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In-Text Concept Questions
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la
Make a control volume around the turbine in the steam power plant in Fig. 1.2 and
list the flows of mass and energy that are there.

Solution:

We see hot high pressure steam flowing in 1
at state 1 from the steam drum through a

flow control (not shown). The steam leaves

at a lower pressure to the condenser (heat W.
exchanger) at state 2. A rotating shaft gives

a rate of energy (power) to the electric

generator set. 2
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Take a control volume around your kitchen refrigerator and indicate where the
components shown in Figure 1.3 are located and show all flows of energy transfers.

Solution:

The valve and the
cold line, the
evaporator, is
inside close to the
inside wall and
usually a small
blower distributes
cold air from the
freezer box to the
refrigerator room.

The black grille in
the back or at the
bottom is the
condenser that
gives heat to the
room air.

The compressor
sits at the bottom.
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l.c
Why do people float high in the water when swimming in the Dead Sea as compared

with swimming in a fresh water lake?

As the dead sea is very salty its density is higher than fresh water density. The
buoyancy effect gives a force up that equals the weight of the displaced water.
Since density is higher the displaced volume is smaller for the same force.
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1d
Density of liquid water is p = 1008 — T/2 [kg/m3] with T in °C. If the temperature
increases, what happens to the density and specific volume?

Solution:
The density is seen to decrease as the temperature increases.
Ap = —AT/2
Since the specific volume is the inverse of the density v = 1/p it will increase.
le
A car tire gauge indicates 195 kPa; what is the air pressure inside?

The pressure you read on the gauge is a gauge pressure, AP, so the absolute
pressure is found as

P=P,+ AP =101 + 195 = 296 kPa

Figure 1.21
© John Wiley & Sons, Inc. All rights reserved.
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1.f
Can I always neglect AP in the fluid above location A in figure 1.13? What does that
depend on?

If the fluid density above A is low relative to the manometer fluid then you
neglect the pressure variation above position A, say the fluid is a gas like air and the
manometer fluid is like liquid water. However, if the fluid above A has a density of
the same order of magnitude as the manometer fluid then the pressure variation with
elevation is as large as in the manometer fluid and it must be accounted for.

lg
A U tube manometer has the left branch connected to a box with a pressure of 110

kPa and the right branch open. Which side has a higher column of fluid?

Solution:

Box

Since the left branch fluid surface Po
feels 110 kPa and the right branch
surface is at 100 kPa you must go
further down to match the 110 kPa. H
The right branch has a higher column
of fluid.
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Concept Problems
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Make a control volume around the whole power plant in Fig. 1.1 and with the help of
Fig. 1.2 list what flows of mass and energy are in or out and any storage of energy.
Make sure you know what is inside and what is outside your chosen C.V.

Solution:
Boiler Smoke
building stack
Coal conveyor system Storage
gypsum
% / Coal
storage
flue 5%
Turbine house I
Dock .---‘
. Combustion air Flue gas
W. .
Underground — electrical J_L ﬁ
A4

powercable = ] 3, Storage for later +

District heating: transport out:

Cold return == _ Gypsum, fly ash, slag
m

—1h Coal
Hotwater <=—= | nm
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1.2
Make a control volume around the refrigerator in Fig. 1.3. Identify the mass flow of
external air and show where you have significant heat transfer and where storage
changes.

The valve and the The black grille in
cold line, the the back or at the
evaporator, is bottom is the
inside close to the [I condenser that
inside wall and gives heat to the
usually a small room air.

blower distributes
cold air from the I]
freezer box to the

refrigerator room.

The compressor
sits at the bottom.

ch

The storage changes inside the box which is outside of the refrigeration cycle
components of Fig. 1.3, when you put some warmer mass inside the refrigerator it is
being cooled by the evaporator and the heat is leaving in the condenser.

The condenser warms outside air so the air flow over the condenser line carries away
some energy. If natural convection is not enough to do this a small fan is used to
blow air in over the condenser (forced convection). Likewise the air being cooled by
the evaporator is redistributed inside the refrigerator by a small fan and some ducts.

Since the room is warmer than the inside of the refrigerator heat is transferred into
the cold space through the sides and the seal around the door. Also when the door is
opened warm air is pulled in and cold air comes out from the refrigerator giving a
net energy transfer similar to a heat transfer.
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1.3
Separate the list P, F, V, v, p, T, a, m, L, t, and V into intensive, extensive, and non-
properties.

Solution:

Intensive properties are independent upon mass: P, v, p, T
Extensive properties scales with mass: V, m
Non-properties: F,a LtV

Comment: You could claim that acceleration a and velocity V are physical
properties for the dynamic motion of the mass, but not thermal properties.
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A tray of liquid water is placed in a freezer where it cools from 20°C to -5°C. Show
the energy flow(s) and storage and explain what changes.

Inside the freezer box, the walls are very cold as they are the outside of the
evaporator, or the air is cooled and a small fan moves the air around to redistribute
the cold air to all the items stored in the freezer box. The fluid in the evaporator
absorbs the energy and the fluid flows over to the compressor on its way around the
cycle, see Fig. 1.3. As the water is cooled it eventually reaches the freezing point and
ice starts to form. After a significant amount of energy is removed from the water it

is turned completely into ice (at 0°C) and then cooled a little more to -5°C. The
water has a negative energy storage and the energy is moved by the refrigerant fluid
out of the evaporator into the compressor and then finally out of the condenser into
the outside room air.

©C. Borgnakke
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15
The overall density of fibers, rock wool insulation, foams and cotton is fairly low.

Why is that?
Solution:

All these materials consist of some solid substance and mainly air or other gas.
The volume of fibers (clothes) and rockwool that is solid substance is low relative
to the total volume that includes air. The overall density is
_m _ Msolid * Mair
P=v Vsolid * Vair
where most of the mass is the solid and most of the volume is air. If you talk
about the density of the solid only, it is high.
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1.6
Is density a unique measure of mass distribution in a volume? Does it vary? If so, on
what kind of scale (distance)?

Solution:

Density is an average of mass per unit volume and we sense if it is not evenly
distributed by holding a mass that is more heavy in one side than the other.
Through the volume of the same substance (say air in a room) density varies only
little from one location to another on scales of meter, cm or mm. If the volume
you look at has different substances (air and the furniture in the room) then it can
change abruptly as you look at a small volume of air next to a volume of
hardwood.

Finally if we look at very small scales on the order of the size of atoms the density
can vary infinitely, since the mass (electrons, neutrons and positrons) occupy very
little volume relative to all the empty space between them.
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1.7

Water in nature exists in different phases such as solid, liquid and vapor (gas).
Indicate the relative magnitude of density and specific volume for the three phases.

Solution:

Values are indicated in Figure 1.8 as density for common substances. More
accurate values are found in Tables A.3, A.4 and A.5

Water as solid (ice) has density of around 900 kg/m3
Water as liquid has density of around 1000 kg/m3
Water as vapor has density of around 1 kg/m3 (sensitive to P and T)

Ice cube Liquid drops falling Cloud*

* Steam (water vapor) cannot be seen, what you see are tiny drops suspended in air from
which we infer that there was some water vapor before it condensed.
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1.8
What is the approximate mass of 1 L of gasoline? Of helium in a balloon at T,, Py?

Solution:

Gasoline is a liquid slightly lighter than liquid water so its density is smaller than
1000 kg/m3. 1 L is 0.001 m3 which is a common volume used for food items.
A more accurate density is listed in Table A.3 as 750 kg/m3 so the mass becomes

m=p V=750 kg/m3 x 0.001 m3=0.75 kg

The helium is a gas highly sensitive to P and T, so its density is listed at the
standard conditions (100 kPa, 25C) in Table A.5 as p = 0.1615 kg/m3,

m=p V=0.1615 kg/m3 x 0.001 m3 = 1.615 x 10" kg
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1.9
Can you carry 1 m?3 of liquid water?

Solution:

The density of liquid water is about 1000 kg/m3 from Figure 1.7, see also Table
A.3. Therefore the mass in one cubic meter is

m = pV = 1000 kg/m® x 1 m3 = 1000 kg

and we can not carry that in the standard gravitational field.
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1.10
A heavy refrigerator has four height-adjustable feet. What feature of the feet will
ensure that they do not make dents in the floor?

Answer:
The area that is in contact with the floor supports the total mass in the
gravitational field.

F=PA=mg

so for a given mass the smaller the area is the larger the pressure becomes.
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1.11
A swimming pool has an evenly distributed pressure at the bottom. Consider a stiff
steel plate lying on the ground. Is the pressure below it just as evenly distributed?

Solution:
The pressure is force per unit area from page 13:
P =F/A =mg/A

The steel plate can be reasonable plane and flat, but it is stiff and rigid. However,
the ground is usually uneven so the contact between the plate and the ground is
made over an area much smaller than the actual plate area. Thus the local pressure
at the contact locations is much larger than the average indicated above.

The pressure at the bottom of the swimming pool is very even due to the ability of
the fluid (water) to have full contact with the bottom by deforming itself. This is
the main difference between a fluid behavior and a solid behavior.

Steel plate —
Ground
1.12

What physically determines the variation of the atmospheric pressure with elevation?

The total mass of the column of air over a unit area and the gravitation gives the
force which per unit area is pressure. This is an integral of the density times
gravitation over elevation as in Eq.1.4.

To perform the integral the density and gravitation as a function of height (elevation)
should be known. Later we will learn that air density is a function of temperature and
pressure (and compositions if it varies). Standard curve fits are known that describes
this variation and you can find tables with the information about a standard
atmosphere. See problems 1.28, 1.64, and 1.95 for some examples.
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1.13
Two divers swim at 20 m depth. One of them swims right in under a supertanker; the
other stays away from the tanker. Who feels a greater pressure?

Solution:
Each one feels the local pressure which is the static pressure only a function of

depth.

Pocean™ Po * AP =Pq + pgH

So they feel exactly the same pressure.
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1.14
A manometer with water shows a AP of P,/20; what is the column height difference?

Solution:
AP = P,/20 = pHg

101.3 x 1000 Pa
20 x 997 kg/m® x 9.80665 m/s

H=P,/(20p Q) =
=0.502 m
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1.15
Does the pressure have to be uniform for equilibrium to exist?

No. It depends on what causes a pressure difference. Think about the pressure
increasing as you move down into the ocean, the water at different levels are in
equilibrium. However if the pressure is different at nearby locations at same
elevation in the water or in air that difference induces a motion of the fluid from
the higher towards the lower pressure. The motion will persist as long as the
pressure difference exist.
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1.16
A water skier does not sink too far down in the water if the speed is high enough.

What makes that situation different from our static pressure calculations?

The water pressure right under the ski is not a static pressure but a static plus
dynamic pressure that pushes the water away from the ski. The faster you go, the
smaller amount of water is displaced, but at a higher velocity.
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1.17
What is the lowest temperature in degrees Celsuis? In degrees Kelvin?

Solution:
The lowest temperature is absolute zero which is RN

at zero degrees Kelvin at which point the
temperature in Celsius is negative

Tk =0K=-273.15°C
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1.18
Convert the formula for water density in In-text Concept Question “d” to be for T in

degrees Kelvin.

Solution:
p=1008 -T2 [kg/m3]

We need to express degrees Celsius in degrees Kelvin
Tc=Tk-273.15
and substitute into formula
p =1008 — T/2 =1008 — (T — 273.15)/2 = 1144.6 — T/2
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1.19
A thermometer that indicates the temperature with a liquid column has a bulb with a

larger volume of liquid, why is that?

The expansion of the liquid volume with temperature is rather small so by having
a larger volume expand with all the volume increase showing in the very small
diameter column of fluid greatly increases the signal that can be read.
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What is the main difference between the macroscopic Kinetic energy in a motion
like the blowing of wind versus the microscopic kinetic energy of individual
molecules? Which one can you sense with your hand?

Answer:

The microscopic kinetic energy of individual molecules is too small for us to
sense however when the combined action of billions (actually more like in the
order of 1 E19) are added we get to the macroscopic magnitude we can sense. The
wind velocity is the magnitude and direction of the averaged velocity over many
molecules which we sense. The individual molecules are moving in a random
motion (with zero average) on top of this mean (or average) motion. A
characteristic velocity of this random motion is the speed of sound, around 340
m/s for atmospheric air and it changes with temperature.
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1.21

How can you illustrate the binding energy between the three atoms in water as
they sit in a tri-atomic water molecule. Hint: imagine what must happen to create
three separate atoms.

Answer:

If you want to separate the atoms you must pull them apart. Since they are bound
together with strong forces (like non-linear springs) you apply a force over a
distance which is work (energy in transfer) to the system and you could end up
with two hydrogen atoms and one oxygen atom far apart so they no longer have
strong forces between them. If you do not do anything else the atoms will sooner
or later recombine and release all the energy you put in and the energy will come
out as radiation or given to other molecules by collision interactions.
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Properties, Units, and Force
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1.22

An apple “weighs” 60 g and has a volume of 75 cm?3 in a refrigerator at 8°C.
What is the apple density? List three intensive and two extensive properties of the

apple.
Solution:
p=y = o.o%c()) %75 I:ﬁ% = 800 Tkn%
Intensive
pZSOOTkng‘; v:lp:0.00lZSr;—;
T = 8°C; P =101kPa
Extensive

m =60 g = 0.06 kg
V =75 c¢m3 =0.075 L = 0.000 075 m3
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1.23
One kilopond (1 kp) is the weight of 1 kg in the standard gravitational field. How

many Newtons (N) is that?

F=ma=mg

1 kp =1 kg x 9.807 m/s2 = 9.807 N
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1.24
A stainless steel storage tank contains 5 kg of oxygen gas and 7 kg of nitrogen
gas. How many kmoles are in the tank?

Table A.2: Mg, =31.999 ; My, =28.013
NAo = [ M~n = =—2— = 0.15625 kmol A
02~ Mo2/ Mo =37999 = - mo

7

Niot = Nop + Ny = 0.15625 + 0.24988 = 0.40613 kmol
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1.25

A steel cylinder of mass 4 kg contains 4 L of liquid water at 25°C at 100 kPa.
Find the total mass and volume of the system. List two extensive and three
intensive properties of the water

Solution:

Density of steel in Table A.3: p = 7820 kg/m3

: _ ___4kg _ 3
Volume of steel: V=mlp= 7820 kg/m3 ~ 0.000 512 m
Density of water in Table A.4: p =997 kg/m3
Mass of water: m = pV = 997 kg/m3 x 0.004 m3 = 3.988 kg
Total mass: M = Mgtee + Myater = 4 +3.988 = 7.988 kg
Total volume: V = Vgteel + Viyater = 0.000 512 + 0.004

=0.004512 m3=451L

Extensive properties: m, V
Intensive properties: p (orv=1/p), T,P
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1.26
The “standard” acceleration (at sea level and 45° latitude) due to gravity is

9.80665 m/s2. What is the force needed to hold a mass of 2 kg at rest in this
gravitational field? How much mass can a force of 1 N support?

Solution:

ma=0=>F=F-mg

F
F =mg =2 kg x 9.80665 m/s? = 19.613 N
ig
F=mg =>
m=r=—2N___ 100 kg

"0 9.80665 m/s2
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1.27
An aluminum piston of 2.5 kg is in the standard gravitational field where a force

of 25 N is applied vertically up. Find the acceleration of the piston.

Solution:

A
by .
F-mg _F g
a= m = m_g
25N
_ N 2
=25kg ~ 9.807 m/s
=0.193 ms2
T
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1.28
When you move up from the surface of the earth the gravitation is reduced as g =

9.807 — 3.32 x 106 z, with z as the elevation in meters. How many percent is the
weight of an airplane reduced when it cruises at 11 000 m?

Solution:

gy= 9.807 ms™

gy, = 9.807 ~ 3.32 x 10°® x 11 000 = 9.7705 ms 2
Wo=mggy i Wy=mgy,

Reduction =1 - 0.9963 = 0.0037 or 0.37%

i.e. we can neglect that for most applications.
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1.29
A car rolls down a hill with a slope so the gravitational “pull” in the direction of
motion is one tenth of the standard gravitational force (see Problem 1.26). If the
car has a mass of 2500 kg find the acceleration.

Solution:

ma= > F=mg/10
a=mg/10m=g/10
=9.80665 (m/s?) / 10
=0.981 m/s?

This acceleration does not depend on the mass of the car.
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1.30
A van is driven at 60 km/h and is brought to a full stop with constant deceleration

in 5 seconds. If the total car and driver mass is 2075 kg find the necessary force.
Solution:

Acceleration is the time rate of change of velocity.

_dV 60 x 1000
=gt T 3600 x 5

ma=> F:
Fnet = ma = 2075 kg x 3.333 m/s2 = 6916 N

= 3.333 m/s?
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131
A 1500-kg car moving at 20 km/h is accelerated at a constant rate of 4 m/s2 up to
a speed of 75 km/h. What are the force and total time required?

Solution:
_dv_ AV _
Tdt T At T
AV _ (75-20) km/h x 1000 m/km
A= = T e00shxdams2 | S02see

F = ma = 1500 kg x 4 m/s2 = 6000 N
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On the moon the gravitational acceleration is approximately one-sixth that on the
surface of the earth. A 5-kg mass is “weighed” with a beam balance on the surface
on the moon. What is the expected reading? If this mass is weighed with a spring
scale that reads correctly for standard gravity on earth (see Problem 1.26), what is
the reading?

Solution:
Moon gravitation is: g = gearth/6

6 | &

Beam Balance Reading is 5 kg Spring Balance Reading is in kg units
This is mass comparison Force comparison length c F oc g

Reading will be% kg

N W A |
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1.33
The elevator in a hotel has a mass of 750 kg, and it carries six people with a total
mass of 450 kg. How much force should the cable pull up with to have an

acceleration of 1 m/s2 in the upwards direction?

Solution:

The total mass moves upwards with an ‘ F
acceleration plus the gravitations acts
with a force pointing down.

ma=> F=F-mg

F=ma+mg=m(a+ Q)
= (750 + 450) kg x (1 + 9.81) m/s?
=12972N
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1.34

One of the people in the previous problem weighs 80 kg standing still. How much
weight does this person feel when the elevator starts moving?

Solution:

The equation of motion is
ma=> F=F-mg
so the force from the floor becomes
F=ma+mg=m(a+g)
=80 kg x (1 + 9.81) m/s?
=864.8N
= x kg x 9.81 m/s?
Solve for x

X = 864.8 N/ 9.81 m/s? = 88.15 kg

The person then feels like having a mass of 88 kg instead of 80 kg. The weight
is really force so to compare to standard mass we should use kp. So in this
example the person is experiencing a force of 88 kp instead of the normal 80 kp.
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1.35
A bottle of 12 kg steel has 1.75 kmole of liquid propane. It accelerates horizontal

with 3 m/s2, what is the needed force?
Solution:

The molecular weight for propane is M =44.094 from Table A.2. The force
must accelerate both the container mass and the propane mass.

M = Mggeel + Mpropane = 12 + (1.75 x 44.094) = 90.645 kg

ma=>XF = =

F =ma=90.645 kg x 3m/s2 =271.9 N
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1.36
Some steel beams with a total mass of 700 kg are raised by a crane with an

acceleration of 2 m/s? relative to the ground at a location where the local
gravitational acceleration is 9.5 m/s2. Find the required force.

Solution: /n.:
F=ma=F,-mg T

Fup=ma+mg=700kg(2+9.5)
m/s?
=80500 N
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1.37
A 1 m3 container is filled with 400 kg of granite stone, 200 kg dry sand and 0.2

m3 of liquid 25°C water. Use properties from tables A.3 and A.4. Find the
average specific volume and density of the masses when you exclude air mass and
volume.

Solution:

Specific volume and density are ratios of total mass and total volume.
— — 3 3=
V“q/vIlq lig Pliq = 0.2 m® x 997 kg/m° = 199.4 kg

TOT = Meone + Magng * Myig = 400 +200 +199.4 =799.4 kg

Vone = MV = M/p = 400 kg/ 2750 kg/m3 = 0.1455 m3

m

\Y
V

sand

= mv = m/p = 200/ 1500 = 0.1333 m3
=V, _+V

@)
TO stone sand + Vliq Q O O
3 O ° O
= 0.1455 + 0.1333 + 0.2 = 0.4788 m Dy

V=Vo~r ! Mo~ = 0.4788/799.4 = 0.000599 m3/kg

TOT TOT

= = = = 3
p = 1NV =M oV = 799.4/0.4788 = 1669.6 kg/m
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1.38
A power plant that separates carbon-dioxide from the exhaust gases compresses it
to a density of 110 kg/m3 and stores it in an un-minable coal seam with a porous
volume of 100 000 m3. Find the mass they can store.

Solution:
m=pV=110kg/m3 x 100000 m3 =11 x 10° kg

Comment:

Just to put this in perspective a power plant that generates 2000 MW by burning
coal would make about 20 million tons of carbon-dioxide a year. That is 2000
times the above mass so it is nearly impossible to store all the carbon-dioxide
being produced.
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1.39
A 15-kg steel gas tank holds 300 L of liquid gasoline, having a density of 800

kg/m3. If the system is decelerated with 2g what is the needed force?

Solution:

M = Miank * Mgasoline
= 15 kg + 0.3 m3 x 800 kg/m3
= 255 kg

F =ma = 255kg x 2 x 9.81 m/s?
= 5003 N
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1.40
A 5 m3 container is filled with 900 kg of granite (density 2400 kg/m3) and the
rest of the volume is air with density 1.15 kg/m3. Find the mass of air and the
overall (average) specific volume.

Solution:
Mgranite
Mair = p V = pair (Viot — N )
900
=115[5-5,05]=1.15 x 4.625=5.32 kg

A — 3
V=117900+532 " 0.005 52 m°/kg

Comment: Because the air and the granite are not mixed or evenly distributed in
the container the overall specific volume or density does not have much meaning.
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A tank has two rooms separated by a membrane. Room A has 1 kg air and volume

0.5 m3, room B has 0.75 m3 air with density 0.8 kg/m3. The membrane is broken
and the air comes to a uniform state. Find the final density of the air.

Solution:
Density is mass per unit volume
m=mpa+mg=mpa+pgVg=1+08x0.75=1.6 kg

V=Va+Vg=05+0.75=125m3

_m_16 kg_ 3
P=V=125m 3= 1.28 kg/m

ch
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1.42
One kilogram of diatomic oxygen (O2 molecular weight 32) is contained in a 500-

L tank. Find the specific volume on both a mass and mole basis (v and v).

Solution:
From the definition of the specific volume
_V_05m°_ 3
V=TT kg = 0.5 m°/kg
YoV = 32 kg/kmol 3/kg = 3/kmol
V= —m/M—MV—3 g/kmol x 0.5 m®/kg = 16 m>/kmo
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1.43
A 5000-kg elephant has a cross sectional area of 0.02 m? on each foot. Assuming
an even distribution, what is the pressure under its feet?

Force balance: ma=0=PA-mg

P = mg/A = 5000 kg x 9.81 m/s? /(4 x 0.02 m?)
=613 125 Pa = 613 kPa
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1.44
A valve in a cylinder has a cross sectional area of 11 cm? with a pressure of 735
kPa inside the cylinder and 99 kPa outside. How large a force is needed to open

the valve?
Fret = PigA ~Pouh (A

= (735 - 99) kPa x 11 cm? p
cyl
= 6996 kPa cm?

kN
= 6996 x— x 107 m2

m
=700 N o
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1.45
The hydraulic lift in an auto-repair shop has a cylinder diameter of 0.2 m. To what
pressure should the hydraulic fluid be pumped to lift 40 kg of piston/arms and 700
kg of a car?

Solution:
Force acting on the mass by the gravitational field

FI =ma=mg = 740 x 9.80665 = 7256.9 N = 7.257 kN

Force balance: FT=(P-Py)A=Fl => P=Py+FlL/A
A=nrD2(1/4)=0.031416 m2
7.257 kN
P =101 kPa + o=~ = 332 kPa
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1.46
A hydraulic lift has a maximum fluid pressure of 500 kPa. What should the

piston-cylinder diameter be so it can lift a mass of 850 kg?
Solution:

With the piston at rest the static force balance is

FT=PA=Fl=mg
A=nr2=nD?%4

PA=PnD%4=mg =

_ . [mg 850 kg x 9.807 m/s2
D= 2\/; = 2\/500 KPa x 7 x 1000 (PakPa) ~ 0140 ™
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1.47
A laboratory room keeps a vacuum of 0.1 kPa. What net force does that put on the

door of size 2 m by 1 m?

Solution:

The net force on the door is the difference between the forces on the two sides as
the pressure times the area

F = Poutside A — Pinside A=AP A=0.1kPax2mx1m=200N

Remember that kPa is kKN/m?2.
’ Pabs = PO - AP

|’ AP=0.1kPa
'
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1.48
A vertical hydraulic cylinder has a 125-mm diameter piston with hydraulic fluid
inside the cylinder and an ambient pressure of 1 bar. Assuming standard gravity,
find the piston mass that will create a pressure inside of 1500 kPa.

Solution:

Force balance: P&Q,\ g

FT=PA=Fl=PA+ m,g;

P0 =1 bar = 100 kPa cb i

A = (n/4) D? = (n/4) x 0.125% = 0.01227 m?

0.01227 m2
9.80665 m/s2

A
m, = (P -Pp) E = (1500 — 100 ) kPa x 1000 Pa/kPa x

= 1752 kg
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1.49
A 75-kg human footprint is 0.05 m2 when the human is wearing boots. Suppose
you want to walk on snow that can at most support an extra 3 kPa; what should
the total snowshoe area be?

Force balance: ma=0=PA-mg

A=Mg_75kgx 981 m/s2

— 2
P = 3 kPa =0.245m
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1.50

A piston/cylinder with cross sectional area of 0.01 m? has a piston mass of 100 kg
resting on the stops, as shown in Fig. P1.50. With an outside atmospheric pressure

of 100 kPa, what should the water pressure be to lift the piston?

Solution:
The force acting down on the piston comes from gravitation and the
outside atmospheric pressure acting over the top surface.

Force balance: F'= F{=PA= myg + PgA

Now solve for P (divide by 1000 to convert to kPa for 2™ term)

B Mmpg 100 x 9.80665
P=Pg+ A =100 kPa+—O.01X 1000 kPa =
=100 kPa + 98.07 kPa = 198 kPa

Water
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A large exhaust fan in a laboratory room keeps the pressure inside at 10 cm water
vacuum relative to the hallway. What is the net force on the door measuring 1.9 m
by 1.1 m?

Solution:

The net force on the door is the difference between the forces on the two sides as
the pressure times the area

F = Poutside A — Pinside A = AP x A
=10cmH,0Ox19mx1.1m

0.10 x 9.80638 kPa x 2.09 m?
2049 N

Table A.1: 1 m H,0 is 9.80638 kPa and kPa is kN/m?.
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1.52
A tornado rips off a 100 m2 roof with a mass of 1000 kg. What is the minimum
vacuum pressure needed to do that if we neglect the anchoring forces?

Solution:

The net force on the roof is the difference between the forces on the two sides as
the pressure times the area

F = Pinside A — PoutsideA = AP A
That force must overcome the gravitation mg, so the balance is
AP A =mg
AP = mg/A = (1000 kg x 9.807 m/s2 )/100 m2 = 98 Pa = 0.098 kPa

Remember that kPa is kKN/m?2.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.53
A 5-kg cannon-ball acts as a piston in a cylinder with a diameter of 0.15 m. As the
gun-powder is burned a pressure of 7 MPa is created in the gas behind the ball.
What is the acceleration of the ball if the cylinder (cannon) is pointing
horizontally?

Solution:

The cannon ball has 101 kPa on the side facing the atmosphere.
ma=F=P1xA-PgxA=(P1-Pg)xA

= (7000 — 101) kPa x 7 (0.15 /4 ) m? = 121.9 kN
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Repeat the previous problem for a cylinder (cannon) pointing 40 degrees up

relative to the horizontal direction.
Solution:

ma:F:(Pl-Po)A-mgsin40O

ma = (7000 - 101 ) kPa x 1 x (0.152 /4 ) m? - 5 x 9.807 x 0.6428 N
=121.9kN - 31.52 N = 121.87 kN
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A 2.5 m tall steel cylinder has a cross sectional area of 1.5 m2. At the bottom with
a height of 0.5 m is liquid water on top of which is a 1 m high layer of gasoline.
This is shown in Fig. P1.55. The gasoline surface is exposed to atmospheric air at
101 kPa. What is the highest pressure in the water?

Solution:

The pressure in the fluid goes up with the depth as

P=P,

op TAP =P+ pgh

1m Gasoline
and since we have two fluid layers we get

0.5 m
_ ater
P = |Dtop + [(ph)gasoline + (ph)water] 9

The densities from Table A.4 are:
= 750 kg/m®;

=997 kg/m®

pgasoline Pwater

9.807
1000

P =101 kPa + [750 x 1 + 997 x 0.5] kg/m? x
=113.2 kPa

(m/s?) (kPa/Pa)
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1.56
An underwater buoy is anchored at the seabed with a cable, and it contains a total
mass of 250 kg. What should the volume be so that the cable holds it down with a
force of 1000 N?

Solution:

We need to do a force balance on the system at rest and the combined pressure
over the buoy surface is the buoyancy (lift) equal to the “weight” of the displaced
water volume

ma=0=m_,,0-mg-F
= PrpoV9-Mg-F
V =(mg + F) pyp09 = (M +FQ) pyg
= (250 kg + 1000 N/9.81 m/s?) / 997 kg/m?
=0.353 m°
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1.57
At the beach, atmospheric pressure is 1025 mbar. You dive 15 m down in the

ocean and you later climb a hill up to 250 m elevation. Assume the density of

water is about 1000 kg/m3 and the density of air is 1.18 kg/m3. What pressure do
you feel at each place?

Solution:
AP = pgh,
Units from A.1: 1 mbar =100 Pa (1 bar =100 kPa).

Pocean= Po * AP = 1025 x 100 Pa + 1000 kg/m® x 9.81 m/s? x 15 m

= 2.4965 x 10° Pa = 250 kPa
Phill = Pg - AP = 1025 x 100 Pa - 1.18 kg/m® x 9.81 m/s x 250 m

= 0.99606 x 10° Pa = 99.61 kPa
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1.58

What is the pressure at the bottom of a 5 m tall column of fluid with atmospheric
pressure 101 kPa on the top surface if the fluid is

a) water at 20°C b) glycerine 25°C or c) gasoline 25°C
Solution:
Table A.4: pH20 = 997 kg/m3; palyc = 1260 kg/m3; Pgasoline = 750 kg/m3
AP = pgh P= Ptop + AP
a) AP =pgh=997x 9.807x 5 = 48 888 Pa
P =101 +48.99 = 149.9 kPa

b) AP =pgh =1260x 9.807x 5 =61 784 Pa -
P=101+61.8=162.8 kPa

C) AP = pgh = 750 9.807x 5 = 36 776 Pa
P =101 + 36.8 = 137.8 kPa
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1.59

A steel tank of cross sectional area 3 m2 and 16 m tall weighs 10 000 kg and it is
open at the top, as shown in Fig. P1.59. We want to float it in the ocean so it
sticks 10 m straight down by pouring concrete into the bottom of it. How much
concrete should I put in?

Solution:

The force up on the tank is from the water

pressure at the bottom times its area. The )

force down is the gravitation times mass and AIr

the atmospheric pressure. Ocean

. B 10 m
FI'= PA= (poceangh + PO)A

= Concrete
F‘L (mtank + mconcrete)g + |DOA -
The force balance becomes

FT = F‘L = (poceangh + |30)A = (mtank + mconcrete)g + |DOA

Solve for the mass of concrete

hA -m,_ ) =997 x 10 x 310 000 = 19 910 kg

mconcrete - (pocean tan

Notice: The first term is the mass of the displaced ocean water. The force
up is the weight (mg) of this mass called buoyancy which balances
with gravitation and the force from P, cancel.
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1.60
A piston, mp= 5 kg, is fitted in a cylinder, A = 15 cm?, that contains a gas. The

setup is in a centrifuge that creates an acceleration of 25 m/s2 in the direction of
piston motion towards the gas. Assuming standard atmospheric pressure outside
the cylinder, find the gas pressure.

Solution:
Force balance: FT=Fl =P,A+ mng = PA Py T
mpg
_ _pg
P=Py+ A g gas
2
— 101325 + 5x 25 kPa kg m/s

1000 x 0.0015 Pam?2
=184.7 kPa
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1.61
Liquid water with density p is filled on top of a thin piston in a cylinder with

cross-sectional area A and total height H, as shown in Fig. P1.61. Air is let in
under the piston so it pushes up, spilling the water over the edge. Derive the
formula for the air pressure as a function of piston elevation from the bottom, h.

Solution:
Force balance
Po 4
v vy Piston: FT = F{ P
—_ PA=P,A+ mHzog
X ¢| H P:P0+mHzog/A P ,
h,V air

P =P+ (H—h)pg
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1.62
A probe is lowered 16 m into a lake. Find the absolute pressure there?

Solution:

The pressure difference for a column is from Eq.1.2 and the density of water is
from Table A.4.

AP = pgH
=997 kg/m3 x 9.81 m/s2 x 16 m
= 156 489 Pa = 156.489 kPa

=P, + AP

=101.325 + 156.489
= 257.8 kPa

|:>OCGE:1I’1
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1.63

The density of atmospheric air is about 1.15 kg/m3, which we assume is constant.
How large an absolute pressure will a pilot see when flying 2000 m above ground
level where the pressure is 101 kPa.

Solution:

Assume g and p are constant then the pressure difference to carry a
column of height 2000 m is from Fig.2.10

AP = pgh = 1.15 kg/m® x 9.807 ms x 2000 m
=22 556 Pa =22.6 kPa
The pressure on top of the column of air is then

P=P,— AP =101-22.6 = 78.4 kPa
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1.64
The standard pressure in the atmosphere with elevation (H) above sea level can be

correlated as P = Pg (1 - H/L)5'26 with L =44 300 m. With the local sea level
pressure Py at 101 kPa, what is the pressure at 10 000 m elevation?

P =Py (1-H/WL)>%

= 101 kPa (1 — 10 000/44 300)°-26
= 26.3 kPa
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1.65
A barometer to measure absolute pressure shows a mercury column height of 725

mm. The temperature is such that the density of the mercury is 13 550 kg/m3.
Find the ambient pressure.

Solution:

Hg: L =725mm =0.725 m; p =13550 kg/m3
The external pressure P balances the column of height L so from Fig. 1.14

P=pLg = 13550 kg/m® x 9.80665 m/s2 x 0.725 m x 10° kPa/Pa
= 96.34 kPa

pointer

This is a more common type that does
not involve mercury as an older wall
mounted unit.

vacuum chamber
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1.66

A differential pressure gauge mounted on a vessel shows 1.25 MPa and a local

barometer gives atmospheric pressure as 0.96 bar. Find the absolute pressure
inside the vessel.

Solution:

Convert all pressures to units of kPa.
Pgauge =1.25 MPa = 1250 kPa;
P, = 0.96 bar = 96 kPa
P= Pgauge + P, =1250 + 96 = 1346 kPa
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1.67
A manometer shows a pressure difference of 1 m of liquid mercury. Find AP in kPa.

Solution:

Hg: L=1m; p=13580 kg/m3 from Table A.4 (or read Fig 1.8)

The pressure difference AP balances the column of height L so from Eq.1.2

AP=pgL =13580 kg/m3 x 9.80665 m/s2 x 1.0 m x 10 kPa/Pa
= 133.2 kPa
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1.68
Blue manometer fluid of density 925 kg/m3 shows a column height difference of
3 cm vacuum with one end attached to a pipe and the other open to P, = 101 kPa.

What is the absolute pressure in the pipe?

Solution:
Pipe

Since the manometer shows a vacuum we have Po

Ppipe = Pg - AP

AP = pgh =925 kg/m® x 9.807 m/s2 x 0.03 m

=272.1Pa=0.272 kPa
Poipe = 101 - 0.272 = 100.73 kPa
\_______ /
QO &/

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.69
What pressure difference does a 10 m column of atmospheric air show?
Solution:
The pressure difference for a column is from Eq.1.2

AP = pgH
So we need density of air from Fig. 2.8 or Table A5, p=1.2 kg/m3
AP =1.2 kg/m® x 9.81 ms? x 10 m = 117.7 Pa= 0.12 kPa
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1.70
A barometer measures 760 mmHg at street level and 735 mmHg on top of a

building. How tall is the building if we assume air density of 1.15 kg/m3?
Solution:
AP = pgH

760-735 mmHg 133.32 Pa _

H=APIpg =115 . 9.807 kg/m2s2 mmHg 295m
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1.71
The pressure gauge on an air tank shows 75 kPa when the diver is 10 m down in

the ocean. At what depth will the gauge pressure be zero? What does that mean?

Ocean H,0 pressure at 10 m depth is

997 x 10 x 9.80665
Pwater = Po + pLg =101.3 + . 1800 = 199 kPa

Air Pressure (absolute) in tank

Pank = 199 + 75 = 274 kPa

Tank Pressure (gauge) reads zero at H,0 local pressure

997 x 9.80665
274=101.3 + 1000

L=17.66 m

At this depth you will have to suck the
air in, it can no longer push itself
through a valve.
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1.72
An exploration submarine should be able to go 1200 m down in the ocean. If the

ocean density is 1020 kg/m3 what is the maximum pressure on the submarine
hull?

Solution:

Assume we have atmospheric pressure inside the submarine then the pressure
difference to the outside water is

AP = pLg = (1020 kg/m? x 1200 m x 9.807 m/s2) / (1000 Pa/kPa)
=12 007 kPa ~ 12 MPa
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1.73
A submarine maintains 101 kPa inside it and it dives 240 m down in the ocean

having an average density of 1030 kg/m3. What is the pressure difference between
the inside and the outside of the submarine hull?

Solution:

Assume the atmosphere over the ocean is at 101 kPa, then AP is from the 240 m
column water.

AP =plLg
= (1030 kg/m® x 240 m x 9.807 m/s2) / 1000 = 2424 kPa
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1.74
Assume we use a pressure gauge to measure the air pressure at street level and at
the roof of a tall building. If the pressure difference can be determined with an
accuracy of 1 mbar (0.001 bar) what uncertainty in the height estimate does that

corresponds to?
Solution:
Pair = 1.169 kg/m®  from Table A.5 Barometer (mb)

AP =0.001 bar = 100 Pa

L= g~ 1169 x 9807 272 M

As you can see that is not really accurate
enough for many purposes. 1020 |

1021 17
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1.75
The absolute pressure in a tank is 115 kPa and the local ambient absolute pressure

is 97 kPa. If a U-tube with mercury, density 13550 kg/m3, is attached to the tank
to measure the gage pressure, what column height difference would it show?

Solution:
AP =Pk -Po=pg H

H = (Pyank - Po)/pg = [(115 - 97) x1000] Pa / (13550 kg/m® x 9.81 m/s2)
=0.135m=135cm
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1.76
An absolute pressure gauge attached to a steel cylinder shows 135 kPa. We want
to attach a manometer using liquid water a day that Py, = 101 kPa. How high a

fluid level difference must we plan for?

Solution:

Since the manometer shows a pressure difference we have
AP =PcyL-Pam=pLJY
(135 -101) kPa 1000 Pa
997 kg m™ x 10 x 9.807 m/s2  kPa

L =AP/pg=

=3.467 m
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1.77

A U-tube manometer filled with water, density 1000 kg/m3, shows a height
difference of 25 cm. What is the gauge pressure? If the right branch is tilted to
make an angle of 30° with the horizontal, as shown in Fig. P1.77, what should the
length of the column in the tilted tube be relative to the U-tube?

Solution:

Same height in the two sides in the direction of g.

AP =F/A =mg/A = Vpg/A = hpg

= 0.25 m x 1000 kg/m® x 9.807m/s2
= 2452.5 Pa
= 2.45 kPa

30° _
L , h =H x sin 30°

= H =h/sin 30° =2h =50 cm
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1.78
A pipe flowing light oil has a manometer attached as shown in Fig. P1.78. What is

the absolute pressure in the pipe flow?

Solution:
Table A3:  pgj =910 kg/m?3; Pwater = 997 kg/m?3

Psot = Po * Pwater d Hiot = Py + 997 kg/m® x 9.807 m/s2 x 0.8 m
=P, + 7822 Pa

PPIPE = PBOT_ Pwater 9 Hl — Poil9 H2
P — 997 x 9.807 x 0.1 — 910 x 9.807 x 0.2

=BoT
= PBOT_ 977.7 Pa —1784.9 Pa
Popg = Po+ (7822 — 977.7—1784.9) Pa

=P, +5059.4 Pa =101.325 + 5.06 = 106.4 kPa
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1.79
The difference in height between the columns of a manometer is 200 mm with a
fluid of density 900 kg/m3. What is the pressure difference? What is the height
difference if the same pressure difference is measured using mercury, density
13600 kg/ m3, as manometer fluid?

