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Recirculating Apparatus for Testing Hygrometers
By Arnold Wexler

An apparatus that was developed for producing atmospheres of known relative humidity
is described. It was designed, principally, for research on and calibration of radiosonde
hygrometer elements at temperatures above freezing, but is equally useful at temperatures
down to —40° C. It operates by saturating air at one temperature and then raising the
air temperature sufficiently to give any desired relative humidity. The air is recirculated
continuously in a closed system. Four identical, but independent, recirculating systems are
employed. Discrete changes in humidity and temperature are obtained by means of a novel
pneumatic valve that permits the hygrometers under test to be switched, easily, from system
to system. Checks on the performance of the apparatus by means of the gravimetric method
of moisture determination and the psychrometric method show an average difference in
relative humidity of ±1.2 percent.

I. Introduction
In the meteorological sounding of the upper

atmosphere by means of the radiosonde, the device
commonly employed for sensing the water vapor
content of the air is the electric hygrometer.2 3

During a flight, the hygrometer may be subjected
to a wide range of temperatures and humidities,
as well as to air flows, corresponding to rates of
ascent of the balloon, of 1,000 ft/min or more.
These conditions of use have created a need for some
convenient means of producing and maintaining
atmospheres of known relative humidity, at any of
the temperatures encountered in a radiosonde flight,
for calibration and research purposes.

An apparatus has been developed to fulfill this
need. It was designed for operation, principally, at
temperatures above 0° C but is equally useful at
temperatures down to —40° C. Provision was made
for obtaining discrete changes in humidity and
temperature and for maintaining given air speeds.
It supplements an apparatus of the divided-flow
type previously built for use at temperatures below
freezing.4

II. Theory

A fundamental method for producing an atmos-
phere of known relative humidity is to saturate a
stream of air with water vapor ai a given tempera-
ture and then to raise the temperature of the air to a
specified higher value. Jf tg is the temperature of
saturation, es the saturation pressure of water vapor
at temperature ts, tt the elevated temperature, and et
the sat u rat ion pressure of water vapor at temperature
tt, then the relative humidity, //, at temperature 11 is

ff=100-'-
et

(1)

In eq l the assumption is made that the absolute
pressure of the air at the elevated temperature, tt,is
the same as the absolute pressure of the air at the
saturation temperature, ta. If these two pressures

1 This apparatus was developed for the Bureau of ships. Department of the
Navy.

> !•'. vv. Dunmore,J . Research N B 8 W . 7 2 3 (1938) RP1102,
' l<\ W, Dunmore, J. Research N B S U8, 701 (1939) RP1268.
< A. Wexler, J. Research 40, 479 (1948) RP1894.

are not identical, then a pressure correction must be
introduced. If P., is the absolute pressure of the
air at ts, and Pt is the absolute pressure of the air at
tt, then the relative humidity is

(2)

A simplified schematic diagram illustrating how
the two-temperature method may be employed in
an apparatus is shown in figure 1. By means of a
gas pump, air is circulated from a saturator into a
test chamber and then back into the saturator.
The temperature, ts, of the saturator and the tem-
perature, tt, of the test chamber are maintained at
their respective desired values by thermostatted
baths. Complete saturation is achieved simply, and
efficiently by recirculation of air over water in the
saturator, in a closed system. The relative humid-
ity, H, in the test chamber is given by eq 2, where
the saturation vapor pressures, es and et, correspond-
ing to temperatures tx and tt, are obtained from stand-
ard tables, and the absolute pressures, Ps and Ph
are measured values.

The design of a practical system, based on this
method, is shown in figure 2. It differs from the
elementary design of figure 1 in that the test-
chamber temperature is controlled by means of a
heater inserted in the air stream rather than by

'IOURE I. Simplified schematic diagram illustrating the two-
temperature recirculating method of relative humidity produc-
tion.

A, Gas pump; B, lest chamber; C, water; i>, saturator; K, thermostatted bath.
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FIGUKE 2. Schematic diagram of a practical two-temperature
recirculating humidity apparatus.

