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Interpolation Correlations for Fluid Properties of Humid Air in the

Adrian Melling, Stefan Noppenberger, Martin Still, and Holger Venzke
Lehrstuhl fur Stromungsmechanik, Universtt&rlangen-Nunberg, Cauerstrasse, £ - 91058 Erlangen, Germany

This paper provides simple analytical correlations for selected thermodynamic and
fluid transport properties for the mixture dry air and water vapor. These correlations are
derived from theory as well as from numerical fitting procedures and give expressions for
densityp, viscosityu, thermal conductivit, specific heat,,, and Prandtl number Pr at
a working pressure gb=1 bar and for a temperature range from 100 °C to 200 °C. The
main purpose is to present a comparatively simple set of equations, as the correlations do
not reflect in every case the underlying physical background. Since experimental data are
scarce for the properties under investigation, it was in some cases necessary to extrapo-
late the available correlations to temperatures or water vapor contents where no experi-
mental data could be found. The derived equations are compared with the pure compo-
nent values for dry air and water vapor and, as far as possible, also for air-water vapor
mixtures. © 1997 American Institute of Physics and American Chemical Society.

Temperature Range 100 °C to 200 °C
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properties of the mixture are needed. Even though a compre-
hensive data collection for the densitp)(, viscosity (u),
thermal conductivity k), and specific heatct,) is available

for the pure components water vapor and dry air, hardly any
data for humid air are accessible.

Different approaches have been made to deal with the lack
of experimental data for humid air. Simple attempts like a
linear mixing of the values for dry air and water vapor
(Krischer and Ka$) and also rather complicated and more
general correlations like the one-fluid approximation
(VDI-Warmeatlad) have been employed. The latter estab-
lishes from the critical data of the components a fictitious
uniform gas with so-called pseudo-critical data from which
the fluid properties of the real mixture can be derived. These

5. Specific heat, of humid air in the temperature approaches provide sufficient accuracy for most applications.
range 100 °C to 200 °C according to H2).... 1121  However, if in a specific experiment the monitored signal
6. Prandtl number Pr of humid air in the temperature shows a significant dependence on fluid properties, the one-
range 100 °C to 200 °C as calculated from Eq. fluid approach cannot be used, since for some properties of
(23) with the given correlations for the fluid humid air deviations of up to 15% from the experimental
properties. ... 1122 yalue can occur within the temperature range considered in
7. Relative increase of convective heat transfer

with humidity. Comparison between

experimental and theoretical valdes. . ... ..... 1122
Comparison of the theoretically calculated heat
transfer ratio with different approximations of

the thermal conductivitk of the fluid ......... 1122

1. Introduction

this paper(see Sec. ¥

The correlations and graphs presented in this paper are
derived from a literature survey and should be regarded on
the one hand as a compilation of the currently available data
and on the other hand as a set of readily implemented func-
tions for the properties under consideration. As far as experi-
mental data were available, fitting-functions were defined to
reproduce these data using the amount of water vapor and
the temperature as input. In cases where no or only few data

Knowledge of the properties of humid air, including den-were at our disposal, theoretical approaches were tested for
sity, viscosity, thermal conductivity and specific heat, is im-their capability to reproduce the subsidiary values for dry air
portant in many areas of engineering. Applications includeand water vapor and also, if available, the experimental data
building design, heating and air conditioning, humidification of mixtures. The presented equations are to be understood as
and drying, moisture separation, food processing and sto@ practical aid to evaluating fluid properties, since the ana-
age, and numerous manufacturing processes where a cdytical form does not necessarily reflect the theoretical back-
trolled humidity is necessary. The results of the present studground. A set of more complex equations based on theoret-
are thus relevant in many fields of physics and engineeringcal grounds can be found in Mason and Monctfick.
although the investigations were motivated in the first in-However, their equations show higher deviations in compari-
stance by concern about the error in velocity measuremengon with the experimental values than the correlations de-
in moist air with a hot-wire anemometer if the effect of water rived in this paper. Various other publications, for example
vapor on the properties of the flowing medium is not consid-Hyland and Wexler;® present relationships for determining
ered. the specific volume and the enthalpy, from which the density

In hot-wire anemometry fluid velocity is deduced from its and the specific heat respectively can be deduced. The vis-
influence on the heat transfer from a heated wire to the fluidcosity and the thermal conductivity, however, are seldom
This heat transfer is governed both by parameters like fluigjiven.
and wire temperature and geometrical dimensions, and by Since the accuracy of the input plays a prominent role for
correlations describing the influence of the fluid propertiesghe investigation, the references were carefully selected:
and the flow field. These correlations need as an input the ¢ Dry air: The VDI-Wameatlad gives a compilation of
thermodynamic and transport parameters of the fluid. Mostlata from Baehr and SchwiéiKadoyaet al. ® and Stephan
applications of hot-wire anemometry use air, and normallyand Laeseck@.
the properties of dry air are inserted in the correlations ne- ¢ Water vapor: Values were taken from Schmidt and
glecting the influence of any water vapor present. At el-Grigull,*° respectively from the underlying IAPS Skeleton
evated temperatures, however, the water vapor partial preF-ablest! the IAPS Formulation for the Viscosity,and the
sure can be high enough to cause significant deviations in tHAPS Formulation for the Thermal Conductivity.
heat transfer from the hot-wire and therefore also in the de- Although the recommendations of Hyland and WeXfer
duced velocity(see Durset all). To evaluate the influence are incorporated into the ASHRAE psychrometric charts,
of humidity on the heat transfer from a hot-wire, the fluid their formulations are complicated to compute. For the pure

