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SUMMARY B
An instrument that measures small absolute humidity

changes by photoeleciric examinatlon of the.9440_gngs§50m _
units absorption band of water vapor is described. The In- B
strument conslsets of a smgll source of light which sengg_its _
radiation ‘over an alr path of less than 13 meters to a dis- -
persing system.  The résulting spectrum then is allowed to .
fall on two vacuum phototubes; one centered in the 9440 —

angstrom unite absorption band of water vapor, the other lo-
cated at 8000 angstrom unlts where no water vapor absorption .  —
bands exist. “As the absolute humidity in the air path is T
varied, the phototube in the region of the band is affected; -

whereas the reference phototube is not. The phototubes are
arranged in an amplifying cireuit so as %o magnify the effect™
of varying humidity. The instrument uses a portable micro- E—
ammeter instead of the sensitive galvanometer of all previous
spectral hygrometers. .

: i

Humidity changes of 2 to 8 X 107° centimeter of precip- ]
ltable water path over 143 centimeters of air path can be -
measured. . Various suggestions for- decreasing both the welgﬁf _
and the size of the instrument are given. An investigation
of the small -sensitivse range: of the instrument .,is described,
and the resulfs indicate that:the device is confined to use T
cver a small absolute humiditv range with equipment available
at the present time. o . , [

INTRODUCTION

The main requisites of a Eatisfactory"hygrometef'are__“_
reliability, portability, and instantaneous readings. It is
well known that. none of: thé humidity—measuring methods now
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in use satifies all the foregoing requirements simultanecusly.’
One or two of these deslderata usuwally are sacrificed to se-

cure the third. ' :

With this in mind, a little-exploited method of measur-
ing the humidity has been studied: the change in the inten-
sity of the water vapor infrared absorption bande as the
humidity of.the atmosvhere changes. A hygrometer based on
this principle ig called a spectral hygrometer. Such a hy-
grometer consisty of a source of light which sends a beam of
radlation over an ailr path to a disversing system which forms
a spectrum of the light source. The radiation then falls up-
on a detecting system. The alr path contains the air the
humidity of which is to be measured. The detector is placed
g0 that -one of the water vapor infrared bands will fall upon
it., In addition, a reforence detector 1ls placed in a reegion
of the spoctrum wherein no water vapor bands are located, 4is
the humidity over the air path varies, the detector in the
band 1s affacted; whereas the reference détector is not.
Since the absorption is a function of the number ofabsorbing
atoms 1In the ovtioal path, such an instrument measures the
ebsolute humidity. :

4 recent ‘spectral hygrometer was constructed by Hand.
(See references 1 and 2. A single detector, a thermocouple,
without any reference detector .was used, The saurce of light
was "the sun, and the optical path was the whole atmosphsere.
The 9440 angstrom unlts band was used. Hettner (reference 3)
has shown ‘that the 9440 angstrom units band is wealk compared
teo the 13,700 angstrom unite band of water vapor. The weak
band could be used because of the tremendous vath length.

In order to make the above instrument more practicabdle
for 'field use, Foskett and Foster (reference 4) used two
thermocouples following the original development of Fowle .
(refersnce 5), who used bolometers. The thermocouple ontputs
are sesnt 1n ‘opposite directions throuszh a sensitive galvanom-
etter ‘the changes of readings of which indicate the absolute
humidity over the air path. The air wmaths varied from 1 o
50 meters. The 13,700 angstrom unite band was used.

The above devices suffer from the serious disadvantage
of reoquiring an extremely sensitive galvanometer to read the
thermocouple outputs. This renders thne instrument nonportadle,
In addition, the requisite air paths are fairly long, This
would prevent the use of the instrument in a reglon ofvery
low humidity unless a very long air vath were ussd. A long
air path would make the instrument useless in the field.
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In order to improve the foregoing thermohygrometers, -
the photoelectric hvgrometer was devised. The detectors used
are phototubes. It is well known that phototubes are much
more sensitive than thermocouples (referente 6}, and it was
hoped. that this fact woild lead fo a more portable ‘and posei-
©ly more - sensltive hygrometer. It is well to remember, how-
aver, that phototubes have their long wavelength thresholds
at. less than 11,000 angstrom units, which permits use of only
the comparatively weak 9440 angstrom units absorption band of
water vapor. In addition, the characteristic curves of all
infrared phototubes exhibit rapid variation of sensitivity
with wavelength in the region of the 9440 Band. On the other
hand, thermocounles may he used equally well In =11 snectral
rezions. . o . . —_

This investigation, conducted at the New York University,
was sponsored by and caonducted with the flinancial assistance
of the National Advisory Committee for Aeronautics.

