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ABSTRACT

Several methods were compared for evaluating relative humidities at temperatures between 210
and 300 F from psychrometric relations. An explicit method of calculating relative humidity, assuming
that the wet bulb temperature is equivalent to the adiabatic saturation temperature, is shown to predict
relative humidities with a maximum deviation of only 1% from those values predicted by more
theoretically rigorous equations.
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NOTATION

area of wetted surface, ft?

heat capacity, Btu/lb °F

diffusion coefficient, ft*/h

heat transfer coefficient, Btu/hr ft? °F
latent heat of vaporization, Btu/lb

thermal conductivity, Btu/ft °F h

Lewis number, k/cpD,

partial pressure of water vapor, psi
saturated pressure of water vapor, or above 212 F, vapor pressure of
water, psi

total pressure of drying atmosphere, psi
relative humidity, percent

temperature, °F

mass rate of evaporation, ib/h

film thickness, ft

absolute humidity Ib water vapor/lb dry air
constant, dimensionless

density, 1b/ft?
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Subscripts
a air
db dry bulb
f air film
m air-water vapor mixture
s at adiabatic saturation temperature

wb  at wet bulb temperature
WV water vapor

An adequate method for determining the humidity when kiln drying lumber at
temperatures above 212 F is important. The physical quality of the dry lumber,
the rate at which the lumber dries, and the final moisture content of the wood
can all be controlled by regulating the humidity in the kiln. In nearly all lumber
drying kilns, humidity is indirectly determined from a direct measurement of dry
buib and wet bulb temperature.

Equations developed from psychrometric theory, relating dry bulb and wet
bulb temperature to relative humidity, are generally based on several simplified
approximations derived from the theory. Applying these approximations, Zim-
merman and Lavine (1964) have shown that at temperatures below 200 F and at
low absolute humidity, the wet bulb temperature and adiabatic saturation tem-
perature are equal. Most humidity charts and tables are presented in terms of
adiabatic saturation temperatures or, if the wet bulb temperature is given, it has
been assumed equal to the adiabatic saturation temperature.

We wanted to determine if the wet bulb temperature can be adequately rep-
resented by the adiabatic saturation temperature at conditions of practical im-
portance when high-temperature drying lumber—210 to 300 F dry bulb temper-
ature and 150 to 210 F wet bulb temperature. (Above 300 F the maximum
equilibrium moisture content of wood is below 2.09%, and differences in humidity
have little effect on changes in wood drying.) Relative humidity, calculated from
wet bulb temperatures by two different approaches, was compared to that cal-
culated from adiabatic saturation temperature.

RELATIVE HUMIDITY CALCULATED FROM ADIABATIC
SATURATION TEMPERATURE

When an air and water vapor mixture is brought in contact with water, the air
is cooled and humidified. The adiabatic saturation temperature, Ty, is reached
when the temperature of the saturated air is the same as the water and no heat
is lost to or gained from the surroundings. From an energy balance the equation

relating absolute humidity, Y, to dry bulb temperature, Tg,, and T, is (Hawkins
1978):

(0.24 + 0.44Y )Ty, — Ty)
1094 + 0.44T¢4, — T,

Y=Y, - (1

where

Y, = — P+ 2
= T6lp = po @)
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The analysis by Hawkins (1978), similar to many standard approaches in the
literature, is meant to cover a wide range of operating temperatures and thus
assumes average values of 0.24 and 0.44 Btu/lb F for the heat capacity of air, c,,
and water vapor, c,., respectively. The value 1094 is the heat of vaporization
of water at 0 F.

Humidities are reported in terms of relative humidity, RH, which is the per-
cent of partial pressure of the water vapor at a given condition to that saturated
partial pressure at the same temperature (Hawkins 1978):

1.61Yp,
_ 3
P =T Tely (3)
and
x 100
RH = pT" (4)

RELATIVE HUMIDITIES CALCULATED FROM WET BULB TEMPERATURES

When partially saturated air is passed over a wetted thermometer bulb, the
water evaporates from the wetted surface causing the thermometer to cool. The
wet bulb temperature, T, , is that equilibrium temperature at which the rate of
heat transferred from the air by convection and conduction is equal to the rate
the wetted surface loses heat in the form of latent heat of evaporation.

