16 CHAPTER 3

of the thermometer. Arnold* has developed a theory which
makes possible the calculation of the thermodynamic wet-
bulb temperature from observed data through the use of suit-
&blc otm'ectmns 1o be apphed to the reedmga of the wet-bulb

tice to take the ob-
served equxhbnum readmgx of & wetted- wick thermometer as
being essentislly equal to the thermodynamic wet-bulb tem-
parature, if the air vnlocn.v past tbe wxck is a.bcut 1000 fpm
and if the wick is d to with sur-
roundings at temperatures differing from the dry-bulb tem-
perature by no more than about 20 F deg.
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Fig. 3. ... lilustration of Adiabatic Saturation

USEFUL PERFECT-GAS RELATIONSHIPS
In early thermodynamics, with particular ref to the

1960 Guide
(2) Charles’ or Gay-Lussac’s Law,
1£ Vi
i'_: B.F: when Py = P, an

where subscripts 1 and 2 refer to two different states of the gas.

Historically, the above laws were derived from experi-
mental observations by the men for whom they are named.
Common dietorpic and triatomic gases, such as are dealt
with in air conditioning, follow perfect-gas relationships
fairly well at pressures less than & few atmospheres and tem-
peratures wtuch are fa.r enough removed from the saturation
ve of departure from per-
fecfrgas bebavtor may be had in magnitudes of the compressi-
bility faclor, F¢ , defined as

P(V/v)

Fe= Gamr

@12)

For a perfect gas, Fc is unity. Mngmmdes of F¢ are given
in Inany treatises on thermodynamics.¢.

The adopted definition of partial pressure means that the
pressure of a gas mixture is exactly the sum of the partial pres-
sures of the constituents. This is a present-day formulation of
a concept first given by Dalton, who indicated that each gas
in & mixture occupies the total volume of the mixture just as
though the other gases were not present. If this concept of di-
rect addition of constituent properties to obtain mixture prop-
erties were ily applicable, then the gas-mi proper-
ties on a per-mol basis such as enthalpy, entropy, specific heat,
and internal energy, all could be determined by simple sum-
mations of mol fractions times the property in question for
each constituent of the mixture. In reality this simple rela-
tmnslnp is not true, but it is approximated closely at low or

properties of gases, pure and mixed, scientists expressed m!a—
tionships between the properties ol gases in f )

where the gases approach perfect-gas
belmvmr

which they called laws. Today, with evidence from highly
precise measurements and with greatly improved scientific
knowledge of the details involved; these early go-called-laws
have been found to be approximations. Many useful engi-
neermgresulh! , can be lished with the aid of
ti if the y and limitations in-
“volved can  be established. Calculations making use of so-
cal!ed per/td gas relatxonshxps ls.ll into this category.
idered, a perfect gas can be de-
ﬁned s one for wl:uch the pressure, volume, and temperature
are relatéd by the followmg equation of state.

Bt
PY=w T ©

where

P = preasure, pounds per square foot, nbsnlute
V = volume occupied, cubic feet.
10 = maas of gas, pounds. o
Rt = constant (which ia the same for all perfect gases) =
1644 foot pounds per (mol) (Fahrenheit degree, ab-
solute).
m = molecular weight, pounds per imoal.
T = temperature, Fahrenheit, absolute.

From the above relationship follow:
(1} Boyle’s Law,

PV, = PV, when Ty =T;, and . 10)

i idered, s perfect gas may be deseribed
as having pe:fecﬂy elastic point-mass molecules with no mo-
lecular attraction or repulsion forces either between the mol-

- ecules.or involving the container walls. Real gases approach

these attributes more closely as the pressure diminishes and
the mo!eculw move about mom fmely thhout collision.

The following use
(the symbols used are de.ﬁned after Equat\on 26)
Egquation of State: T .
for air P. Ve = wRT. a3
for water vapor P, V, = wRT, (14t
for mixture PV = wnBaTe. s
where
Zen; o -E'=v. 16)
We Wy Wa
U = we + 10, . an

R, = gas constant for dry air
= §3.3 ft 1b per (1b) (F deg abs).
R, = gas constant for water vapor
= 85.6 ft Ib per (Ib) (F deg sba).

0 w, ’
Ra = (w.+w.)R‘+(w. +w.) R, (8)3

1 Denotes precise application to perfect gases only.

Thermodynamics
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PP,

whers 18.016 and 28.968 are the molecular weights of water and
air respectively.