INITIAL EXPERIMENTS

The first successful photoelectric hygrometer that indi-
cated that phototubes could dsestect changes in the intensity
of thhe 9440 band of water vapor consisted of a single photo-
cell and amplifying tube connscted to =a galvanometsr The
source 0f light was an automobile headlight bulb. * The air
path was inside a chamber 20 feet long. - The humidity over
this path was varied by adding or removing water vapor by us-

lng steam and drying asgent, respectively. However, the poor
control over the humidity variations prevented any accurate
calibration of the instrument. The results of this experiment

made it clear that some method of accurately controllihg the
humidity and also changing it by small amounts was necessary.
In addition, it seemed probable ‘that the optical path’ couldh
be decreased to a fairly low valie without serious loss of .
sensgltivity because of the dependence of absorption on the -
square rpot of path length. Thie relationship holds only

over & restricted range, but only a small change was fnvolved .
Much better collimation of the l1izht beam is possible in a
shorter path, and it was hoped tnat this would simplifv the_
detecting problem.
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ZXPERIMENTAL ARRANGEMENT

The new design of the photoelectric hygrometer and cali-
bration chamber 1s shown diagrammatically in figure 1. The
chamber serves several important purposes: -to permltv accu-~
rate varlations of humidity, to provide tha nscessary optical
path, and to collimate the beam of light from the source.

.The chamber consists of a brass pipe 143 centimetors
long, ll-centimeter inslde diameter, and wall thicknees ap-
proximately 2 millimeters. At- sach end of .the pipe 18 a
thick circular brass plate which serves as a lens holder.

The plates have central holes of such size as to contain
lonses of B-centimeter diameter. To hold the lens In place,

e thin Yrass annulus of S5-centimeter outer diameter is screwed
onto the brass plate after the lens has bsen mounted between
two rubber gaskets. The optical path over which humidity va-
rlations ocour is the distance betwesn these two lenses -~

tkat is, 143 centimeters.

The beam of light is collimated dby—four annull which are

uniformly spaded down the internal lenzth of the vipe. The
annull fit verw closely inside the pine and each has a cen-
tral hole of 4-centimeter dismeter. .These holes are mads
smaller than the 5-centimeter diameters of the lenses in or-
der to remove the ill-defined edges of the beam of Ilght.
The annull ars supported. on & frame of three rods which runs
parallel to the length of the pips and is set very close to
the wall of the pipe. The annuli, lens holders, and inside
of the plpe are all painted dlack. -

The bottom sectlions of each of the four annuli are filed
away to permit filling all the sections of the pipe with
water through a single stopcock at the "gource end." Suffi-
"clent water lsg admlitted to cover all the bottom of the plpe-
ur to a maximum depth of about 1 centimeter above the lowest
part. To sliminate spurious reflectlions, it 1s iwmportant
that the water level never reach the path of the light bVeam.
The water level ig indicated by & simple open-end manometwur.

Thermometer holders are scldered into the walls of each
of the sections Iinto which the pipe is divided by the annuli.
The holders in the first four sections contain single ther-
mometers and the last holder, the one closest to the source,
a -doudble thermometer. (Ses fig., 1.) The thermometers are
set into rubber stoppers which are vplaced in the above ther-
momster holders. - Thermometer number 5 (see fig. 1) has a

L1
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wlick attached to it. As a result, thermometers 5 and 6 act
as a psycbrometer.

Thermometer bulbs 1 and 3 are above the water surface.
bulbs 2 and 4 are below. The psychrometer arrangement is in
the air above the water with the wiek on the wet bulb. dan-
gling into the water. Care was taken to see that none of
the thermometers is in the light path. :

: A coil of copper tudbing through which water may be cir-

culated is soldered around the outside of the pipe. Adjoin-
ing this, on the outside, "is a thin layer of asbestos. This
‘#s surrounded-by a coil of closely wound heating wire and,
another layer of asbestos. - Finally, a roll of gausze is
wrapped around the last layer of asbestos %o hold 1t in place.
By sending a current through the heating coil, the temnerature
of the water may be raised, thus changlng the absolute humid-
ity of the air above the water. The absolute humidity can
also be controlled by circulating hot or cold water through
the copper tubing. L.

In orderAto avold any condensation of water vapor on the
lenses at each end 'of the pipe, it is necessary to keep then
warmer than the rest of the -chamber. For this purpose, two
thin coils of wire are mounted on thin rings of 4.,8-centimetfer
diameter and are held in place next to the outer surfaces of
the two lenses. It was found that a current of 0.25 ampere
in these coils heated the lenses sufficiently .to prevént con-
densation under all '‘experimental conditions. As a further
precaution against condeéensation effects, the coils are heated
at all times by 0.4 ampere.

The light source was mounted on a holder. rigidlv attached
to one end of the pipe. The source was a 6-%to 8-volt, 31-
candls power, Mazda-1122, auvtomobile headlight buld. The
buld voltage, . 8 volts, was supplied by two: heavy—duty'étorage
batteries that were.always kept fully charged'. .Wear on the
batteries. was equaliged by using only four of ‘the batteries!
gsix cells.and alternating the cells used from -day to day. To
minimize . the chance: of bulbs burning out during a run, dbulbdbs
were discarded after 25 hours of use.

