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olid states, the liquid P——T surface for lower temperatures is fairly steep and flat, so this
egion also describes an incompressible substance with a specific volume that is only a weak
unction of 7', which we can write

vaEv(T)=vy (2.3)

vhere the saturated liquid specific volume vy at 7' is found in the Appendix B tables as the
irst part of the tables for each substance. A few other entries are found as density (1/v) for
ome common liquids in Tables A.3 and F.2.

In-Text Concept Questions

a. If the pressure is smaller than the smallest P, at a given 7', what is the phase?

b. An external water tap has the valve activated by a long spindle, so the closing mech-
anism is located well inside the wall. Why?

c. What is the lowest temperature (approximately) at which water can be liquid?

85 ha S 3



Exampl 2.3

sl
—

N ——
———

Determine the phase for each of the following states using the tables in Appendix B and
indicate the relative position in the P—v, T—v, and P—T diagrams, as in Fig. 2.11.

a. Ammonia 30°C, 1000 kPa

b. R-134a 200 kPa, 0.125 m’/kg

Solution

a. Enter Table B.2.1 with 30°C. The saturation pressure is 1 167 kPa. As we have a lower P
(see Fig. 2.13), itis a superheated vapor state. We could also have entered with 1000 kPa
and found a saturation temperature of slightly less than 25°C, so we have a state that is

superheated about 5°C.
P

1167
1000

P

1167
1000

25°C

30°C

FIGURE 2.13 Diagram for Example 2.3a.

T

30
25

b. Enter Table B.5.2 (or B.5.1) with 200 kPa and notice that

v > v, = 0.1000 m? /kg

C.P.

1167 kPa
1000

so from the P—v diagram in Fig. 2.14 the state is superheated vapor. We can find the
state in Table B.5.2 between 40 and 50°C.

P

200

T

P

1318

200 |~

FIGURE 2.14 Diagram for Example 2.3b.

T

50
40

—10.2

C.P.

200 kPa




Examp|2.4 —

A rigid vessel contains saturated ammonia vapor at 20°C. Heat is transferred to the system
until the temperature reaches 40°C. What is the final pressure?

Solution
Since the volume does not change during this process, the specific volume also remains
constant. From the ammonia tables, Table B.2.1, we have

vi = v, =0.14922 m’ /kg

Since v, at 40°C is less than 0.149 22 m’/kg, it is evident that in the final state the

ammonia is superheated vapor. By interpolating between the 800- and 1000-kPa columns
of Table B.2.2, we find that

P, = 945 kPa

m

85 ha S 5
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Exampl 2.5 ot

Determine the pressure for water at 200°C with v = 0.4 m®/kg.

Solution

Start in Table B.1.1 with 200°C and note that v > v, = 0.127 36 m’/kg, so we have
superheated vapor. Proceed to Table B.1.3 at any subsection with 200°C; suppose we start
at 200 kPa. There v = 1.080 34, which is too large, so the pressure must be higher. For
500 kPa, v =0.424 92, and for 600 kPa, v = 0.352 02, so it is bracketed. This is shown in
Fig. 2.15.

85 ha S 7



P T
C.P.
CP. 1554 600 j5gq
200 —
1554 |— 500°C 200 kPa
600
500
200
| | | | | | | |
0.13 | 0.42 1.08 V 0.13 0.35 0.42 1.08 V

0.35
FIGURE 2.15 Diagram for Example 2.5.

. linear interpolation, Fig. 2.16, between the two pressures is done to get P at the desired v.

0.4 —0.424 92
P = 500 4 (600 — 500) = 534.2 kPa
0.35202 — 0.424 92
P

600 —

-
500 |- The real constant-T curve is slightly curved and not

| L linear, but for manual interpolation we assume a
0.35 04 042 linear variation.

FIGURE 2.16 Linear interpolation for Example 2.5.
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TABLE 2.1
Some Solid-Liquid—Vapor Triple-Point Data

Temperature, °C Pressure, kPa
Hydrogen (normal) —259 7.194
Oxygen —219 0.15
Nitrogen —210 12.53
Carbon dioxide —56.4 520.8
Mercury —39 0.000 000 13
Water 0.01 0.6113
Zinc 419 5.066
Silver 961 0.01
Copper 1083 0.000 079

8l 5 yaa s 11
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TABLEAS
Properties of Various ldeal Gases at 25°C, 100 kPa* (SI Units)

