec)o.zls - 64560215 -

Hot and cold fluid frictional pressure drop:

LN G2 ~017
Ap, = 4f M_C(”_b)
De  2p \ny

155x1 142332
000478 2x 986

15x1 142332
000478~ 2x 995

=131912 Pa

(Apg), = 4x0099x

(Ap.)_ =4x0108x =142602 Pa
c

Port mass velocity:

> (Dpzj (o.zzj
T ——| X
4 4

Pressure drop in port ducts:

G,’
App = 14Np 2_p

2
(Apc), =14x1x 44586

2x 986

2
(Ap,) —14x1x 22385 _ 1398531 Pa
cle 95

X

=14112.96 Pa

Total pressure drop for hot and cold fluids:
Ap; = Apc +App
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—
>
°
S—
=
[

(Apc), +(Apy ), =131912+1411296 = 146025 Pa

(Apc) +(App)_ =142602+1398531= 156587 Pa

—_
>
3
~—
o
Il

For B = 0.65:

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
C,=0.087, and n= 0.718 for B = 65 °C:

h.D 017
Nup, = —2=¢ — 0087 (Re,, ) *™*(Pr) 3| L2
k Hw

By assuming pp, = pw, then:
Nuj, = 0087-(13314)%"%(332)¥* - 1187

_ Nupk  1187x0635
D, 000478

0.718 (

hy, =15770 W/ (m?-K)

Nu, = 0087-(8859)*"*(521)"° = 103
Nuck — 103x 0616
"D, 000478
Overall heat transfer coefficient:
1_1,1 00006

U. h, h, 175

h =13269 W/(m?-K)

C

c

1 1 00006]" 1 1 0.0006
| =+ =+ = + +
he h, 175 13269 15770 175

Fouled overall heat transfer coefficient:

-1
} =5778 W/(m*.K)

1.1 +0.00006
U

f [

-1 1
U = 21 000006 - {i+ 0.0005} = 4483 W/(m*.K)
U, 5778
The corresponding cleanliness factor is:
Uy 4483
U, 5778
Actual heat dutiesfor clean surface are:
Q. = U A AT, =5778x110x 23=14618 kW
Qs = U;AAT,, =4483x110x 23=11342 kW

The sefety factor is:
Qf 11342
*TQ, 11698
The percentage over surface designiis.
0S=100U Ry =100x 5778 x 0.00005 = 28.89%

Hot and cold fluid friction coefficients:

CF= 0.78
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(__ 0639 _ 0639 _
0639 0639

= = =0.099
( Rec ) 0.213 64560213

Hot and cold fluid frictional pressure drop:

-017
Le Np Gc2 (Mb)

De 2p \py

Ap, = 4f

155x1 142332
000478 2x 986

15x1 142332
000478 2x 995

=111926 Pa

(Apg), =4x0084x

(Ap;) . =4x0099x =131912 Pa
c

Port mass velocity:

Gp,h :Gp,c = N 2 = 44586 kg/(mzs)
[Dp J (0.2 j
T —— X
4 4
Pressure drop in port ducts:
G 2
P
Ap, =14N, 2—p
2
(Ape)., :14x1xﬂ'§6=14112.96 Pa

X

2
(Ap, ), =14x1x 235" _ 1398531 Pa
¢le 2x995

X
Tota pressure drop for hot and cold fluids:
Apy = Apc +App

(AP¢),, =(APc), +(Apy ), =111926+14112.96 = 126039 Pa

(Apy), =(Apc), +(Apy ) =131912+1398531= 145897 Pa
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Problem 11.4

Repeat Example 11.1 for 30% or less oversurface design.

SOLUTION:
Hot fluid properties:
p=986 kg/m?
n=511x10" kg/m.s
Cc, =4183 J/kg.K
Pr =332
k =0635 W/ (m.K)
Cold water properties:
p =995 kg/m?
n=768x10" kg/m.s
cp =4178 J/kg.K
Pr=521
k=0616 W/(m.K)
Stepwise performance analysis:
Heat duty:
Que =(Mep ) (Tep ~ Tez) = 140x 4178 (42 - 22) = 116984 W

Qun =(MC, ), (T~ Thz) = 140 4183 (65-45) = 117124 W

Log-mean temperature difference:
AT, = AT, = ATjq =23 °C

The effective number of plateis:
N, =N, -2=103

Plate pitch:
:i:@:0.00BG m
N, 105
Mean channel flow gap:
b = 0.0036-0.0006 = 0.003 m

One channel flow area:
Ag =bxL, =0003x063=000189 m?

The single-plate heat transfer area:
A
A, _Ae MO 067
N, 103
Enlargement factor:
b= 1.067 1255
085

Channel eguivalent diameter:
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b-L
De=—4( wl _2b_2x0008_ e
2(b+L,0) ¢ 1255
The number of channel per pass:
_N{-1 105-1
®T2N,  2x1

N =52

Mass flow rate per channel:
iy, = % _269 ks
Mass velocity, Gen:
2.69
~ 000189
Hot and cold fluid Reynolds humbers are:

Gy -D.  14233x 000478

@ =14233 kg/(m?s)

Re,, = ——=13314
T 511x 10"
Gy, -D 3% 0.
Re, = Con'De _ 14233 000:178 _ gaso
He 7.68x 10"

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
Cy=0.3, and n= 0.633 for § = 45 °C:

h D 017
Nuj, = % - 0.3.(Reh)°'633(Pr)]/3(5—bj
w

By assuming pp = py, then:

Nuy, = 03-(13314)°%%(332)* = 2428

_ Nupk  2428x 0635

h
"D, 000478

=32255 W/ (m?-K)

Nu, = 03-(8859)**®(521)*® = 2154
Nuck 2154x0616
"D, 000478
Overall heat transfer coefficient:
1_ 1,1 00006

0.633 (

h

= 27759 W/(m?-K)

U, h. h, 175

+
he hp, 17.5

—1
U, = [ 1 L . 0'0006] — 9870 WI/(m°K)
For 30% of oversurface design:
0S=100U Ry, = 30%
oS 03
100U, 100 9870

Fouled overall heat transfer coefficient:

Ui -1 +0.0000003

f c

Ry = = 00000003
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-1 _
Us = {U—lc +0.0000003} = |:K170+ 0.0000003} 1 = 9840 W/(mZ,K)
The corresponding cleanliness factor is.
F= ld—fc = % =0997
Actual heat dutiesfor clean surface are:
Q. = U A AT,, = 9870x110x 23= 24971 kW
Q; = U; A AT, =9840x110x 23=24895 kW
The safety factor is.
_Qr _ 24895
T Q, 11698
Hot and cold fluid friction coefficients:
1441 1441

= =0204
(Reh ) 0206 ~ 133140206

1441 1441
0206 oz06 — 0222
(Re,)*?®  8850°

fh=

Hot and cold fluid frictional pressure drop:

LN, G2 -017
Ap, = 4f M_C(”_b)
De  2p \ny

155x1 142332
000478 2x 986

15x1 142332
000478~ 2x995

(Apc), =4x0204x = 271819 Pa

(Apg), =4x0222x

= 293128 Pa

Port mass velocity:

_g =M _ = 44586 kg/(m?s)
p.h p.Cc 2 2
T{ D, j . (0.2 j
4 4

Pressure drop in port ducts:

2
ap, =14N, 2
p p 2p
2
(Ap,), = 14x1x 255 _ 1411296 Pa
n 2986

X

2
4458'65 =1398531 Pa

(Apg), =14x1x

X

Total pressure drop for hot and cold fluids:
Ap; = Apc +App

(Ap¢),, =(APe), +(APp), =271819+14112.96 = 285932 Pa
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(Ap¢), =(APc), +(Apy ) = 293128+1398531= 307113 Pa
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Problem 11.5

Solve Praoblem 11.2 for two-passtwo-pass arrangement.

GIVEN:
-Inlet temperature of hot wastewater (T,) = 90 °C
-Mass flow rate of hot water (my) = 12 kg/s
-Inlet temperature of cold water (T,) = 15 0C
-Outlet temperature of cold water (T,) = 45 0oC
-Mass flow rate of cold water (m ) = 6 kg/s
-Fouling resistance (Ry.) = 0.00006 m*.K/W
-Plate thermal conductivity (Titanium , k,,) = 20 W/(m.K)
-Gasket heat exchanger configuration:

L,=1.60m L,=050m
b=6mm ¢=1.17
B=50°C t =0.0006 m
D,=0.15m
SOLUTION:
Cold water propertiesat T, = Tin +2T°“t = 15;45 =30°C:
p=99 kg/m?

n=815x10"* kg/m.s

Cp, =4179 J/kg.K

Pr =558

k=0612 W/(m.K)
Hot water propertiesat Ty, = 90 °C:

p =965 kg/m?

n=316x10" kg/m.s

c, =4205 J/kg.K

Pr =196

k=0675 W/ (m.K)

Heat duty:
Q= (mcp)c(TCZ -Ta)= (mcp)h(Thl ~Tho)
=6x 4179 x(45-15) = 752220 W
(mep) (To—Ter)  6x4179x(45-15)

Top = Ty =90 =75°C
hz = Thi (mcp) 12 x 4205
h

L og-mean temperature difference:
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(Tr = Te2) = (Tho = Tea) _ (90-45) - (75-15)
(Tha —Te2) 1n 20-45
(Thz _Tcl) 75-15

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 fromit.

Assume the overall heat transfer coefficient U, to be 7000 W/(n?.K) (From table 11.2).
For safety factor Cs = 1.4,
Q; =C,-Q, =14x 752220 =1053108 W

where Q; = U; -AFAT, 4, then:

A Qs 1053108
® U -FATng 7000x1x5214

=5214 °C

ATlm,(:f =

In

—2885 m?

The single-plate projected area:
A, =L, L,=(,-D,)L,=(06-015x05=0.725 n¥
The single-plate heat transfer area:
A=A, ¢=0725x1.17 = 0.848M°
The number of plates:
_A 288

o= ———=34~5 plates (odd number)
A 0848

Ny =N, +2=5+2="7plates
Verify theassumed heat transfer coefficient:
One channel flow area:
A, =bxL, =0.006x05=0.003 m*
Channel equivalent diameter:

L
p, - Ablu) _2b_2x0006 0006 1
2b+L,0) ¢ 117

The number of channels per pass, N,:
N, -1 7-1
®T2.N, 2x2
mass flow rate per channel:

12
My = ) =6 kg/s

ch,c

6
m. =—=6 kg/s
5 g/

Mass velocity, Gen:

6

G, =——

h " 0.0039
Gch c = 3

© " 0.0039

—1538.5 kg/(mPs)

—769.2 kg/(m’s)
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Hot and cold fluid Reynolds numbers are;
Gen - De  1538.5x 0.01026

Re, = T = 49953
i, 3.16x10
G,.-D
Rec — ch,c e _ 7692>< 001026 _ 9684
1, 8.15x10™*

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
Cy=0.13, and n= 0.732 for B = 50 °C:

h.D 017
Nuy, =—1—¢ = 03-(Re, )" (Pr)¥*| £
k Hw

By assuming pp = py, then:
Nu, = 0.3-(49953)""(5.58)"° =1455.0

_ Nu,k  1455.0% 0.612
D 0.01026

e

h, = 86788 W/(m? -K)

Nu, = 0.3-(9684)°(1.96)"* = 310.0
_ Nuk 310.0x0.675
° D, 0.01026

Overall heat transfer coefficient:
1 1 + 1 0.0006

U, h. h, 20

h

= 20395 W/(m? -K)

{1 1 0.000GT { 1 1 0.0006
U, = + = + +

h, h 20 20395 86788 20

-1
} =11043 W/(m”.K)
Fouled overall heat transfer coefficient:

1.1 +0.00006
U

f c

a1 -1
U, =|-X +0.00006 { 1 +o.ooooe} — 6642 WI(M’K)
U 11043

C

So, the resulting heat transfer coefficient is less than the assumed 7000 W/(n?.K), the
procedure has to be repeated, assuming the U; to be 6642 W/(m?K) as follows:

Qs 1053108 304 Nt

AU RaT,, eea2xixm21a
The number of plates:
.= A = 304 = 3.6~ 5 plates (round off to odd number to make equal
A 0848

number of channel passes for cold and hot fluid)
~ N, =N, +2=5+2=7plates

The following calculation is the same as the above procedure, where we obtain the fouled overall
heat transfer coefficient as 7912 W/(m?.K).
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So the number of platesweget is:
Ny =Ng+2=5+2="7plates

and the effective surface areais:
A =N, A =5x0.848=4.24 m*

b.
Hot and cold fluid friction coefficients:
0.772 0.772
f = = =0.135
h (R eh )0.161 499530.161
o 0.772 _ 0.772 0176

c (Rec )0.161 96840.161
Hot and cold fluid frictional pressure drop:
Leff Np G_Cz( l/lb)—0.17

Ap, =4f =P b
¢ De 2p \py
2
(Ap, ), = 4x0.135x 16x2 153857 _ 06554 Pa
0.01026  2x 965
2
(Ap,), = 4x0.176x =22, 192" _ 6516 pa

X
0.01026 2x996
Port mass velocity:

Gpp == 12 _ 67906 kg/(mPo)
[ D, (0.152]
T X
4 4
me 6 2
Gy = = o~ = 33953 kg/(m°s)
[Dp [0.15 j
s TX| ——
4 4

Pressure drop in port ducts:
2

Ap, =14N 2—‘;
2
(Ap, ), =14x2x 679.06" _ 669.0 Pa
2%
2
33953 _ 1600 Pa

AD.) =14x2
(Ap,). =14x2x 2o

Total pressure drop for hot and cold fluids:
Ap; = Apc +App
(A, ), = (Ap, ), +(Ap, ). = 206554+ 669 = 207223 Pa

(ap,), = (ap,), +(Ap, ), = 65218+162 = 65380 Pa
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Problem 11.6

A heat exchanger isrequired to heat treated cooling water with a flow reate of 60 kg/s from
10 to 50 °C using the waste heat from water, cooling from 60 to 20 °C with the same mass
flow rate as the cold water. The maximum allowable pressure drop for both streamsis 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 portsis 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
sted (316) (k = 16.5 W/m.K). For a two-passtwo-pass arrangement, analyze the problem to
seeif the proposed design isfeasible. Could this heat exchanger be smaller or larger?

