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SYCHROMETRICS deals with the thermodynamic properties
of moist air and uses these properties to analyze conditions and
processes involving moist air.

Hyland and Wexler (1983a,b) developed formulas for thermody-
namic properties of moist air and water. However, perfect gas rela-
tions can be used instead of these formulas in most air-conditioning
problems. Kuehn et al. (1998) showed that errors are less than 0.7%
in calculating humidity ratio, enthalpy, and specific volume of sat-
urated air at standard atmospheric pressure for a temperature range
of =50 to 50°C. Furthermore, these errors decrease with decreasing
pressure.

This chapter discusses perfect gas relations and describes their
use in common air-conditioning problems. The formulas developed
by Hyland and Wexler (1983a) and discussed by Olivieri (1996)
may be used where greater precision is required.

COMPOSITION OF DRY AND
MOIST AIR

Atmospheric air contains many gaseous components as well as
water vapor and miscellaneous contaminants (e.g., smoke, pollen,
and gaseous pollutants not normally present in free air far from pol-
lution sources).

Dry air exists when all water vapor and contaminants have
been removed from atmospheric air. The composition of dry air
is relatively constant, but small variations in the amounts of indi-
vidual components occur with time, geographic location, and
altitude. Harrison (1965) lists the approximate percentage com-
position of dry air by volume as: nitrogen, 78.084; oxygen,
20.9476; argon, 0.934; carbon dioxide, 0.0314; neon, 0.001818;
helium, 0.000524; methane, 0.00015; sulfur dioxide, 0 to 0.0001;
hydrogen, 0.00005; and minor components such as krypton,
xenon, and ozone, 0.0002. The relative molecular mass of all
components for dry air is 28.9645, based on the carbon-12 scale
(Harrison 1965). The gas constant for dry air, based on the car-
bon-12 scale, is

Ry, = 8314.41/28.9645 = 287.055 1/(kg-K) (1

Moist air is a binary (two-component) mixture of dry air and
water vapor. The amount of water vapor in moist air varies from
zero (dry air) to a maximum that depends on temperature and pres-
sure. The latter condition refers to saturation, a state of neutral
equilibrium between moist air and the condensed water phase (lig-
uid or solid). Unless otherwise stated, saturation refers to a flat inter-
face surface between the moist air and the condensed phase.
Saturation conditions will change when the interface radius is very

The preparation of this chapter is assigned to TC 1.1, Thermodynamics and
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small such as with ultrafine water droplets. The relative molecular
mass of water is 18.01528 on the carbon-12 scale. The gas constant
for water vapor is

R, =8314.41/18.01528 = 461.520 J/(kg-K) 2)

UNITED STATES STANDARD
ATMOSPHERE

The temperature and barometric pressure of atmospheric air vary
considerably with altitude as well as with local geographic and
weather conditions. The standard atmosphere gives a standard of
reference for estimating properties at various altitudes. At sea level,
standard temperature is 15°C; standard barometric pressure is
101.325 kPa. The temperature is assumed to decrease linearly with
increasing altitude throughout the troposphere (lower atmosphere),
and to be constant in the lower reaches of the stratosphere. The
lower atmosphere is assumed to consist of dry air that behaves as a
perfect gas. Gravity is also assumed constant at the standard value,
9.806 65 m/s2. Table 1 summarizes property data for altitudes to
10 000 m.

Table 1 Standard Atmospheric Data for Altitudes to 10 000 m
Altitude, m

Temperature, °C Pressure, kPa

=500 18.2 107.478
0 15.0 101.325

500 11.8 95.461
1000 8.5 89.875
1500 52 84.556
2000 2.0 79.495
2500 -1.2 74.682
3000 —4.5 70.108
4000 -11.0 61.640
5000 -17.5 54.020
6000 -24.0 47.181
7000 -30.5 41.061
8000 -37.0 35.600
9000 —43.5 30.742
10000 =50 26.436
12000 —63 19.284
14000 -76 13.786
16 000 -89 9.632
18000 -102 6.556
20000 —115 4.328
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The pressure values in Table 1 may be calculated from

_ 5.2559
p = 101.325(1 - 2.25577 x 10 Z) 3)

The equation for temperature as a function of altitude is given as
t = 15-0.0065Z 4

where
Z = altitude, m
p = barometric pressure, kPa
t = temperature, °C

Equations (3) and (4) are accurate from —5000 m to 11 000 m. For
higher altitudes, comprehensive tables of barometric pressure and
other physical properties of the standard atmosphere can be found in
NASA (1976).

THERMODYNAMIC PROPERTIES OF
MOIST AIR

Table 2, developed from formulas by Hyland and Wexler
(1983a,b), shows values of thermodynamic properties of moist air
based on the thermodynamic temperature scale. This ideal scale
differs slightly from practical temperature scales used for physical
measurements. For example, the standard boiling point for water (at
101.325 kPa) occurs at 99.97°C on this scale rather than at the tra-
ditional value of 100°C. Most measurements are currently based
on the International Temperature Scale of 1990 (ITS-90) (Preston-
Thomas 1990).

The following paragraphs briefly describe each column of
Table 2:

t = Celsius temperature, based on thermodynamic temperature scale
and expressed relative to absolute temperature 7 in kelvins (K)
by the following relation:

T =1t+273.15

W, = humidity ratio at saturation, condition at which gaseous phase
(moist air) exists in equilibrium with condensed phase (liquid or
solid) at given temperature and pressure (standard atmospheric
pressure). At given values of temperature and pressure, humidity
ratio ¥ can have any value from zero to W,.

Ve = specific volume of dry air, m3/kg (dry air).

Vas = Vg — Vg, difference between specific volume of moist air at satu-
ration and that of dry air itself, m3/kg (dry air), at same pressure
and temperature.

v, = specific volume of moist air at saturation, m/kg (dry air).

hy, = specific enthalpy of dry air, kl/kg (dry air). In Table 2, &, has
been assigned a value of 0 at 0°C and standard atmospheric pres-

sure.

h,e = hy— hg,, difference between specific enthalpy of moist air at sat-
uration and that of dry air itself, kJ/kg (dry air), at same pressure
and temperature.

= specific enthalpy of moist air at saturation, kJ/kg (dry air).

S4q = specific entropy of dry air, kJ/(kg-K) (dry air). In Table 2, s, has
been assigned a value of 0 at 0°C and standard atmospheric pres-
sure.

s = S — Sqq- difference between specific entropy of moist air at satu-
ration and that of dry air itself, kJ/(kg-K) (dry air), at same pres-
sure and temperature.

s, = specific entropy of moist air at saturation kJ/(kg-K) (dry air).

h,, = specific enthalpy of condensed water (liquid or solid) in equi-
librium with saturated moist air at specified temperature and
pressure, klJ/kg (water). In Table 2, 4, is assigned a value of 0
at its triple point (0.01°C) and saturation pressure.

Note that 4, is greater than the steam-table enthalpy of satu-
rated pure condensed phase by the amount of enthalpy increase
governed by the pressure increase from saturation pressure to
101.325 kPa, plus influences from presence of air.
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s,, = specific entropy of condensed water (liquid or solid) in equi-
librium with saturated air, kl/(kg-K) (water); s,, differs from
entropy of pure water at saturation pressure, similar to 4,,..

p, = vapor pressure of water in saturated moist air, kPa. Pressure p;
differs negligibly from saturation vapor pressure of pure water
P,y for conditions shown. Consequently, values of p, can be used
at same pressure and temperature in equations where p,
appears. Pressure p; is defined as p, = x,,,p, where x,, is mole
fraction of water vapor in moist air saturated with water at tem-
perature ¢ and pressure p, and where p is total barometric pres-
sure of moist air.

THERMODYNAMIC PROPERTIES OF
WATER AT SATURATION

Table 3 shows thermodynamic properties of water at saturation
for temperatures from —60 to 160°C, calculated by the formulations
described by Hyland and Wexler (1983b). Symbols in the table fol-
low standard steam table nomenclature. These properties are based
on the thermodynamic temperature scale. The enthalpy and entropy
of saturated liquid water are both assigned the value zero at the tri-
ple point, 0.01°C. Between the triple-point and critical-point tem-
peratures of water, two states—liquid and vapor—may coexist in
equilibrium. These states are called saturated liquid and saturated
vapor.

The water vapor saturation pressure is required to determine a
number of moist air properties, principally the saturation humidity
ratio. Values may be obtained from Table 3 or calculated from the
following formulas (Hyland and Wexler 1983b).

The saturation pressure over ice for the temperature range of
—100 to 0°C is given by

Inpy,= C/T+Cyt CsT+C,T + CsT
+ C6T4+ CyInT 3)

where
C, =-5.674 5359 E+03
C, = 6.392 5247 E+00
C; =-9.677 843 0 E-03
6.221 570 1 E-07
= 2.074 782 5 E-09
Cg =—9.484 024 0 E-13
C; = 4.163 501 9 E+00

fa¥e
I

The saturation pressure over liquid water for the temperature range
of 0 to 200°C is given by

Inp,, = Cy/T+Co+CyoT+Cy T
+C1273+C131nT (6)

where
Cg =—5.800 220 6 E+03
Cy = 1.391499 3 E+00
Cyo = —4.864 023 9 E-02
Cy = 4.176 476 8 E-05
=-1.445209 3 E-08
6.545 967 3 E+00

In both Equations (5) and (6),

00
[SSI )
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In = natural logarithm
P = saturation pressure, Pa
T = absolute temperature, K = °C +273.15

The coefficients of Equations (5) and (6) have been derived from
the Hyland-Wexler equations. Due to rounding errors in the deriva-
tions and in some computers’ calculating precision, the results
obtained from Equations (5) and (6) may not agree precisely with
Table 3 values.
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Table 2 Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325 kPa

6.3

Condensed Water
Humidity . . . Specific Specific Vapor
Temp., Ratio, Spg/clific :olul}le, Spec/lkﬁc ](Eintha‘lpy, kS;)el;cﬂ:if(Endtrop)'f, Enthalpy, Entropy, Pressure, Temp.,

°C  kg(w)/kg(da) m°/kg (dry air) kJ/kg (dry air) J/(kg - K) (dry air) kikg kli(kg'K) kPa  °C