A, Test-chamber thermocouple; B, test chamber; C, reflux tube; D, thermistor;
E, intermittent heater; F, control valve (air); G, gross heater; H, bypass valve
(air); J, gas pump; K, thermal insulation; L, motor; M, saturator thermocouple;
N, flow meter; O, differential pressure gage; P, centrifugal stirrer; Q, screen;
R, dry-ice bath; S, saturator; T, nozzle, U, coil (liquid); V, thermoregulator;
W, coil (air); X, control valve (liquid); Y, bath heater; Z, thermostatted Varsol
bath; A', water; B', bypass valve (liquid); C, circulating pump.

immersing the test chamber in a thermostatted
liquid bath. The elimination of a thermostatted
bath for the test chamber, with the resultant simpli-
fication in design and construction, is made possible
by the fact that the saturator must necessarily be
maintained at a lower temperature than the test
chamber, and hence the only requirement for achiev-
ing any desired test-chamber temperature is the
introduction of the requisite amount of heat into the
air stream. A novel feature of the test-chamber
design is the concentric tube arrangement. The
air from the saturator flows upward through the
inner tube, then reverses its direction and returns
downward in the annular space between the inner
and outer tubes. The outer tube is thermally
insulated. This reflux action contributes to tem-
perature control and a reduction in thermal losses,
for it surrounds the lest space, which is at the upper
end of the inner tube, with air at or near the test-
chamber temperature.

The important features of the saturator are its
simplicity of design, its adaptability for temperatures
below its well as above the freezing point of water, and
its effective saturation of air at both high and low
Hows. These features are achieved in large measure
by imparting a, centrifugal action to the entrant air
stream. The saturator is a. cylindrical chamber to
which water is added l,o a convenient depth. Air is
discharged through a, nozzle into the chamber above
the water surface and tangential to the vertical walls
and is exhausted through a, central port in the top.
The centrifugal act-ion creates a whirlpool and
thoroughly mixes water vapor with the air. Spray
and liquid droplets are forced to the walls bv centrifu-
gal force, with the result that there is little tendency

for liquid water to emerge through the exit port,
except at very low air flows. A multilayer fine wire
screen baffle is used at the exit to trap and prevent
water from passing out of the saturator at the low
flows. As the air does not bubble through the water
but only passes over its exposed surface, the water
may be frozen without impairing the functioning of
the saturator. The saturation pressure of the water
vapor in the saturator (for use in eq 2) is taken, then,
with respect to ice.

A desirable requirement in a humidity apparatus is
a scheme or mechanism whereby the relative
humidity may be changed quickly and in discrete
steps. Such a scheme is necessary for lag studies on
hygrometers. It is achieved in this equipment by
utilizing four identical but independent systems that
are arranged in such a fashion that their test cham-
bers may be interchanged easily and rapidly. Thus,
if a different temperature, ts, is maintained in each of
the four saturators, and if the same temperature, tt,
is maintained in each of the four test chambers, then
the relative humidity in each test chamber is dif-
ferent. By interchanging the test chambers, the
relative humidities therein undergo discrete changes,
as each test chamber now communicates with a
different saturator.

The arrangement is shown schematically in figure 3
for two of the four systems. The interchange of test
chambers is effected by a special pneumatic switch.
It consists of two ground and lapped plates to which
the inner and outer tubes are attached and which
contain ports through which the air may pass. A
quarter turn of the top plate with respect to bottom
plate advances each test chamber to a new position
and connects each test chamber with a different

H G G H

I'K; 1 i UK .'}. Schematic diagram of pneumatic switches for inter-
changing lest chambers; only two of the four systems are
shown.

A , T e a t c h a m b e r ; B , u p p e r s w i t c h ; ( ' , l o w e r s w i t c h ; i>, l o p i>i;it<-; E , b o t t o m
p l a t e ; K , gas p u m p ; <;, s a t u r a t o r ; 11, t h e r m o s t a t t e d h a t h .
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saturator. Two such switches are used instead of one
for greater convenience and versatility. For lag
studies only, the upper switch is used. The speed
with which the relative humidity can be changed is of
the order of 1 to 2 seconds and depends primarily on
the speed with which the switch can be rotated.

