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Thermodynamic Properties of Moist Air:
—40 to 400 Degrees Celsius

H. F. Nelson* and H. J. Sauer Jr.t
University of Missouri—Rolla, Rolla, Missouri 65409-0050

The formulations are presented for the thermodynamic properties of moist air at temperatures from —40 to
400°C, humidity ratios from 0 to 1 kg/kgq,, and pressures ranging from 5529.3 Pa (20-km altitude) to 2 MPa.
Moist air is modeled as a real gas using the virial equation of state. Up-to-date values for the virial coefficients of
both air and water vapor are used. Equations are derived and results are presented for humidity ratio, specific
volume, enthalpy, entropy, wet and dry bulb temperatures, relative humidity, and compressibility. Saturation data
are presented for humidity ratio, specific volume, enthalpy, entropy, and compressibility. Results are presented in
tabular and graphical form. This work extends the current moist air data to higher temperatures, higher humidity

ratios, and a larger range of pressures.

Nomenclature

= second virial coefficient, dry air, cm?/mol
second cross virial coefficient, cm?/mol
second virial coefficient, mixture, cm?/mol
second virial coefficient, water, cm’/mol
third virial coefficient, dry air, cm®/mol?
third cross virial coefficient, cm®/mol®
third cross virial coefficient, cm®/mol?
third virial coefficient, mixture, cm®/mol?
third virial coefficient, water, cm®/mol?
enhancement factor, dimensionless
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8 8 = Gibbs function, kJ/kg, kJ/kmol

h, h = enthalpy, kJ/kg, kJ/kmol

hi,, = ideal-gas enthalpy, gas 7, kl/kg

M = molecular weight, kg/kmol

P, P = pressure, saturation pressure, Pa

pe = l-atm pressure, 101,325 Pa

P, = vapor pressure, Pa

R = universal gas constant, 8.3144 kPa - m’/kmol - K
s, 8 = entropy, kJ/kg - K, kJ/kmol - K

Sig.i = ideal-gas entropy, gas i at P°, kl/kg-K
T = temperature, K

t = dry-bulb temperature, °C

twb = wet-bulb temperature, °C

v = specific volume, m3/kg

w = humidity ratio, kg, /kg,

X4, Xy = mole fraction, dry air, water vapor

Z = compressibility factor

y° = ideal-gas Gibbs function, nondimensional
¢ = relative humidity, percent

Subscripts

a,orda = dryair

as = air at saturated water vapor state
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dp = dew point

i = gasi

ig = ideal gas

m = moist air

s = saturation

v = vapor

w = water vapor

ws = saturated vapor
Superscript

- = units of per kmol

Introduction

HE humidity content of air must be considered in the design of
spacecraft and airplane environmental systems. Turbine engine
performance is influenced by the moisture in the incoming air.

When the moisture in humid air condenses, or evaporates, the
absorption, or release, of the latent enthalpy of evaporation changes
the air temperature. When gas turbines operate in humid conditions
the water vapor in the flow can change 1) the ratio of specific heats,
2) the mass flow rate, and 3) the reference speed of sound. Oates'
gives three high-humidity effects that can occur in a turbine inlet:
1) The mass flow rate in the inlet may be changed because the
density of water is so high that any droplets formed due to the
lowered static temperature as the air accelerates into the inlet have
effectively zero volume; therefore, the condensation allows the inlet
mass flow rate to increase. 2) When droplets form, their latent heat
of vaporization is released to the surrounding gas, increasing the
stagnation temperature of the gas, which tends to reduce the mass
flow rate through the inlet. 3) The latent heat of vaporization released
by the formation of droplets, reduces the stagnation pressure, which
tends to reduce the mass flow rate through the inlet. The net result of
these three effects is that, when condensation occurs, the mass flow
through the inlet can decrease by 1% or more and the engine thrust
is reduced. Thus, substantial variations in engine performance can
occur between hot humid days and cool dry days.

Ice formed on aircraft surfaces or on propulsion system surfaces
during flight can be extremely hazardous. The possibility of ice or
condensation forming on the surfaces of the inlet or the inlet guide
vanes of a gas turbine depends on the inlet air temperature and
relative humidity. The power produced by turbine engines increases
as the temperature of the air entering the compressor decreases.
Ice formation in the air or on the inlet surfaces is considered a
major concern for the safe operation of any turbine engine because
of potential damage to the compressor blades. Stewart? developed
general inlet air temperature and humidity envelopes for surface
icing in turbine inlets.



136 NELSON AND SAUER

Inlet air cooling can be used to increase the performance of
both stationary and airplane turbine engines. Evaporative cooling
involves the injection of water into the inlet airstream. The water
droplets evaporate and cool the inlet air from its dry-bulb temper-
ature to near its wet-bulb temperature. The amount of cooling is
limited by the wet-bulb temperature. Andrepont® reviewed several
concepts for inlet air cooling for combustion turbines and evalu-
ated the concepts as applied to actual electric power plants using
stationary combustion turbines.