The source. holder sallows ad justment of the position of
the source.with respect to the first lens. Thig lens has a
strength of +10° diopters. The source is set 10 centimeters
from this lens, and thus a-nearly parallel beam of light is
sent down the .calibration chamber. The beam then strikes the
second lens, ldentical with the first, and enters the
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"detection box." (See fig. 1.) The pipe is rigldly attached
to the wooden detectlon box by means of a metal clamp which
1s clamped to the pipe and 1s bolted to the front plate of _

the détection box.

= The converging beam of light. that emerges from the qéé—
ond lens then passes through a Wratten 884, infrared trans-
mltting, gelatin filter and then is allowed to strike another
+10-diopter lens placed 20 centimeters from the second lens.
‘Thé filter is needed to remove the sescond order visible spec-
trum which overlaps with the first order infrared. A parallel
boam of light emerges from the third lens. The beam then
gtrikes & diffraction grating,- A replica on collodion having
14,438 llnes per inch was found satisfactorv. The diffracted
beam then vasses through a fourth lens, of 50~centimeter focus,
and strikes the front plate of the amplifier box. A4 set of
four baffles is placed between the second lens and the dif-
fraction grating in order to remove any stray reflections and
also to help collimate the light bveamn.

A 40-centimeter sesction between the second lens and the
grating serves nmo function but i1e included for experimental.
convenience. A metal rod pinned to a point directly beneath
the' +2-dlopter (fourth) lens and attached to the front of the
amplifier box allows movement of that box along the circumfer-
‘ence 'of a circle of 50-centimeter radius. This enables the
deslired wavelengths' $d be fociised on the phototubes in the
amplifier box. DR : I '

The zero and negative :orders of the spectrum and all
positive orders above the first are prevented from striking
the front plate of the amplifier box by means of two wooden
baffles. These are mounted sd as to Bct as two light traps
on each side of the first-order spectrum. {See fig. 1.)

The  front- plate of the’ amplifier box is carefully made,
slnce it contains the  most important adjustment of the entire
apparatus. (See fig. 2.): The'front plate is of 1/8-inc¢h
brass.: On it"are fwo slits,each 1.16 centimeters wide.and
3.75 centimeters bigh and with 4.71 centimeters between slit
centers. ' . I .

The '4.7l-centimeter " svading is chbsen so that when bthe
9440 angstrom line.(in tlie center of the water vapor absorp-
tion band) is at the center of one 5lit, a positlon at 8000.
angstrom (outside of the absorvtion band) is at the center of
the other slit. The 9440 band was located by uslng the
gsecond-order linesg of the mercur¥y arc .spectrum and then
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lnterpolating. Once the band had been found and the ampll-
fier box moved so that the center of the band struck the cen-
ter of the proper slit, the box was fixed in place.

The height of the slit on the'short wavelength (reference)
~-side of the spectrum can be changed by means of a screw, 1/32
inch in pitch, iwhich raises or lowers a movabdls plate in front
of this glit.,!.This plate is mounted on a split nut so as to
.remain fixed once it has been set .in place by the screw.

.o . - . . —

The front-plate is screwed to two brass side plates and
the resulting combination i's: joined to a flat brass bottom
plate. The removable top, back, and portions of the sides of
the amplifier box are made of a single sheet of galvanized
iron. The brass plates and the galvanized iron cover serve
as an electrical shield for the apparatus in the amplifier___
box. . .

A phototube is mounted back of each of the sllts. The
cathode of each of the phototubes is symmetrically mounted =~
with. respect to the center of its corresponding slit on the
front plate. The phototubes are supported at their bases by
means of a rigld socket holder. and at their tops by & Lucite
holder. This wase .done to prevent any motion of the photp-
tubes relative. to each other and the slits. ' '

The amplifier circult is gshown in figure Z The whole
circuit except for the filament .battery (a. storage battery),
the plate and screen supply (a small: °2§-volt dry. coll with
various voltage taps), and the portable 0-200 microammeter
was inslde tha amplifier box -

PR i [ _
. TYDGS 917 and 919 RCA vacuun phototubes were used._ Tﬁéi_
have idsntical operational characteristics. The. tubes differ
in 4that. the 9l7 has the external anode connectlon at the top,
while in the 919 the gathode is connected to the top. A
glance at figure 3 shows thaet a neat triangular connection
from the: top :caps of the two phototubes and’ the grid of the
RCA tv¥ps. 38 vacuum tube will satisfy the circuit requirements.
All tubes have, thin bands of cerasin wax around the glass sur-
face below their top caps in order to. prevent surface leskage.
The low voltages on the 38 are needed to prevent any residual
gas ionization and grid emiesslon that would tend to occur be-
cause of the high input ‘resistance of the 38 which is of the
order. of the dark resistance of the. phototube. -

