POSSIBILITIES FOR ACCURATE CONTROL OF THE
RELATIVE HUMIDITY OF AIR

K. Kostyrko and B. Klenovskaya UDC 551.508,7

Studies considering the control of relative humidity are analyzed.

The published studies on control of the relative humidity of air with which the authors are familiar
do not analyze control accuracy, so that erroneous data are often given for humidity-variation errors,
and unvalidated average values are frequently used.

A typical example is furnished by the error made in estimating the accuracy of psychrometers in
meteorology [1, 2], where it is assumed that when the temperature is read from dry-bulb and wet-bulb
thermometers (with an error of +0.1°C), the relative-humidity measurement is made with an error of
£1%. This is only valid for a narrow range of temperatures and at low humidities, as may easily be shown
(see Table 4). ‘

Our purpose is to make a theoretical comparison of the possible errors in determining the relative
humidity of air (the control processes) when relative-humidity sensors, psychrometer sensors, and dew-
point sensors are used, and when standard data are processed to estimate the accuracy with which relative
humidity is determined. ‘

The relative humidity of the air is found or controlled directly or indirectly by means of pairs of
thermodynamic quantities adequately characterizing the state of the air, These pairs are: a) the dew point
and the temperature of the air; b) the wet-bulb and dry-bulb temperature.

Within the range of measurement or control error for each of the parameter pairs, all states of
the air may be represented in the coordinates of these parameters on a graph (i, x) as a climatic region
(Fig. 1), We analyzed these regions, determining the maximum control deviations expressed in percent
of relative humidity.

The same region may be determined for control of relative humidity by the direct method and for
simultaneous temperature control.* TFor constant moisture content, the relative humidity of air is uniquely
associated with the temperature, so that very accurate relative-humidity control depends solely on the
temperature deviations.

The calculations were carried out by digital computer and were based on standard data calculated
at the State Hydrological Meteorological Institute (Warsaw) with allowance for the Goff —Gratsch equation
[3-6]. These data take the form of a saturation curve in the —50 to +50°C temperature range.

For water we have
TI

loge,, = 10.79574 (1_ )—5‘02800 log (TT> - 1.50475. 107

7 )——-1 ]—‘;—0.78614;
T

% [1 — 10-82% (l _1)] - 0.42873. 10‘3[ 1076955 (1_
TI

*The arrangement used to control relative humidity when there is no need for temperature control is un-
characteristic and shall not be considered here.
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Fig. 1. Graph for thermodynamic properties of moist air ( —x) with indi-
cated climatic regions obtained by various types of control systems. Pairs
of quantities: a} t", ¢ b)Y t', ts ¢) @, t, t, °C; 1, kI /kg; x, g/kg.

Fig. 2. Graph of the function Ay = f(A) for ty = 10. .. 50°C and ¢, = 30
. .. 70%. Solid curve) t = 10°C; dashed curve) t = 50°C; the numbers on the
curves indicate ¢ in %. Ap, %; At, °C.

and correspondingly, for ice

i

log e,, = — 9.09685 (TT —1> — 3.56654 log (%) -+ 0.87682 <1~ i) — 0.78614,

The following method was used to calculate the relative-humidity increments in the -50 to +50°C
temperature range and the 10 to 90% relative humidity range as a function of the temperature increments.

For Ag > 0 and when (t + At) >t, we have

A@ = /1_#“)___)-
Se=e(l- g )

for .
Ap <0, (t— A<t

e
A“p’("(l e,,,(t—m)’

Table 1 and ¥ig. 2 show the results of the calculations for three temperature increments (0.1, 0.5,
and 3°C).

The following method was used to calculate the limiting values of the error in determining of rela-
tive humidity for systems measuring the dew point t" and the ambient temperature t.