GIVEN:
-Inlet temperature of hot wastewater (Ty;) = 60 °C
-Outlet temperature of hot wastewater (Ty,) = 20 °C
-Mass flow rate of hot water () = 60 kg/s
-Inlet temperature of cold water (T;) = 10 °C
-Outlet temperature of cold water (T,) =50 °C
-Mass flow rate of cold water () = 60 kg/s
-Fouling resistance (Ry.) = 0.00006 m*.K/W
-Plate thermal conductivity (stainless stedl, k,,) = 16.5 W/(m.K)
-Number of plates (N;) = 301
-Allowable pressure drop(Ap) = 120 kPa
-Gasket heat exchanger configuration:

L,=15m L,=050m
p=0.0035m ¢ =125
B=60° t =0.0006 m
D, =0.15m
SOLUTION:
Hot fluid properties a T, = “htlhz — 8920 _ 4 0(

2 2
p=992.2 kg/m3
u=653x10"* kg/m.s
¢, = 4179 ] /kg.K
Pr =4.34
k=0629 W/m.K

Te1+Tez _ 50+10
2

Cold water propertiesat T, = =30°C:
p =995.7 kg/m3

u=7975x10"* kg/m.s

cp, = 4178 J/kg.K

Pr =543

k=0.614 W/mK

Stepwise performance analysis:
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Heat duty:
Qrc = (mcp)c(TC2 —T.) =60x4178x (50 — 10) = 10027.2 kW

Q= (mc,,)h(Th1 — Thy) = 60 x 4179x (60 — 20) = 10029.6 kW

L og -mean temperature difference:
ATy = ATy = ATy er = 10 °C

The effective number of plateis:

N, =N, —2 =299
Mean channel flow gap:

b = 0.0035 — 0.0006 = 0.0029 m
One channel flow area:

Agp =bx L, =0.0029 x 0.5 = 0.00145 m?

The single plate projected area:

Ayp=1Ly.L,=(L,—Dp).Ly,=(1.5—0.15) x 0.5 = 0.675 m?

The single plate heat transfer area:
Ay =A;, .0 =0.675x1.25=0.844 m?

Channel equivalent diameter:
4(b.L,,) 2b  2x0.0029
" 2(b+L,0) © 125
The number of channel per pass:
N,—1 301-1
PEoN, T 2x2 0

= 0.00464 m

Ne

Mass flow rate per channel:
60
Moy = == 0.8 kg/s
Mass velocity, Gen:
0.8
h = 0.00145
Hot and cold fluid Reynolds humbers are:

o, _ Gen: Do _5517x000464
e =T T T 653x10% o

Gen - Do 551.7 x 0.00464
U,  7.975x10%

Hot fluid and cold fluid heat transfer coefficient,h,and h;:  This can be obtained by referring
to Table 11.6 (Kumar’s correlation) C=0.108, and n=0.703 for f=60°:

G

= 551.7 kg/(m?s)

Re, = =3209.8
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hh X De
k
By assuming t,=|, then:
Nuy, = 0.108 x (3920.2)%793(4.34)1/3 = 59.16
_ Nupxk 5916 x0.629
"D, T 0.00464
Nu, = 0.108 x (3209.8)°793(5.43)1/3 = 55,39

_ Nucxk  5539x0.614
€ D,  0.00464

Overall heat transfer coefficient:
1 1 1 0.0006

U, m nt 165
1 1 0.000677*
= [8019.75 " 73296 T 165
For %30 of oversurface design:
0S = 100URs, = 30%
R = 0s _ 0.3
7t 7 100U, ~ 100 x 3361.5
Fouled overall heat transfer coefficient:

0.17
Nuy, = = 0.108 x (Re,)%73(Pr)1/3 (Z—b)
w

=8019.75 W /(m?.K)

= 7329.6 W/(m2.K)

U, =3361.5 W/(m?.K)

=8.92x10"7 (m2.K)/W

L +8.92x1077
—_— = . X
U, U,
1 - 1 -1
= |— =7 = =7 = 2
Uy = | + 89210 ] [3361.5+8.92x10 33514 W /(m?.K)

Corresponding cleanliness factor:

Actual heat dutiesfor clean surface:
Q. = U.A.AT,, = 3361.5 x 299 x 0.844 x 10 = 8482.95 kW
Qf = UrA AT, = 3351.4 x 299 x 0.844 x 10 = 8457.49 kW

The safety factor:

_ Q 845749
ST Q, 10029.6

Hot and cold friction coefficients with Kumar’s correlation from Table 11.6 for K,=0.760 and
m=0.215:

0.760 0.760

frn= (Rep,)0215 = (3920.2)0215 =0.128
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_ 0760  0.760
fC - (Rec)°-215 - (3209.8)0-215

Hot and cold fluid frictional pressure drop:

=0.134

LessNy G2 ~017
AP, = 4f -SSP PL(”_”)

De  2p \py
1.5x2 551.72

(AR) ), = 4x 0128 x ooomr X oo = 50775Pa
(AP.) =4x0.134x 15x2 x 55177 = 52968.2 Pa
¢ 0.00464 ~ 2 x 995.7
Port mass velocity:
m 60
Gpn = Gpe = = = 3395.3 kg/(m?s)

e D} 0.152
4 21 T 4

Pressure drop in port ducts:

Gy ?
APp == 14Np2—
(AP))p =14x2x &532 = 16266.2 Pa
2x992.2
(APy)).=14x2x &532 = 16209 Pa
2 x 995.7

Total pressure drop for hot and cold fluids:
AP, = AP, + AP,
(AP)p = (AP)p + (AP,)p, = 50775 + 16266.2 = 67041.2 Pa
(APy). = (AF.)c + (APR,). = 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
compar e the results of both correlations. Could this heat exchanger be smaller or larger?

GIVEN:
-Inlet temperature of hot wastewater (T;,,) = 60 °C
-Outlet temperature of hot wastewater (Tp,) = 20 °C
-Mass flow rate of hot water () = 60 kg/s
-Inlet temperature of cold water (T;) = 10 °C
-Outlet temperature of cold water (T,) = 50 °C
-Mass flow rate of cold water () = 60 kg/s
-Fouling resistance (Ry.) = 0.00006 m*.K/W
-Plate thermal conductivity (stainless sted, k) = 16.5 W/(m.K)
-Number of plates (N;) = 301
-Allowable pressure drop(Ap) = 120 kPa
-Gasket heat exchanger configuration:

L,=15m L,=050m
p=0.0035m 0=125
B=60° t =0.0006 m
D, =0.15m
SOLUTION:
Hot fluid properties at T, = T’“’;T"Z = 60;'20 =40°C:

p=992.2 kg/m3
u=653x10"* kg/m.s
cp = 4179 J/kg.K

Pr = 4.34

k=0629 W/m.K

Te1+Tez _ 50+10
2 2

Cold water propertiesat T,,, = =30°C:
p =995.7 kg/m3

u=7975x10"* kg/m.s

c, = 4178 J /kg.K

Pr=>543

k=0.614 W/m.K

Stepwise performance analysis:

Heat duty:
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Qrc = (mcp)c(TC2 —T.) =60x4178x (50 — 10) = 10027.2 kW
Q= (mc,,)h(Th1 — Thy) = 60 x 4179x (60 — 20) = 10029.6 kW

L og -mean temperature difference:
ATy = ATy = ATy er = 10 °C

The effective number of plateis:
N, =N, —2 =299
Mean channel flow gap:
b = 0.0035 — 0.0006 = 0.0029 m
One channel flow area:
A, =bx L, =0.0029 x 0.5 = 0.00145 m?
The single plate projected area:

Ayp=1Ly.L,=(L,—Dp).Ly,=(1.5—0.15) x 0.5 = 0.675 m?

The single plate heat transfer area:
Ay =A;, .0 =0.675x1.25=0.844 m?

Channel equivalent diameter for Kumar’s correlation:
_ 4(b.Ly,) _ 2b _ 2 x 0.0029
¢ 20b+L,0) © 125

Channel equivalent diameter for Chisholm and Wanniarachchi’ s correlations:

= 0.00464 m

D, =2b =2x0.0029 = 0.0058m
The number of channel per pass:
N,—1 301-1
= =75
2N, 2x2

Nep =

Mass flow rate per channel:

. 60
Men = =z = 0.8 kg/s
Mass velocity, Gen:
0.8
Gep, = SO01E 551.7 kg/(m?s)

Solution with Kumar’s Correlation from Table 11.6 for p=60° :

Hot and cold fluid Reynolds numbers are;

o, _ Gen: Do _5517x000464
e =T T T 653x10% o

Gen - Do 551.7 x 0.00464
U,  7.975x 104

Re, = =3209.8
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Hot fluid and cold fluid heat transfer coefficient,h,and h.: This can be obtained by referring
to Table 11.6 (Kumar’s correlation) C,=0.108, and n=0.703 for =60°:

hp x D 0.17
Nuj, = — p ® =0.108 x (Rey)7%3(Pr)1/3 (Z—b)
w

By assuming t,=|, then:
Nuy, = 0.108 x (3920.2)%793(4.34)1/3 = 59.16
h, = Nup x k _ 59.16 x 0.629
D, 0.00464
Nu, = 0.108 x (3209.8)°793(5.43)1/3 = 55,39

_ Nucxk  5539x0.614
€ D,  0.00464

Overall heat transfer coefficient:
1 1 1 0.0006

U. h Th 165
U - 1 N 1 +0.0006 -1
¢ [8019.75 7329.6 16.5
For %30 of oversurface design:
0S = 100U Ry = 30%
0S 0.3
th = =
100U, 100 x 3361.5

Fouled overall heat transfer coefficient:

=8019.75 W /(m?.K)

= 7329.6 W/(m2.K)

=3361.5 W/(m?.K)

=8.92x10"7 (m2.K)/W

! 1 +892x1077
—=—+892x
Us U
1 -1 1 -1
= |— =7 — -7 — 2
Ur UC+8.92x10 ] [3361.5+8.92x10 3351.4W/(m?.K)

Corresponding cleanliness factor:

Actual heat dutiesfor clean surface:
Q. = U,A,AT,, = 3361.5 x 299 x 0.844 x 10 = 8482.95 kW
Qf = UsA ATy, = 3351.4 x 299 x 0.844 x 10 = 8457.49 kW
The safety factor:

_ Q845749
ST Q, 10029.6

Hot and cold friction coefficients with Kumar's correlation from Table 11.6 for K,=0.760 and
m=0.215:

0.84
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_ 0.760 _ 0.760
frn= (Reh)°'215 - (3920_2)0.215

_ 0760  0.760
fC - (Rec)°-215 - (3209.8)0-215

Hot and cold fluid frictional pressure drop:

=0.128

=0.134

LefprG_cz(#_b)“"”
De  2p \py
1.5x2 55172

AP, = 4f

(AF) , =4x0.128x 000462 X 259922 — 50775Pa
(AP.) =4x0.134x 15x2 x 55177 = 52968.2 Pa
¢ 0.00464 ~ 2 x 995.7
Port mass velocity:
GonmGyom e =90 33953 kg/(m?s)

ph T Tpe D2 (0.152)
T T T 4

Pressure drop in port ducts:

Gy ?
APp == 14Np2—
(AP))p=14x2x &532 = 16266.2 Pa
2x992.2
(APy)=14x2x &532 = 16209 Pa
2 x 995.7