J. Phys. Chem. Ref. Data, Vol. 26, No. 4, 1997



INTERPOLATION CORRELATIONS FOR PROPERTIES OF HUMID AIR 1113

TasLE 1. Reference values for dry air and water vapor at ambient prepsuiebar,
as used in this papéRefs. 3 and 10

Temperature  Density Viscosity Therm. conductivity ~ Specific heat
(°C) (kg/n) (1078 kg/m 9 (1073 W/m K) (kJ/kg K) Prandtl number
Dry air
100 0.9329 21.94 31.39 1.012 0.7070
120 0.8854 22.80 32.75 1.014 0.7060
140 0.8425 23.65 34.08 1.016 0.7054
150 0.8226 24.07 34.74 1.018 0.7051
160 0.8036 24.48 35.39 1.019 0.7050
180 0.7681 25.29 36.68 1.022 0.7049
200 0.7356 26.09 37.95 1.026 0.7051
Water vapor

100 0.5896 12.42 25.00 2.026 1.003
120 0.5577 2.005

140 0.5294 1.991

150 0.5165 14.29 28.90 1.986 0.978
160 0.5040 1.983

180 0.4812 1.979

200 0.4604 16.26 33.30 1.979 0.959

substancesgair and water vaporthe reference values from 2. Standard Evaluation Methods for Fluid

the chosen sources are identical with those of References 5 Properties of Gas Mixtures

and 6 within a tolerance of 0.1%. Table 1 shows the refer-

enf:e values for dry air and water vapor used throughout this Different measures are available to describe the composi-

artlcle.. ] . ] tion of a multi-component system, but in most cases the mo-
Section 2 of this paper describes conventional methods tR fraction x of the components is chosen. For the multi-

determine analytically the fluid parameters. Beginning Withcomponent system of humid air considered in this paper, it is

an introduction to humidity definitions, terminology and im- suyfficient to determine the molar fraction of water vapor as

portant correlations applied in this paper, simple mixing cor{ong as a standard composition of dry air can be regarded as

relations for the properties of the gas mixture humid air area pseudo-pure component. The correlations in the following

given. This is followed by an approach according to the onesections are derived on the assumption that this concept is

fluid approximation. Section 3 gives a formulation for the valid. A typical composition of air is given for example by

density (¢), which is basically a simple linear interpolation the U.S. Standard Atmosphere, see Tabl{&@n Wong and

of the pure component values. The underlying equation foEmbletor®).

an ideal gas is expanded with the compressibility factor The molar fractiornx of water vapor, used throughout this

(2), representing a function of temperature and the amourRR@per, is a dimensionless, linear measure of humidity and has

of water vapor. Section 4 presents experimental data for the

viscosity (u) and compares different approaches with these

data to deduce an analytical formulation. The thermal conTasLe 2. Composition of dry air according to the U.S. Standard Atmosphere

ductivity (k) is dealt with in Sec. 5. Since for this quantity (Ref. 18 [from Wong and EmbletoriRef. 15].
hardly any data are available, the fundamental shape of the Consti
i | . onstituent gas Content
correlation was derived from an early experimérmind the and formula (% by vol)
values ofk were fixed by adapting the correlation to the pure :
. . Nitrogen (N,) 78.084
component values of dry air and water vapor. Section 6 de- Oxygen (Q) 20.9476
scribes an analytical formulation for the specific heg) ( Argon (Ar) 0.934
Since no experimental data were found, a one-fluid approxi- Carbon dioxide (CQ) 0.0314
mation was made and from this the deviation in comparison Neon(Ne) 0.001818
ith a li iXi h was examined. From the Hellum (He) 0-000524
wit a linear mixing approac . Methane (CH) 0.0002
guantities already derived, the Prandtl numtew is evalu- Krypton (Kr) 0.000114
ated in Sec. 7 and a simpler correlation introduced. Section 8 Hydrogen (H) 0.00005
; ot ; _Nitrous oxide (NO) 0.000027
|Ilgstrates the appllcatlo_n of the proposed cor_relatlons to hot Carbon monoxidéCo) 0.000019
wire anemometry and finally Sec. 9 summarizes the conclu- yenon(xe) 0.0000087

sions of the work.

J. Phys. Chem. Ref. Data, Vol. 26, No. 4, 1997



1114 MELLING ET AL.

TaBLE 3. Compressibility factoZ 5 for dry air (see Ref. BandZ,, for pure TasLE 4. Coefficients used for the calculation of the compressibility factor

water vapor(calculatedl (see Ref. 1D of water vapor in the temperature range 100 °C to 200 °C.
t Za Zy

(°C (x=0) (x=1) Coefficient Value Unit
100 1.0000 0.9848 a 1.007840

120 1.0000 0.9882 1
140 1.0000 0.9906 b —3.429954310°3 —
160 1.0000 0.9925 K
180 1.0000 0.9937 c 3.439609710°3 1
200 1.0000 0.9947 K

Relative humiditye is defined as the ratio of water vapor
a straight-forward interpretation; it is used, for example, inpartial pressurg@,, with respect to the saturation water vapor
the field of trace humidity, where the water vapor concentrapartial pressuryg at the same gas temperature.
tion is usually given as a volume concentration ppm,].
Since different application-specific measures are in use in o= ) (5)
engineering and science, a short introduction to some of the Pvs
most important humidity measures and their conversion taherefore, an additional temperature measurement is neces-
molar fraction is given. sary to convert relative humidity to the water vapor partial

To define a basic measure for humid air, the traceability tqyressurep,, by using the water vapor partial pressure formu-
Sl units must be guaranteed, by defining either the mixingations mentioned above for the calculation of the saturation
ratior or the molar fractiorx. The mixing ratior is defined value.
as the ratio of the mass of water vapoy with respect to the Using the calculated water vapor partial pressure, the mo-
mass of dry aimy: lar fraction x can be calculated from Ed4) at a known
ambient pressurp.