We find e(t) = gew(t) for the given temperature t and the assumed relative humidity.
Taking e(t) = ew (t"), we determine t" for the value of ey (t") obtained on the saturation curve,
We find the values of ey (t" + At") on the saturation curve.
We compute
Ag >0 for | Af7] = | AE,

el =1
e, (t + Af)

Ap =9 . 100
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TABLE 1. Deviation in Relative Humidity +A¢g ({in —50 to +50°C
temperature range and 10 to 90% relative-humidity range) as a
Function of Temperature At

e %
3, °C )
10 20 30 40 50 60 70 80 90
 Ag, 9% for Af= 10,1°C

—50 | —0,13 | —0,25 { —0,38 | —0,50 [ —0,63 | —0,75 | —0,88 | —1,00 | —1,13
—40 0,12 0,23/ 03| 046 058 069 08 ] 092f 1,04
—0.11 | —0,22 | —0,33 | —0,44 | —0.55 | —0,66 | —0,77 | —0,88 | —0,99

—30 o,0| 021 o31| 042{ o52{ 062 0,73/ 08 09
—0.10 | —0,21 | —0,31 | —0,41 { —0,52 | —0,62 | —0,73 | —0,83 | —0,93

—20 0,0/ 0,19 0,20 03] 048 0,58| o067, 077| 086
—0,10 | —0,19 | —0,29 { —0,38 | —0,48 | —0,57 | —0,67 | —0,77 { —0,86
—10] 0,09 018 o271 036] 045| o05¢]| 0,63 071| 080
—0,09 | —0,18 | —0,27 | —0,35 | —0,44 | —0,53 { —0.62 | —0,71 | 0,80

) 0,08] 0,17 0,25{ 0,33} . 041 0,50 058] 066 074
—0,07 | —0,14 | —0,22 | —0,29 | —0,36"| —0,43 | —0,51 | —0,58 —~0,65

10 0,07 0,13| 0,20 0,27 034| 040]| 0,47 0,54 0,61
) —0.07 | —0,13 | —0,20 | —0,27 { —0,33 | —0,40 | 0,47 | —0,53 | —0,60
20 006] 0,121 o019 03 03| 03 043 05 056
—0.06 | —0,12 | —0,19 | —0,25 { —0,31 | —0,37 | —0.43 | —0,49 | —0,56

30 006| 0,2/ o0,17| 02| 02/ 03| o040| 045 0,52
—0,06 { —0,11 | —0,17 1 —0,23 | —0,29 | —0,34 | 0,40 | —0,46 —0,51

40 0,05] 0,111 o,18{ 021| o,07! 032] o037| 0,43] 0,48
—0,05 | —0,11 | —0,16 | —0,21 | o 27 | —0,32 | —0,37 | —0,43 | —0.,48

50 005] 0,10] o0,15| 02| o25{ 03 035| 040]| 04
—0,05 | —0,10 | —0,15 | —0,20 | 0’95 | —0,30 | —0.35 | —0,40 | —0,%5

—50 | —0,60 | —1,19 | —1,79 | —2,39 | _2 98 | —3,57 | —4,18 | —4,77 | —5,37
—40 058| 1,151 1,73 2,31| 288! 3,46| 4,04] 4,61] 519
.| —0,855 | —1,10 | —1,66 | —2,21 | _9.76 | —3,31 | —3,86 | —4,42 —4,97
—30 053] 1,07| 1,60| 24| 27| 3,21| 3,74] 4,9 48l
—0.51 | —1,01 { —1,52 | ~2,03 | _2/53 | —3.04 | —3,55 | —4.06 | —*,56

—20 | o049| 098| 148] 1,97 246| 2,95 344| 393| 413
| 0046 | —0,94 | —1,40 | —1,87 | 234 | —2,81 | —3,28 | —3,74 | —4,21
—10 | o4 091 1,3 1,82] 2971 273| 318] 384| 408
043 | —0,87 | —1,30 | —1,73 | 2]17 | —2,60 | —3,04 | 3,47 | —3,90

o] o042| 081 12| 1,68 21| 2,83 29| 337 3719
—0'36 | —0,72 | 1,07 | —1,43 | _1779 | —2/15 | —2,50 | —2,86 | —3,22

0! o3¢| 068f 1,02} 1,37 171 205| 23| 27| 3.9
—0/33 | —0,66 | —0]99 | —132 | —1)p4 | —1,97 | —2,30 | —2,63 | —2,96

20 0,32 063] 09| 1,26f 1,58| 1,89! 2,21 2,52 3,82
—0,30 | —0,61 | —0,91 | —1,22 | —1,52 | —1,83 | —2,13 | —2,43 | —=!