The theory of operation of. bhe Qircuit follpws:- The
cutput of ‘the: 38 depends upon  the voltage: betwsen ground and


http://www.abbottaerospace.com/technical-library

8 - NACA TN No. 980 :

the common Jjunction of the two phototubes. If the light in-

tenslity on the 217 is increassd, its reslistance will drop

and the voltage between the grid and ground will decrease,

The outnut of the 38 will decrease. A similar argument holds

for a decreass of lipht intensity on the 917. An analogous
argument—holds for light intensity changes on the 919 photo-

tube. In order to see how to obtain the maximum voltage

changes "for a given change in luminous intensity, it 1s nec-

esgary to examine the role of the photocell characteristics.

A perusal of figure 4 1ndicates that each phototube acts as

the load for the other. The load line of each tube is,

therefore, the inverse characteristlic curve of the other

tube. The control grid voltage of the 38 depends upon the
intersecdtion of the two phototube characteristic curves.

Figure 4a shows the overating point when the light intensi-

ties on the two tubes ars very nearly equal; 4b, when the

intensity on the 917 1e¢ a little groater than on the 919; and _
4c, when the reverse of the conditions of 4b is true. In
each of these cases, "conslder what happens to the operating
point of the 38, 0;, as the lntensity of light on one of the
phototubes changes by a small amount. Only in figure '4a e
there an anpreciable change " If the intensities of 1ight on
ecach of the phototubes are Yot vory nearly squal there will . o
be 'no measurabdble change in the operating poirt ‘'and hence 1in

the output of the 38 because-the saturatéd portions of ‘the )
phototube characteristics are nearly flat. On the other hand,

if the conditions af figure_ 4a gre s{mulated ‘Very small

changes of intensitv, such as tﬁbée ‘caused bv abscrntion “of

light by water vavor moleoules alcng a . 143-centimeter path,

will give rlse to s1gnificant changes'in ‘the opera*ing point

and 38 output. The aprarently ‘fdeal "operating positlon, with

the two curves symmetrically disposged, gives rise to circuilt
instability. .The circuit is therefors utflized with the op-

‘erating noint somewhat off to one gide.' This balance arrango-

ment ‘also nartially compensates for changes in the sourcej

1ntensity ' -
. The region of allowable inténsity change is not-very
larg however, intensitv changes duwg “to the '9440- angatrom
absorntion band are “d@l'so extrémely ‘sudll.  The above circuit
‘is well suited to f0110w such small changes.

‘The purvose of the: adgustablc s11t mask now is cvidnnt L
Since the-two phototubcs are in twd d¥fferent ‘spectral re- .
gions in which'theilr sonsitivitids are’ "widely different, 1t
is necessary to havé a device for equalizing the product of
intensity and ' sensitivity for the two vhototubes. This is '
dons by adjusting the mask on the slit in front of the refer-
ence phototube.
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The 917 phototube is placed in the region of the band;
the 919, in the referencse region. Figure 3 shows that a de-
crease in intensity in the region of the band, rslative to
that on the refersnce cell, due to, say, lncreased absorp-
tion, will increasc the resistance of the 917, raising the
grid voltago and hence outout of the 38. ~ o

The detection box has a wooden cover through which the
screw attached to the slit mask passes. Thie enables adjust-
ment of the slit from the outside without disturbing condi-
tione in the box. The humidity condltions in the detection
box are kept constant by inserting small cardboard containers
filled with anhydrous calolum chloride. - . ,

The combination calibration chamber and detection box is
mounted on a set of four legs; one at the source end, one at
the Junctioh of the two parts of the equipment, and two. on
the detection bPox. The legs rest on a rigild wood tadle.

EXPERIMENTAL PROCEDURE FOR CALIBRATION

. The method of calibrating the 1nstrument that was ulti—

mately chosen is the following. .. . o S s
The water in, the bottom of the Pip° 15 heated slowlv

Since the.water surfacc ig fairly large and the volume of the
pipe-is quite small, the air in the vipe is quickly sgturatqd
with water vapor at the saturation value for the water tem-= -
peraturs. Since the water is heated slowly, ths saturation
humidity of the alr follows that characteristic .of .the water
temperature. In this way it .was found possible to increass
the. precipnlitable water path. by extremelv small amounts. Since
the thermometers were accurate to O, 1° G, such small changes
could be determined very accuratelv The thermometers all:
were checked against one another at several tsmperatures and
were found to agree to within :I:O.lo L. - T