t s Vda Vas Vs hda has hs Sda Sas Ss w Sy Py t
-60  0.0000067 0.6027 0.0000 0.6027 -60.351 0.017 -60.334 -0.2495 0.0001 -0.2494 —446.29 -1.6854 0.00108 —60
=59 0.0000076 0.6056  0.0000 0.6056  —59.344 0.018 -59.326 —0.2448 0.0001 —0.2447 -444.63 -1.6776  0.00124 -59
-58  0.0000087 0.6084  0.0000 0.6084  —58.338 0.021 -58.317 -0.2401 0.0001 —0.2400 44295 -1.6698 0.00141 58
=57 0.0000100 0.6113  0.0000 0.6113  —57.332 0.024 -57.308 -0.2354 0.0001 —0.2353  —-441.27 -1.6620  0.00161 57
-56  0.0000114 0.6141 0.0000 0.6141 -56.326 0.028 -56.298 —-0.2308 0.0001 -0.2306 —439.58 —-1.6542 0.00184 56
=55 0.0000129 0.6170  0.0000 0.6170  —55.319 0.031 -55.288 —-0.2261 0.0002 —0.2260  —-437.89 -1.6464  0.00209 -55
=54 0.0000147 0.6198  0.0000 0.6198  —54.313 0.036 —54.278 -0.2215 0.0002 —-0.2214  -436.19 -1.6386  0.00238 54
=53 0.0000167 0.6226  0.0000  0.6227  —53.307 0.041 -53.267 -0.2170 0.0002 -0.2168  -434.48 -1.6308  0.00271 53
-52  0.0000190 0.6255 0.0000 0.6255 -52.301 0.046 -52.255 -0.2124 0.0002 -0.2122 —432.76  —1.6230 0.00307 52
=51 0.0000215 0.6283  0.0000  0.6284  —51.295 0.052 -51.243 -0.2079 0.0002 -0.2076  —431.03 -1.6153  0.00348 51
=50  0.0000243 0.6312  0.0000 0.6312  —50.289 0.059 -50.230 -0.2033 0.0003 —0.2031  —-429.30 -1.6075  0.00394 50
—49  0.0000275 0.6340  0.0000  0.6341 —49.283 0.067 —49.216 —0.1988 0.0003 —0.1985  —427.56 —1.5997  0.00445 —49
—48  0.0000311 0.6369  0.0000 0.6369  —48.277 0.075 —48.202 -0.1944 0.0004 —-0.1940 -425.82 -1.5919  0.00503 48
—47  0.0000350 0.6397 0.0000 0.6398 —47.271 0.085 —-47.186 —0.1899 0.0004 -0.1895 —424.06 —1.5842 0.00568 47
—46  0.0000395 0.6426  0.0000 0.6426  —46.265 0.095 —46.170 -0.1855 0.0004 —0.1850 —-422.30 -1.5764 0.00640 —46
—45  0.0000445 0.6454  0.0000 0.6455  —45.259 0.108 —45.151 -0.1811 0.0005 -0.1805  -420.54 -1.5686  0.00721 —45
—44  0.0000500 0.6483 0.0001 0.6483 —44.253 0.121 -44.132 -0.1767 0.0006 -0.1761 —418.76  —1.5609 0.00811 —44
—43  0.0000562 0.6511  0.0001  0.6512  —43.247 0.137 —43.111 -0.1723 0.0006 —0.1716  —-416.98 -1.5531  0.00911  —43
—42  0.0000631 0.6540  0.0001  0.6540  —42.241 0.153 —42.088 -0.1679 0.0007 -0.1672  —415.19 -1.5453 0.01022 —42
—41  0.0000708 0.6568  0.0001  0.6569  —41.235 0.172 —41.063 -0.1636 0.0008 -0.1628  —413.39 -1.5376  0.01147 —41
—40  0.0000793 0.6597  0.0001  0.6597  —40.229 0.192 —40.037 -0.1592 0.0009 -0.1584  —411.59 -1.5298 0.01285 —40
-39 0.0000887 0.6625 0.0001 0.6626 -39.224 0.216 -39.007 -0.1549 0.0010 -0.1540 —409.77 -1.5221 0.01438 -39
-38  0.0000992 0.6653  0.0001  0.6654  —38.218 0.241 -37976 -0.1507 0.0011 -0.1496  -407.96 -1.5143 0.01608 -38
-37  0.0001108 0.6682  0.0001  0.6683  —37.212 0.270 -36.942 -0.1464 0.0012 -0.1452  -406.13 -1.5066  0.01796 37
=36 0.0001237 0.6710  0.0001  0.6712  -36.206 0.302 -35.905 -0.1421 0.0014 —-0.1408  -404.29 -1.4988  0.02005 -36
-35 0.0001379 0.6739 0.0001 0.6740 —35.200 0.336 -34.864 -0.1379 0.0015 -0.1364 —402.45 -1.4911 0.02235 35
-34  0.0001536 0.6767  0.0002  0.6769  —34.195 0.375 -33.820 -0.1337 0.0017 -0.1320 -400.60 —1.4833 0.02490 -34
-33  0.0001710 0.6796  0.0002  0.6798  —33.189 0.417 -32.772 -0.1295 0.0018 -0.1276 ~ -398.75 -1.4756  0.02772 33
-32  0.0001902 0.6824  0.0002  0.6826  —32.183 0.464 -31.718 -0.1253 0.0020 -0.1233  -396.89 -1.4678  0.03082 -32
-31 0.0002113 0.6853 0.0002 0.6855 -31.178 0.517 -30.661 -0.1212 0.0023 -0.1189 -395.01 -1.4601 0.03425 31
-30  0.0002346 0.6881 0.0003 0.6884 -30.171 0.574 -29.597 -0.1170 0.0025 -0.1145 —393.14 -1.4524 0.03802 =30
-29  0.0002602 0.6909  0.0003 0.6912  —29.166 0.636 -28.529 —0.1129 0.0028 —-0.1101  —391.25 -1.4446 0.04217 -29
-28  0.0002883 0.6938  0.0003  0.6941 —28.160 0.707 -27.454 —0.1088 0.0031 —0.1057  —-389.36 —1.4369  0.04673 28
-27  0.0003193 0.6966  0.0004 0.6970  -27.154 0.782 -26.372 -0.1047 0.0034 -0.1013  -387.46 -1.4291  0.05175 27
-26  0.0003533 0.6995 0.0004 0.6999 -26.149 0.867 -25.282 -0.1006 0.0037 —0.0969 —385.55 -1.4214 0.05725 26
-25  0.0003905 0.7023  0.0004 0.7028  —25.143 0.959 -24.184 -0.0965 0.0041 -0.0924  -383.63 -1.4137 0.06329 -25
-24  0.0004314 0.7052  0.0005  0.7057  —24.137 1.059 -23.078 -0.0925 0.0045 —0.0880  -381.71 -1.4059 0.06991 24
-23  0.0004762 0.7080 0.0005 0.7086 -23.132 1.171 -21.961 -0.0885 0.0050 —0.0835 -379.78 —1.3982 0.07716 23
-22  0.0005251 0.7109  0.0006  0.7115  -22.126 1.292 -20.834 -0.0845 0.0054 —-0.0790 -377.84 -1.3905 0.08510 -22
-21  0.0005787 0.7137  0.0007  0.7144  -21.120 1.425 -19.695 -0.0805 0.0060 —0.0745 -375.90 -1.3828 0.09378 -21
-20  0.0006373 0.7165  0.0007 0.7173  -20.115 1.570 -18.545 -0.0765 0.0066 —0.0699  -373.95 -1.3750  0.10326 20
-19  0.0007013 0.7194  0.0008  0.7202  —19.109 1.729 -17.380 -0.0725 0.0072 -0.0653  -371.99 -1.3673 0.11362 -19
-18  0.0007711 0.7222 0.0009 0.7231 —-18.103 1.902 -16.201 -0.0686 0.0079 -0.0607 -370.02 -1.3596 0.12492  -18
-17  0.0008473 0.7251  0.0010  0.7261 -17.098 2.092 -15.006 -0.0646 0.0086 —0.0560 -368.04 -1.3518 0.13725 -17
-16  0.0009303 0.7279  0.0011  0.7290  —16.092 2299 -13.793 -0.0607 0.0094 —-0.0513 -366.06 —1.3441  0.15068 -16
-15  0.0010207 0.7308  0.0012  0.7320  —15.086 2.524 12,562 -0.0568 0.0103 -0.0465 -364.07 -1.3364 0.16530 -15
-14  0.0011191 0.7336 0.0013 0.7349 —14.080 2.769 -11.311 -0.0529 0.0113 -0.0416 -362.07 -1.3287 0.18122 -14
-13  0.0012262 0.7364  0.0014  0.7379  -13.075 3.036 —-10.039 -0.0490 0.0123 -0.0367 -360.07 -1.3210 0.19852 -13
-12 0.0013425 0.7393  0.0016  0.7409  —12.069 3327  -8.742 -0.0452 0.0134 -0.0318 -358.06 -1.3132 0.21732 -12
-11  0.0014690 0.7421  0.0017  0.7439  -11.063 3.642 -7.421 -0.0413 0.0146 -0.0267 -356.04 -1.3055 0.23775 -11
-10  0.0016062 0.7450  0.0019  0.7469  —10.057 3986 —6.072 -0.0375 0.0160 -0.0215 -354.01 -1.2978  0.25991 -10
-9 0.0017551 0.7478 0.0021 0.7499 -9.052 4358 —4.693 -0.0337 0.0174 -0.0163 -351.97 -1.2901 0.28395 -9
-8 0.0019166 0.7507  0.0023  0.7530 —8.046 4764 -3.283 -0.0299 0.0189 -0.0110 —-349.93 -1.2824  0.30999 -8
=7 0.0020916 0.7535  0.0025  0.7560 —7.040 5202 -1.838 -0.0261 0.0206 —0.0055 -347.88 -1.2746  0.33821 -7
-6 0.0022811 0.7563 0.0028 0.7591 —-6.035 5.677 -0.357 -0.0223 0.0224 -0.0000 -345.82 —-1.2669 0.36874 -6
-5 0.0024862 0.7592 0.0030 0.7622 -5.029 6.192 1.164 -0.0186 0.0243  —-0.0057 -343.76 -1.2592 0.40178 -5
-4 0.0027081 0.7620  0.0033  0.7653 -4.023 6.751 2728 -0.0148 0.0264 -0.0115 -341.69 -1.2515  0.43748 —4
=3 0.0029480 0.7649  0.0036  0.7685 -3.017 7.353 4336 -0.0111 0.0286 -0.0175 -339.61 -1.2438  0.47606 -3
-2 0.0032074 0.7677 0.0039 0.7717 -2.011 8.007 5.995 -0.0074 0.0310 -0.0236 -337.52 -1.2361 0.51773 -2
-1 0.0034874 0.7705  0.0043  0.7749 -1.006 8.712 7.706 —0.0037 0.0336  —0.0299  -335.42 -1.2284  0.56268 -1
0 0.0037895 0.7734  0.0047  0.7781 0.000 9.473 9.473  0.0000 0.0364 0.0364  —333.32 -1.2206 0.61117 0
0% 0.003789 0.7734  0.0047  0.7781 0.000 9.473 9.473  0.0000 0.0364 0.0364 0.06 —0.0001  0.6112 0
1 0.004076 0.7762  0.0051  0.7813 1.006 10.197  11.203  0.0037 0.0391 0.0427 428 0.0153  0.6571 1
2 0.004381 0.7791 0.0055 0.7845 2.012 10.970 12.982 0.0073  0.0419 0.0492 8.49  0.0306 0.7060 2
3 0.004707 0.7819 0.0059 0.7878 3.018 11.793 14.811 0.0110  0.0449 0.0559 1270 0.0459 0.7581 3
4 0.005054 0.7848  0.0064  0.7911 4.024 12.672  16.696  0.0146  0.0480 0.0627 1691 0.0611 0.8135 4
5 0.005424 0.7876  0.0068  0.7944 5.029 13.610  18.639  0.0182 0.0514 0.0697 21.12  0.0762  0.8725 5
6 0.005818 0.7904 0.0074 0.7978 6.036 14.608  20.644 0.0219  0.0550 0.0769 2532 0.0913 0.9353 6
7 0.006237 0.7933  0.0079  0.8012 7.041 15.671 22713 0.0255 0.0588 0.0843 29.52  0.1064  1.0020 7
8 0.006683 0.7961  0.0085  0.8046 8.047 16.805  24.852  0.0290 0.0628 0.0919 3372 0.1213  1.0729 8
9 0.007157 0.7990  0.0092  0.8081 9.053 18.010  27.064  0.0326 0.0671 0.0997 37.92  0.1362  1.1481 9
10 0.007661 0.8018  0.0098 08116 10.059 19.293  29.352  0.0362 0.0717 0.1078 4211  0.1511 1.2280 10
11 0.008197 0.8046 0.0106 0.8152 11.065 20.658 31.724 0.0397  0.0765 0.1162 46.31 0.1659 1.3128 11
12 0.008766 0.8075  0.0113  0.8188 12.071 22.108  34.179  0.0433 0.0816 0.1248 50.50  0.1806  1.4026 12
13 0.009370 0.8103  0.0122  0.8225 13.077 23.649  36.726  0.0468 0.0870 0.1337 54.69  0.1953  1.4979 13

*Extrapolated to represent metastable equilibrium with undercooled liquid.
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Table 2 Thermodynamic Properties of Moist Air at Standard Atmospheric Pressure, 101.325 kPa (Continued)

Condensed Water
Humidity . . . Specific Specific Vapor
Temp., Ratio, Spg/clific :olul'ne, Spec/lkﬁc l(illntha.lpy, kS;)el:(cﬂ:iIc(Endtrop)‘f, Enthalpy, Entropy, Pressure, Temp.,

°C  kg(w)ke(da) m~/kg (dry air) kJ/kg (dry air) J/(kg - K) (dry air) K)/kg kJ/(kg-K) KkPa °C
t Ws Vda Vas Vs hda has hs Sda Sas Ss hw Sy Py t

