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Investigation of refractometer measurements in the atmosphere 

at high relative humidities and temperatures 

ABSTRACT 

Two techniques for the precise measurement of changes in air refractivity 

within the troposphere are examined in the present study. These are the 

microwave refractometer which uses a ventilated metal cavity as the sensing 

element, and the Hay refractometer whose sensing element is an air capacitor« 

The effects of water vapour adsorption and condensation upon the sensing 

elements of these instruments at high relative humidities make the interpre- 

tation of such soundings uncertain, in view of the conflicting evidence of 

previous workers. This report describes a laboratory study of the interaction 

between the refractometer sensors and the air humidity. 

Preliminary measurements upon the adsorption of water vapour on isolated 

quartz and invar plates have been carried out with the aid of an optical 

ellipsometer. With a ventilation speed of 600 feet per minute, the depth 

of the adsorbed layer on flat quartz plate increased as relative humidity 

increased beyond 20 percent; the increase became very rapid and erratic for 

relative humidities greater than 50 percent. However, no detectable adsorption 

was found on the flat invar plate, for relative humidities up to saturation. 

An experimental wind tunnel of special design was constructed to provide 

a controlled environment for further adsorption studies. This tunnel contains 

a homogeneous jet of volume 8 cubic feet, in which wind speed is approximately 

800 feet per minute, and in which temperature is variable between -20°C and 

+50°C for relative humidities variable up to saturation, at surface atmos- 

pheric pressure. 



The refractive index of the air in the jet was ascertained from measure- 

ments of wet- a ad dry-bulb temperatures and air pressure. A hygrometer was 

developed for this purpose to indicate temperature with a precision of -0.01°C. 

Air refractivity was computed, with an accuracy of one part in 10 through 

the Wexler-Brombacher form of the psychrometric equation and the Smith-Weintrauo 

form of the Debye equation. This information was compared with the refracto- 

meter indications, as relative humidity was varied for different fixed 

temperatures. 

It has been found that adsorption occurs at high relative humidities 

in both the microwave refractometer cavity and in the Kay refractometer sensor, 

in amounts which cause apparent refractivity errors well in excess of one part 

per million. In the former, the apparent error increases approximately 

linearly with vapour pressure, beginning at a minimum relative humidity whose 

v-lue depends upon the air temperature: in the latter, the apparent error 

increases non-linearly with vapour pressure, beginning at approximately 

50 percent relative humidity for a wide range of air temperatures. The 

a ount of refractivity error in the capacitor-type sensor decreases with 

decreasing amount of quartz in the capacitor: a further decrease in error 

results from the application of some types of Hydrophobie materials to 

the sensor surface. A significant improvement in the capacitor sensor has 

been obtained by elijnination of the quarts spacers and by coating the invar 

surface with beeswax.  It is suggested that the process of water vapour 

adsorption on metals is governed by the electric field intensity at the 

surface, and that this may account for the difference in behaviour of the 

microwave cavity and the improved capacitor-senior at high relative humidities. 
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1. Introduction 

Irregularities in the refractive index of the troposphere are important 

to various aspects of radio wave traasinission. It has been found, for example, 

that the frequency spectrum of a radio signal is broadened by the multi-path 

nature of the propagation through atmospheric turbulence (Chapman, Heikkila 

and Hogarth 1957; Bugnolo 1959). The same type of atmospheric inhomogeneity 

is capable of broadening the beam width of a high-gain radio antenna (Booker 

and de Bettencourt 1955; Waterman 1958); Muchmore and Wheelon (1955) have 

shown theoretically that the atmospheric inhomogeneities will introduce 

fluctuations in the phase of the radio signal at the radio antenna. The 

apparent position of a target, as observed by a precision radar, will 

fluctuate about a mean direction because of these changing inhomogeneities 

in the atmosphere (Hay, Storey, et. al. 1956; Wong 1956); Anderson, Beyers 

and Rainey (1960) have demonstrated that the precision of target location 

by a tracking radar is improved in direct proportion to the quality of the 

information on the refractive index of the atmosphere. 