The temperature of the saturated vanor was detormined by
averaging the readinps of _thermometers . 2, 3, and 4. (Ses
fig. 1.) Since 2 and 4 are in the water, they gave values
within ‘0, 2° C of each other. Thermomater 3 would btend to be
slightly higher because it was in the air in the ‘pipe unless
the system was heated slowly. Upon heating the g¥stem  from
the outside, the air, having a much lower heat capacity than
the water, would tend to ingcrease its temperature much more

ravidly than the water. The rate of heating was adjusted so
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that thermometer 3 was always very close to the readinps of
2 and 4. T - : :

The readings of the psychrometer combination (T5 and T6)
were always within 0.19 C of each other indicating the close
proximity to saturation., Because the air was not circulated,
thle result is not very significant. However, thess thermom-
eters were usually 0.5° or so higher then the central ones
due o exposure to oblique rays.from the sourcs, and possibly
due to proximity to the heated end units. -

Thermometer 1 usually was about half a degree higher
than the others, probably becauss it was located cldms to the
separately heated second lens.

Although there were "hot spots" at each end of the chan-
ber due to the presence of the source and lens heaters, thesge
covered .only small regions of the plpe. The average of the-
readings of-the three coentral thermometers covering nearly
three-fourths of the length of the pipe was thus the true
temverature of the saturated vavor within +06.25°,

Iuring a run, 1% wae important to preventi condensation
on- the first and second lenses because condensation will de-~
crease the light intensity on both phototubes. Sinecé the two
voeltions of the spectrum are not affected to the same degree,
the operating polnt of the 28 will ehift owing to condensation
as well as %o humidity changes. The small lens heating coils
were always heated with O.4—ampere to prevent cordensation
under all experimental conditions.

All runs were taken in the range between 20° anda 3G° C,
This range was chosen because of 1ts proximity to the usual
room temveratures. It also glveés sufficlently small precipi-
table water paths to show the power of this method of humid-
ity measurement.

The cold water circulating in the copper tubing was used
to cool the water in the pipe below 2009 C in order to prepare

the system for a run. The water flow then was stopped. No
runs were taken by cooling the water from 309 to 20° C. This
was decided agalinst for the following reasons: First, 1t 1is

very difficult to control the rate of fiow of cooling wator

to the accuracy desired; second, the cold water coming in con-
tact with the metal pipe would cocl the pipe quickly. Any
warm vapor 1n contact with the pipe ‘would gondense out gquickly
vith the consequent posslbility of filling the 'air in the pipe
with droplets of water. These droplets would produce an ef-
fect similar to that produced by condensatlion on the lenses.
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The supplies of water in the pipe, the drying sgent, and
the lens heating current were always closely checked., Source
batteries were checked for full charge. Amplificer and source
were turned on and allowed to come to equilibrium. The slit
ad justment was fixed from outsids the chamber by means of the
projecting screw. The phototubes were so operated that their
characteristic curves intersected along thelr flat portions.
The point of intersection was somewhat above the point corre-
spondling to exagtly equal photocell response for reasons of
stability discussed earlier. Under these ¢onditions the cir-
cuit.was found to be stable despite the high circuit seneiilv-
ity

Several sets of data were taken in order to determine
the general shape of the calibration curve and then one ref-
erence run was obtained. All succeeding runs were matched
"to this run by adjusting. the variable slit so that the micro-
ammeter reading for a given average temperature agreed with
the value obtained in the reference run. The matching was
usually done for a low value of the temperature. The match-
ing was accomplished by rotating the 1/32;1hch pitch screw &
few degrees. This adjustment was necessary since source volt-
ages were not exactly the same from day to day, and because
of mechanical Jarring of the apparatus between runs.

In order to translate the experimental data (temperature
of saturated vapor vs. microammeter readings) into precipita-
ble water path vs. microammeter readings, it is necessary
first to know the value of the. saturation absolute humidity
as a function of temperature. A curve giving this"felation-
ship was obtalned from data contained in standard handbooks
and listed in the second column of tadble I,

In order to calculate the precipitable water path L in
an air path, p centimeter, of cross section, B square cen-
timeter, for air saturated with 4 grams pér cubic meter of
water vapor, proceed as follows: -

The mass of water in the path p is

R——

de/lO6 grams

The volume of water in this path 1s the above- mentioned
value divigded by the density of water or ‘

'

Bpd/10° cubic centimeters
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 If 4hle 42 condensed into a cylinder qf height . and
cross aﬁqﬁion: B, .

e .. - - Bpa/10® = BL

-and‘tbarefore~---f' e - : Do R

T BT L ] . . . S e o om

L o= pd/lO6 centimeters SE R '~F“'

) : Since - p . is 143 centlueters (‘the additlonal length of
air path in. the dstection box Jes not included, since humidity
conditions over tnis portionm of the air path'aro maintained:
at a constant valuve) the nreoipitable water vathe are found
from equatian L : :

L = 143/105 _centimeters

The end effect due to- the sourca being in the room 1G. centi~
meters. from the first- lens was approximately constant because
the conditionse din - the room changed very li tle throughout, the
courss of the exnariments - : :