14 0.010012 0.8132 0.0131 0.8262 14.084 25286  39.370 0.0503  0.0927 0.1430 58.88  0.2099 1.5987 14
15 0.010692 0.8160  0.0140  0.8300 15.090 27.023  42.113  0.0538 0.0987 0.1525 63.07 02244  1.7055 15
16 0.011413 0.8188  0.0150  0.8338 16.096 28.867 44963  0.0573 0.1051 0.1624 67.26 02389  1.8185 16
17 0.012178 0.8217  0.0160  0.8377 17.102 30.824 47926  0.0607 0.1119 0.1726 71.44  0.2534  1.9380 17
18 0.012989 0.8245 0.0172 0.8417 18.108 32.900 51.008 0.0642  0.1190 0.1832 75.63  0.2678 2.0643 18
19 0.013848 0.8274 0.0184 0.8457 19.114 35.101 54.216 0.0677  0.1266 0.1942 79.81 0.2821 2.1979 19
20 0.014758 0.8302 0.0196 0.8498 20.121 37.434  57.555 0.0711  0.1346 0.2057 84.00 0.2965 2.3389 20
21 0.015721 0.8330  0.0210  0.8540 21.127 39.908 61.035 0.0745 0.1430 0.2175 88.18 0.3107 2.4878 21
22 0.016741 0.8359  0.0224  0.8583 22.133 42527  64.660  0.0779 0.1519 0.2298 9236  0.3249  2.6448 22
23 0.017821 0.8387 0.0240 0.8627 23.140 45.301 68.440 0.0813 0.1613 0.2426 96.55 0.3390 2.8105 23
24 0.018963 0.8416 0.0256 0.8671 24.146 48.239  72.385 0.0847 0.1712 0.2559 100.73  0.3531 2.9852 24
25 0.020170 0.8444  0.0273  0.8717 25.153 51.347  76.500  0.0881 0.1817 0.2698 10491 03672  3.1693 25
26 0.021448 0.8472  0.0291  0.8764 26.159 54.638  80.798  0.0915 0.1927 0.2842 109.09 0.3812  3.3633 26
27 0.022798 0.8501 0.0311 0.8811 27.165 58.120  85.285 0.0948  0.2044 0.2992 113.27  0.3951 3.5674 27
28 0.024226 0.8529 0.0331 0.8860 28.172 61.804  89.976 0.0982  0.2166 0.3148 117.45  0.4090 3.7823 28
29  0.025735 0.8558  0.0353  0.8910 29.179 65.699  94.878  0.1015 0.2296 0.3311 121.63  0.4229  4.0084 29
30 0.027329 0.8586  0.0376  0.8962 30.185 69.820 100.006  0.1048 0.2432 0.3481 125.81 04367  4.2462 30
31 0.029014 0.8614  0.0400  0.9015 31.192 74177 105.369  0.1082  0.2576 0.3658 129.99 04505  4.4961 31
32 0.030793 0.8643  0.0426  0.9069 32.198 78.780 110979  0.1115 0.2728 0.3842 134.17 04642  4.7586 32
33 0.032674 0.8671 0.0454 0.9125 33.205 83.652 116.857 0.1148  0.2887 0.4035 138.35 04779 5.0345 33
34 0.034660 0.8700  0.0483  0.9183 34.212 88.799 123.011  0.1180 0.3056 0.4236 142.53 04915 5.3242 34
35 0.036756 0.8728  0.0514  0.9242 35.219 94236 129.455  0.1213  0.3233 0.4446 146.71  0.5051  5.6280 35
36 0.038971 0.8756  0.0546  0.9303 36.226 99.983 136.209  0.1246  0.3420 0.4666 150.89  0.5186  5.9468 36
37 0.041309 0.8785 0.0581 0.9366 37.233  106.058 143.290 0.1278  0.3617 0.4895 155.07  0.5321 6.2812 37
38 0.043778 0.8813  0.0618  0.9431 38.239 112474 150.713  0.1311 0.3824 0.5135 159.25 0.5456  6.6315 38
39 0.046386 0.8842  0.0657  0.9498 39.246 119.258 158.504  0.1343  0.4043 0.5386 16343  0.5590  6.9988 39
40  0.049141 0.8870  0.0698  0.9568 40.253 126430 166.683  0.1375 0.4273 0.5649 167.61  0.5724  7.3838 40
41 0.052049 0.8898  0.0741  0.9640 41.261  134.005 175.265  0.1407 0.4516 0.5923 171.79  0.5857  7.7866 41
42 0.055119 0.8927 0.0788 0.9714 42268 142.007 184.275 0.1439 04771 0.6211 17597  0.5990 8.2081 42
43 0.058365 0.8955  0.0837  0.9792 43275 150475 193.749  0.1471  0.5041 0.6512 180.15 0.6122  8.6495 43
44 0.061791 0.8983  0.0888  0.9872 44282 159.417 203.699  0.1503  0.5325 0.6828 18433  0.6254  9.1110 44
45 0.065411 0.9012  0.0943  0.9955 45289 168.874 214.164  0.1535 0.5624 0.7159 188.51  0.6386  9.5935 45
46  0.069239 0.9040 0.1002 1.0042 46.296 178.882 225.179 0.1566  0.5940 0.7507 192.69  0.6517 10.0982 46
47 0.073282 0.9069  0.1063  1.0132 47.304 189.455 236.759  0.1598 0.6273 0.7871 196.88  0.6648 10.6250 47
48  0.077556 0.9097  0.1129  1.0226 48.311  200.644 248.955  0.1629 0.6624 0.8253 201.06 0.6778 11.1754 48
49  0.082077 0.9125 0.1198 1.0323 49.319 212485 261.803 0.1661  0.6994 0.8655 205.24  0.6908 11.7502 49
50 0.086858 09154  0.1272  1.0425 50.326  225.019 275345  0.1692 0.7385 0.9077 209.42  0.7038 12.3503 50
51  0.091918 0.9182 0.1350 1.0532 51.334  238.290 289.624 0.1723  0.7798 0.9521 213.60  0.7167 12.9764 51
52 0.097272 0.9211 0.1433 1.0643 52.341  252.340 304.682 0.1754  0.8234 0.9988 217.78  0.7296 13.6293 52
53 0.1029438 0.9239  0.1521 1.0760 53.349  267.247 320.596  0.1785 0.8695 1.0480 221.97 0.7424 14.3108 53
54 0.108954 0.9267 0.1614  1.0882 54.357 283.031 337.388 0.1816 0.9182 1.0998 226.15  0.7552 15.0205 54
55  0.115321 0.9296 0.1713 1.1009 55.365 299.772 355.137 0.1847  0.9698 1.1544 230.33  0.7680 15.7601 55
56  0.122077 0.9324 0.1819 1.1143 56.373  317.549 373.922 0.1877 1.0243 1.2120 234.52  0.7807 16.5311 56
57 0.129243 0.9353  0.1932  1.1284 57.381 336.417 393.798  0.1908 1.0820 1.2728 238.70  0.7934 17.3337 57
58  0.136851 0.9381  0.2051 1.1432 58.389 356.461 414.850  0.1938 1.1432 1.3370 242.88 0.8061 18.1691 58
59 0.144942 0.9409 0.2179 1.1588 59.397 377.788 437.185 0.1969  1.2081 1.4050 247.07  0.8187 19.0393 59
60  0.15354 0.9438 0.2315 1.1752 60.405 400.458 460.863 0.1999  1.2769 1.4768 251.25  0.8313 19.9439 60
61  0.16269 0.9466  0.2460  1.1926 61.413  424.624 486.036  0.2029  1.3500 1.5530 255.44  0.8438 20.8858 61
62  0.17244 0.9494  0.2614  1.2109 62.421 450377 512.798  0.2059 1.4278 1.6337 259.62  0.8563 21.8651 62
63 0.18284 0.9523  0.2780  1.2303 63.429 477.837 541.266  0.2089 1.5104 1.7194 263.81 0.8688 22.8826 63
64  0.19393 0.9551 0.2957 1.2508 64.438 507.177 571.615 0.2119  1.5985 1.8105 268.00  0.8812 23.9405 64
65 0.20579 0.9580 0.3147  1.2726 65.446  538.548 603.995  0.2149 1.6925 1.9074 272.18  0.8936 25.0397 65
66 0.21848 0.9608  0.3350  1.2958 66.455 572.116 638.571  0.2179  1.7927 2.0106 276.37  0.9060 26.1810 66
67 0.23207 0.9636 03568  1.3204 67.463  608.103 675.566  0.2209  1.8999 2.1208 280.56  0.9183 27.3664 67
68  0.24664 0.9665 0.3803 1.3467 68.472  646.724 715.196 0.2238  2.0147 2.2385 284.75  0.9306 28.5967 68
69 0.26231 0.9693 04055  1.3749 69.481 688.261 757.742  0.2268 2.1378 2.3646 288.94  0.9429 29.8741 69
70 0.27916 0.9721 0.4328 1.4049 70.489 732959 803.448 0.2297  2.2699 2.4996 293.13  0.9551 31.1986 70
71 0.29734 0.9750 04622 14372 71.498 781.208 852.706  0.2327 24122 2.6448 297.32  0.9673 32.5734 71
72 0.31698 0.9778  0.4941 1.4719 72.507 833.335 905.842  0.2356  2.5655 2.8010 301.51  0.9794 33.9983 72
73 0.33824 0.9807 0.5287 1.5093 73.516  889.807 963.323 0.2385 2.7311 2.9696 305.70  0.9916 35.4759 73
74 0.36130 0.9835 0.5662 1.5497 74.525  951.077 1025.603 0.2414 29104 3.1518 309.89 1.0037 37.0063 74
75 0.38641 0.9863  0.6072  1.5935 75.535 1017.841 1093.375  0.2443  3.1052 3.3496 314.08 1.0157 38.5940 75
76 0.41377 0.9892  0.6519  1.6411 76.543 1090.628 1167.172  0.2472 3.3171 3.5644 318.28  1.0278 40.2369 76
77 0.44372 0.9920 0.7010 1.6930 77.553 1170.328 1247.881 0.2501 3.5486 3.7987 322.47 1.0398 41.9388 77
78  0.47663 0.9948  0.7550  1.7498 78.562 1257.921 1336.483  0.2530 3.8023 4.0553 326.67 1.0517 43.7020 78
79  0.51284 0.9977  0.8145  1.8121 79.572 1354.347 1433918  0.2559 4.0810 4.3368 330.86  1.0636 45.5248 79
80 0.55295 1.0005  0.8805  1.8810 80.581 1461.200 1541.781  0.2587  4.3890 4.6477 335.06 1.0755 47.4135 30
81 0.59751 1.0034 09539  1.9572 81.591 1579.961 1661.552  0.2616 4.7305 4.9921 339.25 1.0874 49.3670 81
82  0.64724 1.0062 1.0360 2.0422 82.600 1712.547 1795.148 0.2644  5.1108 5.3753 343.45 1.0993 51.3860 82
83 0.70311 1.0090 1.1283 2.1373 83.610 1861.548 1945.158 0.2673  5.5372 5.8045 347.65 1.1111  53.4746 83
84  0.76624 1.0119  1.2328  2.2446 84.620 2029.983 2114.603  0.2701 6.0181 6.2882 351.85  1.1228 55.6337 84
85 0.83812 1.0147  1.3518  2.3666 85.630 2221.806 2307.436  0.2729 6.5644 6.8373 356.05 1.1346 57.8658 85
86  0.92062 1.0175 1.4887 2.5062 86.640 2442.036 2528.677 0.2757  7.1901 7.4658 360.25 1.1463  60.1727 86
87 1.01611 1.0204 1.6473 2.6676 87.650 2697.016 2784.666 0.2785 7.9128 8.1914 364.45 1.1580 62.5544 87
88  1.12800 1.0232  1.8333  2.8565 88.661 2995.890 3084.551  0.2813  8.7580 9.0393 368.65 1.1696 65.0166 38
89  1.26064 1.0261  2.0540  3.0800 89.671 3350.254 3439.925  0.2841 9.7577 10.0419 37286  1.1812 67.5581 89

90  1.42031 1.0289 23199  3.3488 90.681 3776.918 3867.599  0.2869 10.9586  11.2455 377.06  1.1928 70.1817 90




Psychrometrics 6.5
Table 3 Thermodynamic Properties of Water at Saturation
Absolute Spe3ciﬁc Volume, Specific Enthalpy, Specific Entropy,