Approach by Rosen (1980)

By setting the sensible heat gained by the air equal to the heat lost by evapo-
ration, the following equation is obtained:

th(Tdb - wa) = (AHV)WU Ww. (5)

After redefining terms and using several approximations (Rosen 1980), humid-
ity can be related to dry bulb and wet bulb temperature by

(Nlle)zmcm
Y:Yw - T()vai 6
D R T = T (®)
where

k
Nie = 7
= S )
Cm = Cy + chv (8)
Y — wa . (9)

161(pt - pwh)

Partial pressure and relative humidity can be calculated from Eqs. 3 and 4, re-
spectively.
Approach by Marshall (1978)

Marshall (1978) takes into account the sensible heat transferred to the molecules
diffusing through the surface of the wet bulb wick as well as heat of evaporation
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TaBLE 1. Comparison of relative humidity values as a function of wet and dry bulb temperatures by
(a) approximation to adiabatic saturation temperature, (b) calculation technique of Rosen (1980)—in
italics, and (¢) caleulation technique of Marshall (1978)—underlined.

Wet bulb temperature, F

Dry bulb
temperature, F 156 160 170 180 190 195 200 205 210

245 32,1 414 525 658 733 81.5 90.4 100.0
210 24.5 32.0 41.1 52,1 654 729 812 90.2 100.0
235 31.1 404 516 650 727 811 9.2 100.0

22.0 289 373 473 594 e66.1 735 8l.6 9.3
215 22.0 288 371 470 590 659 733 815 904
21.1 279 363 464 58.6 656 732 814 903

199 262 339 43.1 54.0 60.2 67.0 743 823
220 19.8 26.0 335 426 535 59.7 66.5 739 82.0
18.9 252 328 42.0 53.1 594 663 738 82.0

17.9 23.6 30.7 39.0 49.0 547 608 675 747
225 18.0 23.6 305 387 487 543 605 673 74.6
17.1 22.8 29.7 38.1 48.2 54.0 603 67.1 74.6

16.2 21.5 27.8 354 445 497 553 613 679
230 16.3 215 27.7 353 443 495 552 613 68.0
154 206 27.0 34.6 439 491 549 61.2 68.0

147 19.4 252 322 405 452 503 559 619
235 4.8 195 252 321 404 452 503 56.0 62.1
14.0 18.7 245 315 399 448 50.1 558 62.1

133 17.7 23.0 293 369 41.2 459 51.0 56.5
240 135 17.8 23.0 293 369 413 46.0 512 568
127 17.0 223 287 364 409 457 510 567

1.0 147 19.1 245 309 345 384 427 473
250 1.2 148 192 245 309 34.6 386 42.9 476
104 14.1 185 239 304 342 382 427 476

9.2 123 16.0 206 260 290 324 360 399
260 9.3 124 16.1 206 26.0 29.1 325 36.1 40.1
8.6 11.7 155 20.0 255 287 322 359 40.1

70 94 124 159 20.1 226 252 28.0 3.1
275 7.1 9.6 (2.5 6.0 203 227 253 28.2 313
6.6 9.0 11.9 155 198 223 250 28.0 313

46 6.2 83 107 136 152 17.0 189 21.0
300 4.7 63 83 107 136 (53 17.1 19.] 21.2
4.2 59 79 103 13.2 149 168 189 2l.1

and sensible heat gained by the air. Thus, the heat balance is in a slightly different
form than Rosen’s:
k(A dT/dx = W(AHV)Wh + WCWV(T(“) - wa). (10)

Solving this differential equation, redefining terms, and approximating the solu-
tion with a series solution
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1/8
p=pi— | = Tu i~ + 1] "o = b an
v/wb
where
g = 0.622%(}1“)2/3. (12)

a

Relative humidity can be calculated from Eq. 4.

COMPARISON OF METHODS FOR CALCULATING RELATIVE HUMIDITY

Calculation of relative humidities over a range of conditions based on (a) adi-
abatic saturation temperature, (b) the analysis by Rosen (1980), and (¢) the anal-
ysis by Marshall (1978) are shown in Table 1. The maximum absolute deviation
of relative humidity calculated by (b) and (c¢) from (a) is only 1.0% relative hu-
midity. Average deviation between (a) and (b) is 0.2% and between (a) and (c) is
0.5%. The maximum deviation of relative humidity is less than the accuracy or
precision required when drying lumber. Thus, wet bulb temperature is adequately
represented by the adiabatic saturation temperature for conditions of dry bulb
temperature from 210 to 300 F and wet bulb temperature from 150 to 210 F.
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