P =P.+P, (21)
Tle
- P, Po=———P 22
Lilal b ne + ne @)
W W,
™= o’ T 18018 @

in the thermodynamic properties which follow, it is con-
venient and conventional to express ail mixture properties
as per unit mass of dry cir in the mixture of air and water

vapor.
Specific heat:
Com = Cpe + Wep (24t
where

£pa = 0.24 and cye = 0.44 Btu/(b) (F deg) in the ordinary
temperature range. -

Enthalpy:
Ko = ha + Wh, 25)1
Entropy: - -
- e = 5, + Ws, (28)¢
where .
3..and 3, are_eval d at the resp partial p; in
the mixture.

Symbeols for Equations 13-26 are given below.

Subseripts: a denotes dry sir
v denotes water vapor
n denotes air-vapor mixture
vs denotes saturated pure water vapor
P = pressure, pounds per square foot, absolute.
V = volume, cubic feet.
v = specific volume, cubic feet per pound
t = mass, pounds.
R = gas constant per unit mass, foot-pounds per (pound)
{Fahrenheit degree, absolute).
T =t Fahrenbei N
¢ = relative humidity, decimal.
# = humidity ratio, pounds vapor per pound dry air.
n = mols.
&5 = specific heat, Btu per {pound) (Fahrenheit degree).
h = enthalpy, Btu per pound; note especially that h. is
Btu per pound of dry air in the mixture.
8 = entropy, Btu per (pound) (Fahrenheit degree abso-
fute); note especially that s. is in Btu per (pound of
dry air in the mixture) (Fahrenheit degree absolute).

The mxxtuxe enthalpy A., Equatlon 25, can be émpirically -
tDmma precise application to puhan-aonly

7
expressed, within sbout 0.1 percent accuracy over the range
32t0 100 F at 1 by the eq

he = (0.2402 + 0.44W)t + 1061W @nt
where

t = dry-bulb temperature, Fahrenheit.
Equation 27 states that:

R, = 0.2402 ¢, and . @38)
By = 1061 044 ¢ - (29)

TABULATED THERMODYNAMIC PROPERTIES OF
. MOIST AIR AND OF WATER AT SATURATION
FOR ACCURATE CALCULATIONS

Engineering designs and analyses often require accuracies
which cannot be achieved with perfect-gas assumptions. This
need is expeditiously met by using properties in tabular form.
Properties of steam* and many gases® have been tabulated.

The latest and most precxse formulation of the thermody-
Dpamic properties of moist air is found in the work of Goff and
Grateh.?-* Much of the work basic to this material was per-
formed as an ASBAE cooperative research activity in the
Towne Scientific School of the Umvemty of Pennsylvagia.

Table 2 gwes compleﬁe data for moist air at a pressure of 1

and & from minus160 F to
plus 200 F. In Table 2 there are 15 columns of values, each
column being headed by a symbol; m the fouowmg subpara-
graphs brief expl of these are given,

i1(F) = Fahrenheit Lemperat.m defined in terms of absolute
p T by the relati

T = ¢ + 459.67 30)

humidit Non. B

y tatio at is the condi-
tion st which the vapor dphase (mmat. air) may exist in equi-
librium with a condense phase (h%\ud or sohd) at the gven

the case of Table 2). At given values of temperature and pm-
sure, the humidity ratio ﬁ can have any value from zero to ¥, .

v, = specific volume of dry air, eubic feet per pound.

9y, = V..~ 0, , the difference between the volume of moist
air af wturatwn r pound of dry air; and the specific volume
of the dry air itse -:ubu: feet per pound of dry air.

v, = specific volume of moist air af saturation per pound of
dry air, cubic feet per pound of dry air.

h, = specific enthalpy of dry au', Btu per pound of dry air.
The apccxﬁc enthalpy of dry air has been assigned the value
zero at O F, atandard atmospheric pressure. The energy umt
Btu is related to the. foot‘pound by definition, as follows:
Btu = 7783 ft-lb,

Res = h, — h, , the difference between the enthal éay of moist
air af aafuration, per pémnd of dry air, and the specific enthalpy
of the dryaun.seu uparpoundo dry air.

A, = enthalpy of moist air at saturation per pound of dry air,
Btu per pound of dry air.

2, = specific entropy of dry air, Btu
heit degree absolute). It will be noti that the specific en-
tropy of e% dry air h.a.s been assigned the value zero at 0 F and

Ber = 8, — &, the dzﬂ‘erenee between the entropy of moist
8ir ot saturation, per pound of dry air, and the specific enuopy
of the dry air \uelf Btu per (pound of dry sir) (Fahrenbeit
degree absolute).

8, = entropy of moist air af safurction per pound of dry air,
Btu per (pound of dry air) (Fahrenheit degree, absolute).

h. = specific enthalpy of condansed water (hquld or sohd)
in equilibrium with ted air
pressure, Btu per pound of wnter The specific cntha.fpy of

{Continued on p. 20)
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