A source of annoyance to the operators of sensitive radars is the 

unpredictable reflection of radar waves from these atmospheric irregularities 

(Plank 1956, 1959). Yet another example is the limitation upon the accuracy 

with which distances may be measured by radio techniques (Smith 1960) as 

imposed by atmospheric irregularities: Thompson, Janes and Kirkpatrick (1960) 

have shown that the apparent length of a radio path fluctuates in association 

with measured changes of the refractive index. A study of the distribution 

of water vapour and heat within turbulent eddies near the ground also provides 

information that is important to the limitation on precision of microwave 

surveying techniques (Hay and Pemberton 1962). 

i» 
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It is only within recent years that information on atmospheric 

inhomogeneities has become available. Changes in the refractive index of 

the air that are of the order of one part in one million may occur over 

distances that range from several tens of meters to only a few centimeters 

(see, for example, Grain 1955). Although the physical form of these 

irregularities has not been established, studies of microwave radar angels 

have suggested that at least some of these inhomogeneities are essentially 

flat over horizontal distances of several meters, and are no more than a 

few centimeters in vertical depth (Hay and ?*»id 1962; Hay, Bell and Johnston 

1962). Furthermore, these irregularities in refractive index may persist 

for periods as long as several tens of minutes or as little as a fraction 

of a second. 

It is apparent that special techniques are required for the direct 

measurement of refractive index of these inhomogeneities. Bean and Dutton 

(1961) and Wagner (1961) have indicated that conventional radiosonde 

equipment is incapable of indicating the small-scale structure of the 

troposphere. However, several techniques of direct measurement are capable 

of indicating the small fluctuations in refractive index that are referred 

to above. One of these is the microwave refractometer which has provided 

most of the existing information on the refractivity fluctuations within 

the troposphere (Birnbaum 1950; Grain 1950). A second technique, employs 

small bead thermistors to indicate the wet- and dry-bulb temperatures 

(Hirao and Akita 1957, Crozier 1958, and Theisen and Gossard 1961)  A 

third method uses an air capacitor tc indicate the refractive index of the 

air that passes between its plates (Hay, Martin and Turner 1961). 

Numerous studies have been made upon these newly developed instruments 

tc remove their undesired limitations. In the microwave refractometer, 

an 
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Adey (1957), Thompson, Freethey and Waters (1959) and Thorn and Straiton 

(1959) have designed well-ventilated sensing cavities. Techniques for 

introducing temperature compensation into the sensing cavity have been 

examined by Thompson, Freethey and Waters (1958), and by Crain and Williams 

(1957). Reduction in the weight of the bulky apparatus that is associated 

with the microwave refractometer has been achieved by Thompson and Vetter 

(1958) and recently .n a ÜHF refractometer by Deam (196?). Sargent (1959) 

and Vetter and Thompson (1962) have modified the refractometer circuit to 

improve upon its long-term stability. 

Some limitations in these new techniques require further study. For 

example, the spatial resolution of the microwave refractometer is limited 

to approximately two feet (Cunningham, Plank and Campen 1956) although 

theoretical considerations suggest that the resolution should be somewhat 

better than this (Hartman 1960). The  thermistor technique is limited by 

the thermal lag of the sensing elements, which lies between 0.1 and 3 seconds; 

the interpretation of the measurements at sub-freezing levels with the 

troposphere also requires further study. In the capacitor-type refractometer, 

the authors have measured fluctuations in refractive index over distances 

ay small as a few centimeters; the time-constant of this refractometer is 

limited by the recording equipment to 0.01 second. 

One aspect of these refractometer techniques which requires further 

study is their response to an environment of high relative humidity and 

temperature. It has been known for many years that the apparent capacitance 

of an air condenser differs from its theoretical capacitance in conditions 

of high relative humidity, Since an air capacitor is the sensing element 

in the Hay refractometer, it may be expect»! that this physical phenomenon 

will affect the interpretation of the refractivity measurements with this 
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instrument. A question exists also with regard to the measurement of 

refractive index of humid air by means of the microwave refractometer. 

Some  consideration has been given to the latter problem, but a more careful 

study is desirable. 

The purpose of the research described in this report is to study the 

measurement of refractive index of air at high relative humidities and 

temperatures, with the Hay refractometer and the microwave refractometer. 

The experimental study has been carried out between 1 May 1962 and 30 April 

1963. A detailed statement of  the problem is presented in the following 

section; subsequent sections present details on the environmental test 

chamber and its associated apparatus, on the calibration of the precision 

temperature probes, on the experimental studies with the refractometers, 

on the auxilliary experiments with an optical ellipsometer, and on the 

interpretation of these studies with regard to refractometer measurements 

at high relative humidities and temperatures. 