_bPv

my
r=—. (1
Ma 2.1 Simple Mixing Correlations
In contrast tar, the molar fractiorx is defined as the ratio of
the number of moles of water vapar, with respect to the

total number of moles of the mixture of humid &g, :

For most applications that take the fluid parameters of
humid air into accounte.g., calculations considering drying
processes or heat transfer in heat exchangsiraple mixing
correlations are sufficient for a calculation of the fluid prop-
(2)  erties that are needed as input. The thermodynamic and fluid

transport properties in this context are calculated from values
Because in most cases humid air can be dealt with as an ide@3iVen in standard tables for the pure components dry air and
gas, Dalton’s Law water vapor. Some of_these _fde properties for the mixture
can be derived by a simple linear combination according to

the molar fraction of the components. Other properties need

p= 2 Pi 3 a more complex evaluation, because of intermolecular forces

between molecules of one type as well as forces between

Ny Ny

X=—= .

can be applied. This implies that the total presquref the
mixture can be obtained by summing the partial pressures

p; of all components. So Eq.(2) can be rewritten for an 1.0 5
ideal gas as oo ~
oy e
X=5 (4) 08 7

o
N

wherepy, represents the water vapor partial pressure which is
calculated from the measured humidity valdesually dew-
point temperaturd pp or relative humiditye). The dewpoint
temperature is directly related to the water vapor partial pres- E
sure via the water vapor saturation correlati@tausius Cla- Jeeswszoosc 4 4
peyron, so that a conversion can be performed by using one O lar frad 20 vapor0'80 1.00
of the formulations given for the vapor pressure of the pure

water system, for example see BuckSonntag® or  gg 1. Densitye of humid air in the temperature range 100 °C to 200 °C
Wexler?® according to Eqgs(10) and (12).
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INTERPOLATION CORRELATIONS FOR PROPERTIES OF HUMID AIR 1115

TaBLE 5. Viscosity of humid air according to experimental values given by Kestin and Whit@aiv 25.

Temperature
t (°0)
XH,0 0.006 0.008 0.011 0.016 0.017 0.032 0.033
25 kg
m (10’6m—s) 18.451 18.446 18.441 18.419 18.200 18.399 18.374
XH,0 0.019 0.024 0.031 0.042 0.062 0.120
50 kg
o (10’6m—S 19.593 19.591 19.575 19.539 19.474 19.247
XH,0 0.055 0.075 0.097 0.132 0.193 0.265 0.317 0.371 0.387
75 kg
o (10’5m—s) 20.632 20.588 20.497 20.357 20.046 19.586 19.252 18.792 18.781

molecules of two different types. Additionally, some of theseis less than 6% at a gas temperature of 70 °C and a relative
equations differ when applications in different ranges of tem-humidity range from 10% to 90%, this accuracy is not ac-
perature and pressure are considered. ceptable.

When humid air is treated as an ideal gas, its density
often calculated using a linear mixing equation based upon
the ideal gas law, according to the water vapor partial pres-

surepy: 2.2. One-Fluid Approximation

_P (P~ pV)MA+pVMV_ (6) An improvement with regard to a better understanding of
RT p the physical background of fluid mixtures is obtained by us-

p describes the ambient pressufethe gas temperatur®  iNg evaluation methods based on the one-fild random
the ideal gas constarlt] , and M, the molecular masses of mixture) approximation. The one-fluid approximation does

dry air and water vapor, respectively. not combine the properties of the pure components of the
A similar linear mixing equation is used for thermal con- Mixture, but defines a fictitious single component fl(sd-
ductivity k called pseudo-pujewith appropriate pseudo-critical values
(critical temperature, critical pressure, critical volume and
K= kA( 1— &) I k\,&, 7 dipole moment, which are calculated from the critical values
p of the mixture components. Using evaluation methods based

on molecular theory the thermodynamic and transport prop-
: ; erties of the mixture under investigation can be
air and water vapor, respe(_:tlvely. N _ deduced 20-22

Somewhat more complicated mixing correlatiofsee

Krischer and Kag) are used for the specific heay The derived equations according to this model can be
found, e.g., in the VDI-Wameatlad and show a good agree-

wherek, andk,, describe the thermal conductivities of dry

_ Cpa(P—PyIMatCpypyMy ment for the pure component values for dry air and water

P (p—pyMatpyMy ® vapor with the considered standard literatisee Sec. 1,
and the viscosit errors are in the range of a few percent. Nevertheless, in the
W mixture regime of humid air, errors up to 15% are found in
wa(P—py) VM a+ mypyVMy comparison with experimental dataee the following sec-
= . ©) tions for a more detailed descriptipDespite its comprehen-
(P—Pv)VMa+pyVMy y P P

siveness this model is not accurate enough for a calculation

As before, the subscripts andy, indicate the values of the of fluid properties in applications where changing fluid com-
pure components dry air and water vapor. position induces measurement effects with a dynamic range

For most applications the given equations are satisfactorgf only a few percent. The deviations that occur for humid
in terms of accuracy for a calculation of the thermodynamicair (especially for the thermal conductivity and viscogity
and transport properties of humid air. Nevertheless, a maxindicate that a universal one-fluid model cannot represent the
mum error for the thermal conductivity of about 7% accord-composition of humid air containing polar and nonpolar
ing to Krischer and Kadtand of about 10% as calculated by gases with sufficient accuracy. Nevertheless, especially in
the authors occurs from a comparison with experimental dataases where no experimental data for a mixture are available
(see Sec. b For more sensitive applications, e.g., hot-wire at all, the one-fluid model usually leads to a good first esti-
anemometry where the effect of humidity on the heat transfemate.