Total pressure drop for hot and cold fluids:
AP, = AP, + AP,
(AP)p = (AP)p + (AP,)p, = 50775 + 16266.2 = 67041.2 Pa
(AP). = (AF.). + (APR,). = 52968.2 + 16209 = 69177.2 Pa

Solution with Chisholm and Wanniarachchi’s correlation from Table 11.5 for
p=60°:

Hot and cold fluid Reynolds numbers are:
Gep - Do 551.7 x 0.0058

Re, = - = 4900.2
e =T 653x 104

o, _Gen. Do _5517x00058
b= T T 7975x10% X

Hot fluid and cold fluid heat transfer coefficient,h,and h.: This can be obtained by referring
to Table 11.5 for f=60° and @=1.25:
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Nuy, = 0.72 x Re,**°Pro4@041 (5 /30)°-66

Nuy, = 0.72 x (4900.2)%59(4.34)%4(1.25)%*1 (60/30)%6¢ = 337.3

h, = Nup x k _ 337.3x0.629
D, 0.0058

Nuc =072 x ReC0.59PrO.4-®0.4-1 (ﬁ/30)0'66

Nu, = 0.72 x (4012.4)%5°(5.43)%4(1.25)%41 (60/30)°¢¢ = 327.8

_ Nucxk 327.8x0.614
¢~ D, 00058

Overall heat transfer coefficient:
1 1 1 0.0006

U. h T h 165
gL N 1 +0.0006 -1
¢ 36579.6 34701.6 16.5
For %30 of oversurface design:
0S = 100U R, = 30%
- 0S _ 0.3
7t~ 100U, ~ 100 x 10808.7
Fouled overall heat transfer coefficient:

= 36579.6 W/(m?.K)

= 34701.6 W/(m2.K)

= 10808.7 W /(m?2.K)

=2.78x10"7 (m2.K)/W

Lo 278x107
—=—+42.78x
U~ U,

-1 -1
1
N -7 — 2
_[10808.7+2'78xm ] 10776.3 W /(m~.K)
Corresponding cleanliness factor:

Us 107763
CF=L=—\"—
U, 108087

Actual heat dutiesfor clean surface with:
Q. = U.A.AT,, = 10808.7 x 299 x 0.844 x 10 = 27276.4 kW
Qf = UrA ATy, = 10776.3x 299 x 0.844 x 10 = 27194.6 kW

1 -7
Uy = |5~ +2.78x10 ]
Cc

= 0.997

The safety factor:

Q271946
ST Q, 10029.6

Hot and cold friction coefficients.
fn = 0.08(Rep,) " %250125(3/30)3° = 0.08(4900.2)~°25(1.25)12>(60/30)3¢
= 0.153

2.71
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f. = 0.08(Re,)"%25¢125(B/30)36 = 0.08(4012.4)7%25(1.25)125(60/30)3
= 0.161
Hot and cold fluid frictional pressure drop:

AP, = 4f TP Legsp Ge” ( )0'17
D, 2p \py

1.5x2 551.72

(AF), =4x0.153x 0.0058 x 2299272 48553.6 Pa

1.5x2 551.72

(AF) ., =4x0.161x 0.0058 x 229957 — 50912.8 Pa

Port mass velocity:

60
Gy = = = 3395.3 kg/(m?s)

e D2 0.152
T T T 4

Gpn =

Pressure drop in port ducts:

G, ?
AP, = 1.4N,, 2y
(AP Jh=14x2x &532 = 16266.2 Pa
2 x992.2
(AB),=14x2x —3395'32 = 16209 Pa
plc 2 x 995.7

Total pressure drop for hot and cold fluids with:
AP; = AP, + AP,
(AP)p = (AP)p + (AB,)n, = 48553.6 + 16266.2 = 64819.8 Pa

(APy). = (AF.). + (APR,). = 50912.8 + 16209 = 67121.8 Pa

Table 1. Comparison of the results
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, Chisholm and
Kumar's . N
. Wanniarachchi's
Correlation ,
Correlation
Heat Transfer Coefficient (Hot Fluid) [W/m?K] 8019.8 36579.6
Heat Transfer Coefficient (Cold Fluid)[W/m°K] 7329.6 34701.6
Overall Heat Transfer CoefficientW/m°K] 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

As a result, this heat exchanger can be smaller since pressure drop values are lower than

to allowable pressure drop value.

allowable pressure drop. Heat exchanger size can be reduced until pressure drop values get close
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Problem 11.8

Repeat Example 11.1 for different types of water conditions:

a. Coastal ocean (R, = 0.0005 K.m%W), demineralized closed loop ( 0.000001 K.m%W )
b. Wastewater ( 0.00001 K.m%W ), cooling tower ( Ri.= 0.000069 m?.K /W)

Writeyou conclusions.

SOLUTION:
Hot fluid properties:
p=986 kg/m?
n=511x10" kg/m.s
c, =4183 J/kg.K
Pr =332
k =0635 W/ (m.K)
Cold water properties:
p=995 kg/m?
n=768x10" kg/m.s
C, =4178 J/kg.K
Pr=521
k=0616 W/(m.K)
Stepwise performance analysis:
Heat duty:
Que =(Mep ) (Tez ~ Tea) = 140x 4178 (42 - 22) = 116984 W

Q= (mcp)h(Thl ~Thp) = 140x 4183 (65— 45) = 117124 W

Log-mean temperature difference:
AT; = AT, = AT =23 °C

The effective number of plateis:
N, =N, -2=103

Plate pitch:

L .
p=—°=@=o.0036 m
N, 105
Mean channel flow gap:
b = 0.0036-0.0006 = 0.003 m

One channel flow area:
Ay =bxL, =0003x063=000189 m?
The single-plate heat transfer area:
A, 110

Ap=—Ct-"—-1067 M°
N, 103
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Enlargement factor:

b= 1.067 _ 1255
085

Channel eguivalent diameter:

b-L
Dezuzz_bzmzo,oous m
2b+L,9) ¢ 1255

The number of channel per pass:

N;-1 105-1
N, =— "= =52
® 2N,  2x1

Mass flow rate per channel:
140

M, =— =269 kg/s
ch 52 g/
Mass velocity, Gen:
2.69 2
‘"~ 000189 g(m's)

Hot and cold fluid Reynolds numbers are:
G Do 14233x 000478

Re;, = ——=13314
i 511x 10"
Gy, -D 3% 0!
re, = BenDe _ 14233 x 000:178 _ 885
He 768x10"

a.

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
C,=0.3, and n= 0.633 for p = 45 °C:

h.D 017
Nuy, =—1—¢ = 03(Re, )" (Pr)¥?| L2
k Hw

By assuming pp, = pw, then:

Nuj, = 03-(13314)*%%®(332)"° = 24238

_ Nupk  2428x 0635
D, 000478

)0.633(

hy, = 32255 W/(m?-K)

Nu, = 03-(8859 521)"° = 2154

_ Nuck 2154x0616
D, 0.00478

Overall heat transfer coefficient:
1 1 1 0.0006
+ +

U. h, h, 175

h. = 27759 W/ (m?-K)

-1
uc=i+i+M = 9870 W/(m?K)
he h, 175

Fouled overall heat transfer coefficient:
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L1 00005+0.000001
U, U

f c

-1 1
U, =|-1 +0000501| =|—1_+0000501| =1660 W/(M2.K)
u 9870

(o3
The corresponding cleanliness factor is:
cpo Yt 1660 .0 2
U, 9870
Actual heat dutiesfor clean surface are:

Q. = U A AT, = 9870x110x 23= 24971 kKW
Q; = U A AT, =1660x110x 23=4200 kW

The safety factor is:
Q4200

sTQ, 11698

Can not be used for the specific heat transfer purpose, since the fouled overall heat transfer is
too low to meet the requirement.

b.
Fouled overall heat transfer coefficient:
i = i +0.00001 + 0.000069
U, U,

-1 1
U, =| -1 +0000079| =|—1_+0000079| = 5546 WI(M2.K)
U 9870

C
The corresponding cleanliness factor is:
cp= Yt 546 e 2
U, 9870
Actual heat dutiesfor clean surface are:

Q. = U A AT, =9870x110x 23= 24971 kW
Q; = U;A AT, =5546x110x 23=14031 kW

The safety factor is:
B Q; B 14031 B

T Q, 11698

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 counter current 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 °C isfed to the heat exchanger at arate of 15 kg/sthat will be heated
to 75°C with a wastewater entering at an inlet temperature of 90 °C. 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. Thereisno limitation on the pressure drop. Isthis heat exchanger suitable
for this purpose (larger or smaller)?

GIVEN:
-Inlet temperature of hot wastewater (Ty;) =90 °C
-Mass flow rate of hot water (my) = 30 kg/s
-Inlet temperature of cold water (T,) = 10 °C
-Outlet temperature of cold water (T,) =75 °C
-Mass flow rate of cold water (m¢) = 15 kg/s
-Plate thermal conductivity (Titanium , k) = 20 W/(m.K)
-Gasket heat exchanger configuration:

L,2=20m Ly =0.60m
b=6mm ¢=1.17
B =50° t =0.0006 m
D,=0.15m
SOLUTION:
Cold water propertiesat T, = Tin +2T°”‘ = 10;75 =425°C:
p=991 kg/ m*

n=624x10" kg/m.s
Cp =4179 J/kg.K
Pr =414
k =0630 W/ (m.K)
Hot water propertiesat T, = 90 °C:
p =965 kg/m?
n=316x10" kg/m.s
Cp, =4205 J/kg.K
Pr =196
k=0675 W/(m.K)
Heat duty:
Q= (mcp)C(TCZ ~Ty)= (mcp)h(Thl ~Tho)
=15% 4179 (75~ 10) = 4074525 W
(mep) (T ~Ta)  15x4179(75-10)

T, =T,— =90 =577 °C
h2 = Thi (mcp)h 30x 4205
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L og-mean temperature difference:

(Tha —Teo) = (The = Tea) _ (90-75) - (57.7-10)
(Tha - Te2) in 20-75
(Th 5 — Tcl) 57.7-10
The effective number of plateis:

N.=N,-2=199
One channel flow area:

A, =bxL, = 0.006x0.60=0.0036 m?

=217 °C

ATlm,cf =

In

The single-plate projected area:
Ap=L, L, :(LV —Dp)-LW =(20-015)x 06 =111 m?

The single-plate hest transfer area:
A=A, ¢=111x117=1.2987 m?
Channel equivalent diameter at ¢ = 1.17:
D - 4(b-L,) _2b_2x0.006
¢ 2(b+ LW¢) @ 1.17
The number of channel per pass:

N -1 201-1
@ 2N, 2x1

=0.01025 m

N =100

Mass flow rate per channel:

30
Mg, =—— =03 kg/s
ch,h 100 g/
15
My . =——=015 kg/s
ch,c 100 g/

Mass velocity, Gen:

03
00036
015

che = m
Hot and cold fluid Reynolds humbers are:
G, -D, 83.33x0.01025
~u,  3.16x10°

G, D, 41.67x0.01025
ReC = = 2
M, 6.24x10

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
Cy=0.13, and n= 0.732 for B = 50 °C:

Gann = = 8333 kg/(n’s)

= 4167 kg/(m’)

Re, = 2703

=684.5

h D 0.17
Nu, = “k e =0.13-(Re, )0‘732(Pr)]/3[zbj
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By assuming pp = py, then:

Nu, = 0.13-(2703)""* (1.96)"* =52.9
- Nuk _ 5290675

= 3484 W/(m? - K)
D, 001025

Nu, = 0.13-(684.5)"" (4.14)" = 24.84
p = Nuck _ 24.84x0630

=1526 W/(m? -K)
D, 0.01025
Overall heat transfer coefficient:
1 1 1 0.0006
—_— =t
Us h, h, 20

1 1 00006]" { 1 1 00006
U =| —+—+2"""| = + +
““|Ih K 20

-1
~1028.5 W/(m’.K)
3484 1526 20
Fouled overall heat transfer coefficient:

Assume the Ry, = 0.00006 (m”.K/W) for city water, and Ry, = 0.000086(m?.K/W) for the
wastewater side.

L 1 000006+0.000086
U, U

c

-1 1
U, = 1 40.00006+0.000086 | =|— +0.000146 | =894 WI(MEK)
U, 28.5
The corresponding cleanliness factor is:
U f
=— =——__=087m
U, 10285
Actual heat dutiesfor clean surface are:

894

2

Q. =U_AAT_ =1028.5x199x1.2987x 21.7 =5462.3 kW
Q; =U, AAT, =894x199x1.2987x 21.7=5013.7 kW
The safety factor is:

c -

S

5013.7x10°
Q 4074525
The percentage over surface design is:

0S=100U R, =100x1028.5x 0.000146 = 15%

Thisheat exchanger isNOT suitable for this purpose sinceit istoo 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 °C, respectively. If the flow
arrangement is single pass for both streams, use the e-NTU method to calculate the outlet
temperatures for the specific heat exchanger. There may be a constraint on the outlet
temper ature of the cold stream; then thistype of analysisisimportant to seeif therequired
outlet temperature of the cold stream is satisfied.