Chemical Molecular R P C C. c
Gas Formula Mass (kg/kmol) (kJ/kg-K) (kg/m?) (kJ/kg-K) (kJ/kg-K) k= ol
Steam H,O 18.015 0.4615 0.0231 1.872 1.410 1.327
Acetylene C,H,; 26.038 0.3193 1.05 1.699 1.380 1.231
Air — 28.97 0.287 1.169 1.004 0.717 1.400
Ammonia NH; 17.031 0.4882 0.694 2.130 1.642 1.297
Argon Ar 39.948 0.2081 1.613 0.520 0.312 1.667
Butane C4Hyy 58.124 0.1430 2.407 1.716 1.573 1.091
Carbon dioxide CO, 44.01 0.1889 1.775 0.842 0.653 1.289
Carbon monoxide CcO 28.01 0.2968 1.13 1.041 0.744 1.399
Ethane CyH,g 30.07 0.2765 1.222 1.766 1.490 1.186
Ethanol C,HsOH 46.069 0.1805 1.883 1.427 1.246 1.145
Ethylene C,H, 28.054 0.2964 1.138 1.548 1.252 1.237
Helium He 4.003 2.0771 0.1615 5.193 3.116 1.667
Hydrogen H, 2.016 4.1243 0.0813 14.209 10.085 1.409
Methane CHy4 16.043 0.5183 0.648 2.254 1.736 1.299
Methanol CH;0H 32.042 0.2595 1.31 1.405 1.146 1.227
Neon Ne 20.183 0.4120 0.814 1.03 0.618 1.667
Nitric oxide NO 30.006 0.2771 1.21 0.993 0.716 1.387
Nitrogen N, 28.013 0.2968 1.13 1.042 0.745 1.400
Nitrous oxide N,O 44.013 0.1889 1.775 0.879 0.690 1.274
n-Octane CgHs 114.23 0.07279 0.092 1.711 1.638 1.044
Oxygen 0, 31.999 0.2598 1.292 0.922 0.662 1.393
Propane CsHg 44.094 0.1886 1.808 1.679 1.490 1.126
R-12 CClpF, 120.914 0.06876 4.98 0.616 0.547 1.126
R-22 CHCIF, 86.469 0.09616 3.54 0.658 0.562 1.171
R-32 CF,H, 52.024 0.1598 2.125 0.822 0.662 1.242
R-125 CHF,CF; 120.022 0.06927 4918 0.791 0.722 1.097
R-134a CF;CH,F 102.03 0.08149 4.20 0.852 0.771 1.106
R-410a — 72.585 0.11455 2.967 0.809 0.694 1.165
Sulfur dioxide SO, 64.059 0.1298 2.618 0.624 0.494 1.263
Sulfur trioxide SO, 80.053 0.10386 3.272 0.635 0.531 1.196

*Or saturation pressure if it is less than 100 kPa.
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T=273+25°¢ =298°K
m=20 Kg
8.3144
PV=mRT > Px1=20x298x 5 | >>| P=2064.74 KPa
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2.9 THE COMPRESSIBILITY FACTOR

A more quantitative study of the question of the ideal gas approximation can be conducted
by introducing the compressibility factor Z, defined as

,_ v
RT
or
Pv = ZRT (2.12)

Note that for an ideal gas Z = 1, and the deviation of Z from unity is a measure of
the deviation of the actual relation from the ideal gas equation of state.

Figure 2.20 shows a skeleton compressibility chart for nitrogen. From this chart we
make three observations. The first is that at all temperatures Z — 1 as P — 0. That is,

as the pressure approaches zero, the P—v—T behavior closely approaches that predicted by
the ideal gas equation of state. Second, at temperatures of 300 K and above (that is, room
temperature and above), the compressibility factor is near unity up to a pressure of about
10 MPa. This means that the ideal gas equation of state can be used for nitrogen (and, as it
happens, air) over this range with considerable accuracy.

Third, at lower temperatures or at very high pressures, the compressibility factor
deviates significantly from the ideal gas value. Moderate-density forces of attraction tend
to pull molecules together, resulting in a value of Z < 1, whereas very-high-density forces

of repulsion tend to have the opposite effect.
8y pra JiSa
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(2.13)

critical pressure
critical temperature

P
I,

1

Reduced pressure, P,

0.1

éalurti:led liquid

SIMPLE FLUID

7 'I1070') Ajpqissaaduro)

FIGURE D.1 Lee—Kesler simple fluid compressibility factor.
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Exampl 2.9 " T

Is it reasonable to assume ideal gas behavior at each of the given states?

a. Nitrogen at 20°C, 1.0 MPa
b. Carbon dioxide at 20°C, 1.0 MPa
¢. Ammonia at 20°C, 1.0 MPa

Solution
In each case, it is first necessary to check phase boundary and critical state data.

a. For nitrogen, the critical properties are, from Table A.2, 126.2 K, 3.39 MPa. Since the
given temperature, 293.2 K, is more than twice 7. and the reduced pressure is less than
0.3, ideal gas behavior is a very good assumption.

b. For carbon dioxide, the critical properties are 304.1 K, 7.38 MPa. Therefore, the re-
duced properties are 0.96 and 0.136. From Fig. D.1, carbon dioxide is a gas (although
T < T,.) with a Z of about 0.95, so the ideal gas model is accurate to within about 5%
in this case.

¢. The ammonia tables, Table B.2, give the most accurate information. From Table B.2.1
at 20°C, P, = 858 kPa. Since the given pressure of 1 MPa is greater than Py, this state
is a compressed liquid, not a gas.

m

Examp|2.10 ' ~—

Determine the specific volume for R-134a at 100°C, 3.0 MPa for the following models:

a. The R-134a tables, Table B.5
b. Ideal gas
c¢. The generalized chart, Fig. D.1

17



Solution
a. From Table B.5.2 at 100°C, 3 MPa

v = 0.006 65 m* /kg (most accurate value)

b. Assuming ideal gas, we have

R=R B3 og149 XL
M 102.03 kg K
RT  0.08149 x 373.2 -
v = = = 0.010 14 m” /kg

P 3000

which is more than 50% too large.
c¢. Using the generalized chart, Fig. D.1, we obtain

373.2 3
=== 1, P = ——=0.74, Z =0.67
374.2 4.06

RT 3
v=/7ZX 5 = 0.67 x 0.010 14 = 0.006 79 m” /kg

which is only 2% too large.

Example 2.11 = —
Propane in a steel bottle of volume 0.1 m? has a quality of 10% at a temperature of 15°C.
Use the generalized compressibility chart to estimate the total propane mass and to find
the pressure.

18
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v e
m 2 Kg
P=600 Kpas A =
N S » v=0.001101 , v,=0.3157

V=Vet+v,, —  0.2=0.001101+x(0.3157-0.001101) — x=0.6322

v Al 06320 = e m, =1.2644
m,+tm, 2

me+mg =2 m=0.7355
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