J. Phys. Chem. Ref. Data, Vol. 26, No. 4, 1997



1116 MELLING ET AL.

TaBLE 6. Viscosity of humid air according to experimental values given by Hochrainer and MutRe&k2g.

Temperature
t (°C)

Xi.0 0 0.0143  0.0190  0.0214
20 d

k
M (10’6—9) 18.176 18.150 18.136 18.134
30 XH,0 0 0.0171 0.0256 0.0341 0.0384

k
o (10’6—9) 18.647 18.620 18.617 18.586 18.569

m s
X 0 0.0148 0.0297 0.0456 0.0608 0.0676
40 H20
k
“ (10*6m—gs) 19.111  19.111 19.080 19.053 19.017 18.995
X 0 0.0251 0.0499 0.0749 0.0998 0.1136
50 H,O
k
“w ( 10*6m—gs) 19.588  19.553 19.483 19.426 19.363 19.343
3. Density methods based on molecular theory are given in Reial 22

and a summary of equations deduced from the one-fluid ap-
The densitye of humid air is calculated in this work ac- Proximation is given in Reference 3. An evaluation of the
cording to Eq.(6) which leads to the following correlation ~compressibility factoZ,, according to the above mentioned
equations results in an error of approximately 1% for the

o= 1 r [Ma-(1-x)+My-x], (10) calculated density of the mixture dry air and pure water va-
Zua(T,X) RT por in the temperature range 100 °C to 200 °C.
where R is the ideal gas constant  For the consideration of buoyancy effects on precision

(R=8.31451 J mol*K™Y). In contrast to the ideal gas Weighing experiments, the International Bureau of Weights
equation, the molecular mass is calculated from a lineafnd Measure$8IPM) employed a task group to formulate a
combination of the molecular mass of dry Mr,=28.9645  correlation for the density of humid ajsee Giacom© and
kg kmol™ ! and water vapoM,, =18.01528 kg kmol* ac- Davie€?. Unfortunately, the validity of the given equation is
cording to the molar fractior of the components. The com- restricted to a temperature range from 15 °C to 27 °C. Addi-
pressibility factorZ,, compensates for the real gas behaviortionally, no values for pure water vapor can be evaluated
and is dependent on temperatuFeand molar fractionx.  since the relative humidity is used as an input to the corre-
Therefore, the accuracy of the equation depends directly olations. The humidity in terms of water vapor partial pressure
the accuracy of the compressibility factor. is, therefore, limited to the saturation water vapor pressure.
There are different descriptions and approximations forTaking both aspects into account, this standard equation was
the compressibility factoZ, available in literature. Several discarded from further investigation.

TaBLE 7. Viscosity of humid air according to experimental values given by Studn{fovwn Vargaftik (Ref. 27].

Temperature o kg
t(°0) a (10 m_s)
Xn,0 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

50 19.55 19.14

60 20.01 19.60 19.04

70 20.46 20.05 19.50 18.80

80 20.91 20.51 19.95 19.25 18.43 17.50

90 21.35 20.95 20.35 19.69 18.87 17.92 16.89 15.77
100 21.80 21.40 20.84 20.14 19.31 18.36 17.32 16.18 14.99 13.75 12.47
110 22.23 21.84 21.28 20.58 19.75 18.79 17.74 16.60 15.39 14.13 12.84
120 22.66 22.27 21.72 21.01 20.18 19.22 18.16 17.01 15.79 14.52 13.21
130 23.09 22.71 22.16 21.45 20.61 19.64 18.58 17.42 16.19 14.90 13.58
140 23.50 23.12 22.58 21.87 21.03 20.06 18.98 17.84 16.58 15.29 13.95
150 23.92 23.55 23.01 22.31 21.47 20.49 19.42 18.24 16.99 15.68 14.33

J. Phys. Chem. Ref. Data, Vol. 26, No. 4, 1997



INTERPOLATION CORRELATIONS FOR PROPERTIES OF HUMID AIR 1117

TaBLE 8. Coefficients for the calculation of viscosity of

humid air according to Eq13). 8.0
5260
Coefficient Value Unit E o ;:_,L\:Q\\n\
o Ty g i T
Ax 6.0453459 kg ©220 3;\9\:\\:%
ms g' 200 ] Q\\‘;\_ .
Ae 0.042489943 kg S RN .-
msK 5,180 1 =~ t\\:" """""
By ~6.8323022 kg 8160 3 52HRE \\‘&x\
. —_— Q ]
s E, jmmis N
eees 1805C
©: 0.0059284286 9 g o=t S S S B~
msK “0.00 0.20 0.40 0.60 0.80 1.00
c kg Molar fraction of water vapor
1 —0.67799257 -~
ms

c kg Fic. 2. Viscosityu of humid air in the temperature range 100 °C to 200 °C
2 —0.011338714 < according to experimental values from Hochrainer and Mund®et. 26
ms and Studnikowffrom Vargaftik (Ref. 27].