The hydrogen-fueled air turbo ramjet (ATREX) engine is being
considered by the Japanese for a flyback booster for a single-stage-
to-orbit space plane.* The engine uses a liquid hydrogen heat ex-
changer to precool the incoming air to increase its thrust and specific
impulse to extend its upper Mach number limit. Tanatsugu et al.*
present icing condition altitude and Mach number envelopes for the
ATREX booster based on monthly averages of atmospheric relative
humidity.

Balepin and Liston® analyzed the concept of turbine engine with
inlet air cooling by water injection as a low-cost, low-risk, hyper-
sonic engine capable of achieving Mach 6. Conventional turbojet
cycles are restricted to about Mach 3, due to the high air stagnation
temperature at the compressor, which begins to reduce compressor
performance. Balepin and Liston show that humidity ratios on the
order of 0.30 kg, /kg, are necessary to keep the compressor inlet
temperature less than 400°C at speeds of the order of Mach 6.

The properties of humid air are important in the calibration of
microphones and the modeling of friction. Cramer® investigated
the effect of humidity on the ratio of specific heats and the speed
of sound, relative to the calibration of laboratory microphones. He
found that an error of 0.001 in the specific heat ratio can cause
an error of 0.003 dB in the microphone signal. Crassous et al.
investigated and modeled the effect of humidity on the coefficient
of friction as a function of velocity and contact time.

Theoretical data are available for the thermodynamic properties
of moist air at temperatures up to 200°C and humidity ratios up to
0.09 from the work of Hyland and Wexler®® and Olivieri et al.'’
Very limited theoretical, or experimental data are available at tem-
peratures above 200°C (Ref. 11).

Formulations for the thermodynamic properties of moist air from
—60° to 320°C at pressures up to 5 MPa for humidity ratios up to
1 kg,,/kg, have been developed by Nelson and Sauer'? and Nelson
et al.'® They treated moist air as a real gas and used the virial equa-
tion of state to predict the specific volume, enthalpy, and entropy
of both moist air and saturated moist air. The thermodynamic prop-
erty formulations for moist air were used to generate psychrometric
charts at temperatures from 200 to 320°C and pressures from sea
level to 5 MPa. Charts were also made for pressures corresponding
to altitudes of 750, 1500, and 2250 m at temperatures from 200 to
320°C.

The thermodynamic property formulations for moist air devel-
oped by Hyland and Wexler®® were used by Stewart et al.'* to
generate psychrometric charts for sea-level pressure (101.325 kPa)
at overlapping temperature ranges of —40-10, 0-50, 10-120, and
100-200°C. Charts were also made for pressures corresponding to
altitudes of 750, 1500, and 2250 m at temperatures from 0 to 50°C.

The objective of the research reported herein is to formulate the
thermodynamic properties for moist air and to present the prop-
erties in the form of tables and psychrometric charts at pressures
from 20 atm (2 MPa) to pressures corresponding to 20-km altitude
(5529.3 Pa).

Equation of State

Air is assumed to have a composition of 78.12% nitrogen,
20.96% oxygen, and 0.92% argon by volume according to the U.S.
National Institute of Standards and Technology (NIST) standard
air model.'> The molecular weight of dry air is 28.95849 kg/kmol
based on the carbon-12 scale. The molecular weight of water is
18.01528 kg/kmol. The ratio of the molecular weight of dry air to
the molecular weight of water is 0.622107.

Moist air is treated as mixture of two real gases designated by a
subscripts, a and w for dry air and water vapor, respectively. The

P—v-T equation for each component and mixture is described by a
virial equation of state

Z=Po/RT =1+ B;/v+ Ci [V* + - )

Higher-order virial coefficients are assumed to be negligible. The
virial coefficients are functions of temperature, and they account
for the deviation of actual gases from ideal gases. In the limit when
neighboring gas molecules do not interact in any way, all virial
coefficients vanish, and Eq. (1) reduces to the ideal-gas law.

The subscript m is used to replace the i to indicate the mixture of
dry air and water vapor. For an air-water vapor mixture, one has

2 Bunw (@)

w

2
Bm = xa Baa + 2)Caxw Bau' + X

Cm = xgcuaa + 3x§chaau_v + 3xa-xicuww + x,:jjcwww (3)

Once B,, and C,, are determined, the molar volume, molar enthalpy,
and molar entropy of moist air can be evaluated.

The compressibility factor for moist air is defined by Eq. (1),
where Z = 1 corresponds to an ideal gas. The molar specific volume
is obtained by a numerical solution of Eq. (1) for known values of
P, T, x,, and x,,.

Virial Coefficients

Virial coefficient data were fit to polynomial equations as a func-
tion of temperature from —100 to 400°C (173 to 673 K) (Ref. 12).
The percent error between the equations and the data was less than
0.30% at each data point for each virial coefficient, except for Cy,y,
where the error was as high as 2% at a few points. The most up-
to-date data for B,, and C,,, are from Lemmon et al.'> Values for
By and Cy,,, were extracted from Harvey et al.'® No data could be
found in the literature for the cross virial coefficients B,,,, Cyqu, and
Cauw at high temperatures, so that the cross virial coefficients were
assumed to be given by extending the equations used by Hyland
and Wexler®® up to 400°C. Values of the virial coefficients and their
temperature derivatives are tabulated as a function of temperature
in Ref. 12.