Temp., Pressure, m-/kg (water) kJ/kg (water) kJ/(kg -K) (water) Temp.,
°C kPa Sat. Solid Evap. Sat. Vapor Sat. Solid Evap. Sat. Vapor  Sat. Solid Evap.  Sat. Vapor °C
t P Vi Vig Vg h; hg hy s; Sig Sg t
—60 0.00108 0.001082  90942.00  90942.00 —446.40 2836.27 2389.87 —1.6854 133065  11.6211 —60
=59 0.00124 0.001082  79858.69  79858.69 —444.74 2836.46  2391.72 -1.7667 13.2452  11.5677 =59
-58 0.00141 0.001082  70212.37  70212.37 —443.06 2836.64 2393.57 —-1.6698 13.8145  11.5147 58
-57 0.00161 0.001082  61805.35  61805.35 —441.38 2836.81 2395.43 -1.6620 13.1243  11.4623 =57
-56 0.00184 0.001082  54469.39  54469.39 —439.69 2836.97 2397.28 —-1.6542 13.0646  11.4104 56
=55 0.00209 0.001082  48061.05  48061.05 —438.00 2837.13  2399.12 —1.6464 13.0054  11.3590 =55
—54 0.00238 0.001082  42455.57  42455.57 —436.29 2837.27  2400.98 —-1.6386 12.9468  11.3082 =54
=53 0.00271 0.001083  37546.09  37546.09 —434.59 2837.42  2402.83 —-1.6308 12.8886  11.2578 =53
-52 0.00307 0.001083  33242.14  33242.14 —432.87 2837.55 2404.68 -1.6230 12.8309  11.2079 -52
51 0.00348 0.001083  29464.67  29464.67 —431.14 2837.68  2406.53 -1.6153 12.7738  11.1585 =51
=50 0.00394 0.001083  26145.01  26145.01 —429.41 2837.80  2408.39 -1.6075 127170 11.1096 =50
—49 0.00445 0.001083  23223.69  23223.70 —427.67 283791 2410.24 —-1.5997 12.6608  11.0611 —49
—48 0.00503 0.001083  20651.68  20651.69 —425.93 2838.02  2412.09 -1.5919 12.6051 11.0131 —48
47 0.00568 0.001083  18383.50  18383.51 —424.27 2838.12 2413.94 —-1.5842 12.5498  10.9656 —47
—46 0.00640 0.001083  16381.35  16381.36 —422.41 2838.21 2415.79 -1.5764 12.4949 109185 —46
—45 0.00721 0.001984  14612.35  14512.36 —420.65 2838.29  2417.65 —-1.5686 12.4405  10.8719 —45
—44 0.00811 0.001084  13047.65  13047.66 —418.87 2838.37  2419.50 —-1.5609 12.3866  10.8257 —44
—43 0.00911 0.001084  11661.85  11661.85 —417.09 2838.44 242135 —-1.5531 12.3330  10.7799 —43
—42 0.01022 0.001084  10433.85  10433.85 —415.30 2838.50  2423.20 —1.5453 12.2799  10.7346 —42
—41 0.01147 0.001084 9344.25 9344.25 —413.50 2838.55 2425.05 -1.5376 12.2273  10.6897 —41
—40 0.01285 0.001084 8376.33 8376.33 —411.70 2838.60  2426.90 —-1.5298 12.1750  10.6452 —40
-39 0.01438 0.001085 7515.86 7515.87 —409.88 2838.64 2428.76 —-1.5221 12.1232  10.6011 -39
-38 0.01608 0.001085 6750.36 6750.36 —-508.07 2838.67 1430.61 -1.5143 12.0718  10.5575 -38
=37 0.01796 0.001085 6068.16 6068.17 —406.24 2838.70  2432.46 -1.5066 12.0208  10.5142 =37
-36 0.02004 0.001085 5459.82 5459.82 —404.40 2838.71 243431 —1.4988 11.9702  10.4713 -36
=35 0.02235 0.001085 4917.09 4917.10 —402.56 2838.73  2436.16 -1.4911 11.9199  10.4289 =35
-34 0.02490 0.001085 4432.36 4432.37 —400.72 2838.73  2438.01 —1.4833 11.8701 10.3868 -34
-33 0.02771 0.001085 3998.71 3998.71 —398.86 2838.72  2439.86 —1.4756 11.8207  10.3451 -33
-32 0.03082 0.001086 3610.71 3610.71 —-397.00 2838.71 2441.72 —-1.4678 11.7716  10.3037 -32
-31 0.03424 0.001086 3263.20 3263.20 —395.12 2838.69 2443.57 —-1.4601 11.7229  10.2628 31
=30 0.03802 0.001086 2951.64 2951.64 -393.25 2838.66 2445.42 —1.4524 11.6746  10.2222 -30
-29 0.04217 0.001086 2672.03 2672.03 -391.36 2838.63 2447.27 —1.4446 11.6266  10.1820 -29
-28 0.04673 0.001086 2420.89 2420.89 —389.47 2838.59 2449.12 —1.4369 11.4790  10.1421 -28
-27 0.05174 0.001086 2195.23 2195.23 —387.57 2838.53  2450.97 —-1.4291 11.5318  10.1026 27
-26 0.05725 0.001087 1992.15 1992.15 —385.66 2838.48 2452.82 —-1.4214 11.4849  10.0634 -26
-25 0.06329 0.001087 1809.35 1809.35 —383.74 2838.41 2454.67 —-1.4137 11.4383  10.0246 -25
—24 0.06991 0.001087 1644.59 1644.59 —381.34 2838.34  2456.52 —-1.4059 11.3921 9.9862 —24
-23 0.07716 0.001087 1495.98 1495.98 -379.89 2838.26  2458.37 —-1.3982 11.3462 9.9480 -23
-22 0.08510 0.001087 1361.94 1361.94 —377.95 2838.17 2460.22 -1.3905 11.3007 9.9102 -22
-21 0.09378 0.001087 1240.77 1240.77 —-376.01 2838.07 2462.06 -1.3828 11.2555 9.8728 -21
-20 0.10326 0.001087 1131.27 1131.27 —374.06 2837.97 2463.91 -1.3750 11.2106 9.8356 -20
-19 0.11362 0.001088 1032.18 1032.18 -372.10 2837.86  2465.76 -1.3673 11.1661 9.7988 -19
-18 0.12492 0.001088 942.46 942.47 —-370.13 2837.74  2467.61 -1.3596 11.1218 9.7623 -18
-17 0.13725 0.001088 861.17 861.18 -368.15 2837.61  2469.46 -1.3518 11.0779 9.7261 -17
-16 0.15068 0.001088 787.48 787.49 -366.17 2837.47 2471.30 —-1.3441 11.0343 9.6902 -16
-15 0.16530 0.001088 720.59 720.59 -364.18 2837.33  2473.15 —-1.3364 10.9910 9.6546 -15
-14 0.18122 0.001088 659.86 659.86 -362.18 2837.18  2474.99 —-1.3287 10.9480 9.6193 -14
-13 0.19852 0.001089 604.65 604.65 —-360.18 2837.02 2476.84 -1.3210 10.9053 9.5844 -13
-12 0.21732 0.001089 554.45 554.45 —358.17 2836.85 2478.68 -1.3232 10.8629 9.5497 -12
-11 0.23774 0.001089 508.75 508.75 —-356.15 2836.68 2480.53 -1.3055 10.8208 9.5153 -11
-10 0.25990 0.001089 467.14 467.14 —354.12 2836.49  2482.37 —-1.2978 10.7790 9.4812 -10
-9 0.28393 0.001089 429.21 429.21 —352.08 2836.30 2484.22 -1.2901 10.7375 9.4474 -9
-8 0.30998 0.001090 394.64 394.64 —-350.04 2836.10  2486.06 -1.2824 10.6962 9.4139 -8
-7 0.33819 0.001090 363.07 363.07 —347.99 2835.89  2487.90 -1.2746 10.6552 9.3806 -7
-6 0.36874 0.001090 334.25 334.25 —345.93 2835.68 2489.74 —-1.2669 10.6145 9.3476 -6
-5 0.40176 0.001090 307.91 307.91 —343.87 283545 2491.58 —2.2592 10.4741 9.3149 -5
—4 0.43747 0.001090 283.83 283.83 —341.80 283522 249342 -1.2515 10.5340 9.2825 —4
-3 0.47606 0.001090 261.79 261.79 -339.72 2834.98 249526 —1.2438 10.4941 9.2503 -3
-2 0.51772 0.001091 241.60 241.60 —337.63 2834.72  2497.10 -1.2361 10.4544 9.2184 -2
-1 0.56267 0.001091 223.11 223.11 —335.53 2834.47 2498.93 —-1.2284 10.4151 9.1867 -1

0 0.61115 0.001091 206.16 206.16 —333.43 2834.20  2500.77 -1.2206 10.3760 9.1553 0
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Table 3 Thermodynamic Properties of Water at Saturation (Continued)

Absolute Specific Volume, Specific Enthalpy, Specific Entropy,
Temp., Pressure, m’/kg (water) kJ/kg (water) kJ/(kg -K) (water) Temp.,

°C kPa Sat. Liquid Evap. Sat. Vapor  Sat. Liquid Evap. Sat. Vapor Sat. Liquid Evap. Sat. Vapor °C

! p r Ve Ve hy by, hy 55 Sre Se !
0 0.6112 0.001000 206.141 206.143 —0.04 2500.81  2500.77 —0.0002 9.1555 9.1553 0
1 0.6571 0.001000 192.455 192.456 4.18 2498.43  2502.61 0.0153 9.1134 9.1286 1
2 0.7060 0.001000 179.769 179.770 8.39 2496.05 2504.45 0.0306 9.0716 9.1022 2
3 0.7580 0.001000 168.026 168.027 12.60 2493.68  2506.28 0.0459 9.0302 9.0761 3
4 0.8135 0.001000 157.137 157.138 16.81 2491.31  2508.12 0.0611 8.9890 9.0501 4
5 0.8725 0.001000 147.032 147.033 21.02 2488.94  2509.96 0.0763 8.9482 9.0244 5
6 0.9353 0.001000 137.653 137.654 25.22 2486.57 2511.79 0.0913 8.9077 8.9990 6
7 1.0020 0.001000 128.947 128.948 29.42 2484.20 2513.62 0.1064 8.8674 8.9738 7
8 1.0728 0.001000 120.850 120.851 33.62 2481.84 2515.46 0.1213 8.8273 8.9488 8
9 1.1481 0.001000 113.326 113.327 37.82 2479.47  2517.29 0.1362 8.7878 8.9245 9
10 1.2280 0.001000 106.328 106.329 42.01 2477.11  2519.12 0.1511 8.7484 8.8995 10
11 1.3127 0.001000 99.812 99.813 46.21 247474 2520.95 0.1659 8.7093 8.8752 11
12 1.4026 0.001001 93.743 93.744 50.40 247238  2522.78 0.1806 8.6705 8.8511 12
13 1.4978 0.001001 88.088 88.089 54.59 2470.02  2524.61 0.1953 8.6319 8.8272 13
14 1.5987 0.001001 82.815 82.816 58.78 2467.66  2526.44 0.2099 8.5936 3.8035 14
15 1.7055 0.001001 77.897 77.898 62.97 2465.30  2528.26 0.2244 8.5556 8.7801 15
16 1.8184 0.001001 73.307 73.308 67.16 246293  2530.09 0.2389 8.5178 8.7568 16
17 1.9380 0.001001 69.021 69.022 71.34 2460.57  2531.92 0.2534 8.4804 8.7338 17
18 2.0643 0.001002 65.017 65.018 75.53 2458.21 2533.74 0.2678 8.4431 8.7109 18
19 2.1978 0.001002 65.274 61.273 79.72 2455.85 2535.56 0.2821 8.4061 8.6883 19
20 2.3388 0.001002 57.774 57.773 83.90 245348 2537.38 0.2964 8.3694 8.6658 20
21 2.4877 0.001002 54.450 54.500 88.08 2451.12  2539.20 0.3107 8.3329 8.6436 21
22 2.6448 0.001002 51.433 51.434 92.27 2448.75 2541.02 0.3249 8.2967 8.6215 22
23 2.8104 0.001003 48.562 48.563 96.45 2446.39 2542.84 0.3390 8.2607 8.5996 23
24 2.9851 0.001003 45.872 45.873 100.63 2444.02  2544.65 0.3531 8.2249 8.5780 24
25 3.1692 0.001003 43.350 43.351 104.81 2441.66 2546.47 0.3672 8.1894 8.5565 25
26 3.3631 0.001003 40.985 40.986 108.99 2439.29  2548.28 0.3812 8.1541 8.5352 26
27 3.5673 0.001004 38.766 38.767 113.18 2436.92  2550.09 0.3951 8.1190 8.5141 27
28 3.7822 0.001004 36.682 36.683 117.36 2434.55 255190 0.4090 8.0842 8.4932 28
29 4.0083 0.001004 34.726 34.727 121.54 2432.17  2553.71 0.4229 8.0496 8.4724 29
30 4.2460 0.001004 32.889 32.889 125.72 2429.80 2555.52 0.4367 8.0152 8.4519 30
31 4.4959 0.001005 31.160 31.161 129.90 242743 2557.32 0.4505 7.9810 8.4315 31
32 4.7585 0.001005 29.535 29.536 134.08 2425.05 2559.13 0.4642 7.9471 8.4112 32
33 5.0343 0.001005 28.006 28.007 138.26 2422.67  2560.93 0.4779 7.9133 8.3912 33
34 5.3239 0.001006 26.567 26.568 142.44 2410.29  2562.73 0.4915 7.8790 8.3713 34
35 5.6278 0.001006 25.212 25.213 146.62 241791 2564.53 0.5051 7.8465 8.3516 35
36 5.9466 0.001006 23.935 23.936 150.80 2415.53  2566.33 0.5186 7.8134 8.3320 36
37 6.2810 0.001007 22.733 22.734 154.98 2413.14  2568.12 0.5321 7.7805 8.3127 37
38 6.6315 0.001007 21.599 21.600 159.16 2410.76  2569.91 0.5456 7.7479 8.2934 38
39 6.9987 0.001008 20.529 20.530 163.34 2408.37  2571.71 0.5590 7.7154 8.2744 39
40 7.3835 0.001008 19.520 19.521 167.52 2405.98  2573.50 0.5724 7.6831 8.2555 40
41 7.7863 0.001008 18.567 18.568 171.70 2403.58 2575.28 0.5857 7.6510 8.2367 41
42 8.2080 0.001009 17.667 17.668 175.88 2401.19  2577.07 0.5990 7.6191 8.2181 42
43 8.6492 0.001009 16.818 16.819 180.06 2398.79  2578.85 0.6122 7.5875 8.1997 43
44 9.1107 0.001010 16.014 16.015 184.24 2396.39  2580.63 0.6254 7.3560 8.1814 44
45 9.5932 0.001010 15.255 15.256 188.42 2393.99 258241 0.6386 7.5247 8.1632 45
46 10.0976 0.001010 14.537 14.538 192.60 2391.59  2584.19 0.6517 7.4936 8.1452 46
47 10.6246 0.001011 13.858 13.859 196.78 2389.18  2585.96 0.6648 7.4626 8.1274 47
48 11.1751 0.001011 13.214 13.215 200.97 2386.77 2587.74 0.6778 7.4319 8.1097 48
49 11.7500 0.001012 12.606 12.607 205.15 2384.36  2589.51 0.6908 7.4013 8.0921 49
50 12.3499 0.001012 12.029 12.029 209.33 2381.94 2591.27 0.7038 7.3709 8.0747 50
51 12.9759 0.001013 11.482 11.483 213.51 2379.53  2593.04 0.7167 7.3407 8.0574 51
52 13.6290 0.001013 10.964 10.965 217.70 2377.10  2594.80 0.7296 7.3107 8.0403 52
53 14.3100 0.001014 10.473 10.474 221.88 2374.68  2596.56 0.7424 7.2809 8.0233 53
54 15.0200 0.001014 10.001 10.008 226.06 2372.26  2598.32 0.7552 7.2512 8.0064 54
55 15.7597 0.001015 9.563 9.5663 230.25 2369.83  2600.07 0.7680 7.2217 7.9897 55
56 16.5304 0.001015 9.147 9.1468 234.43 2367.39  2601.82 0.7807 7.1924 7.9731 56
57 17.3331 0.001016 8.744 8.7489 238.61 2364.96  2603.57 0.7934 7.1632 7.9566 57
58 18.1690 0.001016 83690 8.3700 242.80 2362.52  2605.32 0.8061 7.1342 7.9403 58
59 19.0387 0.001017 8.0094 8.0114 246.99 2360.08 2607.06 0.8187 7.1054 7.9240 59
60 19.944 0.001017 7.6677 7.6697 251.17 2357.63  2608.80 0.8313 7.0767 7.9079 60
61 20.885 0.001018 7.3428 7.3438 255.36 2355.19  2610.54 0.8438 7.0482 7.8920 61
62 21.864 0.001018 7.0337 7.0347 259.54 235273  2612.28 0.8563 7.0198 7.8761 62
63 22.882 0.001019 6.7397 6.7407 263.73 2350.28 2614.01 0.8688 6.9916 7.8604 63
64 23.940 0.001019 6.4599 6.4609 267.92 2347.82  2615.74 0.8812 6.9636 7.8448 64
65 25.040 0.001020 6.1935 6.1946 272.11 234536  2617.46 0.8936 6.9357 7.8293 65
66 26.180 0.001020 5.9397 5.9409 276.30 234289  2619.19 0.9060 6.9080 7.8140 66
67 27.366 0.001021 5.6982 5.6992 280.49 2340.42  2620.90 0.9183 6.8804 7.7987 67
68 28.596 0.001022 5.4680 5.4690 284.68 233795  2622.62 0.9306 2.8530 7.7836 68