-. - «*»*» •fr*' 



2. Statement of the Problem 

This iection will review the principle of the capacitor-type (Hay) 

refractometer and the microwave refractometer. Information on the effects 

of high relative humidities upon air capacitors and upon microwave cavities , 

as was available at the beginning of this study, will be summarized; the 

requirements of the present experiment then will be indicated, 

2.1 Principles of the Hay Refractometer and the Microwave Refractometer 

The capacitor-type refractometer consists essentially of a resonant 

circuit as illustrated in Figure 1. When the switch is closed on the left, 

the air capacitor, Ca ind the inductor L form the resonant circuit, whose 

resonant frequency, f, is given by Equation (1). 

f -  L_  (1) 

2n \fTcT 

In operation, the switch periodically transfers its connection from the 

capacitor Ca to the reference (sealed) capacitor Cr. Comparison of the 

oscillator frequencies during the two parts of the cycle permits a 

comparison of the capacitance of the two condensers without consideration 

of the temperature characteristics of the remainder of the circuit (Hay, 

Martin and Turner 1961). 

The capacitance of the air-sensing condenser, Ca, is related to its 

capacitance when in vacuum, CQ, by Equation (2). 

Ca - ( (0 - - n2 co (2) 
d 

Here A is the plate area, d is the spacing between the plates of the 

condenser and (0 is the permittivity of a vacuum.  ( is the dielectric 

constant of the air and n is the corresponding refractive index. This 

equation applier for a non-conducting, non-ferromagnetic g&« between the 

1 
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SWITCH 

■o A 

I 

Figure 1: Principle of the Hay refractometer 
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plates of the air condenser and air in the troposphere may be represented 

as such a gas for radio frequencies below 25,000 Mc/s. (Stratton, 1941). 

Equations (2) and (1) may be combined to indicate the relationship 

between the oscillator frequency and the refractive index of the air between 

the plates of the sensing capacitor: 

f = ^ (3) 
n 

where f0 is the resonant frequency of the oscillator when the air is 

evacuated from the space between the capacitor plates. A change in the 

refractive index of the air from unity (An) is associated, then, with 

a change in oscillator frequency Af, as indicated by Equation (4): 

A,--0)A- (4) 

It will be noted that since the refractive index of the air in the 

troposphere is always very close to unity, the change in refractoraeter 

signal frequency is directly proportional to the change in refractive 

index of the air. 

It is of interest here to note the relationship between the capaci- 

tance of the air-sensing capacitor and the uncondensed water vapour in the 

air. A change in this capacitance, ACa, is related to a change in the 

refractive index of the air,An, by Equation (5): 

ACa = (2n C0) An (5) 

In turn, the refractive index is governed by the total air pressure, p, 

the air temperature, T, and the partial pressure of water vapour, e, of 

the air through Equation (6): 

(6) »•»•(})»*(«• 
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The values of the constant coefficients A and B are not universally 

accepted at the present time, but the following values are in common usage: 

A  7.76 x ICT5 

B  0.373 

when pressures are expressed in millibars and temperature is in degrees 

Kelvin (Bean 1962). For normally encountered air temperatures and pressures 

in the troposphere, (i.e. when p is of the order of one thousand millibars 

and T is of the order of 300°K), Equation (6) shows that a change in 

refractive inue>. jf the air is approximately linearly related to a change 

in the part.UI i^pour pressure of the air, even at conditions approaching 

saturation. The small non-linearity is caused by the dependence of p on e. 

Thus, Equations (5) and (6) indicate that the change in capacitance of the 

air condenser should follow approximately linearly the change of partial 

water vapour pressure of the air. Further reference will be made to this 

relationship in the next section. 

A similar relationship exists in the microwave refractometer. The 

sensing device in this instrument is a ventilated microwave cavity, in 

which the resonant frequency is a measure of the refractive index of the 

air within the cavity (Birnbaum 1950, Crain 1950). Slater (1946) has 

shown that the resonant frequency of the microwave cavity, f, is related 

to its resonant frequency when evacuated, f0, by Equation (3). Then 

Equation (4) also holds for the microwave refractometer, and from Equations 

(4) and (6) it may be seen that the change in microwave refractometer signal 

frequency, A f, is almost linearly related to a change in the partial 

vapour pressure of the air under standard conditions. 