Limited experimental data for B,,,, Cy4y, and C,,,, are available
at temperatures up to 75°C from Wylie and Fischer.!” The Wylie and
Fischer data are slightly different than the curve-fit data, but they
have the same trends as shown in Figs. 1 and 2. The curve fit for
B, agrees well with the experimental data. The experimental data
for C,,,, have a large uncertainty, and the curve fit is outside the ex-
perimental error bounds. Table 1 shows examples of the percentage
change in Z due to changing By, Cyaw, and Cg,,,. It gives the cor-
rect value of Z and the percentage change in Z (= 100(Z — Z')/Z,
where Z' is the value of Z for the changed value of the virial coeffi-
cient), for two cases: 1) one cross virial coefficient and its temper-
ature derivative set to 0, others unchanged, and 2) one cross virial

20
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o Exp.Data: Wylie and Fisher,
J. Chem. Data, 1996, 41, 133-142

Fig. 1 Cross virial coefficient By, .
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Table 1 Sensitivity of Z to cross virial coefficients

% change in Z

137

1,°C z Baw =0 Caaw =0 Caww =0 100B 100C aqw 100Caww
W = 0.01 kgu/kgda, P=2.0 MPa

70.3 0.99986 —0.042 0.002 —0.002 4.39 —0.163 0.174

200 1.00614 —0.005 0.001 0.000 0.474 —-0.072 0.016

400 1.00730 0.010 0.000 0.000 —0.923 —0.032 0.002
W =0.10 kgy/kgaa, P=2.0 MPa

130.8  0.99744 —0.147 0.007 —0.034 17.7 —-0.721 3.60

200 1.00233 —0.037 0.005 —0.011 3.80 —0.486 1.08

400 1.00577 0.073 0.002 —0.011 —6.72 —0.218 0.113
W = 1.0 kgy/kgda, P=2.0 MPa

189.2  0.95059 —0.117 0.005 —0.138 13.5 —0.563 19.3

200 0.95629 —0.085 0.005 —0.115 9.32 —0.520 16.4

400 0.99260 0.150 0.002 —0.011 —13.1 —0.203 1.07

W =0.10 kg /kgaa, P =0.101325 MPa

52.6 0.99912 —0.020 0.000 0.000 2.07 —0.003 0.046

200 1.00011 —0.002 0.000 0.000 0.187 —0.001 0.003

400 1.00029 0.004 0.000 0.000 —0.368 —0.001 0.000

W = 1.0 kgu/kgaa, P =0.101325 MPa

87 0.99282 —0.027 0.000 —0.002 2.76 —0.002 0.187

200 0.99803 —0.004 0.000 0.000 0.374 —0.001 0.025

400 0.99963 0.007 0.000 0.000 —0.728 —0.001 0.003

1500 taking derivatives of the Gibbs function. Properties of interest are
1400F specific volume v = (dg/d P)r, enthalpy h=g — T (dg/9T)p, and
E entropy s = —(dg/0T) p. The new IAPWS formulation significantly
1300 improved both the accuracy and speed of calculation for thermody-
~_1200F namic properties of water and steam. The IAPWS formulation for
g_] 100 3 the properties of water and steam are used in this research.
o~ o H
§1 000F ° Exghg?]t_aéryg}'gzgﬁ QFéssrzer, Superheated Water Vapor
1 900F 41,133-142 In the superheated region, the Gibbs function is separated into
Og 8005— . two parts, an ideal-gas part and a residual part. In the current re-
F Hyland and Wexler, C,_, search, the residual part is evaluated using the virial coefficients. The
700F : S ‘ IAPWS equation for the ideal-gas part of the nondimensional Gibbs
600 S_ function is
500 b— Lo b 0 b by s 1y gi ( P, T) 9 3
200 300 400 500 600 o _ ot — o
’ y rT lorr + Z n;t (@)

Fig. 2 Cross virial coefficient Cggy,.

coefficient and its temperature derivative multiplied by a factor of
100, others unchanged. Results are given at P =2 MPa for W = 1,
0.1, and 0.01 and at P =1 atm for W =1 and 0.1. The change in
the enhancement factor due to changing B,,,, Cyaw, and Cgyyy Was
not accounted for in these calculations. When the cross virials are
increased by a factor of 100, the percentage change in Z becomes
large, especially at large values of W. The virial coefficient sensitiv-
ity of v is the same as that of Z, and the sensitivity of enthalpy and
entropy to changes in the virial coefficients is less than that of Z.
The largest uncertainties in our psychrometric calculations are due
to the cross virials that are being extrapolated far beyond the range
of the limited data available, but Table 1 shows that the cross virial
uncertainty on Z is small, except at high values of W and P and
only when the cross virials are increased by a factor of 100 from
their extrapolated values. The uncertainties due to the cross viri-
als may be more important for other properties close to saturation,
which depend on the enhancement factor, such as enthalpy, entropy,
and dew point, and the uncertainties will become larger at higher
pressures.