Solution:

AP = p,gh, =900 kg/m® x 9.807 m/s2 x 0.2 m = 1765.26 Pa = 1.7 kPa

900
hHg = AP/ (png 9) = (p1 9h1) / (png 9) = 13600 * 0.2m
=0.0132 m=13.2 mm
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1.80

Two cylinders are filled with liquid water, p = 1000 kg/m3, and connected by a
line with a closed valve, as shown in Fig. P1.80. A has 100 kg and B has 500 kg

of water, their cross-sectional areas are AA =0.1 m? and AB =0.25 m? and the
height h is 1 m. Find the pressure on each side of the valve. The valve is opened

and water flows to an equilibrium. Find the final pressure at the valve location.
Solution:
Va =VH,0Ma = my/p=01=Ah,  => h,=1m
Vg = VH,0Mg = mg/p=05=Aghg => hg=2m
Pyg = Py + p9(hg+H) = 101325 + 1000 x 9.81 x 3 = 130 755 Pa

Pya =Py + pgh, = 101325 + 1000 x 9.81 x 1= 111 135 Pa

Equilibrium: same height over valve in both

haAa + (hgtH)AG
AA + AB

Py, =Py + pgh, = 101.325 + (1000 x 9.81 x 2.43)/1000 = 125.2 kPa

Vigt=Va + Vg = A, + (h, - HA; = h, = =243 m
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181
Two piston/cylinder arrangements, A and B, have their gas chambers connected

by a pipe. Cross-sectional areas are Ay = 75 cm? and Ag = 25 cm? with the piston
mass in A being m, = 25 kg. Outside pressure is 100 kPa and standard
gravitation. Find the mass mg so that none of the pistons have to rest on the

bottom.
Solution:

1o T Force balance for both pistons: ~ FT =F{

0 ; Al mpagt+PyA, =PA,
I— 0 B:  mpgg+PyAg =PA
Same P in A and B gives no flow between them.
—1— m m
pAd o = Mpg9 | o
Ap 07 Ag 0
=>Mpg =My, Apl Ag =25 x 25/75 = 8.33 kg
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1.82

Two hydraulic piston/cylinders are of same size and setup as in Problem 1.81, but
with negligible piston masses. A single point force of 250 N presses down on
piston A. Find the needed extra force on piston B so that none of the pistons have

to move.
Solution:
AA:75cm2; _p N
Ag =25 cm?2 °£%
No motion in connecting pipe: P, = Py A
N —

Forces on pistons balance
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1.83

A piece of experimental apparatus is located where g = 9.5 m/s? and the
temperature is 5°C. An air flow inside the apparatus is determined by measuring
the pressure drop across an orifice with a mercury manometer (see Problem 1.91
for density) showing a height difference of 200 mm. What is the pressure drop in
kPa?

Solution:
AP=pgh;  pyy, = 13600 kg/m®

AP =13 600 kg/m3 x 9.5 m/s? x 0.2 m = 25840 Pa = 25.84 kPa

&;l )
L 1.
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Energy and Temperature
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1.84
An escalator brings four people, whose total mass is 300 kg, 25 m up in a
building. Explain what happens with respect to energy transfer and stored energy.

-4

The four people (300
kg) have their potential
energy raised, which is
how the energy is
stored. The energy is
supplied as electrical
power to the motor that
pulls the escalator with a

cable. ‘.V
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1.85
A car moves at 75 km/h; its mass, including people, is 3200 kg. How much

kinetic energy does the car have?

75 x 1000)2 12/s2

KE=%mV2=1x 3200kg><( 3600
= 694 444 ] = 694 kJ
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1.86
A 52-kg package is lifted up to the top shelf in a storage bin that is 4 m above the
ground floor. How much increase in potential energy does the package get?

The potential energy is from Eq.1.5
pe =gz
so for a certain mass we get

PE = mgH =52 kg x 9.81 m/s2 x 4 m = 2040 J = 2.04 kJ
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1.87
A car of mass 1775 kg travels with a velocity of 100 km/h. Find the kinetic
energy. How high should it be lifted in the standard gravitational field to have a
potential energy that equals the kinetic energy?

Solution:
Standard kinetic energy of the mass is

100 x 1000)2
KE =% m V2 = % x 1775 kg x (X—) m?2/s2

3600
=Y x 1775 x 27.778 Nm = 684 800 J
=684.8 kJ
Standard potential energy is
POT =mgh
h=1amV2/mg =——0r80NM___ 495 )

1775 kg x 9.807 m/s2

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.88
An oxygen molecule with mass m = M m, = 32 x 1.66 x 10-27 kg moves with a
velocity of 240 m/s. What is the kinetic energy of the molecule? What
temperature does that corresponds to if it has to equal (3/2) kT where K is
Boltzmans constant and T is the absolute temperature in Kelvin.

KE =% m V2 =% x 32 x 1.66 x 10-27 kg x 2402 m?2/s?
=153 E-21J

So if the KE equals 1.5 KT then we get
KE=15KT=15x1.38065 x 10-23J/K x T

T = (2/3) KE/k = (2/3) x 1.53 E-21 / 1.38065 x 10-23 = 73.9 K
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1.89
What is a temperature of -5°C in degrees Kelvin?

Solution:
A
The offset from Celsius to Kelvin is 273.15 K,
S0 we get
Tk =T¢ +273.15=-5+273.15
=268.15 K
) —
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1.90

The human comfort zone is between 18 and 24°C, what is the range in Kelvin? What
is the maximum relative change from the low to the high temperature?

Solution:
TK = TC + 273.15
The range in K becomes from 291.15 to 297.15 K.
The relative change is 6 degrees up from 291.15 K which is

: 6
Relative change % = 29115 * 100 = 2.06%
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191
The density of mercury changes approximately linearly with temperature as

Prg = 13595 -2.5T kg/ m3 T in Celsius

so the same pressure difference will result in a manometer reading that is
influenced by temperature. If a pressure difference of 100 kPa is measured in the
summer at 35°C and in the winter at —15°C, what is the difference in column
height between the two measurements?

Solution:
The manometer reading h relates to the pressure difference as
AP
AP=pL = L=—7
pLYO g

The manometer fluid density from the given formula gives
pgy = 13595 — 2.5 x 35 = 13507.5 kg/m®
pyy = 13595 — 2.5 x (-15) = 13632.5 kg/m?®

The two different heights that we will measure become

100 x 10°  kPa (Pa/kPa)

Lsu=13507.5 x 9.807 (kg/m3) m/s? =0.7549m
_100x10%  kPa (Pa/kPa) _
“w = 13632.5 x 9.807 (kgim?) mys2 > o0 ™

AL =L, - L, =0.0069 m= 6.9 mm
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1.92
A mercury thermometer measures temperature by measuring the volume
expansion of a fixed mass of liquid Hg due to a change in the density, see
problem 1.91. Find the relative change (%) in volume for a change in temperature
from 10°C to 20°C.

Solution:

From 10°C to 20°C
At10°C:  pug =13595-25x 10 = 13570 kg/m®
At20°C:  pug = 13595 — 2.5 x 20 = 13545 kg/m®

The volume from the mass and density is:  V =m/p

Vao-Vio  (M/pyg) - (M/pyp)

Relative Change =
J V1o m/p1g
P10 , 13570 ,
=000 1= 13545 ~ 1=0.0018 (0.18%)
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1.93
Density of liquid water is p = 1008 — T/2 [kg/m3] with T in °C. If the temperature
increases 10°C how much deeper does a 1 m layer of water become?

Solution:
The density change for a change in temperature of 10°C becomes

Ap = — AT/2 = -5 kg/m3
from an ambient density of
p = 1008 — T/2 = 1008 — 25/2 = 995.5 kg/m3

Assume the area is the same and the mass is the same m = pV = pAH, then we
have
AmM=0=VAp+pAV = AV =-VAplp

and the change in the height is

A2 AV _HAV _HAp -1 x(5)
TATV T, T 9955

A =0.005m

barely measurable.
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1.94
Using the freezing and boiling point temperatures for water in both Celsius and

Fahrenheit scales, develop a conversion formula between the scales. Find the
conversion formula between Kelvin and Rankine temperature scales.

Solution:

-0 9% = . - O =
Trreezing =0 °C=32F;  Tpyjjing = 100°C =212 F

AT=100°C=180F = To.=(T--32)/1.8 or T_=18To. +32

For the absolute K & R scales both are zero at absolute zero.
TR = 18 X TK
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1.95
The atmosphere becomes colder at higher elevation. As an average the standard

atmospheric absolute temperature can be expressed as Ty, = 288 - 6.5 x 10732,

where z is the elevation in meters. How cold is it outside an airplane cruising at 12
000 m expressed in Kelvin and in Celsius?

Solution:

For an elevation of z =12 000 m we get
Totm = 288-6.5x1032=210K

To express that in degrees Celsius we get
T.=T-273.15=-63.15°C
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Repeat problem 1.83 if the flow inside the apparatus is liquid water, p = 1000

kg/m3, instead of air. Find the pressure difference between the two holes flush
with the bottom of the channel. You cannot neglect the two unequal water
columns.

Solution: Balance forces in the manometer:
Pl i p2 (H- hz) -(H- hl) = AhHg = h1 - h2
l ; T
hy 2 P.A+ szohlgA + pHg(H - hl)gA

=P,A+ szohng + pHg(H - hy)gA
= Py =Py = Pyl - g + pyg(hy - hy)g
P1= Py = PrghNpgd = Pr,0ANHgd

= (13600 x 0.2 x 9.5 - 1000 x 0.2 x 9.5 ) kg/m3 x m x m/s2
= (25 840 — 1900) Pa = 23 940 Pa = 23.94 kPa

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.97
A dam retains a lake 6 m deep. To construct a gate in the dam we need to know
the net horizontal force on a 5 m wide and 6 m tall port section that then replaces
a 5 m section of the dam. Find the net horizontal force from the water on one side
and air on the other side of the port.

Solution:

Ppot = Py + AP
AP = pgh = 997 kg/m3 x 9.807 m/s2x 6 m = 58 665 Pa = 58.66 kPa

Neglect AP in air
Fnet = Fright — Fleft = Pavg A - PpA

Pavg =Py + 0.5AP  Since a linear pressure variation with depth.
Fret = (Py + 0.5 AP)A-P,A=0.5AP A =0.5x58.66 x 5 x 6 =880 kN
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1.98
In the city water tower, water is pumped up to a level 25 m above ground in a

pressurized tank with air at 125 kPa over the water surface. This is illustrated in

Fig. P1.98. Assuming the water density is 1000 kg/m3 and standard gravity, find
the pressure required to pump more water in at ground level.

Solution:

AP=pLg
= 1000 kg/m® x 25 m x 9.807 m/s2
= 245 175 Pa = 245.2 kPa

Phottom = Ptop AP

=125 + 245.2
= 370 kPa cb
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1.99
The main waterline into a tall building has a pressure of 600 kPa at 5 m elevation
below ground level. How much extra pressure does a pump need to add to ensure
a water line pressure of 200 kPa at the top floor 150 m above ground?

Solution:

The pump exit pressure must balance the top pressure plus the column
AP. The pump inlet pressure provides part of the absolute pressure.
Patter pump = Ptop T AP
AP = pgh =997 kg/m® x 9.807 m/s2 x (150 + 5) m

=1515525 Pa = 1516 kPa
Pafter pump = 200 + 1516 = 1716 kPa

APyymp = 1716 — 600 = 1116 kPa
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1.100
Two cylinders are connected by a piston as shown in Fig. P1.100. Cylinder A is

used as a hydraulic lift and pumped up to 500 kPa. The piston mass is 25 kg and
there is standard gravity. What is the gas pressure in cylinder B?

Solution:
Force balance for the piston: PgAg + mpg + PO(AA - AB) =P,AL

A, = (1/4)0.1%=0.00785 m% Ay = (n/4)0.025% = 0.000 491 m?
PeAg = PpAL -Mng - Po(A, - Ag) = 500 0.00785 - (25 x 9.807/1000)

- 100 (0.00785 - 0.000 491) = 2.944 kN
Pg =2.944/0.000 491 = 5996 kPa = 6.0 MPa

B
GAS
R
cb
| T P
A Oil S— T
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1.101
A 5-kg piston in a cylinder with diameter of 100 mm is loaded with a linear spring
and the outside atmospheric pressure of 100 kPa as shown in Fig. P1.101. The
spring exerts no force on the piston when it is at the bottom of the cylinder and for
the state shown, the pressure is 400 kPa with volume 0.4 L. The valve is opened
to let some air in, causing the piston to rise 2 cm. Find the new pressure.

Solution:

A linear spring has a force linear proportional to displacement. F = k X, so
the equilibrium pressure then varies linearly with volume: P =a + bV, with an
intersect a and a slope b = dP/dV. Look at the balancing pressure at zero volume
(V ->0) when there is no spring force F=PA =P,A +m,g and the initial state.
These two points determine the straight line shown in the P-V diagram.

Piston area = A = (n/4) x 0.1% = 0.00785 m?

P Mpg 5 x 9.80665
a= P0 + Ap =100 kPa + 0.00785 Pa
P2 2 =106.2 kPa intersect for zero volume.
40 1
V,=0.4+0.00785 x 20 = 0.557 L
106. 2 dP
P,=P, + av AV
400-106.2
v = 400 + KWZ (0.557 - 0.4)
0 0.4 0.557 =515.3 kPa
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1.102
A mass of 2 Ibm has acceleration of 5 ft/s2, what is the needed force in Ibf?

Solution:
Newtons 2™ law: F=ma
F=ma=2lbm x 5 ft/s? = 10 Ibm ft/s?

10
=32.174 Ibf = 0.31 Ibf

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.103
How much mass is in 1 gallon of gasoline? If helium in a balloon at atmospheric

Pand T?

Solution:

A volume of 1 gal equals 231 in®, see Table A.1. From Table F.3 the density is
46.8 Ibm/ft3, so we get

m = pV = 46.8 Ibm/ft3 x 1 x (231/12%) ft® = 6.256 Ibm
A more accurate value from Table F.3is p =848 Ibm/ft3.

For the helium we see Table F.4 that density is 10.08 x 1073 Ibm/ft3 so we get

m = pV = 10.08 x 1073 Iom/ft® x 1 x (231/12%) ft* = 0.00135 Ibm
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1.104
Can you easily carry a one gallon bar of solid gold?

Solution:

The density of solid gold is about 1205 Ibm/ft® from Table F.2, we could also
have read Figure 1.7 and converted the units.

V =1gal = 231 in® = 231 x 1273 ft = 0.13368 ft°
Therefore the mass in one gallon is
m = pV = 1205 Ibm/ft> x 0.13368 ft
=161 Ibm

and some people can just about carry that in the standard gravitational field.
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1.105
What is the temperature of —5F in degrees Rankine?

Solution: TN
The offset from Fahrenheit to Rankine is
459.67 R, so we get
Tr = Tg +459.67 = -5 + 459.67
=454.7R
;

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

1.106
What is the smallest temperature in degrees Fahrenheit you can have? Rankine?

Solution: /TN

The lowest temperature is absolute zero which is
at zero degrees Rankine at which point the
temperature in Fahrenheit is negative

TR=0R=-459.67F
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1.107
What is the relative magnitude of degree Rankine to degree Kelvin

Look in Table A.1 p. 757:

1K=1°C=18R=18F

1R:gK:O.5556K
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1.108
Chemical reaction rates genrally double for a 10 K increase in temperature. How
large an increase is that in Fahrenheit?

From the Conversion Table A.1: 1K=1°C=18R=18F
So the 10 K increase becomes

10K=18F
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An apple weighs 0.2 Ibm and has a volume of 6 in3 in a refrigerator at 38 F. What
is the apple density? List three intensive and two extensive properties for the

apple.
Solution:
m 0.2 lbm lbm lom
= ="F% —~2=00333—%=576—%
PEVT6 3 in3 ft3
Intensive
Ibm 1 ft’
p=576"3 v="5=00174 3
T=38F: P = 14.696 Ibf/in?
Extensive
m =0.2 Ibm

V =6 in3 = 0.026 gal = 0.00347 ft3
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1.110
A steel piston of 10 Ibm is in the standard gravitational field where a force of 10

Ibf is applied vertically up. Find the acceleration of the piston.

Solution: —-

Fup =ma=F-mg

_F-mg _F |
a="n “m 9

10 Ibf

=70 1om — 32174 ft/s?

= (1 x 32.174 - 32.174) ft/s? F

=0 fts2 V

The mass does not move, it is held stationary.
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1.111
A 2500-Ibm car moving at 25 mi/h is accelerated at a constant rate of 15 ft/s2 up

to a speed of 50 mi/h. What are the force and total time required?

Solution:

_dv_av AV
A=t T At - a

At= (50 — 25) mi/h x 1609.34 m/mi x 3.28084 ft/m
- 3600 s/h x 15 ft/s2

F = ma = 2500 Ibm x 15 ft/s? / (32.174 Ibm ft /Ibf-s2 )
= 1165 Ibf

= 2.44 sec
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1.112
An escalator brings four people of total 600 Ibm and a 1000 Ibm cage up with an

acceleration of 3 ft/s2 what is the needed force in the cable?
Solution:
The total mass moves upwards with an ‘ F

acceleration plus the gravitations acts with
a force pointing down.

ma=>F=F-mg

F=ma+mg=m(a+Q)
= (1000 + 600) Ibm x (3 + 32.174) ft/s?
=56 278 lbm ft/s? = 56 278 Ibf
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1.113
One pound-mass of diatomic oxygen (O molecular weight 32) is contained in a
100-gal tank. Find the specific volume on both a mass and mole basis (v and v).

Solution:
V =100 x 231 in® = (23 100/12%) ft3 =13.37 ft3
conversion seen in Table A.1

This is based on the definition of the specific volume

v = V/m = 13.37 ft3/1 Ibm = 13.37 ft5/Ibm

- e Y _ 3
v=V/n= P~V Mv =32 x 13.37 = 427.8 ft°/Ibmol
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1.114
A 30-Ibm steel gas tank holds 10 ft3 of liquid gasoline, having a density of 50

Ibm/ft3. What force is needed to accelerate this combined system at a rate of 15
ft/s2?

Solution:
M = Miank * Mgasoline

=30 Ibm + 10 ft3 x 50 lbm/ft3
=530 Ibm

F = ma = (530 Ibm x 15 ft/s?) / (32.174 lbm ft/s?- Ibf) = 247.1 Ibf
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1.115
A powerplant that separates carbon-dioxide from the exhaust gases compresses it

to a density of 8 Ibm/ft3 and stores it in an un-minable coal seam with a porous
volume of 3 500 000 ft3. Find the mass they can store.

Solution:

m=pV =8Ilbm/ftd x 3500000 ft3=2.8x10" lbm

Just to put this in perspective a power plant that generates 2000 MW by burning
coal would make about 20 million tons of carbon-dioxide a year. That is 2000
times the above mass so it is nearly impossible to store all the carbon-dioxide
being produced.
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1.116
A laboratory room keeps a vacuum of 4 in. of water due to the exhaust fan. What
is the net force on a door of size 6 ft by 3 ft?

Solution:

The net force on the door is the difference between the forces on the two sides as
the pressure times the area

F = Poutside A = Pinside A = AP x A
4inH,0O x 6 ft x 3 ft

4 % 0.036126 Ibf/in2 x 18 ft2 x 144 in2/ft2
374.6 Ibf

Table A.1: 1 in. H,O is 0.036 126 Ibf/in2, a unit also often listed as psi.
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1.117
A 150-1bm human total footprint is 0.5 ft when the person is wearing boots. If

snow can support an extra 1 psi, what should the total snow shoe area be?
Force balance: ma=0=PA-mg

_mg _ 150 Ibm x 32.174 ft/s? _ 150 lbm x 32.174 ft/s?
P 1 Ibffin? "~ 32.174 Ibm-ft/(sin?)
=150 in? = 1.04 ft?
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1.118

A tornado rips off a 1000 ft2 roof with a mass of 2000 Ibm. What is the minimum
vacuum pressure needed to do that if we neglect the anchoring forces?

Solution:

The net force on the roof is the difference between the forces on the two sides as
the pressure times the area

F = Pinside A — PoutsideA = AP A
That force must overcome the gravitation mg, so the balance is
AP A =mg

AP = mg/A = (2000 Ibm x 32.174 ft/s2 )/1000 ft?
= 2000 /(1000 x 144) psi = 0.0139 psi

Remember that psi = Ibf/in2.
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1.119
A manometer shows a pressure difference of 3.5 in of liquid mercury. Find AP in

psi.

Solution:

Hg: L =35in; p=848 Ibm/ft3 from Table F.3
Pressure: 1 psi =1 Ibf/ in2
The pressure difference AP balances the column of height L so from Eq.2.2

AP = p g L =848 Ibm/ft3 x 32.174 ft/s2 x (3.5/12) ft
= 247.3 Ibf/ft2 = (247.3 / 144) 1bflin2
=1.72 psi
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1.120

A7 ft m tall steel cylinder has a cross sectional area of 15 ft2. At the bottom with
a height of 2 ft m is liquid water on top of which is a 4 ft high layer of gasoline.
The gasoline surface is exposed to atmospheric air at 14.7 psia. What is the
highest pressure in the water?

Solution:

The pressure in the fluid goes up with the

depth as
P= Ptop + AP = Ptop + pgh att
and since we have two fluid layers we get
P= IDtop + [(ph)gasoline + (ph)water]g ot
t

The densities from Table F.3 are:

= 46.8 Ibm/ftS; = 62.2 lbm/ft3

p gasoline Pwater

32.174 .
P=14.7+[46.8 x 4+ 622 x 2] 7,7 2o 7=,=16.86 Ibf/in?
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1.121

A U-tube manometer filled with water, density 62.3 Ibm/ft3, shows a height
difference of 10 in. What is the gauge pressure? If the right branch is tilted to
make an angle of 30° with the horizontal, as shown in Fig. P1.77, what should the
length of the column in the tilted tube be relative to the U-tube?

Solution:
A\ AP = FIA = mg/A = hpg
H _ (10/12)x 62.3 x 32.174
h - 32.174 x144
— _ .2
\ 30° = Pgauge = 0-36 Ibf/in
h =H x sin 30°

= H=h/sin30° =2h=20in=0.833 ft
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1.122

A piston/cylinder with cross-sectional area of 0.1 ft? has a piston mass of 200 Ibm
resting on the stops, as shown in Fig. P1.50. With an outside atmospheric pressure
of 1 atm, what should the water pressure be to lift the piston?

Solution:
The force acting down on the piston comes from gravitation and the
outside atmospheric pressure acting over the top surface.

Force balance: FT= Fl =PA= mng + PoA
Now solve for P (multiply by 144 to convert from ft to in2)
mpg 200 x 32.174
_ _pY _
P=Pot n =14096+ 51" 144 32172 : AN

= 14.696 psia + 13.88 psia = 28.58 Ibf/in?
Water
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1.123
The main waterline into a tall building has a pressure of 90 psia at 16 ft elevation
below ground level. How much extra pressure does a pump need to add to ensure
a waterline pressure of 30 psia at the top floor 450 ft above ground?

Solution:

The pump exit pressure must balance the top pressure plus the column
AP. The pump inlet pressure provides part of the absolute pressure.

Pafter pump = Ptop + AP

1 Ibf &2

— — 3 2 e
AP = pgh = 62.2 lom/ft? x 32.174 ft/s? x (450 + 16) ft x 3572 T

= 28 985 Ibf/ft? = 201.3 Ibf/in?
Pafter pump = 30 + 201.3 = 231.3 psia

APpymp = 231.3 — 90 = 141.3 psi
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1.124
A piston, mp = 10 Ibm, is fitted in a cylinder, A= 2.5 in., that contains a gas. The

setup is in a centrifuge that creates an acceleration of 75 ft/s2. Assuming standard
atmospheric pressure outside the cylinder, find the gas pressure.

Solution:
Force balance: FT=Fl = PyA +mpg = PA P I
mpg
— _p2
2 Ihfc2
— 14.696 + 10 x 75 Ibm ft/s= Ibf-s

2.5x 32.174 in2  lbm-ft
= 14.696 + 9.324 = 24.02 Ibf/in®
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Temperature
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1.125
The human comfort zone is between 18 and 24°C. What is that range in

Fahrenheit?

T=18°C=32+18x18=644F
T=24°C=32+18x24=752F

So the range is like 64 to 75 F.
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1.126
The atmosphere becomes colder at higher elevation. As an average the standard

atmospheric absolute temperature can be expressed as Ty, = 518 - 3.84 x 10732,
where z is the elevation in feet. How cold is it outside an airplane cruising at 32

000 ft expressed in Rankine and in Fahrenheit?
Solution:

For an elevation of z =32 000 ft we get
Tam =518-3.84x10°7=395.1R

To express that in degrees Fahrenheit we get
Tp=T-459.67=-64.55F
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1.127
The density of mercury changes approximately linearly with temperature as

PHg = 851.5-0.086 T Ibm/ft2 T in degrees Fahrenheit
so the same pressure difference will result in a manometer reading that is

influenced by temperature. If a pressure difference of 14.7 Ibf/in.2 is measured in
the summer at 95 F and in the winter at 5 F, what is the difference in column
height between the two measurements?

Solution:
AP =pgh = h=AP/pg
Pg, = 843.33 Ibmy/ft?, pyy = 851.07 lomyft®
o 14.7x144x32.174
SU” 84333 x 32.174

_14.7 x 144 x 32.174
W™ 851.07 x 32.174

Ah=hg, -h,, =0.023ft=0.28in

=251ft=30.12in

=2.487 ft=29.84 in
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In-Text Concept Questions

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in
4 Borgnakke and Sonntag

2.a
If the pressure is smaller than the smallest Pgy at a given T, what is the phase?

Refer to the phase diagrams in Figures 2.4 AInP S
and 2.5. For a lower P you are below the
vaporization curve (or the sublimation curve)
and that is the superheated vapor region. You L . Critical Poin
have the gas phase. S
Vapor
=T

2.b
An external water tap has the valve activated by a long spindle so the closing
mechanism is located well inside the wall. Why is that?

Solution:

By having the spindle inside the wall the coldest location with water when the valve
is closed is kept at a temperature above the freezing point. If the valve spindle was
outside there would be some amount of water that could freeze while it is trapped
inside the pipe section potentially rupturing the pipe.
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2.C
What is the lowest temperature (approximately) at which water can be liquid?

lowest T liquid
CR.P.

InP
Look at the phase diagram in Fig. 2.4. At the A
border between ice 1, ice Il and the liquid region
is a triple point which is the lowest T where you
can have liquid. From the figure it is estimated to

be about 255 K i.e. at -18°C.

T=255K=-18°C
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2.d
Some tools should be cleaned in water at a least 150°C. How high a P is needed?

Solution:

If I need liquid water at 150°C | must have a pressure that is at least the saturation
pressure for this temperature.

Table B.1.1: 150°C, Pgy = 475.9 kPa.
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2.e
Water at 200 kPa has a quality of 50%. Is the volume fraction Vg/Vq < 50% or

> 50%"?

This is a two-phase state at a given pressure and without looking in the table we
know that v is much smaller than vg.

From the definition of quality we get the masses from total mass, m, as

m¢ = (1-x) m, Mg =Xm
The volumes are
Vi =mevg=(1-xX)mvg  Vg=mgVg=XxXmyvy

So when half the mass is liquid and the other half is vapor the liquid volume is
much smaller that the vapor volume. The vapor volume is thus much more than
50% of the total volume. Only right at the critical point is v¢ = v for all other

states vq > v¢ and the difference is larger for smaller pressures.
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2.f

Why are most of the compressed liquid or solid regions not included in the printed
tables?

For the compressed liquid and the solid phases the specific volume and thus
density is nearly constant. These surfaces are very steep nearly constant v and there
is then no reason to fill up a table with the same value of v for different P and T.

2.9
Why is it not typical to find tables for Ar, He, Ne or air like an Appendix B table?

The temperature at which these substances are close to the two-phase
region is very low. For technical applications with temperatures around
atmospheric or higher they are ideal gases. Look in Table A.2 and we can see the
critical temperatures as

Ar: 150.8K He: 519K Ne: 444K

It requires a special refrigerator in a laboratory to bring a substance down
to these cryogenic temperatures.
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2.h
What is the percent change in volume as liquid water freezes? Mention some effects

the volume change can have in nature and in our households.

The density of water in the different phases can be found in Tables A.3 and A.4
and in Table B.1.
From Table B.1.1  v¢=0.00100 m/kg

From Table B.1.5 v;=0.0010908 m3/kg

Vi— Vi 0.0010908 — 0.001

Vi =100 x 0.001 = 9.1 % increase

Percent change: 100

Liquid water that seeps into cracks or other confined spaces and then freezes
will expand and widen the cracks. This is what destroys any porous material exposed
to the weather on buildings, roads and mountains. It can burst water pipes and crack
engine blocks (that is why you put anti-freeze in it).
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How accurate is it to assume that methane is an ideal gas at room conditions?

From Table A.2: T,=1904K, P.=4.60MPa

So at room conditions we have much higher T> T, and P << P, so this is the
ideal gas region. To confirm look in Table B.7.2

100 kPa, 300 K, v =1.55215 m3/kg

Find the compressibility factor (R from Table A.5) as

100 kPa x 1.55215 m3/kg _
05183 kitkg-K x 300 K — 099823

Z=PV/RT =

so Z is 1 with an accuracy of 0.2% better than most measurements can be done.
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2.
| want to determine a state of some substance, and | know that P = 200 kPa; is it
helpful to write PV = mRT to find the second property?

NO. You need a second property.

Notice that two properties are needed to determine a state. The EOS can give you a
third property if you know two, like (P,T) gives v just as you would get by entering a
table with a set (P, T). This EOS substitutes for a table when it is applicable.
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2.k
A bottle at 298 K should have liquid propane; how high a pressure is needed? (use
Fig. D.1)

To have a liquid the pressure must be higher than or equal to the saturation pressure.
There is no printed propane table so we use the compressibility chart and Table A.2

Propane Table A.2:  T.=369.8K, P;=4.25MPa

The reduced temperature is:

for which we find in Fig. D.1: P, =0.25

P =Py gat P =0.25 x 4.25 MPa = 1.06 MPa
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A bottle at 298 K should have liquid propane; how high a pressure is needed? (use

the software)

To have a liquid the pressure must be higher than or equal to the saturation pressure.
There is no printed propane table but the software has propane included

Start CATTS, select cryogenic substances, propane
select case 4 (T, x) = (25°C, 0)

select calculator,

= P =0.9518 MPa

- | Computer-Aided Thermodynamic Tables 3

BEX]

File Edit Tablesfsubstances Opkions  Help
H ﬁ Lnii 3 EE P Diagram [Log-Lag]
Propane Properties o
T 25 C F 014
I
P 0.9518 hF 3 &
s 0.001
4% 0.00203 kg .
U 35.83 kJik u 1B
I
H 339 kdikg e 1E-7-
o 4.501 AT
1E-9+
o 0 =
Phase Saturated Liquid 0.007 01 10 1000 100000 10000000
S pecific Yalume
Type Temp Prezsure S pecific |nternal S pecific S pecific [usality Phaze
Y olume Energy Enthalpy Entropy
2 C MPa maskg kJ kg kJ/kg (AR
|1, Propane 25 09518 0.00203 -35.83 -33.9 450 1] Saturated Liquid
2. Fropane 308 4,501 Saturated Liguid
]\Water‘f{ﬂefrigerantahCryngenica fir pldeal Gasea‘-{l(}nmpressihilit'_-,rJf{ll:'aj,fchrnmetrics‘r'
Walues: W =0,1495; P = 10,96
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Concept Problems
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2.1
Are the pressures in the tables absolute or gauge pressures?

Solution:
The behavior of a pure substance depends on the absolute pressure, so P in the tables
is absolute.
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2.2
What is the minimum pressure for which I can have liquid carbon dioxide?

Look at the phase diagram in Fig. 2.5. The minimum P in the liquid phase is at the
triple point. From Table 2.2 this is at 520 kPa (a similar value around 4-500 kPa is
seen in Fig. 2.5).

Aln P

The 100 kPa is below S
the triple point.
1007
kPa
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When you skate on ice, a thin liquid film forms under the skate. How can that be?

The ice is at some temperature below the freezing temperature for the atmospheric
pressure of 100 kPa = 0.1 MPa and thus to the left of the fusion line in the solid ice |
region of Fig. 2.4. As the skate comes over the ice the pressure is increased
dramatically right under the blade so it brings the state straight up in the diagram
crossing the fusion line and brings it into a liquid state at same temperature.

The very thin liquid film under the skate changes the friction to be viscous rather
than a solid to solid contact friction. Friction is thus significantly reduced.

Comment: The latest research has shown that the pressure may not be enough to
generate the liquid, but that such a liquid layer always exist on an ice surface, maybe

only a few molecules thick (dependent upon temperature). At really low T say -40°C
no such liquid layer exists which is why your finger can stick to such a surface.
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2.4
At a higher elevation like in mountains the pressure is lower, what effect does that

have for cooking food?

A lower pressure means that water will boil at a lower temperature, see the
vaporization line in Fig. 2.4, or in Table B.1.2 showing the saturated temperature as
a function of the pressure. You therefore must increase the cooking time a little.
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Water at room temperature and room pressure has v ~ 1 x 10" m3/kg what is n?

See Table B.1.1 or B.1.2 to determine it is in the liquid phase
(you should know this already).

Table A4 or from B1.1at20°C:  n=-3 (v=0.00100 m%kg)

Can a vapor exist below the triple point temperature?

Look at the phase diagrams in Figs 2.4 and 2.5. Below the triple point the
sublimation curve has very small pressures, but not zero. So for pressures below the
saturation pressure the substance is a vapor. If the phase diagram is plotted in linear
coordinates the small vapor region is nearly not visible.

In Example 2.1 b is there any mass at the indicated specific volume? Explain.

This state is a two-phase mixture of liquid and vapor. There is no mass at the
indicated state, the v value is an average for all the mass, so there is some mass at the
saturated vapor state (fraction is the quality x) and the remainder of the mass is
saturated liquid (fraction 1-x).
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2.8
Sketch two constant-pressure curves (500 kPa and 30 000 kPa) in a T-v diagram and

indicate on the curves where in the water tables you see the properties.

MPay P B.1.3 T 30 MPa
Nt — A B.1.3
B 500 kPa
1
05 4 4 ([ B11 \ B1l3
- ' B.15 v

The 30 MPa line in Table B.1.4 starts at 0°C and table ends at 380°C, the line is
continued in Table B.1.3 starting at 375°C and table ends at 1300°C.

The 500 kPa line in Table B.1.4 starts at 0.01°C and table ends at the saturated
liquid state (151.86°C). The line is continued in Table B.1.3 starting at the saturated

vapor state (151.86°C) continuing up to 1300°C.
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2.9
If | have 1 L of R-410A at 1 MPa, 20°C how much mass is that?

R-410A Tables B.4:
B.4.1 Pgy = 1444.2 kPa at 20°C so superheated vapor.

B.4.2 v=0.02838 m3kg  under subheading 1000 kPa

vV 0001m?
=~ = T —=0.0352kg =352
vV~ 002838 m3/kg

m

AP CP. AT C.P.

1444 kPa
| |lL20cC 1000
1444 20 + kPa
1 7.25C 7.25 +
1000 AN
\V
| »V

Computer-Aided Thermodynamic Tables e S | B S

File Edit Tables/Substances Options Help

LTI I )

R-410a Properties

T C
MPa
m3/kg
kJikg
kJikg
kJikg/K

= M I Z = T

M = S @ D= T

0.1+

0.014

0000 0.001 om 01 1

Specific Yolume

The P-v (log-log) diagram from CATT3, P in MPa and v in m3/kg.
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2.10
Locate the state of ammonia at 200 kPa, -10°C. Indicate in both the P-v and the T-v
diagrams the location of the nearest states listed in the printed Table B.2

P T
A C.P. A C.P.
200 kPa
_ 0 | 150
29091 -10 T
T -18.9 kPa.
200 T+ = D
V
| »V
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2.11
Why are most of the compressed liquid or solid regions not included in the printed

tables?

For the compressed liquid and the solid phases the specific volume and thus
density is nearly constant. These surfaces are very steep nearly constant v and there
is then no reason to fill up a table with the same value of v for different P and T.
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2.12
How does a constant v-process look like for an ideal gas in a P-T diagram?

For an ideal gas: Pv =RT so then P=(RN)T

Constant v is a straight line with slope (R/v) in the P-T diagram
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2.13
If v=RT/P for an ideal gas what is the similar equation for a liquid?

The equation for a liquid is: v = Constant = v

If you include that v increases a little with T then: v =v,+ C (T - T,)
where C is a small constant with units m3/kg-K.
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2.14
To solve for v given (P, T) in Eg.2.14 , what is the mathematical problem?

To solve for v in Eq. 2.14 multiply with the de-numerators so we get the form
Pfi(v) =RT fy(v)—a(v-Db)

This is a 3" order polynomial (a cubic) function in v. The problem then is to find the
roots or zero points in this cubic equation. The mathematical subject to study is to
find zero points of functions (or roots). Typically you will do it by some iteration
technique. Successive substitutions, bi-section, Newton-Raphson are some of the
methods you should learn.
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2.15
As the pressure of a gas becomes larger, Z becomes larger than 1. What does that
imply?

Pv=2RT

So for a given P, the specific volume v is then larger than predicted by the ideal gas
law. The molecules are pressed so close together that they have repulsive forces
between them (the electron clouds are getting closer). The ideal gas law assumes the
atoms (molecules) are point masses with no interactions between them and thus has
a limit of zero specific volume as P goes to infinity. Real molecules occupy some
volume and the outer shell has a number of electrons with negative charges which
can interact with one another if they are close enough.
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Phase Diagrams, Triple and Critical Points
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2.16
Carbon dioxide at 280 K can be in different phases. Indicate the pressure range

you have for each of the three phases (vapor, liquid and solid).

Look at the P-T phase diagram in Fig. 2.5 at 280 K:

Aln P

P < 4000 kPa vapor L
4000 kPa < P < 400 MPa liquid S o
400 MPa< P solid
Vv
o
280K T
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2.17
Modern extraction techniques can be based on dissolving material in supercritical

fluids such as carbon dioxide. How high are pressure and density of carbon
dioxide when the pressure and temperature are around the critical point? Repeat

for ethyl alcohol.

Solution:
COy:
Table A.2: Po=7.38 MPa, To=304K, V¢ =0.00212 m/kg
pe = 1Iv = 1/0.00212 = 472 kg/m*
CoH5OH:

Table A2: P,=6.14 MPa, T,=514K, v, = 0.00363 m3/kg
pc = 1, = 1/0.00363 = 275 kg/m>
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2.18

The ice cap on the North Pole could be 1000 m thick with a density of 920 kg/m3.
Find the pressure at the bottom and the corresponding melting temperature.

Solution:
PICE = 920 kg/m3

AP = pgH = 920 kg/m® x 9.80665 m/s? x 1000 m = 9 022 118 Pa
P =Pg + AP = 101.325 + 9022 = 9123 kPa

See figure 3.7 liquid solid interphase => T g=-1°C
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2.19
Find the lowest temperature at which it is possible to have water in the liquid

phase. At what pressure must the liquid exist?

Solution:

lowest T liquid
CR.P.

There is no liquid at lower temperatures
than on the fusion line, see Fig. 3.7,
saturated ice 111 to liquid phase boundary is
at

T~ 263K~ - 10°C and
P~ 210 MPa
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2.20

Water at 27°C can exist in different phases dependent upon the pressure. Give the
approximate pressure range in kPa for water being in each one of the three phases
vapor, liquid or solid.

Solution:
A InP S
The phases can be seen in Fig. 2.4, a sketch L
of which is shown to the right. 3
T=27°C=300K CR.P.
From Fig. 2.4: S A.
Py ~4x 1073 MPa=4kPa,
Ps=10%MPa -

O<P< 4kPa VAPOR
0.004 MPa <P <1000 MPa  LIQUID
P>1000 MPa  SOLID (ICE)
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2.21
Dry ice is the name of solid carbon dioxide. How cold must it be at atmospheric

(100 kPa) pressure? If it is heated at 100 kPa what eventually happens?
Solution:

The phase boundaries are shown in Figure 2.5
At 100 kPa the carbon dioxide is solid if T <190 K
It goes directly to a vapor state without becoming a liquid hence its name.