69 29.873 0.001022 5.2485 5.2495 288.87 2335.47  2624.33 0.9429 6.8257 7.7686 69
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Table 3 Thermodynamic Properties of Water at Saturation (Continued)
Absolute Specific Volume, Specific Enthalpy, Specific Entropy,

Temp., Pressure, m’/kg (water) kJ/kg (water) kJ/(kg-K) (water) Temp.,
°C kPa Sat. Liquid Evap. Sat. Vapor  Sat. Liquid Evap. Sat. Vapor Sat. Liquid Evap. Sat. Vapor °C
! p r Ve Ve hy hyy hy s Sre Sg !
70 31.198 0.001023 5.0392 5.0402 293.06 233299  2626.04 0.9551 6.7986 7.7537 70
71 32.572 0.001023 4.8396 4.8407 297.25 2330.50  2627.75 0.9673 6.7716 7.7389 71
72 33.997 0.001024 4.6492 4.6502 301.44 2328.01 2629.45 0.9795 6.7448 7.7242 72
73 35.475 0.001025 44675 4.4685 305.63 2325.51  2631.15 0.9916 6.7181 7.7097 73
74 37.006 0.001025 42940 4.2951 309.83 2323.02 2632.84 1.0037 6.6915 7.6952 74
75 38.592 0.001026 4.1284 4.1294 314.02 2320.51 2634.53 1.0157 6.6651 7.6809 75
76 40.236 0.001026 39702 3.9712 318.22 2318.01 2636.22 1.0278 6.6389 7.6666 76
77 41.938 0.001027 3.8190 3.8201 32241 231549  2637.90 1.0398 6.6127 7.6525 77
78 43.700 0.001028 3.6746 3.6756 326.61 231298 2639.58 1.0517 6.5867 7.6384 78
79 45.524 0.001028 3.5365 3.5375 330.81 231046 2641.26 1.0636 6.5609 7.6245 79
80 47412 0.001029 34044 3.4055 335.00 2307.93  2642.93 1.0755 6.5351 7.6107 80
81 49.364 0.001030 32781 3.2792 339.20 2305.40  2644.60 1.0874 6.5095 7.5969 81
82 51.384 0.001030 3.1573 3.1583 343.40 2902.86  2646.26 1.0993 6.4841 7.5833 82
83 53.473 0.001031 3.0417 3.0427 347.60 2300.32  2647.92 1.1111 6.4587 7.5698 83
84 55.633 0.001032 29310 2.9320 351.80 2297.78  2649.58 1.1228 6.4335 7.5563 84
85 57.865 0.001032 2.8250 2.8260 356.01 229522 2651.23 1.1346 6.4084 7.5430 85
86 60.171 0.001033 27235 2.7245 350.21 2292.67 2652.88 1.1463 6.3834 7.5297 86
87 62.554 0.001034 2.6263 2.6273 364.41 2290.11  2654.52 1.1580 6.3586 7.5166 87
88 65.015 0.001035 25331 2.5341 368.62 2287.54  2656.16 1.1696 6.3339 7.5035 88
89 67.556 0.001035 24438 2.4448 372.82 228497 2657.79 1.1812 6.3093 7.4905 89
90 70.180 0.001036 23582 2.3592 377.03 228239  2659.42 1.1928 6.2848 7.4776 90
91 72.888 0.001037 22760 2.2771 381.24 2279.81  2661.04 1.2044 6.2605 7.4648 91
92 75.683 0.001037 2.1973 2.1983 385.45 227722 2662.66 1.2159 6.2362 7.4521 92
93 78.566 0.001038 21217 2.1228 389.66 2274.62  2664.28 1.2274 6.2121 7.4395 93
94 81.541 0.001039 2.0492 2.0502 393.87 2272.02  2665.89 1.2389 6.1881 7.4270 94
95 84.608 0.001040 1.9796 1.9806 398.08 226941  2667.49 1.2504 6.1642 7.4146 95
96 87.770 0.001040 1.9128 1.9138 402.29 2266.80  2669.09 1.2618 6.1404 7.4022 96
97 91.030 0.001041 1.8486 1.8496 406.51 2264.18  2670.69 1.2732 6.1168 7.3899 97
98 94.390 0.001042 1.7869 1.7880 410.72 2261.55 2672.28 1.2845 6.0932 7.3777 98
99 97.852 0.001044 1.7277 1.7287 414.94 2258.92  2673.86 1.2959 6.0697 7.3656 99
100 101.419 0.001044 1.6708 1.6718 419.16 2256.28 2675.44 1.3072 6.0464 7.3536 100
101 105.092 0.001044 1.6161 1.6171 423.38 2253.64  2677.02 1.3185 6.0232 7.3416 101
102 108.875 0.001045 1.5635 1.5645 427.60 2250.99 2678.58 1.3297 6.0000 7.3298 102
103 112.770 0.001046 1.5129 1.5139 431.82 2248.33  2680.15 1.3410 5.9770 7.3180 103
104 116.779 0.001047 14642 1.4652 436.04 2245.66  2681.71 1.3522 5.9541 7.3062 104
105 120.906 0.001047 14174 1.4184 440.27 224299  2683.26 1.3634 5.9313 7.2946 105
106 125.152 0.001048 1.3723 1.3734 444.49 224031 2684.80 1.3745 5.9086 7.2830 106
107 129.520 0.001049 1.3290 1.3300 448.72 2237.63  2686.35 1.3856 5.8860 7.2716 107
108 134.012 0.001050 1.2872 1.2883 452.95 223493  2687.88 1.3967 5.8635 7.2601 108
109 138.633 0.001051 1.2470 1.2481 457.18 2232.23  2689.41 1.4078 5.8410 7.2488 109
110 143.384 0.001052 1.2083 1.2093 461.41 2229.52  2690.93 1.4188 5.8187 7.2375 110
111 148.267 0.001052 1.1710 1.1720 465.64 2226.81 2692.45 1.4298 5.7965 7.2263 111
112 153.287 0.001053 1.1350 1.1361 469.88 2224.09  2693.96 1.4408 5.7744 7.2152 112
113 158.445 0.001054 1.1004 1.1015 474.11 2221.35 269547 1.4518 5.7524 7.2402 113
114 163.745 0.001055 1.0670 1.0681 478.35 2218.62  2696.97 1.4627 5.7304 7.1931 114
115 169.190 0.001056 1.0348 1.0359 482.59 2215.87 2698.46 1.4737 5.7086 7.1822 115
116 174.782 0.001057 1.0038 1.0048 486.83 2213.12 2699.95 1.4846 5.6868 7.1714 116
117 180.525 0.001058 0.9739 0.9749 491.07 2210.35 2701.43 1.4954 5.6652 7.1606 117
118  186.420 0.001059 0.9450 0.9460 495.32 2207.58  2702.90 1.5063 5.6436 7.1499 118
119 192473 0.001059 09171 0.9182 499.56 2204.80 2704.37 1.5171 5.6221 7.1392 119
120 198.685 0.001060 0.8902 0.8913 503.81 2202.02 2705.83 1.5279 5.6007 7.1286 120
122 211.601 0.001062 0.8391 0.8402 512.31 2196.42  2706.73 1.5494 5.5582 7.1076 122
124 225194 0.001064 0.7916 0.7927 520.82 2190.78  2711.60 1.5709 5.5160 7.0869 124
126 239.490 0.001066 0.7472 0.7483 529.33 2185.11  2714.44 1.5922 5.4742 7.0664 126
128 254515 0.001068 0.7057 0.7068 537.86 2179.40  2717.26 1.6135 5.4326 7.0461 128
130 270.298 0.001070 0.6670 0.6681 546.39 2173.66  2720.05 1.6347 5.3914 7.0261 130
132 286.866 0.001072 0.6308 0.6318 554.93 2167.87 2722.80 1.6557 5.3505 7.0063 132
134 304.247 0.001074 0.5969 0.5979 563.48 2162.05 2725.53 1.6767 5.3099 6.9867 134
136 322.470 0.001076 0.5651 0.5662 572.04 2156.18  2728.22 1.6977 5.2697 6.9673 136
138 341.566 0.001078 0.5354 0.5364 580.60 2150.28 2730.88 1.7185 5.2296 6.9481 138
140 361.565 0.001080 0.5075 0.5085 589.18 214433 273351 1.7393 5.1899 6.9292 140
142 382.497 0.001082 0.4813 0.4824 597.76 213834  2736.11 1.7599 5.1505 6.9104 142
144 404.394 0.001084 0.4567 0.4578 606.36 213231  2738.67 1.7805 5.1113 6.8918 144
146 427.288 0.001086 0.4336 0.4347 614.97 212623 2741.19 1.8011 5.0724 6.8735 146
148  451.211 0.001088 04119 0.4130 623.58 2120.10  2743.68 1.8215 5.0338 6.8553 148
150  476.198 0.001091 03914 0.3925 632.21 2113.92  2746.13 1.8419 4.9954 6.8373 150
152 502.281 0.001093 03722 0.3733 640.85 2107.70  2748.55 1.8622 4.9573 6.8194 152
154 529.495 0.001095 0.3541 0.3552 649.50 2101.43  2750.93 1.8824 4.9194 6.8017 154
156 557.875 0.001097 0.3370 0.3381 658.16 2095.11  2753.27 1.9026 4.8817 6.7842 156
158  587.456 0.001100 0.3209 0.3220 666.83 2088.73  2755.57 1.9226 4.8443 6.7669 158
160 618.275 0.001102 0.3058 0.3069 675.52 2082.31 2757.82 1.9427 4.8070 6.7497 160
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HUMIDITY PARAMETERS