Water Properties

The International Association for the Properties of Water and
Steam (IAPWS) has the most up-to-date data for the thermody-
namic properties of water and steam. In 1997, IAPWS adopted a
new formulation for the formulation for the thermodynamic proper-
ties of water and steam.'®!> The IAPWS formulation is developed
in terms of the Gibbs function, and properties are generated by

i=1

where w = P/P* and t=T"*/T, where T*= 540 K and P*=
1 MPa. The coefficients n; and J;?, fori =1, 9, are given in Refs. 18
and 19.

The equations for the ideal-gas properties in molar units are

ﬁig,w = kT/P (5)
enthalpy
9
by, = RTTY npgee’i™ (6)
i=1
and entropy
9 o

Sew =R| T an]f’r"iu*' y° 7

Liquid Water
The equation for the Gibbs function in the liquid region is written
as

_ 34
gL(P,T) ol o 7
= = n; (7.1 — %) (% — 1.222)" 8
= ; ( )i ( ) ®)
where, 7%= P/P* and t*=T*"/T, where T**=1386 K and
P** =16.53 MPa. The coefficients, n;, I;, and J; are givenin Refs. 18
and 19. Liquid thermodynamic properties for T > 273K (v, h,,
and s.) can be obtained from Eq. (8).
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Water Vapor Saturation Pressure

Water vapor saturation pressure is required to determine the dew
point and the humidity ratio of moist air. Data for the water vapor
saturation pressure over ice (sublimation process) for the tempera-
ture range 213.15 < T <273.15 K (—60 <t <0°C) are taken from
Sonntag et al.?® and Olivieri et al.!® Saturation pressure as a function
of temperature for the temperature range 213.15<7 <273.15 K
(=60 <t <0°C)is given by

P, = exp[29.093178 — 2.860529 x 107°T3 — 6178.67/T] (9)

in units of pascal. The equation for water vapor saturation pressure
for the temperature range 273.15 <7 <647.10 K (0 <7 <374°C)
is taken from IAPWS as

= P[2¢/(-B +/B> —4aC)]’ (10)
where A, B, and C are defined in terms of Q as

Q=T/T
A= Q%+ 1167.05215Q — 724,213.167

— 0.238555576/(T/ T\ — 650.175348)

B = —17.07384690% + 12,020.8247Q — 3,232,555.03

C = 149151086 Q% — 4823.26574Q + 405,113.405

and where P, =1.0 x 10 Paand 7, =1 K.

Air Properties

Thermodynamic properties of air are taken from the NIST for-
mulation presented in Refs. 15 and 21. The NIST data are valid for
temperatures up to 2000 K and pressures up to 70 MPa. The ideal-
gas data for hj, , and Sig , were obtained from the NIST data at small
pressures, where Z =1 (to four decimal places) and where the en-
thalpy data did not change with pressure for temperatures between
—100 and 400°C. This occurred near P = 10 Pa. The value of Cp
at P =10 Pa was curve fit vs temperature and integrated to obtain
hlg . and 5, . The resulting equations are

hiy, =28.921316(T — T.) +2.5861872 x 107 (7> = T77) /2

ig,a

—1.9010204 x 107°(7T° — T}) /3 +5.1208717

x 107%(1* = T}) /4 — 32775941

x 107(T° = T7) /5 + 8.0457 (11

l“—28921316[G\(T/T)+25861872><10 T -T,)

—1.9010204 x 107°(T* — T7) /2 + 5.1208717

x1078(1T° = T7) /3 — 3.2775941

x107"(T* = 1) /4 + 0.02393 (12)
In these equations, T, =273.15 K. Equation (12) for 5;, , is valid at
P = 101,352 Pa. In other words, the constant (0. 02393) in Eq. (12)
contains the pressure adjustment from P =10 Pa to 1 atm. In ad-
dition, the constants in Eqgs. (11) and (12) make 4, and 5, zero at
P =101,325 Pa and t =0°C, when the virial coefficient real-gas
corrections are accounted for.

Thermodynamic Properties

Moist air thermodynamic properties are formulated as a function
of an ideal-gas value plus the real-gas correction.

Enthalpy
The molar enthalpy (kJ/kmol) for dry air, i = a, or water vapor,
i=w,is
- - _ dB; \ 1 1. dCy; 1
i ¥ ar Jv; 20 ar

13)

In the virial equation of state formulation, the real-gas correction
is added to the value of hO . The reference state for water vapor is
h,, =0 for saturated 11qu1§ water at r = 0°C, and the reference state
for air is 1, =0 at t =0°C and P = 101,325 Pa.