Aln P

The 100 kPa is below L
the triple point. S

100t
kPa
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2.22
What is the lowest temperature in Kelvin for which you can see metal as a liquid
if the metal is a. mercury b. zinc

Solution:

Assume the two substances have a phase diagram similar to Fig. 2.5, then the
triple point is the lowest T with liquid possible the data is from Table 2.1

T, =-39°C =234 K

Tp =419°C =692 K
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2.23

A substance is at 2 MPa, 17°C in a rigid tank. Using only the critical properties
can the phase of the mass be determined if the substance is oxygen, water or

propane?
Solution:
Find state relative to critical point properties which are from Table A.2:
a) Oxygen O, : 5.04 MPa 154.6 K
b) Water H,O : 22.12 MPa 647.3 K
c) Propane Cg3Hg : 4.25 MPa 369.8 K
State isat 17 °C =290 K and 2 MPa < P, Aln P
for all cases:
Liquid = C-P-
O, : T >>T, Superheated vapor P < Pc c :
H T <<T.; P<<P
20 ¢ ¢ b \apor
you cannot say.
CgHg: T < T.; P < P, youcannotsay =T
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2.24
Give the phase for the following states.

Solution:
a. CO, T=40°C P=05MPa Table A2
T>T,=> alsoP<<P;
superheated vapor assume ideal gas Table A.5

b. Air T=20°C P =200 kPa Table A2
superheated vapor assume ideal gas Table A.5

c. NHy T=170°C P =600 kPa TableB.2.2 or A2
T>T,=> superheated vapor

P T
C.p.
A A a, b, c
a,b,c .

P = const.
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General Tables
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Give the phase for the following states.

Solution:

a. H)O T=260°C P=5MPa TableB.l.1orB.1.2

b. H,0

Note state b in P-v, see the
3-D figure, is up on the

solid face.

B.1.1 Forgiven T read: Pgat = 4.689 MPa
P> Pyt => compressed liquid

B.1.2 For given P read: Toat = 264°C
T < Tyt => compressed liquid

P=100kPa TableB.1.1 T <Tgiple point

Table B.1.5at-2°C read: Pgy=0.518 kPa

since P > Pgy =>  compressed solid
*PCP y_cp
a a,
P = const.
T
P
| » b § AR

/N
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2.26
Determine the phase of the substance at the given state using Appendix B tables
a) Water 100°C, 500 kPa
b) Ammonia  -10°C, 150 kPa
c) R-410A 0°C, 350 kPa
Solution:

a) From Table B.1.1  Pg;(100°C) = 101.3 kPa
500 kPa > Py, then itis compressed liquid
OR from Table B.1.2  T¢,(500 kPa) = 152°C
100°C < Tgy then it is subcooled liquid = compressed liquid
b) Ammonia NH3 :
Table B.2.1: P < Pgy(-10 °C) = 291 kPa

Superheated vapor

c) R-410A
Table B.4.1: P <Pg;(0 °C) = 799 kPa
Superheated vapor.

InP
L Cr.P
The S-L fusion line goes slightly to the a _—
left for water. It tilts slightly to the right S *be
for most other substances. ’
Vapor
=T
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2.27
Give the missing property of P-v-T and x for water at
a. P = 10 MPa, v = 0.003 m%/kg b. 1 MPa, 190°C
C. 200°C, 0.1 m3/kg d. 10kPa, 10°C
Solution:

For all states start search in table B.1.1 (if T given) or B.1.2 (if P given)
a. P=10MPa,v=0.003 m3/kg so look in B.1.2 at 10 MPa
T =311°C; vf =0.001452 < v < vy = 0.01803 m%kg, so L+V
=> X =(V - Vf)/vgg = (0.003 - 0.001452)/0.01657 = 0.093
b. 1 MPa, 190°C : Only one of the two look-ups is needed
B.1.1: P <Py, =1254.4 kPa so it is superheated vapor
B.1.2: T> Ty =179.91°C so it is superheated vapor

190-179.91
B.1.3: v=0.19444 + (0.20596 — 0.19444) 200-17991 - 0.2002 m3/kg

c. 200°C,0.1m%kg: lookinB.1.1: P= Psat = 1553.8 kPa

ve =0.001156 m¥/kg <v < vg=0.12736 m3/kg, so L+V
=> x= (V- Vf)lVgg = (0.1 - 0.001156)/0.1262 = 0.7832

d. 10 kPa, 10°C: Only one of the two look-ups is needed
FromB.1.1: P >Pg=1.2276 kPa so compressed liquid

From B.1.2: T < Tg =45.8°C so compressed liquid
From B.1.1: v =vs=0.001 m3/kg (at given T, not given P)

AP cP.

States shown are P = const.

placed relative to the
two-phase region, not
to each other.
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2.28
For water at 200 kPa with a quality of 10%, find the volume fraction of vapor.

This is a two-phase state at a given pressure:
Table B.1.2: v¢=0.001 061 m/kg, vg=0.88573 m/kg
From the definition of quality we get the masses from total mass, m, as
m¢ = (1-x) m, Mg=Xm
The volumes are
Vi=mgve=(1-X)mvg,  Vg=mgvg=Xxmyy
So the volume fraction of vapor is

Fractionzxg: Vg = Y
V " Vg+ Vi xmyg+ (1-x)m vy

~ 0.1 x 0.88573 _0.088573
~0.1x0.88573 + 0.9 x 0.001061 _ 0.0895279

=0.9893

Notice that the liquid volume is only about 1% of the total. We could also have
found the overall v = v¢ + Xvgy and then V=mv.
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2.29
Determine whether refrigerant R-410A in each of the following states is a

compressed liquid, a superheated vapor, or a mixture of saturated liquid and
vapor.

Solution:
All cases are seen in Table B.4.1

a. 50°C,0.05m°kg  From table B.4.1at50°C v =0.00707 m%Kkg
since v > vy we have superheated vapor

b. 1.0 MPa, 20°C From table B.4.1 at 20°C Pg=909.9 kPa
since P <Py we have superheated vapor

c. 0.1 MPa, 0.1 m3/kg From table B.4.1 at 0.1 MPa (use 101 kPa)
vf =0.00074 and v =0.2395 m3/kg
as vg <V <vg we have a mixture of liquid &
vapor

d —20°C, 200 kPa superheated vapor, P < P4 = 400 kPa at -20°C

2.30
Show the states in Problem 2.29 in a sketch of the P-v diagram.
A P cp. AT C.P.

States shown are P = const.
placed relative to the a, b

two-phase region, not ea, b

to each other. c d

T
»V »V
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2.31

How great is the change in liquid specific volume for water at 20°C as you move up
from state i towards state j in Fig. 2.14, reaching 15 000 kPa?

State “i”’, here “a”, is saturated liquid and up is then compressed liquid states
Table B.1.1:  v4=0.001002m%kg at 2.34kPa

Table B.1.4:  v¢=0.001 002 m3/kg at 500 kPa
Table B.1.4:  v¢=0.001 001 m3kg at 2000 kPa
Table B.1.4:  v;=0.001000 m%kg at 5000 kPa
Table B.1.4: v =0.000 995 m%kg at 15000 kPa
Table B.1.4:  v¢=0.000 980 m3/kg at 50 000 kPa

=~ ® O O T D

Notice how small the changes in v are for very large changes in P.

T
Nt |

€

d

c f-a

b1 T=20%

| -
- '
P
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2.32
Fill out the following table for substance ammonia:
Solution:
P [kPa] T[°C] v [m3/kg] X
a) 1003 25 0.1185 0.9238
b) 1195 -30 0.4824 0.5
a) B.21 vg<v<vg => two-phase mix LookinB.2.1

=> %= (V- vf )/vgy = (0.1185 — 0.001658)/0.12647 = 0.9238

b) B2l P=Pg=119.5kPa
V=V +X Vgg = 0.001476 + 0.5 x 0.96192 = 0.4824 m3/kg

2.33
Place the two states a-b listed in Problem 2.32 as labeled dots in a sketch of the P-
v and T-v diagrams.
Solution:

AP cp

1003 +
120 1

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

46 Borgnakke and Sonntag

2.34
Give the missing property of P, T, v and x for R-410A at

a. T =-20°C, P =450 kPa
b.  P=300kPa, v=0.092m3%kg

Solution:
a)B.4.1 P>Pgyt =399.6 kPa = compressed liquid
v ~ V¢ = 0.000803 m3/kg
X = undefined
b) B.4.2 Vv > vg at 300 kPa = superheated vapor
0.092 - 0.08916 \ _ .
=-20+[0- (-20)1 ( 99845 - 0.08016) = ~13:89°C
X = undefined
AP A" cr
i p P =const.
b i
a
T T  a
> "’
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2.35
Fill out the following table for substance water:
Solution:
P [kPa] T[°C] vimikgl X
a) 500 20 0.001002 Undefined
b) 500 151.86 0.20 0.532
C) 1400 200 0.14302 Undefined
d) 8581 300 0.01762 0.8

a) Table B.1.1 P >Pg,; soitis compressed liquid => Table B.1.4

b) TableB.1.2 vg<v<vy sotwophase L+V
V - Vg
Vfg

X = =(0.2-0.001093) / 0.3738 = 0.532

T =T, =151.86°C

c) Only one of the two look-up is needed
Table B.1.1 200°C P <Pgt= =>superheated vapor

Table B.1.2 1400 kPa T > Tgy = 195°C
Table B.1.3 sub-table for 1400 kPa gives the state properties

d) Table B.1.1 since quality is given it is two-phase
V = Vg + X x Vg = 0.001404 + 0.8 x 0.02027 = 0.01762 m3/kg

2.36
Place the four states a-d listed in Problem 2.35 as labeled dots in a sketch of the P-
v and T-v diagrams.

Solution:
AP cr. L' cP.
8581 + c 300 + P = const.
1400 T e 200 +
500 1 - T Ta
b 20 Tt
I - | v
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Determine the specific volume for R-410A at these states:

b)

a. —15°C, 400 kPa
b. 20°C, 1500 kPa
c. 20°C, quality 25%

Table B.4.1: P <Pgy =480.4 kPa, so superheated vapor.
-15 - (-19.98
B.4.2 v =0.06475 + (0.07227 — 0.06475) ﬁw—g&l = 0.06662 m3/kg

Table B.4.1: P > Pgy = 1444 kPa, so compressed liquid
v=v; =0.000923 m3/kg

Table B.4.1: v =0.000923 m3/kg, viq=0.01666 m/kg so

V = Vg + X Vg = 0.000923 + 0.25 x 0.01666 = 0.00509 m3/kg

AP cPp
States shown are
placed relative to the b
two-phase region, not a
to each other. C T
I SV
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2.38
Give the missing property of P, T, v and x for CHy, at:
a. T=155K, v =0.04 m3kg
b. T=350K, v=0.25m3kg

a) B.7.1 v < vg = 0.04892 m/kg —  2-phase
V-Vf  0.04-0.002877
"V, _ 004605 0809

P = P, = 1296 kPa

b) B.7.1 T>T, and v>>v, = superheated vapor B.7.2
located between 600 & 800 kPa
P = 600 + 200 ~ee 2 039067 _ 25 1 pa

0.2251 - 0.30067
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2.39
Give the specific volume of carbon-dioxide at -20°C for 2000 kPa and repeat for
1400 kPa.

Table B.3.1: -20°C  Pg,; = 1969 kPa,
at 2000 kPa state is compressed liquid: v = v¢ = 0.000969 m3/kg

at 1400 kPa state is superheated vapor: v =0.0296 m3/kg
Aln P
The 2000 kPa is above and
the 1400 kPa is below L
the vaporization line. S
1 b v
-
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2.40
Calculate the following specific volumes
a. CO, 10°C, 80% quality
b. Water 4 MPa, 90% quality

c. Nitrogen 120 K, 60% quality
Solution:

All states are two-phase with quality given. The overall specific
volume is given by Eq.2.1 or 2.2

V= Vg + X Vgg = (1-X)Vg + X Vg

a. CO, 10°C, 80% quality in Table B.3.1
v =0.001161 + X x 0.00624 = 0.006153 m°/kg

b. Water 4 MPa, 90% quality in Table B.1.2
v = 0.001252(1-X) + X x 0.04978 = 0.04493 m3/kg

c. Nitrogen 120 K, 60% quality in Table B.6.1
v =0.001915 + x x 0.00608 = 0.005563 m3/kg
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241
Give the missing property of P, T, v, and x for:

a) R-410A at T =25°C, v =0.01 m3/kg
b) R-410A at 400 kPa, v = 0.075 m3/kg
c¢) NH3 at 10°C, v = 0.1 m3/kg

Solution:

a) TableB.41  v<vy=0.01514 m3/kg so state is two-phase L + V
V - Vg
Vfg

X = =(0.01-0.000944)/0.01420 = 0.6377

b) TableB.4.1 v>vg sogo to B.4.2 superheated vapor 400 kPa.

Make linear interpolation

0.075 - 0.07227 . i
T=0+(20-0) 007916 - 0.07227 - 7.92, xisundefined

C) Table B.2.1  vf <v<vgy=0.01514 m3/kg so state is two-phase L + V
P = Pgyt = 615.2 kPa
V - Vg
Vfg

X = =(0.1-0.0016)/0.20381 = 0.4828

A" A _
Each state is P = const.

positioned P b
relative to the e m
two-phase region T

not to each other 1 ]

L
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2.42
You want a pot of water to boil at 105°C. How heavy a lid should you put on the
15 cm diameter pot when P, = 101 kPa?

Solution:
Table B.1.1 at 105°C : Psat = 120.8 kPa
A= % D? = % 0.152 = 0.01767 m?

Fret = (Psat —Patm) A = (120.8 - 101) kPa x 0.01767 m?
=0.3498 kN = 350 N

Fnet = Miig 9

350 N
Myig = Fnet/g = 9.807 m/SZ =357 kg

Some lids are
clamped on, the
problem deals with
one that stays on due
to its weight.
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2.43
Water at 400 kPa with a quality of 25% has its pressure raised 50 kPa in a constant

volume process. What is the new quality and temperature?

Solution:

State 1 from Table B.1.2 at 400 kPa
V=Vg + X Vg = 0.001084 + 0.25 x 0.46138 = 0.11643 m3/kg

State 2 has same v at P = 450 kPa also from Table B.1.2
_V—-Vf 0.11643 - 0.001088

X="vg = o4l 0279
T = Tgy = 147.93°C
AP cPp A’ cr
450 + ] T 148 +
400 + 143 1
»V »V
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2.44

A sealed rigid vessel has volume of 1 m3 and contains 2 kg of water at 100°C.
The vessel is now heated. If a safety pressure valve is installed, at what pressure
should the valve be set to have a maximum temperature of 200°C?

Solution:
Process: v =V/m = constant

State 1: v, =1/2=0.5 m3kg AT oce
500 kPa
from Table B.1.1
itis 2-phase 400 kPa
State 2: 200°C, 0.5 m3/kg ] - \100 c
Table B.1.3 between 400 v
B

and 500 kPa so interpolate

0.5 -0.53422

P=400+ 55205 0 £3az; * (500 —400) =431.3 kPa
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2.45
Saturated water vapor at 200 kPa is in a constant pressure piston cylinder. At this

state the piston is 0.1 m from the cylinder bottom. How much is this distance and
the temperature if the water is cooled to occupy half the original volume?

Solution:
State 1: B 12 v;=v, (200 kPa)=0.8857 mkg, T;=120.2°C
Process: P = constant = 200 kPa
State 2: P, v, =Vvq/2 =0.44285 m/kg
Table B.1.2 v, <vg sotwo phase Ty =Tgy =120.2°C

Height is proportional to volume
h2 = hl X V2/V1 =0.1mx0.5=0.05m

A°cr if cr

P =200 kPa
200 T

T 120 1
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2.46
Saturated liquid water at 60°C is put under pressure to decrease the volume by 1%

keeping the temperature constant. To what pressure should it be compressed?

Solution:
State 1: T=60°C, x=0.0; TableB.1.1: v=0.001017 m3/kg
Process: T = constant = 60°C
State 2: T, V= 0.99 x Vg (ggecy = 0.99x0.001017 = 0.0010068 m>/kg

Between 20 & 30 MPain Table B.1.4, P =23.8 MPa

AF’ . 30 MPa
21 CP. A 20 MPa
1 2
1
1
I " | Ay
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2.47

Water at 400 kPa with a quality of 25% has its temperature raised 20°C in a constant
pressure process. What is the new quality and specific volume?

Solution:

State 1 from Table B.1.2 at 400 kPa
V=Vp +X Vg =0.001084 +0.25 x 0.46138 = 0.126185 m3/kg

State 2 has same P from Table B.1.2 at 400 kPa
Ty)=Tgt +20=143.63+20 = 163.63°C
so state is superheated vapor look in B.1.3 and interpolate between 150 and 200 C
in the 400 kPa superheated vapor table.

X = undefined

_ 163.63 - 150 3
Vp = 0.47084 + (0.53422 - 0.47084) —557 75— = 0.4881 m/kg

AP cp A" ocr
400 kPa
164 +
T 144 1
400 1
>V »V
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9C inside a pipe around the cold section. Outside (on the back or below) is a black
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grille inside which the working substance condenses from vapor to liquid at +45

9C. For each location find the pressure and the change in specific volume (V) if
the substance is ammonia.

Solution:

The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Psat » kKPa AV = vy, m3/kg
Ammonia B.2.1 45 9C 1782 0.0707
Ammonia B.2.1 -20°c 190 0.622
AP cP A" cP.
A 1
. 4 3

4

T

2
%

.

_20 4
/ 1

™
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Repeat the previous problem with the substances

a) R-134a

In your refrigerator, the working substance evaporates from liquid to vapor at -20
9C inside a pipe around the cold section. Outside (on the back or below) is a black

b) R-410A

grille inside which the working substance condenses from vapor to liquid at +45
9C. For each location find the pressure and the change in specific volume (V).

Solution:

The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Peat » KPa | Ay = Vig. m3/kg
R-134a B.5.1 45 9C 1160 0.0165
R-134a B.5.1 -209c 134 0.146
R-410A B.4.1 45 9C 2728 0.00723
R-410A B.4.1 -209c 400 0.064

AP cP A’ cr
| W 4s5c ST s
4 T
: \ 20 1
1 2 /[ 1
»V -
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Repeat Problem 2.48 with CO5, condenser at + 20°C and evaporator at -30°C.

Solution:

The properties come from the saturated tables where each phase change takes
place at constant pressure and constant temperature.

Substance TABLE T Psat » kPa AV = vgg, m3/kg
CO, B.3.1 20 °C 5729 0.00386
CO, B.3.1 -30°C 1428 0.026

A" cP. A" ocr

A |
1 4 3

4 T
- _30 41

[1 2 /{ 1 2

\Y
| .
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2.51
A glass jar is filled with saturated water at 500 kPa, quality 25%, and a tight lid is

put on. Now it is cooled to —10°C. What is the mass fraction of solid at this
temperature?

Solution:
Constant volume and mass = vq =V, =V/m
From Table B.1.2:  v; =0.001093 + 0.25 x 0.3738 = 0.094543 m3/kg
From Table B.1.5: v, =0.0010891 + X, x 446.756 = v, = 0.094543 m%/kg

= X =0.0002 mass fraction vapor
Xsolig =1-X%2=0.9998 or 99.98 %

A" cP. A’ cr
1
T 1
[ N N
2 >V 142 Vv
P
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2.52
Two tanks are connected as shown in Fig. P2.52, both containing water. Tank A is at

200 kPa, v = 0.5 m*/kg, V, =1 m® and tank B contains 3.5 kg at 0.5 MPa, 400°C.

The valve is now opened and the two come to a uniform state. Find the final specific
volume.

Solution:
Control volume: both tanks. Constant total volume and mass process.

&\
I X
A B
sup. vapor
State Al: (P, V) My =Va/v, =1/0.5=2kg

State B1: (P, T) TableB.1.3 vg= 06173 m3/kg

= Vg = MgV = 3.5 kg x 0.6173 m*/kg = 2.1606 m°
Final state: Migt = Ma + Mg =5.5kg

Vit =V + Vg = 3.1606 m®

— — 3
v, = Vtot/mtot =0.5746 m°/kg

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

64 Borgnakke and Sonntag

2.53
Saturated vapor R-134a at 60°C changes volume at constant temperature. Find the
new pressure, and quality if saturated, if the volume doubles. Repeat the question
for the case the volume is reduced to half the original volume.

Solution:

1 (T,x) B4.1: vy =vy=0.01146 mS/kg, P1=Pgt = 1681.8 kPa

2: Vo = 2v, = 0.02292 m3/kg superheated vapor
Interpolate between 1000 kPa and 1200 kPa

0.02292 — 0.02311
P, = 1000 + 200 x 50624 —0.0231L = 1008 kPa

3 v3=vy/2=0.00573 m¥kg < vg: two phase
_V3-Vf 0.00573 —0.000951

X3="yy - 001051 0447
P3 = Pyt = 1681.8 kPa
AP cP. A’ cr
P = 1682 kPa
1 2
16827 T 60 & 2
Vv
o »V
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2.54
A steel tank contains 6 kg of propane (liquid + vapor) at 20°C with a volume of

0.015 m3. The tank is now slowly heated. Will the liquid level inside eventually rise
to the top or drop to the bottom of the tank? What if the initial mass is 1 kg instead

of 6 kg?
Solution:
vV 0.015m°
Constant volume and mass Vo=V = E W =0.0025 m3/kg
AT CP. A2: v, =0.00454 m3kg > v,
Liq. Vapor eventually reaches sat. liquid.

= level rises to top

lfm=1kg = v, =0.015 m3/kg >V

[ alb \ then it will reach saturated vapor.
Vv = level falls

C
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Saturated water vapor at 60°C has its pressure decreased to increase the volume
by 10% keeping the temperature constant. To what pressure should it be
expanded?

Solution:

Initial state: v =7.6707 m3/kg from table B.1.1
Final state: v =1.10 x v = 1.1 x 7.6707 = 8.4378 m°/kg

Interpolate at 60°C between saturated (P = 19.94 kPa) and superheated vapor
P =10KkPain Tables B.1.1 and B.1.3

8.4378 — 7.6707
P =19.941 + (10 — 19.941) 153345 76707 - 18.9 kPa

AP cp. A’ cr.
P =10 kPa
10 kPa 4
I AR | Ay

Comment: T,v = P =18 kPa (software) v is not linear in P, more like 1/P,
so the linear interpolation in P is not very accurate.
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2.56

Ammonia at 20°C with a quality of 50% and total mass 2 kg is in a rigid tank
with an outlet valve at the top. How much vapor (mass) can you take out through
the valve assuming the temperature stays constant?

Solution:

The top has saturated vapor at 20°C as long as there is a two phase inside. When
there is no more liquid and vapor will be taken out pressure will drop for the
remaining vapor so we can take it out until we reach P,

V=m,v, =2kg x 0.5 (0.001638 + 0.14922) m3/kg = 0.15086 m®
v, =1.4153 m3/kg (from Table B.2.2 at 100 kPa)
m, = V/v,, = 0.15086 m3/ 1.4153 m3/kg =0.1066 kg

m=m, -m,=2-0.1066 = 1.893 kg

AP cr. A’ cr
P = 857 kPa
20%C T
/
I "V [ oV
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2.57
A sealed rigid vessel of 2 m® contains a saturated mixture of liquid and vapor R-
134a at 10°C. If it is heated to 50°C, the liquid phase disappears. Find the
pressure at 50°C and the initial mass of the liquid.

Solution:
Process: constant volume and constant mass.
P State 2 is saturated vapor, from table B.5.1
P, = P¢,4(50°C) = 1.318 MPa
2 State 1: same specific volume as state 2
v, =V, = 0.015124 m/kg

v, = 0.000794 + x; x 0.048658
v = X, =0.2945

m = Vv, = 2 m>/0.015124 m3/kg = 132.24 kg;
Mijq = (1 -x;) m=93.295 kg
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2.58
A storage tank holds methane at 120 K, with a quality of 25 %, and it warms up

by 5°C per hour due to a failure in the refrigeration system. How long time will it
take before the methane becomes single phase and what is the pressure then?

Solution: Use Table B.7.1

Assume rigid tank v = constant = v,
v, =0.002439 + 0.25 x 0.30367

=0.078366 m°/kg

We then also see that 1
v, > v, =0.00615 m3kg

All single phase when Vv

v:vg =T = 145K

AT 145 -120
At = (5°C/h) = 5 =5 hours; p= Psat‘ 824 kPa
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2.59
Ammonia at 10°C and mass 10 kg is in a piston cylinder with an initial volume of 1
m3. The piston initially resting on the stops has a mass such that a pressure of 900

kPa will float it. Now the ammonia is slowly heated to 50°C. Find the final pressure
and volume.

Solution:
C.V. Ammonia, constant mass.
Process:  V =constant, unless P = Pggat

State 1: T =10 °C,
\Y
v1:E:E:01m3/kg . la_ 2
2 50C
From Table B.2.1 v¢ <v<vy 21.5C
P.+1] 1
1 v
V-V 0.1-0.0016

X1=7y T 020381 - 04828

State 1a: P =900 kPa, v=v; =0.1m%kg <vy at900 kPa

This state is two-phase Ty, =21.52°C
Since T, > Ty, then vy, > vy,

State 2: 50°C and on line(s) means
P, =900 kPa which is superheated vapor.

Table B.2.2 : v, = (0.18465 + 0.14499)/2 = 0.16482 m>/kg
V, =mv, = 1.6482 m°
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2.60

A 400-m3 storage tank is being constructed to hold LNG, liquified natural gas,
which may be assumed to be essentially pure methane. If the tank is to contain
90% liquid and 10% vapor, by volume, at 100 kPa, what mass of LNG (kg) will
the tank hold? What is the quality in the tank?

Solution:
CH4 is in the section B tables.

From Table B.7.1: vg=0.002366 m3/kg, (interpolated)
From Table B.7.2: Vg = 0.55665 m3/kg (first entry 100 kPa)
_Viig 0.9 x 400 ~ Vyap 0.1 x 400

=152 1555 kg; Mygp =

Miig = ~yc = 0.002366 ~ = 7186 kg

vg ~ 0.55665

= - - -4
Miot = 152227 kg, X =Myap/ My =4.72x 10
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2.61

A boiler feed pump delivers 0.05 mS/s of water at 240°C, 20 MPa. What is the mass
flowrate (kg/s)? What would be the percent error if the properties of saturated liquid

at 240°C were used in the calculation? What if the properties of saturated liquid at
20 MPa were used?

Solution:
State 1. (T, P) compressed liquid seen in B.1.4: v =0.001205 m3/kg

m = V/v = 0.05/0.001205 = 41.5 kg/s
V§ (240°C) = 0.001229 m3/kg = m=40.68 kg/s error 2%

Vt (20 Mpa) = 0-002036 m3/kg = 1 = 24.56 kg/s error 41%

AP cCP.
20MPat f—

I - [ oV

The constant T line is nearly vertical for the liquid phase in the P-v diagram.
The state is at so high P, T that the saturated liquid line is not extremely steep.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in
73 Borgnakke and Sonntag

2.62
A piston/cylinder arrangement is loaded with a linear spring and the outside
atmosphere. It contains water at 5 MPa, 400°C with the volume being 0.1 mS. If the
piston is at the bottom, the spring exerts a force such that P = 200 kPa. The system

now cools until the pressure reaches 1200 kPa. Find the mass of water, the final state
(T, v,) and plot the P-v diagram for the process.

Solution:
P 1: TableB.13 = v,=0.05781 mkg
Straight line: P=P,+CxvV
2 P,-P
1200 V=V 2 = 0.01204 m3/kg
2=V1p, - P,
2007
I v
0 2 0.05781

v, < vg(lZOO kPa) so two-phase T, =188°C
= X, = (v, - 0.001139)/0.1622 = 0.0672
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2.63
A pressure cooker (closed tank) contains water at 100°C with the liquid volume
being 1/20 of the vapor volume. It is heated until the pressure reaches 2.0 MPa.
Find the final temperature. Has the final state more or less vapor than the initial

state?
Solution:
State 1: Vi = mg Vg = Vg/20 = myvg/20 ;
Table B.1.1:  v¢=0.001044 m3/kg, vq = 1.6729 m3kg
m 20 mevs/ v 20 v
. = g fVi/Vg f 0.02088 — 0.01233

17 mg+mg mg+20meve/ vy~ 20 vg+vg ~ 0.02088 + 1.6729
v, =0.001044 + 0.01233x1.67185 = 0.02166 m*/kg

State 2: v, = v, =0.02166 m3/kg < vg(ZMPa) from B.1.2 so two-phase
A P Atstate 2: v, = V§ + X, Vg
0.02166 = 0.001177 + x,, x 0.09845
2 => x,=0.208

More vapor at final state
T, = Tg,1(2MPa) = 212.4°C

G——

sat

I
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2.64

A pressure cooker has the lid screwed on tight. A small opening with A =5 mm?2
is covered with a petcock that can be lifted to let steam escape. How much mass

should the petcock have to allow boiling at 120°C with an outside atmosphere at
101.3 kPa?

Table B.1.1.: Py =198.5 kPa

F=mg=AP x A

m = AP x Alg
_ (198.5-101.3)x1000x5x10°6 N
- 9.807 ms-2

=0.0496 kg =50 g
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Ideal Gas Law
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2.65
What is the relative (%) change in P if we double the absolute temperature of an
ideal gas keeping mass and volume constant? What will it be if we double V
having m, T constant.

Ideal gas law: PV =mRT

State 2: P2V = mRT2 = mR2T1 = 2P1V = P2 = 2P1
Relative change = AP/P{ = P1/P1 = 1 = 100%

State 3: P3V3=mRT; =PV = P3= P1V1/V3 = P1/2
Relative change = AP/P; = -P1/2P1 = -0.5=-50%
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2.66
A 1-m3 tank is filled with a gas at room temperature 20°C and pressure 200 kPa.
How much mass is there if the gas is a) air, b) neon or c) propane ?

Solution:

Use Table A.2 to compare T and P to the critical T and P with
T=20°C=293.15K; P =200kPa<<P, for all
Air: T>>Tengs Tcoz2=154.6 K so ideal gas; R=0.287 kJ/kg K
Neon: T>>T.=444K so ideal gas; R =0.41195 kJ/kg K
Propane: T < T.=370K, butP << P, =4.25 MPa
so gas R =0.18855 kJ/kg K

All states are ideal gas states so the ideal gas law applies

PV = mRT
PV 200 kPa x 1 m3
8) M =T 0287 kilkgk x 29315 K~ 2377 kg
PV 200 kPa x 1 m3
b) M =BT = 0.41195 ki/kgK x 293.15 K ~ 1896 kg
PV 200 kPa x 1 m3
&) m= ax . m = 3.618 kg

RT ~ 0.18855 ki/kgK x 293.15 K
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2.67
Calculate the ideal gas constant for argon and hydrogen based on table A.2 and
verify the value with Table A.5

R 8.3145

argon: =M 39948~ 0.2081 kJ/kgK  same as Table A.5
R 8.3145

hydrogen: =M= 2016 - 4.124256 kJ/kgK same as Table A.5
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2.68
A pneumatic cylinder (a piston cylinder with air) must close a door with a force of

500 N. The cylinder cross-sectional area is 5 cm2. With \V = 50 cm3, T = 20°C,
what is the air pressure and its mass?

F=PA-P,A =
500 N

= + = + —
P =P, + F/A =100 kPa 0.0005 m?2 % 1000 N/KN 1100 kPa

_P1V1 1100 kPa x 0.00005 m3
M="RT, ~ 0.287 kilkgK x 293 K

= 0.00065 kg = 0.65 g

Comment: Dependent upon your understanding of the problem you could also have
neglected the atmospheric pressure to get 1000 kPa and 0.59 g for answers.
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Is it reasonable to assume that at the given states the substance behaves as an ideal
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2.69
gas?
Solution:
a) Oxygen, O,  at
b) Methane, CH, at
c) Water, H,0  at
d) R-134a at
e) R-134a at

30°C, 3 MPa
30°C, 3 MPa
30°C, 3 MPa

30°C, 3 MPa
30°C, 100 kPa

Aln P

Lig.

Ideal Gas (T » T, = 155 K from A.2)
Ideal Gas (T » T, =190 K from A.2)
NO compressed liquid P > Py (B.1.1)

NO compressed liquid P > Pg; (B.5.1)
Ideal Gas Pislow <Py (B.5.1)

c,d
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Helium in a steel tank is at 250 kPa, 300 K with a volume of 0.1 m3. It is used to fill
a balloon and when the pressure drops to 125 kPa, the flow of helium stops by itself.
If all the helium still is at 300 K, how big a balloon did I get?

Solution:

State 1: m=V/v assume ideal gas so cb

PV 250kPax 0.1 m3
M="RT, ~2.0771 ki/kgK x 300 K

= 0.0401 kg

nwCc o—-S—0
O3 =D =5~

State 2:  Same mass so then (T, =T;)

mRT2 P]_V]_ RT2 Pl 3 250 3
Vo="p, =TRT,P, - Vip, ~01M 55=02m
The balloon volume is

Vpalloon = V2 - V1 =0.2-0.1=01m°
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2.71
A hollow metal sphere of 150-mm inside diameter is weighed on a precision
beam balance when evacuated and again after being filled to 875 kPa with an
unknown gas. The difference in mass is 0.0025 kg, and the temperature is 25°C.
What is the gas, assuming it is a pure substance listed in Table A.5 ?

Solution:

Assume an ideal gas with total volume: V = %(0.15)3 =0.001767 m®

M = mRT _ 0.0025 kg x 8.3145 kJ/kmol-K x 298.2 K
- PV 875 kPa x 0.001767 m3

=4.009 kg/kmol ~ M,

=> Helium Gas
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2.72

A spherical helium balloon of 10 m in diameter is at ambient T and P, 15°C and
100 kPa. How much helium does it contain? It can lift a total mass that equals the
mass of displaced atmospheric air. How much mass of the balloon fabric and cage
can then be lifted?

We need to find the masses and the balloon volume

v=2p3=Z2103=5236m3

6 6
V. PV 100 kPa x 523.6 m3
Mye =PV =Y = RT = 2.0771 kilkgK x 288 K~ 0/ -2 kg

_PV 100 kPa x 523.6 m®
air ~ RT ~ 0.287 k/kgK x 288 K
= 633 kg

m

Myige = My — My, = 633-87.5=545.5 kg
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2.73
A glass is cleaned in 45°C hot water and placed on the table bottom up. The room

air at 20°C that was trapped in the glass gets heated up to 40°C and some of it
leaks out so the net resulting pressure inside is 2 kPa above ambient pressure of
101 kPa. Now the glass and the air inside cools down to room temperature. What
is the pressure inside the glass?

Solution:
1air: 40°C, 103 kPa Slight amount
2 air: ZOOC’ ? of ||qU|d water
seals to table top
Constant VVolume: V; = V,, /
Constant Mass m; = m,
Ideal Gas P]_V]_ = mlRTl and P2V2 = mlRTZ
Take Ratio
Ty 20 + 273
Py,=P; T,” 103 kPa x 10+ 273" 96.4 kPa

This is a vacuum relative to atm pressure so the glass is pressed against table.
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Air in an internal combustion engine has 227°C, 1000 kPa with a volume of 0.1 m3,

Now combustion heats it to 1800 K in a constant volume process. What is the mass
of air and how high does the pressure become?

The mass comes from knowledge of state 1 and ideal gas law
_PVy 1000 kPa x 0.1 m3 _
M="RT, ~0.287 ki/kgK x (227 + 273) K

0.697 kg

The final pressure is found from the ideal gas law written for state 1 and state 2 and
then eliminate the mass, gas constant and volume (V,, = V,) between the equations

P1 V1 =m RT1 and P2 V2 =m RT2

1800
500

P, =P, x T,/T, = 1000 kPa x = 3600 kPa
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2.75
Air in an automobile tire is initially at —10°C and 190 kPa. After the automobile is
driven awhile, the temperature gets up to 10°C. Find the new pressure. You must
make one assumption on your own.

Solution:

Assume constant volume V2 = V1 and that air is
an ideal gas
P1V1 = mRT1 and P2V2 = mRT2
SO
P,=P, xT,/T,
283.15
263.15

=190 kPa x = 204.4 kPa
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2.76

A rigid tank of 1 m3 contains nitrogen gas at 600 kPa, 400 K. By mistake
someone lets 0.5 kg flow out. If the final temperature is 375 K what is the final
pressure?

Solution:

_PV_ 600kPax1m3
M=RT ™ 0.2968 ki/kgK x 400 K

= 5.054 kg

my, =m—0.5=4.554 kg

_ MRT, 4,554 kg x 0.2968 ki/kgK x 375 K
P2=7v = 1m3

=506.9 kPa
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2.77

Assume we have 3 states of saturated vapor R-134a at +40 °C, 0 °C and —40 °C.
Calculate the specific volume at the set of temperatures and corresponding saturated
pressure assuming ideal gas behavior. Find the percent relative error = 100(v —
Vg)lvg with vg from the saturated R-134a table.

Solution:
R-134a.  Table values from Table B.5.1  Pgy, Vg(T)

Ideal gas constant from Table A.5: Rg.1344 = 0.08149 kJ/kg K

T Pgat » kPa Vg, m3/kg | Vip.c,=RT/Pgy | error %

0% | 518 | 0.35696 0.36678 2.75
0% | 2% 0.06919 0.07571 9.4
20°C | 1017 | 0.02002 0.02509 25.3

i '
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2.78
Do Problem 2.77 for R-410A.

Solution:
R-410A. Table values from Table B.4.1  Pgy, vg(T)

Ideal gas constant from Table A.5: Rg.4104 = 0.1146 kJ/kg K

T Psat » kPa Vg, m3/kg | Vip.c.=RT/Pgy | error %
40°% | 1750 0.14291 0.1527 6.8
0°c 798.7 0.03267 0.03919 20
40°c | 24207 0.00967 0.01483 53.3

1P '
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2.79
Do Problem 2.77 for the substance ammonia.

Solution:
NH3. Table values from Table B.2.1  Pgy, Vg(T)

Ideal gas constant from Table A.5: Rymmonia = 0-4882 k/kg K

T Psat » kPa Vg, m3/kg | Vip.c.=RT/Pgy | error %
-40°c 71.7 1.5526 1.5875 2.25
0°C 429.6 0.28929 0.3104 7.3
40 °C 1555 0.08313 0.09832 18.3

1P '

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

92 Borgnakke and Sonntag

2.80
A 1 m? rigid tank has propane at 100 kPa, 300 K and connected by a valve to

another tank of 0.5 m3 with propane at 250 kPa, 400 K. The valve is opened and
the two tanks come to a uniform state at 325 K. What is the final pressure?

Solution:
Propane is an ideal gas (P << P.) with R =0.1886 kJ/kgK from Thl. A.5

_ PaVa _ 100 kPa x 1 m3
MA="RTA ~ 0.1886 ki/kgK x 300 K

= 1.7674 kg

_PgVs  250kPax05m3
ME = RTs = 0.1886 ki/kgK x 400 K ~ 16264 kg

V,=Va+Vg=15m3

My =mp + Mg = 3.4243 kg
_ MaRT, 34243 kg x 0.1886 kJ/kgK x 325 K

Po= =y, = L5 m3 =139.9 kPa
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2.81
A vacuum pump is used to evacuate a chamber where some specimens are dried at

50°C. The pump rate of volume displacement is 0.5 m3/s with an inlet pressure of

0.1 kPa and temperature 50°C. How much water vapor has been removed over a 30-
min period?

Solution:
Use ideal gas since P << lowest P in steam tables.
From table A.5 we get R =0.46152 kJ/kg K

m=mAt with mass flow rate as; m=V/N=PV/RT  (ideal gas)

0.1 kPa x 0.5 m3/s x 30 min x 60 s/min
0.46152 kJ/kgK x 323.15 K

= m=PVAURT = =0.603 kg
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2.82

A 1-m3 rigid tank with air at 1 MPa, 400 K is connected to an air line as shown in
Fig. P2.82. The valve is opened and air flows into the tank until the pressure
reaches 5 MPa, at which point the valve is closed and the temperature inside is
450K.

a. What is the mass of air in the tank before and after the process?

b. The tank eventually cools to room temperature, 300 K. What is the pressure
inside the tank then?

Solution:
P, T known at both states and assume the air behaves as an ideal gas.

PV 1000 kPax 1m3
airl ~ RT, ~0.287 ki/kgK x 400 K

PV 5000kPax1m3
air2 ~ RT,, ~ 0.287 ki/kgK x 450 K

m =8.711 kg

m = 38.715 kg

Process 2 — 3 is constant V, constant mass cooling to T,
P, =P, x (T,/T,) =5000 kPa x (300/450) = 3.33 MPa
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2.83
A cylindrical gas tank 1 m long, inside diameter of 20 cm, is evacuated and then

filled with carbon dioxide gas at 20°C. To what pressure should it be charged if there
should be 1.2 kg of carbon dioxide?

Solution:
Assume CO, is an ideal gas, table A.5: R =0.1889 kJ/kg K

1
Vo = Ax L=54(02)° x 1=0.031416 m®

mRT
PV =mRT = P:T

_ 1.2 kg x 0.1889 kJ/kg K x (273.15 + 20) K
- 0.031416 m3

P = 2115 kPa
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2.84

Ammonia in a piston/cylinder arrangement is at 700 kPa, 80°C. It is now cooled at
constant pressure to saturated vapor (state 2) at which point the piston is locked with
a pin. The cooling continues to —10°C (state 3). Show the processes 1 to 2 and 2 to 3
on both a P-v and T-v diagram.
Solution:

State 1: T, P from table B.2.2 this is superheated vapor.

