Journal of Besaarch of the Malional Bureau of Standards

Yel. 48, No. 4, April 1952 -

Pressure-Humidity Apparatus’
Amold Wexler and Raymond D. Daniels, Jr.

An apparatug for Producing atmospherés of koown relative humidity, based on the
‘“Ywro-presaure T’Inﬁi l2", 15 described 1t has a workiog apaoce (ft.est. ﬂhnmfner} of 1 cuble
taat, in whizh the relative hutaidity may be varied and controlled from I0 to B2 percent, the
tampersture from —40° to +40° C, the air flow LE) to 150 litare per mitute, snd the tagt-
chamher pressure from 1% to 2 stmoapheres.  The humidity in the test chamber mey be aet
and maintained to an accursey of at lesst 3 of 1-percent relative humidity,
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. 1. Introduction

The pressure-humidity equipment i3 a laboratory
apparatuz for producing atimoepheres of known re-
lative humidity by contro]l of the pressuve in the test
chamber of air saturated at & higher pressure. As
this apparatus was developed primarily for hy-
gromater research and calibration, sepecially on
electric hygrometer elements, which, during use, are
subjected to s wide temparature range, it was pssantial
that the temperature of the working space should be
sdequately controllod and maintained at any desirad
value from —40° to +40° C. Futharmore, it was
desirable that any relative bumidity, from 10 o 88
percent, should be conveniently produced and thet o
ch could be mede rapidly from any one value of
relative humidity to any other valua, Finelly, it
was also desirabie 10 have a mesns of ‘i'&l'j’i.ll? the rata
of ajr How through the working epace, eelecied to

* have a volume of about 1 17,

An apparatus has heen developed that suecessfully
meats above requirements. It cperates on what
may be called the '‘two-pressure principle.” Bagi-
<ally, the method, shown in elaments] schematic form
n re 1, involves spturating sir, or any gas, with
water vapor at & high pressure and then sxpanding
the gas to & lower pressure. If the tamperature is
held constant during saturation and upon expansion,
and the perfect gas laws are assumed to be cbeyed,
then the elative humadity, B, at the lower presaure,
P, will be the matio of the absolute values of the
lower pressure, P, to the higher pressure, P, that is,
BH=100XF,{P,. ’

Weter vapor-air mixtures depart from ideal gas
behavior, so that the simple pressure ratio does not
strickly define the relative humidity. Weaver 2 ?
has gshown that an empirical squation of the form

F, 1—KF,)
F, 1-KPY

where the constant K has a value of 0.00017 when
the preassure is expressed in pounds ﬂer uare inch,
more closely yields the true relative humidity. The
magnitude of tha correction introduced by the term

© RH=100"
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[I—&EF)/{(1—KP,) is shown in table 1 for the
spplicahle ranga of test-chamber pressures (K to 2
atm) and relative humidities (10 to 100%5). With at-
mosphere pressure in the teat chamber the maximum
arror does oot exceed ¥ of l-percent relative
humidity and hence, for most work, may be neglectad.
Even at a test-chamber pressurs of 2 atm, the
maximum grror i less then ) 5-percentrelative humid-
ity. For very precise work, it is praferable to usae
the empirical equation.
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The pressure method was developed by Weaver
and Riley (see footnote 2} for the calibration of
olectrically conducting hyproscopic films used in the
mesgurament of water vapor in gases, ~Their equip-~
ment was designed for low rates of gas flow and was
used under smbient room-temperatura conditions.
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Their saturator was a amall eylinder, containing
water snd filled with fragmenta of pumice or atraam-
washed gravel through which the gas could he
buhbled under pressure.

2. Description of Apparatus

The apparatus is showa in block diagram in figure
2 and ac‘jlemat-icully in figure 3. 1t consiste, gggsen-
tially, of the {following funetional components, through
which nir flows continuously: A high-pressure air
source, a low-temporature drying aystem, a filtering
syatem, a warm-up unit, a pressure regulator, a
humidifying system, sn expansion valve, & $est
chamber, and an exhanst control system.