30{ 02 058 08| 1,17 146{ 1,75] 2,04 2,33 ggg
—0/28 | —0,56 | —0.85 | —1,13 | —1.4 | —1,69 | —1,98 | —2,26 | —=

40| o027| o054 o081| 1,08 1,35 1,62| 1,9] 2,17 §§é
—0.26 | —0,53 | —0,79 | —1,05 | —1,31 ] —1,58 | —1,84 | —2,10 | ==

50| 02| 050] 07| 101! 1,2 1,51 1,76 20| 26
—0.24 | —0,49 | —0,73 | —0,98 | —1,22 | —1,47 | —1,71 | —1,96 1 ™%
—50 | —3.06 | —6,13 | —9,19 | —12,25| —15,32| —18,38| —21,44| —24,51) —27,57
—40 4001 8,19 12,28| 16,38] 2047| 2457 28,66] 32,76 36,85
—2,85 | 5,70 | —8,55 |—11,40]—14;25| 17,10 {—19,96|—22,81 | —25,66
—30 3,721 7,43] 11,15 14,87 18,59| 22,30 26,021 29,74| 33,45
—2.65{ —5.31 [ —7,96 | —10,61|—13,27| —15,92| —18,58 | —21,23 | —23,88
—20| 3,38| 6,771 10,15| 13,53 16,92 20.30| 23,68| 27,06] 30,45
—2048 | —4.95 | —7,43 | —9,91 | —12,38}—14,86| —17,34 —19,81 | —22,29
—10 | -3,00| 6,18| 9,28 12,37{ 1546] 18,55, 21,64| 24,74{ 27,83
—2,31 | —4,63 | —6,94 | —9,26 [—11,57 | —13,88{—16,20|—18,51 | —20,83
0| 28| 5,68 851 11,3 1419 17,03] 19,86 22,70] 2554
—1,94 | —3.88 | —5.81 | —7,75 |—9 69 |-11,63|—13,56| —15,50 | —17,44
10 29| 451 6,77 9,02 1,28} 13,53] 15,79| 18,04 20,30
—1.80 | —360 | —5,41 |— 7,21|—9,01 |—10,81| —12,61{—14,41 | —16,22
20 | 2,07| 4,14 6,20 8,27 10,34 12,41 14,48 16,54] 18,61
—1.68 | —3,36 | —5,03 | — 6,71 | —8,39 {—10,07 | —11,75 | —13,42] —15,10
30 1,9 | 3,8 | 5,71 7,610 9,51 | 11,41 13,31] 15,22 17,12
—157 | —3.13 | —4,70 | — 6,26{—7,83 | —9,39 |—10,96 | —12,53 | —14,09
40 1,76 | 8,51 5,97 | 7,02{ 878 | 10,553] 12,29 14,04| 15,80
—1.46 | —2.93 | —4,39 | — 5,85{—7,32-| —8,78 | —10,24| —11,71 | —13,17
50 1,62 3,25| 4,87 6,49 8,12 | 9,74 | 11,37 12,99 14,61
—1137 | —2.74 | —4.11 | — 5,48|—6,85 |—8,22 |=-9,59 | —10,96| —i2,33




TABLE 2. Limiting Values for Error in Control of Relative Humid-
ity for Systems Measuring Dew Point t" and Ambient Temperature t

o %
t, °C ’
10 2 30 40 50 60 70 80 90
Ag, 9% for |[At" [=]At|=10,1°C

—90 | —0,21 | —0,41 | —0,60 | —0,80 | —0,97 | —1,17 1 —1,35 | —1,53 | —1,72
-1 03] 042! ol60| 080 ] 099 118 137 1,5] 1,75

—10 | —0,19 10,38 | —0,56 | —0,73 | —0,91 | —1,08 | —1,25 | —1,43 | —1,59
020 038| 056; 075| 092 1.0 137] 1,44 162