2.2 Anomalies at High Relative Humidities 

Measurements with the capacitor-type refractometer have deir >nstrated 

its flexibility and its high degree of spatial resolution. When the 
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instrument is borne aloft by a standard meteorological balloon, and is 

tethered to a ground point, the vertical profiles of air refractivity in 

the lower troposphere may be obtained repetitively at intervals of only 

a few minutes. Further, as the sample profiles in Figure 2 indicate, the 

instrument is capable of resolving fluctuations in refractivity over height 

intervals as small as only a few inches.  The large change in refractivity 

at a height of about 33 feet was indicated when the refracts 2ter ascended 

at its normal rate of cne thousand feet per minute just above a condensation 

stratum. A Question arises as to the interpretation of these indicated 

changes in refractivity, when the refractometer encounters air whose hunudity 

approaches saturation. 

The reason for the uncertainty under conditions of high relative 

humidity is indicated by the results of previous studies.  In 1919, Jona 

reported that the capacitance of an air condenser did not follow the 

predictions of Equations (2) and (6) above. The apparent capacitance 

was greater than the theoretical capacitance by an amount which increased 

as the relative humidity increased. Zahn (1926) investigated this anomaly, 

and concluded that the departure was due to the adsorption of water vapour 

upon the condenser plates. The adsorbed layer increased in depth with 

increasing vapour pressure of the ambient air, to a marimum of about 200 

molecule diameters. 

*Note: These refractivity profiles have been obtained through a research 

progran supported by the Defence Research Board of Canada, Grant 

Number 2801-12. 

mmu  v 
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Capacitor-Type Refractometer Soundings 
October 1, 1962 

(University of Western Ontario) 
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A detailed study of this anomaly in air capacitors was continued by 

Stranathan (1935). He considered three possible mechanisms for this increase 

in apparent capacitance: the association of water vapour molecules, increased 

polariz-ation due to the adsorption of water vapour upon the capacitor plates, 

and a change in the conductivity of the surfaces of the capacitor insulator. 

Stranathan concluded that the anomaly is attributed to the added polarization 

that is contributed by water vapour adsorbed upon the surfaces of the insulators 

within the condenser. Ford (1948) used the results of measurements upon 

precision air condensers to support this suggestion. The capacitance anomaly 

increased with increasing relative humicity of the environment beyond 30 percent. 

The effect associated with adsorption upon the condenser plates decreased 

with increasing plate separation; while the effect that is associated with 

adsorption upon the insulators vaiies with the di nsions of the exposed 

surfaces. Veith (1960) has provided further information upon the penetration 

of moisture into various dielectrics within capacitors, as a function of the 

ambient humidity, temperature, elapsed time of exposure, and dielectric 

material. 

The allied problem of water vapour adsorption in the sensing cavity 

of the microwave refractometer also has received some attention. Essen and 

Froome (1951), in commenting upon Stranathan's earlier work, indicated that 

there was disagreement among various workers in optical studies upon the 

depth of the adsorbed layer. They argued that the effects of water vapour 

adsorption in the microwave cavity of their refractometer were negligible 

because of the relatively large volume of the cavity with respect to the 

volume of an adsorbed layer. They noted that their suggestion is supported 

by the good agreement between their measurements upon the dielectric constant 

of moist air and the results of others as obtained by different methods. 
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In 1952, Birnbaum and Chatterjee reported that no anomalies in the 

dielectric constant of moist air were observed in measurements with their 

microwave refractometer, for relative humidities up to 90 percent. They 

suggested that although water vapour may be adsorbed upon the cavity walls, 

the effect would be negligible upon the cavity resonant frequency because 

the electric field vanishes at the cavity walls. Three years later, 

Birnbaum and Bussey (1955) noted that a microwave cavity removes a negligible 

amount of water vapour from still air through adsorption of the water vapour 

upon its surfaces. However, they suggested that condensation and evaporation 

of water upon the cavity surfaces when the ambient air is saturated may 

have a significant effect upon the indication of the dielectric constant 

of the air. 

The need for a careful study of refractometer measurements under 

conditions of high relative humidity is apparent. The sensitivity of the 

capacitor-type refractometer provides a means of examining the adsorption 

of water vapour within the sensing capacitor, with a high degree of precision. 

Since the previously reported studies have applied to stationary ambient 

air at the capacitor, it is important that the present study be extended 

to include air motion through the sensing elements at the rate normally 

encountered during a sounding. Further, the instrumentation for this study 

also will provide a means of examining further the effects of water vapour 

adsorption and condensation upon the walls of the microwave refractometer 

cavity. 