In order‘to obtain & calibratlon curve, sevéralﬁrﬁnﬁ
were made. A smoothed curve was drawn through the exuveril-
mental noints

?izure 5 sho«s the flnal calibratlon curvg t‘us obtulned
of the vphaotoeiechbriec-hygrometer, ZEsch poipt. on- Lﬁiﬁ,purvg 1ls
taken from. ths smoothed curve and represents-a dogsen.er:uore
eobservations:+ The data used were obbtminecd:over.a: 84-month. -
period, " C : e . B

-

DISCUSSION OF RESULTS

CGf-primaty impdérténce in éétihaﬁing'the wsafulnoes of =
thhe device 1s the minimum change of precivpitable water dath’
necessary to vnroduce a noticeabdle deflection on the microam-
meter. Taking the sione of €he éirve &t wsach end of the sx-
perimental range, the following results are arrived at:

The bhotoelactric hygrometer has a senglbtivity of
1.7 X 1075 centimeter:of:precipitadle.water. par microampera
at the 1ow end of the calibration‘turve, snd 8 X.107P centi=
meter of precipitable watsr per microampere at the high end
of the calibration eurve. . St s

- . e b ot
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These results are gomewhat independent of the actual
humidity range used. In a different humidity range (in which
the precipitable water paths over 143 centimeters differ from
the values in fig. 5), it is necessary only to vary the sIit
ad justment screw until it again causes the phototube curves
to intersect in the critical region. This adjustment practi-
cally compensates for the change in absolute humidity.

To determine the minimum detectable change of density at
any temperature range, the foregoing results can be used as
follows: : . -

It is shown that
L = 1434/10°
whers
L = precipitable water in 143 centimeters of air, cm
d — eaturation density of water vapor, gm/m3

An average sensitivity of 5§ x 10™° centimeter per micro- .
ampere is assumed. Therefore ) -

AL = 143 Ad/10°
and
5 x 10°° cm/pA = (143/10°) Ad/AI

where Al is the change of microammeter reading. Since the
minimum detectable change of the microammeter reading was 1/4
microampere, Ad(minimum) = 0.087 _gm/md® is minimum detect-
able A& - for the 20° to ‘30° C range of density of saturated
watser vawpor.

Assuming that the absorption i1s proportional to ths one-
half power of the number of atoms in the 1ine of sight (ref-
erence 7) leads to the result that:

I =1I,(1-£,/3)

where K 1s a constant. The microammeter reading I is )
proportional to the light intensity in the region of the ab-
sorption band; I5 1s the intensity in the region of the
band for no absorbing atoms in the line of sight.
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Therefore _ : ' - =

AI/Ad = o/ a

or .
r/a

where r and C are negative constants. From Ad mininum
for the 20° to 30° C range T <can be calculateéd. Jging

d = 25 gm/m3 (this 18 anproximately the avermge value for
the 20° to 300 C range; see table .I) gives

AajAT

]

I

r = 0.087/(0.25./25) = 0.070

therefore . C ; oL . L -

Ad/AI = 0.070./ 8
Since minimum detectable I is one-fourth of & microcampers,

d{minimum) 1/4 (0.070) J/d gm/n®

d(minimam) = 0.017 /4 gn/u® o

The percentagze error in any value of d is found by
taking ’

d(minimum) /4 x 100

Table I has been constructed, ueing the above calcula-
tion which assumes that the changes of 4 are very small.
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TABLE I

Saturation density  Minimum detech- -

Temperature . .0f water wvavoer able change of Accuracy
(ogYy ... ., 5y ' ~ density. , :
[ denfm?) (gm/m3) (percent)
50 . 83.2 ’ .. 0.186 0.19
40 1.1 . - W2 . .24
30 - ' Z0.35 - . .094%* ) .31
20 17,3 : LO7L1* .41
10 2 .41 .052 .55
0 4 .85 .037 L7
-10 2.15 .025 1.3,
-20 .89 L 016 1.8
~30 .34 0083 2,9
~-40 .12 .0059 ‘4,9

*ixperimentally verified assuming a slight extrapola-

tion. A1l other values are computed, S

ALs a seml-quantitative check on the calibration'éﬁrfe,
the following experiment was performed:

4 hose, 1 centimeter in bore, was placed so that a
stream of air could be bBlown acrose thé light path, between
the source andg lerds” 1. ZXKeeping the bumlditv conditions im
the calibration chamber fixed, the observer blew .a steady
strear of ailr across the llght path. The circult was set so
as to be on the stesp part of the calibration curve. Under
the above conditions a deflaction of about 1 microampere was
obtained. ) o ;-5_f;§ a?