Basic Parameters

Humidity ratio (alternatively, the moisture content or mixing
ratio) W of a given moist air sample is defined as the ratio of the
mass of water vapor to the mass of dry air contained in the sample:

W= M,/M, )

The humidity ratio  is equal to the mole fraction ratio x,,/x,, mul-
tiplied by the ratio of molecular masses, namely, 18.01528/28.9645
=0.62198:

W = 0.62198x,,/x,, ®)

Specific humidity v is the ratio of the mass of water vapor to the
total mass of the moist air sample:

Y= Mw/(Mw + Mda) (9a)
In terms of the humidity ratio,
y=W/(1+W) (9b)

Absolute humidity (alternatively, water vapor density) d,, is the
ratio of the mass of water vapor to the total volume of the sample:

d, =M,V (10)

The density p of a moist air mixture is the ratio of the total mass
to the total volume:

p=(My,+M)/V=_1/v)(1+W) (11

where v is the moist air specific volume, m?/kg (dry air), as defined
by Equation (27).

Humidity Parameters Involving Saturation

The following definitions of humidity parameters involve the
concept of moist air saturation:

Saturation humidity ratio W (¢, p) is the humidity ratio of
moist air saturated with respect to water (or ice) at the same temper-
ature ¢ and pressure p.

Degree of saturation L is the ratio of the air humidity ratio /¥ to
the humidity ratio ¥, of saturated moist air at the same temperature
and pressure:

w
b= (12)

tLp

Relative humidity ¢ is the ratio of the mole fraction of water
vapor x,, in a given moist air sample to the mole fraction x,,; in an air
sample saturated at the same temperature and pressure:

b= (3)
- xW’S
Lp
Combining Equations (8), (12), and (13),
b (14)

= Ty (o)W, /062198

Dew-point temperature ¢, is the temperature of moist air satu-
rated at the same pressure p, with the same humidity ratio # as that
of the given sample of moist air. It is defined as the solution #,4(p, )
of the following equation:
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Wp,t)) =W (15)

Thermodynamic wet-bulb temperature 7* is the temperature
at which water (liquid or solid), by evaporating into moist air at a
given dry-bulb temperature 7 and humidity ratio W, can bring air to
saturation adiabatically at the same temperature #* while the total
pressure p is maintained constant. This parameter is considered sep-
arately in the section on Thermodynamic Wet-Bulb Temperature
and Dew-Point Temperature.

PERFECT GAS RELATIONSHIPS
FOR DRY AND MOIST AIR

When moist air is considered a mixture of independent perfect
gases (i.e., dry air and water vapor), each is assumed to obey the per-
fect gas equation of state as follows:

Dry air: DPa.V = ny,RT (16)

Water vapor: p, V = n RT 17)

where

Pda = partial pressure of dry air

p,, = partial pressure of water vapor
V = total mixture volume

ng, = number of moles of dry air

n,, = number of moles of water vapor

R = universal gas constant, 8314.41 J/(kg mol-K)
T = absolute temperature, K

The mixture also obeys the perfect gas equation:
pV = nRT (18)
or
Pya+p0)V = (ng,+n, )RT (19)

where p = p,, + p,, is the total mixture pressure and n = ngy, + n,, is
the total number of moles in the mixture. From Equations (16)
through (19), the mole fractions of dry air and water vapor are,
respectively,

Xda = Pda’ Paat Pw) = Paa’P (20)
and

Xy = P/ Paa+Py) = PP 21
From Equations (8), (20), and (21), the humidity ratio W is given

by

W= 06219820 (22)
P=Dy

The degree of saturation p is, by definition, Equation (12):

/4

/4

s I,‘[?

where

W, = 0.621982ws_ (23)
P =Dy
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The term p,, represents the saturation pressure of water vapor in
the absence of air at the given temperature ¢. This pressure p,, is a
function only of temperature and differs slightly from the vapor
pressure of water in saturated moist air.

The relative humidity ¢ is, by definition, Equation (13):

¢_x_w.
st

Lp

Substituting Equation (21) for x,, and x

ws?

p
b= == (24)
pW.\‘
Lp
Substituting Equation (21) for x,,, into Equation (14),
¢ = b (25)

= (1= (P, /P)

Both ¢ and p are zero for dry air and unity for saturated moist air.
At intermediate states their values differ, substantially so at higher
temperatures.

The specific volume v of a moist air mixture is expressed in
terms of a unit mass of dry air:

v =V/M,, = V/(28.9645n,,) (26)

where V' is the total volume of the mixture, M, is the total mass of
dry air, and »,, is the number of moles of dry air. By Equations (16)
and (26), with the relation p = p,, + p,,,

R, T
v = RT _ da (27)
28.9645(p-p,) pP-Dp,,
Using Equation (22),
_ RT(1+1.6078W) Ry, T(1+1.6078 W) 28)

28.964p B p

In Equations (27) and (28), v is specific volume, 7 is absolute tem-
perature, p is total pressure, p,, is the partial pressure of water vapor,
and W is the humidity ratio.

In specific units, Equation (28) may be expressed as

v = 0.2871(¢+273.15)(1 + 1.6078W)/p

where
v = specific volume, m3/kg (dry air)
t = dry-bulb temperature, °C
W = humidity ratio, kg (water)/kg (dry air)
p = total pressure, kPa

The enthalpy of a mixture of perfect gases equals the sum of the
individual partial enthalpies of the components. Therefore, the spe-
cific enthalpy of moist air can be written as follows:

h= hay+ Wh, (29)

where A, is the specific enthalpy for dry air in kJ/kg (dry air) and
hy is the specific enthalpy for saturated water vapor in kJ/kg (water)
at the temperature of the mixture. As an approximation,

h, ~ 1.006¢ (30)
hy = 2501 + 1.8051 €20

where ¢ is the dry-bulb temperature in °C. The moist air spe-
cific enthalpy in kJ/kg (dry air) then becomes
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h = 1.006¢+ W(2501 + 1.805¢) (32)

THERMODYNAMIC
WET-BULB TEMPERATURE AND
DEW-POINT TEMPERATURE

For any state of moist air, a temperature 7* exists at which liquid
(or solid) water evaporates into the air to bring it to saturation at
exactly this same temperature and total pressure (Harrison 1965).
During the adiabatic saturation process, the saturated air is expelled
at a temperature equal to that of the injected water. In this constant
pressure process,

* Humidity ratio is increased from a given initial value W to the
value W * corresponding to saturation at the temperature £*

« Enthalpy is increased from a given initial value /4 to the value A *
corresponding to saturation at the temperature 7*

» Mass of water added per unit mass of dry air is (W * — W), which
adds energy to the moist air of amount (W * — W)h, *, where h*
denotes the specific enthalpy in kJ/kg (water) of the water added
at the temperature *

Therefore, if the process is strictly adiabatic, conservation of
enthalpy at constant total pressure requires that

h+ (W= W)h?, = h’ (33)

The properties W.*, h,*, and h* are functions only of the tem-
perature #* for a fixed value of pressure. The value of #*, which sat-
isfies Equation (33) for given values of 4, W, and p, is the
thermodynamic wet-bulb temperature.

The psychrometer consists of two thermometers; one ther-
mometer’s bulb is covered by a wick that has been thoroughly
wetted with water. When the wet bulb is placed in an airstream,
water evaporates from the wick, eventually reaching an equilib-
rium temperature called the wet-bulb temperature. This process
is not one of adiabatic saturation, which defines the thermody-
namic wet-bulb temperature, but one of simultaneous heat and
mass transfer from the wet bulb. The fundamental mechanism of
this process is described by the Lewis relation [Equation (39) in
Chapter 5]. Fortunately, only small corrections must be applied to
wet-bulb thermometer readings to obtain the thermodynamic wet-
bulb temperature.

As defined, thermodynamic wet-bulb temperature is a unique
property of a given moist air sample independent of measurement
techniques.

Equation (33) is exact since it defines the thermodynamic wet-
bulb temperature #*. Substituting the approximate perfect gas rela-
tion [Equation (32)] for 4, the corresponding expression for A;*, and
the approximate relation

hY ~4.1861* (34)
into Equation (33), and solving for the humidity ratio,

(2501 = 2.3817%)W* - 1.006(z — 1*)
- 2501 + 1.8057— 4.1867*

(35)

where 7 and 7* are in °C.

The dew-point temperature #; of moist air with humidity ratio
W and pressure p was defined earlier as the solution 7,(p, w) of
W(p, t,). For perfect gases, this reduces to

Pus(ty) = p,, = (PW)/(0.62198 + W) (36)

where p,, is the water vapor partial pressure for the moist air sample
and p,,(2,) is the saturation vapor pressure at temperature 7;. The
saturation vapor pressure is derived from Table 3 or from Equation
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(5) or (6). Alternatively, the dew-point temperature can be calcu-
lated directly by one of the following equations (Peppers 1988):

For the dew-point temperature range of 0 to 93°C,

2 3 0.1984
t;= Cy+Ciso+Cia” + Cpia” + Cie(p,,) 37)
For temperatures below 0°C,
t; = 6.09+12.6080 + 0.49590L2 (38)
where
t, = dew-point temperature, °C
a = In pw
p,, = water vapor partial pressure, kPa
Ciq = 6.54
Ci5 = 14.526
Ci6 = 0.7389
C7 = 0.09486
Cg = 0.4569

NUMERICAL CALCULATION OF
MOIST AIR PROPERTIES

The following are outlines, citing equations and tables already
presented, for calculating moist air properties using perfect gas rela-
tions. These relations are sufficiently accurate for most engineering
calculations in air-conditioning practice, and are readily adapted to
either hand or computer calculating methods. For more details, refer
to Tables 15 through 18 in Chapter 1 of Olivieri (1996). Graphical
procedures are discussed in the section on Psychrometric Charts.

SITUATION 1.
Given: Dry-bulb temperature 7, Wet-bulb temperature ¢*, Pressure p

To Obtain  Use Comments

Pos(t®) Table 3 or Equation (5) or (6) Sat. press. for temp. 1*
W* Equation (23) Using p,, (%)
w Equation (35)
Pos(D) Table 3 or Equation (5) or (6) Sat. press. for temp. ¢
W Equation (23) Using p,,.(f)
n Equation (12) Using W,
¢ Equation (25) Using p,,(f)
% Equation (28)
h Equation (32)
D Equation (36)
ty Table 3 with Equation (36), (37), or (38)
SITUATION 2.

Given: Dry-bulb temperature 7, Dew-point temperature #; Pressure p

To Obtain Use Comments

Py = Pus(ty) Table 3 or Equation (5) or (6)  Sat. press. for temp. 7;

w Equation (22)

Duus(D) Table 3 or Equation (5) or (6)  Sat. press. for temp. 7;
w, Equation (23) Using p,,(#)

n Equation (12) Using 7

) Equation (25) Using p,,(1)

% Equation (28)

h Equation (32)

t* Equation (23) and (35) with Requires trial-and-error

Table 3 or with Equation (5) or numerical solution
or (6) method
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SITUATION 3.
Given: Dry-bulb temperature 7, Relative humidity ¢, Pressure p

To Obtain Use Comments

DPus(®) Table 3 or Equation (5) or (6) Sat. press. for temp. ¢

DPw Equation (24)

w Equation (22)

W, Equation (23) Using p,,(?)

n Equation (12) Using W,

v Equation (28)

h Equation (32)

ty Table 3 with Equation (36),
(37), or (38)

r* Equation (23) and (35) with Requires trial-and-error
Table 3 or with Equation (5) or numerical solution
or (6) method

Exact Relations for Computing W, and ¢

Corrections that account for (1) the effect of dissolved gases on
properties of condensed phase; (2) the effect of pressure on prop-
erties of condensed phase; and (3) the effect of intermolecular force
on properties of moisture itself, can be applied to Equations (23)
and (25):

w, = 0.62198ﬂ (23a)
D~JDyys
_ |
L B ST TR (252)

Table 4 lists f values for a number of pressure and temperature
combinations. Hyland and Wexler (1983a) give additional values.