Air 18 supplied from o 250-psig reciprocating
compressor, Af, fipure 3, capable of vering 5
fi3fmin of free air at room temperature. This sir
is filiered (A2 to rewove pipe scale, dirt, dust, or
othar solid material, and is then introduced into the

ing system {f}E 4],
ater from the wit &t the supply pressure is
removed by freezing in a train of four drying unifs
immersed in & bath, I, mnt-uuun&r: mixture of dry
ice and Stoddard solvent. The firet two unita, A4
and Af5, are large-capacity centrifugal water sep-
srators, ‘These are followed by a copper coil, A8
and a bafle dryer, A¥. Forticles of snow or ice an
droplets of oil {from the compressor) are caught by
o filger, A8, which i= maintained immarsed m the
same low-temperaturoe bath, I3,

Tha air emerges from the dryer at shout —78° .
It ig then heated in the warm-up unit to a tempera-
ture somewhat greater than that being maintained
in the thermostatted liquid bath, B, The warm-up
unit consists of an electric heater, A9, that is con-
trollad by a therme ator, Aifl. Two pressure
regulators, A15, aod Af4, in series reduce TE-
sure and maintain it constant in the hymidifying
eyEtem.

Saturgtion s accomplished in four stages. The
air i firat passed through the external gross satura-
tor, AfS, which is kept at s higher temperature then
the bath, B, and then through the thres bath satu-
rators, ALE, Agd, and A28 The gross saturatoer,
because of its higher tempernture, introduces water
vapar in excess of that regquired for complete satura-
tion at bath temperators. The combinstion of
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Froune 2. Bleck diagram of fie presyure-bumidily apparatus,

heat exchangers A#7, A9, and A2 and centri Al
saturatore ALS, A8, and 422 precipitates this geilifm
water vapor so that just complete ssturation is
obtaimed in the final seturator, A#22. The bath
saturators and heat exchangers are chown in fignrs 5.
The ssturators are simple in design and function
equally well below as well as obove the freezing
point of water. They are similar to a type pre-
viously used ! with considerabls eyeccss. F.Ewh
gaturator consiztz of & cylinder to which water is
added to & convenient depth. Air is discharged
through a nozele into 1he chamber above the water
purface and tangential to the vertical walls and is
exbausted through s central port in the top. The
centrifugal force creates & whirlpoel action that
thoroug cf mives the water vapor with air.  Spra
and liquid water are forced to the walls by centrif-
ugal force, so there s hittle tendency for liquid water
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Yicure 3. Schemaelic flow diggram of the pregsure-hunidity
opteralts,
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that bhave been calibrated
againat the Nationgl Burenu of Stendards pressure
standards. For atmoapheric or reduced pressures,
a high-quality calibrated aneroid barometer iz used,
¥rom atmospheric pressure up to 2 atn, o mer-
curial manometer is employed. ‘The higher pressures
are deterouned with either a 0- to 50-peig or a O- to
200-peig Bourdon tube gage.

The temperature of the liquid bath, &, can be
ndjucted to and closely regulsted at any temperature
from —40° to 4+40° C by & simple on-off thermo-
statting system, Stoddard solvent, which is used as
the bath hquid so that low temperstures may be
attained, is actively agitated by a centrifugal stirrer,

laboratory test

T%, and 15 cireylated from the bath, B, by a positive
rotary displocement pump, T2, through a COPper
coil, 77, immersed in & mixture of dry ice and

Stoddard solvent in bath D and back info bath B.
By proper manual eetting of a bypass valve, T4,
and & conirol velve, T5, the rate of Stoddard solvent
flow is n.dell:strad 8o that the bath B tends to cool
slightly.. The desired bath temperature is estab-
ligﬁed by resistances (coupled helical precision
rheostata}, B, in a Whentstona bridge circuit, figure 7.
Thermistors, T, with temperature cienta of 4
percent/deg C, are employed as the temperature-
sensitive elements. Any cooling disturbs the bridge
balance, which is sensed by a galvanometer relay,
& A current of Xua deflects the palvanometer
pointer ageinst & MmAapghetic contact, actuating a

wer Telay, P, and, in turn, intermittent bath

ater, H. The operation of an electromagnetic
lhunger returne the peinter to a gensing position.
i the bridge iz unbalanced, the pointer will deflect
and sagain throw on the heater; if the bridge 12 in
balance, the pointer will remsin in a null position.
An electronic pulsing eirenit, P, p-ariudicall{ triggers
t.hel! plunger 20 that the pointer may sense the bridge
halance.