The molar enthalpy (kJ/kmol) of moist air is

dB,, ) 1
T—2)—
dT ) v,

+|C leC’” 1 (14)
o270 dr

The derivatives of B,, and C,, are obtained directly from their curve-

fit equations. The ideal-gas terms h;, ,, and h;, , are evaluated from

Eqgs. (6) and (11), respectively. The IAPWS data are a function

of both temperature and pressure, so that the water vapor partial
pressure in moist air is assumed to be P, = x,, P.

}_lm = xahlga + xwhlg w + RT[<B/11 -

Entropy
The equation for dry air entropy is

_ 0 P - 0 Py, B+ TdBaa 1
Sa n — iy — aa e
Sz RT ar J v,

T dcaaa 1 (15)
Caaa dT ) 292
where 5°

u.a 18 given by Eq. (12). Recall that the constant in Eq. (12)
contains the pressure correction to 1 atm and makes s, = Oats = 0°C.
In other words, at P =101,325 Pa and r=0°C, Eq. (12) gives

=10.02393 kJ/(kmol - K) and Eq. (15) gives 5, = O.
The equation for water vapor entropy in the virial coefficient
formulation is

- -0 + R ‘7 Pw + [} Pwl-}u.' B + Tdwa 1
Sw =S8, ., —n n——= - ww -
ig,w Po RT dT Uy

dCpyuw \ 1
+ C'Il”l)“l + T dT 2’,_)2 (16)

w

where s, , is the value of entropy from the ideal-gas IAPWS data
as given by Eq. (7).

The molar entropy of moist air, s,,, is

_ 5ty Ry — ot gt Py g, PO
Sm = X5, XuwS; - Ya v R
g,a gw Pe xaRT waT
B, + 78 ) -+ € L i) | an
T "l ar )

Saturated Moist Air

Moist air is saturated when it is in contact and in neutral equilib-
rium with a flat surface of pure condensed liquid water. The satu-
ration data for moist air is a function of temperature, pressure, and
saturation humidity ratio. In the saturated state, the mole fractions
of water vapor, x,,, and of air, x,;, are

Xus = fPs/P (18)
=(P—fP)/P 19)
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The enhancement factor f is a function of P and 7', and it accounts
for the nonideal behavior of the water vapor—air mixture in the satu-
rated state. Here f accounts for the effect of pressure and dissolved
gases on the properties of the condensed phase and the effect of
intermolecular forces on properties of the moisture itself. Factor f
is related to the thermodynamic parameters of the state, the virial
coefficients, and several physical constants as given in Refs. 8-10
and 12. Representative values of f are given in Table 2 as a function
of T at a constant value of either P or altitude. Note that f =1 for
all superheated states.'?

The saturation humidity ratio for moist air at a temperature 7" and
pressure P is

Wy = (My/M)Lf P/ (P — [ P)] (20)

where P; is the saturation vapor pressure at temperature 7 .

Humidity Ratio and Relative Humidity
The humidity ratio is

W =M, /M,(x,/x,) = 0.6221070(x,,/x,) @2n
The percent relative humidity ¢ is defined as
¢ = 100x,P/(f P) (22)
for P < f P;, otherwise ¢ is undefined.

Wet-Bulb Temperature

The thermodynamic wet-bulb temperature, denoted by fyy, is de-
fined as the solution to the energy balance equation at a specific
value of pressure

hs(twb) = h(l, W) + [Ws (twb) - W]hl,w(twb) (23)