State 2: T, x from table B.2.1

State 3: T,v two-phase

80 + 1
700 2 o1

/ 144 2
290
/ -10 + 3

-V —\
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Compressibility Factor
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2.85
Find the compressibility factor (Z) for saturated vapor ammonia at 100 kPa and at
2000 kPa.
Table B.2.2: v, =1.1381 m3/kg, T,=-33.6°C, P;=100kPa
v, = 0.06444 m3/kg, T, =49.37°C, P, =2000 kPa
Table A.5: R =0.4882 kJ/kg K

Extended gas law:  Pv=ZRT so we can calculate Z from this

S - Pivi 100 kPa x 1.1381 m3/kg 0973
17 RT; ~0.4882 ki/kg-K x (273.15-33.6) K ~ ="

5 _P2V2_ 2000kPax 006444 mikg oo
27 RT, ~0.4882 kJ/kg-K x (273.15 +49.37) K ~

So state 1 is close to ideal gas and state 2 is not so close.
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Find the compressibility for nitrogen at
a. 2000 kPa, 120K ; b. 2000 kPa, 300 K ; c. 120 K, v = 0.005 m3/kg

Solution:

Table B.6 has the properties for nitrogen.

a)  B.6.2: v=0.01260 m¥kg
2000 kPa x 0.01260 m°/kg

Z=PVIRT =745968 kilkg-K x 120 K~ 0-797
b)  B.6.2: v=0.04440 m3/kg

Z=PVIRT = 2%?392?6/(1250-?(4103?;/29 =0.997
C) B.6.1: vf <v<vg sothis is atwo-phase state.

2 = pyRT = 2000 kPa x 0.005 m3kg 0.8

0.2968 kJ/kg-K x 120 K ~

The liquid in this state is incompressible with a low volume and the vapor
is very close to the critical point. If you calculate a quality it is x = 0.507. The
compressibility for the saturated vapor alone is 0.44.
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2.87
Find the compressibility for carbon dioxide at 60°C and 10 MPa using Fig. D.1

Solution:

Table A.2 CO2: T.=3041K P, =7.38 MPa
T, =T/T,=333/304.1 = 1.095
P, =P/P.=10/7.38 = 1.355
From Figure D.1: Z=045

Compare with table B.3.2: v =0.00345 m3/kg
_ _ 10000 kPa x 0.00345 m3/kg
Z=PVIRT == 889 kilkg-K x 333 K~ 0-2°

Al

1 1 InPy
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What is the percent error in specific volume if the ideal gas model is used to

represent the behavior of superheated ammonia at 40°C, 500 kPa? What if the
generalized compressibility chart, Fig. D.1, is used instead?

Solution:
NH3 T=40°C =313.15K, T,=4055K, P.=11.35MPa from Table A.1

Table B.2.2: v = 0.2923 m¥/kg
RT 0.48819 ki/kgK x 313 K
Ideal gas: V="p = 500 EPaX =0.3056 m3/kg = 4.5% error
. 313.15 0.5
Figure D.1: Ty ="5c0 =0772, Pr=773:=0044 = Z=097
ZRT

v="p =0.2964 m3kg = 1.4% error

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

102 Borgnakke and Sonntag

2.89
A cylinder fitted with a frictionless piston contains butane at 25°C, 500 kPa. Can

the butane reasonably be assumed to behave as an ideal gas at this state ?

Solution
Butane 25°C, 500 kPa, Table A.2: T.=425K; P.=3.8 MPa
25 + 273 0.5
T, = 5 - 0.701; P = 38" 0.13
Look at generalized chart in Figure D.1

Actual P,>P; 4=0.1 => liquid!! not a gas

The pressure should be less than 380 kPa to have a gas at that T.
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Estimate the saturation pressure of chlorine at 300 K.

Solution:
We do not have a table in the B section for Chlorine so we must use the generalized

chart.
Table A.2: P.=7.98 MPa, T.=4169K

T,=T/T,=300/416.9=0.7196
Figure D.1: P, =0.13 (same estimation from Table D.4)
P=P.Prgt=7.98x0.13=1.04 MPa

If you use the CATT3 program then you will find P, i3t = 0.122 and P = 973 kPa

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
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2.91
A bottle with a volume of 0.1 m3 contains butane with a quality of 75% and a
temperature of 300 K. Estimate the total butane mass in the bottle using the
generalized compressibility chart.

Solution:
We need to find the property v the massis: m=V/v
sofindvgiven Ty and X as: Vv =v+Xvg
Table A.2: Butane T,=425.2K P. = 3.8 MPa = 3800 kPa
T, =300/425.2=0.705 =>

From Fig. D.1 or table D.4: Z; ~0.02; Zy=0.9; Prsat = 0.1

Z

0.1 1 InP

P =Py = Py gat X Pe = 0.1x 3.80 MPa x1000 kPa/MPa = 380 kPa

v = Z{RT/P = 0.02 x 0.14304 k/kgK x 300 K/380 kPa = 0.00226 m3/kg
Vg = ZgRT/P = 0.9 x 0.14304 ki/kgK x 300 K/380 kPa = 0.1016 m3/kg
v =0.00226 + 0.75 x (0.1016 — 0.00226) = 0.076765 m3/kg

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
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2.92
Find the volume of 2 kg of ethylene at 270 K, 2500 kPa using Z from Fig. D.1

Ethylene Table A.2: T.=2824K, P.=5.04 MPa
Table A5: R =0.2964 kl/kg K

The reduced temperature and pressure are:

Enter the chart with these coordinates and read: Z=0.76

_MZRT 2 Kkg x 0.76 x 0.2964 ki/kg-K x 270 K

_ 3
P 2500 kPa =0.0487 m

Z
T=20
Tr=07 Tr=12
T,=0.96
Tr=07
0.1 051 InP
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2.93
For Ty = 0.7, what is the ratio vg/v¢ using Fig. D.1 compared to Table. D.3

For the saturated states we can use Fig. D.1 with the estimates
Z¢=0.02, Zy=0.9
SO

0.02
Vgive = (ZRTIP)g | (ZRTIP); = Zg/Z¢ =5 g = 0.0222

Table D.3 list the entries more accurately than we can read the figure
Z;=0.017, Z;=0.897

SO

0.017
Vglve = (ZRTIP)g | (ZRTIP) = Zg)Z¢ = 5 gg7 = 0.0189

0.1 051 InP

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

107 Borgnakke and Sonntag

2.94
Argon is kept in a rigid 5 m3 tank at —30°C, 3 MPa. Determine the mass using the
compressibility factor. What is the error (%) if the ideal gas model is used?

Solution:
No Argon table, so we use generalized chart Fig. D.1

T,=243.15/150.8 = 1.612, P,=3000/4870=0.616 => Z=0.96

PV 3000 kPa x 5 m®
M = ZRT = 0.96 x 0.2081 ki/kgK x 243.2 K - 208: 72 kg
Ideal gas Z=1

m=pt= 296.4kg 4% error

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
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2.95
Refrigerant R-32 is at -10 °C with a quality of 15%. Find the pressure and specific
volume.
Solution:

For R-32 there is no section B table printed. We will use compressibility chart.
From Table A.2: T.=351.3K; P;=578MPa;

From Table A.5: R =0.1598 kJ/kg K
T, =T/T, = 263/351.3 = 0.749

From Table D.4 or Figure D.1, Zy ~0.029; Zy~0.86; P;s~0.16
P =P, o P. = 0.16 x 5780 = 925 kPa
V=Vt X Vgg = (Zf + X x Zgg) RT/P
=10.029 + 0.15 x (0.86 — 0.029)] x 0.1598 kJ/kg-K x 263 K/ 925 kPa
=0.007 m3/kg

Z

0.1 1 Inp
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2.96

To plan a commercial refrigeration system using R-123 we would like to know how
much more volume saturated vapor R-123 occupies per kg at -30 °C compared to the

saturated liquid state.

Solution:

For R-123 there is no section B table printed. We will use compressibility chart.
From Table A2 T.=4569K; P.=3.66MPa; M =15293

T, =TI/T, =243/456.9 = 0.53

R = R/M = 8.31451 kJ/kmol-K / 152.93 kg/kmol = 0.0544 kJ/kgK
The value of T, is below the range in Fig. D.1 so use the table D.4

TableD.4,  Z;=0.979  Z;=0.00222
Zg =0.979 - 0.0022 = 0.9768; Py =Py g = 0.0116
P=P, x P, =425 kPa
Vig = Zgg RT/P = 0.9768 x 0.0544 ki/kgK x 243 K / 42.5 kPa
= 0.304 m3/kg

Comment: If you check with the software the solution is off by a factor of 6. The

linear interpolation is poor and so is the approximation for P, ¢, SO the real
saturation pressure should be 6.75 kPa. Also the very small value of Z¢ is
inaccurate by itself, minute changes in the curve gives large relative variations.
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2.97
A new refrigerant R-125 is stored as a liquid at -20 °C with a small amount of vapor.
For a total of 1.5 kg R-125 find the pressure and the volume.

Solution:
As there is no section B table use compressibility chart.
Table A.2: R-125 T,=339.2K P. = 3.62 MPa

T, =T/T,=253.15/339.2 = 0.746

We can read from Figure D.1 or a little more accurately interpolate from table
D.4 entries:
Preat=016; Z53=0.86; Z;=0.029

P =P, o5 P = 0.16 x 3620 kPa = 579 kPa
Viiq = ZgMjig RT/P
= 0.029 x1.5 kg x 0.06927 kJ/kgK x 253.15 K/ 579 kPa
=0.0013 m®

z sat vapor

T=2.0

Tr=07 Tr=07

sat lig.

0.1 1 In P,
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Equations of State

For these problems see appendix D for the equation of state (EOS) and chapter 12.
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2.98
Determine the pressure of nitrogen at 160 K, v = 0.00291 m3/kg using ideal gas,
van der Waal Equation of State and the nitrogen table.

Nitrogen from table A.2: T, =126.2 K, P =3390 kPa,

RT 0.2968 x 160 kJ/kg-K x K

Ideal gas: P= N - 000291 mi/kg =16 319 kPa

For van der Waal equation of state from Table D.1 we have

1 RT; 0.2968 x 126.2
=8P, ~ 01253390

=0.001 381 m3/kg,

a=27b? P, =27 x (0.001 381)? x 3390 = 0.174 562 kPa (m>/kg)?

 RT a__ 02968x160  0.174562
The BOSis: P =3 1= 2= 0.00201 - 0.001 381 ~ 0 002912

= 10 444 kPa

Table B.6.2: P =10 000 kPa.
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Determine the pressure of nitrogen at 160 K, v = 0.00291 m3/kg using Redlich-
Kwong Equation of State and the nitrogen table.

Nitrogen from table A.2: T, =126.2 K, P =3390 kPa,
T,=T/T,=160/126.2 = 1.26783

For Redlich-Kwong EOS we have the parameters from Table D.1

b = 0.08664 RP—TCC = 0.08664 x 0'2963?3;0126'2 =0.000 957 3 m3/kg,
R2T? 2 2
a= 042748 T, 50 = 0.42748 x Y2200 JIZOL 157127 kpa (mlkg)?
¢ 1.267812 x 3390
The equation is:
p= RT _ a
v-b VvZ+bv
_0.2968 x 160 0.157122
~0.00291 - 0.000 9573~ 0,002912 + 0.000 9573 x 0.00291
= 10 357 kPa

Table B.6.2: P =10 000 kPa.
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2.100
Determine the pressure of nitrogen at 160 K, v = 0.00291 m3/kg using Soave
Equation of State and the nitrogen table.

Nitrogen from table A.2: T,=126.2 K, P.=3390 kPa,
T,=T/T.=160/126.2 = 1.26783

For Soave EOS see Appendix D (very close to Redlich-Kwong)
_ RT a

P=V—b VZ+bv

where the parameters are from Table D.1 and D.4

® =0.039
f=0.48 + 1.5740 — 0.1760° = 0.54112
8o = 0.42748 [1+f (1- T~ %) 12= 0371184
RT. 0.2968 x 126.2 3
b =0.08664 5 = 0.08664 x —— 35— = 0.000 957 3 m/kg,
RZTE 0.29682 x 126.2°
a=0.371184 —5— = 0371184 x —— 2= 0.153 616 kPa (m3/kg)?
C
p= RT a
“v-b VvZ2+bv
__02068x160 0.153 616
0.00291 - 0.000 9573 0,002912 + 0.000 9573 x 0.00291
= 10 669 kPa

Nitrogen Table B.6.2: P =10 000 kPa.
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2.101

Carbon dioxide at 60°C is pumped at a very high pressure 10 MPa into an oil well
to reduce the oil viscosity for better oil flow. We want to find its specific volume
from the CO, table, ideal gas and van der Waals equation of state by iteration.

Table B.3.2: v =0.00345 m3/kg.

~ _RT 0.1889 x (60 + 273.15) kJ/kg-Kx K 3
Ideal gas: v = p = 10 000 kPa =0.006 293 m°/kg

Carbon dioxide from table A.2: T.=304.1 K, P.=7380 kPa,

For van der Waal equation of state from Table D.1 we have

_1RT¢ 0.1889 x 304.1 _ 3
5P, = 0125x~" 735y = 000097298 melkg,
a =27 b? P, = 27 x (0.000 972 98)? x 7380 = 0.188 6375 kPa (m3/kg)?
The EOS is: p=—l-_2
v-b v

Since it is nonlinear in v we use trial and error starting with the Table entry.

0.1889 x 333.15 0.188 6375

v=0.00345: P= 0.00345 - 0.000 972 98~ .003452 = 9557.8 kPa low
0.1889 x 333.15 0.188 6375 .

v =0.003 P= 0.003-0.00097298 " 0.0032 10 086.8 kPa high

V=000307: P= 0.1889 x 333.15 0.188 6375

0.00307 - 0.000 97298 ~ (003072 _ 9995.4 OK.

v = 0.00307 m%/kg
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2.102
Solve the previous problem using the Redlich-Kwong equation of state. Notice
this becomes trial and error.

Carbon dioxide from table A.2: T.=304.1 K, P.=7380 kPa,
T,=T/T,=333.15/304.1 = 1.09553
For Redlich-Kwong EOS we have the parameters from Table D.1

RT 0.1889 x 304.1

_ Rle_ _ 3
b = 0.08664 5~ = 0.08664 x —— 355 = 0.000 6744 m’/kg,
12 RTG 0.1889% x 304.12
a=042748 T, —5— = 042748 x — —— 5" —=—=0.18262 kPa (m°/kg)?
c 1.09553Y/2 x 7380

The equation is:

p= RT a
“v—b Vv2+bv
10 000 = 0.1889 x 333.15 0.18262

v-0.000 6744 2 4+ 0.000 6744 x v
Trial and error on v (start guided by Table B.3.2):

v =0.0035 m3/kg = P=9772.8 kPa sovsmaller
v =0.0033 m3/kg = P =10044.7 kPa so vV larger
v=00034mikg = P = 9906.5 kPa

linear interpolation gives
v=000333m3kg =  P=10002.7kPa OK.
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2.103

Solve Problem 2.101 using the Soave equation of state, ® = 0.239. Notice this
becomes trial and error.

Carbon dioxide from table A.2: T.=304.1 K, P.=7380 kPa,
T, =T/T, =333.15/304.1 = 1.09553

For Soave EOS see Appendix D (very close to Redlich-Kwong)
_ RT a

P=V—b VZ+bv

where the parameters are from Table D.1 and D.4

® = 0.239
f=0.48 + 1.5740 — 0.176° = 0.84613
8o = 0.42748 [1+f (1-T.'))] 2= 0.394381
RT. 0.1889 x 304.1 3
b = 0.08664 5~ = 0.08664 x —— 355 = 0.000 6744 m°/kg,
R2T, 0.1889° x 304.1°
a=0.394381 £ =0.394381 x — 380 = 0176342 kPa (m3/kg)?
C
The equation is:
p= RT a
“v-b VvZ2+bv
10 000 = 21889 x 333.15 0.176 342

v-0.000 6744 "~ \2 4+ 0,000 6744 x v

Trial and error on v (start guided by Table B.3.2):
v =0.0035 m3/kg = P =10202 kPa sov larger
v=00036 m3kg = P=10051kPa sov close
v =0.00363 m%/kg = P= 10006 kPa OK
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2.104
A tank contains 8.35 kg methane in 0.1 m3 at 250 K. Find the pressure using ideal
gas, van der Waal EOS and the methane table.

The state is given by (T =250 K, v =V/m =0.1/8.35=0.011976 m3/kg)

Table A.2 or B.7.2: A P
T.=1904 K,
" Crit.p. «CH4
P. = 4600 kPa state
T 250 Liquid v
S apor
T =7"=7902=1313
r~T. 190.4
> T
RT _0.5183 x 250
Ideal gas model: P="="0011976 - l0820kPa

For van der Waal equation of state from Table D.1 we have

1 RT; 0.5183 x 190.4
=87, =0125x7%600

= 0.002 681 64 m3/kg,

a =27 b? P, =27 x (0.002 681 64)2 x 4600 = 0.893 15 kPa (m>/kg)?

 RT a___ 05183x250 0.89315
The EOSIis: P =3 =2~ 0.011976 - 0.002 681 64 (011976

5= 7714 kPa

Locating the state in Table B.7.2: P = 8000 kPa, very close
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2.105
Do the previous problem using the Redlich-Kwong equation of state.

The state is given by (T =250 K, v =V/m =0.1/8.35 = 0.011976 m3/kg)

Table A.2 or B.7.2: A P
T.=190.4 K, _
¢ crit.p. «CH4
PC = 4600 kPa state
T 250 Hiquid V
S apor
T =37 =700 =1.313
T, 190.4
= T
RT 0.5183 x 250
Ideal gas model: P= v - 0011976 - 10 820 kPa

For Redlich-Kwong equation of state we have the parameters from Table D.1

RT, 0.5183 x 190.4 3
b =0.08664 5~ = 0.08664 x =50~ = 0.001 858 7 m°/kg,
12 ROT, 0.5183% x 190.4° 30 o
a=0.42748 T, - 0.42748 % 7 = 0.789809 kPa (m~/kg)
c 1.31342 x 4600

The equation is:

n_RT _a
v—-b VvZ2+bv
_ 05183 x 250 0.789809
~0.011976 - 0.0018587 ~ 0,0119762 + 0.0018587 x 0.011976
= 8040 kPa

Locating the state in Table B.7.2: P = 8000 kPa, very close
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2.106
Do Problem 2.104 using the Soave EOS.

A tank contains 8.35 kg methane in 0.1 m3 at 250 K. Find the pressure using ideal
gas, van der Waal EOS and the methane table.

The state is given by (T =250 K, v=V/m =0.1/8.35 =0.011976 m3/kg)

Table A.2 or B.7.2:

T, =190.4 K, \ P

P. = 4600 kPa Critp. «CH4

State
_ T _250 _ Liquid
Tr =7, 71004 1313 S Vapor
» T
RT 0.5183 x 250

Ideal gas model: P=—"="F"nr1109 = 10820 kPa

v 0.011976

For Soave EOS we have the parameters from Table D.1 and D.4
® =0.011

f=0.48 + 1.5740 — 0.1760° = 0.49729

8o = 0.42748 [1+f (1- T~ %) 12= 0367714

0.5183 x 190.4

RT, 3
b =0.08664 5— = 0.08664 x =0.001 8587 m-/kg,

P, 4600
R2T, 0.5183% x 190.4° 3 2
a=0367714 5~ = 0367714 x 2500 = 0.778 482 kPa (m3/kg)
The equation is:
p= RT _ a
v-b vZ+bv
__ 0.5183 x 250 0.778 482
~ 0.011976 - 0.001 8587 ~ 0119762 + 0.0018587 x 0.011976
= 8108.7 kPa

Locating the state in Table B.7.2: P = 8000 kPa
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Review Problems
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2.107
Determine the quality (if saturated) or temperature (if superheated) of the

following substances at the given two states:
Solution:

a) Water, H,O, use Table B.1.1or B.1.2
1) 120°C, 1 m3kg  v> Vg superheated vapor, T =120°C

2) 10 MPa, 0.01 m%kg  => two-phase v < v
x = (0.01-0.001452 ) / 0.01657 = 0.516

b) Nitrogen, N, table B.6

1) 1 MPa, 0.03 m3/kg => superheated vapor since v > vgq

Interpolate between sat. vapor and superheated vapor B.6.2:

0.03-0.02416

T =103.73 + (120-103.73) x 5 52777 0 o246 = 117 K

2) 100 K, 0.03 m3kg => sat. liquid + vapor as two-phase Vv < v
v =0.03=0.001452 + x x 0.029764 = x =0.959

Af cp

States shown are
placed relative to the
two-phase region, not
to each other.
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#408 Give the phase and the missing properties of P, T, v and x.
Solution:
a.R-410A T=10°C  v=0.01 m%kg
Table B.4.1 v <vg=0.02383 mkg
sat. liquid + vapor. P =Pg; =1085.7 kPa,
X = (V - Vp)lVgg = (0.01 - 0.000886)/0.02295 = 0.2713
b.H,O T=350°C v=0.2m%kg
Table B.L1atgiven T: v > vy =0.00881 m%/kg
sup. vapor P =1.40 MPa, x = undefined
C.R-410AT=-5°C P =600kPa
sup. vapor (P <Py = 678,9 kPa at -5°C)
Table B.4.2:
v =0.04351 m®kg at -8.67°C
v =0.04595 m¥kg at 0°C
=>  v=0.04454 m3kgat -5°C
d. R-134a P =294 kPa, v=0.05m%Kkg
Table B.5.1: v <vg =0.06919 m/kg
two-phase T=Tg;= 0°C
X = (V - Vp)Vgg = (0.05 - 0.000773)/0.06842 = 0.7195

AP cP.

States shown are
placed relative to the
two-phase region, not
to each other.
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2.109
Find the phase, quality x if applicable and the missing property P or T.
Solution:
a. H,0 T=120°C v=05mdkg
TableB.1.1atgiven T: v < v4=0.89186
sat. lig. + vap. P = Pgat = 198.5 kPa,
X = (V- vg)lvgg = (0.5 - 0.00106)/0.8908 = 0.56
b. HO P=100kPa v=1.8m3kg
Table B.1.2 at given P: v > vg=1.694
sup. vap., interpolate in Table B.1.3
1.8 -1.694 o
T= 193636 _ 1.694 (150 — 99.62) + 99.62 = 121.65 °C
c. H,0 T=263K v=02mdkg
Table B.1.5 atgivenT=-10°C: v < Vg = 466.757
sat. solid + vap., P =Pgyt = 0.26 kPa,
X = (V - Vj)/vijg = (200 - 0.001)/466.756 = 0.4285
A" cp if cr
States shown are b P = const.
placed relative to the s
two-phase region, not a
to each other. T
N NV -
[ ¢ [ Ca .\..V
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2.110
Find the phase, quality x if applicable and the missing property P or T.

Solution:

a. NHy P=800kPa v=0.2m%kg;
Superheated Vapor (v > v, at 800 kPa)
Table B 2.2 interpolate between 70°C and 80°C
T=714°C

b. NH; T=20°C  v=0.1mdkg
Table B.2.1 at given T: V < vg=0.14922
sat. lig. + vap., P =Pgy = 857.5 kPa,
X = (V - VQ)/vgg = (0.1 - 0.00164)/0.14758 = 0.666

At cr if ce a
a
. P = const.
b
T b
\Y .
| ..,V

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

126 Borgnakke and Sonntag

2.111
Give the phase and the missing properties of P, T, v and x. These may be a little
more difficult if the appendix tables are used instead of the software.

a) R-410Aat T=10°C, v=0.02m3kg: TableB4.1 v> vgat10°C

=> sup. vap. Table B.4.2 interpolate between sat. and sup. both at 10°C

0.036-0.03471
P =680.7 + (600 - 680.7) 0.04018-0.03471 — 661.7 kPa

byH,O0 v=0.2md3kg, x=0.5: Table B.1.1
sat. lig. + vap. v =(1-X) g+ X Vg => v+ Vg = 0.4 mkg
since v¢ is so small we find it approximately where vy = 0.4 m3/Kkg.
Vit Vg = 0.39387 at 150°C,  v¢+ Vg = 0.4474 at 145°C.

An interpolation gives T =149.4°C, P =468.2kPa
¢)H,0 T=60°C, v=0.001016 m3/kg: Table B.1.1 v <v;=0.001017
=> compr. liq. see Table B.1.4

v =0.001015 at 5 MPa so P = 0.5(5000 + 19.9) = 2.51 MPa
d)NHz T=30°C, P=60kPa: TableB.2.1 P <Pg

=> sup. vapor interpolate in Table B.2.2 (50 kPa to 100 kPa)

60 - 50
V = 2.9458 + (14657 - 2.9458) 755~z = 2.65 m3/kg

v is not linearly proportional to P (more like 1/P) so the computer table
gives a more accurate value of 2.45 m3/kg

e) R-134a v=0.005m3/kg, x=0.5: sat. lig. + vap. Table B.5.1
v=(1x)vi+XxVvg =>  vi+vg=0.01mikg
Vi + Vg = 0.010946 at 65°C, Vi + Vg = 0.009665 at 70°C.
An interpolation gives: T=68.7°C, P = 2.06 MPa

AP cP

States shown are
placed relative to the
two-phase region, not
to each other.
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2.112
Refrigerant-410a in a piston/cylinder arrangement is initially at 50°C, x = 1. It is then
expanded in a process so that P = Cv_1 to a pressure of 100 kPa. Find the final
temperature and specific volume.
Solution:

State 1: 50°C, x =1 Table B.4.1: P, = 3065.2 kPa, v, = 0.00707 m/kg
Process: Pv=C=P,vy; => P, = Clvy=Pvqlvy
State 2: 100 kPa and v, =v,P,/P, =0.2167 m3/kg

Vv, < vg at 100 kPa, T2 =~ -51.65°C from Table B.4.2

2
Notice T is not constant

)P )

The first part of the process may be in the sup. vapor region.
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Consider two tanks, A and B, connected by a valve, as shown in Fig. P2.113.
Each has a volume of 200 L and tank A has R-410A at 25°C, 10% liquid and 90%
vapor by volume, while tank B is evacuated. The valve is now opened and
saturated vapor flows from A to B until the pressure in B has reached that in A, at
which point the valve is closed. This process occurs slowly such that all
temperatures stay at 25°C throughout the process. How much has the quality
changed in tank A during the process?

Solution:

vacuum

State AL: TableB.4.1  vg=0.000944 m%kg, Vg =0.01514 m3kg
_Miigt | Vvapl _01x02 09x0.2

m,,= = +
AL ™ Vi oo Vg 25°C 0.000944 © 0.01514
=21.186 + 11.889 = 33.075 kg
11.889
Xa1= 33,075~ 0-3594;
State B2: Assume A still two-phase so saturated P for given T
\%
B 0.2
My, = = =13.210 kg
B2 vg 25°C 0.01514

State A2: mass leftis ~ m,, =33.075 - 13.210 = 19.865 kg

VA2~ 19.865
Xpo = 0.6425 AX =0.283

= 0.010068 = 0.000944 + X ,, x 0.01420
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2.114
Water in a piston/cylinder is at 90°C, 100 kPa, and the piston loading is such that

pressure is proportional to volume, P = CV. Heat is now added until the temperature
reaches 200°C. Find the final pressure and also the quality if in the two-phase region.

Solution:
Final state: 200°C , on process line P = CV
P
5 State 1:  Table B.1.1: v, =0.001036 m3/kg
P, =P,v,/v, from process equation
Check state 2 in Table B.1.1
1
Y vg(Tz) =0.12736; Pg(Tz) =1.5538 MPa

Ifv,=vy(T,) = P,=123MPa>P not OK

9
If sat. P, = P(T,) = 15538 kPa = v, =0.0161 m3kg < vy st OK,
P, = 1553.8 kPa, X, = (0.0161 - 0.001156) / 0.1262 = 0.118
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2.115
A tank contains 2 kg of nitrogen at 100 K with a quality of 50%. Through a volume
flowmeter and valve, 0.5 kg is now removed while the temperature remains constant.
Find the final state inside the tank and the volume of nitrogen removed if the
valve/meter is located at

a. The top of the tank
b. The bottom of the tank

Solution
Table B.6.1:

vy = 0.001452 + x; x 0.029764 = 0.016334 m3/kg
Viank = Myvy = 0.0327 m®

mo=mq;-05=15kg

V2 = Viank/my = 0.0218 < vg(T)

0.0218-0.001452
X2 =0.031216-0.001452 ~ 06836

Top: flow out is sat. vap. vg =0.031216 m3/kg, Vout = MoytVg = 0.0156 m?3
Bottom: flow out is sat. lig. v¢=0.001452 Vout = MoytVs = 0.000726 m?3
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2.116

A spring-loaded piston/cylinder contains water at 500°C, 3 MPa. The setup is
such that pressure is proportional to volume, P = CV. It is now cooled until the
water becomes saturated vapor. Sketch the P-v diagram and find the final
pressure.

Solution:
State 1: Table B.1.3: v, =0.11619 m/kg

Process: misconstantand P = COV = Com v=Cv

P=Cv = C=P,/v, =3000/0.11619 = 25820 kPa kg/m®
State 2: X, =1 & P, =Cv, (on process line)

P L Trial & error on TZSat or PZSat:
Here from B.1.2:
2 at 2 MPa vg =0.09963 = C=20074 (low)
2.5 MPa vg =0.07998 = C =31258 (high)
2.25 MPa vg =0.08875 = C=25352 (low)
\

Interpolate to get the right C = P, = 2270 kPa
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2.117

A container with liquid nitrogen at 100 K has a cross sectional area of 0.5 m2.
Due to heat transfer, some of the liquid evaporates and in one hour the liquid level
drops 30 mm. The vapor leaving the container passes through a valve and a heater
and exits at 500 kPa, 260 K. Calculate the volume rate of flow of nitrogen gas
exiting the heater.

Solution:

Properties from table B.6.1 for volume change, exit flow from table B.6.2:
AV = AxAh=05x0.03=0.015m3

AMjjq =-AV/vg  =-0.015/0.001452 = -10.3306 kg
AMyan= AVIVg = 0.015/0.0312 = 0.4808 kg
Moyt = 10.3306 - 0.4808 = 9.85 kg

_ 3
Vexit = 0.15385m /kg

V = Vg, = (9.85/ 1 h)x 0.15385 m°/kg
= 1.5015 m*/h = 0.02526 m*/min
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2.118
For a certain experiment, R-410A vapor is contained in a sealed glass tube at 20°C.
It is desired to know the pressure at this condition, but there is no means of
measuring it, since the tube is sealed. However, if the tube is cooled to —20°C small
droplets of liquid are observed on the glass walls. What is the initial pressure?

Solution:
Control volume: R-410A fixed volume (V) & mass (m) at 20°C
Process: cool to -20°C at constant v, so we assume saturated vapor

oy = - 3
State 2: vy = Vg at-20°C = 0.06480 m~/kg

State 1: 20°C, v; = v, = 0.06480 m3/kg
interpolate between 400 and 500 kPa in Table B.4.2
=> P;=485kPa

AP cPr A" cr.
500 kPa 500 kPa
14441 P1
20 T 400 kPa
20C
L 20
400 / . 0 >
»V »V
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A cylinder/piston arrangement contains water at 105°C, 85% quality with a
volume of 1 L. The system is heated, causing the piston to rise and encounter a
linear spring as shown in Fig. P2.119. At this point the volume is 1.5 L, piston
diameter is 150 mm, and the spring constant is 100 N/mm. The heating continues,
so the piston compresses the spring. What is the cylinder temperature when the
pressure reaches 200 kPa?

Solution:

P, =120.8 kPa, v, = V¢ + X Vg =0.001047 + 0.85*1.41831 = 1.20661

m=V,/v, = T5oeer = 8.288x10 kg P

vV, =V (V,/V,)= 1.20661x 1.5 = 1.8099 200 L, e 3
&P=P,=1208kPa (T,=203.5°C) '
Py =P, + (ks/Ap®) m(v3 - V) linear spring 1 15 liters

A, = (n/4) x 0.15% = 0.01767 m? ; kg = 100 kN/m (matches P in kPa)

200 = 120.8 + (100/0.01767 2 ) x 8.288x10™4(v - 1.8099)
200 = 120.8 + 265.446 (v3—1.8099) => vj3=2.1083 mkg
T3=600 +100 x (2.1083 — 2.01297)/(2.2443-2.01297) = 641°C
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2.120

Determine the mass of methane gas stored in a 2 m3 tank at —30°C, 2 MPa. Estimate
the percent error in the mass determination if the ideal gas model is used.
Solution:

Table B.7
Methane Table B.7.1 at —30°C =243.15 K> T_,=190.6 K, so superheated

vapor in Table B.7.2. Linear interpolation between 225 and 250 K at 2 MPa.

243.15-225
= v=0.05289 + g ooe x(0.06059 - 0.05289) = 0.05848 m/kg

m = V/v = 2/0.05848 = 34.2 kg

Ideal gas assumption

_RT _0.51835 x 243.15 _ 3
=5 = 5000 = 0.06302 m/kg

v=Tp
m-y-—:31.74kg

Error:
Am =2.46 kg ; ideal gas 7.2% too small

Comment: The compressibility of the methane Z = 0.93.
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2.121
A cylinder containing ammonia is fitted with a piston restrained by an external force
that is proportional to cylinder volume squared. Initial conditions are 10°C, 90%
quality and a volume of 5 L. A valve on the cylinder is opened and additional
ammonia flows into the cylinder until the mass inside has doubled. If at this point the
pressure is 1.2 MPa, what is the final temperature?

Solution:
State 1 Table B.2.1: vy = 0.0016 + 0.9(0.205525 - 0.0016) = 0.18513 m3/kg

P,=615kPa; V,=5L=0.005m?3
m, = V/v =0.005/0.18513 = 0.027 kg
State 2: P, =1.2 MPa, Flow inso: m, =2m, =0.054 kg
Y — k\2 — — -2 — — 2
Process: Piston F,; =KV =PA => P=CV® =>P,=P; (V,/V,)

From the process equation we then get:

1200,1/2
V,=V, (PP "2 =0.005 () =0.006984 m?

615
B _0.006984 3
Vv, =V/im= 0054 - 0.12934 m“/kg

At P2, V! T2 =70.9°C
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2.122
A cylinder has a thick piston initially held by a pin as shown in Fig. P2.122. The
cylinder contains carbon dioxide at 200 kPa and ambient temperature of 290 K.
The metal piston has a density of 8000 kg/m3 and the atmospheric pressure is 101
kPa. The pin is now removed, allowing the piston to move and after a while the
gas returns to ambient temperature. Is the piston against the stops?

Solution:
Force balance on piston determines equilibrium float pressure.
: _ - 3
Piston My = Ap x| xp Ppiston = 8000 kg/m
Mpg Ap x 0.1 x 9.807 x 8000
Pext on co,” Py + Ap - 101 + Ap x 1000 = 108.8 kPa

Pin released, as P, > P piston moves up, T,, = T, & if piston at stops,
then V, =V, xH,/H, =V, x150/100
Ideal gas with T,, =T, then gives

100 _
150 ~

= piston is at stops, and P, = 133 kPa

= P2=P1><V1/V2:200>< 133 kPa > Pext
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2.123
What is the percent error in pressure if the ideal gas model is used to represent the

behavior of superheated vapor R-410A at 60°C, 0.03470 m3/kg? What if the
generalized compressibility chart, Fig. D.1, is used instead (iterations needed)?

Solution:
Real gas behavior: P =1000 kPa from Table B.4.2
Ideal gas constant: R = R/M = 8.31451/72.585 = 0.1146 kJ/kg K

P = RT/v=0.1146 x (273.15 + 60) / 0.0347
= 1100 kPa which is 10% too high
Generalized chart Fig D.1 and critical properties from A.2:
T,=333.2/(273.15 + 71.3) = 0.967; P, =4901 kPa
Assume P =1000 kPa => P,=0.204 => Z=0.92
v =ZRT/P =0.92 x 0.1146 kJ/kg-K x 333.15 K /1000 kPa
= 0.03512 m/kg  too high
Assume P =1050 kPa => P,=0.214 => Z=0.915
v =ZRT/P =0.915 x 0.1146 kJ/kg-K x 333.15 K/ 1050 kPa
= 0.03327 m/kg  too low

0.03470 — 0.03512
0.03327 - 0.03512

P = 1000 + ( 1050 — 1000 ) x = 1011 kPa 1.1 % high
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2.124

An initially deflated and flat balloon is connected by a valve to a 12 m3 storage
tank containing helium gas at 2 MPa and ambient temperature, 20°C. The valve is
opened and the balloon is inflated at constant pressure, Py = 100 kPa, equal to

ambient pressure, until it becomes spherical at D1 =1 m. If the balloon is larger
than this, the balloon material is stretched giving a pressure inside as
D1) D

P:P0+c(1—3) 5

The balloon is inflated to a final diameter of 4 m, at which point the pressure
inside is 400 kPa. The temperature remains constant at 20°C. What is the
maximum pressure inside the balloon at any time during this inflation process?
What is the pressure inside the helium storage tank at this time?

Solution:
At the end of the process we have D =4 m so we can get the constant C as

1.1
P=400=P +C(1-7)7 =100+Cx3/16 => C=1600kPa

The pressure is: P =100+ 1600 (1-X ™) X 7 X=D/D,

Differentiate to find max: g—g =C(-X7 +2X7)/D;=0

= X2 +2X3%=0=> X=2
_ _ _ . _ T 3_ 3
at max P => D—2D1—2m, —6D—4.18m
1.1
Pmax:100+1600(1-§)§:500kPa

PV 500 x 4.189

Helium is ideal gas A.5: m = RT ™ 20771 x293.15 " 3.44 kg

_ PV 2000 x 12
MTANK. 1= RT = 2.0771 x 293.15

MTANK, 2 = 39.416 — 3.44 = 35.976 kg
PTZ = mTANK’ 2 RT/V = ( mTANK’ 1/ mTANK’ 2) X Pl =1825.5 kPa

= 39.416 kg
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2.125
A piston/cylinder arrangement, shown in Fig. P2.125, contains air at 250 kPa,
300°C. The 50-kg piston has a diameter of 0.1 m and initially pushes against the
stops. The atmosphere is at 100 kPa and 20°C. The cylinder now cools as heat is
transferred to the ambient.
a. At what temperature does the piston begin to move down?
b. How far has the piston dropped when the temperature reaches ambient?

Solution:

Piston  Ap =7 x 0.12 =0.00785 m? P

Balance forces when piston floats: 1
_ . mpg 50 x 9.807 3

Ploat =Po * A, =199 5 00785 x 1000 P2 2
=162.5kPa=P, =P, —

To find temperature at 2 assume ideal gas: Vstop

P2 162.5
T2 = T1 X Py 573.15 x 250 - 3725 K

b) Process 2 -> 3 is constant pressure as piston floats to T, = Tg =293.15 K

V, =V, = A, x H=0.00785 x 0.25 = 0.00196 m° = 1.96 L

T3 293.15
Ideal gas and P, =P, => V=V, x T_2 =1.96 x 3725 - 154 L

AH = (V; -V3)/A = (1.96-1.54) x 0.001/0.00785 = 0.053 m = 5.3 cm
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Linear Interpolation
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2.126
Find the pressure and temperature for saturated vapor R-410A with v =0.1 m3/kg

Solution:
Table B.4.1 Look at the saturated vapor column vg and it is found between -35°C
and —30°C. We must then do a linear interpolation between these values.

0.1 - 0.11582
=30 - (351500470 — 0.11582

=-35+5x0.749 =-31.3°C

=-35+]

P =218.4 + (269.6 — 218.4) x 0.749 = 256.7 kPa

P T
A |
) 2
-30 9
269.6 t
- ] 1 B !
218.4 ¢ -35 ¢ 1
v v
T
0.1 0.1

To understand the interpolation equation look at the smaller and larger
triangles formed in the figure. The ratio of the side of the small triangle in v as
(0.11582 - 0.1) to the side of the large triangle (0.11582 — 0.09470) is equal to
0.749. This fraction of the total AP =269.6 —218.4 or AT =-30— (-35) is
added to the lower value to get the desired interpolated result.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

143 Borgnakke and Sonntag
2.127
Use a linear interpolation to estimate properties of ammonia to fill out the table
below
P [kPa] T[°C] vimikg] X
a) 550 0.75
b) 80 20
C) 10 0.4
Solution:
a) Find the pressures in Table B.2.1 that brackets the given pressure.