0 | —017| 0331049 —0,64]|--0,79|—0,95] —1,10 | —1,24 | —1,39
018| ©0.36{ 053| 069 08| 1,02] 1,187 1,31 150

o | —0,16| 0,31 | —0,46] —0,60 | 0,71 | —0,82 | —0,95 | —1,08 | —1,91
016! 03t] o046 o61] 070 081 096 109| 1,2

20 | —0,151 029|040 —0,52| —0,6¢|-—0,78| —0,88 | —1,00 | —1,12
015 0991 040 053] 065 077| 048] 1,01 1,13

30 —0,14| —0,95| —0,37 | —0,48 | —0,60 | —0,7t | —0,82} —0,93 | —1,03
0,14 0,25 0,37 0,49 0,60 0,72 0,83 0,941 1,05
40 —0,12 ] —024| —03} -045|-056]|—0,66 —0,76| —0,86 | —096
0,13 0,24 0,34 0,46 0,56 0,67 0,77 0,87 0,97
50 0,12 0,22 0,33 0,43 0,52 0,62 0,72 0,81 0,90
A, 9% for JAt'|=[At|=05°C

—20 [ —1,001{ —I,95 | —2,88 | —3,80 | —4,71 { —5,61 | —6,50 | —7,39 [—8,27
12| 26| 3/18] 418 5,19} 618 7.06| 813 91

—10 | —093|—1,821—2,68! —353} 4371 591|_60t| 68768
o3| 2009 2,94 3,8 479, 570} 660| 7,50, 839

0 |-—08—161]—23!—-31!-38]| 45} 53 603 —6 75
0,96 1,85 2,72 3,59 4,43 5,27 6,11 6,94 7,76

0 | —078]—1,50] 2,22} -291| 357 -400] —463| 52 |-5.87
08t | 162| 239| 3/14| 361, 429 491 562, 6,28

2 | —073|—1,41|—1,94] —2,54| —3,13 | —3,72 | —4,30 | 4,87 | —5 44
079 | 152 2007 2.71| 3.3 396| 458| 4,19| 579
30 | —069{—1,23] 1,8 |—236:—291|—349| —3,99|-453 505
0741 13t] 1.92] 25| 309| 367| 4,24| 480! 535
40 | —060|—1,15 ]| —1,60]—221 | —2,72 | —3,22 | —3,72 | —4,22 | —4,7|
0'64| 122| 179, 2.33| 2,87 340| 393| 445| 4,96
50 0601 1,04] 1,66] 2,17{ 2,67] 3,17 3,65| 4,14] 4,6l
Ag, 9 for | Af"[=]At[=3°C
—20 [ —4,70 | —9.19 [ —13,63 18,021 —22 37 |-—26,69| 30,97 | —35,27 | —-39,53
882 | 1698 | 24920 32.72] 40041 48.02| 55,57| 63,06 70,49
—10 | —4,45 | —8.71 | —12,89| —17,03 | —21,13 | —25 20 | --29 25| —33,29 | —37,30
7'99 | 15.37 | 22055, 29,59 36,54| 43.41| 50,23| 56,98] 63.69
0 | —4,05| —7,90 | —11,67}—15,621 —19,09{—22 75 |-—26,39 | —30,01 | —33,61
7'30 | 13’99 | 20)51| 26,91 33.22] 39,46, 45.64| 51.37| 55,41
10 | —3,48| —7,49 | —11,06|—14,58 ] —18,05|-20,52| —23,58|—26,78| —29,95
6231 1194 17.47| 220671 25,99| 20,79| 35.53| 40,22| 44,87
20 | —3,66 | —7 11 | —10,12|—13,02) —16,09| 19,13 —22 14|--25,12| —28,09 -
574 | 10’54 | 14.75| 19.26] 23,68| 28.04| 32.35| 36,61 40,83
30 | —348| —6,36 | —9,34|—12,26| —15,14| —17,981-20,80| —23,60| —26,38
5321 029 1351 17.83] 21.67| 25.65| 29,57! 33,461 37,80
40 | .—3,15]| —6,01 | —8,81| —11,55|—14,95{—16,92| —19,57 | —22,19| —2¢,79
451 855 12.43] 16.20] 19.90] 23,54| 27,14| 30,60| 34,21
50 418| 7,00 11,47] 14,94] 18,34 21,69 24,99] 28,25] —

and
Ag<< 0 for | A" | = | At},
e, (' = A)
e, (t — AY)

Ap=¢— - 100.