Table 2 Values of f

t,°C 101.325kPa 200kPa 500kPa 1 MPa 2 MPa 3 km 10 km 20 km
—60 1.00635 1.01265 1.03213 1.06587 1.13834 1.00378 1.00175 0.99994
—40 1.00519 1.01023  1.02578 1.05249 1.10886 1.00359 1.00138 1.00031
-20 1.00444 1.00856 1.02127 1.04293 1.08822 1.00307 1.00125 1.00037
0 1.00400 1.00744 1.01802 1.03594 1.07321 1.00292 1.00139 1.00063
20 1.00403 1.00694 1.01585 1.03092 1.06211 1.00319 1.00184 1.00081
40 1.00476 1.00729 1.01489 1.02776 1.05424 1.00393 1.00238 1.00000
60 1.00589 1.00852 1.01532 1.02656 1.04947 1.00469 1.00138 1.00000
80 1.00575 1.00981 1.01698 1.02730 1.04774 1.00327 1.00000 1.00000
100 1.00000 1.00878 1.01888 1.02950 1.04873 1.00000 1.00000  1.00000
120 1.00000 1.00038 1.01850 1.03174 1.05152 1.00000 1.00000 1.00000
140 1.00000 1.00000 1.01103 1.03117 1.05422 1.00000 1.00000 1.00000
160 1.00000 1.00000  1.00000 1.02303 1.05378 1.00000 1.00000 1.00000
180 1.00000 1.00000  1.00000 1.00000 1.04572 1.00000 1.00000 1.00000
200 1.00000 1.00000  1.00000 1.00000 1.02399 1.00000 1.00000  1.00000
Table 3 Psychrometric properties near the saturated state
w, h, v, s,
t,°C twh, °C tap, °C &, % P,, Pa kguw/kgda kJ/kgda m3/kgda kJ/K - kgda
P = 101,325 Pa, sea level
25 25 25.00 100.0 3169.75 0.02018 76.517 0.8719 0.26983
25 20 17.60 63.5 2013.21 0.01266 57.401 0.8617 0.20488
25 15 7.73 332 1053.72 0.00656 41.873 0.8535 0.15062
25 10 —10.39 79 251.37 0.00155 29.111 0.8467 0.10392
P = 200,000 Pa
25 25 25.00 100.0 3169.75 0.01009 50.604 0.4346 —0.01692
25 20 14.86 533 1690.43 0.00534 38.521 0.4314 —0.05813
25 15 —4.73 13.0 411.39 0.00129 28.215 0.4286 —0.09495
P = 500,000 Pa
25 25 25.00 100.0 3169.75 0.00403 34.491 0.1720 —0.33663
25 20 2.15 22.5 713.82 0.00090 26.540 0.1712 —0.36415
P = 70,108 Pa, altitude = 3 km
25 25 25.00 100.0 3169.75 0.02956 100.490 1.2786 0.46025
25 20 18.39 66.7 2115.53 0.01942 74.685 1.2588 0.37267
25 15 10.35 39.7 1257.27 0.01140 54.256 1.2431 0.30166
25 10 —1.16 17.5 555.12 0.00498 37.915 1.2305 0.24298
P = 26,500 Pa, altitude =10 km
25 25 25.00 100.0 3169.75 0.08471 241.037 3.6690 1.23510
25 20 19.44 71.3 2258.64 0.05809 173.266 3.5312 1.00545
25 15 13.44 48.6 1541.92 0.03852 123.427 3.4298 0.83333
25 10 6.67 30.9 979.82 0.02393 86.294 3.3542 0.70232
25 5 —1.50 17.0 539.31 0.01295 58.316 3.2972 0.60101
25 0 —10.80 7.6 242.44 0.00576 39.989 3.2599 0.53241
P = 5529.3 Pa, altitude =20 km
25 25 25.00 100.0 3169.75 0.83711 2157.103 36.2795 8.33123
25 20 19.93 73.5 2328.42 0.45310 1179.361 26.7433 5.02271
25 15 14.76 53.0 1679.96 0.27178 717.648 22.2388 3.43344
25 10 9.47 374 1185.10 0.16986 458.083 19.7058 2.52404
25 5 3.96 25.6 811.06 0.10703 298.034 18.1436 1.95275
25 0 —1.48 17.0 540.38 0.06744 197.180 17.1591 1.58560
25 =5 —7.88 9.9 313.72 0.03745 120.781 16.4131 1.30106
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where h(t, W) is the enthalpy of moist air at dry-bulb temperature ¢
and humidity ratio W, h,(#y) is the enthalpy of moist saturated air
at the wet-bulb temperature t,, Wy (fyp) is the saturation humidity
ratio of water at temperature t,,, and 4, (#y,) is the enthalpy of
liquid water at temperature #,,. Equation (23) is solved numerically
to obtain t, as a function of ¢t and W.

Psychrometric Charts

Psychrometric charts were constructed at a specific pressure using
computer software.!? The charts were generated using data along
lines of constant /4 in an x—y orthogonal coordinate system. At
each moist air state (2, W), which corresponds to an x—y point on
the chart grid, all of the necessary data (¢, typ, v, ¢, and Z) were
generated numerically. The & axis was set at an angle with respect
to the x axis. Lines of constant & are straight lines. The W axis
was parallel to the y axis and located on the right-hand side of the
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graph. The maximum dry-bulb temperature, t =400°C, was taken
to be along the right-hand ordinate, or W axis, so that the = 400°C
temperature line was vertical. Previous psychrometric charts using
h and W as nonorthogonal axes were constructed with either the
maximum ¢ or a dry-bulb temperature close to the maximum value
as a vertical line.3~1° Lower values of ¢ fan out to the left. Contour
plots in the x—y coordinate system were made for each variable (h,
t, tyb, U, ¢, and Z), by putting a single variable on a single frame.
The frames are stacked on top of each other and are transparent so
that the contours plots show through. The seven frames from top to
bottom contain 4, ¢, ty,, v, ¢, Z, and the chart grid, respectively.