SOLUTION:
Cold water propertiesat T¢;, = 20 °C (using this as approximation):
p=999 kg/m?
n=1067x10"* kg/m.s
c, =4183 J/kg.K
Pr=820
k =0591 W/ (m.K)

Hot water properties at Ty, = 120 °C:
p=943 kg/m?
n=2295x10"* kg/m.s
c, = 4245 J/kg.K

Pr = 1419
k = 0687 W/ (m.K)

The effective number of plateis:
N, =N,-2=103

Plate pitch:

p:i:@:0.00% m
N, 105
Mean channel flow gap:
b = 0.0036-0.0006 = 0.003 m

One channel flow area:
Ag =bxL, =0003x063=000189 m?

The single-plate heat transfer area:

A
A, _Ae M0 _067
N, 103
Enlargement factor:
b= 1.067 1255
085

Channel eguivaent diameter:
4b-L,) 2b 2x0003

° 2b+Ly9) ¢ 1255

=000478 m

The number of channel per pass:
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N, -1 -
(-1_105-1_,

N =
® 2N, 2x1

Mass flow rate per channgl:

iy =%=173 kg/s

Mass velocity, Gen:

173
~ 000189
Hot and cold fluid Reynolds numbers are:

Gg-D.  9153x000478

@ =9153 kg/(m’s)

Re, = = = 19064
By 2.295x 10"
Ge D 3% 0.
re, = Cen e _ 9153><OOO4478 4100
He 1067x10"

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
C,=0.3, and n= 0.663 for p = 45 °C:

h D 0.17
Nu, == =€ = 0.3-(Re, )0'663(Pr)”3(%J

By assuming pp = pyw, then:
Nu, = 0.3-(19064)°°*(1.419)"° = 231.8

_ Nu,k  231.8x0.687
D 0.00478

e

h, = 33311 W/(m? - K)

Nu, = 0.3-(4100)°**(8.2)"* =149.3
_ Nuk 149.3x0.591
° D, 000478

e

Overall heat transfer coefficient:
1 1 1 0.0006
+ +

U, h. h, 175

A
U, = 1,1,00006] _g/n9 W/(m?.K)
h, h 175

C

h =18455 W/(m? -K)

Fouled overall heat transfer coefficient:

A1 000006
U, U

f c

-1 -1
U, = L +000008| = [L + 0.00006} = 5602 W/(m*K)
U 8439

C
The corresponding cleanliness factor is:

U
CF =1 002 _ 66
U, 8439

C

NTU:



www.konkur.in

C, = (e, ) = 90x 4183= 376470

Cp, =(mc, ), = 90x 4245= 382050

Cmin = Cc
NTU = AU _ 5602 %110 1637
C. 376470

min

¢ for counterflow:

epol— C"“”J NTU } -1
Cmax

eprl— gmin )NTU :| _ gmin

Actua heat duties:
Q=¢-C,, (T, —-T,)=0.60x376470x (120 - 20) = 22588 kW

C

£= =0.60

Outlet temperature:

3
TooT. o Q gy 22588x10° o oc
(e, ), 90 4245

3
. Q 22588x10° _ o o

atTrs =+ ——— =
(e, ), 90 4183
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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 pressureis 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 thetubes, d, = 000254 m
[.D. of thetubes, d; =0.02291 m
Tubewadll therma conductivity, k = 111 W /(m.K)
Cooling water properties at 15 °C:
pe =999 kg/m?
ne =1154x10* kg/m.s
Cpe =4186 J/kg.K
Pr, =82
k. =0591 W/m.K
Properties of the condensed liquid at 10 kPa, T = 45.8 °C:
iy =2392 kd/kg
p; =990 kg/m?
n, =588x107* kg/m.s
k, =0635 W/m.K

iy =1918 kJ/kg
Thermodynamic properties of steam enter and exit the turbine:
h, =34452 kd/kg, s, =7.09 kJ/kg.K
Since the expansion process in the turbine is almost the adiabatic, the state of the exit steam can be determined
as.
h, =2246 kJ/kg, s, =709 kJ/kg.K
X, = 08587

Asthe turbine proficiency is 0.85, the actual exit enthalpy should be:
h, = 3445- 085x (3445 2246) = 242585 kJ/kg

Mass flow rate of wet steam entering the condenser:
o oW 250x10°
S Al 3445-242585
Fouling resistances chosen from TEMA tablesin Chapter 6 are:
Ry = 000018 m?.K /W
R, = 000009 m?.K /W
Condenser heat |oad:
Q=rng(ij, —i,) = 2453x(242585-1918) = 549 MW

=2453 kg/s

By assume the temperature increase of cooling water to be 10 °C, the cooling water mass flow rate is calculated
by:
Q _ 549x10°
(Te—Ta)Cpe  10x4186
=13115 kg/s

m, =
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Number of tubes:
4, 4x13115
uepend;?  2x999 x 1 x 0022912

To calculate the condensing-side heat transfer coefficient, an estimate of the average number of tubes rowsin a
vertical column is needed. For typical condenser tube layouts, this was estimated as 70.

Ny = =15924 tubes

Tube-side Reynolds number:
d; !
Re Uepcdi _ 2x 999 x 0024291 _ 39666
He 1154 x 10~

Tube-side heat transfer coefficient:

f = (158InRe-328) % = (158 In(39666) - 328) ~ = 0.0055
~ (f/2) RePr

- 107+127(1/2) (Pr?3-1)

_ (0.0055/2) x 39666 x 8.2

- 107+127(000552)*(82%° 1)

= 2874

h - Nuke _2874x0591
' d, 0.02291

Assume the condenser is to be designed without subcooling, so that:
AT,, = (458-15) =308 °C

Nu

- 7414 W/(mZK)

and
AT, = (458-25) =208 °C
Hencethe LMTD is.
ATy = AT oy 308-208

ATy = = =255 °C
™ In(AT,y /ATey)  In(308/208)

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:

iz Rt _;,_i
U h,

where h, is the coefficient outside the tubes (shell side) and R; isthe sum of all other thermal resistances given by:
t, d

d
Rt =Rf0+ i'f‘ Rfi _O+_W o
hi di kW I:)m

where D, is approximated as:
dy —d; 1
m= |n(:|0/o|li )T 2(do+di)
wheret,, isthe wall thickness.
Hence
0.0254 . 0.0013 0.02%4
00229 111 00229

R, = 000009 + [i + 0.00018}
7414

=4515x107*
and

1 4515%x107 + 1
U h

o
The condensing-side hest transfer coefficient, h,, may be calculated by the Nusselt method with the Kern
correction for condensate inundation, hence
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. ya
plg-i ngI3 1
h, = 0.72
3] Adeo N1/6
where AT,, is the difference between the saturation temperature and the temperature at the surface of the fouling.
Because p, >> p, the above equation has been simplified. By inserting the values, we get:

Y4
h 07 (990)2(981)- (2392 x 10°)(0.635)° 1
° (566x107)AT, (0.0254) 70%8
- 8986/ (AT, )"
The temperature difference, AT,, iSgiven by:
AT, =AT-R.Q"
where AT isthe local temperature difference between the streams; R, isthe sum of al other resistances; and q” isthe
local heat flux, which is given by:
q” = UAT
Hence
AT, = AT(1-R,U) = AT(1-4515x10*U)
Table 12.1.1 and 12.1.2 summarize the results of thisiteration for the inlet and outlet of the condenser when AT;, =

30.8°C and AT, = 20.8 °C, respectively. Theinitial guess of AT,, is 10°C.
Table12.1.1 Iteration for Overall Coefficient at the Inlet of the Power Condenser

AT, °C ho, W/m*.K U, W/im?.K
10 5053 1540
25.46 4000 1425
25.56 3996 1425

Table12.1.2 lteration for Overall Coefficient at the Outlet of the Power Condenser

AT, °C ho, W/n?.K U, W/m?.K
10 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:

_1425+1474

Un =1450 W/ m?.K

Therequired surface areais therefore calculated as:
Q=U mA oATm
A, - Q _ 549x10° _ 14848 P
U,AT,, 1450x 255
Therequired length is found by the following equation:
A, =Nqnd,L

A, 14848
Nymd, 15923x 7t x0.0254

L= =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 al the calculated.

The expression of the shell diameter as a function of heat transfer area, A,; tube length, L; and tube layout
dimensions, Pr, PR, and d, as parameters can be estimated from equation:

12
CL AO(PR)ZdO]

CPT

D, = 0637
L

where CL isthe tube layout constant, CL = 1.00 for 90° and 45°; and CL = 0.87 for 30° and 60°.
CPT accounts fro the incompl ete 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

P+ (the tube pitch) is0.0381 m.

PR (the tube pitch ratio) is Pr/d, = 0.0381/0.0254 = 1.501.

12
1 | 14848 (1501)% x 0.0254
D, = 0637 =56 m
093 117

The pressure drop on the tube side is calcul ated as:
APiota = APy + AP,
The pressure drop through the tubes:

LN 2
Ap, = 4f —2 G
De 2p
where
f = 0046 Re %2 = 0.046 x 39666 %2 = 0.0055
G=ucp
Therefore,
2
AD, = 4x 00055x /1 (2x999)
0.02291 2x 999
= 22448 Pa
The pressure drop due to the return is given by:
G2 (2x999)°
Ap, :4Np—:4><1><—: 7992 Pa
2p 2% 999

Therefore, the total pressure drop on the tube side is determined by:
APyota = APy +AD,
= 22448+ 7992
= 30440 Pa
The pumping power is proportional to the pressure drop across the condenser:
_ MAp,  13115x 30440

= =470141 W
PNp 999 x 085

P
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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 20°C and exits at 30°C. The aver age temperature of
the tube walls is 55 °C and the shell side heat transfer coefficient is 4000W/m?K. Fouling on both sides is
neglected. By making acceptable engineering assumptions, perform thethermal design of this condenser.

SOLUTION:

- Tube Geometry;
From Table 9.1,
Thetubeis 18 BWG,7/8 in. OD

0D = 7/gin.= 7/ x0.0254 = 0.022225 m

ID =0.777 in.= 0.777 x 0.0254 = 0.0197358 m
A. = 0.4742in.2 = 0.4742 x (0.0254)% = 0.000305934 m?
The mean temperature of the water can be calculated as below.
20+ 30
m=——"—= 25°C
Thermal properties of cooling water @ T,,, = 25°C

k
pe =997 8/ 5

. = 0.000909 %8/,

Cp = 41807/} ¢
Pr. = 6.29
ke = 0.605 W/
- Admiralty metal is known as Admiralty Brass (%70-73 Cu). [1]
Thermal conductivity of tube wall;

ky =110.784 W/ .
- Mass flow rate of cooling water can be found as bel ow;

e = pu(ANy) = 997 x 2 x (0.000305934 x 20000) = 12200.65 K8/

- Reynolds number;

pud; 997 x2x0.0197358

= = 43292.8
1l 0.000909

Re =

- Heat load;

Q= rthc(Tcz — Tcl) = 12200.65x4180x (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 InRe — 3.28)"2
(f/2)RePr
YT 107 £ 12.7(6/2)2(Pr2/3 — 1)
f = (1.58 In (43292.8) — 3.28)~2
f= 0.0054164
(0.0054164/2) x 43292.8 X 6.29

u=
1.07 + 12.7(0.0054164/2)1/2(6.292/3 — 1)
Nu = 277.13
_ Nuk  277.13x0.605

1774, ~  0.0197358
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h; = 8495.4 W/m?K
- Overall heat transfer coefficient can be calculated form Eqg. 12.6.
1 1 1 dyIn(d,/dy)

U, b h, 2Ky
1 1 1 0.022225x1n(1.126)

= + +
U, 84954 4000 2x110.784

U, = 2634.25W/m?K

Table 3.3,
f = (1.58 InRe — 3.28)2
N (f/2)RePr
YT T8/ 2 (Pr — 1)
f = (1.58In (43292.8) — 3.28) 2
f = 0.0054164
Ny (0.0054164/2) x 432928 x 6.29

" 1+8.7(0.0054164/2)1/2(6.29 — 1)
Nu = 217.22
_ Nuk _ 217.22x0.605

"7 d;  0.0197358

h; = 6658.87 W/m?K

- Overall heat transfer coefficient can be calculated form Eqg. 12.6.
1 1 1 dyn(dy,/d;)

U, b b, 2Ky
1 1 1 0.022225xIn(1.126)

= + +
U, 665887 4000 2x110.784

U, = 2426.72W /m?K
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Problem 12.3

A surface condenser isdesigned as a two-tube-pass, shell-and-tube type of heat exchanger at
10 kPa (h¢g= 2007.5 kJ/kg, Ts = 45 °C). Coolant water enters at 15 °C and leaves at 25 °C
inside the tubes. Heat transfer coefficient is 300 W/m?.K. The tubing is thin walled, hasa 5-
cm |.D. and ismade of carbon stedl; and the length of the heat exchanger is2 m.