Table 2 shows the calculated results for three temperature increments (O.i, 0.5, and 3°C).

The results shown in the table may be used to judge the reliability of data from measurements in a
climate chamber (Table 3).

The following method is used to calculate the limiting values of relative-humidity deviations in psy-
chrometer systems.

The values of eft, t') and e(t + At, t' —At'), and e(t — At, t' + At') are taken from psychrometric tables
{7.
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TABLE 3. List of Claimed Data for Accuracy of Relative Humidity
+ Ag in Climate Chambers (with dew-point sensors used)

_Chamber Data- ) 'Should be
noc o | 10% 9% LoC | 10%  es%
]
Karl Weiss
-Griinbach—Osterreich
Klimamess-und . —30 —30 0,5 4,0
‘Klimapriifschranke ) —10 -10 0,4 34
Type- 300 AB/30 JM +10 1% +10 0.3 2.6
At+0,2°C +95 +95 0,1 0,7
At"108,2°C |
We calculate
SRIURS T

e, ()

We find Ag > 0 for | At] = At']:

_e(t—At A

2100 — 0
e, (t— AY)

and Ap < 0 for | At] =] At']:
et M, — N

- 100 — .
e + &)

Table 4 shows the calculated results for temperature increments of 0.1, 0.5, and 3°C.
As we have noted, the smallest error in humidity measurement occurs when the errors in the systems

regulating both temperatures are of opposite sign.

TABLE 4. Limiting Values for Error in Relative-Humidity Control
for Systems Measuring Dry- and Wet-Bulb Temperature t'

At, °C
@ % 0,1 | 0.5 | 3
Ag for {=—10°C
27 —4,8 4,7 —24,7 — — —

45,1 —5,1 5,0 —26,2 23,9 —_ —_
72,2 -5,4 5,3 —-27,8 25,4 —_ -
-86,0 —5,4 5,4 — 26,1 — —

A, % for t=0°C

11,2 ] —2,3 2,2 —11,8 10,7 —88,8 —
:38,9 —2,6 2.5 —13,4 12,1 — —
68,4 —2,9 2,8 —15,0 13,7 — 68,1
83,9 —3,1 3,0 —16,1 14,5 - 72.4

Ag, % for £==10°C

16,9 1,3 1,3 —6,8 6,3 —49,4 —
41,8 —1,6 1,6 —8,1 7,5 58,2 38,0
59,9 —1,8 1,7 —9,0 8,4 — 42,7
89,4 —2,1 2,0 —10,6 9,9 —_ 50,4

Ag, % for +=20°C

15,0 —0,8 0,8 —4,2 3,9 —30,3 —_
36,9 —1,0 1,0 —5,3 5,0 —37,9 25,4
62,2 —1,3 1,3 —6,6 6,2 — 31,9
91,8 —1,6 1,6 —8,2 - 7.7 — 39,6
8,5 —0,5 0,5 -2,5 - 2,4 —8,1 —
30,3 —0,7 0,7 —3,6 3,4 —-25,4 17,4
58.0 —1,0 1.0 —5,0 47 —349 24 4
93,2 —1,3 1,3 —6,8 . 6,4 —_ 33,4

A, % for t=50°C ‘

8,4 - —0,3 — —1,3 — —8,9 —
24,0 —0,4 — —2,0 — —13,8 —
45,6 —0,6 — —3,0 — —20,6 —
75,7 —0.,9 — —4 .4 — — —_
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a 0 0 X

Fig. 3. Control system of climate unit with dew-point
sensors within chamber; t, °C; i, kJ /kg; x, g/ kg.

It follows from what we have said that for regulation in a system using measurements and using the
error in the wet-bulb depression, relative-humidity control will be twice as accurate. As an example, if
the wet-bulb depression is controlled to within £1°C, the error in relative-humidity control will be the
same as for control of wet- and dry-bulb temperatures to within +0.5°C,

Examples of Determination of Error in Control of Air Relative Humidity in Controlled-Climate
Systems. The climate regions shown in Fig. 1 may be realized by different types of control, Figure 3
shows a system for controlling the dew point and stream temperature in climate equipment and the pattern
of changes in the state of the air during establishment of the climate. The graph of the air-state changes
indicates the climate region maintained by the control system. It is bounded by the isotherms for the tem-
perature of the t-chamber within the limits of the deviations and by the x-const lines, which correspond to
the maximum deviations of the dew points t" in the chamber.