3. Operation of Apparatua

The method of operation of this equipment 1=
simple. The instrument, material, or device under
inveatigation i3 inserted into the test chember, the
latter closed snd immaorzed into the liguid bath.
Distilled water is added to each satvrator to an
approepriszte depth. Solid carbon diexide is then
added to the dry-ice bath, D. The temperature of
the liquid bath 18 hrooght to and maintaimed at the
daﬂ-im% value,  Air from the high-pressure source is
allowed to pass through the apparatua and the
pressured in the saturators and test chamber adjusted
to give any preselected relative hummdity. The
thermoregulator controlling the temperature of the
air pasaing through the warm-up unit is set to main-
tpin & temperature in the external saturator several
degrees higher than in the liguid hath., When ther-
mal equilibrium had been established in the com-
ponents in the liquid bath, the pressure ratio indi-
cates the corract ralative humidity in the test cham-
ber. Changing the relative humidity primarily
involves adjusting the pressure reguletors so that

they will maintain a new pressure in the saturators.
To meintain a constant air flow, & minor edjustment
of the expansion valve is slso made.

When atmospheric pressure ia desired in the test
chamber, the air emerging from the chamber is
allowed to exhaust directly into the room. Elevated
pressures in the chamber nre obtained by throttling
the flow from the chamber by means of the exhauat
contral valve, A2, fipure 3. Heduced pressures in
the chamber wre schieved by attaching ‘8 vacuum
source to the exhaust econtrol valve and adjusting
the valve to give the vired reduced pressyra,

In opersting below freezing, one pracaution must
be observed. The level of the water in each eatura-
tor must be kept below the inlet nozzle, otherwise,
on freezing, the opening will be sealed by ica.

The equipment may be operated continuously for
E tp 16 hr, sfter which the aceumulated weler in
the dryer should be removed. Failure t¢ do 20 may
result in clogging of the dryer by ice and the reduc-
tion, or even complete stoppage, of air flow.

The removal of water from the dryer iz accom-
plished in twe stepe. First the dry ice bath ia
taised to room temperature by a thermosiat, Hi,
and heater, H2. Then suction i& applied by vacuum
source VI and room air drawn through the reversal
valve, A17, and dryer until all the water has been
evaporated. Overnight operation vsually suffices to
remove moat of the water.

4, Parformance and Accuracy

The psychrometeie and dew-point methods of
humidity measuyrement were used independently to
svaluate the necuracy of the humidity produced b
the equipment. A thermocouple wet-and-dey-bul
hygrometer wa= employed over a wide range of
relative humidities and st temperatures from 0° to
30° €. A dew-point instrument having a thermao-
couple embedded just below the surface of 2 small
(¥ in. in diemeter) mirror for temperature mensure-
ment, manually controlled haa.tini:nnd cooling of the
maireor, and vigual observation through s telescope
for dew nod frost detection, was constructed and
used to meazure dew points from room temperature
down to —27° C. A series of experiments was made
in which the relative humidity measvred by the
above two methods was compared with the relative
humidity given by the ratio of the testehamber
preseure to the saturator pressure. The resulte are
shown in table 2. ‘The nverage difference in per-
centage of relative humidity between the psychro-
metrically determined wvalues and tha apparatus
values given by the pressure ratio is 4 0.4 percent,
and the nverage difference in parcentege of relative
humidity hetween the value determined by dew-
point measurement, and the apparatus value given
by the pressure ratio iz £ 0.8 percent. Similarly,
the alpebraiec average differances are —0.2 and 0.0
rezpectively. It may be sssumed that as there is
ne marked tendency for the differences to be either
positive or negative, the air passing through the
saturators emerges neither supersatursted or under-
satarated,

i




TABLE 2. Summary af calibralion
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The relative-humidity range obtainable iz limited
by the range of ratios of test-chamber pressure to
saturator pressure. The maximum saturator pres-
sure that can be cmployed with thi= apparatus is
about 150 psi. When the test chamber is maintained
at its maximum pressure [about 2 atm}), the mini-
mum relative bumidity 1= about 20 percent. At
atmospheric pressure, a relative humidity as low
ge 10 pereent i readily produced, and at a redoced
pressure of ¥ atm, the minimom relative humidity
darreasea to 5 percent.