If it is assumed that the air blqwn across the nath is
saturated at 37° C (saturation densit¥ = 43.9/10° g/m3) the
change of precipitable water path producﬁd over the l~centi-
meter reglion influenced by blowing is 1'% 0.0439/10° = 4 x 10
centimeter of precipitadble water. TFTrom figure 5 such a change
of przcipitable water path should give rige to microammeter
changes of nearly l microampers, T - -

— &

By R —

It is-‘hus showh that an accuracy of 0.3 t“ﬁ‘i*‘thent
can actually be’ obtained in the range 20° to 30° ¢, Calcula~
tion indicates that the instrument should yield the values
calculated in table I for other temperature ranges: The cal-
ibration chamber 4id not permit verification of these ¢alcu-
lations. v - S :
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ATTEMPTS TO INCREASE THEE SEFNSITIVE RANGE OF THE INSTRUMIKT

Before 'considering the attempts to increase the sensitive
range of the photoelectric hygroxeter, it is well to conslder
the fact tkhat the instrument measures the absolute humldity.
This 1s a more difficult task than is the measurement of rel-
ative humidity. In the temperature range -40° to +40° C, the
former varies over turee dacades on the common logarithniec
gcale; whereas the latter wvariles over only two decades. This
makaes 1t impossible to use a single meter with the photosloc-
tric hygrometer unless & range switching device is used. .

An examination of figure 5 reveals a disadvantage of the
present photoelectric hyarometer, the comparatively small
seneitive range., Although the instrument is extremely senei-
tive, 1ts limited range requirps continunl resettings to makeo
it serviceabls for the varioaos humidity ranges that might be
encountered. A series of Jinvestigations was undertaken to
learn the causes of the narrow sensitive range, and to attempt
%o increase the sonsitive range of the instrument.

1, Higher Phototube Voltacges

An examiration of figure 4 shows that the high sensitiv-
itwy of the instrument i1s due to the almost flat characteris-
tics of the phototubes. A simple oxpedient to increase the
gensitive-range would be to increase the voltagz on the photo-
tubes. This would proportionally increase the reglon whorein
the straight 'lines cdould intersect, However, it is well known
that vacuum phototubes exhibit the phendémenon of residual gas
ionization (reference 8) at voltages above 25 volts. This
ordinarily éeuses no difficulties in usineg such phototudes,
But,if a constant-calibration,high-sensitivity device iz de-
elred, 1t is extremely important. Attempts to increass the
voltages on the phototubes to 45° volts 1sd td 1nstabilit1es
in the instrument.

The occurrencé of residual gas cann¢t be avuided. Even
1f the phototubes could be evacuated satisfactorily, the
highkly volatile caesium on the cathode would begin to vaporize
anrd furnish residual gas. The only alternative is to decrczase
the potential gradients in the phototube itsgelf. The small
diameter of the anode of the phototube gives rise to hizh
fields which lead to ilonization of the residual gases. If the
anode were of a larger diameter, it might be vossible to use
the vhototubes at higher anadde voltages without running into
the instablilities mentioned above.
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2. Use of Gas-Filled Phototubes

An examination of figure 4 shows that the small sensitive
range is the vrice paid for the very high sensitivity of the
photoelectric hygrometer. It was thought that some sacrifice
of sensitivity could lead to & greater sensitive range. Con~
varing fizure 68 with the set of curves iIn figure 4 shows ithat
sas-filled phototubes may be expected to yisld a larger sen—
sitive range with a decreased sensitivity for the instrument.

A set of experiments with the photoelectric hygrometer
using RCA 918 gas-filled phototubes in the same circuit ag
shown in figure 3 was undertaken. The experiments confirm the
usual resuwlts found when attempiing to use gas-filled photo-
tubes for constant calibration devices. The btubes revealed
nrominent fatigue effects which would make the instrument un-
satisfactory.

In order to obtain data on the tubes without fatlguing
them, a mask was placed over the source of light. & reading
was taken with the nmask off and then the mask.was put.on and
the humidity conditions were changed. The tubes were “then
exposed to the light long enough to zive a reading on ﬁhe mi-
croanmeter. The procedure was then repeated.

The most sbartling result was the remarkable inconsist-
ency of the data. The calibration curve never rsmained the ~
same from one experimental run to the next. However each
calibration curve by itself revealed that the sensitive range
could be made to cover a 20° C temnerature range. In a@dition,
the sensitivity of tke instrument was about one- ~-fifth of that
obtained with vacuum phototubes. However, the sensi+1v1ty
alsc varied from one experiment to another . It mar be con-
cluded that gas phototubes cannot be used in such a highlv
sensitive device. . =