Calculate:

a.LMTD

b. Steam massflow rate

c. Surface ar ea of the condenser

d. Number tubes

e. Effectiveness, g

SOLUTION:
Cooling water properties at 20 °C:
p. =998 kg/m?
n, =1007x10™ kg/m.s
Cpc =4182 J/kg.K
Pr. =7.05
k. =0599 W/ m.K

Assume the condenser is to be designed without subcooling, so that:

AT;, = (45-15) =30 °C

and

ATy = (45-25)=20 °C

Hencethe LMTD is.
AT, — AT, 30-20
Tim = =
IN(AT;, /ATy ) In(30/20)

=247 °C
b.

A =7(D/2)L=7(0.05/2)2=0.157 m*

Q=UA, x N,AT, =300x0.157x 2x 24.7 = 2328.857 W
Q =iy, =, x2007.5x10° = 2328.857 W

m, = 0.00116 kg/s

C.

A =7(D/2)L = 7(0.05/2)2=0.157 m?
d.

Ntz 2

(S

fr.om steam propertiy; Cys = 1894 Jkg K
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MCy = 2.197 W/K

Q=M AT, = i, x4182x10 = 2328.857 W
m, = 0.056 kg/s

MC,e = 232.886 W/K

C,.. =2.197 W/K

C,.. =232.886 W/K

Cpin/Crrac = 0.0094

AU/C,. =21.456

From figure 2.15;
& =100%
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Problem 12.4

A shell-and-tube steam condenser isto be constructed of 18 BWG Admiralty tubeswith 7/8-
in. O.D. Steam will condense outside these single-pass horizontal tubes at Ts = 60 °C.
Cooling water enters each tube at T;= 17 °C, with a flow rate of m = 0.7 kg/s per tube and
leaves at To = 29 °C. The heat transfer coefficient for the condensation of steam is hg = 4500
W/m?K. Steam-side fouling is neglected. The fouling factor for the cooling water is 1.76x10
*m2K/W. Assume that the tube wall temperatureis 50°C. The tube material is carbon stedl.

SOLUTION:
17+29

Cold fluid propertiesat T,= 2 23%
p. = 9974559/ ,

ke
te =94 x 10748/
k. =0.603W/

- J
cp, = 41807[
Pr, = 6.52
For 18 BWG and O.D. 7/8 intubes at Table 9.1:
0.D.=7[gin = 0.02223 m
I.D.=0.777 in = 0.01974 m
A, =04742 in* =3.0593 x 107* m?
— a2 W
_ K = 4_2 fm.f{'_
Velocity of cooling water in tube:
M, 0.7
pA, 997.45x 3.0593 x 107*

u.d;p, 2.29 x 997.45 x 0.01974
9.4 x107™*

He
Flow is turbulent so Nusselt number can be calculated from Table 3.3 by using Petukhov
correlation:

u= =229 My,

(ffz)x Re x Pr

Nu = i -
107+127(7/y) ~ (Pra - 1)

f = (1.58InRe —3.28)"% = (1.58 xIn47967.4 — 3.28) 2 = 5.29 x 10°
(5-29 x 1‘3'_3,X2]x 479674 x 6.52

Nu = 5 = 306.8
-3 2 2
107 +127 (322 % 197°/,) ¥ (65275 - 1)
Nuxk, 3068 x0.603 W
hewe = —g— = goiara - oo 18nEg
The overdl heat transfer coefficient:
U= 17903
N T miK

Assume that condenser will be designed without subcooling:
AT,, = 60 — 17 = 43°C
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AT,,. = 60—29=31°C
LMTD can be cdculated asfollows:
AT, = ATy, — AT,y 43 -31
Im

moe (AT, T 43y
) (ﬁ in ) 43
" AT e 1“(31)

Assume that heat capacity of condenser is 100 kW:

Q@ 100x10° ]
Ao = PaT,. ~T7903x367 ~ 0™

Number of tubes can be calculated as follows:

Q=Nn(Toyr — Tz'n}c’pc

N, = 2.85% 3 tubes
Hence, length of the tubes can be calculated from A,
A, = N.d_mlL
1.52

= 3xmx002223 M
Shell diameter can be calculated as follows:

CL [A,(PR)?d,] s
45??[ L ]
For single pass CPT = 0.93
Select tube layout as 90° and CL becomes 1 (CL=1)
Assume that tube pitch ratio as 1.5 (PR=1.5)
1 J152 x(1.5)% x0.02223
40.93[ 7.25
Tota pressure drop on the tube side;
LN, G3
Ap, = 4f D. 2p

f=0.046Re™"2 = 0.046 x (47967.4)7%2 =533 x 1073
G =u, xp=229 x997.45 = 2284.16 kﬁfmzs

7.25 2284.16%
0.01974 © 2x997.45

D, = 0.637

1_.":
D, = 0637 ] = 0.0676m

Ap, =4x533x10% x = 20479 Pa

Pump Power:
p= MAP o 0.7 x 3 x 20479

pm,  997.45x0.85

=507 W
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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 arrangementswill be consider ed.

SOLUTION:

Tube geometry:
O.D. of thetubes, d, =0.016 m
[.D. of thetubes, d; =0014 m
Tube wall thermal conductivity, k = 386 W/ (m.K)
Cooling water properties at 32.5 °C:
pe =995 kg/m?
ne =757x10* kg/m.s
Cpc = 4178 J/kg.K
Pr, =513
k. =0617 W/m.K
Properties of the condensed liquid at 47 °C, from Appendix B.8:
ilg =1581 k/ kg
p; =1099 kg/m?
i, =176x10™* kg/m.s
Cpy =1372 J/kg.K
Pr, =314
k, =0077 W/ m.K
Mass flow rate of wet steam entering the condenser:
S:%=%=Oﬁ3 kg/s
Fouling resistances chosen from TEMA tablesin Chapter 6 are:
Ry = 0000176 m?.K /W
Ry, = 0000352 m?.K/W

The cooling water mass flow rate is calculated by:

i, = Q _ 100
(Tea —Te)cpe 5x4178
=479 kg/s
Number of tubes:
4m, 4% 479

=21 tubes

N = =
T U pend,?  15x 995x 1 x 00142

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:

Uepd;  15x995x 0014
He  757x107*

Tube-side heat transfer coefficient:

f = (158InRe-328) % = (158 In(27602) - 328) ~ = 0.0060

Re= = 27602

~ (f/2) RePr

- 107+127(1/2)**(Pr?°-1)

_ (00060/2) x 27602 x 513

© 107+127(00060/2) *(513%° - 1)
=1738
_Nu-k, _1738x 0617
d, 0014
Assume the condenser is to be designed without subcooling, so that:

AT,, = (47-30)=17 °C

Nu

h, - 7662 W/(m’K)

and
AT, =(47-35 =12 °C
Hencethe LMTD is.
AT — ATt 17-12

0
= = = X C
Tim IN(ATin /ATy ) In(17/12) 14

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:
1 1

N Rt +—
U hy

where h, is the coefficient outside the tubes (shell side) and R; is the sum of al other thermal
resistances given by:

h; di ky Dp
where D, is approximated as:
. dp-d; _ 0016-0014 0015
In(d,/d;)  In(0.016/0.014)
wheret,, isthe wall thickness.

Hence

0016 N 0.001 0.016
0014 386 0015

R, =0.000352 + 1 +0.000176
7662

=5737x107*
and
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1_ 5737 x107% + 1
U h

(o]
The condensing-side heat transfer coefficient, h,, may be calculated by the Nusselt method
with the Kern correction for condensate inundation, hence

. y4
P|29"|gk|3 1
h, =0.72
n AT, dg NYe

where AT, isthe difference between the saturation temperature and the temperature at the surface
of the fouling. Because p, >>p, the above equation has been simplified. By inserting the values,

we get:

Y4
(1099)?(9:81) - (1581x 10°)(0.077)° 1
h, = 0.72 T

(176107 )aT,, (0.016) 3

- 2530/ (AT, )¥*
The temperature difference, AT, iSgiven by:

AT, =AT-R.q"
where AT is the loca temperature difference between the streams; R; is the sum of al other
resistances; and q” isthelocal heat flux, which is given by:

q" =UAT
Hence

AT, = AT(1-R,U) = AT(1-5737x10*U)
Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the

condenser when AT, = 17 °C and AT o = 12 °C, respectively. Theinitial guess of AT,, is 10°C.
Table12.1.1 Iteration for Overall Coefficient at the Inlet of the Power Condenser

AT, °C ho. W/m”K U, W/m?K
10 1422 783
11 1389 773
11.06 1387 772
11.07 1387 772
11.07 1387 772

Table12.1.2 Iteration for Overall Coefficient at the Outlet of the Power Condenser

AT, °C h,, W/n?.K U, W/n?.K
10 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
theinlet and outlet overall heat transfer coefficients:

_1521+1387

m

=1454 W/m?.K
The required surface areais therefore calculated as:
Q=U mA oATm

3
o Q_100x10° oo
U,AT, 1454x144

The required length is found by the following equation:
A,=N;nd,L
A, 478
" Nynd, 22x7x0016
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, A,; tube length, L;
and tube layout dimensions, Pr, PR, and d, as parameters can be estimated from equation:

Ao(PR)%d v
D, = 0637 CL{ - °]

=432 m

CPT L

where CL isthe tube layout constant, CL = 1.00 for 90° and 45°; and CL = 0.87 for 30° and 60°.
CPT accounts fro the incompl ete 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

Pr (the tube pitch) is 0.0381 m.

PR (the tube pitch ratio) is Pr/d, = 1.5, Py = 1.5x0.016 = 0.024

D, = 0637

087| 478x(15)% x 0016 v

. X xX U,
: ~0125 m
0.90[ 432 }

The pressure drop on the tube side is calculated as:
APt = APy + AP,

The pressure drop through the tubes:

LN, G2

Ap, = 4f
Pt D. 2p

where
f = 0046 Re %2 = 0,046 x 27602 %2 = 0.0060
G=ucp

Therefore,
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432x2 (15x995) 2
0014 =~ 12x995

Ap; =4x0.0060x

=16580 Pa
The pressure drop due to the return is given by:
G2 (15x 995)
Ap, =4N, ——=4x2x-————=8955 Pa
2p 2x 995

Therefore, the total pressure drop on the tube side is determined by:
APtota = APt + AP,
= 16580+ 8955
= 25535 Pa
The pumping power is proportional to the pressure drop across the condenser:
MAP _ 479x 25535

P= =
PNy 995x 0.85

4 W

The pumping power is proportional to the pressure drop across the condenser:

P MAP _ 4.79 x 25535 _ a4 W
PNp 995x 0.85
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Problem 12.6

Repeat Problem 12.5for the refrigerant-134A.