III. Design Details

An oil-free impeller-type gas pump is used to
circulate air continuously through each system. The
flow is controlled by means of a bypass valve, as
shown in figure 2, and is measured by a glass-wool
linear flowmeter that is calibrated in terms of air
speed through the test chamber. The air flows
through a copper tube coil, immersed in the same
thermostatted liquid bath as the saturator and
reaches bath temperature before it passes into the
saturator. The cooling coil is essential for satis-
factory operation, for unless the air enters the
saturator at the bath temperature, an uncertainty in
saturation temperature ensues. The saturator is a
brass cylinder, 5 in. in diameter and 4 in. deep. The
inner tube of the reflux portion of the system is
polystryrene with 1%-in. outside diameter and }£-in.
wall thickness, while the outer is brass tubing with
2-in. outside diameter and %2-in. wall thickness.

The copper tube coil and saturator are immersed in
a varsol bath, whose temperature is closely regulated.
Varsol is used so that low temperatures may be
attained. A bimetal thermoregulator controls a
heater through a power relay. The circuit is shown in
figure 4. A positive rotary displacement pump

bath temperature is at or above the control point.
On-off regulation is thereby achieved. The bath is
actively agitated by a centrifugal stirrer.

The temperature of the moving air stream in the
test chamber is controlled by two heaters; a gross
heater supplies constant heat, the amount manually
adjusted, by means of a rheostat, as shown in figure
5; an intermittent heater supplies heat on demand,
the amount also manually adjusted by a rheostat
and the demand determined by two thermistors
acting as the temperature sensitive elements. The
gross heater supplies most of the heat, whereas the
intermittent heater supplies heat, as required, to
raise the temperature to the control point. Figure 6

E

<r\j>

FIGURE 5. Test-chamber gross-heater circuit.
A, Ammeter; B, rheostat; C, limiting resistor; D, gross heater; E, fuse; F, 110-v

alternating-current regulated supply; Q, pilot lamp

FIGURE 4. Varsol bath temperature control circuit.
A, I io-v alternating current: B, shunt resistor; C, power relay; 1), bath beater;

K, pilot lump; F, bimetallic thermostat.

withdraws varsol from the bath, circulates it through
another cooling coil and discharges it back into the
bath. This second cooling coil is maintained ai
— 78° O by crushed dry ice. The cold varsol flow is
adjusted, by means of valves, so that the bath
temperature will tend to drop very slightly. The
heater is arranged to go on when the bath temperature
drops below the control point and will go off when the

FIGURE 0. Test-chamber intermittent-heater control circuit.
A, MIcroammeter; B, 6-v direel current; C, regulated lio-v alternating current;

I) fuse; K, light; I1', milliummeter; (>, rheostat; H, limiting resistor; J,28-v pulsing
circuit; K,'22':> v; L, thermistor; M, decade resistance box; N, galvanometer relay;
o, power relay; P, Intermittent heatei

is a circuit diagram of the intermittent heater control
circuit. The desired control temperature is estab-
lished by resistances, M (coupled decade resistance
boxes) m a When (stone bridge circuit containing
thermistors, L. The bridge balance is sensed by a
galvanometer relay. A current of % microampere
dellects the pointer against a, magnetic contact,
actuating a power relay and, in turn, the intermit-
tent heater. The operation of an electromagnetic
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plunger returns the pointer to a sensing position.
If the bridge is balanced, the pointer does not move;
if the bridge is unbalanced, the pointer deflects.
An electronic pulsing circuit periodically triggers the
plunger at a frequency that is adjustable from 2
times a minute to 60 times a minute, so that the
galvanometer may sense the balance of the bridge.

The completed apparatus is shown in figure 7.
Figure 8 shows the apparatus with the cover raised
showing the four thermostatted baths.

FIOUKE 7. Humidity apparatus.

FIGURE 8. View of apparatus with rover rained showing the
four independent thermostatted baths.