Figure 4 shows the control system for a different type of climate equipment, for which it is difficult
to determine the climate region by mathematical calculation. In this system, the controlled space contains
only the thermometer belonging to the temperature-control system, while the thermometer used to measure
the dew point is located beyond the spray chamber in which the process of adiabatic humidification is
carried out. The climatic region is marked off by the isotherms for the limiting temperatures t maintained
‘in the controlled space, and by the constant-humidity lines x corresponding to the limiting deviations in the
temperature t, beyond the spray chamber, at the so-called chamber point. As we know, these temperatures
are equal to the dew points only when the air is moistened to a state of relative-humidity saturation (¢
=100%). Then, when x = £(t") is known, the determination of the x-const line presents no problems. Actu-
ally, air saturation does not exceed 96% (depending on chamber efficiency), and the unknown pattern of the
function x = f(te) and the associated limiting deviations in x hinder both exact defermination of the climate
region and evaluation of the accuracy of humidity control for this system.

The accuracy with which the relative humidity is controlled by the system shown in Fig. 4 may be
estimated approximately if we assume that the chamber point moves along a curve parallel to the saturation
curve. Such an assumption is permissible for a specified chamber spray coefficient. Then the system
shown in Fig. 4 may be treated like that shown in Fig. 3.
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Fig, 4. Control system of climate unit with dew-point
sensors beyond spray chamber; t, °C; i, kJ /kg; x, g
/kg.

The calculations show that the theoretically possible accuracy of humidity -control using relative-
humidity and temperature sensors is far better than the accuracy attained by using dew-point sensors or
psychrometer sensors of the same accuracy as the temperature sensors. As an example, for a tempera~
ture—control accuracy of #0.5°C (under conditions of 20°C and 50% relative humidity), we have the following
maximum deviations in a relative~-humidity control system using the following sensors: relative humidity
+Ap = +1.58% and —A¢ = ~1,52%; dew=-point + A¢ =+3.3% and ~A¢ = ~3.13%; wet-bulb temperature (psy-
chrometer) +A@ = +5.8%, and —A¢ = —6.0%. The discrepancies indicated above are still greater for nega-
tive temperatures {for example, at ~10°C), all other conditions being equal. The maximum relative-humid-
ity deviations for the various sensors are: relative-humidity +Ag = +2.27% and —Ag = —2.17%; dew-point
+Ap = +4.79% and +Ap = —4.37%; wet-bulb temperature +Ap = +24% and —~Ap = —26.3%.

The practical result of the consideration of climate-establishment accuracy was a determination of
the temperature deviations that may be allowed in full climate-control systems (by the "dew-point™ method
for example) for specified relative-humidity tolerances of 2-4% (used in 40% of the electronics industry,
30% of the textile industry, and 50% of the photochemical industry [8]); the error in dew-point and air-
temperature regulation should not exceed 0.5°C (Table 2).

The permissible temperature errors for exact psychrometric measurements have been determined
by analyzing the relationships between the errors in measurement of dry- and wet-bulb temperature and
the resulting errors in relative humidity. As an example, for thermometers accurate to +0.1°C, the rela-
tive-homidity error in measurements by psychrometer may reach 2% in the 10-30°C temperature range,
and not +1% as is often said in manufacturer's literature and published studies.

NOTATION

i is the enthalpy of air, kJ /kg;
x is the moisture content, g /kg;
ew is the saturated vapor pressure, mbar;
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is the partial vapor pressure, mbar;

is the relative humidity, %;

is the relative-humidity gradient, %;

is the dry-air temperature, °C;

is the wet-bulb temperature, °C;

is the dew-point, °C;

is the temperature gradient, °C;

is the temperature;

is the triple-point temperature, T' = 273.16°K;
is the working parameters of moist air,
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