Since the internationally accepted standard
l‘ormulati_oné"10 provide values for the compressibility factor 4. Viscosity
for dry air (Z,) and pure water vaporZ,) in the range of
consideration, these were taken as an input for a fitting pro-
cedure. Table 3 shows the values used in a restricted tem- Some experimental values are available in the literature
perature range of 100 °C to 200 °C. for the viscosityu of humid air in the temperature range
For dry air,Z, remains constant; for water vapor a root from 20 °C to 150 °C. The values given by Kestin and
mean square firms) was performed leading to the equation Whitelaw? Hochrainer and Muncza®, and Studnikow
(from Vargafti’) are shown in Tables 5 to 8.
a+cT Several models and approximations for the calculation of
Vo1t bT 1D the viscosityu of humid air were tested by the authors. The
calculated values were compared with the experimental val-
with coefficients given in Table 4. ues of Studnikow which were obtained at temperatures
At present, there is no agreed formulation to calculate thavhich are closest to the required temperature range. In gen-
compressibility factor for the mixing regime. Since the val- eral, the highest deviations were obtained in the middle of
ues for dry air and water vapor differ by 1.5% at maximumthe humidity range X~ 0.5):
in the temperature range required, a linear mixing model was ¢ Linear mixing of pure component viscosities:
applied forZ,, according to the following equation The resulting deviations, which lie in the range of 1% to
7% according to the experimental data from Studnikow, are
better than expected considering the simplicity of this model.
(12) « Calculation according to the one-fluid motiel
The deviations amount to 5% for the subsidiary values of
Equations(10) and (12) are used for a calculation of the pure water vapor. Within the mixing range errors up to 15%
density of humid air in the temperature range 100 °C tooccur in comparison with the above cited experimental val-
200 °C; some calculated examples are shown in Fig. 1. Conues. Also, the calculated values show a positive curvature
pared to the appropriate set, calculated according to Hylandith increasing molar fraction, whereas experimental values
and Wexler>® a maximum deviation of 0.36% occurs in the show negative curvature.
mixing regime; the subsidiary values are accurate to 0.1%. < Equation according to Nelsdf:

at+cT

ZHA:1+X' W_—l

TABLE 9. Thermal conductivity ratio of humid air with respect to dry ik, according to data from Gses and SchmickRef. 14.

Temperature
t (°C)

80 Xu,0 0.000 0071 0150 0.171 0.197 0.225 0.250 0.306 0.312 0444 0.519
(measurefd  k/ky, 1.000 1.020 1.035 1.037 1.036 1.035 1.037 1.026 1.030 0.999 0.974

80 Xu,0 0.000 0071 0150 0.171 0.197 0.225 0.250 0.306 0312 0444 0.519 0.600 0.700 0.800 0.900 1.000
(fitted) k/ky; 1.000 1.021 1.032 1.033 1.033 1.033 1.032 1.028 1.027 1.006 0.990 0.970 0.942 0.913 0.882 0.850
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1.10 : : functions of temperature. In this way, a function forwith
105 5 temperature and molar fraction of water vapor as input has
3100 425 R been established for the temperature range 100 °C to 150 °C
Zogs T . w=[(Ag+A;T)+(By+B,T) - x+(Cy+C,T)-x*]-10°°,
éo.go NS _ (13
7;085 . . where the temperatue must be inserted in K. The resulting
° coefficients are given in Table 8.
§°'B° xxxxx Expérimental valjes (Gruess dnd Schrick) Although input data are available only in the limited tem-
2 075 4 G (Orose. ondl Sealek) perature range up to 150 °C, H42) is used over the whole

070 Arrrrr otrgpolation of T to BOC Uhls poper) & range 100 °C to 200 °C. The calculated values are shown in

0.00 0.20 0.40 0.60 0.80 1.00

Fig. 2. Above 150 °C there is hardly any change in slope and
curvature of the viscosity, and the resulting values for the
Fic. 3. Thermal conductivity ratio of humid air with respect to dry air pure components agree within 1% deviation with the stan-
kllg_air. Comparison of experimental values, a theoretical curve according tglard values given in References 3 and 10. This residual may
Gruss and Sc_hmickRef. 14, the value for pure water vapor from 1928 and be due to the deviation of approximately 1% of Studnikow's
an extrapolation of Eqg14) to (19) down to a gas temperature of 80 °C. .
experimental data from today’s standard values for the pure
components.
This equation is specified only up to 100 °C gas tempera-
ture. A maximum deviation of about 4% occurs already at

Molar fraction of water vapor

100 °C in the middle of the mixing range, so that much 5. Thermal Conductivity
higher deviations can be expected if the equation is used
above the specified temperature range. Only a single measurement, published by &ruand
« Equation according to Wilké’ Schmick!* has been reported for the thermal conductivity

This more complicated formulation results in a nearly lin- k of humid air. They measured the thermal conductivity ratio
ear behavior of the viscosity with increasing molar fractionof humid air with respect to the dry air valud/k,;,) at a
(after Mason and Monchiék An application of the equation temperature of 80 °Csee Table 9 and Fig.) 3Additionally,
in the form given by Kestin and Whitel&resulted in de- a correlation based on the Wassiljewa equation was fitted to
viations of up to 14% from the experimental data in thethe data and is shown as the continuous curve in Fig. 3. The
humid regime. resulting values are also shown in Table 9.