IV. Performance Characteristics

The performance of the apparatus lms been in-
vestigated to determine the accuracy and the usable
temperature and tumidity ranges. The gravimetric
method of moisture determination (sec footnote 4)
was used to give an independent cheek on the rela-
tive humidity produced by the apparatus for various
saturator and test-chamber temperatures and vari-

ous speeds of air flow. The results are given in table
1. As an additional check on the accuracy, a
thermocouple psychrometer was employed to meas-
ure the actual relative humidity in the test chamber.
The results are given in table 2. These tests show an
average difference in percentage of relative humidity
of ±1.2 percent between the gravimetrically meas-
ured relative humidity and the apparatus relative
humidity given by eq 2; and an average difference in
percentage of relative humidity of ±0.9 percent
between the psychrometric measurements and the
apparatus values given by eq 2.

Run

14_
15^
16
17
18-_

19
2 0 . .
21
22
23

24
25.
2 6 . .
27
28

29
30

Average

T A B L E

Date,
1949

10/28
10/28
10/28
10/28

11/1

11/1
11/4
11/4
11/4
11/4

11/9
11/9
11/9
11/9

11/14

11/14
11/14

L Gravimetric calibration

Air
veloc-

ity

ft/min
50

250
500

1,000
500

500
50

1,000
50

1,000

1,000
1,000
1,000
1,000
1,000

1,000
1,000

Test-
chamber
tempera-

ture

°C
24.52
25.45
26.41
27.61

-3.85

-3.54
20. 53
21.41
17.37
17.83

4.75
14.98
9.68
9.68

15.71

15.71
15.68

Relative humidity

Appa-
ratus

Percent
39.2
37.0
34.7
32.3
46.0

22.8
95.0
87.6
83.9
81.1

88.9
44.6
97.5
97.2
89.3

89.2
89.5

Gravi-
metric

Percent
39.6
37.8
35.8
32.6
47.0

23.4
95.0
84.7
84.0
81.6

85.1
44.5
94.6
96.3
88.7

86.6
88.2

Differ-
ence

Percent
-0 .4
- . 8

-1 .1
-0 .3
-1 .0

-0 .6
.0

+2.9
-0 .1
- . 5

+3.8
+0.1
+2.9
+0.9
+.6

+2.6
+1.3
±1.3

TABLE 2. Psychrometric calibration

(Air velocity=l,000 ft/min)

Test-chamber
temperature

CO

15.88.-'
15.90
15.01 - . . -
15 05
5.90

.r..s:J.
10.92
10.71
10.72._
17.22

L7.08
I 7 . I 2 . _
21.10.
21.17
21 (IS

21.10

A venire

Relative humidity

Apparatus

Percent
88.6
88.6
65.1
fil !)
72. 1

72.1
51. 1
51.!)
52. 1
34. I

34. 7
34. 2
:(7.2
:s7.o
:«; !i
36.9

Psychrom-
eter

Percent
88.8
88.2
63. 8
(15. 5
71.6

72. 3
50. 1
51.2
51..'!
:!:{.:{

;t:s. 7
32. it
38. 5
38. 5
38 I
38. 2

Difference

I'cr cent
- 0 . 2
+.4

+ 1.3
(). (i

+..r>
- . 2

+1.0
+0.7
+.8
+.8

+ 1.0
1 L.3
-1 .3
-1 .5
-1 .5
-1 .3

±0.9

As t h e p r e c i s i o n a n d a c c u r a c y of t h e a p p a r a t u s
is t o a l a r g e e x t e n t a, f u n c t i o n of t h e p r e c i s i o n a n d
accuracy of the temperature regulation and measure-
ment of the test- chambers and saturators, these
temperatures must be adequately controlled and
suitably measured. Temperatures are measured
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with calibrated copper-constantan thermocouples
and a precision potentiometer to a precision of
0.01 deg C. Because of the fair size of the liquid
bath, bimetallic regulation is adequate for main-
taining saturation temperatures constant to ±0.02
deg C over time intervals of 1 hour and constant to
±0.1 deg C over long time intervals. The ther-
mistor-^ heatstone bridge circuit maintains test
chamber temperatures constant to ±0.04 deg C
over time intervals of 1 hour and constant to ±0.1
deg C for long time intervals.

The distribution of temperature within the satu-
rator was explored by means of thermocouples lo-
cated at the inlet, in the water, and at the outlet.
The temperature of the air emerging from the satu-
rator is within ±0.04 deg C of the temperature of
the air entering the saturator; the temperature of
the air entering the saturator is within ±0.06 deg
C of the temperature of the water in the saturator;
and the temperature of the air emerging from the
saturator is within ±0.08 deg C of the temperature
of the water. These temperature differentials may
account for errors of ± ^-percent relative humidity.