3, Use of Other Amplifying Tudes

Another line of attack was to attempt. to extend the lower
portion of the calibration curve. The very great slope in the
calibration curve in this region is dus to the fact that the
light intensities on the two phototubes are exactly the sams,
If the calibration curve is followed, then the curve ghould
flatten Jjust as at the upper end of.ﬁhe curve. This could
rossibly give a longer sensitive region to the callbration
curve. However, as the relative light intensities vary in
this direction, the operating point of the 38 tube is being


http://www.abbottaerospace.com/technical-library

18 . NACA TH No. S8R0

shifted toward the cut-off poink, In fact, by following the
calibration curve, 1t is found that the very steep portion
zoes all the way down to zero currenb ~ that is, the cut-off
polint 1s rsached,

‘The proximity to cub-off suggests using a tube that has
remecte cut-off characteristics. This would increase the
length of the lower wvortion of the calibration curve. How-
ever, the amplifyling tube, since it has a large lnvut resist-
ance (the phototube) must be operated at reduccd voltages to
prevent .gas current and grid emission. Since thbe character-
istics of tubes are quite differsent in these clrcumstances
than under the uvsual operating conditions, the promner tube
cannot be picked by consulting a2 tube manual. In addition,
the grid of the amplifying tube must float at a proper volt-
age, Beogause of the very hlgh phototube resistance, the zrid
cannot be filixed at the proper operating point by usinzg a griad
leak and battery. For example, one important feature of the
38 tube is that 1t hannens to float at a very convenlent
polnt. .

A number of tubes which might meet the requirements of
remote cut~off and proper grid floating characteristice were
next examined., Of thée many types of tubes available al the
present time, most could be reJected because 1t was known
that they d4id not meet one or the other of these requlrements.
Two tubes which superficlally avpeared to mect the requisites
wore tested. The first, a2 6 SK 7, which is a remotse cut-off
pentode, was found.at reduced voltages to float cut-off.

Thée other, an 89, was found teé be satisfactory with regard to
the above desiderata, but had a much lower gzrid-plate trans-
conductance than had the 38. No tubs better than the 38 was
found in these tests. - '

In summary, it can be said that the problem of extenmding
the sensitive range of the hwgrometer was examined, but no
simple or satisfactory proceduresfor so doing were found.

SUGGESTICNS FOR IMPROVING THE PRESINT -PEOTOELECTRIC HYGROMETER

Prom the results of the preceding section, 1t geems prob-
able that the use of the photoelectric hygromster is best con-
fined to a small tempmerature range. Comments on construc-
tional features are given below. The crucial features of the
present device are the following:
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. 'l..The single most important factor in the whole instru-
ment is the slit mask., This should be made carefully and the
finest possible thread should be cut onto the adjusting screw.
2. The source of light used in these tests requires a
comparatively high current. The batteries supplying it should
be of the heavy-duty, long-1ife variety. They should be fully

charged. : . . ’ T o

8. The instrument should not be made in two -sectlons
which are bolted togeéther, It was found that although ths two
sections were joined rigidly, the junction would bend 'as per-~ -
sons moved over the floor of the laboratory. In other words,
the bending of the floor undoer the experimenter’s weight was
sufficient to change the position of the pipe 1n space andd
thus alter the position of the beam of. light on the slit sys-~
tem., This difficulty was overcome by setting the whole appa-
ratus on a large, sturdy table and then supporting the tabvle
at three points. Building the instrument in one piece would
easlly eliminate this difficulty. o

4. The accuracy of calidbration would be 1mproved at
lowered absolute humidities by using a more accurdte tempera—
ture control on the. calibration ckamber. By controlling the
temperatures.to O, 01° G and by reading the output of thuf,‘
.ampitifier more accurately than was p0351ble on the 0 to 200
microammeter, it will be possible to rsduce the errors &n the
experimental values.to well below 1 percent and also reﬁuce
the mesasurable precipitadle water path changes to below 10
centimeter. ¢ R £

The following sugzestions should enable a marked decrease
to be made in the weight and size of tﬁe apparatus. . .

1. The length of the air path should be reduced by at
least a.factor of 2. The 143-centimeter -length was chosen
only fér convenience. < : . - o ’ :

2. . Lenses 2 and 3 should be eliminated. This section of
the chamber is not really needed. Lens 2 should be replaced
bJ a flat plate of glass. Lens 3 then will be no 1onzer needed.
3. A grat*ng of 25, OOO lines per inch showld bte used.
This will give the same photocell separation of 4. 71 centi—
meters between 8000 and 9440 angstroms at a distance of less
than 20 centimeters. '

4, The waste space in the detectlon box should be elimi-
nated. ' '
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5. The whole apparstus should be made of a 1light metal,
such as aluminum, | : '

6. Much smaller lamps, such as flashlight bulbds, should

be tested as possible sources of light. Thls would erable
much liznter batteries to be used. The heater of the 38 re-
quires only 0.2 amnere at tihe reduced voltage aend a llght

battery can be used for this.

7. To obtailn a more sturdy detector than a microemmetor,
another staze of direct current amplification could be used
and ths outmut could be read en a milliammeter.

New York University,
Yew York, N, Y., October 1G44.
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