550 — 515.9 o
T=5+(10—5)m=5+5x0.341=6.7 C

v = 0.001583 + (0.0016 — 0.001583) 0.341 = 0.001589 m3/kg

Vg = 0.24299 + (0.20541 — 0.24299) 0.341 = 0.230175 m*/kg
V = Vg + Xvgg = 0.001589 + 0.75(0.230175 — 0.001589)

= 0.1729 m%/kg
b) Interpolate between 50 and 100 kPa to get properties at 80 kPa
80 — 50
v = 2.8466 + (1.4153 — 2.8466) 100 - 50
=2.8466 + (— 1.4313) x 0.6 = 1.9878 m3/kg
x: Undefined
C) Table B.2.1: v > vy so the state is superheated vapor.
Table B.2.2 locate state between 300 and 400 kPa.
0.4 - 0.44251
P =300 + (400 - 300) 35701 — 0.44251
=300 + 100 x 0.368 = 336.8 kPa
x: Undefined
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2.128
Use a linear interpolation to estimate Tsat at 900 kPa for nitrogen. Sketch by hand

the curve Psat(T) by using a few table entries around 900 kPa from table B.6.1. Is
your linear interpolation over or below the actual curve?

Solution:

The 900 kPa in Table B.6.1 is located between 100 and 105 K.

900 — 779.2
T =100+ (105-100) 7007 5 7795

=100 +5x0.3955 =102 K

The actual curve has a positive second derivative (it curves up) so T is
slightly underestimated by use of the chord between the 100 K and the 105 K

points, as the chord is above the curve.

1467.61

1084.6 1
900 1—
779.2 174
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2.129
Use a double linear interpolation to find the pressure for superheated R-134a at

13°C with v = 0.3 m¥/kag.
Solution:

Table B.5.2: Superheated vapor
At 10°C, 0.3 m¥/kg

0.3 - 0.45608
P =50 + (100 - 50) x 555627 - 0.45608 = 53-8 kPa
At 20°C, 0.3 m¥/kg
3-0.47287
P =50 + (100 — 50) x 0.3-0.47287 _ _ o6 5 pa

0.23392 - 0.47287

Interpolating to get 13°C between the 10°C and 20°C P’s above,
P = 83.8 + (3/10) x (86.2 — 83.8) = 84.5 kPa

This could also be interpolated as following:
At 13°C, 50 kPa, v = 0.45608 + (3/10) x 0.0168 = 0.4611 m°/kg
At 13°C, 100 kPa, v =0.22527 + (3/10) x 0.0087 = 0.2279 m%/kg
Interpolating at 0.3 m3/kg.

0.3 - 0.4611
P =50 + (100 - 50) x

0.2279 - 0.4611

=84.5 kPa
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2.130
Find the specific volume for CO, at 0°C and 625 kPa.

Solution:
The state is superheated vapor in Table B.3.2 between 400 and 800 kPa.

625 — 400
v =0.12552 + (0.06094 - 0.12552) g oo

= 0.12552 + (— 0.06458) x 0.5625 = 0.0892 m3/kg

AV

0.12552|

0.06094

>P

400 625 800
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Computer Tables
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2.131
Use the computer software to find the properties for water at the 4 states in
Problem 2.35

Start the software, click the tab for water as the substance, and click the
small calculator icon. Select the proper CASE for the given properties.

CASE RESULT
a) 1(T,P) Compressed liquid, x = undefined, v =0.001002 m3/kg
b) 5(P,v) Two-phase, T = 151.9°C, x =0.5321
c) 1(T,P) Sup. vapor, x = undefined, v =0.143 m3/kg
d) 4(T,x) P = P, = 8581 kPa, v = 0.01762 m°/kg
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Use the computer software to find the properties for ammonia at the 2 states listed
in Problem 2.32

Start the software, click the tab for cryogenic substances, and click the tab
for the substance ammonia. Then click the small calculator icon and select the
proper CASE for the given properties.

CASE RESULT
a) 2(T,v) Sup. vapor, x =undefined, P = 1200 kPa
b) 4 (T, Xx) Two-phase, P = 2033 kPa, v =0.03257 m3/kg
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2.133
Use the computer software to find the properties for ammonia at the 3 states listed

in Problem 2.127

Start the software, click the tab for cryogenic substances,
select ammonia and click the small calculator icon. Select the proper
CASE for the given properties.

CASE RESULT
a) 8(P,x) T =6.795°C, v =0.1719 m¥Kkg
b) 1(T,P) Sup. vapor, x = undefined, v=1.773 m3/kg
C) 2(T,v) Sup. vapor, x = undefined, P =330.4 kPa
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2.134
Find the value of the saturated temperature for nitrogen by linear interpolation in
table B.6.1 for a pressure of 900 kPa. Compare this to the value given by the
computer software.

The 900 kPa in Table B.6.1 is located between 100 and 105 K.

900 — 779.2
T =100 + (105 - 100) 1084.6 — 779.2

=100 + 5 x 0.3955 = 101.98 K
The actual curve has a positive second derivative (it curves up) so T is
slightly underestimated by use of the chord between the 100 K and the 105 K
points, as the chord is above the curve.
From the computer software:
CASE: 8 (Px) T=-171°C=102.15K
So we notice that the curvature has only a minor effect.

P

1467.67

1084.6 1
900 1
779.21
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2.135
Use the computer software to sketch the variation of pressure with temperature in
Problem 2.44. Extend the curve a little into the single-phase region.

P was found for a number of temperatures. A small table of (P, T) values were
entered into a spreadsheet and a graph made as shown below. The

superheated vapor region is reached at about 140°C and the graph shows a
small kink at that point.

430
380 ——J
330 //
280 4
P

230 /

180 //
130 //
80
100 110 120 130 140 150 160
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Concept Problems

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

2.136
Cabbage needs to be cooked (boiled) at 250 F. What pressure should the pressure
cooker be set for?

Solution:
If I need liquid water at 250 F, | must have a pressure that is at least the saturation
pressure for this temperature.

Table F.7.1: 250 F  Pgy = 29.823 psia.

The pot must have a
lid that can be
fastened to hold the
higher pressure,
which is a pressure
cooker.
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2.137
If I have 1 t3 of ammonia at 15 psia, 60 F how much mass is that?

Ammonia Tables F.8:
F.8.1 Py, = 107.64 psia at 60 F so superheated vapor.

F.8.2 v=21.5641ft3/lbom  under subheading 15 psia

V 163
M=V 215641 fB/lbm - 00464 1bm
P T
A~ ce A cr
107.6 psia
60 F 15
108 1 | T 60 1 .
- _ + Sla
5+ 273 F \\\ 27.3 P
\'
e »V

Computer-Aided Thermodynan

File Edit Tables/Substances Options Help

Hlﬁ | Linit3 IEE| P Diagram [Log-Log)

1E4
Ammonia Properties

T 60 F =
)
i P 15 psia & TE3
\ 21.56 ft3/lbm 2
U 587.7 Btu/lbm u
: 1E2-
H 647.5 Btu/lbm .
S 1.489 Btu/lbm/R
K ‘I |:|_

om0 1 10 100 1000

S pecific Wolume

The P-v (log-log) diagram from CATT3, P in psi and v in ft3/lbm. Cross-hair
indicates the state.
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2.138
For water at 1 atm with a quality of 10% find the volume fraction of vapor.

This is a two-phase state at a given pressure:
Table F.7.2: v¢=0.01 672 ft¥/lbm, vq =26.8032 ft3/lbm
From the definition of quality we get the masses from total mass, m, as
ms=(1-x)m, Mg =Xm
The volumes are
Vi=meve=(1-x)mvy,  Vg=mgVg=Xxmyvy
So the volume fraction of vapor is

Fractionzxg: Vg = ~T Y
V " Vg+ Vi xmyg+ (1-x)m vg

B 0.1 x 26.8032 _ 2.68032
~0.1x26.8032 + 0.9 x0.016 72~ 2.69537

=0.9944

Notice that the liquid volume is only about 0.5% of the total. We could also have
found the overall v = v¢ + Xvgg and then V.=mv.
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2.139

Locate the state of R-410A at 30 psia, -20 F. Indicate in both the P-v and the T-v
diagrams the location of the nearest states listed in the printed table F.9

From F.9: F.9.1at-20 F, Py =40.923 psi so we have superheated vapor.
F.9.2 at 30 psi we find the state for -20 F.

4P C.P. AT C.P.

40.9 psia
- 30
40.94 20 F 0.
T 5
30 + -33 F -33T
IS 20
Y

| »V

File Edit Tables/Substances Options Help
ﬂlﬁ | Lnit IEE| P- Diagram [Log-Log)
R-410a Properties 13
T 20 F F
P 30 psia ; 1E2-
v 2.035 ft3/1bm :
U 105.2 Btu/lbm u
H 116.5 Btu/lbm v
] 0.2732 Btu/lbm/R
* 1-
om0 1 10 100
Specific Volume
Type Temp Preszsure S pecific Internal Specific Specific Cluality
Yolume Energy E nthalpy Entropy
2 F pia fe341brm Btuslbm Btudbrm | BtudlbmdR _______________________________
1. B-410a -20 30 2035 108.2 11E.5 0.2732
W}ﬁeﬁigerants,{ﬂwngenics Mldeal Gases /,Compressibility Psychrometrics /
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Calculate the ideal gas constant for argon and hydrogen based on Table F.1 and
verify the value with Table F.4

The gas constant for a substance can be found from the universal gas constant
from table A.1 and the molecular weight from Table F.1

R 1.98589 Btu _ Ibf-ft
R 1.98589 Btu Ibf-ft
Hydrogen: =M = 2016 - 0.98506 bmR - 766.5 lbm R

Recall from Table A.1: 1 Btu = 778.1693 Ibf-ft
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2.141
Water at 80 F can exist in different phases dependent on the pressure. Give the

approximate pressure range in Ibf/in? for water being in each one of the three
phases, vapor, liquid or solid.

Solution:
APP ¢
The phases can be seen in Fig. 2.4, a sketch —
of which is shown to the right. L
T=80F=540R =300 K CR.P.
From Fig. 2.4: S A‘
PyL~4 x 1073 MPa = 4 kPa = 0.58 psia,
PLs = 10° MPa = 145 038 psia -

O<P< 0.58psia VAPOR
0.58 psia <P <145038 psia LIQUID
P>145038 psia  SOLID(ICE)
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2.142

A substance is at 300 Ibf/in.2, 65 F in a rigid tank. Using only the critical
properties can the phase of the mass be determined if the substance is oxygen,
water or propane?

Solution: Find state relative to the critical point properties, Table F.1
a) Oxygen 731 Ibf/in2 278.3R
b) Water 3208 Ibf/in.2 1165.1 R
c) Propane 616 Ibf/in.2 665.6 R

P<P, foralland T=65F=65+459.67=525R

a) 0, T > T, Yes gas and P < P,
b) H,O T << T, P << P, so you cannot say
c) CsHs T <T, P <P, you cannot say

InP
A
Liquid Cr.P.
C °
a
b Vapor

=
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2.143
Determine the missing property (of P, T, v, and x if apllicable) for water at

a. 680 Ibf/in.2, 0.03 ft>/Ibm
b. 150 Ibf/in.2, 320 F
c. 400 F, 3 ft3/1bm

Solution: All cases can be seen from Table F.7.1
a. 680 Ibf/in.2, 0.03 ft/lbm

Vg = 0.2183, v¢=0.02472 ft3/lbm, so liquid + vapor mixture

b. 150 Ibf/in.2, 320 F:  compressed liquid P>P..(T) =896 Ibf/in?
c. 400F, 3f/lom:  sup.vapor v> vy(T) =2.339 ft3/1bm

AP cP

States shown are
placed relative to the
two-phase region, not
to each other.

/N
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2.144
Determine the phase of the substance at the given state using Appendix F Tables.

Solution:

a. water 200 F, 70 psia:
F.7.1at200F P> Psat(T) =11.53 psia => compressed liquid

b. Ammonia 10 F, 20 Ibf/in.2;

F81atl0F P <P (T)=38508 Ibffin® => sup.vapor

F.8.2: Superheated by (20 — (-16.63)) F = 36.6 F, v = 14.7635 ft°/lbm
c. R-410A 30F, 50 ft3/Ibm

F9.1at30F: P<Pg(T)=11138 Ibf/in® => sup. vapor,

F.9.2: Interpolate to find v

InP
* L Cr.P.
The S-L fusion line goes slightly to the a _—"
left for water. It tilts slightly to the right S ‘b
for most other substances.
Vapor
— T
A P cp. AT C.P.

States shown are a
placed relative to the

two-phase region, not
to each other. T
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2.145

Give the phase and the missing property of P, T, v and x for R-134a at
a. T=-10F, P=18psia
b. P =40 psia, v = 1.3 ft3/lbm

Solution:
a. Look in Table F.10.1 at —-10 F: P > Py, = 16.76 psia
This state is compressed liquid so x is undefined and v = v¢ = 0.01173 ft3/lbm
b. Look in Table F.10.1 close to 50 psia there we see
V>vg=0.95 ft3/lbm so superheated vapor

Look then in Table F.10.2 under 40 psia and interpolate between the 60 F and
80 F.

(40 psia, 1.3 ft3/lom): T=66.6 F
For a better accuracy use the computer software CATT3 which gives T = 67.4 F.

AP AT C.P.
i b P = const.
b 1
a
i T |12
»V >V
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2.146

Give the phase and the missing property of P, T, v and x for ammonia at
a. T=120F, v =1.876 ft3/lom
b. T=120F, x=0.5

Solution:

a. Lookin Table F.8.1at120F: v >v,=1.0456 ft3/lbm so sup vap

x = undefined, F.8.2 P =175 psia
b. Look in Table F.8.1 at 120 F:
V = Vg + X Vg = 0.02836 + 0.5 x 1.0172 = 0.53696 ft3/lbm

A’ AT C.P. P=const.
120 T .
286 T b
175 + l
\
-
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2.147
Give the phase and the specific volume.

Solution:
a. R-410A T=-25F, P=30 Ibf/in.? TableF.9.2 T> Tsat =-33.24F

-25+33.24
~ == s = 3

b. R-410A T=-25F, P=40Ibfin? TableF.9.2 T<Tg,=-210F
P> P, = compresssed Liquid ~ F.9.1: v = v;=0.01246 ft3/lom
¢. HO T=280F, P=35Ibfin? TableF.7.1 P <P, =49.2psia

= superheated vapor
v =21.734 + (10.711 — 21.734) x(15/20) = 1.0669 ft3/lbm

d NH, T=60F P=15 Ibf/in.? Table F.8.1 Pyt = 107.6 psia

3
P <Pg,t = superheated vapor v =21.564 ft3/lbm

A" cr AT cr
States shown are b
placed relative to the acd
two-phase region, not
to each other. T
a V
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2.148
Determine the specific volume for R-410A at these states:
a. 20 F, 70 psia
b. 70 F, 150 psia
c. 70 F, quality 25%

a. F.9.2 P < Pg,t = 93.13 psia so sup vapor.
70 - 60 3
v=1.0783 + 55 (0.8393 — 1.0783) = 0.9190 ft°/lbm
b. F.9.1 P <Pgqt = 215.95 psia  so superheated vapor
70 - 60

F.9.2: v =0.4236 + (0.4545 — 0.4236) = 0.43905 ft3/lbm

80 - 60

c. Fo.1 v¢ =0.01486 ft3/lbm, vgy=0.2576 ft3/lbm
V = Vg + X Vg = 0.01486 + 0.25 x 0.2576 = 0.07926 ft3/Ibm

AP cP.
States shown are
placed relative to the
two-phase region, not a,b
to each other. C T
[ Y
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2.149
Give the missing property of P, T, v and x for

a. R-410A at 80 F, v = 0.2 ft3/lbm
b. R-410A at 60 psia, v = 1.1 ft3/lbm
c. Ammonia at 60 F, v = 3.2 ft3/lom

a) TableF.9.1at80F: v <vg=0.2308 ft¥Ibm so we have 2 phase L+V
_V-Vi 0.2-0.01525

vig | 0.2156

= 0.8569; P = Py, = 250.665 psia

b) Table F.9.2 at 60 psia: v >vg=1.0038 ft3/lbm so we have superheated vapor

so X is undefined.
F.9.2 between 20 and 40 F:
T=20+20x 1.1-1.0783

1.1405 - 1.0783
c) TableF.8.1at60F: v>vy=2.7481 ft3/lbm so we have superheated vapor.

F.8.2 between 90 and 100 psia:
3.2-3.3503
P=90+10x7 9831 - 3.3503

=26.98 F

= 94.09 psia

AP cP.
States shown are
placed relative to the
two-phase region, not . b,c
to each other. a V
[ NV
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2.150

Saturated liquid water at 150 F is put under pressure to decrease the volume by
1% while keeping the temperature constant. To what pressure should it be
compressed?

F.7.1:  v=v; =0.01634 ft3/lom

New v: v =0.99 v; =0.0161766 ft3/lom

look in F.7.3: close to 2000 psia
interpolate between 2000 and 8000 psia P = 2610 psia

*P 8000 psia
T
CP. A 2000 psia
T 2
1
1
[ R I >V
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2.151

A sealed rigid vessel has volume of 35 ft3 and contains 2 Ibm of water at 200 F.
The vessel is now heated. If a safety pressure valve is installed, at what pressure
should the valve be set to have a maximum temperature of 400 F?

Solution:
Process: v = V/m = constant
: _ _ 3 T cpr
State 1. v, =35/2=17.5 ft*/lbm A 40 Ibfir2
from Table F.7.1 20 Ibffir?
itis 2-phase
State 2: 400°F, 17.5 ft3/lom 00 F
Table F.7.2 between 20 / ' \\
and 40 Ibf/in® so interpolate -
17.5 — 25.427

P=20+(40-20) T, 5 o3~ o5 407 = 324 Ibf/in?

(The result is 28.97 psia if found by the software, i.e. linear interpolation is not
SO accurate)

Computer-Aided Thermodynamic Tables = | B |

File Edit Tables/Substances Options Help

IEE| P- Diagram [Log-Log)
1E4

ﬂ’ﬁ | Unit:

‘Water Properties

T 400 F .

P 28.97 psia i 1E24

v 17.5 #3/Ibm i n

U 1144 Btu/lbm :

H 1238 Btu/lbm : 1-

s 1.798 Btu/lbm/R .

X

0.01-
0o 01 1 10 100 1000 10000700000
S pecific Vaolume
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2.152
You want a pot of water to boil at 220 F. How heavy a lid should you put on the 6

inch diameter pot when Py, = 14.7 psia?

Solution:

Table F.7.1 at 220 F : Pgy = 17.189 psia

A=1p2 =§ 62 = 28.274 in?

&~1a

Fret = (Psat —Patm) A = (17.189 — 14.7) (Ibf/ in?) x 28.274 in?
= 70.374 Ibf

Fret = Miig 9

¢ . J03741bf 70374 x 32174 lbm fs?
lid = Pret'd = 35 174 f/52 32.174 ft/s2

=70.374 Ibm

Some lids are
clamped on, the
problem deals with
one that stays on due
to its weight.
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2.153
Saturated water vapor at 240 F has its pressure decreased to increase the volume by

10%, keeping the temperature constant. To what pressure should it be expanded?

Solution:
Initial state: v = 16.3257 ft3/lbm from table F.7.1
Final state: v=11xv,=11x 16.3257 = 17.9583 ft3/lom

g
Interpolate between sat. at 240 F, P = 24.968 Ibf/in® and sup. vapor in Table

F.7.2 at 240 F, 20 Ibf/in®

17.9583 — 16.3257
P =24.968 + (20 - 24.968) — 475 16,3257

= 23.0 Ibf/in®
AP C.p. AT C.P.
T
| v
'
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2.154
A glass jar is filled with saturated water at 300 F and quality 25%, and a tight lid
is put on. Now it is cooled to 10 F. What is the mass fraction of solid at this
temperature?

Solution:
Constant volume and mass = vq =V, =V/m

From Table F.7.1: vy = 0.01745 + 0.25 x 6.4537 = 1.630875 ft3/lbm
From Table F.7.4: Vv, = 0.01744 + x5 x 9043 = v4 = 1.630875 ft3/Ibm
= X =0.000178 mass fraction vapor
Xsolid =1-%,=0.9998 or 99.98 %

AP C.P. AT C.P.
1
T 1
|
2 »V ! 2 }V
P
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2.155

A boiler feed pump delivers 100 ft3/min of water at 400 F, 3000 Ibf/in.2. What is
the mass flowrate (Ibm/s)? What would be the percent error if the properties of
saturated liquid at 400 F were used in the calculation? What if the properties of

saturated liquid at 3000 Ibf/in.? were used?

Solution:

Table F.7.3: v =0.0183 ft3/Ibm (interpolate 2000-8000 psia)

=Y 100 _ o 07 1bmss

V¢ (400 F) =0.01864 ft3/lbm = rm =89.41 Ibm/s error 1.8%

V£ (3000 Ibf/in2) = 0.03475 ft3/lbm = m =47.96 Ibm/s error 47%

AP cp. AT C.P.

3000 T
P
247 -

P = 3000 psia

I g | Ay

The constant T line is nearly vertical for the liquid phase in the P-v diagram.
The state is at so high P, T that the saturated liquid line is not extremely steep.
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2.156
A pressure cooker has the lid screwed on tight. A small opening with A = 0.0075

in? is covered with a petcock that can be lifted to let steam escape. How much
mass should the petcock have to allow boiling at 250 F with an outside
atmosphere at 15 psia?

Solution:

Table F.7.1 at 250 F: Pgat = 29.823 psia

Fret = (Psat — Patm) A = (29.823 - 15) psia x 0.0075 in?
= 0.111 Ibf

Fret = Mpetcock 9

¢ oo OALLIDf__ 0111 x 32.174 Ibm fiis?
Mpetcock = Mnet'd =35 174 f/s2 ~ 32.174 ft/s2

=0.111 Ibm

Some petcocks are held
down by a spring, the
problem deals with one
that stays on due to its
weight.
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2.157
Two tanks are connected together as shown in Fig. P2.52, both containing water.

Tank A is at 30 Ibf/in.?, v = 8 ft3/Ibm, V = 40 ft and tank B contains 8 Ibm at 80
Ibf/in. 2, 750 F. The valve is now opened and the two come to a uniform state.
Find the final specific volume.

Solution:
Control volume both tanks. Constant total volume and mass process.

=

B
sup. vapor

State Al: (P,v) two-phase, m,=V,/v, =40 ft3 /8 ft3/lbm = 5 lbm
State B1: (P, T) Table F.7.2: vy = (8.561 + 9.322)/2 = 8.9415 ft*/lbm
= Vg = MgV = 8 Ibm x 8.9415 ft¥/Ibm = 71.532 ft*
Final state: Migt =My t Mg =5+ 8 =13 Ibm
Vigt =V + Vg = 111532 i3

- - 3 - 3
V, = VigMyor = 111532 f%/13 Ibm = 8.579 ft*/Ibm

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

2.158
Ammoniaat 70 F with aquality of 50% and total mass 4.5 Ibmisin arigid tank
with an outlet valve at the bottom. How much liquid (mass) can you take out
through the valve assuming the temperature stays constant?

Solution:

The bottom has liquid until the state inside becomes saturated vapor.

V =m,v, =45 x 05 (0.02631 + 2.3098) = 5.25625 t>
m, = VIV, = 5.25625 ft3/ 2.3098 ft3/Ibm = 2.2756 |bm

m=m, —m, = 45—-2.2756 =2.224 1bm

AP cp *T CP.

P =129 psia
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2.159
Give the phase and the specific volume for each of the following.
Solution:
a. CO, T=510F P = 75 Ibffin.2 Table F.4

superheated vapor ideal gas
35.1 ft-Ibf/Ibm-R x (510 + 459.7) R
75 Ibflin.” x 144 (ft/ in.) ©
= 3.152 ft3/lbm
b. Air T=68F P=2atm Table F.4
superheated vapor ideal gas
53.34 ft-Ibf/lbm-R x (68 + 459.7) R
2 x 14.6 Ibffin.” x 144 (ft/ in.) ©

= 6.6504 ft3/lbm

v=RT/P=

v=RT/P =

c. Ar T=300F, P=30Ibfin2 TableF.4

38.68 ft-Ibf/lom-R x (300 + 459.7) R
30 Ibffin.” x 144 (ft/ in.) ©

Ideal gas: Vv =RT/P=

= 6.802 ft3/lbm
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2.160
A cylindrical gas tank 3 ft long, inside diameter of 8 in., is evacuated and then
filled with carbon dioxide gas at 77 F. To what pressure should it be charged if
there should be 2.6 Ibm of carbon dioxide?

Solution:
Assume CO, is an ideal gas table F.4: P=mRT/NV

Vgyi =Ax L =7 (8in)?x3x12in = 1809.6 in’

yl
p = 2.6 Ibm x 35.1 ft-lom/Ibm-R x (77 + 459.67) R x 12 in/ft
B 1809.6 in3

= 324.8 Ibf/in?
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2.161
A spherical helium balloon of 30 ft in diameter is at ambient T and P, 60 F and
14.69 psia. How much helium does it contain? It can lift a total mass that equals
the mass of displaced atmospheric air. How much mass of the balloon fabric and
cage can then be lifted?

We need to find the masses and the balloon volume

v=gD3=%303=14137ft3
V PV
Mye pV v RT

_ 14.69 psi x 14 137 ft> x 144 (in/ft)?
= 386.0 ft-Ibf/IbmR x 520 R
= 148.99 Ibm

_ PV 14.69 psi x 14 137 ft x 144 (in/ft)?
Mair "RT~ 53.34 ft-Ibf/lbmR x 520 R
=1078 Ibm

Mpige = My — My = 1078 - 149 =929 Ibm
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2.162

Helium in a steel tank is at 36 psia, 540 R with a volume of 4 ft3. It is used to fill a
balloon. When the pressure drops to 18 psia, the flow of helium stops by itself. If all
the helium still is at 540 R, how big a balloon is produced?

Solution:
State 1: m=V/v assume ideal gas so ‘
chr—
_P1V1 36 psi x 4 ft3x 144 (in/ft)?
M="RT, ~ 386 ft-Ibf/IbmR x 540 R
=0.0995 Ibm

nCoOo—-S—0
O3 =d =~

State 2:  Same mass so then (T, = Ty)
mRT2 P1V1 RTZ P]_

V2=Tp, =TRT,P, ~ V1P,
_ 43603
=47g=8ft

The balloon volume is
Vpalloon=V2—-V1=8-4=4 ft3
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2.163
A 35 ft3 rigid tank has propane at 15 psia, 540 R and connected by a valve to

another tank of 20 ft3 with propane at 40 psia, 720 R. The valve is opened and the
two tanks come to a uniform state at 600 R. What is the final pressure?

Solution:
Propane is an ideal gas (P << P;) with R = 35.04 ft-Ibf/lom R from Tbl. F.4

PaVA 15 x 35 x 144
MA = RT, = 3504 x540 ~ o992 1om

_PeVE 40 x 20 x 144
M="RTg ~ 35.04 x 720

= 4.566 Ibm

V, =V + Vg =55 ftd

my =mp + Mg = 8.561 Ibm

o= myRTy 8,561 x 35.04 x 600
27V, ~ 55 x 144

=22.726 psia
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2.164
What is the percent error in specific volume if the ideal gas model is used to
represent the behavior of superheated ammonia at 100 F, 80 Ibf/in.2? What if the
generalized compressibility chart, Fig. D.1, is used instead?

Solution:
Ammonia Table F.8.2; v = 4.186 ft3/lbm
_ RT _90.72 x559.7 _ 3
Ideal gas V=P =T gox1aa - 4.4076 ft°/lom  5.3% error

Generalized compressibility chart and Table D.4
T, =559.7/729.9 = 0.767, P = 80/1646 = 0.0486

=> Z=0.96

ZRT
v ="5—=0.96 x 4.4076 ft*/Ibm = 4.231 ft¥/lom  1.0% error
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Air in an internal combustion engine has 440 F, 150 psia with a volume of 2 3.
Now combustion heats it to 3000 R in a constant volume process. What is the mass
of air and how high does the pressure become?

The mass comes from knowledge of state 1 and ideal gas law
PiV1 150 psia x 2 ft3 x 144 (in/ft) 2
RT; = 53.34 ft-Ibf/lbom-R x (440 + 459.67) R

m = = 0.90 Ibm

The final pressure is found from the ideal gas law written for state 1 and state 2 and
then eliminate the mass, gas constant and volume (V,, = V) between the equations

P1 V1 =m RT1 and P2 V2 =m RT2
. 3000 .
Py =Py x T,/Ty =150 psia x 357459 67 = 500.2 psia

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been

adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108

of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

2.166
A 35 ft3 rigid tank has air at 225 psia and ambient 600 R connected by a valve to a
piston cylinder. The piston of area 1 t2 requires 40 psia below it to float, Fig.
P2.166. The valve is opened and the piston moves slowly 7 ft up and the valve is
closed. During the process air temperature remains at 600 R. What is the final
pressure in the tank?

PAVA 225 psia x 35 ft3 x 144 (in/ft) 2
MA="RTA =~ 5334 fribflbmR x600R 52433 lbm

_AVa  AVBPB 40 psia x (1 x 7) ft3 x 144 (in/ft) 2
MB2-MB1="yo = "RT ~ 53.34 ft-Ibf/lbm-R x 600 R
=1.26 Ibm

Mpa2 = Mp-— (mBZ - mBl) =35.433-1.26 =34.173 Ibm

oo Ma2RT 34,173 x 53.34 x 600
A=V, T 35 x 144

=217 psia
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Give the phase and the missing properties of P, T, v and x. These may be a little
more difficult if the appendix tables are used instead of the software.
Solution:

a.

R-410Aat T=50F, v=0.4 ft3/lom: Table F.9.1; v> vy =0.3818 ft3/lbm

sup. vap. F.9.2 interpolate between sat. and sup. vap at 50 F.
Find v at 150 psia, 50 F: v =0.4066
Now interpolate between the sat vap 157.473 psia and the 150 psia.

P = 150 + 7.473 (0.4 - 0.4066)/(0.3818 - 0.4066) = 152 Ibf/in?
H,O v=2ft3/lbm, x=0.5: Table F.7.1

since vy is so small we find it approximately where vy = 4 ft3/lbm.

Vit Vg =4.3293 at330F,  vg+vy =3.80997 at 340 F.

linear interpolation T =336F, P=113 Ibf/in

H,O0 T=150F, v=0.01632 ft3/lbom:  Table F.7.1, v<vs
compr. liquid P =500 Ibf/in?

NH; T=80F, P=13Ibflin?  TableF.8.1 P <Psat

sup. vap. interpolate between 10 and 15 psia: v =26.97 ft3/1lom

v is not linear in P (more like 1/P) so computer table is more accurate.

R-134a v =0.08 ft3/lbm, x=0.5: Table F.10.1
since v is so small we find it approximately where vq = 0.16 ft3/lbm.

Vit+vg=0.1729 at150 F,  vg+vgy =0.1505 at 160 F.
linear interpolation T =156 F, P = 300 Ibf/in?

AP cpr

States shown are
placed relative to the
two-phase region, not
to each other.
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2.168
A pressure cooker (closed tank) contains water at 200 F with the liquid volume
being 1/10 of the vapor volume. It is heated until the pressure reaches 300 Ibf/in.2.
Find the final temperature. Has the final state more or less vapor than the initial
state?

Solution:
Process: Constant volume and mass.
Vf: mef:V /10 =m_v /10,

g g'g
Table F7.1: vg= 001663 ft>/lbm, vy =33.631 ft>/Ibm
m 10 meve/ v 10 v¢ 0.1663
Xy = o e = e+ 10 meve /vo = 10 v+ v, = 0.1663 + 33,631 = 000492
g f f fVf/ Vg fT Vg . :
v, =V, =0.01663 + x, x 33.615 = 0.1820 ft/Ibm
PyVy =  T,=T,,(300 psia) = 417.43 F
| P Atstate 2. v, = Vg +X, Vg
0.1820 = 0.01890 + X,, x 1.5286
2 => x,=0.107

More vapor at final state

Pl

V-
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2.169
Refrigerant-410A in a piston/cylinder arrangement is initially at 60 F, x = 1. It is

then expanded in a process so that P = Cv™ ™ to a pressure of 30 Ibf/in.2. Find the
final temperature and specific volume.

Solution:
State 1: P, =184.98 Ibf/in® v, =0.3221 ft¥/lbm

Process: Pv=C=P v, =P,v,
State 2: P, =30 Ibf/in? and on process line (equation).

ViPy

V,=p = 0. 3221 x 184.98 / 30 = 1.9861 ft3/lbm
2

Table F.9.2 between saturated at -33.24 F and -20 F: T2 ~-279F

Notice T is not constant

1P N
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Compressiblity Factor
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2.170
A substance is at 70 F, 300 Ibf/in.2 in a 10 ft3 tank. Estimate the mass from the

compressibility chart if the substance is a) air, b) butane or c) propane.
Solution:

Use Fig. D.1 for compressibility Z and table F.1 for critical properties

_ PV 300144 x10 _ 815.09
M=ZRT~ 530ZR ~ ZR

Air use nitrogen P, =492 Ibffin.2; T, =227.2R
P,=06L, T,=233 Z=098

_ PV 81509 _ 815.09
M=ZRT~ ZR ~0.98x55.15

=15.08 Ibm

Butane P, =551 Ibf/in.2: T, =7654R
P,=0544; T,=0.692; Z=0.9

_ PV 81509 _ 815.09
M=ZRT~ ZR ~0.09x 26.58

=340.7 Ibm

Propane P, =616 Ibffin.2; T =665.6 R
Pr =0.487, Tr =0.796; Z=0.08

_ PV 81509 _ 815.09
M=ZRT~ ZR ~0.08x 35.04

=290.8 Ibm

Z

0.1 1 IR
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2.171
Determine the mass of an ethane gas stored in a 25 ft3 tank at 250 F, 440 Ibf/in.2

using the compressibility chart. Estimate the error (%) if the ideal gas model is used.

Solution
Table F.1: Tr =(250+460)/549.7=1.29 and Pr = 440/708 = 0.621

Figure D.1 = Z=0.9
m = PV _ 440 psia x 25 ft3 x 144 (in/ft) 2
ZRT 0.9 x 51.38 ft-Ibf/Ibm-R x 710 R
Ideal gas Z=1
= m = PV/RT =43.21 Ibm 10% error

=48.25 Ibm
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Equations of State
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2.172
Determine the pressure of R-410A at 100 F, v = 0.2 ft3/Ibm using ideal gas and
the van der Waal Equation of State.

From F.1 for R-410A: M =72.585, T,=620.1R, P,=711 psia
For ideal gas we get:
R =R/M =1545.36 / 72.585 = 21.29 Ibf-ft/lbm-R
_ _ 21.29 x (100 + 459.67) Ibf-ft R
P=RTh= 0.2 x 144 Ibm-R ft3/lom x (in./ft)2
=413.73 psi

For van der Waal equation of state from Table D.1 we have

RT
oo 2RTe_ 1op , 21296201

= 3

a=27b? P, =27 x (0.016 118)? x 711 = 4.987 283 psi (ft3/Ibm)?

RT a 21.29 x559.67/144 4.987 283

The EOSis: P=C~17="02-0016 118 ~ 022 325.3 psi

From Table F.9.2 we see it is around 300 psia.
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2.173
Determine the pressure of R-410A at 100 F, v = 0.2 ft3/Ibm using ideal gas and
the Redlich-Kwong Equation of State.

From F.1 for R-410A: M =72.585, T,=620.1R, P,=711 psia
For ideal gas we get:
R =R/M =1545.36 / 72.585 = 21.29 Ibf-ft/lbm-R
_ _ 21.29 x (100 + 459.67) Ibf-ft R
P=RTh= 0.2 x 144 Ibm-R ft3/lom x (in./ft)2
=413.73 psi

For Redlich-Kwong EOS we have the parameters from Table D.1
T, =T/T. = (100 + 459.67) / 620.1 = 0.90255

RT
b= 0.08664 — = 0.08664 x 22 X 620.1

- 3
P 11 x144 - 0.011 172 ft*/Ibm,

2
12 RPT, 21.29% x 620.12
TP =0.42748 x T 5
c 0.9025512 x 711 x 144

a=0.42748T

= 5.319 372 psi (ft3/Ibm)?
The equation is:

p= RT a
“v—-b Vv2+bv
_21.29x559.67/144 5.319 372
0.2-0.011172 0.22+0.011 172 x 0.2
= 312 psia

From Table F.9.2 we see it is around 300 psia.
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In a complete cycle what is the net change in energy and in volume?

For a complete cycle the substance has no change in energy and therefore no
storage, so the net change in energy is zero.

For a complete cycle the substance returns to its beginning state, so it has no
change in specific volume and therefore no change in total volume.

Explain in words what happens with the energy terms for the stone in Example 3.3.
What would happen if it were a bouncing ball falling to a hard surface?

In the beginning all the energy is potential energy associated with the
gravitational force. As the stone falls the potential energy is turned into kinetic
energy and in the impact the kinetic energy is turned into internal energy of the stone
and the water. Finally the higher temperature of the stone and water causes a heat
transfer to the ambient until ambient temperature is reached.

With a hard ball instead of the stone the impact would be close to elastic
transforming the kinetic energy into potential energy (the material acts as a spring)
that is then turned into kinetic energy again as the ball bounces back up. Then the
ball rises up transforming the kinetic energy into potential energy (mgZ) until zero
velocity is reached and it starts to fall down again. The collision with the floor is not
perfectly elastic so the ball does not rise exactly up to the original height losing a
little energy into internal energy (higher temperature due to internal friction) with
every bounce and finally the motion will die out. All the energy eventually is lost by
heat transfer to the ambient or sits in lasting deformation (internal energy) of the
substance.
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3.c
Make a list of at least 5 systems that store energy, explaining which form of energy.

A spring that is compressed. Potential energy (1/2) kx?

A battery that is charged. Electrical potential energy. V Amp h

A raised mass (could be water pumped up higher) Potential energy mgH
A cylinder with compressed air. Potential (internal) energy like a spring.
A tank with hot water. Internal energy mu

A fly-wheel. Kinetic energy (rotation) (1/2) loo?
A mass in motion. Kinetic energy (1/2) mv/?2

3d

A constant mass goes through a process where 100 J of heat transfer comes in and
100 J of work leaves. Does the mass change state?

Yes it does.
As work leaves a control mass its volume must go up, v increases

As heat transfer comes in an amount equal to the work out means u is
constant if there are no changes in kinetic or potential energy.
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3.e

The electric company charges the customers per kW-hour. What is that in Sl
units?

Solution:

The unit KW-hour is a rate
multiplied with time. For the
standard Sl units the rate of
energy is in W and the time is
in seconds. The integration in
Eqg.3.4 and on page 135
becomes

min S
1 kW- hour = 1000 W x 60 hour hour x 60 min - 3600 000 Ws

=3600000J=3.6 MJ

3.f
Torque and energy and work have the same units (N m). Explain the difference.

Solution:

Work = force x displacement, so units are N x m. Energy in transfer
Energy is stored, could be from work input 1J=1Nm
Torque = force x arm, static, no displacement needed

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

3.9
What is roughly the relative magnitude of the work in the process 1-2c versus the
process 1-2a shown in figure 3.15?

By visual inspection the area below the curve 1-2c is roughly 50% of the
rectangular area below the curve 1-2a. To see this better draw a straight line from
state 1 to point f on the axis. This curve has exactly 50% of the area below it.

3.h

Helium gas expands from 125 kPa, 350 K and 0.25 mS to 100 kPa in a polytropic
process with n = 1.667. Is the work positive, negative or zero?

The boundary work is: W= [PadV
P drops but does V go up or down?
The process equation is: PV'=C
so we can solve for P to show it in a P-V diagram P
p=cv™" 1
as n = 1.667 the curve drops as V goes up we see 2
Vo>V, giving dV >0 W v
and the work is then positive. B—
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3.

An ideal gas goes through an expansion process where the volume doubles.
Which process will lead to the larger work output: an isothermal process or a
polytropic process with n = 1.25?

The process equation is: PV'=C

The polytropic process with n = 1.25 drops the pressure faster than the isothermal
process with n = 1 and the area below the curve is then smaller.
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3]

Water is heated from 100 kPa, 20°C to 1000 kPa, 200°C. In one case pressure is
raised at T = C, then T is raised at P = C. In a second case the opposite order is
done. Does that make a difference for 1Q, and {W,?

Yes it does. Both 1Q, and W, are process dependent. We can illustrate
the work term in a P-v diagram.

AP

Cr.P.
s| L v
10001 | & 2
100 T 1 T
: : -
20 200
AP A" cp
1553 kPa
, 1000
10001% 200C 2007 20
1 b
1007y 20C 180 C
< 20+ #1
»V »V

In one case the process proceeds from 1 to state “a” along constant T then
from *“a” to state 2 along constant P.

The other case proceeds from 1 to state “b” along constant P and then
from “b” to state 2 along constant T.
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A rigid insulated tank A contains water at 400 kPa, 800°C. A pipe and valve connect
this to another rigid insulated tank B of equal volume having saturated water vapor

at 100 kPa. The valve is opened and stays open while the water in the two tanks
comes to a uniform final state. Which two properties determine the final state?