Results and Discussion

Previous to this research project, psychrometric charts were only
available for dry-bulb temperatures up to 200°C and humidity ra-
tios between 0 and 0.09 kg,/kg, at sea-level pressure and for

Table 4 Thermodynamic properties of saturated moist air: Altitude

Volume, m3/k
Humity ratio, Wy Y 8da

Enthalpy, kJ/kgqa

Entropy, kJ/kgg, - K

t, °C kgw/kgda Uda Us hda hs Sda Ss zZ
P=101.325 kPa (sea level), t; = 100°C
0 0.00379 0.7735 0.7782 0.00 9.476 0.0000 0.0364 0.9994
20 0.01476 0.8304 0.8500 20.122 57.568 0.0711 0.2057 0.9996
40 0.04915 0.8872 0.9570 40.257 166.720 0.1375 0.5650 0.9998
60 0.15360 0.9439 1.1755 60.411 461.034 0.1999 1.4773 0.9999
80 0.55310 1.0007 1.8814 80.591 1542.234 0.2587 4.6491 1.0000
P=70.108 kPa (3 km), t; =90°C
0 0.00549 1.118 1.128 0.09 13.81 0.1060 0.1587 0.9996
20 0.02154 1.200 1.242 20.20 74.85 0.1770 0.3735 0.9997
40 0.07356 1.282 1.433 40.32 229.60 0.2434 0.8826 0.9999
60 0.24899 1.364 1.907 60.47 709.96 0.3058 2.3708 0.9999
P=26.50kPa (10 km), t; = 66.3°C
0 0.01471 2.959 3.029 0.21 37.0 0.3857 0.5270 0.9998
20 0.06035 3.176 3.483 20.30 173.4 0.4567 1.0062 0.9999
40 0.24112 3.393 4.704 40.41 660.9 0.5230 2.6073 0.9999
P=5.5293 kPa, (20 km), t; =34.7°C
0 0.07737 14.183 15.946 0.26 193.8 0.8358 1.5778 1.0000
10 0.17782 14.702 18.901 10.30 458.3 0.8719 2.5266 1.0000
20 0.45682 15.222 26.384 20.35 1179.5 0.9068 5.0235 1.0000
P=0.20 MPa, t; =120.2°C
0 0.00192 0.392 0.393 —0.27 4.53 —0.1961 —0.1776 0.9988
20 0.00741 0.421 0.426 19.89 38.69 —0.1249 —0.0573 0.9993
40 0.02403 0.449 0.467 40.05 101.86 —0.0583 0.1508 0.9996
60 0.06957 0.478 0.531 60.23 241.64 0.0042 0.5843 0.9999
80 0.19581 0.507 0.665 80.44 597.76 0.0630 1.6306 1.0001
100 0.65150 0.536 1.087 100.67 1843.38 0.1188 5.1123 1.0002
P=0.50 MPa, t; =151.8°C
0 0.0008 0.156 0.157 —1.09 0.85 —0.4616 —0.4542 0.9971
20 0.0030 0.168 0.169 19.18 26.70 —0.3900 —0.3630 0.9982
40 0.0095 0.180 0.182 39.44 63.76 —0.3232 —0.2408 0.9990
60 0.0263 0.191 0.199 59.70 128.12 —0.2605 —0.0413 0.9997
80 0.0664 0.203 0.224 79.97 255.26 —0.2014 0.3322 1.0002
100 0.1621 0.214 0.269 100.26 533.44 —0.1455 1.1106 1.0006
120 0.4229 0.226 0.375 120.58 1264.06 —0.0924 3.0662 1.0009
P=1.0MPa, t; =179.9°C
0 0.0004 0.078 0.078 —2.45 —1.46 —0.6648 —0.6610 0.9944
20 0.0015 0.084 0.084 18.01 21.81 —0.5925 —0.5789 0.9966
40 0.0048 0.090 0.090 38.42 50.62 —0.5252 —0.4839 0.9982
60 0.0130 0.096 0.098 58.81 92.64 —0.4621 —0.3536 0.9995
80 0.0319 0.101 0.107 79.20 163.18 —0.4026 —0.1467 1.0004
100 0.0725 0.107 0.119 99.59 293.21 —0.3465 0.2168 1.0012
120 0.1604 0.113 0.141 120.00 553.16 —0.2932 0.9123 1.0018
P=2.0MPa, t;=212.4°C
0 0.0002 0.039 0.039 -5.12 —4.62 —0.8720 —0.8701 0.9894
20 0.0008 0.042 0.042 15.70 17.65 —0.7985 —0.7915 0.9937
40 0.0024 0.045 0.045 36.42 42.64 —0.7301 —0.7090 0.9969
60 0.0066 0.048 0.048 57.08 74.15 —0.6662 —-0.6114 0.9994
80 0.0159 0.051 0.052 77.69 119.36 —0.6061 —0.4790 1.0013
100 0.0349 0.054 0.057 98.28 191.33 —0.5494 —0.2783 1.0027
120 0.0726 0.057 0.063 118.86 314.35 —0.4956 0.0501 1.0039
140 0.1465 0.060 0.073 139.46 538.20 —0.4445 0.6246 1.0048
160 0.3005 0.063 0.091 160.07 985.87 —0.3958 1.7333 1.0055
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0<t<50°C, 0<W <0.03 at pressures corresponding to altitudes
of 750, 1500, and 2250 m. The current calculations agree with
the previous data at r =200°C for 0 < W <0.09 to within £0.5%
(Refs. 12 and 13). The data presented herein extend the dry-bulb
temperatures to 400°C and the humidity ratio up to 1 kg, /kg, and
covers a range of pressures from 2 MPa to 5529.3 Pa (altitude of
20 km). Additional data are available in Ref. 12.