SOLUTION:
Tube geometry:
O.D. of thetubes, d, =0.016 m
I.D. of thetubes, d; =0014 m
Tube wall thermal conductivity, k = 386 W/ (m.K)
Cooling water properties at 32.5 °C:
p. =995 kg/m?
e =757x107* kg/m.s
Cpe =4178 J/kg.K
Pr. =513
k. =0617 W/ m.K
Properties of the condensed liquid at 47 °C, from Appendix B.8:
i,y =1546 kd/kg
p; =1117 kg/m?3
u, =172x10™* kg/m.s
Cpy =1559 J/kg.K
Pr, =398
k; =0068 W/m.K
Mass flow rate of wet steam entering the condenser:
m;%:%:o& kg/s
Fouling resistances chosen from TEMA tablesin Chapter 6 are:
Ry = 0000176 m?.K /W
Ry, = 0000352 m?.K /W

The cooling water mass flow rate is calculated by:

i, = Q _ 100
(Tez —Ta)Cpe 5x4178
=479 kg/s
Number of tubes:
4m, 4x 479

Ny = =21 tubes

Upend;?  15x 995x 7 x 00142

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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Ugpd;  15x995x 0014
K¢ 757x107*
Tube-side heat transfer coefficient:

f = (158InRe-328) 2 = (158 In(27602) - 328) ~ = 0.0060

Re= = 27602

(f/2) RePr
Nu= >
107+127(f/2)**(Pr¥°-1)
_ (00060/2) x 27602 x 513
107+127(00060/2) **(513%° - 1)
~1738

b - Nuk, _1738x 0617
' d, 0014

Assume the condenser is to be designed without subcooling, so that:
AT, = (47-30)=17 °C

- 7662 W/(mZK)

and
AT, =(47-35 =12 °C
Hencethe LMTD is:
AT, — ATy, 17-12

0
= = = X C
Alim IN(AT\y/ATge)  IN(17/12) 14

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:
i — Rt +i
U h,
where h, is the coefficient outside the tubes (shell side) and R; is the sum of al other thermal
resistances given by:

d, t, d
Rt = Rf0+ i"r Rﬁ _0+_W 0
h, d  k, D,

1 I
where D, is approximated as:
d, —d; 0.016-0.014

= = =0015
™ In(d,/d;) In(0.016/0014)

wheret,, isthewall thickness,
Hence

0.016 N 0.001 0.016
0014 386 0015

R; = 0000352 + 1 +0.000176
7662

=5737x107*
and

1 5737x107* +i
U h

[o]

The condensing-side heat transfer coefficient, h,, may be calculated by the Nusselt method
with the Kern correction for condensate inundation, hence
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. y4
plgi 1gK| s 1
h, =072
My Adeo N ye
where AT, isthe difference between the saturation temperature and the temperature at the surface

of the fouling. Because p, >>p, the above equation has been simplified. By inserting the values,

we get:

3Y6

(o]

14
- (1117)%(9:81) - (1546 x 10°)(0.068)° 1
) (172x10°)aT,, (0016)

- 2324/(aT, )¥*
The temperature difference, AT, is given by:

AT, =AT-R.q"
where AT is the local temperature difference between the streams; R, is the sum of al other
resistances; and q” isthelocal heat flux, which is given by:

q" =UAT
Hence

AT, =AT(1-R,U) = AT(1-5737x10*U)
Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the

condenser when AT, = 17 °C and AT o = 12 °C, respectively. Theinitial guess of AT,, is 10°C.
Table12.1.1 Iteration for Overall Coefficient at the Inlet of the Power Condenser

AT, °C h,, W/m”.K U, W/m”.K
10 1307 747
11.22 1270 734
11.3 1268 734
11.3 1268 734

Table12.1.2 Iteration for Overall Coefficient at the Outlet of the Power Condenser

AT, °C h,, W/n?.K U, W/n?.K
10 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
theinlet and outlet overall heat transfer coefficients:

_ 734+773

U, =754 W/m?.K

Therequired surface areaistherefore calculated as:
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Q= UonATm

Q  100x10°

A, = = =921 m’
U,AT,, 754x144

The required length is found by the following equation:
A, =Nynd,L
A, 921
Nomd, 22xmx0016
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, A,; tube length, L;
and tube layout dimensions, Pr, PR, and d, as parameters can be estimated from equation:

oL {AO(PR)Zdorz

L= =833 m

D, = 0637
CPT L

where CL isthe tube layout constant, CL = 1.00 for 90° and 45° and CL = 0.87 for 30° and 60°.
CPT accounts fro the incompl ete 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

P (the tube pitch) is 0.0381 m.

PR (the tube pitch ratio) is Pr/d, = 1.5, Pt = 1.5x0.016 = 0.024

12
087| 921 (15)° x 0016
D, =0637 =0125 m
0.90 833

The pressure drop on the tube side is calculated as:
APiora = APy + AP,
The pressure drop through the tubes:

LN 2
Ap, = 4f p G°
D. 2p
where
f = 0046 Re 2 = 0,046 x 27602 °? = 0.0060
G=u.p
Therefore,
2
Ap; = 4x 00060 % 432x2  (15x995)
0014 12 x 995
=16580 Pa
The pressure drop due to the return is given by:
G2 (15x 995)
Ap, =4N, ——=4x2x-————=8955 Pa
2p 2% 995

Therefore, the total pressure drop on the tube side is determined by:
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APtota = APt + AP,
=16580+ 8955
= 25535 Pa
The pumping power is proportional to the pressure drop across the condenser:
_ MApy  479x 25535

= =144 W
PNy 995x 0.85

P

The pumping power is proportional to the pressure drop across the condenser:

_ MApy;  4.79x 25535
PNy 995x 0.85

P =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 entersthe condenser tubes at 30°C with a veocity of 1.5
m/sand leaves at 35°C. The condenser will have two tube passes.

SOLUTION:
Tube geometry:
O.D. of thetubes, d, =0.016 m
|.D. of thetubes, d; =0014 m
Tube wall thermal conductivity, k = 386 W/ (m.K)
Cooling water properties at 23 °C:
p. =997 kg/m?
ne =935x10 kg/m.s
Cpc = 4180 J/kg.K
Pr. =649
k. =0603 W/m.K
Properties of the condensed liquid at 47 °C, from Appendix B.8:
i,y =1546 kd/kg
p; =1117 kg/m?3
u, =172x10™* kg/m.s
Cpy =1559 J/kg.K
Pr, =398
k, =0068 W/m.K
Mass flow rate of wet steam entering the condenser:
m;%:%:o&ss kg/s
Fouling resistances chosen from TEMA tablesin Chapter 6 are:
Ry = 0000176 m?.K/W
Ry, = 0000352 m?.K/W

The cooling water mass flow rate is calculated by:

i, = Q _ 100
(Tea —Te)cpe  5x4180
=478 kg/s
Number of tubes:
4m, 4x4.78

Ny = =16 tubes

Uc.pmd; 2 2% 997 x 1 x 00142
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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:

up.d;  2x997x 0014
He  935x107%

Tube-side heat transfer coefficient:

f = (158InRe-328) = (158 In(29857) - 328) * = 0.0059

Re= = 29857

~ (f/2) RePr

- 107+127(1/2) (Pr?3-1)

_ (00059/2) x 29857 x 649

© 107+127(00059/2)** (64973 -1)

= 2056

_ Nu-k. _ 2056x0603
d 0014

Assume the condenser is to be designed without subcooling, so that:

AT, = (47-20)=27 °C

Nu

h, - 8855 W/(m’K)

and
AT, = (47-26)=21°C
Hencethe LMTD is:
T ATn-ATyy _ 27-21
™ IN(ATi /ATy ) In(27/20)
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:
1 1

N Rt +—
U hy

where h, is the coefficient outside the tubes (shell side) and R; is the sum of al other thermal
resistances given by:

=239 °C

h; di ky Dp
where D, is approximated as:
. dp-d; _ 0016-0014 0015
In(d,/d;)  In(0.016/0.014)
wheret,, isthe wall thickness.

Hence

0.016 N 0.001 0.016
0014 386 0015

R, =0.000352 + L +0.000176
8855

=685x107*
and
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1_ 685x 10 +i
U h

(0]

The condensing-side heat transfer coefficient, h,, may be calculated by the Nusselt method
with the Kern correction for condensate inundation, hence

: ya
P 29' hgK 3 1
h, = 0.72
wAT,d, NYE
where AT, isthe difference between the saturation temperature and the temperature at the surface
of the fouling. Because p, >>p, the above equation has been smplified. By inserting the values,

we get:

14
(1117)%(9:81) - (1546 x 10°)(0.068)° 1
h, = 0.72 T

(172x107)aT,, (0016) 34
- 2324/(aT, ¥
The temperature difference, AT, iSgiven by:
AT, =AT-R.q"

where AT is the loca temperature difference between the streams; R; is the sum of al other
resistances; and q” isthelocal heat flux, which is given by:

q" = UAT
Hence

AT, = AT(1-R,U) = AT(1-68x10"* U)
Table 12.1.1 and 12.1.2 summarize the results of this iteration for the inlet and outlet of the

condenser when AT, = 17 °C and AT o = 12 °C, respectively. Theinitial guess of AT,, is 10°C.
Table12.1.1 Iteration for Overall Coefficient at the Inlet of the Power Condenser

AT, °C ho. W/m”K U, W/m?K

10 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

Table12.1.2 Iteration for Overall Coefficient at the Ouitlet of the Power Condenser
AT, °C h,, W/n?.K U, W/n?.K
10 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
theinlet and outlet overall heat transfer coefficients:

_ 671+ 699

Un =685 W/ m?.K

Therequired surface areaistherefore calculated as:
Q=U,A AT,

Q  100x10°

o= = = 6108 m’
U,AT, 685x239

Therequired length is found by the following equation:
A, =N;nd,L
A, 6108
" Nynd, 16x7mx0016
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, A,; tube length, L;
and tube layout dimensions, Pr, PR, and d, as parameters can be estimated from equation:

CL | Ao(PR)?d v
D, = 0637 ° 0
CPT L

=76 M

where CL isthe tube layout constant, CL = 1.00 for 90° and 45° and CL = 0.87 for 30° and 60°.
CPT accounts fro the incompl ete 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

P (the tube pitch) is0.0381 m.

PR (the tube pitch ratio) is Pr/d, = 1.5, Py = 1.5x0.016 = 0.024

12
087| 6108x(15)% x 0016
D, = 0637, |~ =0106 m
090 76

The pressure drop on the tube side is calcul ated as:
APiota = APy + AP,
The pressure drop through the tubes:
LN, G2
D. 20

Ap, = 4f

where

f = 0046 Re %2 = 0046 x 29857 %2 = 00058
G=ucp
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Therefore,
2
Ap, = 4x 00058 xL0X2 , (2x997)
0014 12 x 997
= 50226 Pa
The pressure drop due to the return is given by:
G? (2x997)?
Ap, =4N, ——=4x2x-—————=15952 Pa
2p 2x 997

Therefore, the total pressure drop on the tube side is determined by:
APiota = APy + AP,
= 50226+ 15952
=66178 Pa
The pumping power is proportional to the pressure drop across the condenser:
_ MAp,,  4.78x66178

P, 997 x 085

P
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Problem 13.1

Water, ¢, = 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 ail, ¢, = 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 thicknessis
0.2 cm. Take the thermal conductivity to be 0.3 W/m? K and the heat transfer coefficient of
water to be 4911 W/m- K, what arethe areasrequired for counterflow.

SOLUTION:
The hot water outlet temperature can be obtained from the heat balance;

Q

(mcp)h (T'” _Tout)h - (mcp )c (Tout —Ti )c

2
=——(4182)(25-7)=41.82 W
Q 3600( )( )

Q 41.82
Toun =T+ =65 ~57.73°C
out,h inh (mp )h * (10/3600) x 2072

Properties of unused engine oil at 61.37°C, from Appendix B (Table B.12), are

p=863.111kg/m’
p=0.07 kg/(m-s)
k=0.14 W/(m-K)
Pr =1030.77

Re_ udp 4m 4x10

= = =9740.63
U urd. 0.077x (0.008)

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 Gniglinski correlation for constant properties, Eq. (3.31), is used

here:
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=(1.58InRe-3.28) °

f
f =(1.58In9740.63-3.28) * =0.11

_ (f/2)(Re—1000)Pr
" 14127(f/2) (P -)

0.11/2 (9740.63-1000)1030.77

= > =1637.4
1+12.7 (0.1/2) * (1030.77%° 1)

Uy

_ Nuk _1637.4x0.140
d 0.008

h = 28562.03 W/m?*-K

The overall heat transfer coefficient for the clean PPS surface based on the outside surface area of

thetubeis
U, = L
d, 1 d,In(d/d) 1
d h 2k h,
U, pps = = =525.015
“TST 001 1 001n(00V0008) 1
0.008 4911 2x0.3 28562.03

and the mean temperature differenceis

_AT,-AT, (57.73-7)-(65-25)
" AL (5773-7)
AT, (65— 25)

=103.98°C

The surface areas are calculated from Egs. (6.1).

Q=U.AAT,
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41.82 =525.015% A, ppg x103.97
~ 41.82

Porrs = 525.015%103.97

A, pps =0.766  m?
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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/m? s. Heat is supplied by condensing the fluid outside at —12°C. The hot fluid-side
heat transfer coefficient, hy, is 5400 W/m? - 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:

P, =217.4 kPa (2.174 bars)
Ah, = 221900 Jkg

o, =9.6432 kg/m®

p, =1360 kg/m®

c, =1122 Jkg-K

k, =0.112 W/m-K

o =0.0155 N/m
Mg =0.110x10"* Pa-s

1 =0.282x10°Pa-s

The Prandtl number can be calcul ated as follows:

0.282x107%)(1122
pr — % :( x10°)( ):2.825
K 0.112

The Reynolds number for the liquid phase is

Re =G4 _ (200)(0.0172) 12.200
fo = g 0000282

The Nusselt number at x = 0 can be calculated by Gnielinski’s correlation:
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(f/2)(Re, —1000)Pr,

Nu, ., =
o1y 12.7(f12)" (Pr?* - 1)

where

f = (L58InRe, - 3.28)°
f =[1.58In(12200)- 3.28]*

(0.00372)(12200 - 1000)(2.825)
1+12.7(0.00372) * (2.825° - 1)

=66.43

Uo =

The heat transfer coefficient isthen

n_Nugk _(6643)(0.112)
o d (00172

=432.55 W/m?-K

Using the Shah method,*™*® define whether the effect of stratification is important or not. For

this, calcul ate the Froude number:

_G _ (200) _
- pgd (1360 (9.81)(0.0172)

282

Fro

Fr > 0.04, therefore stratification effects are negligible and both Shah and Chen’'s methods may
be used.