Continuity egq.: my—mipa—-mig=0 = Mo =My + Mg
Energy eq.: MyUy — Mqalja —MigU1g=0-0
Process: Insulated: 1Q, =0,

Rigid: V,=C=Vp+Vg = Wy =0

o Mia M1
From continuity eq. and process: vy = Vy/my = m, Vip t m, Vi
. _Mia M1p
From energy eq.: Up = m, U + m, Uig

Final state 2: (vp, uy) both are the mass weighted average of the initial values.
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3.1
To determine v or u for some liquid or solid, is it more important that | know P or
T?
T is more important, v and u are nearly independent of P in the liquid and solid
phases.

3.m

To determine v or u for an ideal gas, is it more important that | know P or T?

For v they are equally important ( v = RT/P), but for u only T is important. For an
ideal gas u is a function of T only (independent of P).

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

3.n

Borgnakke and Sonntag

I heat 1 kg of substance at a constant pressure (200 kPa) 1 degree. How much heat
is needed if the substance is water at 10°C, steel at 25°C, air at 325 K, or ice at —

10°C.

Heating at constant pressure gives (recall the analysis in Section 3.9, page 109)

1Q2=Hy-Hy=m(hy—hy) »mCp (T, -Ty)

For all cases: 1Q,=1kgxCx1K

Water 10°C, 200 kPa (liquid) so A.4:

Steel 25°C, 200 kPa (solid) so A.3:
Air 325 K, 200 kPa (gas) so A.5:

Ice ~10°C, 200 kPa (solid) so A.3:

C = 4.18 ki/kg-K,

C = 0.46 ki/kg-K
Cp = 1.004 kitkg-K

C = 2.04 kJ/kg-K

1Q2 =418 kJ

1Q2 =0.46 kJ
1Q, = 1.004 kJ

1Q2 =2.04 kJ

Comment: For liquid water we could have interpolated h, — h; from Table B.1.1

and for ice we could have used Table B.1.5. For air we could have used Table
A.7. If the temperature is very different from those given the tables will provide a

more accurate answer.
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Concept Problems
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3.1
What is 1 cal in Sl units and what is the name given to 1 N-m?

Look in the conversion factor table A.1 under energy:

1 cal (Int.) =4.1868 J = 4.1868 Nm = 4.1868 kg m?/s°

This was historically defined as the heat transfer needed to bring 1 g of liquid water
from 14.5°C to 15.5°C, notice the value of the heat capacity of water in Table A.4

IN-m=1J or Forcetimes displacement = energy in Joule
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3.2
A car engine is rated at 110 kW. What is the power in hp?
Solution:

The horsepower is an older unit for power
usually used for car engines. The
conversion to standard Sl units is given in
Table A.1

1hp=0.7355 kW = 7355 W
1 hp = 0.7457 kW for the UK horsepower

110 KW = 110 KW / 0.7457 (KW/hp) = 147.5 hp
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3.3
Why do we write AE or E, — E; whereas we write 1Q, and {W,?

AE or E, — E; is the change in the stored energy from state 1 to state 2 and
depends only on states 1 and 2 not upon the process between 1 and 2.

1Q2 and {W, are amounts of energy transferred during the process

between 1 and 2 and depend on the process path. The quantities are
associated with the process and they are not state properties.
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3.4
If a process in a control mass increases energy E, — E; > 0 can you say anything

about the sign for 1Q, and {W5?

No.

The net balance of the heat transfer and work terms from the energy equation is
Ep-E1=1Q2-1W2 >0

but that does not separate the effect of the two terms.
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35
In Fig. P3.5, CV A is the mass inside a piston-

cylinder, CV B is that plus the piston, outside which
is the standard atmosphere. Write the energy equation
and work term for the two CVs assuming we have a g
non-zero Q between state 1 and state 2.
CVA: E;—E1 =ma(ez —e1) = ma(up —up) = 1Qp — 1WA,
1WA, =[P dV =P(Vy- V)
CV B: Ez—E1 = ma(ez —eq) + Mpjsi(e2 —€1) = ma(up — Uy) + Mpistd(Z2 — Z1)

=1Q2-1WB»
IWB, =[P, dV =Py(V,y-V;)

Notice how the P inside CV Alis P =Py + mpistg /Acy) i.e. the first work term is

larger than the second. The difference between the work terms is exactly equal to the
potential energy of the piston sitting on the left hand side in the CV B energy Eq. The
two equations are mathematically identical.

1WA, =P(Vy = Vy) = [Pg + Mpigd /Acy1 1 (V2 - V1)
= 1WBy + mpigg(Vo — Vp)/A
= 1WBy + Mpigtd(Z2 — Z31)

cyl
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3.6
A 500 W electric space heater with a small fan inside heats air by blowing it over
a hot electrical wire. For each control volume: a) wire only b) all the room air and
c) total room plus the heater, specify the storage, work and heat transfer terms as

+ 500W or -500W or 0 W, neglect any Q through the room walls or windows.

Storage Work Heat transfer
Wire ow -500 W -500 W
Room air 500 W ow 500 W
Tot room 500 W -500 W ow
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3.7
Two engines provide the same amount of work to lift a hoist. One engine can

provide 3 F in a cable and the other 1 F, What can you say about the motion of the
point where the force F acts in the two engines?

Since the two work terms are the same we get
W=[Fdx=3Fx;=1Fx,
X9 =3 X1

so the lower force has a larger displacement.
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3.8

Two hydraulic piston/cylinders are connected through a hydraulic line so they
have roughly the same pressure. If they have diameters of D4 and D, = 2D4

respectively, what can you say about the piston forces F1 and F,?

For each cylinder we have the total force as:  F=PAg, =P n D?/4
2
F1=PAcy 1 =P nDy/4

Fy=PAgy =P nD5/4=Pr4D;/d=4F,

= The forces are the total force
F2 acting up due to the cylinder
T pressure. There must be other
forces on each piston to have a
2 force balance so the pistons do
 l —ly not move.
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3.9

Assume a physical set-up as in Fig. P3.5. We now heat the
cylinder. What happens to P, T and v (up, down or constant)? Po

What transfers do we have for Q and W (pos., neg., or zero)?

Mp

Solution:
Process: P =Pg+mpg/Ac =C
Heat in so T increases, v increases and Q is positive.

As the volume increases the work is positive. (W, = j PdVv
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3.10
A drag force on an object moving through a medium (like a car through air or a

submarine through water) is Fy=0.225 A pVZ. Verify the unit becomes Newton.

Solution:
Fq=0.225 A pV?
Units = m? ><(kg/m3)x(m2/sz):kgm/32:N
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3.11
The sketch shows three physical situations, show the possible process in a P-v
diagram.
a) b) c)
L P [
| C
Mp
R-
(
/
A P AP Ap
- 1
T v 1
1
P 1
1 P+
1
Vv - v

} + + o
Vstop Vi VStOp
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3.12

For the indicated physical set-up in a-b and ¢ above write a process equation and the
expression for work.

a) P=Py and V2 Vgp or V =Vgiop and P <Py
iW2 =P1(Vo-V1)  [P1=Proat]

b)  P=A+BV; Wy = 5Py +Po)(Vo— V)

C) P=P;and V< Vstop or V = Vgiop and P>P;

1Wo =P1(Vo-V1) [P1="Psoal

a) b) C)
L P J]
] C
Mp
R-410A
AP AP Ap
, 1
+ 1
1 | / .
1 P -
1
Vv | d Y,
Vi

: } -
Vstop V1 Vstop
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3.13
Assume the physical situation as in Fig. P3.11b; what is the work term a, b, ¢ or d?

a: Wy =Pq(vp-Vy) b: qwp =vi(Py—Py)

1 1
C: Wp=5(P1+Po)(vo—vy)  di Wy =% (Pp—Po)(vy +vy)

Solution:

work term is formula c, the AP
area under the process curve
ina P-v diagram.

The avg. height is % (P +Py) P

The base is (Vo — Vq)
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3.14
The sketch in Fig. P3.14 shows a physical situation; show the possible process in a
P-v diagram.
a) b) c)
Po
H My
R-
Solution:
AP AP Ap
PL
1 1
P+ 11 PT 1
1 1
\' \V \'%
t +— t e t
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3.15
What can you say about the beginning state of the R-410A in Fig. P3.11 versus
the case in Fig. P3.14 for the same piston-cylinder?

For the case where the piston floats as in Fig. P3.11 the pressure of the R-410A
must equal the equilibrium pressure that floats (balance forces on) the piston.

The situation in Fig. P3.14 is possible if the R-410A pressure equals or exceeds
the float pressure.
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3.16
A piece of steel has a conductivity of k = 15 W/mK and a brick has k = 1 W/mK.
How thick a steel wall will provide the same insulation as a 10 cm thick brick?

The heat transfer due to conduction is from Eq. 3.23

. dT AT
Q=- dx = kA AX

For the same area and temperature difference the heat transfers become
the same for equal values of (k / AX) so

k k
( Ax Jorick = ( AX )steel =>

Ksteel _
Kbrick

15
AXsteel = AXprick 0.1mx=~=15m
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3.17

A thermopane window, see Fig. 3.38, traps some gas between the two glass panes.
Why is this beneficial?

The gas has a very low conductivity relative to a liquid or solid so the heat
transfer for a given thickness becomes smaller. The gap is furthermore made so
small that possible natural convection motion is reduced to a minimum. It
becomes a trade off to minimize the overall heat transfer due to conduction and
convection. Typically these windows can be manufactured with an E-glaze to
reduce radiation loss (winter) or gain (summer).

multiple glazings
low-E coating

Gas filled space
Spacer and sealer
Window structural frame
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3.18

On a chilly 10°C fall day a house, 20°C inside, loses 6 kW by heat transfer. What

transfer happens on a 30°C warm summer day assuming everything else is the
same?

The heat transfer is Q = CA AT where the details of the heat transfer is in the
factor C. Assuming those details are the same then it is the temperature difference
that changes the heat transfer so

Q=CAAT=6kW =CA (20-10) K => CA:0.6k?W
Then

: kw . .
Q=CAAT= 0.6?><(20—30)K:—6kw (it goes in)
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3.19

Verify that a surface tension § with units N/m also can be called a surface energy

with units J/m?. The latter is useful for consideration of a liquid drop or liquid in
small pores (capillary).

Units: N/m = Nm/m? = J/m?

This is like a potential energy associated with the surface. For water in small
pores it tends to keep the water in the pores rather than in a drop on the surface.
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3.20

Some liquid water is heated so it becomes superheated vapor. Do | use u or hin
the energy equation? Explain.

The energy equation for a control mass is: m(u, —uy) = 1Qp — W5

The storage of energy is a change in u (when we neglect kinetic and potential
energy changes) and that is always so. To solve for the heat transfer we must
know the work in the process and it is for a certain process (P = C) that the work
term combines with the change in u to give a change in h. To avoid confusion you
should always write the energy equation as shown above and substitute the
appropriate expression for the work term when you know the process equation
that allows you to evaluate work.
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3.21

Some liquid water is heated so it becomes superheated vapor. Can | use specific
heat to find the heat transfer? Explain.

NO.

The specific heat cannot give any information about the energy required to do the
phase change. The specific heat is useful for single phase state changes only.
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3.22

Look at the R-410A value for us at -50°C. Can the energy really be negative?
Explain.

The absolute value of u and h are arbitrary. A constant can be added to all uand h
values and the table is still valid. It is customary to select the reference such that u
for saturated liquid water at the triple point is zero. The standard for refrigerants

like R-410A is that h is set to zero as saturated liquid at -40°C, other substances as
cryogenic substances like nitrogen, methane etc. may have different states at

which h is set to zero. The ideal gas tables use a zero point for h as 25°C or at
absolute zero, 0 K.
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3.23

A rigid tank with pressurized air is used to a) increase the volume of a linear
spring loaded piston cylinder (cylindrical geometry) arrangement and b) to blow
up a spherical balloon. Assume that in both cases P = A + BV with the same A
and B. What is the expression for the work term in each situation?

The expression is exactly the same; the geometry does not matter as long as we
have the same relation between P and V then

Wy =[PdV=[(A+BV)dV

= AV, - Vy) + 0.5 B (V5 - V)
=A(V2-V1) +05B (Vo +Vy) (V2 -Vy)
=05[A+BV,+A+BV{](Vo-V,)
=0.5(PL+Pp) (V2-Vy)

Notice the last expression directly gives the area below the curve in the P-V
diagram.

‘P
P, T+ 2
P1 -+
1
Vv
|
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3.24

An ideal gas in a piston-cylinder is heated with 2 kJ during an isothermal process.
How much work is involved?

Energy Eq.:  Up—uU; =10o— W =0 since u, = uy (isothermal)
Then
iWo =m Wy =1Qp=m 10, =2 kJ
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3.25

An ideal gas in a piston-cylinder is heated with 2 kJ during an isobaric process. Is
the work pos., neg., or zero?

As the gas is heated u and T increase and since PV = mRT it follows that the
volume increase and thus work goes out.

w>0
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3.26
You heat a gas 10 K at P = C. Which one in Table A.5 requires most energy?
Why?

A constant pressure process in a control mass gives (recall Section 3.9 and
Eq.3.44)
102 = Up — Ug + 1Wp = Up — Ug + Py (vp - vq)
= h2 - hl ~ Cp AT

The one with the highest specific heat is hydrogen, H,. The hydrogen has

the smallest mass, but the same kinetic energy per mol as other molecules and
thus the most energy per unit mass is needed to increase the temperature.
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3.27

You mix 20°C water with 50°C water in an open container. What do you need to
know to determine the final temperature?

The process will take place at constant pressure (atmospheric) and you can
assume there will be minimal heat transfer if the process is reasonably fast. The
energy equation then becomes
Uy-U; =0-1Wp=-P(V2-Vy)
Which we can write as
Hp — Hy =0 = mah; — (My 20chs 20¢ + M1 50ch 500)
You need the amount of mass at each temperature m; ooc and m; goc.
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Kinetic and Potential Energy
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3.28
A piston motion moves a 25 kg hammerhead vertically down 1 m from rest to a
velocity of 50 m/s in a stamping machine. What is the change in total energy of
the hammerhead?
Solution: C.V. Hammerhead
The hammerhead does not change internal energy (i.e. same P, T), but it does
have a change in kinetic and potential energy.

Ep—Eq = m(uy - Ug) + m(L/2)V >~ 0] + mg (Z2 - 0)

=0+ 25 kg x (1/2) x (50 m/s)® + 25 kg x 9.80665 m/s? x (-1) m
=31 250 J — 245.17 J = 31 005 J = 31 kJ
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3.29
A 1200 kg car is accelerated from 30 to 50 km/h in 5 s. How much work is that? If
you continue from 50 to 70 km/h in 5 s; is that the same?

The work input is the increase in Kinetic energy.

2 2
E,—Ey = (12)m[V; - vi] = W,

2
= 0.5 x 1200 kg [50 - 30%] (kTm)

1000 m\?
= 600 kg x [ 2500 — 900 ] (WOT) =74074)=74.1kJ

The second set of conditions does not become the same

2
1000 m) - 111 KJ

E,—Eq = (U2)m[V5- V5] = 600 kg x [ 702 - 502 ] (m
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3.30

The rolling resistance of a car depends on its weight as: F = 0.006 mg. How far
will a car of 1200 kg roll if the gear is put in neutral when it drives at 90 km/h on
a level road without air resistance?

Solution:

The car decreases its kinetic energy to zero due to the force (constant) acting over
the distance.

m (1/2V5 - 1/2V2) = - W, = - F dx = -FL

km 90 x1000
V=0, V= 90%2%%'1 =25 ms™

~1/2 mV = —FL = - 0,006 mgL

2
0.5V 05x252  m2/s2
> L= L_ 2o - =5311'm
0.006 g ~ 0.006x9.807 m/s

Remark: Over 5 km! The air resistance is much higher than the rolling
resistance so this is not a realistic number by itself.
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3.31
A piston of mass 2 kg is lowered 0.5 m in the standard gravitational field. Find the
required force and work involved in the process.

Solution:
F=ma =2 kg x 9.80665 m/s® = 19.61 N

W = dex :Fjdx =FAX=19.61 N x 0.5m = 9.805 J
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3.32

A 1200 kg car accelerates from zero to 100 km/h over a distance of 400 m. The

road at the end of the 400 m is at 10 m higher elevation. What is the total increase
in the car kinetic and potential energy?

Solution:

AKE =% m (V5 - V3)

1001000
3600 /S

V, =100 km/h =
=27.78 m/s

AKE =% x1200 kg x (27.78% — 0%) (m/s)? = 463 037 J = 463 kJ

APE = mg(Z, — Z1) = 1200 kg x 9.807 m/s? (10 -0) m = 117684 ]
= 117.7 kJ
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3.33

A hydraulic hoist raises a 1750 kg car 1.8 m in an auto repair shop. The hydraulic
pump has a constant pressure of 800 kPa on its piston. What is the increase in
potential energy of the car and how much volume should the pump displace to
deliver that amount of work?

Solution: C.V. Car.
No change in kinetic or internal energy of the car, neglect hoist mass.
E;—Ey =PE;-PE; =mg (Z, - Z4)

= 1750 kg x 9.80665 m/s® x 1.8 m = 30 891 J

The increase in potential energy is work into car
from pump at constant P.

W=E,-E;=[PdV=PAV =

E,-Eq 30891 J
AV =""5""=13800 x 1000 Pa

=0.0386 m3
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3.34

Airplane takeoff from an aircraft carrier is assisted by a steam driven
piston/cylinder device with an average pressure of 1250 kPa. A 17500 kg airplane
should be accelerated from zero to a speed of 30 m/s with 30% of the energy
coming from the steam piston. Find the needed piston displacement volume.

Solution: C.V. Airplane.
No change in internal or potential energy; only kinetic energy is changed.
Ey—E; =m (1/2) (V5 - 0) = 17500 kg x (1/2) x 302 (m/s)?
=7875000J=7875kJ
The work supplied by the piston is 30% of the energy increase.

W =]PdV =P, AV =0.30 (E;- E;)
= 0.30 x 7875 kJ = 2362.5 kJ

W 2362.5 kI
Pavg 1250 kPa

AV = =1.89m3
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3.35
Solve Problem 3.34, but assume the steam pressure in the cylinder starts at 1000
kPa, dropping linearly with volume to reach 100 kPa at the end of the process.

Solution: C.V. Airplane.

P
1
E,—E; =m (1/2) (V22 - 0) 1000
= 17 500 kg x (1/2) x 30% (m/s)? ,
= 7875 000 J = 7875 kJ 100
W = 0.30(E, — E;) = 0.30 x 7875 = 2362.5 ki | RV

W =] P dV = (1/2)(Poeg + Pend) AV | [—=

W 2362.5 kJ

— — — 3
AV=p g~ 1/2(1000 + 100) kPa = 429 M
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3.36

A steel ball weighing 5 kg rolls horizontal with 10 m/s. If it rolls up an incline
how high up will it be when it comes to rest assuming standard gravitation.

C.V. Steel ball.
Energy Eq.: Ey;-E;= 1Q2—-{W=0-0=0

E;=mu; + mgZ; + 0.5 mV/?

E, =mu, + mgZ, +0
We assume the steel ball does not change temperature (u, = uy) so then the energy
equation gives

mu, + mgZ, — mu; —mgZ, - 0.5 mv2 =0

mg (Z, — Z;) = 0.5 mV?

Z,-2Z1=05V?/g=05x10? (m?/s%) / (9.81 m/s?) =5.1 m
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3.37

A hydraulic cylinder of area 0.01 m? must push a 1000 kg arm and shovel 0.5 m
straight up. What pressure is needed and how much work is done?

F = mg = 1000 kg x 9.81 m/s?
= 9810 N =PA

P = F/A = 9810 N/ 0.01 m?
= 981 000 Pa = 981 kPa

W = [Fdx=F Ax = 9810 N x 0.5 m = 4905 J
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3.38

A hydraulic cylinder has a piston of cross sectional area 10 cm2 and a fluid
pressure of 2 MPa. If the piston is moved 0.25 m how much work is done?

Solution:
The work is a force with a displacement and force is constant: F=PA

W= [Fdx = [ PAdx=PA Ax

= 2000 kPa x 10 x 10% m2x 0.25 m = 0.5 kJ
Units: kPam?m=KkNm?2mém=kNm=kJ
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3.39
Two hydraulic piston/cylinders are connected with a line. The master cylinder has
an area of 5 cm? creating a pressure of 1000 kPa. The slave cylinder has an area

of 3 cm?. If 25 J is the work input to the master cylinder what is the force and
displacement of each piston and the work output of the slave cylinder piston?

Solution:

W=]F,dx=[Pdv=[PAdx =P AAx
AXmaster :% = 2 4 :
1000 x 5 x 10™" kPa m

AAX = AV =5 x10%x 0.05 = 2.5 x10° m3 = AV, 0 = A AX D

5=0.05m

AXgjaye = AVIA = 2.5 x 10° m3/ 3 x10* m? = 0.0083 33 m

Fraster = P A = 1000 kPa x 5 x10™ m? x103 Pa/kPa = 500 N

Feave =P A =1000 kPa x10° Pa/kPa x 3 x10™* m? = 300 N
Wijaye = F AX =300 N x 0.08333 m = 25 J

Master Slave
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3.40

The air drag force on a car is 0.225 A pVZ. Assume air at 290 K, 100 kPa and a

car frontal area of 4 m? driving at 90 km/h. How much energy is used to
overcome the air drag driving for 30 minutes?

The formula involves density and velocity and work involves distance so:

21 P 100 kg
=V RT " 0287 x200 ~ 1201573
km 1000 m
V=90 h —90><36008 =25 m/s

AX =V At =25 m/s x 30 min x 60 s/min =45 000 m

Now

Kk 2
F=0225A p V2= 0.225x 4 m? x 1.2015 E% x 252 r:—z

k m2
= 6758 mzaggxs—2=676N

W =F Ax =676 N x 45000 m =30 420 000 J = 30.42 MJ

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

3.41
A bulldozer pushes 800 kg of dirt 200 m with a force of 1500 N. It then lifts the
dirt 3 m up to put it in a dump truck. How much work did it do in each situation?

Solution:
W =] F dx = F Ax
= 1500 N x 100 m
=150 000 J =150 kJ

W =]Fdz=]mgdz=mgAZ
=800 kg x 9.807 m/s? x 3 m
= 23537 J=235kJ
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3.42
Two hydraulic cylinders maintain a pressure of 1200 kPa. One has a cross

sectional area of 0.01 m? the other 0.03 m?. To deliver a work of 1 kJ to the
piston how large a displacement (V) and piston motion H is needed for each
cylinder? Neglect Py,

Solution:

W=]Fdx=/PdV =[PAdx =PA* H=PAV

_W_ LK 3
AV ="5"=7500 kpa = 0:000 833 m
Both cases the heightis H = AV/A

0.000833
Hi=""0o M= 0.0833 m
0.000833
Hy="(93 mM=00278m
I I F
.
ﬁ 2 1
I
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3.43
A linear spring, F = kq(x — X;), with spring constant kg = 500 N/m, is stretched

until it is 200 mm longer. Find the required force and work input.

Solution:
F=kS(X-X0)=5OO><0-1=5ON

W= I Fx = [ kg(x - Xp)d(x - Xg) = Ks(X - Xg)?12

N
=500 % (0.1%2) m* =25 J
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3.44
A piston of 2 kg is accelerated to 20 m/s from rest. What constant gas pressure is

required if the area is 10 cm?, the travel 10 cm and the outside pressure is 100
kPa?

C.V. Piston
2
(E2 — E1)pisT. = m(u2 — ug) + m[(1/2)V, - 0] + mg (0 - 0)

= (1/2) m V4 = 0.5 x 2 kg x 207 (m/s)? = 400 J
Energy equation for the piston is:
(E2—-E1) pisT. = Woyas - Watm = Pavg AVgas — Po AVgas
AVgas = A L =10 cm? x 10 cm = 0.0001 m*
Pavg AVgas = (Ex — E1)pisT. + Po AVgas
Pavg = (E2— E1)pIsT./ AVgas + Po

=400 J/0.0001 m® + 100 kPa
= 4000 kPa + 100 kPa = 4100 kPa
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Boundary work
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3.45

A 25 kg piston is above a gas in a long vertical cylinder. Now the piston is
released from rest and accelerates up in the cylinder reaching the end 5 m higher
at a velocity of 25 m/s. The gas pressure drops during the process so the average
is 600 kPa with an outside atmosphere at 100 kPa. Neglect the change in gas
kinetic and potential energy, and find the needed change in the gas volume.

Solution:
C.V. Piston

(Eo— E1)pisT. = (g - ug) + m[(1/2)V5 0] + mg (Hy - 0)

=0+ 25 kg x (1/2) x 252(m/s)? + 25 kg x 9.80665 m/s2 x 5m
=7812.5J+1225.8)=9038.3J=9.038 kJ
Energy equation for the piston is:
Eo—E1 = Wgas - Watm = Pavg AVgas — Po AVgas
(remark AVamm = — AVgas S0 the two work terms are of opposite sign)

9.038 kI
— 3
600 — 100 kPa ~ 0018 m

AVgas =
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3.46

The R-410A in Problem 3.14 c is at 1000 kPa, 50°C with mass 0.1 kg. It is cooled
so the volume is reduced to half the initial volume . The piston mass and
gravitation is such that a pressure of 400 kPa will float the piston. Find the work
in the process.

If the volume is reduced the piston must drop and thus float with P = 400 kPa.
The process therefore follows a process curve shown in the P-V diagram.

Table B.4.2: vy =0.03320 m3/kg Ap
1W, = [PdV = area p| L
1
= Pfioat (V2 = V1) = —Pripat V1/2 2
400+ ==
= 400 kPa x 0.1 kg x 0.0332 m3/kg /2 y
=-0.664 kJ A ;
Vistop
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3.47

A 400-L tank A, see figure P3.47, contains argon gas at 250 kPa, 30°C. Cylinder B,
having a frictionless piston of such mass that a pressure of 150 kPa will float it, is
initially empty. The valve is opened and argon flows into B and eventually reaches a

uniform state of 150 kPa, 30°C throughout. What is the work done by the argon?

Solution:
Take C.V. as all the argon in both A and B. Boundary movement work done in
cylinder B against constant external pressure of 150 kPa. Argon is an ideal gas, so
write out that the mass and temperature at state 1 and 2 are the same

P,V,=m RTAl = mART2 = PZ(VA+ VBz)

A= M
_ _ _250x04 _ 3
=> Vo= (Par/ PR VA-Va="T150 -04=0.2667m

Al

2
Wy = [ PeyqdV = Pey(V, - Vigp) = 150 kPa x (0.2667 - 0) m® = 40 kJ
1

Po A P B
Argon g 1 2
B
A | Vg
—|_>
X
&/

Notice there is a pressure loss in the valve so the pressure in B is always 150 kPa
while the piston floats.
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3.48

A piston cylinder contains 2 kg of liquid water at 20°C and 300 kPa, as shown in
Fig. P3.48. There is a linear spring mounted on the piston such that when the

water is heated the pressure reaches 3 MPa with a volume of 0.1 mS,
a) Find the final temperature
b) Plot the process in a P-v diagram.
c) Find the work in the process.

Solution:
Take CV as the water. This is a constant mass:
mo=m;=m,;
State 1: Compressed liquid, take saturated liquid at same temperature.
B.1.1: vq =v§(20) = 0.001002 m3/kg,

State 2: v, =V,/m =0.1/2 = 0.05 m3/kg and P = 3000 kPa from B.1.2
=> Two-phase: T, =233.9°C
Work is done while piston moves at linearly varying pressure, so we get:
1
1Wp =[P dV =area=Pyq (Vo — V1) = 5 (P + P (V- V)
= 0.5 (300 + 3000) kPa x (0.1 — 0.002) m3 = 161.7 kJ

AP cr. *T CP.

2
[ 300 kPa
S =tV
300 T ~ 1

20 t

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

r. Computer-Aided Thermadynz Tables 3 EE x | |

File Edit Tables/Substances Options Help

EHE WE 8 b

P Diagram [Log-Log)

‘Water Properties 104
T 20 C P
I -
= 0.3 MPa e !
v 0.001002 m3/kg z 0.1
U 83.92 kJikg u 001
I
H 84.22 kJikg .
0.001 4
5 0.2965 kJ/kg/K
X 0,000

oo om o 01 1 10 100 1000

Specific Volume

# Temp Preszune Specific Intermal S pecific S pecific Clualiby
Wolume Energy Enthalpy Entropy

3 . C MPa m3dka kol kg klfkg | klikgiK
B 20 03 nooonz | @302 84.22 0.2965
BE 20 0.3 000002 | 8392 54,22 0.2965
BE 23349 3 0.05 2197 2347 5,285 0.7453

ﬂ\‘l.l"u’;ater,ﬁle»’_E!friger;an’[s,ﬁ-‘lCr:\.ngenin:s {Air {Ideal Gases /Compressibility 4Psychrometrics |

The process shown by CATT3 in a log-log diagram.
The linear relation P = A + Bv, has B =55.1 MPa/(m3/kg)
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3.49

Air in a spring loaded piston/cylinder has a pressure that is linear with volume, P
= A + BV. With an initial state of P = 150 kPa, V = 1 L and a final state of 800
kPa and volume 1.5 L it is similar to the setup in Problem 3.48. Find the work
done by the air.

Solution:

Knowing the process equation: P = A + BV giving a linear variation of
pressure versus volume the straight line in the P-V diagram is fixed by the two
points as state 1 and state 2. The work as the integral of PdV equals the area
under the process curve in the P-V diagram.

State 1: P, =150kPa V;=1L =0.001 m3 A P

State 2: P,=800kPa V,=15L =0.0015m3 2
Process: P=A+ BV linear in V

2

)(Vz - V) 1 fw \

2 P,+P
- 1W2:deV:( 12
1

1
=5 (150 + 800) kPa x (1.5 - 1) L x 0.001 m3/L
=0.2375 kJ
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3.50

Heat transfer to a block of 1.5 kg ice at -10°C melts it to liquid at 10°C in a
kitchen. How much work does the water gives out?

Work is done against the atmosphere due to volume change in the process. The
pressure is 101 kPa so we approximate the states as saturated

State 1: Compressed solid, B.1.5, v; =0.0010891 m3/kg
State 2: Compressed liquid B.1.1 v, = 0.001000 m3/kg
W, = f PdV =P, (Vo - V) =Py m (v - vy)

= 101.325 kPa x 1.5 kg x (0.001 — 0.0010891) m3/kg
= - 0.0135 kJ

Notice the work is negative, the volume is reduced!
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3.51

A cylinder fitted with a frictionless piston contains 5 kg of superheated refrigerant
R-134a vapor at 1000 kPa, 140°C. The setup is cooled at constant pressure until
the R-134a reaches a quality of 25%. Calculate the work done in the process.

Solution:
Constant pressure process boundary work. State properties from Table B.5.2
State 1: v =0.03150 m3/kg ,
State 2: v =0.000871 + 0.25 x 0.01956 = 0.00576 m3/kg
Interpolated to be at 1000 kPa, numbers at 1017 kPa could have
been used in which case: v =0.00566 m3/kg

1W2 = '[ Pdv =P (V2-V1) =mP (V2-V1)
= 5 kg x 1000 kPa x (0.00576 - 0.03150) m3/kg = -128.7 kJ

AP cr A’ cr
P = 1000 kPa
2 1 140 1 .
10007
T 39 1
2
h »V >V
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3.52

A piston/cylinder contains 2 kg water at 20°C with volume 0.1 m3. By mistake
someone locks the piston preventing it from moving while we heat the water to
saturated vapor. Find the final temperature, volume and the process work.

Solution
1. vi=V/Im=01 m3/2 kg =0.05 m3/kg (two-phase state)
2: Constant volume: v, = Vg =V,
V,=V;=01m3
W, =[PdV=0
State 2: (vp, Xp = 1)

0.05 - 0.05013
T2 =Tsat =250+ 55754508 - 0.05013

=250.2°C
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Polytropic process
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A nitrogen gas goes through a polytropic process with n = 1.3 in a piston/cylinder. It
starts out at 600 K, 600 kPa and ends at 800 K. Is the work positive, negative or zero?

The work is a boundary work so it is
W = [PdV = [ Pm dv= AREA

so the sign depends on the sign for dV (or dv). The process looks like the following

T
The actual T=cy93
process is on a 2
steeper curve
thann = 1. \\L
|
A %

As the temperature increases we notice the volume decreases so
dv<0 = W<O0
Work is negative and goes into the nitrogen gas.
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Helium gas expands from 125 kPa, 350 K and 0.25 m® to 100 kPa in a polytropic
process with n = 1.667. How much work does it give out?

Solution:
Process equation:  PV" = constant = Plvg = szg
Solve for the volume at state 2

125 0.6
) =0.2852 m3

Vy = Vq (P1/P,)" = 0.25 x (ﬁ

Work from Eq.3.21

_ P3Vp-P1 Vi 100x 0.2852 - 125x 0.25

3_
Wy =——F = T 1667 kPa m® = 4.09 kJ

The actual process is
on a steeper curve than
n=1.
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3.55
Air goes through a polytropic process from 125 kPa, 325 K to 300 kPa and 500 K.
Find the polytropic exponent n and the specific work in the process.

Solution:
Process: PV" = Const = Pyvy = P, vy
Ideal gas Pv=RT so

_ Rl _Y.20f X9c0 3
1=7p = 125 =0.7462 m-/kg

_RT 0.287 x500 _ 3
2= p =" 300 = 0.47833 m°/kg

From the process equation

(Pol P) = (vi/ vp)"  => In(P,/ Py) =n In(vy/ vy)

In 2.4
n=1n(Pyf Py) [ In(v/ vy) = 11 56 = 1.969

The work is now from EQ.3.21 per unit mass and ideal gas law
Povo—Pvi R(T2-T1)  0.287(500 — 325)

W2 = 1n ~  1n 1-1969
= -51.8 kJ/kg

(k/kg-K) K
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3.56
A balloon behaves so the pressure is P =C, Vi, C, =100 kPa/m. The balloon

is blown up with air from a starting volume of 1 m3 to a volume of 4 m3. Find the
final mass of air assuming it is at 25°C and the work done by the air.
Solution:

The process is polytropic with exponent n =-1/3.
P, = C V3 =100 x 113 = 100 kPa

P,=C, V3 =100 x 43 =158.74 kPa

PV, -P,V

W, = J PdVv = 22 11 i 3 nl L (Equation 3.18 and 3.21)
158.74 x 4 - 100 x 1
— -m3 =
1- (-173) kPa-ms =401.2 kJ

PV 15874 x4 kPa-m3
M2="RT, = 0.287 x 298 ki/kg

P
2
1
!
T—
_

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.

=7.424 kg




www.konkur.in
Borgnakke and Sonntag

3.57

Consider a piston cylinder with 0.5 kg of R-134a as saturated vapor at -10°C. It is now
compressed to a pressure of 500 kPa in a polytropic process with n = 1.5. Find the
final volume and temperature, and determine the work done during the process.

Solution:
Take CV as the R-134a which is a control mass. my=mq=m
Process: Pvl'5 = constant until P =500 kPa
1:(T,x) v,=0.09921 mikg, P= Psat = 201.7 kPa  from Table B.5.1

2: (P, process) Vs, = vy (P1/Py) (1/1.5)

= 0.09921x (201.7/500)%" = 0.05416 m3/kg
Given (P, v) at state 2 from B.5.2 it is superheated vapor at T, = 79°C

Process givesP =C v 15 , Which is integrated for the work term, Eq.(3.21)

m
1Wo = I PdV =775 (Pava-P1vy)

2
05 K9 x (500 x 0.05416 - 201.7 x 0.09921) kPa-m3/kg
0

=-7.07 kJ
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3.58
The brake shoe and steel drum on a car continuously absorbs 75 W as the car
slows down. Assume a total outside surface area of 0.1 m? with a convective heat

transfer coefficient of 10 W/m? K to the air at 20°C. How hot does the outside
brake and drum surface become when steady conditions are reached?

Solution :

Convection heat transfer, Eq.3.24

) = _Q
Q=hAAT = AT=1%
B5W
AT:(TBRAKE_ZO): =75°C

10 Wm—2K-1 x 0.1 m?
TBRAKE =20+75=95°C
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3.59
A water-heater is covered up with insulation boards over a total surface area of 3

m?2. The inside board surface is at 75°C and the outside surface is at 18°C and the
board material has a conductivity of 0.08 W/m K. How thick a board should it be
to limit the heat transfer loss to 200 W ?

Solution :

Steady state conduction through a single layer
board, Eq.3.23.

Qcond:kA_ = AX:kAAT/Q

AX
_ W o 75-18 K 3
Ax—0.0Bme3m X500 W $
=0.068 m
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3.60
Find the rate of conduction heat transfer through a 1.5 cm thick hardwood board,

k =0.16 W/m K, with a temperature difference between the two sides of 20°C.

One dimensional heat transfer by conduction, we do not know the area so
we can find the flux (heat transfer per unit area W/mz).

< AT W 20 K 2
q=Q/A=k AX _0'16mKX0.015m =213 W/m

—
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3.61

A 2 m? window has a surface temperature of 15°C and the outside wind is
blowing air at 2°C across it with a convection heat transfer coefficient of h = 125
W/m?2K. What is the total heat transfer loss?

Solution:
Convection heat transfer, Eq.3.24

O =hAAT =125 W/m?K x 2 m? x (15 - 2) K = 3250 W

as a rate of heat transfer out.

15C

\-

2o0c M
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3.62

Due to a faulty door contact the small light bulb (25 W) inside a refrigerator is
kept on and limited insulation lets 50 W of energy from the outside seep into the
refrigerated space. How much of a temperature difference to the ambient at 20°C

must the refrigerator have in its heat exchanger with an area of 1 m? and an
average heat transfer coefficient of 15 W/m? K to reject the leaks of energy.

Solution :

Q=25 +50 =75 W to go out
Convection heat transfer, Eq.3.24

O=hAAT=15x1xAT=75W

Q 75 W _Eoc
hA ™ 15 W/(m2K) x 1 m2 ~
so T must be at least 25 °C

AT =
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3.63

A large condenser (heat exchanger) in a power plant must transfer a total of 100
MW from steam running in a pipe to sea water being pumped through the heat
exchanger. Assume the wall separating the steam and seawater is 4 mm of steel,
conductivity 15 W/m K and that a maximum of 5°C difference between the two
fluids is allowed in the design. Find the required minimum area for the heat
transfer neglecting any convective heat transfer in the flows.

Solution :
Steady conduction through the 4 mm steel wall, Eq.3.23.

: AT :
Q=k A X A =Q Ax/KAT

A =100 x 10° W x 0.004 m / (15 W/mK x 5 K)
= 480 m?

Sea
water
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3.64
The black grille on the back of a refrigerator has a surface temperature of 35°C with a
total surface area of 1 m?. Heat transfer to the room air at 20°C takes place with an

average convective heat transfer coefficient of 15 W/m? K. How much energy can be
removed during 15 minutes of operation?

Solution :
Convection heat transfer, Eq.3.24

Q=hAAT; Q=0QAt= hAAT At

Q=15 WIm? K x 1 m? x (35-20) K x 15 min x 60 s/min
=202 500 J =202.5 kJ

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

3.65

A pot of steel, conductivity 50 W/m K, with a 5 mm thick bottom is filled with
15°C liquid water. The pot has a diameter of 20 cm and is now placed on an
electric stove that delivers 500 W as heat transfer. Find the temperature on the
outer pot bottom surface assuming the inner surface is at 15°C.

Solution :

Steady conduction, Eq.3.23, through the bottom of the steel pot. Assume
the inside surface is at the liquid water temperature.

. AT .
Q=k AT = AT=QAx/kA

T

AT =500 W x 0.005 m /(50 W/m-K x 7 x 0.22m?) = 1.59 K
T=15+1.59=16.6°C

|
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3.66

A log of burning wood in the fireplace has a surface temperature of 450°C.
Assume the emissivity is 1 (perfect black body) and find the radiant emission of
energy per unit surface area.

Solution :

Radiation heat transfer, EQ.3.25

Q/A=1xoc T
=5.67 x 10 *W/m?K%x ( 273.15 + 450)* K*
= 15 505 W/m?
= 15.5 KW/m?
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3.67

A wall surface on a house is at 30°C with an emissivity of ¢ =0.7. The
surrounding ambient to the house is at 15°C, average emissivity of 0.9. Find the
rate of radiation energy from each of those surfaces per unit area.