Table 3 gives psychrometric properties tqp, ¢, vapor pressure, W,
h, v, and s as a function of ¢, at fgh, =25°C for moist air near the
saturated state, ¢ = 100%. Table 3 contains data for several different
pressures, or altitudes. The sea-level data shown in Table 3 agree to
within £0.5% with the previous data (Table 20 of Olivieri et al.'?).
The data in Table 3 at pressures of 0.2 and 0.5 MPa and altitudes of
3, 10, and 20 km are new. The state point data have been calculated
using the formulation developed in this paper. The data can be used
to judge the accuracy of future calculations.

Table 4 presents the saturation values Wi, v4a, Vs, Hqa, By, Sdas
sy, and Z as a function of saturation temperature at altitudes of sea
level, 3, 10, and 20 km and at pressures of 0.2, 0.5, 1, and 2 MPa.

Table 5 presents state point properties typ, U, /1, s, and Z at sea-
level pressure as a function of W for t =200 and 400°C. These data
are given to allow comparison to future work.

The new and extended data are presented in psychrometric charts.
Figure 3 shows the psychrometric chart at sea level for 0 < ¢t <400°C
and 0 < W <1 kg, /kgq,. It shows data for ¢, typ, v, ¢, Z, and h as
a function of W. The extended dry-bulb temperature and humidity
ratio ranges distort the chart to the left relative to lower temperature
charts. The distortation can be reduced slightly by increasing the
slope of the constant / lines during the chart construction.

Figure 4 shows the psychrometric chart for a pressure of 2 MPa for
0<t<400°C and 0 < W <1 kg, /kgq4a. The saturation temperature
at 2 MPais 212.4°C.

Figure 5 shows the psychrometric chart for an altitude of 20 km for
0<t<400°Cand 0 < W <1 kg, /kgq,. The saturation temperature
at 2 km is approximately 33°C.

The psychrometric charts graphically show the moist air data over
a very large property range, which makes them somewhat hard to
read. The left boundary is the saturation line, and #4, =400°C is the
right boundary. Lines of constant enthalpy are labeled on the left and
angle downward to the right. Lines of constant dry-bulb temperature
are labeled on the y axis and angle to the left for increasing values
of W. The lines for constant #,;, are dashed lines and are almost
parallel to the constant / lines. Lines for constant v are solid lines
that slope downward to the right. The constant relative humidity

Table 5 State data at P=101.325 kPa

W, v, h, s,
kgw/kgda Twb, °C mS/kgda kJ/kgda kJ/K- kgda Z
tap = 200°C, ty = 100°C
0.00 45.07 1.341 202.57 0.5560 1.0003
0.10 61.85 1.556 490.47 1.4735 1.0001
0.20 69.95 1.771 778.29 2.3334 0.9998
0.30 74.99 1.986 1066.04 3.1746 0.9996
0.40 78.50 2.201 1353.75 4.0051 0.9993
0.50 81.11 2416 1641.43 4.8284 0.9990
0.60 83.14 2.631 1929.09 5.6465 0.9988
0.70 84.76 2.845 2216.73 6.4606 0.9986
0.80 86.09 3.060 2504.35 7.2715 0.9984
0.90 87.20 3.274 2791.96 8.0799 0.9982
1.00 88.15 3.489 3079.56 8.8862 0.9980
tap = 400°C, ty = 100°C

0.00 59.50 1.908 411.76 0.9243 1.0004
0.10 69.72 2.215 739.72 1.9123 1.0003
0.20 75.52 2.521 1067.66 2.8428 1.0002
0.30 79.35 2.828 1395.57 3.7547 1.0001
0.40 82.10 3.134 1723.48 4.6559 1.0000
0.50 84.19 3.440 2051.37 5.5500 0.9999
0.60 85.83 3.747 2379.26 6.4389 0.9999
0.70 87.15 4.053 2707.14 7.3238 0.9998
0.80 88.25 4.359 3035.02 8.2056 0.9997
0.90 89.17 4.665 3362.89 9.0849 0.9997
1.00 89.95 4.972 3690.76 9.9621 0.9996
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lines are dashed and are located on the left side of the chart near the
saturation state. The lines of constant Z are dotted lines that fan out
from the lower left corner of the chart.

Summary

Equations to predict psychrometric data for moist air are formu-
lated. Psychrometric data for moist air are generated and presented in
the form of psychrometric charts for z, <t <400°Cand 0 <W <1.
The moist air is formulated as a real gas. The data extend the maxi-
mum value of W from 0.09 to 1 kg,,/kg, and extend the maximum
dry-bulb temperature from 200 to 400°C. In the development of the
thermodynamic properties, the most current data are used for the
virial coefficients and the water vapor and air properties.

The accuracy of the predicted data are judged to be better than
1% over the complete range of parameters. The largest uncertainty
is in the cross virial coefficients.
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