Chen’s method, at x = 0.05, employs the Martinelli Parameter:

x V(N N

(
L(l ) ) Ua)

:[0.05) (1360] ( 110) — 0.6069
0.95 2820
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The enhancement factor can be calculated from Eq. (8.55):
F,=F(1-x,)"
where F, from Eq. (8.54), is

1 \ 0.736

ZJ =2.031

F= 2.35(0.213+

Therefore,
F, = 2.031(1- 0.05)"° = 1.949
and hg, can be calculated from Eq. (8.72):
hy, = F, (ho )=1.949(432.55)= 842.7 W/m’ - K

The overall heat transfer coefficient, with negligible wall resistance and fouling, is

U - 1
°"d 1 d,In(d/d) 1
d h, 2Koypr
1

U =
° 0019 1 +doln(do/di)+ 1
0.0172 8427  2x0.19 5400
= 273.43W/m?-K

To calculate heat flux,

Q/L=27dU (T, -T,)=2xrx0.019x 273.43(~12—(-23)) =838.14 W/m
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Problem 13.3

A heat exchanger isto 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 (c, = 4184
J/kg - K). A single shell and a single tube pass without baffles is preferable. A fouling
resistance of 0.000176 m? - K/W is suggested and the surface over design should not be over
35%. A maximum coolant velocity of 1.5 m/sis 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 per missible 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:

:( r'ncp)c(TC? _Tcl)

Q
0= 0(;0 x 4179(40-17) = 801 kW

The hot water outlet temperature becomes

Q 801x10°

T, =T, - =67—-
50,000><4184

= — =53.2°C
h, h ;

(e, ),
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/m? - K
and 5000 W/m? - K, respectively. Assuming bare tubes, one can estimate the overall heat transfer

coefficient from Eqg. (9.2) as
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In(r./r,
i:i+r_0i+Rﬁ+r0M
U h rh
-1
In(19/16
U, = 1 +g 1 +O.000176+0'019 ( ) =378.89 W/m?-K
5,000 16 5,000 2 0.35

where Kpps, = 0.35 W/mK and

1 1 r 1
—+-2 —+r
Uc ho i h

1 19 1 0019 In(1916
+ +

-1
U, = — ) =405.96 W/m?-K
5000 16 5,000 2 0.35

We need to calculate AT, from the four inlet and outlet temperatures.

AT,— AT, 27-36.2

AT . = -
™ In(AT/AT,) |n[ 27j
36.2

=31.4°C

Assuming F = 0.90, then

AT, =0.90AT, ; =0.90x 314~ 28°C
Next we can estimate the required areas As and A.:

Q  801.93x10°
U AT, 378.89x28

. Q  801.93x10°
UAT, 405.96x28

=75.50 m?

A =

=70.47 m?

A

The surface over design is AdA. = 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 Geld* 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 thefrictional pressuredrop.

SOLUTION:
For air at 500 K and 2 atm, from the appendix,

p =1.41kg/m®

¢, =1030 Jkg-K

1 =2.69x10° kg/m-s
Pr=0.718

Themassflux Gis

m _pPU.A,  pu 141x20
Anin Anin 2 078

=36.15 kg/m*-s

From Figure 13.5, the hydraulic diameter can be obtained as

D, - 4A, _ 4x0.00147x0.00137 000142 m
P (0.00147 x2)+ (0.00137 x 2)

w

The Reynolds number becomes

_ GD, 36.15x0.00142
y7, 2.69x107°

Re =1732.07
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From Figure 10.7, for Re = 1732.07, we get

h Pr??® =0.0045
ch
Gc,

h = 0.0045x 36.15x1030

23

208.97 W/m?-K

2

Auin P 2p
3
A 4xL 4><(48><4><10 )
A D, 0.00142

For Re = 1732.07, from Figure 10.7, f = 0.0275 and p / P, =1

(36.15)°

2x1.41

Ap, =0.0275x541.52x = 6901 N/m?
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Problem 13.5

Air entersthe 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 rateis 10 kg/s and flows perpendicular to the tubes.
The coreis 0.5 m long with a 0.30 m?frontal area. The height of the coreis 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 6,, = 0.129, D, = 0.373 cm, and water sde heat
transfer area/total volume = 138 m?m?®. When consider this problem as a rating problem,
calculate:

a. Theairside and waterside heat transfer coefficients

b. Overall heat transfer coefficient based on the outer (airside) surfacearea

c. Total heat transfer rate and outlet temperaturesof air and water

Free flow area/Frontal area. o = 0.534

"\\‘__
Heat transfer area/ Total volume = 587 m>/m’

SOLUTION:
— JCTTH T Fin thickness, t = 0.033 cm
|f @_] mln' Fin Area/ Total area = 0.839
Air | [ Fin Length L:
e\ LA (1.00 — 0.402) o
S | L:fzo.ﬁ&) =(0.7595 cm
| 2
—_— l | -1 -] — 0 0 .
_ '5.\ ©; ; Air passage hydraulic diameter, D,=0.3633 m
T—="0.402"

For the air side, we assume a mean temperature 80°C and determine the physical properties of
ar at p, =2 am

p,=1.9816 kg/m’
i, =2.1x10"° Pa-s
C,.. =1009kJ/(kg-K)
Pr. =0.708

Assuming an average temperature of 15°C for the water, we take the physical properties as:

1, =11.54x10" Pa-s
Cp = 4186 kJ/(kg-K)
Pr, =8.20

k, =0.591W/(m-K)

(a) Heat transfer coefficient:
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Air side:
A, 0.,A 0534x0.30

G,D,. _ 62.42x0.003633
U, 2.1x10°°
From Fig. 10.4, for Re = 10799, we have:

N PrZ® =0.004

Re= =10799

a~p,a
G,c
h, = 0.004x —22 - 0.004x M— 317.1W/(m*-K)
Pr? 0.708%°
Water side:
0.3
=—"x05=0.3m?
AI’,W 0.5
G, = __ M, 0 _ 155039 kg/(m?-s)
Aw  CuA.. 0129x025
G,D
re, = Sy _ 1292 o.oos_zss 5011
1, 11.54x10

Using Gnielinski’ s correlation, we have:

f =(1.58In Re—3.28) * = 0.00965
(f/2)(Re-1000)Pr ~ (0.01022/2)(4179-1000)82
1+12.7(£/2)° (Pr?®-1) 1+12.7(0.01022/2)"*(8.2** -1)

=5862.5 W/m?-K

= KN _0591x37
D, 000373

e

(b) Overall heat transfer coefficient U,:

To determine Uy, based on the air-side surface, the fin efficiency n 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 materia, k is given

as

k=0.27 W/m-K for PTFE
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The fin efficiency n for a plate fin can be calculated as:

tanh(mL)

Where

~ \/ 2x2317.1
-\ 0.27x0.033x102
_tanh(mL) tanh(54.77)
" mL 5477

x0.7595x 107 =54.77

=0.018

The air-weighted fin efficiency is determined by following Eq.:

n= {1—%(1—7% )} =[1-0.839x(1-0.018) | =0.176

The overdl heat transfer coefficient, U,, based on the air-side surface, is:

1 1 1

U, 7 (AJA)R,

Here the ration of the water-side to air-side heat transfer surfacesis found to be

A, _ water - side heat transfer area/ total volume _ 138 _ 0.935
A air-sidehest transfer area/ total volume 587

Then
1 1 .\ 1
U, 0.176x317.1 0.235x5862.5
U, =53.64 W/m?-K

(c) Outlet temperature of air and water:
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C, =y, , =10x1009=10090 W/K
C, =M,C,,, = 50x 4186 = 209300 W/K
C, =10090W/K =C, .
_ 1009 _ 548
209300

min

min

Total volume of matrix, V = A x(core length) = 0.3x0.5=0.15 m*

% =587 (from Fig. 9.4)
A, =587xV =587x0.15=88.05m

NTU 2 AU, _ 88.06x53.64 _
C., 10090

min

0.47

From Fig. 2.15, for a cross-flow heat exchanger with both fluids unmixed, for NTU = 0.47, and

Crin/Cmax = 0.048, we obtain:
=040

Then the total heat transfer rate, Q becomes:

Q= ‘9Cmin (Tin,a _Tin,w)
= 0.40x10090x (150—15)
=544860 W

From the heat balance
Q = I’?‘lacp,a (Tin,a _Tout,a) = rnNCp,W (Tout,w _Tin,w)
the outlet temperature can be obtained as:

Q 544860

Tota = Tina—— =150- =96°C
' m.C, . 10090
Totw = Tinw T Q =15+ >44860 =17.6°C

M,Coum 209300
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Problem A.1: Additional problem for Chapter 11

A gasketed-plate heat exchanger will be used for heating city water (Ry, = 0.0006 m*K/W)
using the wastewater available at 90 °C. 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 60°.
The plates are made of titanium (k = 20 W/m.K) with a thickness of 0.0006m. The port
diameter is0.15 m. The cold water entersto the plate heat exchanger at 15 °C and leaves at
45°C at arate of 6 kg/s; and it will be heated by the hot water available at 90 °C, 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 comparetheseresults:

a. The effective surface area and the number of plates of thisheat exchangers

b. The pressuredrop for both streams

GIVEN:
-Inlet temperature of hot wastewater (Ty;) = 90 °C
-Mass flow rate of hot water (my) = 12 kg/s
-Inlet temperature of cold water (Ty) = 15°C
-Outlet temperature of cold water (T,) = 45 °C
-Mass flow rate of cold water (m ) = 6 kg/s
-Fouling resistance (Ry.) = 0.00006 m*.K/W
-Plate thermal conductivity (Titanium , k) = 20 W/(m.K)
-Gasket heat exchanger configuration:

L,=1.60m L,=050m
b=6mm ¢=1.17
B =60° t =0.0006 m
Dp,=0.15m

SOLUTION:

Tn +Toy  15+45
2

Cold water propertiesat T, = =30°C:

p =996 kg/m*

n=815x10"* kg/m.s

c, = 4179 JkgK

Pr =558

k = 0.612 W/(m.K)
Hot water propertiesat Ty, = 90 °C:

p =965 kg/m*

n=3.16x10"* kg/m.s

c, = 4205 Jkg.K

Pr=1.96

k = 0.675 W/(m.K)
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Heat duty:
Q= (mcp )C (Tea—Tea)= (mcp )h (Tha = Tha)
= 6x4179x (45-15)= 752220 W

(ne,) (Te-Ta)  6x 4179 (45-15)

Tha = Tiy =90 =75 °C
2o (e, ) 12x 4205
L og-mean temperature difference:
(T =Tep)=(Tp=Tey) _ (90-45)—(75-15) ., o
ATimer = MaTe) | %04 =5214 °C
(Th2 - Tcl) 75-15

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 fromiit.

Assume the overall heat transfer coefficient U, to be 5000 W/(n?.K) (From table 11.2).
For safety factor Cs = 1.4,
Q; =C,-Q, =1.4x 752220 =1053108 W
where Q; = U; -A FAT, 4 , then:

Q 1053108

A, = = - 4.0395 m’
Uf -FATmg  5000x1x52.14

The single-plate projected area:

Ap=L,L,=(L,-D,)L, =(16-015)(050)=0.725 m’
The single-plate heat transfer area:

Ay =Ay, ¢ =0725x1.17 = 0.8483m°

The number of plates:
A, 40395
© A, 08483
Ny =N.+2=5+2=7plates
Verify theassumed heat transfer coefficient:
One channel flow area:
Ay =bxL, =0.006x0.5=0.003 m?
Channel equivalent diameter:
_ 4b-L,) 2b_2x0.006
¢ 2b+L,0) ¢ 117
The number of channels per pass, N,:
N1 7-1
® 2N, 2x1

N

=0.01026 m

N
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Mass flow rate per channgl:

. 12
Menn =5 = 4 kg/s

(o]

m

—=2 kg/s

ch,c

w

Mass velocity, Gen:

4 2
G =—=1333.34 kg/(m‘s
. (77

2 2
G =——=666.67 kg/(m‘s
ch,c 0.003 g/( )
Hot and cold fluid Reynolds numbers for correlation proposed by Kumar are:
Genn-De  1333.34x0.01026
Reh = = )
Kh 3.16x10

=43291

Re. — Gene De  666.67x0.01026
T 8.15x107

=8393

Hot and cold fluid Reynolds numbers for correlation proposed by Muley and Manglik are:
Gehn 20 1333.34x0.012
Reh = =

= =50633
Hp 3.16x1074
G -2b
. = ch,c _ 66667>< 00412 _ 9816
Me 8.15x10~

Heat transfer coefficient :

1) This can be obtained by referring to Table 11.6 C,=0.108, and n= 0.703 for § = 60 *with
using the correlation proposed by Kumar:

Nuh = the

0.17
= 0.108- (Re;, )0-703(Pr)]/3(ﬁJ
Hy
By assuming pp = pyw, then:
Nuj, = 0.108- (43291)*"(1.96)"° = 245.6
h _ Nupk _ 2456x0.675
" D, 0.01026

Nu, = 0.108-(8393)*"%%(5.58)"° =109.9

Nu_k
= Nuck _100.9x0612 _ oo 2
D 0.01026

e

Overall heat transfer coefficient:
1 1 + 1 0.0006

=16158 W/(m? - K)

U, h. h, 20

-1 1
U, - i+i+0.0006 ={ 1 + 1 +0.0006} — 4001 W/(mZ.K)
h. hy 20 6555.4 16158 20
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Fouled overall heat transfer coefficient:
L -1 000006

f c

-1 1
U, = {im,ooooe} - {%glm.ooooe} =3284.7 W/(mM2.K)

c

So, the resulting heat transfer coeffcient is less than the assumed 5000 W/(n?.K), the
procedure has to be repeated, assuming the U; to be 3284.7 W/(m?.K) asfollows:

A Qs _ 1053108 _ o000 P
® U; FAT,.4 3284.7x1x5214

The number of plates:
.= Ae 61489 7.25~9 plates (round off to odd number to make equal
A, 0.8483

number of channel passes for cold and hot fluid)

So the number of platesweget is:
5Ny =N +2=9+2=11plates

and the effective surface areais:
A.=N,-A; =(11-2)x0.8483=7.6347 m?