Table 4 Values of fand Estimated Maximum
Uncertainties (EMUs)

0.1 MPa 0.5 MPa 1MPa

EMU EMU EMU

T,K f E+04 f E+04 f E+04
173.15  1.0105 134 1.0540 66 11130 136
27315 1.0039 2 10177 10 1.0353 19
373.15  1.0039 0.1 1.0180 4 1.0284 1

Moist Air Property Tables for Standard Pressure

Table 2 shows values of thermodynamic properties for standard
atmospheric pressure at temperatures from —60 to 90°C. The prop-
erties of intermediate moist air states can be calculated using the
degree of saturation i:

Volume Vo= Vgt WY, (39)
Enthalpy h = hy,+ph, (40)
Entropy § = Syt S, (41)

These equations are accurate to about 70°C. At higher temperatures,
the errors can be significant. Hyland and Wexler (1983a) include
charts that can be used to estimate errors for v, 4, and s for standard
barometric pressure.
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Fig.1 ASHRAE Psychrometric Chart No. 1
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PSYCHROMETRIC CHARTS

A psychrometric chart graphically represents the thermody-
namic properties of moist air.

The choice of coordinates for a psychrometric chart is arbitrary.
A chart with coordinates of enthalpy and humidity ratio provides
convenient graphical solutions of many moist air problems with a
minimum of thermodynamic approximations. ASHRAE developed
seven such psychrometric charts. Chart No. 1 is shown as Figure 1;
the others may be obtained through ASHRAE.

Charts 1 through 4 are for sea level pressure (101.325 kPa). Chart
5 is for 750 m altitude (92.66 kPa), Chart 6 is for 1500 m altitude
(84.54 kPa), and Chart 7 is for 2250 m altitude (77.04 kPa). All
charts use oblique-angle coordinates of enthalpy and humidity ratio,
and are consistent with the data of Table 2 and the properties com-
putation methods of Goff and Gratch (1945), and Goff (1949) as
well as Hyland and Wexler (1983a). Palmatier (1963) describes the
geometry of chart construction applying specifically to Charts 1
and 4.

The dry-bulb temperature ranges covered by the charts are

Charts 1,5,6,7 Normal temperature 0to 50°C
Chart 2 Low temperature —40 to 10°C
Chart 3 High temperature 10 to 120°C
Chart 4 Very high temperature 100 to 200°C

Psychrometric properties or charts for other barometric pressures
can be derived by interpolation. Sufficiently exact values for most
purposes can be derived by methods described in the section on Per-
fect Gas Relationships for Dry and Moist Air. The construction of
charts for altitude conditions has been treated by Haines (1961),
Rohsenow (1946), and Karig (1946).

Comparison of Charts 1 and 6 by overlay reveals the following:

. The dry-bulb lines coincide.

. Wet-bulb lines for a given temperature originate at the
intersections of the corresponding dry-bulb line and the two
saturation curves, and they have the same slope.

3. Humidity ratio and enthalpy for a given dry- and wet-bulb
temperature increase with altitude, but there is little change in
relative humidity.

4. Volume changes rapidly; for a given dry-bulb and humidity ratio,

it is practically inversely proportional to barometric pressure.

N —

The following table compares properties at sea level (Chart 1)
and 1500 m (Chart 6):

ChartNo. db wb h w rh v
1 40 30 99.5 23.0 49 0.920
6 40 30 114.1 28.6 50 1.111

Figure 1, which is ASHRAE Psychrometric Chart No. 1, shows
humidity ratio lines (horizontal) for the range from 0 (dry air) to
30 g (water)/kg (dry air). Enthalpy lines are oblique lines drawn
across the chart precisely parallel to each other.

Dry-bulb temperature lines are drawn straight, not precisely par-
allel to each other, and inclined slightly from the vertical position.
Thermodynamic wet-bulb temperature lines are oblique lines that
differ slightly in direction from that of enthalpy lines. They are
straight but are not precisely parallel to each other.

Relative humidity lines are shown in intervals of 10%. The sat-
uration curve is the line of 100% rh, while the horizontal line for
W =0 (dry air) is the line for 0% rh.

Specific volume lines are straight but are not precisely parallel to
each other.

A narrow region above the saturation curve has been developed
for fog conditions of moist air. This two-phase region represents a
mechanical mixture of saturated moist air and liquid water, with the
two components in thermal equilibrium. Isothermal lines in the fog
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region coincide with extensions of thermodynamic wet-bulb tem-
perature lines. If required, the fog region can be further expanded by
extension of humidity ratio, enthalpy, and thermodynamic wet-bulb
temperature lines.

The protractor to the left of the chart shows two scales—one for
sensible-total heat ratio, and one for the ratio of enthalpy difference
to humidity ratio difference. The protractor is used to establish the
direction of a condition line on the psychrometric chart.

Example 1 illustrates use of the ASHRAE Psychrometric Chart
to determine moist air properties.

Example 1. Moist air exists at 40°C dry-bulb temperature, 20°C thermody-
namic wet-bulb temperature, and 101.325 kPa pressure. Determine the
humidity ratio, enthalpy, dew-point temperature, relative humidity, and
specific volume.

Solution: Locate state point on Chart 1 (Figure 1) at the intersection of
40°C dry-bulb temperature and 20°C thermodynamic wet-bulb temper-
ature lines. Read humidity ratio 7 = 6.5 g (water)/kg (dry air).

The enthalpy can be found by using two triangles to draw a line
parallel to the nearest enthalpy line [60 kJ/kg (dry air)] through the
state point to the nearest edge scale. Read 4 = 56.7 kl/kg (dry air).

Dew-point temperature can be read at the intersection of W =
6.5 g (water)/kg (dry air) with the saturation curve. Thus, 7;,= 7°C.

Relative humidity ¢ can be estimated directly. Thus, ¢ = 14%.

Specific volume can be found by linear interpolation between the
volume lines for 0.88 and 0.90 m3/kg (dry air). Thus, v = 0.896 m3/kg
(dry air).

TYPICAL AIR-CONDITIONING
PROCESSES

The ASHRAE psychrometric chart can be used to solve numer-
ous process problems with moist air. Its use is best explained
through illustrative examples. In each of the following examples,
the process takes place at a constant total pressure of 101.325 kPa.

Moist Air Sensible Heating or Cooling

The process of adding heat alone to or removing heat alone from
moist air is represented by a horizontal line on the ASHRAE chart,
since the humidity ratio remains unchanged.

Figure 2 shows a device that adds heat to a stream of moist air.
For steady flow conditions, the required rate of heat addition is

1y = m (hy~hy) (42)

Example 2. Moist air, saturated at 2°C, enters a heating coil at a rate of
10 m%/s. Air leaves the coil at 40°C. Find the required rate of heat
addition.

HEATING
MEDIUM

Fig.2 Schematic of Device for Heating Moist Air
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w, =|13.3
2°C 40°C
w,=|76
Fig. 3 Schematic Solution for Example 2 \
REFRIGERANT
1 \ 2
10°C 30°C
Fig. 5 Schematic Solution for Example 3
n"lda mda
i —_—
hy hy 7
w, W, %/
4/ ,
b /\
’ I
/
| a3
hy
1\ L,
Fig. 4 Schematic of Device for Cooling Moist Air
u? /\/
Solution: Figure 3 schematically shows the solution. State 1 is located
on the saturation curve at 2°C. Thus, 4, = 13.0 kJ/kg (dry air), W, = LSRN
4.3 g (water)/’kg (dry air), and v, = 0.784 m3/kg (dry air). State 2 is Wa
located at the intersection of # = 40°C and W, = W; = 4.3 g (water)/kg
(dry air). Thus, &, = 51.6 kJ/kg (dry air). The mass flow of dry air is
Fig. 6 Adiabatic Mixing of Two Moist Airstreams
iy, = 10/0.784 = 12.76 kg/s (dry air)
From Equation (42), )
192 = MgglChy =hy) = (W = W))h,,] (44)

4> = 12.76(51.6 - 13.0) = 492 kW

Moist Air Cooling and Dehumidification

Moisture condensation occurs when moist air is cooled to a tem-
perature below its initial dew point. Figure 4 shows a schematic
cooling coil where moist air is assumed to be uniformly processed.
Although water can be removed at various temperatures ranging
from the initial dew point to the final saturation temperature, it is
assumed that condensed water is cooled to the final air temperature
t, before it drains from the system.

For the system of Figure 4, the steady flow energy and material
balance equations are

Mgy = Mgghy + 14+ m o

mdan = mdaWZ +m,
Thus,

m,, = 1 (W, - W,) 43)

w

Example 3. Moist air at 30°C dry-bulb temperature and 50% rh enters a
cooling coil at 5 m3/s and is processed to a final saturation condition at
10°C. Find the kW of refrigeration required.

Solution: Figure 5 shows the schematic solution. State 1 is located at
the intersection of # = 30°C and ¢ = 50%. Thus, & = 64.3 kJ/kg (dry
air), W, = 13.3 g (water)/kg (dry air), and v, = 0.877 m3/kg (dry air).
State 2 is located on the saturation curve at 10°C. Thus, 4, =29.5 kl/kg
(dry air) and W, = 7.66 g (water)/kg (dry air). From Table 2, 4, =
42.11 kJ/kg (water). The mass flow of dry air is

my, = 5/0.877 = 5.70 kg/s (dry air)
From Equation (44),

5.70[(64.3 - 29.5) — (0.0133 - 0.00766)42.11]
= 197 kW

192

Adiabatic Mixing of Two Moist Airstreams

A common process in air-conditioning systems is the adiabatic
mixing of two moist airstreams. Figure 6 schematically shows the
problem. Adiabatic mixing is governed by three equations:
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LINE1-3
LINE1-2

=0.742

4°C 19.5°C 25°C

Fig. 7 Schematic Solution for Example 4

Myg1hy +mggohy = my,shs

mdal + mdaZ = mdaS

Mg Wy + gy Wy = 104,33
Eliminating r1,,; gives
2 232 3 _dd (45)

according to which, on the ASHRAE chart, the state point of the
resulting mixture lies on the straight line connecting the state points
of the two streams being mixed, and divides the line into two seg-
ments, in the same ratio as the masses of dry air in the two streams.

Example 4. A stream of 2 m%/s of outdoor air at 4°C dry-bulb temperature
and 2°C thermodynamic wet-bulb temperature is adiabatically mixed
with 6.25 m3/s of recirculated air at 25°C dry-bulb temperature and
50% rh. Find the dry-bulb temperature and thermodynamic wet-bulb
temperature of the resulting mixture.

Solution: Figure 7 shows the schematic solution. States 1 and 2 are
located on the ASHRAE chart, revealing that v; = 0.789 m3/kg (dry
air), and v, = 0.858 m’/kg (dry air). Therefore,

titgy = 2/0.789 = 2.535 kg/s (dry air)
gy = 6.25/0.858 = 7.284 kg/s (dry air)

According to Equation (45),

i _ m
Line 1-3 _ Mdaz _ 7.284 _ 0.742

Line3-2 _ Myq
Line 1-2 ~ rirg,; ~ 9.819

Line 1-3 ~ 4,

Consequently, the length of line segment 1-3 is 0.742 times the
length of entire line 1-2. Using a ruler, State 3 is located, and the values
t3=19.5°C and #;” = 14.6°C found.

Adiabatic Mixing of Water Injected into Moist Air

Steam or liquid water can be injected into a moist airstream to
raise its humidity. Figure 8 represents a diagram of this common air-
conditioning process. If the mixing is adiabatic, the following equa-
tions apply:
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Fig. 8 Schematic Showing Injection of Water into Moist Air

8
Y
s/3
w, =|e3
w, =| 1.8
13°C 20°C
Fig. 9 Schematic Solution for Example 5
rhdahl + rhwhw = mdahZ
rhdan + mw = mdaWZ
Therefore,
hy—h
2~ M Ah
—_— = — = 4
Wy-w, AW by, (46)

according to which, on the ASHRAE chart, the final state point of
the moist air lies on a straight line whose direction is fixed by the
specific enthalpy of the injected water, drawn through the initial
state point of the moist air.