Solution :
Radiation heat transfer, EQ.3.25

OQ/A=ecAT?, =567 x10° Wim?k*
a) O/A=0.7 x 5.67 x 10° W/m2K* x (273.15 + 30)* K* =335 W/m?

b) O/A=0.9 x 5.67 x 10°° W/m2K* x 288.15% K* = 352 W/m?
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3.68

A radiant heat lamp is a rod, 0.5 m long and 0.5 cm in diameter, through which
400 W of electric energy is deposited. Assume the surface has an emissivity of 0.9
and neglect incoming radiation. What will the rod surface temperature be ?

Solution :
For constant surface temperature outgoing power equals electric power.
Radiation heat transfer, EQ.3.25

Q. =ecAT! =0

rad ~ =

el
T'=Q,,/ eoA

= 400 W/ (0.9 x 5.67 x10 2 W/m?K*x 0.5 x 1t x 0.005 m?)

=9.9803 x10* K*
— T=1000K OR 725°C
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3.69

A radiant heating lamp has a surface temperature of 1000 K with ¢ = 0.8. How
large a surface area is needed to provide 250 W of radiation heat transfer?

Radiation heat transfer, EQ.3.25. We do not know the ambient so let us
find the area for an emitted radiation of 250 W from the surface

. -~ N
Q = ecAT? N
. ~N
Al Q _ 250 W
ecT? 0.8 x5.67 x 108 x 10004 Wim2 ™
= 0.0055 m?
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Properties (u, h) from General Tables
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3.70
Determine the phase of the following substances and find the values of the

unknown quantities.
a. Nitrogen, P = 2000 kPa, 120K, v=?,Z2="7?
b. Nitrogen 120 K, v = 0.0050 m*/kg, Z = ?
c. Air, T=100 C, v =0.500 m*kg, P =?
d. R-410A, T =25°C,v=0.01 m°/kg,P=?,h="?

Solution:
a. B.6.2 at 2000 kPa, 120 K: v =0.0126 m3/kg; A.5: R =0.2968 kJ/kgK

_ Pv 2000 x 0.0126 kPa m®/kg
T RT ™ 0.2968 x 120 (kJ/kgK) K

b. TableB.6.1:  vg<v<vy=0.00799 m3/kg so two-phase L + V
P =Py = 2513 kPa

0.005 — 0.001915
X = (V- Vplvgg = 0.00608 =0.5074

=0.7075

_ Pv _2513x0.005 kPam3/kg
~RT ~0.2968 x 120 (ki/kgK) K

=0.353

c. Ideal gas, P =RT/v=0.287 kJ/kgK x 373.15 K / 0.5 m*/kg = 214 kPa

d. B.4.1 at 25°C, v¢=0.000944, vg=0.01514, v¢ <V <V : saturated.

V—Vs 0.01-0.000944
P =1653.6 kPa, X = Vig 0.0142 = 0.63775,

h'=h¢+ X heg =97.59 + 0.63775 x 186.43 = 216.486 kJ/kg

AP cpr

States shown are placed
relative to the two-phase
region, not to each other.
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3.71
Find the phase and the missing properties of T, P, v, u and x for water at:
a. 500 kPa, 100°C b. 5000 kPa, u = 800 kJ/kg
c. 5000 kPa, v=0.06 m3/kg  d. -6°C, v=1m3/kg
Solution:
a) Look in Table B.1.2 at 500 kPa
T<Tg=151°C => compressed liquid
Table B.1.4: v =0.001043 m3/kg, u=418.8 ki/kg
b) Look in Table B.1.2 at 5000 kPa
u<us =1147.78 kid/kg =>  compressed liquid
Table B.1.4:  between 180°C and 200°C
_ 800 - 759.62 _ o
T =180 + (200 - 180) 848.08 - 750.60 — 180 +20%0.4567 = 189.1°C
v = 0.001124 + 0.4567 (0.001153 - 0.001124) = 0.001137 m3/kg
c) Lookin Table B.1.2 at 5000 kPa
Vv >vg =0.03944 m3/kg => superheated vapor
Table B.1.3:  between 400°C and 450°C.
_ 0.06 - 0.05781 N o
T =400 +50%x 570633 0.05787 — 400 +50%0.3989 = 419.95°C
u=2906.58 + 0.3989 x (2999.64 - 2906.58) = 2943.7 kJ/kg
d) B.15 vj<v<vy=33414m¥kg => 2-phase, P=Pg = 887.6kPa,
X =(v-Vj)/vgg =(1-0.0010898)/334.138 = 0.0029895
U=Uj +XUgg =-345.91 + 0.0029895x2712.9 = -337.8 ki/kg
3.72
A" CP. A" ce.
P = const.
States shown are placed c
relative to the two-phase
region, not to each other. b
ajg d
b )V
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3.73
Find the missing properties and give the phase of the ammonia, NHs.
a. T=65°C, P =600 kPa u=? v=2
b. T =20°C, P =100 kPa u=? v=? x=?

c. T=50°C, v =0.1185 m3/kg u=? P=? x=?

Solution:
a) Table B.2.1 P <Psat => superheated vapor Table B.2.2:

v =0.5x0.25981 + 0.5 x 0.26888 = 0.2645 m3/kg
u=0.5x1425.7 + 0.5 x 1444.3 = 1435 kJ/kg

b) Table B.2.1: P < Psat => x = undefined, superheated vapor, from B.2.2:
v=14153m3kg: u=1374.5kJ/Kg

c) Sup.vap. (Vv >vg) Table B.2.2. P =1200 kPa, x = undefined
u= 1383 kJ/kg

P T
C.p.
4 A 1200 kPa

States shown are c 00 kPa
placed relative to the a
two-phase region, not T b
to each other. 2

I "V [ >V
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3.74

Find the missing properties of (P, T, v, u, h and x) and indicate the states in a P-v
and T-v diagram for

a. Water at 5000 kPa, u = 1000 kJ/kg (Table B.1 reference)

b. R-134a at 20°C, u = 300 kJ/kg
c. Nitrogen at 250 K, 200 kPa

Solution:

a) Compressed liquid: B.1.4 interpolate between 220°C and 240°C.
T =233.3°C, v=0.001213 m%kg, X = undefined

b) Table B.5.1: u<ug => two-phase liquid and vapor
X = (U - ug)lugg = (300 - 227.03)/162.16 = 0.449988 = 0.45
v =0.000817 + 0.45 x 0.03524 = 0.01667 m3/kg

c) TableB.6.1: T > Ty, (200 kPa) so superheated vapor in Table B.6.2
x = undefined

v = 0.5(0.35546 + 0.38535) = 0.3704 m3/kg,
u=0.5(177.23 + 192.14) = 184.7 kJ/Kg

A" cp L' cP.
a P = const.
States shown are a "
placed relative to the c
two-phase region, not ‘T
to each other.
| NV | \ v
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3.75
Determine the phase and the missing properties
a. H,O 20°C, v = 0.001000 m*/kg P=? u=?
b. R-410A 400 kPa,v=0.075m%kg T=?, u=?
c. NHs 10°C, v =0.1 m¥/kg P=?2u="?
d. N,  101.3 kPa, h =60 kJ/kg T=? v=2?

a) Enter Table B.1.1 with T and we see at 20°C, v <v¢ so compressed liquid and
Table B.1.4: P =5000 kPa and u=83.64 kJ/Kkg.

b) Table B.4.2: P =400kPa V> vy sosuperheated, interpolate

0.075 - 0.07227 .
T=0+205 07916 —0.7227 = 20 ¥ 0.3962 = 7.9°C

u=261.51+ (276.44 — 261.51) x 0.3962 = 267.43 kJ/Kg,

c) TableB.2.1 at10°C, vi =0.0016 m*/kg, vy =0.20541 m°/kg
so two-phase P = Py, = 615.2 kPa
V-Vf 0.1-0.0016
XZ vy ~ 0.20381
U= Ug + X Ugg = 225.99 + X x 1099.7 = 756.93 kd/kg

=0.4828

d) Table B.6.1 shows that at 101.3 kPa, hy < h <hg =76.69 ki/kg,
so saturated two-phase T =77.3 K

x = (h—hg) / heg = (60 + 122.15)/198.84 = 0.916

V = Vg + X Vgg = 0.001240 + 0.916 x 0.21515 = 0.1983 m*/kg

AP cP.

States shown are P = const.

placed relative to the two-
phase region, not to each
other.
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3.76
Find the missing properties of (u, h, and x)

a.  H,0 T=120°C,v=0.5mkg
b.  H,0 T=100°C,P =10MPa
c. N, T=100K,x=0.75

d. N, T=200K,P=200kPa
e.  NHy T=100°C,v=0.1m%kg
Solution:

a) Table B.1.1: v¢ <v<vg => L+V mixture, P =198.5 kPa,
x = (0.5 -0.00106)/0.8908 = 0.56,
u =503.48 + 0.56 x 2025.76 = 1637.9 kJ/kg

b) Table B.1.4: compressed liquid, v =0.001039 m%/kg, u = 416.1 kJ/kg
c) Table B.6.1: 100K, x=0.75
v =0.001452 + 0.75 x 0.02975 = 0.023765 m°/kg
u=-74.33 +0.75 x137.5 = 28.8 kJ/Kkg
d) Table B.6.2: 200 K, 200 kPa
v=0.29551 m3kg ; u=147.37 ki/kg
e) Table B.2.1: v>vy => superheated vapor, x = undefined

0.1-0.10539
0.08248-0.10539

B.2.2: P =1600 + 400 x = 1694 kPa

A" cp. A cPr

P = const.
States shown are

placed relative to the
two-phase region, not
to each other.
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3.77
Determine the phase of the following substances and find the values of the

unknown quantities.
a. R-410A, T =-20°C, u =220 kJ/kg,P=?,x="7?
b. Ammonia, T = -20°C, v =0.35 m%kg, P=?, u="?
c. Water, P =400 kPa, h =2800 kJ/kg, T=?,v="?

a. At-20°CinB.4.1 u<ug=245.99kJkg so,
X = (U — u)lugg = (220 — 27.92)/218.07 = 0.8808
P = P = 399.6 kPa

b. At —20°C, v; = 0.001504, vy = 0.62334 m®/kg, Vi <V <V, : saturated.

P =190.2 kPa,
V—v; 0.35-0.001504
X="V, © 062184 020043,

U= Ug+ X Ugg = 88.76 + 0.56043 x 1210.7 = 767.27 ki/kg

c.B.1.2 at400 kPa: h>hy=2738.5kl/kg so superheated vapor.
we locate it between 150 and 200°C and interpolate
y = (2800 — 2752.82)/(2860.51 — 2752.82) = 0.43811
T =150 +y (200 — 150) = 171.9°C
v = 0.47084 + y (0.53422 — 0.47084) = 0.4986 m*/kg
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3.78
Find the missing properties for CO, at:
a) 20°C,2MPa  v=? and h=2?
b) 10°C,x=05 P=?, u="?
c) 1MPa,v=0.05m3kg, T=? h=?

Solution:
a) Table B.3.1 P <Pgyu=5729 kPa so superheated vapor.

Table B.3.2: v =0.0245 m3/kg, h =368.42 ki/kg

b) Table B.3.1 since x given it is two-phase
P = Pgyt = 4502 kPa

U= Uf + X Ugg = 107.6 + 0.5 x 169.07 = 192.14 kJ/kg

c) TableB.3.1 v>vy=0.0383 m3/kg so superheated vapor

Table B.3.2: Between 0 and 20°C so interpolate.

0.05-0.048
0.0524 - 0.048

h=361.14 + (379.63 — 361.14) x 0.4545 = 369.54 k/kg

T=0+20 x =20 x 0.4545 = 9.09°C
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3.79
Find the missing properties among (T, P, v, u, h and x if applicable) and indicate
the states in a P-v and a T-v diagram for

a. R-410A P =500 kPa, h =300 kJ/kg
b. R-410A T =10°C, u =200 kJ/kg
C. R-134a T =40°C, h = 400 kJ/kg
Solution:
a) Table B.4.1: h>hy => superheated vapor, look in section 500 kPa and
interpolate
T=0+20x 028784 __ . 066303= 13.26°C,

306.18 — 287.84

v = 0.05651 + 0.66303 x (0.06231-0.05651) = 0.06036 m3/Kg,
u = 259.59 + 0.66303 x (275.02 — 259.59) = 269.82 kJ/Kg

b) Table B.4.1: u<ug=255.9 ki/kg => L+V mixture, P =1085.7 kPa

_U-Uf 200-72.24
*T u ~ 18366

v =0.000886 + 0.6956 x 0.02295 = 0.01685 m3/kg,
h=73.21 + 0.6956 x 208.57 = 218.3 kJ/kg

= 0.6956,

c) Table B.5.1: h<hgy =>two-phase L +V, look in B.5.1 at 40°C:

_h-hs 400 - 256.5
X hy - 1633

v =0.000 873 + 0.87875 x 0.01915 = 0.0177 m3/kg
u=255.7 +0.87875 x 143.8 = 382.1 kJ/kg

= 0.87875, P =Py = 1017 kPa,

AP cp

States shown are

placed relative to the
two-phase region, not < T
to each other.
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Saturated liquid water at 20°C is compressed to a higher pressure with constant
temperature. Find the changes in u and h from the initial state when the final
pressureis  a) 500 kPa, b) 2000 kPa

Solution:
State 1 is located in Table B.1.1 and the states a-c are from Table B.1.4

State  u[kikg] h[kIkg] Au=u-u, Ah=h-h, A(PV)

1 83.94 83.94
a 83.91 84.41 -0.03 0.47 0.5
b 83.82 85.82 -0.12 1.88 2

For these states u stays nearly constant, dropping slightly as P goes up.
h varies with Pv changes.

AT

b,a,1
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3.81
Determine the phase of the following substances and find the values of the
unknown quantities.
a. Water, P =500 kPa, u=2850 ki/kg, T=?,v="?
b. R-134a, T =-10°C,v=0.08 m*kg, P=2,u="?
c. Ammonia, T =-20°C, u=1000 kJ/kg, P =?,x="?

a.B.1.2 at500 kPa: u>ug=2561kJ/kg so superheated vapor.
we locate it between 300 and 350°C and interpolate

X = (2850 — 2802.9)/(2882.6 — 2802.9) = 0.590966
T =300 + x (350 — 300) = 329.55°C
v = 0.52256 + x (0.57012 — 0.52256) = 0.5507 m%/kg

b. B.5.1 at ~10°C, v¢ = 0.000755 m®/kg, vy = 0.09921 m*/kg, vf<V <vy:
saturated, P =201.7 kPa,
X = (V — V¢ )/vgg = (0.08-0.000755)/0.09845 = 0.805,
U = Uf + X Ugg = 186.57 + 0.805 x 185.7 = 336 kl/kg

c.B.2.1at-20°C: u<ug=1299.5kJkg so, P = Pg =190.2 kPa

X = (U~ ug)/ugy = (1000 — 88.76)/1210.7 = 0.7526
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3.82

Consider Problem 3.101. Take the whole room as a C.V. and write both
conservation of mass and energy equations. Write some equations for the process
(two are needed) and use those in the conservation equations. Now specify the
four properties that determines initial (2) and final state (2), do you have them all?
Count unknowns and match with equations to determine those.

C.V.: Containment room and reactor.
Mass: my,-m; =05 m,=m; =Vieactor
Energy:  m(u, -u;) =,Q, -, W,

Process: Room volume constant V=C = 1W2 =0

/v1

Room insulated = ,Q,=0
Using these in the equation for mass and energy gives:

m,=V,v,=m;;  m(,-u)=0-0=0
State 1: P,, T, soTable B.1.4 gives v
State 2: P,,?

We do not know one state 2 property and the total room volume
Energy equation then gives  u, =u,; (astate 2 property)

State 2: P2, u, =V

u, =@ m

-1 1

1

2
Now we have the room volume as

Continuity Eq.:  m, =V/v,=m so V=m,v

1
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3.83

Consider a steel bottle as a CV. It contains carbon dioxide at —20 °C, quality 20%.
It has a safety valve that opens at 6 MPa. The bottle is now accidentially heated
until the safety valve opens. Write the process equation that is valid until the
valve opens and plot the P-v diagram for the process.

Solution:
C.V. carbon dioxide, which is a control mass of constant volume.
Energy Eq.3.5 (3.26): Uo - Up =102 - {W>p
Process: V = constant and m = constant
=> v=constant; qw,=0
State 1: Table B.3.1, P71 =Pgy=1970 kPa
V1 = V¢ + X Vfg = ...
State 2: 6000 kPa, vi=vy=..... => TableB.3.10rB.3.2
T2 =, U=
102 = (Uz-Up) = ...
A P
[\ 2 State 2 could also be in the
6000 \ - two-phase region if
\ Vi =V <vgat6 MPa
1970 1
l
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3.84

A piston/cylinder contains water with quality 75% at 200 kPa. Slow expansion is
performed while there is heat transfer and the water is at constant pressure. The
process stops when the volume has doubled. How do you determine the final state
and the heat transfer?

CV. Water, this is a control mass, we do not know size so do all per unit mass.
Energy Eq.3.5: Up - Uy =40, - W,

Process: P=C; qwp= j Pdv =P(vy —vq)
State 1: X1, P TableB.1.2 gives Ty, ug
State 2: Vp=2vi=... & P,=P;
Compare Vv, to vq to determine if sup. vapor or not.
Either find x, or interpolate to get T, and u, in B.1.3
Process: P =C so the work term integral is

1Wo = _[ Pdv = P(V2 - V]_) SR
From the energy equation

] —
AP cp A’ cP.
, /\ 200 kPa
200 } 1 2
— TN~T w ] [
1
> -’
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3.85

Consider Problem 3.173 with the final state given but that you were not told the
piston hits the stops and only told Vo, = 2 V4. Sketch the possible P-v diagram

for the process and determine which number(s) you need to uniquely place state 2
in the diagram. There is a kink in the process curve what are the coordinates for
that state? Write an expression for the work term.

C.V. R-410A. Control mass goes through process: 1->2->3

As piston floats pressure is constant (1 -> 2) and the volume is constant for the
second part (2 ->3). Sowe have: vy=v,=2xv,

StatGZZVZZVstOp = v2:2><v1:v3and P2:P1 = T2:...
State 3: Table B.4.2 (P, T) v, =0.02249 m3/Kkg, Uy =287.91 k/kg

Now we can find state 1 (Tq, vq = v3/2 = 0.011245 m3/kg) two-phase
Then state 2 (the kink)

Vo = V3 = 0.02249 m3/kg

P, =P, =1085.7 kPa = Pgy;

W=[Pdv=PN,-V,)=Pm(v,-v,)

A P

E R, 1 \ 3
b T~
R-410A 1 2
Vv
—
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3.86

Take problem 3.210 and write the left hand side (storage change) of the
conservation equations for mass and energy. How do you write m4 and Eq. 3.5?

C.V.: Both rooms A and B in tank. A B
Continuity Eq.: m,—My; —Mg; =03
Energy Eq.: MyUy —MpgUag = Mgylgy =1Q, =W,

Notice how the state 1 term split into two terms
m = [pav=] @) dv =V v, +Vghvg =m
and for energy as
mu, = [ pudv=] (V) dV = (U Ny )V, + (Ug Ve Vg

m

a1t Mgy

=MpaUa + MpiUpg

Formulation continues as:
Process constant total volume: Vtot =V At VB and 1W2 =0

m,=m

2 =Mpg + Mgy => vV, =Vig/m,

Bl
etc.
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Two rigid insulated tanks are connected with a pipe and valve. One tank has 0.5
kg air at 200 kPa, 300 K and the other has 0.75 kg air at 100 kPa, 400 K. The
valve is opened and the air comes to a single uniform state without any heat
transfer. How do you determine the final temperature and pressure?

Solution:
C.V. Total tank. Control mass of constant volume.
Mass and volume: My =Mp + Mpg; V=Vp+Vp
Energy Eq.: Uz —Ug=myup; —maua; —Mgugg =1Q2—1W2=0
Process Eq.: V =constant = W, =0; Insulated = Q,=0
Ideal gas at Al: Vo =maRTA1/Pa1= ...
UAL= -eee from Table A.7
Ideal gas at B1: Vg =mgRTg/Pg1=.......

State 2: My = Ma+mg; => vp=V/imp=...

_MplUa + MUy

Energy Eq.: Up = m, => Table A7.1: T,
P2 =my RT2 N=....
~1 0_-
B A
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3.88
Look at problem 3.183 and plot the P-v diagram for the process. Only T is given,

how do you determine the 2™ property of the final state? What do you need to
check and does it have an influence on the work term?

Process: P=constant=F/A=P; if V> Vmin
V =constant=Vq,= Vi, if P<Py

State 1: (P, T) V= mRT4/P; = 0.5 x 0.287 x 1000/2000 = 0.07175 m?

The only possible P-V combinations for this system are shown in the diagram so
both state 1 and 2 must be on the two lines. For state 2 we need to know if it is on
the horizontal P line segment or the vertical V segment. Let us check state 1a:

Vi
State la: P1a=P1, V1a=Vmin, ldealgasso T1,=T; V_la

We see if T, < Ty, then state 2 must have V, = V15 = Vpyip = 0.03 m3. So state 2
: To Vs
is known by (T, vp) and Py = Pqx T, X v,

If it was that T, > T1, then we know state 2 as:  T,, P, = P; and we then have
T

Ty

The work is the area under the process curve in the P-V diagram and so it does

make a difference where state 2 is relative to state 1a. For the part of the process
that proceeds along the constant volume Vi, the work is zero, there is only work

when the volume changes.
Wp= [2PAV = Py (Vip—Vy)

V2 = le

| I AT
1a 1 . 1
5 C P1_ ' 1 la
T3
P2“ 2 v T2" 2 y
— |
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3.89
A 100-L rigid tank contains nitrogen (N») at 900 K, 3 MPa. The tank is now
cooled to 100 K. What are the work and heat transfer for this process?
Solution:
C.V.:Nitrogen intank.  mp=m,;

Energy Eq.3.5: m(uz - u;) = ,Q, - | W,

Process: V = constant, V, =V, = Vim = 1W2 =0

Table B.6.2: State 1: v, =0.0900 m*kg => m = V/v, = 1.111 kg
u, = 691.7 ki/kg

State 2: 100K, v, = v, = V/m, look in Table B.6.2 at 100 K

2
200 kPa: v =0.1425 m3/kg; u=71.7 ki/kg
400 kPa: v =0.0681 m3kg; u=69.3 ki/kg

so a linear interpolation gives:
P, =200 + 200 (0.09 - 0.1425)/(0.0681 — 0.1425) = 341 kPa

0.09 — 0.1425
U, =717+ (69.3 - 71.7) 5 oaa1 — 0.1225 = 700 kl/kg,

,Q, =m(u, - u,) = 1.111 kg (70.0 - 691.7) ki/kg = —690.7 kJ
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A constant pressure piston/cylinder aasembly contains 0.2 kg water as saturated
vapor at 400 kPa. It is now cooled so the water occupies half the original volume.
Find the work and the heat transfer in the process.

Solution:
Energy Eq.3.5: m(uz - u;) = ,Q, - W,

Process: P=C; {Wp= ,[ PdV =P(V, - V)

Table B.1.2
State 1: vy = 0.46246 m3/kg; uq = 2553.55 kl/kg
State 2: Vo =Vy/ 2= 0.23123 m3/kg = v + X Vg,
V2 -Vi2  0.23123 - 0.001084
X2="vip © oa4elag 04988

Up = Ugp + X Uggp = 604.29 + X, x 1949.26 = 1576.58 ki/kg
Process: P =C so the work term integral is

1Ws5 = P(V5-V1) = 400 kPa x 0.2 x (0.23123 — 0.46246) m3

=-18.5kJ
From the energy equation
1Q, =m(up - uy) + W5 =0.2 (1576.58 — 2553.55) - 18.5

=_213.9kJ
AP cp. A cr.
P = 400 kPa
2 \1
400 +
/ T 144 1
h »V >V
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Saturated vapor R-410A at 0°C in a rigid tank is cooled to -20°C. Find the
specific heat transfer.

Solution:
C.V.:R-410Aintank.  mp=m,;

Energy Eq.3.5: (Uz - uy) =40, - W,

Process: V = constant, v, = v, = Vim => W, = 0

Table B.4.1: State 1: u, = 253.0 ki/kg

State 2: -20°C, V,=v, =V/m, lookin Table B.4.1 at -20°C

_V2-Vf2  0.03267 - 0.000803
27 vegp 0.06400

Up = Ugp + Xp Uggp = 27.92 + X5 x218.07 = 136.5 ki/kg

From the energy equation
102 = (up —uq) = (136.5-253.0) =-116.5 kJ/kg

=0.4979

AP

NN

s
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Ammonia at 0°C, quality 60% is contained in a rigid 200-L tank. The tank and
ammonia is now heated to a final pressure of 1 MPa. Determine the heat transfer
for the process.

Solution:
C.V. NH3
A P
~_0 ‘E?g:u 5
1
V
.
Continuity Eq.: m,=m; =m;
Energy Eq.3.5: m(u, - uy) =,Q, - W,
Process: Constant volume = V, =V & 1W2 =0

State 1: Table B.2.1 two-phase state.
v, = 0.001566 + x; x 0.28763 = 0.17414 m3/kg

u; =179.69 + 0.6 x 1138.3 = 862.67 kl/kg

m = Vv, =0.2m3/0.17414 m%/kg = 1.148 kg

State 2: P, , v, = v, superheated vapor Table B.2.2

1
= T,=100°C, u,= 1490.5 kJ/kg

So solve for heat transfer in the energy equation
1Q, =m(u, - u;) = 1.148 kg (1490.5 - 862.67) ki/kg = 720.75 kJ
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A rigid tank contains 1.5 kg of R-134a at 40°C, 500 kPa. The tank is placed in a
refrigerator that brings it to -20°C. Find the process heat transfer and show the

process in a P-v diagram.

CV the R-134a.

Energy Eq.: Uy — Uy =1Q2 —1W2 =1Qy,
Process: RigidtankV=C => v=constant & W, = f% PdV =0

State 1: v = 0.04656 m*/kg,
up = 407.44 ki/kg

State2: T,v => two-phase
(straight down in P-v diagram
from state 1)

+P

~4507

125C

134 T

\/

Xp = (v - Vp)/vgg = (0.04656 — 0.000738)/0.14576 = 0.31437
Up = Ug + X Ugg = 173.65 + 0.31437x 192.85 = 234.28 kl/kg

From the energy equation

1Q, = m(uy — Uy) = 1.5 kg (234.28 — 407.44) ki/kg = -259.7 kJ
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A piston cylinder contains air at 600 kPa, 290 K and a volume of 0.01 m3. A
constant pressure process gives 54 kJ of work out. Find the final volume, the
temperature of the air and the heat transfer.

C.V AIR control mass

Continuity Eq.: my—my =0
Energy Eq.: m (U2 —Uy) =1Q2 - 1W>
Process: P=C so {W,=]/PdV=P(V,-Vy)

State1: Py, T1,Vq State2:P1 =Py, ?
600 kPa x 0.01 m3
My = P1IVI/RTL = 5587 kilkg-K x 200 K ~ 00721 kg

1W2 = P(V2 —Vl) =54kJ >
Vo —Vq = (W, /P =54k /600 kPa=0.09 m

V,=Vy+ W, /P=0.01+0.09=01m
Ideal gas law : P,V, = mRT,

Po2Vo 0.10
PV, 117001
1V1 :

Energy equation with u’s from table A.7.1
1Q2=m (uz —uy ) + Wy
=0.0721 kg x (2563.8 — 207.19) kJ/kg + 54 kJ
=223.9 kJ

T,=PyV,/mR = x 290 K =2900 K
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Two kg water at 120°C with a quality of 25% has its temperature raised 20°C in a
constant volume process as in Fig. P3.95. What are the heat transfer and work in
the process?

Solution:
C.V. Water. This is a control mass - ‘11@]
Energy Eq..  m(uz —u1) =1Q2—1W;
Process : V = constant

> (W= [PdV=0 TTEN)
State 1: T, X, from Table B.1.1

V1 = Vg + X1 Vgg = 0.00106 + 0.25 x 0.8908 = 0.22376 m3/kg

Up = Ug + Xq Ugg =503.48 +0.25 x 2025.76 = 1009.92 k/kg
State 2: Tp, Vo = V1< vgp = 0.50885 m3/kg  so two-phase

V2-Vr2 0.22376 - 0.00108
2= Tvg o osor7y - 04385

Up = Upp + X Uggp = 588.72 + x5 x1961.3 = 1448.84 ki/kg
From the energy equation
1Q2 =m(uy — up) = 2 kg x (1448.84 — 1009.92) kJ/kg = 877.8 kJ

AP cp A\’ cp

40C

361.31 e T %ég i
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3.96
A cylinder fitted with a frictionless piston contains 2 kg of superheated refrigerant

R-134a vapor at 350 kPa, 100°C. The cylinder is now cooled so the R-134a
remains at constant pressure until it reaches a quality of 75%. Calculate the heat
transfer in the process.

Solution:
C.V.: R-134a m,=m, =m;

Energy Eq.3.5 m(u, - u;) =,Q, - ;W,

Process: P = const. = W, = deV =PAV =P(V, - V;) =Pm(v, - v,)

AP A'|'

Vv V
L .

State 1: Table B.5.2  h, =(490.48 + 489.52)/2 = 490 kJ/kg

State 2: Table B.5.1  h,=206.75 + 0.75 x194.57 = 352.7 k/kg (350.9
kPa)

1Qy =m(u, - uy) + W, =m(u, - u;) + Pm(v, - v;) =m(h, - hy)

1Q, =2 kg x (352.7 - 490) k/kg = -274.6 kJ
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A piston cylinder contains 1.5 kg water at 200 kPa, 150°C. It is now heated in a

process where pressure is linearly related to volume to a state of 600 kPa, 350°C.
Find the final volume, the work and the heat transfer in the process.

AP CP
Take as CV the 1.5 kg of water.
My=m;=m; 600 7 /A\Z
Process Eq.:. P=A+BV (linearlyinV) 200 T : T
State 1: (P,T) => v;=0.95964 m3/kg,
u; = 2576.87 kl/kg | oV

State 2: (P, T) => v,=0.47424 m3/kg, u, =2881.12 kl/kg
V2 =mvp = 0.7114 m3

From process eq.:

m
Wo=] Pdv=area= 5 (P1+Py)(va—vy)

1
= 75 kg (200 + 600) kPa (0.47424 — 0.95964) m3/kg = —291.24 kJ

Notice volume is reduced so work is negative.

Energy Eq.. m(uz —ug) = 1Q2 — W,
1Q2 =m(up —uy) + W,
= 1.5 kg (2881.12 - 2576.87) ki/kg — 291.24 kJ
=165.1 kJ
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A piston/cylinder contains 50 kg of water at 200 kPa with a volume of 0.1 me.
Stops in the cylinder are placed to restrict the enclosed volume to a maximum of

0.5 m®. The water is now heated until the piston reaches the stops. Find the
necessary heat transfer.

Solution:
C.V. HZO m = constant

Energy Eq.3.5:  m(e, —e;) = m(u, —u;) =,Q, - W,
Process : P = constant (forces on piston constant)
= W,=[PdV=P (V,-V,)
Properties from Table B.1.1
State 1: v, =0.1/50 = 0.002 m3/kg => 2-phase as v, < v

Vi—Vf 0.002 -0.001061

1T v T 0.88467
h, =504.68 +0.001061 x 2201.96 = 507.02 ki/kg

=0.001061

State 2: v,=0.5/50 = 0.01 m3/kg also 2-phase same P

V2=Vi _ 0.01-0.001061
27 vig T 0.88467

h2 504.68 + 0.01010 x 2201.96 = 526.92 kJ/kg
Find the heat transfer from the energy equation as

1Qp = m(u, —uy) +, W, =m(h, ~hy)

1Q, =50 kg x (526.92 — 507.02) ki/kg = 995 kJ

=0.01010

[ Notice that W, =P, (V,—V,) =200 kPa x (0.5-0.1) m® =80 kJ ]

1

P

A

01 05
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3.99

Ammonia (0.5 kg) is in a piston cylinder at 200 kPa, -10°C is heated in a process

where the pressure varies linear with the volume to a state of 120°C, 300 kPa.
Find the work and the heat transfer for the ammonia in the process.

Solution:

Take CV as the Ammonia, constant mass.

Continuity Eq.: Mo=m;=m ;

Process: P=A+BV (linearinV)

State 1: Superheated vapor vy = 0.6193 m3/kg, u; = 1316.7 kl/kg
State 2: Superheated vapor v, = 0.63276 m3/kg, u, = 1542.0 ki/kg
Work is done while piston moves at increasing pressure, so we get
(W =[P AV = area = Py (Vo — Vp) = 5 (P + Pm(va — Vi)
=15(200 + 300) kPa x 0.5 kg (0.63276 — 0.6193) m3/kg
=1.683 kJ
Energy Eq.: m(uz —Uy) =1Q2 — W,

1Q2 =m(uy —up) + 1Wop
= 0.5 kg (1542.0 — 1316.7) k/kg + 1.683 kJ
=114.3 kJ
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A piston/cylinder contains 1 kg water at 20°C with volume 0.1 m3. By mistake
someone locks the piston preventing it from moving while we heat the water to
saturated vapor. Find the final temperature and the amount of heat transfer in the
process.

Solution:
C.V. Water. This is a control mass

Energy Eq.: m(uz—up) =1Qp — 1 W,
Process : V =constant > (W, =0

State 1 T, vy =Vy/m=0.1m3kg>vs sotwo-phase

_Vi-Vf _0.1-0.001002
17 vy T 577887

Up = Ug + Xy Ugg = 83.94 + X1 x 2318.98 = 87.913 kl/kg

=0.0017131

State 2: Vp=v1=01&x, =1
- found in Table B.1.1 between 210°C and 215° C
0.1-0.10441 ,
T,=210+5x 0.09479-0.10441 = 210 + 5 x 0.4584 = 212.3°C

Us = 2599.44 + 0.4584 (2601.06 — 2599.44) = 2600.2 kJ/kg
From the energy equation
1Q2 =m(u, — up) =1 kg (2600.2 — 87.913) ki/kg = 2512.3 kJ

M TN

) 2

. 1
N, K
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A water-filled reactor with volume of 1 m? is at 20 MPa, 360°C and placed inside a
containment room as shown in Fig. P3.101. The room is well insulated and initially
evacuated. Due to a failure, the reactor ruptures and the water fills the containment
room. Find the minimum room volume so the final pressure does not exceed 200
kPa.

Solution:

C.V.: Containment room and reactor.
Mass: My =My = Vigactor/V, = 1/0.001823 = 548.5 kg
Energy:  m(u,-u,)=,Q,-,W,=0-0=0

State 1: Table B.1.4 v, =0.001823 m3/kg, u, =1702.8 k/kg
, = U, =1702.8 ki/kg

State 2. P, =200 kPa, u, <ug => Two-phase Table B.1.2

X, = (U, - U gy = (1702.8 — 504.47)/2025.02 = 0.59176

Energy equation then gives  u

v, = 0.001061 + 0.59176 x 0.88467 = 0.52457 m/kg
V, =m, v, = 548.5 kg x 0.52457 m3/kg = 287.7 m*

AP AT

1
L 1
) 200 kPa
i y
200 I e /I u = const
v Vv
| |
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3.102
A rigid tank holds 0.75 kg ammonia at 70°C as saturated vapor. The tank is now
cooled to 20°C by heat transfer to the ambient. Which two properties determine
the final state. Determine the amount of work and heat transfer during the process.

C.V. The ammonia, this is a control mass.

2
Process: RigidtankV=C => v=constant & W, = deV =0

1
Energy Eq.: U, —U;=1Q,— W, =1Q,,
State 1: v = 0.03787 m3/kg, * P
up = 1338.9 kd/kg 70 C
State 2: T,v => two-phase (straight down in 33121 .
P-v diagram from state 1) —
858 T
2 -y

Xp = (v - vp)/vgg = (0.03787 — 0.001638)/0.14758 = 0.2455
Up = Ug + X Ugg = 272.89 + 0.2455 x 1059.3 = 532.95 ki/kg

1Q, =m(u, — ug) = 0.75 kg (532.95 — 1338.9) ki/kg = -604.5 kJ
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Water in a 150-L closed, rigid tank is at 100°C, 90% quality. The tank is then
cooled to —10°C. Calculate the heat transfer during the process.

Solution:
C.V.: Water in tank. m,=m,;
Energy Eq.3.5: m(u, - u;) = ,Q, - W,
Process: V = constant, Vo, =V, 1W2 =0

State 1: Two-phase L + V look in Table B.1.1
v, =0.001044 + 0.9 x 1.6719 = 1.5057 m3/kg
u, =418.94 + 0.9 x 2087.6 = 2297.8 ki/kg

State 2: T,, v, =v, = mix of saturated solid + vapor Table B.1.5

1
Vv, =1.5057 =0.0010891 + x, x 466.7 => X, =0.003224
u, =-354.09 +0.003224 x 2715.5 = -345.34 kJ/kg

m = V/v, =0.15/1.5057 = 0.09962 kg

,Q, =m(u, - u;) = 0.09962 kg (-345.34 - 2297.8) ki/kg = -263.3 kJ

AP cP
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A 25 kg mass moves with 25 m/s. Now a brake system brings the mass to a
complete stop with a constant deceleration over a period of 5 seconds. The brake

energy is absorbed by 0.5 kg water initially at 20°C, 100 kPa. Assume the mass is
at constant P and T. Find the energy the brake removes from the mass and the
temperature increase of the water, assuming P = C.

Solution:
C.V. The mass in motion.

E, - E,= AE =05 mV’ = 0.5 x 25 x 25°/1000 = 7.8125 kJ
C.V. The mass of water.

m(u, - u,) H,0 = AE =7.8125 kJ
5~ Uy =7.8125 kJ/ 0.5 kg = 15.63 kJ/kg
=u; +15.63 =83.94 + 15.63 = 99.565 kJ/kg

= u

u,

Assume u, = u then from Table B.1.1: T, = 23.7°C, AT =3.7°C
We could have used u, - u; = CAT with C from Table A.4: C =4.18 ki/kg K
giving AT = 15.63/4.18 = 3.7°C.
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3.105
A cylinder having a piston restrained by a linear spring (of spring constant 15
kN/m) contains 0.5 kg of saturated vapor water at 120°C, as shown in Fig.
P3.105. Heat is transferred to the water, causing the piston to rise. If the piston
cross-sectional area is 0.05 m2, and the pressure varies linearly with volume until
a final pressure of 500 kPa is reached. Find the final temperature in the cylinder
and the heat transfer for the process.

Solution:

C.V. Water in cylinder.

Continuity: mp=m;=m,;

Energy Eq.3.5: m(us, - uy) =1Qo - {Wy

State 1: (T, x) TableB.1.1 => v;=0.89186 m3/kg, up = 2529.2 kd/kg
ksm 15x 0.5

Process: Py=P;+—5(vp-Vvy)=1985+ (v, - 0.89186)
Ap (0.05)

State 2: P, =500 kPa and on the process curve (see above equation).
=> v, = 0.89186 + (500 - 198.5) x (0.05%/7.5) = 0.9924 m%/kg
(P,v) TableB.1.3 => T,=803°C; u,=23668 kJ/kg

The process equation allows us to evaluate the work

P1+ Py
1W2:deV:( 5 )m(VZ'Vl)

198.5 + 500
= (#) kPa x 0.5 kg x (0.9924 - 0.89186) m/kg = 17.56 k]

Substitute the work into the energy equation and solve for the heat transfer

1Q2 = M(uy - ug) + W, = 0.5 kg x (3668 - 2529.2) ki/kg + 17.56 kJ = 587 kJ

[ AP AT
2
kg _ 2
A2
1 P 1
\ [ \
e o
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3.106
A piston cylinder arrangement with a linear spring similar to Fig. P3.105 contains
R-134a at 15°C, x = 0.4 and a volume of 0.02 m3. It is heated to 60°C at which

point the specific volume is 0.03002 m3/kg. Find the final pressure, the work and
the heat transfer in the process.

Take CV as the R-134a.
my=mp=m ; m(up —ug) = 1Qz - 1W>
State 1: T1, X; => Two phase so Table B.5.1: P71 =Py, =489.5 kPa
V1 =V +Xq Vg =0.000805 + 0.4 x 0.04133 = 0.01734 m3/kg
Up =Us +Xq Ugg = 220.1 + 0.4 x 166.35 = 286.64 k/kg
m = V/vy = 0.02 m3/ 0.01734 m3/kg = 1.1534 kg
State 2: (T, v) Superheated vapor, Table B.5.2.