« Equation given by Mason and Monchiék: Data for the thermal conductivity of pure water vapor that

An evaluation according to this equation was carried outvere available for Grss and Schmick would have led to a
twice in the cited paper: In the first run theoretical inputratio of Kyate/Kqi;=0.756. This is approximately the value
values according to kinetic gas theory and in the second ruthat would be established from today’s standard data, but
experimental values for the pure components were used. Thbey used a value & ,//K4,;=0.850 for the calculation of
second approach gives the better agreement of all presentéteoretical values to ensure the curvature and position of the
approximations with the experimental data. The deviationgnaximum in thermal conductivity. The experimental data fit
over the complete mixing range of humid air do not exceedjuite well over the range=0 to x= 0.5 (see Reference 14
2% to 3%. but small positive deviations of the fitted values at the humid

An alternative method has been realized by the presergnd with respect to the measurements indicate that the lower
authors: rather than using the formulation of Mason andsalue for the conductivity ratidye/ Kair iS Mmore appropri-
Monchick which needs the viscosity as well as the diffusionate. Moreover, an extrapolation of the equation given by
constants of the pure components to be fitted by appropriat€russ and Schmick towards pure water vapor=() shows
functions, the experimental data were fitted directly. A func-large deviations from the reference values used in this paper.
tion was defined which is capable of reproducing the experiDifferent data can be found in the literature for the thermal
mental data at all temperature levels with appropriate coeffieonductivity of humid air, but in all cases the basic measure-
cients. In a second step these coefficients were fitted ament of Griss and Schmick is citetsee Tables 10 and L1

TasLe 10. Thermal conductivitk of humid air according to data from (&s and Schmick
[from Vargaftik (Ref. 27].

Temperature
t (°C)

80 XH,0 0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.0

W
k (1073m) 29.89 30.69 31.03 30.78 30.19 28.18 2540 22.12
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TaBLE 11. Thermal conductivitk of humid air according to data from (s and Schmick
[from Touloukianet al. (Ref. 30].

Temperature
t (°C)

80 XH,0 0.000 0.197 0.306 0.444 0.519 1.000

W
k (10’3ﬁ) 28.69 29.92 29.61 28.85 28.14 21.90

The data from Tables 10 and 11 show a deviation of abouwith the subsidiary standard values. Additionally, neither the
0.5% for dry air and about 4% for water vapor according tocurvature of the experimental data nor the existence of a
the reported standard valug¥ (This statement must be maximum value is represented by this correlation.
treated with caution: althougk is hardly dependent on am- A good agreement with the experimental values for humid
bient pressure, the standard value for water vapor at 80 °C iair from Griss and SchmickTable 9 was found using the
taken from the saturation state @t 473.73 mbar, which is equation of Mason and Saxeffiom Reid et al?? or Tou-
not the condition at which the measurement was carried outloukian et al®°). This equation is based on the more compli-
Although there are deviations in the absolute values, theseated Wassiliewa equation formulated by Lindsay and
data can be used to define qualitatively the slope and curvaromley>! and shows the same structure as the equation
ture of the thermal conductivity with increasing molar frac- given by Mason and MonchiéKor calculation of the viscos-
tion. At low humiditiesk increases with molar fractionand ity (see Sec. 4

shows a relatively strong decrease after a maximum value at K ky
approximatelyx=0.2. k= " + 1—x (14
Since dry air mainly consists of nitrogen, data for the ther- 1+AAV1— 1+Aya—
V1 x :

M
1+—A

1+

mal conductivity of the gas mixture nitrogen/water vapor can
be regarded as a further source of information concerning th&he required parameters,, and A, 4 are calculated ac-
qualitative behavior ok for a varying amount of humidity cording to
(see Table 12 The maximum value becomes more promi- _o. Mo\ 05/ M . 0:25]2
nent with increasing temperature and is also displaced to- A, Av= TlJr(’“A V) (_A) T ,
wards higher values of molar fraction. Additionally, the 2\/— uvMa My
lower value ofk for pure water vapor increases with tem- (15
perature and nearly approaches the value for dry air. The y My~ wyMA| %5 My 0252
curvature and the behavior with changing temperature are Ayp=—+ — 11+( ) —) T .
typical for mixtures of a polar ga@vater vapoy and a non- V2 Ma #aMy Ma
polar gas(dry air).?? However, there are not enough experi- (16
mental data to establish an approximating fit-function from The required pure component values for the thermal con-
experimental values for the whole temperature range frondluctivitiesk, for dry air andk, for water vapor are calcu-
100 °C to 200 °C. Therefore, a more theoretically basedated according to the standard values taken from References
function had to be established for a fitting procedure. 3 and 10 using a third-order polynomial

In a first trial, the equations deduced from the one-fluid ki=A;+B;T+CT2+D,T3, (17)
approximation were tested. The calculation of the therma|
conductivityk resulted in deviations of up to 10% compared( where the coefficients for dry aifi £A) and water vapor

i =V), respectively, are to be inserted as given in Table 13.

TasLE 12. Thermal conductivitk of a nitrogen/water vapor mixture according to experimental values
from Timrot and Vargaftikfrom Touloukianet al. (Ref. 30Q].

Temperature

t (°C)
65 XH,0 0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.0

w
k (10’3—) 29.2 29.6 29.6 29.2 28.2 26.7 24.2 215

330 XH,0 0.0 0.1 0.2 0.3 0.4 0.6 0.8 1.0

w
k (10’3—) 46.7 50.1 52.0 52.6 52.4 51.0 49.1 47.0
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As additional input parameters the viscosities for dry air For these reasons, instead of the correlation according to
ua and water vapog, are evaluated according to E@.3): Wong and Embleton, Eq21) was evaluated for humid air.
The correction term for the real gas behavior amounts to a

ua=(6.0453459- 0.042489943T)10*6ﬁ, (18) maximum of 1.5% compared to a linear mixing approach.
ms Since an uncertainty at this level is not significant relative to
kg the uncertainties ik and k, this correction term was not
6_=