The difference in temperature between the satu-
rator and bath was also investigated. The air
entering the saturator is within ±0.07 deg C of the
bath temperature; the water temperature is within
±0.04 deg C of the bath temperature; and the air
emerging from the saturator is within ±0.09 deg C
of the bath temperature.

Although the gas pump is capable of producing
very high rates of flow, the coupling between motor
and pump is set to allow a maximum air speed of
1,500 ft/min in the test chamber. By proper ad-
justment of the bypass valve, any lesser air speed
is obtainable.

The upper relative humidity limit is determined
by the saturation temperature, the air velocity and
the efficiency of the thermal insulation and refluxing
ac t ion surrounding the test chamber. The the rmal
leakage through the insulation is 2.2 cal /min for
each degree centigrade temperature difference be-
tween the test chamber and room. The maximum
re la t ive humidi t ies that may he obtained with air
speeds of 50 and 1,000 ft/min for var ious s a tu r a to r
t e m p e r a t u r e s and with the apparatus in a room at
'M)° C are given in table 'A. It is apparent t h a t a t
high air velocities, the thermal leakage does no t
seriously limit the relative humidi ty range. At Very
low air Hows, the max imum relative humidi ty ol>-

TABLE 3. Computed maximum attainable relative humidities

Saturator
temperature

( C)

25
18

-20

Maximum relative humid-
ity ;ii test-chamber MM-
velocity of

50 ri/min.

/ '< rcent
'.»:>
si;
77
01
49

1 , 0 0 0 II " M M

1 'ercent
99
99
98
!)7
'.Mi

tamable is seriously limited, especially at the low
saturator temperatures. Fortunately, in electric
hygrometer calibration and research, high air speeds
are used in order to simulate radiosonde flights,
hence relative humidities sufficiently high for all
practical purposes can be obtained.

For any test chamber temperature, the lowest
attainable relative humidity is limited by the lowest
attainable saturator temperature, which is about
— 55°C. It is possible to reduce the relative
humidity to about 16 percent at a test-chamber
temperature of — 40°C, and to lower values at
higher test-chamber temperatures.

The saturator temperature must not be permitted
to exceed room temperature, for then there is a
possibility for the system above the saturator to
assume a temperature less than that of the saturator
with resultant condensation of water vapor. Equa-
tion 2 then would no longer give the relative humidity
in the apparatus.

The internal diameter of the test chamber is 1
in. Two standard radiosonde electric hygrometers
(4 in.X5/16 in.X1/32 in.) can be inserted into the
test chamber. If all four channels or systems of the
apparatus are operated simultaneously, then eight
elements can be tested at one time.

The ratio of the absolute pressures in the test
chamber and saturator, Pt/Ps, used in eq 2, varies
somewhat with air velocity and negligibly with
temperature. Its variation with velocity may be
once determined and then applied as a pressure cor-
rection. This correction is very small, and except
for the high air velocities may be neglected for most
work. Even for an air velocity of 1,000 ft/min, the
correction is only of the order of 0.6 percent. The
pressure ratio corrections are shown in table 4.

TABLE 4. Pressure ratio corrections

Air sliced

ftlmin
0

100
200
400
600
800

1,000

Pressure ratio
corrections,

Pt/P.

1.0000
1.0000
(1. >I9!)7

. 9989

. 1IU7H

. 9962

.9938

V. Discussion and Summary

An apparatus particularly suited for research and
calibration of electric hygrometers of the Dunmore
type has been designed, developed, and constructed.
It operates by s a tu ra t ing air a t one temperature and
then raising the air t empera tu re sufficiently to give
a n y desired r e l a t i v e h u m i d i t y . T h e i m p o r t a n t fea-
t u r e in t h i s m e t h o d is t h e c o n t i n u o u s r ec i r cu la t ion
of a i r in a c losed s y s t e m a n d t h e use of a s i m p l e a n d
efficient c e n t r i f u g a l s a t u r a t o r t h a t c a n he used be low
0° C, as well as above. Air speeds up to L,500
ft/min are obtainable, A novel switching mecha-
nism is utilized Tor giving rapid and discrete changes
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in relative humidity. This switching mechanism
also is adaptable for giving rapid and discrete
changes in temperature.