The temperature renge of the equipment extends
from —40° to +40° C. The upper end is limited
by the flash point of the bath liguid (Stodderd

solvent). However, by substituting water for Stod-
dard solvent as the bath Liquid, the upper end of
TQII;E éamperature range may be extended to about

The aeeuracy with which any desired relative
humidity may be established is s function of the
uniformit;.' of temperature in the apparatus, par-
ticularly in the saturator nnd the test chamber.
The relative humidity in the test chomber will be
agual to the pressure ratic of the test chamber to
final eaturator only if these two units are at the
same temperature. The distoibution of temperature
within the saturators, test chamber, and surrounding
liquid bath was explored by means of thermocouples,
located nt the inlet, outlet, and in the water of ench
saturator, near the front and rear of the test chamber,
and at four separate points within the liquid of the
bath. As an indiention of the variations in temper-
ature that may exist in the spparatus, dois ere
presented in table 3 of the averape temperatures
at verious locations for three 2-hour rung at different
ambient temperatures. It may be scen that the dif-
erentials are of minot maznitude, sspecially batwean
the finul beth saturator and the test chamber.
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The constency of bath temperature is of impor-
tance, for guite often materials or hygrometers under
investigation are temperature dependent, The con-
trol system has offectively regulated the bath at
tem turea from —40° to +40° C. For periods
of ime of 2 to 5 hours, average fluctustions of
0.02 ta 0.05 dez. have been observed.

5. Discussion

This equipmnent hes been used succassfully for
calibration testing and research. The working apace
of 1 it is ample for most instromenis, materials,
and devices that have to be completely immersed
in an atmeosphere of known relative humidity. There
iz no theorstical limitation on the sige of the test
chamber that mey be employed with this type of
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equipment; & larger sizcd cheamber would simply
reqguire a larper surrounding liguid bath. Neither
1= there sny hmitation on the geomeiry of the test
chpmber. A cylinder was chozen in thi=s cese for
eage 0f comstruction, but sny other spoace configura-
tion can be aubstituted. Even in the present design,
the cylindncal test chamber ean be uncoupled from
the setup, and, within the limitation of the available
bath space, eny other eizge, shape, or design of
chamber can be attached.

Oceazionally air of known or preestablished dew
}x)int. ia required at a place or instrument remote
rom the teat chamber. The desired dew point
can ba readily produced by the apparatus, and sll
or part of the air from the test chamber can he
piped wherever needed. The only limiting factor
mvolves the temperature of the ambient air, which
must not dropr below the dew point of the air flowing
through the transmission tubing, because condensa-
tion may oceur in cthe lines.

The range of relative humidities obtainable with
this type of equipment may be extended ic much
lower values by nsing a higher pressure source. A
250-paig compressor, operating hetween 150 to 200
paig, I3 used in the present desizn snd provides
relative humidities thet are sufficiently low for most
purposes, Much higher pressures would necossitate
compenents capabla of withstanding those high
preesures. Simalarly, for Bows in excese of 5 #t/mn
& compressor haviog o larger volume capocity would
ba required.

The rapidity with which the relative bumidity
mey he depends primarily on the time in-
volved in adjusting the pressure regulator, which
controla the saturation pressure. Minor adjuvst-
ments of the expension valve and the exhaust con-
trol valve may be required after the major presaore
adju=tient has been made. These operations can

easily be executed within 30 sec. At low rates of
flow, the limiting factor ceases to be the time re-
guirgd for performing the above mechanical opers-
tiona gnd becomes, mstead, the time invelved in
purging air of one relative humidity, with air of
another relative humidity. The component with
the maxtroum pir volume is the test chamber. Ti
has a apace of about 1 ft%, so thet the purging time
depemuls upon the rate of air low through this 1-fi?
Tolume.

6. Summary

An apparatus of versatility and convenience for
producing atmospheres of known relative humidity
haa been developed and constructed at the Burean.
It operstes on the “two-pressure prineiple,’”’ whereby
air 1 saturated at o high pressure and axpanded to &
lowar pressure, the relative humidity at the lower
presaure being the ratio of the lower to higher pres-
sure, provided the operstion is performed at con-
stant temperatura,

Important parameters can be varied and controlled
over wide ranges: relative humidity from 10 to 68
percent; temperature from —40° to 4-40° C; flow
up to 150 liters/min; teat-chamber pressure from 4
to 2 atm. The relative humidity ean essily be
changed from one valve to another within 30 gec.

Independeni checks on the nccuracy of the rels-
tivachumidity production with the psyehrometric
and dew-point methods have yielded avarffe agres-
mentz of 404 to £0.6 percent. A= the latter
methods of meag=surement sre probably no more
accurate than about 0.5 percent, it is reasonable
to asgume that the spparatuz produces relative
hurmdities that mre known to at least 4 .5-percent
relative humidity.

WasmINgTON, December 12, 1951
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