py=(—1.4649488# 0.037079658T)10" considered further. In principle, any thermodynamic formu-
(19) lation for the specific enthalply could be used to determine
_ _ cp=dh/dT, but for the sake of simplicity and without com-
where the temperatur must be inserted in K. promising the accuracy of the final result a linear approach
According to Touloukiaret al,*° for the empirical factor was employed.
y in Egs.(15) and(16) a value ofy=1.065 should be used A temperature dependent formulation of the specific heat
for nonpolar gases. For mixtures of polar and nonpolar gas&gr the pure components can be found for example in Tou-
a value ofy=0.85 is recommended. In this investigation, the|gykian and Makit2 but the results show deviations of
lowest deviations between experimental data and theoreticapme percent in the temperature range from 100 °C to
predictions were obtained by using a slightly different value,ogg °c compared with the standard reference vald8s.
¥=0.80. The calculated values for the thermal conductivitiesrherefore, the specific heats for dry air and water vapor were
k according to Eqs(14) to (19) in a temperature range eyaluated from a fitting procedure of the given standard val-
100 °C to 200 °C are shown in Fig. 4. ues using a third order polynomial. Subsequently, the spe-
The thermal conductivity calculated from the same equagific heat ¢, for humid air was derived by the following
tions at 80 °C is shown as the broken curve in Fig. 3, whosgnear combination:

curvature satisfactorily reproduces the trend of the data. Al-
though the maximum of the curve lies slightly below the data Cp=(Aa+BAT+CAT?+DpT?)- (1-x)
in the range up tox=0.4 the deviation for pure water vapor
is notably lower than that predicted by the theoretical curve F(Av+BYT+CyT?+DyTY)-x. (22
of Gruss and Schmick. The respective coefficients are given in Table 14. The be-
havior of the specific heat,, for humid air is shown in Fig.
5. The resulting deviations are in the range of 0.5% for water
6. Specific Heat vapor and less than 0.05% for dry air when compared with
the standard values for the pure components.
According to kinetic gas theory it is sufficient to apply a
simple linear mixing equation for the calculation of the spe-

ms’

cific heatg:;;’ qf a mixture of ideal gases. A mass-weighted 7. Prandtl Number
equation is given, e.g., by Wong and Embléfbn
M; The dimensionless Prandtl number Pr is usually involved

Cp _Zi CoiXiy (20 in correlations as a characteristic figure for fluid properties if

o any aspect of heat transfer is under investigation.
wherec, ; denotes the value of the specific heat for the pure

componentg, o andc,y, M; the molar mass of the com- v Cpu
ponentsi andM the mean molar mass of the gas mixture. Pr= o K (23

The one-fluid approximation proposes a correction term,
Acy,, which has to be added to the equation above to accounthere « describes the thermal diffusivitg=k/(ecy). The
for the real gas behavior of the mixtu(fr the calculation temperature and humidity dependence of Pr can be deduced
methods see, e.g., References 3 and 22 by using the equations given in the preceding sections and is

re. id shown in Fig. 6.
Cp=Cp+ACp. (21) To shorten the procedure involved in calculatiog, w

Besides the one-fluid approach, only the paper from Wongndk individually, an equation was fitted to the calculated
and Embletof? deals with the calculation of the specific heat Prandtl number. The resulting correlation is valid in the tem-
of humid air in the temperature range 0 °C to 30 °C. Anperature range from 100 °C to 200 °C
equation is given for the specific heat with the relative hu- ) )
midity as parameter, but applying this equation to higher Pr=(A;+ AT+ AsT%) + (B +B,T+B3T?) - x
temperatures' results in increasing errors. The calculated val- +(Cy+C,T)- X2+ (D4 D,T) %3, (24)
ues for dry air at a gas temperature of 200 °C show at least
10% deviation compared to the standard values of the spe- The coefficients are given in Table 15. This approximation
cific heat. Additionally, the specific heat of pure water vaporleads to deviations of less than 1% in comparison with
cannot be calculated using the formulation for relative hu-Prandtl numbers found in literature for dry air and water
midity. vapor.
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TaBLE 13. Coefficients for the calculation of the thermal conductivities of TasLe 14. Coefficients for the calculation of the temperature dependence of

dry air and water vapor according to E4.7). the specific heat of dry air and water vapor according to(Eg).
Coefficients for dry air Coefficients for dry air
w kJ
An —0.5682742910° % —_ An 1.0653697

m K kg K

B 0.1080519810 3 w kJ
) ' m K2 Ba ~4.473085110 ,
kg K
Ca —7.395685810 ° w c 9.871904210°7 —ng

. — . _

m K A kg K

D 3.730292210 1 w kJ
§ ' m K? Da ~ 46376809101 ;
kg K

Coefficients for water vapor Coefficients for water vapor

Ay 31.99756610 3 ﬂ Ay 6.564117 ﬁ
m K kg K

By —0.1330895810 3 w By —2.690581910 2 kI
m K2 kg KZ

Cy 3.816042910° 7 w Cy 5.182071810°° kJ
m K3 kg K3

W

Dy —2.0.107%° m K2 kJ

Dy —3.268296410°8 kg K?