It is designed to operate at test-chamber tempera-
tures above 0° C, but may readily be used at tem-
peratures as low as —40° C. The low temperatures
are achieved, however, at some sacrifice of the maxi-
mum attainable relative humidity. For most of the
test-chamber temperature range, practically any
desired relative humidity may be produced by the
apparatus.

Independent checks on the performance of the ap-

paratus by means of the gravimetric method of
moisture determination and the psychrometric meth-
od show an average agreement in relative humidity
of 1.2 percent as measured and as given by the ap-
paratus, eq 2.

The author gratefully acknowledges the assistance
of R. A. Baum of the Shop Division in the construc-
tion of the apparatus and of E. T. Woolard in the
experimental work.

WASHINGTON, August 14, 1950.
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An Improved Apparatus for Determining Moisture in
Rubber by Distillation with Toluene

By Max Tryon
An improved apparatus has been developed for the determination of water in rubber by

distillation with toluene. The volume of the water collected is measured in a graduated
capillary tube, which allows more precise measurement than the tapered tube formerly used.
The interior of the trap and condenser is coated with a water-repellent silicone polymer to
prevent water droplets from adhering to the walls and to improve the accuracy. This
paper describes the construction of the apparatus and a procedure for coating its interior
with the silicone polymer. A method for calibration of the trap is included in a general
procedure for use of the equipment.

I. Introduction

The water content of certain organic materials can
be determined by a method that involves the forma-
tion of an azeotrope of an immiscible organic liquid
with the water, distillation of the azeotrope, and
separation of the water as a separate phase. The
volume of water is then measured by the use of a
graduated container.

For this purpose there are several devices commer-
cially available for the collection and separation of
water distilled with a liquid of low density, such as
toluene. Since the time of Dean and Stark [1] 1

there have been a large number of refinements and
special applications similar to their original apparatus
[2 to 9]. These refinements are essentially attempts
to overcome! tin; following shortcomings of the origi-
nal design. First, there is a tendency lor water to
adhere to parts of the apparatus rather than to collect
in the graduated portion. Second, there is a lack of
precision of reading the volume of water collected
(Uw to the dimensions and shape of the graduated
container. Third, sharp separai ion of the immiscible
liquid and water does not always occur in apparatus
with naiTOW water-collecting tubes, because the
immiscible liquid tends to be trapped in the lube by
the water. Fourth, the apparatus must be meticu-
lously clean or the water will entrap the immiscible
liquid and will not properly (ill the measuring lube,
regardless of the shape or dimensions of the tube.

1 F i g u r e s i n b r o c k e t s I n d i c a t e ( l i e l i t e r a t u r e r e f e r e n c e s a i t h e e n d <>r i h i s p a p e r .

Subsequent modifications and refinements of the
original apparatus have overcome some of these
objections to varying degrees. The apparatus
described in this paper, however, answers all these
objections satisfactorily and also offers a few more
advantages.

The procedure and apparatus described in this
paper was originally devised in 1947 to determine
small amounts of water (about 1% by weight)
present in certain types of synthetic rubber [10, 11]
that could not be analysed with procedures standard
at that time. As a result, this procedure has been
accepted as a referee method for determining mois-
ture in all types of synthetic rubbers by the Sub-
committee on Test Methods, Reconstruction Finance
Corp., Office of Rubber Reserve.

It is felt that this apparatus supplies the need for a
rapid, simple, precise method for determining small
amounts of water in materials on a routine production
basis and furnishes a valuable tool for research.

II. Description of Apparatus

The apparatus is shown schematically in figure 1.
The distilling flask, A, contains the sample and
toluene. This flask is connected to the collecting
trap, T, by a 24/40 standard taper joint Lubricated
with silicone stopcock grease. A West condenser
equipped with a drip tip is connected to the trap by
means of a 24/40 standard taper joint, also lubricated
with silicone grease. The tapered portion of the trap
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