P, =800 kPa, v, =0.03002 m3/kg, u,=421.2 ki/kg
V5 =m vy = 1.1534 kg x 0.03002 m3/kg = 0.03463 m3
Work is done while piston moves at linearly varying pressure, so we get
(W, =[P dV =area=Pyq (Vo — V1) = 05(P, + Py)( Vo — Vy)
=0.5 x (489.5 + 800) kPa (0.03463 — 0.02) m3 = 9.433 kJ
Heat transfer is found from the energy equation
1Q2 =m(up —uq) + {W5, =1.1534 x (421.2 — 286.64) + 9.43 = 164.6 kJ

R-134a

ch \4
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A 10-m high open cylinder, Acyl=0.1 m2, contains 20°C water above and 2 kg of

20°C water below a 198.5-kg thin insulated floating piston, shown in Fig. P3.107.
Assume standard g, Po. Now heat is added to the water below the piston so that it
expands, pushing the piston up, causing the water on top to spill over the edge.
This process continues until the piston reaches the top of the cylinder. Find the
final state of the water below the piston (T, P, v) and the heat added during the
process.

Solution:

C.V. Water below the piston.
Piston force balance at initial state: FT=Fl =P,A = mng + Mg + PpA

State 1o g: Comp. Lig. = v =v;=0.001002 m3/kg; =83.95 kJ/kg

Uia
Va1 =Mpavag =0.002m3;  myg; = Vigdv = 1/0.001002 = 998 kg
mass above the piston  mpgq = My - Ma = 996 kg

(198.5 + 996) x 9.807
0.1 x 1000

Pa1 = Po + (M, + mg)g/A = 101.325 + =218.5 kPa

Mpg
State 2p: Par =Pg+ —X— =120.8 kPa ; Vap = Vigf ma=0.5 m3/kg

Xa2 = (0.5-0.001047)/1.4183 =0.352; T, =105°C
upp = 440.0 + 0.352 x 2072.34 = 1169.5 kJ/kg

Continuity eq. in A: Map = Mpg P
Energy: ma(uz - ug) =1Qz - 1W>
Process: P linear in V as mg is linear with V
2

1
W, = [PdV =5(218.5 + 120.82) kPa (1 - 0.002) m®

2 < >

=169.32 kJ v

1Q2 = mA(UZ - Ul) + 1W2 =2170.1 + 169.3 = 2340.4 kJ
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3.108

Assume the same setup as in Problem 3.101, but the room has a volume of 100 m°.
Show that the final state is two-phase and find the final pressure by trial and error.

C.V.: Containment room and reactor.
Mass: My =My =V gactor/V1 = 1/0.001823 = 548.5 kg

Energy: m(uy-up) =1Q7-1{W,=0-0=0= uy=uq=1702.8 kJ/kg

Total volume and mass => Vo =V /m, =0.1823 mS3/kg

room
State 2: u, , v, Table B.1.1 see Figure.

Note that in the vicinity of v =0.1823 m3/kg crossing the saturated vapor line
the internal energy is about 2585 kJ/kg. However, at the actual state 2, u =
1702.8 kJ/kg. Therefore state 2 must be in the two-phase region.

AT

Trial & error v = Vg + Xvgg ; U = Ug + XUgg 1060 kPa
Vo - Vf
= Uy =1702.8 = uf + Utg i
Vig 1060 kPa \—u=228°
Compute RHS for a guessed pressure Po:
sat vap
-
0184 V

0.1823-0.001101
0.31457

0.1823-0.001097
0.34159

Linear interpolation to match u = 1702.8 gives P, = 568.5 kPa

P, =600 kPa: RHS =669.88 + x 1897.52 =1762.9 too large

P, =550 kPa: RHS =655.30 + x 1909.17 = 1668.1  too small
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3.109

A piston cylinder contains carbon dioxide at -20°C and quality 75%. It is
compressed in a process where pressure is linear in volume to a state of 3 MPa

and 20°C. Find the specific heat transfer.

CV Carbon dioxide out to the source, both 1Q, and ;W5
Energy Eq.3.5: m(uy, —ug) = 1Q — W5
Process: P=A+BV => W,=[PdV=%mPy+Py)(Vy-Vy)

State 1: Table B.3.1 P =1969.6 kPa
vq =0.000969 + 0.75 x 0.01837 = 0.01475 m3/kg,
u; = 39.64 + 0.75 x 246.25 = 224.33 kJ/kg,
State 2: TableB.3 v, =0.01512 mS/kg, up = 310.21 kJ/Kg,
W2 = Y2 (P + P )(v2-vy)
=1 x(1969.6 + 3000) kPa x ( 0.01512 — 0.01475) m3/kg

= 0.92 kJ/kg
10p = Uy — Ug + {W, = 310.21 — 224.33 + 0.92 = 86.8 kJ/kg

] 4>
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3.110

A rigid steel tank of mass 2.5 kg contains 0.5 kg R-410A at 0°C with specific
volume 0.01m/kg. The whole system is now heated to to a room temperature of
25°C.

a. Find the volume of the tank.

b. Find the final P.

c. Find the process heat transfer.

C.V. R-410A and steel tank. Control mass goes through process: 1->2
Continuity Eq.: My —Mga10a— Mgt =0

Energy Eq.:  MRg10a(Up — Ug) + Mgp(Up —Ug) = 1Qp — W)

Process: V=C SO 1W5 =0
State 1: Ty =0°C, v; = 0.01 m%kg, * T
1653.6 kP
V = mv; = 0.005 m° a
X1 = (V = V¢ )/vgg = (0.01 - 0.000855)/0.03182 o5 -
=0.28758 0t 1
Uy = U+ Xg Ugg = 57.07 + X7 195.95 -y

= 113.42 ki/kg

State 2: (T, v) => sup-vapor (straight up in T-v diagram from state 1)
B.4.1 at 25°C, v¢=0.000944 m*/kg, vy=0.01514 m®kg, vi <V <, : saturated.

V—Vi 0.01-0.000944

P =1653.6 kPa, X = Vig - 0.01420 = 0.63775,
Up = U + X Ugg = 96.03 + X5 162.95 = 199.95 ki/kg
From the energy Eq.:

1Q2 = MR410a(Uz — Ug) + Mgt Ct(To = T1)
= 0.5 kg x (199.95 — 113.42) ki/kg + 2.5 kg x 0.46 kJ/kgK x (25-0) K
=72.0kJ
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3.111

The piston/cylinder in Fig.P3.111 contains 0.1 kg water at 500°C, 1000 kPa. The
piston has a stop at half the original volume. The water now cools to room
temperature 25°C

(a) Sketch the possible water states in a P-v diagram. Fo

(b) Find the final pressure and volume Mp

(c) Find the heat transfer and work in the process ! 1
Water

Energy Eq..  m(uz —uj) =1Q2 — W5

Process Eq: P=Cif v>vgqp V=C if P <Pggya

State 1: v; = 0.35411 m¥/kg, u; = 3124.34 ki/kg

State a: v, = v4/2 = 0.177055 m3/kg < Vg 1000 kPa SO Ta = Tsat 1000 kPa = 179.9°C

The possible state 2 (P,V) combinations are A P
shown. State “a” is (1000 kPa, v, ) soitis

two-phase with T, = 180°C > T,
P2 = Psat 25C = 3.169 kPa and Vo =V, 1000 T a
Xp = (Vo — V¢ )IVgq = (0.177 — 0.001003)/43.358
2= (Vo = Vg )Ivgg = ( ) 3171 | 2
= 0.0040604 : Y,
Up = Ug + Xp Ugg = 104.86 + X, 2304.9 = 114.219 kd/kg
V, =mv, = 0.1 kg x 0.177055 m%kg = 0.0177 m®
1Wo=m | Pdv=mP; (vo—v;) [see area below process curve in figure]
= 0.1 kg x 1000 kPa x (0.177055 — 0.35411) m*/kg = — 17.706 kJ

500C

1Q5 = MUy — Up) + W, = 0.1 kg (114.219 — 3124.34) kd/kg — 17.706 kJ
=-318.72 kJ
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3.112

A spring loaded piston/cylinder assembly contains 1 kg water at 500°C, 3 MPa.
The setup is such that the pressure is proportional to volume, P = CV. It is now
cooled until the water becomes saturated vapor. Sketch the P-v diagram and find
the final state, the work and heat transfer in the process.

Solution :
State 1: Table B.1.3: v; =0.11619 m%kg, u; = 3107.92 ki/kg
Process: misconstantand P=CyV=Cymv=Cv
polytropic process withn = -1
P=Cv = C=P;/v; =3000/0.11619 = 25 820 kPa kg/m®
State 2: X, =1 & P, =Cv, (on process line)

‘ P Trial & error on Tog ot OF Py
: Here from B.1.2:
2 at 2 MPa v = 0.09963 = C = P/vy = 20074 (low)
( 2.5 MPa vy =0.07998 = C = P/v = 31258 (high)
C v 2.25 MPa Vg = 0.08875 = C= P/Vg = 25352 (low)
—

Now interpolate to match the right slope C:

25 820 — 25 352
31 258 — 25 352

Vo = P,/C = 2270/25820 = 0.0879 m3/kg, u, = 2602.07 kJ/kg
P is linear in V so the work becomes (area in P-v diagram)

P, =2250 + 250 = 2270 kPa,

1
W, =] Pdv=m 5(P1+Pa)(v2-vyp)

1
= 1 kg x 3 (3000 + 2270) kPa (0.0879 - 0.11619) m3 = — 745 kJ

From the energy Eq.:
1Q2 =m(uy —uq) + {W5 =1 (2602.07 — 3107.92) — 74.5
=-1250.85 kJ
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3.113

A piston cylinder contains 1.5 kg water at 600 kPa, 350°C. It is now cooled in a

process where pressure is linearly related to volume to a state of 200 kPa, 150°C.
Plot the P-v diagram for the process and find both the work and the heat transfer
in the process.

Take as CV the 1.5 kg of water. AP cp
m,=m;=m;
Energy Eq.3.5: m(uy —uq) =1Qy — 1W> 600 T !
Process Eq.: P=A+BV (linearlyinV) i
State 1: (P, T) => v;=0.47424 m3/kg, Y
uq = 2881.12 kJ/kg
» V

State 2: (P,T) => v,=0.95964 m3/kg, u, =2576.87 ki/kg

m
From process eq.: {Wj= I PdV =area= 0} (P + Po)(vy —Vvq)

1
= 75 kg (200 + 600) kPa (0.95964 — 0.47424) m3/kg

=291.24 kJ
From energy eq.: 1Q2 =m(uy —ug) +1W,
=1.5Kkg (2576.87 — 2881.12) kJ/kg + 291.24 kJ
=-165.14 kJ
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Superheated refrigerant R-134a at 20°C, 0.5 MPa is cooled in a piston/cylinder
arrangement at constant temperature to a final two-phase state with quality of
50%. The refrigerant mass is 5 kg, and during this process 500 kJ of heat is
removed. Find the initial and final volumes and the necessary work.

Solution:
C.V. R-134a, this is a control mass.
Continuity: my=my=m,;
Energy Eq.3.5: m(u2 -Ul) = 1Q2 - 1W2 =-500 kJ - 1W2
State 1: T, ,P; Table B.5.2, v; =0.04226 m®/kg; u; =390.52 ki/kg
=> V;=mv;=0211m3
State 2: T, , X, = Table B.5.1
Uy = 227.03 + 0.5 x 162.16 = 308.11 kJ/Kkg,

Vo =0.000817 + 0.5 x 0.03524 = 0.018437 m3/kg => V, = mv, = 0.0922 m®
1W, = -500 kJ - m(u, - ug) = -500 ki — 5 kg x (308.11 - 390.52) ki/kg
=-87.9kJ

)P '
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3.115

Two kilograms of nitrogen at 100 K, x = 0.5 is heated in a constant pressure
process to 300 K in a piston/cylinder arrangement. Find the initial and final
volumes and the total heat transfer required.

Solution:

Take CV as the nitrogen.

Continuity Eq.: mo=mp=m ;

Energy Eq.3.5:  m(uz —ug) =1Qz -1 W5

Process: P = constant = W, = f PdV =Pm(v, - v,)

State 1: Table B.6.1
v, =0.001452 + 0.5 x 0.02975 = 0.01633 m/kg, V, =0.0327 m*

h, =-73.20 + 0.5 x 160.68 = 7.14 kJ/kg

State 2: (P =779.2 kPa, 300 K) => sup. vapor interpolate in Table B.6.2
v, = 0.14824 + (0.11115-0.14824)x 179.2/200 = 0.115 m%kg, V, =0.23 m*
h, = 310.06 + (309.62-310.06) x 179.2/200 = 309.66 kJ/kg

Now solve for the heat transfer from the energy equation
1Q, =m(u, - u;) + W, =m(h, - h;) =2 kg x (309.66 - 7.14) ki/kg = 605 kJ

AP
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Energy Equation: Solids and Liquids
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3.116

In a sink 5 liters of water at 70°C is combined with 1 kg aluminum pots, 1 kg of

flatware (steel) and 1 kg of glass all put in at 20°C. What is the final uniform
temperature neglecting any heat loss and work?

Energy Eq.: Uz -Ug =3 mj(Uz - Up)i =1Qz - 1W2 =0
For the water: v¢ = 0.001023 m%/kg, V =5 L =0.005 m%; m = V/v =4.8876 kg

For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4)
SO

D> mi(up - u)i=> MiCy i (T2-T1)i=T2> MiCyi—>MCyiTy;
noticing that all masses have the same T, but not same initial T.
> miCyj=4.8876x4.18+1x0.9+1x0.46+1x0.8=2259kI/K
Energy Eq.:  22.59 T, =4.8876 x 4.18 x 70 + (1 0.9 + 1 x0.46 + 1 x0.8) x20
=1430.11 + 43.2 = 1473.3 kJ
T, =65.2°C
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3.117
A computer CPU chip consists of 50 g silicon, 20 g copper, 50 g polyvinyl

chloride (plastic). It heats from 15°C to 70°C as the computer is turned on. How
much energy does the heating require?

Energy Eq.: Uy —Ug =% m;(Up - )i = 1Qz — 1W»

For the solid masses we will use the specific heats, Table A.3, and they all have
the same temperature so

D MUz - ug)i =>mMiCy i (To-Ty)i = (T2 - T1)Y MiCy i
$'MiCy ; = 0.05 x 0.7 +0.02 x 0.42 + 0.05 x 0.96 = 0.0914 kJ/K

Uy, — U =0.0914 kJ/K x (70 — 15) K = 5.03 kJ
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3.118

A copper block of volume 1 L is heat treated at 500°C and now cooled in a 200-L

oil bath initially at 20°C, shown in Fig. P3.118. Assuming no heat transfer with
the surroundings, what is the final temperature?

Solution:
C.V. Copper block and the oil bath.
Also assume no change in volume so the work will be zero.

Energy Eq.: Uy - Ug = Mppet(Uz - Ug)met + Moil(U - Up)oil = 1Q2 - W2 =0
Properties from Table A.3and A.4

Mmet = Vp = 0.001 m® x 8300 kg/m? = 8.3 kg,

Mg = Vp = 0.2 m® x 910 kg/m® = 182 kg
Solid and liquid EQ.3.32: Au = Cy, AT,

kJ kJ
Table A.3and A.4: Cy met = 0.42 kg K’ Cyoil=18 kg K

The energy equation for the C.V. becomes
MmetCv met(T2 — T1,met) + MoilCy 0il(T2 — T1,0i) =0
kJ kJ
8.3 kg x 0'42kg—K (T, —500 C) + 182 kg x 1.8kg—K (T,-20C)=0
331.09T,-1743-6552=0
= T,=25°C
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3.119

A 1 kg steel pot contains 1 kg liquid water both at 15°C. It is now put on the stove
where it is heated to the boiling point of the water. Neglect any air being heated
and find the total amount of energy needed.

Solution:
Energy Eq.. Uz —U3=1Q2 —1 W5

The steel does not change volume
and the change for the liquid is
minimal, so {W, = 0.

State 2: T, = Ty (1atm) = 100°C
Tbl B.1.1:u; =62.98 ki/kg, u, =418.91 kd/kg
Thl A.3: Cg =0.46 ki/kg K
Solve for the heat transfer from the energy equation
1Q2 = Uz — U = mgt (U — Ug)st + Mp20 (U2 — UpHzo
=mMgCqt (T2 —Ty1) + Myzo (U2 — UH20

K
1Q, = 1kg x 0.46 m—JK x(100 — 15) K + 1 kg x(418.91 — 62.98) ki/kg
= 39.1 + 355.93 = 395 kJ
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3.120

| have 2 kg of liquid water at 20°C, 100 kPa. | now add 20 kJ of energy at a
constant pressure. How hot does it get if it is heated? How fast does it move if it
is pushed by a constant horizontal force? How high does it go if it is raised

straight up?

a) Heat at 100 kPa.
Energy equation:

Ex—E1= 1Q2—1W2=1Q2-P(V2 - V1) = Hy—Hi=m(hy - hy)
ho = hy + 1Qo/m = 83.94 + 20/2 = 94.04 k/kg
Back interpolate in Table B.1.1: T, =225°C

[We could also have used AT = 1Q,/mC = 20/ (2*4.18) = 2.4°C]
b) Push at constant P. It gains kinetic energy.

0.5m V5= W,
V, =42 {Wo/m =~/2 x 20 x 1000 J/2 kg = 141.4 m/s

c) Raised in gravitational field
mgZ;=1W;

20 000 J
Z2= 1 Wolm 9= 0 9,807 mis2 - 1019 M

Comment: Notice how fast (500 km/h) and how high it should be to have the
same energy as raising the temperature just 2 degrees. l.e. in most
applications we can disregard the kinetic and potential energies
unless we have very high V or Z.
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3.121
A house is being designed to use a thick concrete floor mass as thermal storage
material for solar energy heating. The concrete is 30 cm thick and the area
exposed to the sun during the daytime is 4 m x 6 m. It is expected that this mass
will undergo an average temperature rise of about 3°C during the day. How much
energy will be available for heating during the nighttime hours?

Solution:

C.V.: Control mass concrete.
V=4mx6mx03m=7.2m?3

__;:.','.:r\

Concrete is a solid with some properties listed in Table A.3
m = pV = 2200 kg/m® x 7.2 m® = 15 840 kg

Energy Eq.: m(uz - up) =1Q2 - 1 W2 =1Q7
The available heat transfer is the change in U. From Eq.3.33 and C from table
A3
kJ
AU:mCAT:1584Okg><0.88kgK><3K:41818kJ:41.82 MJ
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3.122
Because a hot water supply must also heat some pipe mass as it is turned on so it

does not come out hot right away. Assume 80°C liquid water at 100 kPa is cooled
to 45°C as it heats 15 kg of copper pipe from 20 to 45°C. How much mass (kg) of
water is needed?
Solution:

C.V. Water and copper pipe. No external heat transfer, no work.

Energy Eq.3.5: Uy -U; =AU, + AUHZO =0-0

From Eq.3.33 and Table A.3:

AUq, =mC AT =15 kg % 0.42 ngK x (45-20) K=157.5kJ

From the energy equation
mHZO =- AUCU / AUHZO
157.5
Mi,0= AUcy / Chyo(- ATH0) = 7715 35 — 1076 kg

or using Table B.1.1 for water
157.5 Kl
Mi,0= AUcu/ (U1-U2) = 332784 188.41 kilkg — 1076 KO

Cu pipe The real problem involves a
flow and is not analyzed by
Water this simple process.
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3.123

A car with mass 1275 kg drives at 60 km/h when the brakes are applied quickly to
decrease its speed to 20 km/h. Assume the brake pads are 0.5 kg mass with heat
capacity of 1.1 kJ/kg K and the brake discs/drums are 4.0 kg steel. Further assume
both masses are heated uniformly. Find the temperature increase in the brake
assembly.

Solution:
C.V. Car. Car loses kinetic energy and brake system gains internal u.
No heat transfer (short time) and no work term.
m = constant;

1.2 2
Energy Eq.3.5: Ep-E1=0-0= mey 5(Vy = Vy) + Mprake(Uz — Uz)

The brake system mass is two different kinds so split it, also use C,, from
Table A.3 since we do not have a u table for steel or brake pad material.

10002
Mggeel Cy AT +Mpag Cy AT = Mg 0.5 (602 — 209) (ﬁ) m2/s2

kJ
(4% 046 + 0.5 x 1.1) - AT =1275kg x 0.5 x (3200 x 0.077 16) m?2/s?

=157 406 J = 157.4 kJ
=>AT =65.9°C
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3.124
A piston cylinder (0.5 kg steel altogether) maintaining a constant pressure has 0.2

kg R-134a as saturated vapor at 150 kPa. It is heated to 40°C and the steel is at the
same temperature as the R-134a at any time. Find the work and heat transfer for
the process.

C.V. The R-134a plus the steel. Constant total mass
mo=my=m ;
Uz — Up = MR134a(U2 — Up)R134a T Msteel(Uz — U) = 1Q2 — 1 W3
State 1: B.5.2 sat. vapor vy =0.13139 m3/kg, u; = 368.06 ki/kg
State 2: B.5.2 sup. vapor Vv, =0.16592 m3/kg, u, =411.59 ki/kg
V;=mvy =0.2 x 0.13139 = 0.02628 m3
V5, =mv, =0.2 x 0.16592 = 0.03318 m3
Steel: A3, Cgteel = 0.46 ki/kg-K
Process: P =C for the R134a and constant volume for the steel =>
1Wy =[P dV = P4(V, — Vq) = 150 kPa x (0.03318 — 0.02628) m3
=1.035kJ

1Q2 = MR1344 (Up — Ug) + Mggeel (U — Ug) + 1 W5
= MR134a (U2 = Up) + Mgtee|Csteel (T2 — T1) + 1 W3
= 0.2 x (411.59 — 368.06) + 0.5 x 0.46 x [40 — (~17.29)] + 1.035
=8.706 + 13.177 + 1.035 =22.92 kJ
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3.125

A 25 kg steel tank initially at —10°C is filled up with 100 kg of milk (assume
properties as water) at 30°C. The milk and the steel come to a uniform

temperature of +5 °C in a storage room. How much heat transfer is needed for this
process?

Solution:

C.V. Steel + Milk. This is a control mass.

Energy Eq.3.5: Uy — Uy =1Qp -1 W5 =1Q;

Process: V = constant, so there is no work
1W, =0.

=T

Use Eq.3.33 and values from A.3 and A.4 to evaluate changes inu

1Q2 = Mgeer (U2 - Up)steel + Mmilk(U2 - U)milk

= 25 kg x 0.46 x [5 — (-10)] K + 100 kg x4.18 ngK x (5 - 30) K

kJ
kg K
= 172.5-10450 =-10277 kJ
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3.126
An engine consists of a 100 kg cast iron block with a 20 kg aluminum head, 20 kg

steel parts, 5 kg engine oil and 6 kg glycerine (antifreeze). Everything begins at 5°
C and as the engine starts we want to know how hot it becomes if it absorbs a net
of 7000 kJ before it reaches a steady uniform temperature.

Energy Eq.: Uy — Up= 1Qp — 1 W,

Process: The steel does not change volume and the change for the liquid is
minimal, so W, = 0.

So sum over the various parts of the left hand side in the energy equation

Mee (Up — Ug) + May (Ug — Ug)al + Mgt (U — Up)st

+ Mg (U — Ug)oil + Mgty (Uz — Uggly = 1Q2

Table A3: Cp=0.42,Cp=0.9, C; =0.46 all units of kJ/kg K
Table A4: Cgj=1.9, Cqy =2.42 all units of ki/kg K
So now we factor out T, —Tq as u, —uq = C(T, —Ty) for each term

[ MEeCre + MAICAl + MgCot MojiCojy + MgiyCqry 1 (T2 -T1) = 1Q2

Ty -T1=1Q,/ 2m; G

_ 7000 kJ
~100x 0.42 + 20x 0.9 + 20x 0.46 + 5 x1.9 + 6 x2.42 kJ/K
7000
=932, K=75K

T,=T;+75°C=5+75=80°C

Airintake filter Fan Radiator

Atm,
Shaft air
power é ;
Exhaust flow ©)

Coolant flow
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Properties (u, h, Cy and Cp), Ideal Gas
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3.127

An ideal gas is heated from 500 to 1500 K. Find the change in enthalpy using
constant specific heat from Table A.5 (room temperature value) and discuss the
accuracy of the result if the gas is

a. Argon b. Oxygen C. Carbon dioxide
Solution:
Tl =500 K, T2 =1500 K, Ah= CPO(TZ'Tl)

a) Ar: Ah =0.520 kJ/kg-K x (1500-500) K =520 kJ/kg
Monatomic inert gas very good approximation.

b) O, : Ah =0.922 kJ/kg-K x (1500-500) K =922 k/kg
Diatomic gas approximation is OK with some error.

c) CO,: Ah =0.842 ki/kg-K x (1500-500) K = 842 ki/kg

Polyatomic gas heat capacity changes, see figure 3.26
See also appendix C for more explanation.
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3.128
Use the ideal gas air table A.7 to evaluate the heat capacity C,, at 300 K as a slope
of the curve h(T) by Ah/AT. How much larger is it at 1000 K and 1500 K.

Solution :
From Eq.3.39:
Cp:%=%:% =1.005 kJ/kg K
100K C,= 2__? _ hfggg 25;560 _ 1103.4;30-0989.44 - 1.140 KI/kg K
1500K C,= % = hlfsg 22‘;56’ AR DA_ 1 21 kalkg K

Notice an increase of 14%, 21% respectively.

h
‘ Cp 1500

Cp300

T

300 1000 1500
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3.129
Estimate the constant specific heats for R-134a from Table B.5.2 at 100 kPa and

125°C. Compare this to table A.5 and explain the difference.
Solution:

Using values at 100 kPa for h and u at 120°C and 130°C
from Table B5.2, the approximate specific heats at 125°C are

Ah ~ 521.98 -511.95
AT~ 130-120

compared with 0.852 ki/kg K for the ideal-gas value at 25°C
from Table A.5.

Cp = = 1.003 kJ/kg K

Au  489.36 - 480.16
AT~ 130 - 120

compared with 0.771 ki/kg K for the ideal-gas value at 25°C
from Table A.5.

C, = = 0.920 kJ/kg K

There are two reasons for the differences. First, R-134a is not exactly an ideal gas at
the given state, 125°C and 100 kPa. Second and by far the biggest reason for the
differences is that R-134a, chemically CF3CH, , is a polyatomic molecule with
multiple vibrational mode contributions to the specific heats (see Appendix C), such
that they are strongly dependent on temperature. Note that if we repeat the above

approximation for Cy, in Table B.5.2 at 25°C, the resulting value is 0.851 kJ/kg K.

Excerpts from this work may be reproduced by instructors for distribution on a not-for-profit basis for
testing or instructional purposes only to students enrolled in courses for which this textbook has been
adopted. Any other reproduction or translation of this work beyond that permitted by Sections 107 or 108
of the 1976 United States Copyright Act without the permission of the copyright owner is unlawful.



www.konkur.in

Borgnakke and Sonntag

3.130
We want to find the change in u for carbon dioxide between 600 K and 1200 K.
a) Find it from a constant C,,, from table A.5

b) Find it from a C,, evaluated from equation in A.6 at the average T.
c) Find it from the values of u listed in table A.8

Solution :
a) Au = Cy AT = 0.653 kJ/kg-K x (1200 — 600) K = 391.8 kJ/kg
1 T 900
b) Ta\,g =5 (1200 + 600) =900, =1000 1000 = 0.9

Cpo = 0.45 + 1.67 x 0.9 - 1.27 x 0.92 + 0.39 x 0.9% = 1.2086 ki/kg K
Cyo = Cpo— R = 1.2086 - 0.1889 = 1.0197 ki/kg K
Au = 1.0197 x (1200 — 600) = 611.8 kJ/kg

C) Au =996.64 — 392.72 = 603.92 kJ/kg

‘u

Y1200

Usoo | T
} t } —
300 600 1200
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3.131
Nitrogen at 300 K, 3 MPa is heated to 500 K. Find the change in enthalpy using a)

Table B.6, b) Table A.8, and c) Table A.5.

B.62  hy—h; =519.29 — 304.94 = 214.35 ki/kg

A8 hy — hy = 520.75 — 311.67 = 209.08 ki/kg
A5 hy —hy = Cpo (To = Ty) = 1.042 ki/kg-K x (500 — 300) K
= 208.4 ki/kg

Comment: The results are listed in order of accuracy (B.6.2 best).
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3.132

We want to find the change in u for carbon dioxide between 50°C and 200°C at a
pressure of 10 MPa. Find it using ideal gas and Table A.5 and repeat using the B
section table.

Solution:
Using the value of C,,, for CO, from Table A.5,

Au = Cy, AT =0.653 ki/kg-K x (200 — 50) K = 97.95 kJ/kg

Using values of u from Table B3.2 at 10 000 kPa, with linear
interpolation between 40°C and 60°C for the 50°C value,

AU = Uy - Ugg = 437.6 — 230.9 = 206.7 kJ/kg

Note: Since the state 50°C, 10 000 kPa is in the dense-fluid supercritical region, a
linear interpolation is quite inaccurate. The proper value for u at this state is
found from the CATT software to be 245.1 instead of 230.9. This results is

AU = Upgg - Usg = 437.6 — 245.1 = 192.5 kJ/Kg
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3.133
We want to find the change in u for oxygen gas between 600 K and 1200 K.
a) Find it from a constant C,,, from table A.5

b) Find it from a C,,, evaluated from equation in A.6 at the average T.
c) Find it from the values of u listed in table A.8

Solution:
a) Au = C,y AT = 0.662 kJ/kg-K x (1200 — 600) K = 397.2 kJ/kg
1 T 900
b) Ta\,g =5 (1200 + 600) =900 K, =71000 ~ 1000 = 0.9

Cpo = 0.88 — 0.0001 x 0.9 + 0.54 x 0.92 - 0.33 x 0.9% = 1.0767 ki/kgK
Cyo = Cpo ~ R = 1.0767 — 0.2598 = 0.8169 ki/kg-K
Au = 0.8169 x (1200 — 600) = 490.1 kJ/Kg

C) Au = 889.72 — 404.46 = 485.3 kJ/kg

‘u

U100

Usoo | T
300 600 1200
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3.134
For a special application we need to evaluate the change in enthalpy for carbon

dioxide from 30°C to 1500°C at 100 kPa. Do this using constant specific heat
from Table A.5 and repeat using Table A.8. Which is the more accurate one?

Solution:
Using constant specific heat:
Ah = CpoAT = 0.842 (1500 - 30) = 1237.7 kd/kg

Using Table A.8:
3.15
30°C=303.15 K => h=214.38 + 50 (257.9 — 214.38) = 217.12 kJ/kg

1500°C =1773.15 K =>

73.15
10

Ah =1981.36 — 217.12 = 1764.2 kJ/kg

h =1882.43 + (2017.67 — 1882.43) = 1981.36 kJ/kg

The result from A.8 is best. For large AT or small AT at high T4, constant
specific heat is poor approximation or it must be evaluated at a higher T (A.5 is at
25°C).
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3.135

Water at 150°C, 400 kPa, is brought to 1200°C in a constant pressure process.
Find the change in the specific internal energy, using a) the steam tables, b) the
ideal gas water table A.8, and c) the specific heat from A.5.

Solution:
a)
State 1: Table B.1.3 Superheated vapor u; = 2564.48 ki/kg

State 2: Table B.1.3 u, =4467.23 k/kg
Up - Up = 4467.23 - 2564.48 = 1902.75 kJ/kg
b)
Table A.8 at423.15 K: u; =591.41 kJ/kg
Table A8 at 1473.15 K:  up =2474.25 ki/kg
Uy - Uy = 2474.25 - 591.41 = 1882.8 kJ/kg
C) Table A5: C,,=1.41kJkgK

Up - Uy = 1.41 kI/kgK x (1200 — 150) K = 1480.5 kJ/Kg

Au

Notice how the average
slope from 150°C to 1200 W ]
°C is higher than the one at 12001 Slope at
25°C (=Cyy) 25C

150

V-

25 150 1200
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3.136
Repeat the previous problem but use a constant specific heat at the average

temperature from equation in Table A.6 and also integrate the equation in Table
A.6 to get the change in enthalpy.

Tave =3 (30 + 1500) + 273.15 = 1038.15 K; 6 = T/1000 = 1.0382

Table A6 = Cp,=1.2513 ki/kg-K
Ah = Cpg ave AT = 1.2513 ki/kg-K x 1470 K = 1839 kJ/kg

For the entry to Table A.6:
30°C=303.15 K => 6, =0.30315

1500°C = 1773.15 K => 0, = 1.77315
Ah=hy-hy = [ Cpo dT
= [0.45 (0, - 01) + 1.67 x5 (6,2 - 0,7)
1 1
~1.27 x5 (0,3 - 0,%) +0.39x 7 (65" - 0,")]

= 1762.8 kJ/kg
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3.137

Water at 20°C, 100 kPa, is brought to 200 kPa, 1500°C. Find the change in the
specific internal energy, using the water table and the ideal gas water table in
combination.

Solution:

State 1: Table B.1.1  u; =u¢=83.95 ki/kg
State 2: Highest T in Table B.1.3 is 1300°C
Using a Au from the ideal gas tables, A.8, we get

U100 = 3139 ki/kg U1300 = 2690.72 ki/kg

U1s00 - U1300 = 448.26 ki/kg
We now add the ideal gas change at low P to the steam tables, B.1.3, uy =
4683.23 kJ/Kkg as the reference.

Up - Uy = (Uz - Ux)ip.G. * (Ux - Up)

= 448.28 + 4683.23 - 83.95 = 5048 kJ/kg
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3.138
Reconsider Problem 3.134 and examine if also using Table B.3 would be more
accurate and explain.

Table B.3 does include non-ideal gas effects, however at 100 kPa these effects are
extremely small so the answer from Table A.8 is accurate.

Table B.3. does not cover the 100 kPa superheated vapor states as the saturation
pressure is below the triple point pressure. Secondly Table B.3 does not go up to the
high temperatures covered by Table A.8 and A.9 at which states you do have ideal
gas behavior. Table B.3 covers the region of states where the carbon dioxide is
close to the two-phase region and above the critical point (dense fluid) which are all
states where you cannot assume ideal gas.
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3.139
Air is heated from 300 to 350 K at V' = C. Find 1g,. What if from 1300 to 1350
K?
Process: V=C > W, =0

Energy Eq.:  Up—up=10,-0> 102=Up—Ug

Read the u-values from Table A.7.1
a) 109 = Uy —Uuq = 250.32 — 214.36 = 36.0 kJ/Kg

b) 10p = Uy — Uy = 1067.94 — 1022.75 = 45.2 kJ/kg

case a) C,, = 36/50 = 0.72 ki/kg K , see A.5

case b) C,, ~ 45.2/50 = 0.904 kd/kg K (25 % higher)
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A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated
to 1400 K. Solve for the heat transfer using a. the heat capacity from Table A.5
and b. properties from Table A.8

Solution:
C.V. Carbon dioxide, which is a control mass.
Energy Eq.3.5: Uy —Ugp =m (u-up) =1Q2 —1Wo
Process: AV=0 = {W,=0
a) For constant heat capacity we have: u,-u; = Cy (To- T1) SO

1Q2=mC,, (To- T1) = 2 kg x 0.653 kJ/kg-K x (1400 -1200) K = 261.2 kJ
b) Taking the u values from Table A.8 we get

1Q2 =m (uy- ug) = 2 kg x (1218.38 — 996.64) kJ/kg = 443.5 kJ
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Do the previous problem for nitrogen, N, gas.

A rigid container has 2 kg of carbon dioxide gas at 100 kPa, 1200 K that is heated
to 1400 K. Solve for the heat transfer using a. the heat capacity from Table A.5
and b. properties from Table A.8

Solution:
C.V. Nitrogen gas, which is a control mass.
Energy Eq.3.5: Uo —Up=m (up-up) = 1Q — Wy
Process: AV=0 = {W,=0
a) For constant heat capacity we have: uy-uq =C,q (T2 -Tq) S0

1Q2=2mC,,, (To- Tq) = 2 kg x 0.745 kJ/kg-K x (1400 — 1200) K =298 kJ
b) Taking the u values from Table A.8, we get

1Q2 =m (us- ug) =2 kg x (1141.35 - 957) kd/kg = 368.7 kJ
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3.142

Air, 3 kg, is in a piston/cylinder similar to Fig. P.3.5 at 27°C, 300 kPa. It is now
heated to 500 K. Plot the process path in a P-v diagram, and find the work and
heat transfer in the process.

Solution:
CV Air, so this is a control mass.
Energy Eq.3.5: Uy — U =m (up- ug) = 1Qo —1W>
Process: P=Cso {W,= [PdV=Py(Vy-V,)
State 1: T,,P; ideal gasso P;V;=mRT;
Vi =mR T, /Py =3kgx0.287 kJ/kg-K x 300.15 K / 300 kPa
=0.86143 m3
State 2: To, P, =P; and ideal gas so P>V, =mRT,

V,=mR T, /P, =3 x 0.287 x 500/300 = 1.435 m3
From the process

W, = [PdV =P (V,-V;) =300 kPa(1.435 - 0.86143) m3 = 172.1 kJ

From the energy equation
1Q2 = m (Up- u) + Wy =mCyq (T2- Tq) +1W;
=3 kg x 0.717 kJ/kg-K x (500 — 300) K +172.1 kJ

=602.3 kJ
P
A AT
500 + 2
300 + 2
! T, 300 kPa
T 1
1 300 T
»V »V
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A closed rigid container is filled with 1.5 kg water at 100 kPa, 55°C, 1 kg of

stainless steel and 0.5 kg of PVC (polyvinyl chloride) both at 20°C and 0.1 kg of
air at 400 K, 100 kPa. It is now left alone with no external heat transfer and no
water vaporizes. Find the final temperature and air pressure.

CV. Container.
Process:  V =constant => W, =0 andalsogiven 1Q,=0
Energy Eq.: Uz -Ug =3 mj(Uz - Up)i =1Qz - 1W2 =0

For the liquid and the metal masses we will use the specific heats (Tbl A.3, A.4)
SO

> mi(uz - u)i=> MiCy i (T2-T1)i=T2 > MiCyi—>MiCy Ty
noticing that all masses have the same T, but not same initial T.

>miCyj=15x418+1x0.46+0.5x0.96+0.1x0.717 = 7.282 kI/K

The T for air must be converted to °C like the others.
Energy Eq.: T > miCy=>miCy Ty
7.282To,=15x418x55+ (1% 0.46 + 0.5 % 0.96) x 20
+0.1 x0.717 x (400-273.15) = 372.745 kJ
T, =51.2°C

The volume of the air is constant so from PV = mRT it follows that P varies with T

Py =Py To/Tq 4y = 100 kPa x 324.34 K/ 400 K = 81 kPa
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A 250 L rigid tank contains methane at 500 K, 1500 kPa. It is now cooled down
to 300 K. Find the mass of methane and the heat transfer using ideal gas.

Solution:

C.V. Methane gas, which is a control mass.

Energy Eq.3.5: Uz —Ug =m (uz-up) =1Q2 — 1 W7
Process: AV=0 = {W,=0

State 1: Ideal gas so

1500 x 0.25  kPam?®
0.5183 x 500 (kJ/kg-K) x K

For constant heat capacity A.5, we have: uy-uq =C,q (T2 -Tq) SO

m=P,V/RT; = = 1.447 kg

Uy- Uy =Cy (To—Tq) = 1.736 ki/kg-K x (300 — 500) K = —347.2 ki/kg
1Q2 = m(u2 - Ul) =1.447 kg (-3472) kJ/kg =-502.4 kJ
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3.145
A 10-m high cylinder, cross-sectional area 0.1 m2, has a massless piston at the
bottom with water at 20°C on top of it, shown in Fig. P3.145. Air at 300 K, volume

0.3 m3, under the piston is heated so that the piston moves up, spilling the water out
over the side. Find the total heat transfer to the air when all the water has been
pushed out.

Solution:

H20 Plgd

cb : \%
ar . —

Vl Vimax
The water on top is compressed liquid and has volume and mass
Vi,0 = Viot - Vair =10 x 0.1-0.3=0.7 m*

Miy,0 = Vi,o/Vs = 0.7 Mm% 0.001002 m3/kg = 698.6 kg

The initial air pressure is then

698.6 x 9.807
0.1 x 1000

169.84x0.3 kPam?3
0.287 x 300 (kJ/kg-K) x K

State 2: No liquid over piston: P, =Py =101.325 kPa, V,=10x0.1=1 m3

= T1P2Vs  300x101.325x1
= 1277p v, T 169.84x0.3

P1=Pg + Mpy,00/A = 101.325 + =169.84 kPa

and then  mgj, =PVIRT = =0.592 kg

State 2: P,, V5 = 596.59 K

The process line shows the work as an area
1
W = deV = %(Pl +Po)(Vo-Vy) = 5(169.84 +101.325)(1 - 0.3) = 94.91 kJ
The energy equation solved for the heat transfer becomes
1Q2 = m(uz - u) + 1 Wp =mCy(T; - Tq) + 1 W,
=0.592 kg x 0.717 kJ/kg-K x (596.59 - 300) K + 94.91 kJ = 220.7 kJ

Remark: we could have used u values from Table A.7:
Uy - uq =432.5-214.36 = 218.14 kJ/kg  versus 212.5 kJ/kg with Cy,.
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