Example 5. Moist air at 20°C dry-bulb and 8°C thermodynamic wet-bulb
temperature is to be processed to a final dew-point temperature of 13°C
by adiabatic injection of saturated steam at 110°C. The rate of dry air-
flow is 2 kg/s (dry air). Find the final dry-bulb temperature of the moist
air and the rate of steam flow.

Solution: Figure 9 shows the schematic solution. By Table 3, the
enthalpy of the steam /1, = 2691 kJ/kg (water). Therefore, according to
Equation (46), the condition line on the ASHRAE chart connecting
States 1 and 2 must have a direction:

Ah/AW = 2.691 kl/g (water)
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The condition line can be drawn with the A#W/AW protractor. First,
establish the reference line on the protractor by connecting the origin
with the value AW/AW = 2.691 kJ/g (water). Draw a second line parallel
to the reference line and through the initial state point of the moist air.
This second line is the condition line. State 2 is established at the inter-
section of the condition line with the horizontal line extended from the
saturation curve at 13°C (¢, = 13°C). Thus, t, = 21°C.

Values of 7, and W, can be read from the chart. The required steam
flow is,

m,

iy, (Wy— W) = 2x1000(0.0093 - 0.0018)
= 15.0 kg/s (steam)

Space Heat Absorption and Moist Air Moisture Gains

Air conditioning a space is usually determined by (1) the quan-
tity of moist air to be supplied, and (2) the supply air condition nec-
essary to remove given amounts of energy and water from the space
at the exhaust condition specified.

Figure 10 schematically shows a space with incident rates of
energy and moisture gains. The quantity g, denotes the net sum of
all rates of heat gain in the space, arising from transfers through
boundaries and from sources within the space. This heat gain
involves addition of energy alone and does not include energy con-
tributions due to addition of water (or water vapor). It is usually
called the sensible heat gain. The quantity X7z, denotes the net
sum of all rates of moisture gain on the space arising from transfers
through boundaries and from sources within the space. Each kilo-
gram of water vapor added to the space adds an amount of energy
equal to its specific enthalpy.

Assuming steady-state conditions, governing equations are

mdahl Tq,+t z(mwhw) = mdahZ

mdan + me = mdaWZ
or

45+ Z(mwhw) = mdu(hZ - hl) (47)

Yo, = 1 g, (Wy— W) (48)

The left side of Equation (47) represents the total rate of energy
addition to the space from all sources. By Equations (47) and (48),

hZ_hI _ A_h _ qs+z(’hwhw) (49)
Wo-W, AW i,
1
) |
Myq ]
by — |
122 |
SPACE
2
1
F 1 M
/A : —h,
1 o
& i,
Z(m,h,)

Fig. 10 Schematic of Air Conditioned Space
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according to which, on the ASHRAE chart and for a given state of
the withdrawn air, all possible states (conditions) for the supply air
must lie on a straight line drawn through the state point of the with-
drawn air, that has a direction specified by the numerical value of
[qs+Z(in, b, )]/ Zmm,, . This line is the condition line for the given
problem.

Example 6. Moist air is withdrawn from a room at 25°C dry-bulb tempera-
ture and 19°C thermodynamic wet-bulb temperature. The sensible rate
of heat gain for the space is 9kW. A rate of moisture gain of
0.0015 kg/s (water) occurs from the space occupants. This moisture is
assumed as saturated water vapor at 30°C. Moist air is introduced into
the room at a dry-bulb temperature of 15°C. Find the required thermo-
dynamic wet-bulb temperature and volume flow rate of the supply air.

Solution: Figure 11 shows the schematic solution. State 2 is located on
the ASHRAE chart. From Table 3, the specific enthalpy of the added
water vapor is i, = 2555.52 kJ/kg (water). From Equation (49),

Ah 9+ (0.0015 x 2555.52) ‘
\W 0.0015 = 8555 kJ/kg (Water)

With the AW/AW protractor, establish a reference line of direction
AWAW = 8.555 kl/g (water). Parallel to this reference line, draw a
straight line on the chart through State 2. The intersection of this line
with the 15°C dry-bulb temperature line is State 1. Thus, #," = 13.8°C.

An alternate (and approximately correct) procedure in establishing
the condition line is to use the protractor’s sensible-total heat ratio scale
instead of the AW/AW scale. The quantity AH/AH, is the ratio of the
rate of sensible heat gain for the space to the rate of total energy gain
for the space. Therefore,

AH, 9y _ 9
)~ 9+ (0.0015 x 2555.52)

= 0.701

ww

AH, = q,+Z(rm

Note that AH;/AH, = 0.701 on the protractor coincides closely with
Ah/AW = 8.555 kJ/g (water).

The flow of dry air can be calculated from either Equation (47) or
(48). From Equation (47),

PR Z(rityhy,) 9+ (0.0015 x 2555.52)
da = hy—h, 54.0 -39.0

0.856 kg/s (dry air)

AtState 1, v, = 0.859 m’/kg (dry air)

Therefore, supply volume = ri1,,v, =0.856 x 0.859 = 0.735 m/s

. /

2559

L5
W

15°C 25°C

Fig. 11 Schematic Solution for Example 6
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TRANSPORT PROPERTIES OF MOIST AIR

For certain scientific and experimental work, particularly in the
heat transfer field, many other moist air properties are important.
Generally classified as transport properties, these include diffusion
coefficient, viscosity, thermal conductivity, and thermal diffusion
factor. Mason and Monchick (1965) derive these properties by cal-
culation. Table 5 and Figures 12 and 13 summarize the authors’
results on the first three properties listed. Note that, within the
boundaries of ASHRAE Psychrometric Charts 1, 2, and 3, the vis-
cosity varies little from that of dry air at normal atmospheric pres-

Table 5 Calculated Diffusion Coefficients for Water—Air
at 101.325 kPa

Temp., °C  mm?%s Temp.,°C mm?%*s Temp.,°C mm?s
=70 13.2 0 22.2 50 29.5
=50 15.6 5 229 55 30.3
—40 16.9 10 23.6 60 31.1
-35 17.5 15 24.3 70 32.7
=30 18.2 20 25.1 100 37.6
-25 18.8 25 25.8 130 42.8
=20 19.5 30 26.5 160 48.3
-15 20.2 35 27.3 190 54.0
-10 20.8 40 28.0 220 60.0

-5 21.5 45 28.8 250 66.3
30
| B>
DOTTED LINE BOUNDS ALL STATES ’z/
26 [—SHOWN ON PSYCHROMETRIC ‘;‘A
CHARTS 1, 2, AND 3 ;
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Fig. 12 Viscosity of Moist Air
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Fig. 13 Thermal Conductivity of Moist Air
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sure, and the thermal conductivity is essentially independent of
moisture content.

REFERENCES FOR AIR, WATER,
AND STEAM PROPERTIES

Coefficient f,, (over water) at pressures from 0.5 to 110 kPa for
temperatures from —50 to 60°C (Smithsonian Institution).

Coefficient f; (over ice) at pressures from 0.5 to 110 kPa for temper-
atures from 0 to 100°C (Smithsonian Institution).

Compressibility factor of dry air at pressures from 1 kPa to 10 MPa
and at temperatures from 50 to 3000 K (Hilsenrath et al. 1960).

Compressibility factor of moist air at pressures from 0 to 10 MPa, at
values of degree of saturation from 0 to 100, and for temperatures
from 0 to 60°C (Smithsonian Institution). [Note: At the time the
Smithsonian Meteorological Tables were published, the value
= WI/W, was known as relative humidity, in terms of a percent-
age. Since that time, there has been general agreement to desig-
nate the value i as degree of saturation, usually expressed as a
decimal and sometimes as a percentage. See Goff (1949) for
more recent data and formulations.]

Compressibility factor for steam at pressures from 100 kPa to 30
MPa and at temperatures from 380 to 850 K (Hilsenrath et al.
1960).

Density, enthalpy, entropy, Prandtl number, specific heat, specific
heat ratio, and viscosity of dry air (Hilsenrath et al. 1960).

Density, enthalpy, entropy, specific heat, viscosity, thermal conduc-
tivity, and free energy of steam (Hilsenrath et al. 1960).

Dry air. Thermodynamic properties over a wide range of tempera-
ture (Keenan and Kaye 1945).

Enthalpy of saturated steam (Osborne et al. 1939).

Ideal-gas thermodynamic functions of dry air at temperatures from
10 to 3000 K (Hilsenrath et al. 1960).

Ideal-gas thermodynamic functions of steam at temperatures from
50 to 5000 K. Functions included are specific heat, enthalpy, free
energy, and entropy (Hilsenrath et al. 1960).

Moist air properties from tabulated virial coefficients (Chaddock
1965).

Saturation humidity ratio over ice at pressures from 30 to 100 kPa
and for temperatures from —88.8 to 0°C (Smithsonian Institution).

Saturation humidity ratio over water at pressures from 6 to 105 kPa
and for temperatures from —50 to 59°C (Smithsonian Institution).

Saturation vapor pressure over water for temperatures from —50 to
102°C (Smithsonian Institution).

Speed of sound in dry air at pressures from 0.001 to 10 MPa for tem-
peratures from 50 to 3000 K (Hilsenrath et al. 1960). At atmo-
spheric pressure for temperatures from —90 to 60°C (Smithsonian
Institution).

Speed of sound in moist air. Relations using the formulation of Goff
and Gratch and studies by Hardy et al. (1942) give methods for
calculating this speed (Smithsonian Institution).

Steam tables covering the range from —40 to 1315°C (Keenan et al.
1969).

Transport properties of moist air. Diffusion coefficient, viscosity,
thermal conductivity, and thermal diffusion factor of moist air
are listed (Mason and Monchick 1965). The authors’ results are
summarized in Table 5 and Figures 12 and 13.

Virial coefficients and other information for use with Goff and
Gratch formulation (Goff 1949).

Volume of water in cubic metres for temperatures from —10to 250°C
(Smithsonian Institution 1954).

Water properties. Includes properties of ordinary water substance
for the gaseous, liquid, and solid phases (Dorsey 1940).

SYMBOLS

C; to C;g = constants in Equations (5), (6), and (37)



Psychrometrics

d, = absolute humidity of moist air, mass of water per unit volume
of mixture
f = enhancement factor, used in Equations (23a) and (25a)
h = specific enthalpy of moist air
hy" = specific enthalpy of saturated moist air at thermodynamic wet-
bulb temperature
h,* = specific enthalpy of condensed water (liquid or solid) at thermo-
dynamic wet-bulb temperature and pressure of 101.325 kPa
H, = rate of sensible heat gain for space
H, = rate of total energy gain for space
m . = mass flow of dry air, per unit time
n1,, = mass flow of water (any phase), per unit time
M,, = mass of dry air in moist air sample
M,, = mass of water vapor in moist air sample
n = ng, + n,, total number of moles in moist air sample
ng, = moles of dry air
n,, = moles of water vapor
p = total pressure of moist air
Daq = partial pressure of dry air
Py = vapor pressure of water in moist air at saturation. Differs from
saturation pressure of pure water because of presence of air.
P, = partial pressure of water vapor in moist air
Dy = Pressure of saturated pure water
q, = rate of addition (or withdrawal) of sensible heat
R = universal gas constant, 8314.41 J/(kg mole-K)
R, = gas constant for dry air
R,, = gas constant for water vapor
s = specific entropy
t = dry-bulb temperature of moist air
t; = dew-point temperature of moist air
t* = thermodynamic wet-bulb temperature of moist air
T = absolute temperature
v = specific volume
vr = total gas volume
V = total volume of moist air sample
W = humidity ratio of moist air, mass of water per unit mass of
dry air
W* = humidity ratio of moist air at saturation at thermodynamic
wet-bulb temperature
X4, = mole-fraction of dry air, moles of dry air per mole of mixture
x,, = mole-fraction of water, moles of water per mole of mixture
x,,s = mole-fraction of water vapor under saturated conditions, moles
of vapor per mole of saturated mixture
Z = altitude
a = In(p,,), parameter used in Equations (37) and (38)
v = specific humidity of moist air, mass of water per unit mass of
mixture
p = degree of saturation W/W;
p = moist air density
¢ = relative humidity, dimensionless

Subscripts
as = difference between saturated moist air and dry air
da = dry air

f = saturated liquid water
fg = difference between saturated liquid water and saturated water
vapor
g = saturated water vapor
i = saturated ice
ig = difference between saturated ice and saturated water vapor
s = saturated moist air
t = total
w = water in any phase
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