8. Application of Proposed Correlations
by fluid properties and the flow field on the heat transfer
The validity of the calculated values has been tested indifrom the wire and, therefore, enables the flow velodityto
rectly by applying the derived correlations to estimate theébe deduced.
influence of humidity on the heat transfer from a heated wire A wide variety of theoretically and semi-empirically de-
to the ambient fluidsee Durset all). rived equations is available for the Nusselt number, e.g., pro-
The technique of hot-wire anemometry for gas velocityvided by an extensive theoretical treatment of heat transfer
measurements uses the heat transfer coeffidiedigscribing  from cylinders. If only forced convection to the surrounding
the heat transfer from the wire to the surrounding fluid, comfluid is considered, all equations are of the type
bined with the lengthgl, of the wire and the thermal conduc- Nu=f(Re,Pr) or Nu=f(Pe,Pr). The equations according to
tivity, k, of the fluid to form the dimensionless Nusselt num- Kramerg®

ber, Nu=(hd)/k. This number represents all effects exerted Nu=0.42PP-20+ 0 57PP-3R 50 (25)
’x; . 1
40.0 3 ] esses 1005C yy
s ] T \\ 2.0 335565 1204
" 38.0 3 < o ] mwessiao
' E s SRS Spve S . ER R St
L 36.0 Foo=m ~ezy) X187
9 E \s\ \\ > 3 ;
~34.0 3 N i ;
2 i \\ o 1463
5320 3 5 3
e i B S N L
3300 3 \\ ] o143
§ 28.0 3 . £ 3
© T S 100%C 2,3
~2605;;;“ea1200 \\\° &2 5
€260 3 gagen 1605C ~ E
© 3 aaasa 2009C F
€ 240 It IO < UNNNNSN S—
0.00 0.2 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00

(0] .
Molar fraction of water vapor Molar fraction of water vapor

Fic. 4. Thermal conductivitk of humid air in the temperature range 100 °C Fic. 5. Specific heat, of humid air in the temperature range 100 °C to
to 200 °C after Mason and Saxeftags. (14) to (19)]. 200 °C according to Eq22).
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1.00 3 1.070 3
Y I eewee 100°C - E Sugker & Bradier
J eeeeo 120°C J -~ —-_Kramers A
1 swess 1404C e 3 1.080 F-xzscxx Al data >
0.95 3 m}ggg / : =
— E ooy E P /,!
g J amwaa 2005C //" /% 1.050 E =% x x4
E0.90 E %“ E Ll
5 ] ///j/ 5 1.040 3 S
5085 3 < 3 Ry
b= = X
-8 g / u-1.030 g x)()(r
£0.80 3 E -
o E 1.020 3 o
0.75 3 1.010 3 -
0.70_”--...” ........ LA S o e T ‘l.OOOé  — C— T T
0.00 0.20 0.40 0.60 0.80 1.00 0.00 045 016 015" 0.20 025
Molar fraction of water vapor Molar fraction of water vapor

Fic. 6. Prandtl number Pr of humid air in the temperature range 100 °C taFic. 7. Relative increase of convective heat transfer with humidity. Com-
200 °C as calculated from E(3) with the given correlations for the fluid  parison between experimental and theoretical valses Ref. 1
properties.

and Sucker and Brautr by defining a comparative figure =Q,/Q,_, representing
P&’ 2.5 the ratio of heat transfer in humid a@, to the respective

1+2.79P&82 [1+ (1.25P#5)52)2/5 value in dry airQ,_,. This procedure accounts for measure-
(26) ments at different temperatures and eliminates the effect of

- b
are given as examples. The input parameters Reynolds nurffiduantified heat losses from the probe, see Dets.
ber, Re=(Udg)/u, Peclet number, Pe(Udc,)/k, and Figure 7 shows results depictimgas a function of the molar

Prandtl number, PrPe/Re, are functions of the fluid veloc- fraction x at three different temperatur¢80 °C, 50 °C and

ity, U, and the fluid properties described in this paper. Nearly70 °C). For clarity of presentation, experimental results are

all equations for Nu use fluid properties evaluated at the siipshown with individual crosses rather than_ continuous curves.
temperature, which is the arithmetic mean of fluid temperaJ "€ Symbols, however, represent curve fits to the data rather

ture and wire temperature. than the original data points. Theoretical curves according to
The increase in heat transfer with increasing molar fractn® equations of Kramers and Sucker and Brauer are in-

tion x of water vapor at constant temperature and fluid vecluded for comparison. Both correlations were evaluated us-

locity is traced to the variation of the fluid properties. Ex- "9 humidity dependent formulations for the fluid param-

perimentally and theoretically derived values were compare&t€rs- Except for a small deviation at higher molar fractions
X both approaches agree within the limits of the measuring

accuracy with the experimental data.
TaBLE 15. Coefficients for the calculation of the Prandtl number For the application of hot-wire anemometry a correction
according to Eq(24). factor for the gas velocityl), /U, could be more useful
than e. Such a correctiofexpressed as the velocity error

Nu=0.462P8&1+

Coefficient Value Unit . . ‘e .
resulting from neglecting the effect of humidithas indeed
A 0.86681787 been presented by Dursetal! The evaluation of
A, —7.704009710* 1
K
As 9.1354464107 1 1070 ‘ ’
K2 J eeeee Krarhers, thermal; conductivity laccording to!Mason & Sdxena
1] ©@eeeeo Kranhers, linear opproxlmation of thermal donductivity 1
B, 1.4841284 1.060 : S—
B, —4.545324510°° 1 11050 5 /./
K 5 1.040 -1
B, 4.3837510°° 1 5 3 /
K2 w 1.030 ]
(o} 0.057436032 1.020 3
. //
C, —1.542907110* 1 1.010 3
K E .
. . e
D1 23.198005 1'0000.0(')““'”O'.C)é'””'b'. SLRARENE T AARRAL N v SER Ay ARy
1 Molar fraction of water vapor
D —0.090022367 -
2 K

Fic. 8. Comparison of the theoretically calculated heat transfer ratio with
different approximations of the thermal conductivityof the fluid.
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