However, this problem cannot be solved without iterations. Reynolds numbers were
calculated according to mass velocities for 7 plates. But, number of platesis determined to be 11
for those Reynolds numbers. Therefore, iterations should be performed until same number of
platesis obtained for consecutive iterations.

2) Heat transfer coefficient can be obtained for § = 60, Re,= 38947, Re.=7550 by referring
to the correlation proposed by Muley et al. and Muley Manglik (Eq 11.12) :

2h,b
Nu =—"== [0.2668— 0.006967 + 7.244x10™° B ]><[20.78— 50.94® + 41.1D 2 —10.51c1>3]

0.17
X(Re)[0.728+0.05435in{(n[3/45)+3.7}] x(Pr)l/s x( Hp J
Hw

By assuming pb = pw, then:
Nup, = [0.2668 _ 0.00696x(60) + 7.244x10_5x(60)2}x[20.78 _50.94x(1.17) + 41.1x(1.17)2 - 10.51x(1.17)3}

x(50633)[0-728+0.0543sin{(n60/ 451+3.71 (1 963 _ 24078

hp = Nupk _ 240.78x0.675 135438
2b 2x0.006
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Nuc = [0.2668 — 0.00696x(60) + 7.244x10_5x(60)2}x[20.78 —50.94x(1.17) + 41.1x(L.17)2 - 10.51x(1.17)3}

x(9816)[0-728+0.0543sin{(n60/ 451+ 3.7}, (5 563 _ 109 1

ho— Nuck _102.1x0612 _ .

2b 2x0.006

Overall heat transfer coefficient:
1 1 1 0.0006
+ +—

U. h, h, 20

-1 1
U o Ly L 0000617 T L 10000617 ooy
he h, 20 5207.6 135438 20

Fouled overall heat transfer coefficient:

11 000006

f c

-1 1
U, = {iw.ooooe} - [L+ o.ooooe} _ 2810 W/(m2K)
U, 3380
So, the heat transfer coefficient isless than the assumed 5000 W/(m?.K), the procedure has to
be repeated, assuming the U; to be 2810 W/(m?K) as follows:
Qs 1053108

A, = = —7.1878 v’
U -FAT,ng  2810x1x52.14

The number of plates:

o= Ae 71878 8.47 ~ 9 plates (round off to odd number to make equal
A, 0.8483

number of channel passes for cold and hot fluid)

So the number of plateswe get is:
oo Ny =Ng+2=9+2=11plates
and the effective surface areais:
A, =Ng-A; = (11-2)x0.8483= 7.6347 m?
However, this problem cannot be solved without iterations. Reynolds numbers were

calculated according to mass velocities for 7 plates. But, number of platesis determined to be 11
for those Reynolds numbers. Therefore, iterations should be performed until same number of

platesis obtained for consecutive iterations.

b.
Friction coefficients and Pressure Drop :

1) Friction coefficients can be obtained by referring to Table 11.6 K ,=0.760, and m= 0.215
for  =60°, Re,=33300 and Re.=6456;




www.konkur.in

0.760 0.760
(Re )0.215 = 432910215 =0.077
h

0.760 0.760
c= (Rec )0.215 = 83930.215 =0.109

fh=

Hot and cold fluid frictional pressure drop:

-0.17
LatNp G2 [“_b]
De 2p \Hw

Ap, = 4f

2
16x1 >(1333.34 _ 442433 Pa
0.01026  2x965

(Ap.),, = 4x0.077x

2
(Ap,), = 4x0.109x 16x1  066.87" 15170 pa
0.01026 2x996
Port mass velocity:
Gpp =— = 12 67906 kg/(m?s)
D, [0.152
n— TX
4 4
m, 6 2
Gpe = = =339.53 kg/(ms)
D,? (0.152
n— TX
4 4
Pressure drop in port ducts:
2
Ap, =14N, ——
p p 2p
2
(Ap.), =14x1x O79.06" _ 33449 Pa
2% 96
339.532

(Apg ), =1.4x1x =81.02 Pa

X
Total pressure drop for hot and cold fluids:

Ap, = Apc +App
(AP )y =(Apc ), +(Ap, ), =44243.3+334.49 = 44577.8 Pa

(ap, ), = (ap; ), +(ap, ), =15170+81.02=15251 Pa

2) Friction coefficients can also be obtained for 8 = 60 ° for B = 60, Re,=3e3300 and
Re.=6456 by referring to the correlation proposed by Muley et a. and Muley Manglik

(Eq 11.13):
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f = [2.917 —0.1277B + 2.016x10_3|32}x[5.474 ~19.02 +18.93b2 — 5.341@3} Re ~10-2+0.0557sin{(np/ 45}+2.1}]

fry = [2.917 — 0.1277x(60) + 2.016x10 3 x(60) 2}{5.474 ~19.02x(1.17) + 18.93(1.17) 2 — 5.341x(1.17)3}
%50633—10-2+0.0557sin{(n60/ 45)+2.1}] _ 5 156

fo = [2.917 —0.1277x(60) + 2.016x10_3x(60)2Jx[5.474— 19.02x(1.17) +18.93(1.17)2 — 5.341x(1.17)3J
%9816-10-2+0.0557sin{(n60/ 451+2.1}] _ (5 519

Muley and Manglik defined the Fanning friction factor as given below :

2
2LG b p
2
(Ap.),, = 0.156x 16  133334" 38310 Pa
0.012 965
2
(Ap), = 0.219x 8, 806577 _ 13430 pa

0.012 996

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 aready been calculated above.

Tota pressure drop for hot and cold fluids:
Ap; = Apc +App
(Ap.), = (Apc ), +(Ap, ), =38319+334.49 = 38653.5 Pa

(ap), =(ap, ), +(Ap, ). =13080+81.02=13111.02 Pa

Table 1. Comparison of results for different correlations

Correlations proposed by Kumar Correlations proposed by Muley and Manglik
Hot water heat transfer coefficient (hy) 16158 (W/m’K) 13543.8 (W/m’K)
Cold water heat transfer coefficient (h,) 6555.4(W/m’K) 5207.6 (W/m’K)
Overall heat transfer coefficient (Uy) 3284.7 (W/m’K) 2810 (W/m’K)
Number of plates 11 11
Pressure drop in hot water due to friction(AP,), 44243 (Pa) 38319 (Pa)
Pressure drop in cold water due to friction(AP,), 15170 (Pa) 13030 (Pa)
Total pressure drop in hot water(AP,, ), 44577.8 (Pa) 38653.5 (Pa)
Total pressure drop in cold water(AP,,,)). 15251 (Pa) 13111.02(Pa)
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Problem A.2: Additional problem for Chapter 11

A one-pass counter current 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 °C isfed to the heat exchanger at arate of 15 kg/sthat will be heated
to 75°C with a wastewater entering at an inlet temperature of 90 °C. 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
pressuredrop. Isthis heat exchanger suitablefor this purpose (larger or smaller)?

GIVEN:
-Inlet temperature of hot wastewater (Ty;) =90 °C
-Mass flow rate of hot water (my) = 30 kg/s
-Inlet temperature of cold water (T,) = 10 °C
-Outlet temperature of cold water (T,) =75 °C
-Mass flow rate of cold water (m¢) = 15 kg/s
-Plate thermal conductivity (Titanium , k) = 20 W/(m.K)
-Gasket heat exchanger configuration:

L,2=20m Ly =0.60m
b=6mm $=1.25
B =50° t =0.0006 m
D,=0.15m
SOLUTION:
Cold water propertiesat T, = Tin +2T°”‘ = 10;75 =425°C:
p=991 kg/ m*

n=624x10" kg/m.s
Cp =4179 J/kg.K
Pr =414
k =0630 W/ (m.K)
Hot water propertiesat T, = 90 °C:
p =965 kg/m?
n=316x10" kg/m.s
Cp, =4205 J/kg.K
Pr =196
k=0675 W/(m.K)
Heat duty:
Q= (mcp)C(TCZ ~Ty)= (mcp)h(Thl ~Tho)
=15% 4179 (75~ 10) = 4074525 W
(mep) (T ~Ta)  15x4179(75-10)

T, =T,— =90 =577 °C
h2 = Thi (mcp)h 30x 4205
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L og-mean temperature difference:

(Tha —Teo) = (The = Tea) _ (90-75) - (57.7-10)
(Tha - Te2) in 20-75
(Th 5 — Tcl) 57.7-10
The effective number of plateis:

N.=N,-2=199
One channel flow area:

A, =bxL, = 0.006x0.60=0.0036 m?

=217 °C

ATlm,cf =

In

The single-plate projected area:
Ap=L, L, :(LV —Dp)-LW =(20-015)x 06 =111 m?

The single-plate hest transfer area:
A=A, ¢=111x1.25=1.3875 m?
Channel equivalent diameter at ¢ = 1.17:
D - 4(b-L,) _2b_2x0.006
¢ 2(b+ LW¢) @ 125
The number of channel per pass:

N -1 201-1
@ 2N, 2x1

=0.0096 m

N =100

Mass flow rate per channel:

30
Mg, =—— =03 kg/s
ch,h 100 g/
15
My . =——=015 kg/s
ch,c 100 g/

Mass velocity, Gen:

03
00036
015

che = m
Hot and cold fluid Reynolds humbers are:
G, -D, 83.33x0.0096
o, 3.16x10°

G, D, 41.67x0.01025
ReC = = 2
M, 6.24x10

Hot fluid heat transfer coefficient, h,—This can be obtained by referring to Table 11.6
Cy=0.13, and n= 0.732 for B = 50 °C:

Gann = = 8333 kg/(n’s)

= 4167 kg/(m’)

Re, = 2531.544

=641.077

h D 0.17
Nu, = “k e =0.13-(Re, )0‘732(Pr)]/3[zbj
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By assuming pp = py, then:

Nu, = 0.13-(2531.6)""* (1.96)"* =50.17
= Nk _ 50.17x0675

=3527.34 W/(m? -K)
D, 0.0096

Nu, = 0.13-(641.077)""% (4.14)"* = 23.67
p, = Nuck _ 23670630

=1553.594 W/(m? - K)
D, 0.0096
Overall heat transfer coefficient:
1 1 1 0.0006
—_— =t
Us h, h, 20

1 1 00006 [ 1 1 0.0006
U =| —+—+—"—""| = + +
““|h K 20

A
=1044.5 W/(m?.K)
3527.34 1553 20
Fouled overall heat transfer coefficient:
Assume the Ry, = 0.00006 (m”.K/W) for city water, and Ry, = 0.000086(m?.K/W) for the
wastewater side.
1 1

— = +0.00006 +0.000086
Uy U

c

-1 -1
U, = 1 40.00006+0.000086 | =|-— +0000146 | =906.3 W/(M.K)
U, 1044.5
The corresponding cleanliness factor is.

U, 9063

- 722 _087 n’
U, 10445
Actual heat dutiesfor clean surface are:

Q. =U_AAT, =1044.5x199x1.3875x 28.3=8161.706 kW
Q; =U, AAT, =906.3x199x1.3875x 28.3=7083.376 kW
The safety factor is:

3

C. - Q _ 7083376x10° _ g
Q 4074525

The percentage over surface design is:

og_ Y. 11315

U, 9711

L =11525~15%
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