2.3 Experimental Techniques for Studying Adsorption and Condensation Effects 

Two approaches have been followed in studying adsorption and conden- 

sation effects in the refractomcters. Attention here is concentrated upon 

the sensing elements of these instruments, and upon their interaction with 

water vapour in the air at temperatures above freezing. 

1    "*~ 



- 13 - 

(a) Optical Ellipsometer 

This technique uses polarized monochromatic light to determine the 

depth of an adsorbed layer upon the surface of a solid material. An 

incident polarized beam of light is reflected first from the uncontaminated 

surface, and the polarization of the reflected light is determined by an 

analyzer. Then the surface of the material is exposed to water vapour in 

the air, under appropriate conditions, and the resultant change in polari- 

zation of the reflected light is observed. The depth of the adsorbed layer 

upon the material is determined from these measurements and a calibration. 

The effects of ventilation, changes in relative humidity and temperature 

are studied, for the metals and dielectrics that are used in the refractometer 

sensors. This technique and the experimental study will be described in 

more complete detail in Section 6. 

(b) The Experimental Wind Tunnel 

This technique provides an environment for the refractometers which 

is similar in many respects to those found during a normal sounding. In 

the test volume of the wind tunnel, the air speed is approximately one 

thousand feet per minute, as found during normal ascents of a radiosonde 

instrument (Middleton and Spilhaus 1953, Chapter VII). The temperature 

and relative humidity of the air within the test volume are uniform; the 

temperature is variable between -2C°C and 50°C, while the relative humidity 

may be changed from 10 to 100 percent. Practical design limitations have 

required that the air pressure be maintained at surface atmospheric. 

The refractive index of the air within the test volume is determined 

by special instruments. Precise thermometers of the platinum wire type have 

been constructed and calibrated to measu** wet and dry-bulb temperatures. 

From these, and the observed air pressure, the refractive index of the air 
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within the test volume is calculated with a precision of one part in one 

million; this information then may be compared with the refractivity of 

the air in this chamber as indicated by the capacitor-type refractometer 

and the microwave refractometer. 

Ihi.s technique provides a more precise method of studying adsorption 

effects than the optical ellipsometer. After the thermal coefficients of 

expansion of the sensors in the capacitor type and the microwave refracto- 

meters have been determined, the true and indicated refractivities are 

observed for various modifications of the refractometer sensing elements 

and for a wide range of air temperatures and relative humidities, 

The results of both of the above procedures are applied to the 

interpretation of water vapour adsorption effects on the sensing elements. 

The implications of this study upon the design of the refractometer sensing 

element will be considered. 
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3. The Experimental Wind Tunnel 

An experimental wind tunnel has been designed and constructed to 

provide a controlled environment for the refractometers. Since the Hay 

refractometer ascends at a rate of approximately one thousand feet per 

minute during a normal sounding, this ventilation speed has been adopted 

in the wind tunnel. The volume of the test chamber must be adequate to 

receive the refractometer and other test probes. It is desirable that 

the wind speed, air temperature and relative humidity within the test 

volume be maintained as uniform as possible. No attempt has been made to 

change the air pressure within the test volume from surface atmospheric, 

since changes in air pressure are of only minor importance to changes in 

air refractivity. 

The range of control of conditions within the test volume exceeds 

that as specified in the requirements for this study. Air temperature is 

variable between -20°C and 50°C, while relative humidity may be varied from 

10 to 100 percent. The flow of air is essentially uniform throughout the 

test volume. 

A Prandtl-type wind tunnel with single return channel has been chosen 

as the most practical form for this experiment. The tunnel has a square 

cross section, and air is circulated by a constant-speed fan. The air 

temperature is varied by an electric heater and by a refrigeration coil. 

Steam injection and a dehumidifier refrigeration coil are used to vary 

the air humidity. Although not required for the present experiment, 

provision has been made for a rapid change in the air temperature of the 

test volume, through the use of a by-pass system at the settling chamber. 
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3.1 Aerodynamic Design 

(a) The Test Section (Jet) 

A study of the air flow around a model of the Hay refractometer has 

been carried out by Martin (1961). These observations are summarized in the 

photographs of Figure 3. In Figure 3(a), it will be seen that the air, 

which is flowing at a speed of one thousand feet per minute, flows readily 

through the plates of the sensing capacitor. The laminar flow of air along 

the baffle adjacent to the sensing capacitor is indicated in Figure 3(b). 

Figure 3(c) illustrates the flow of air around the refractometer in a plane 

which is perpendicular to that of the two previous photographs. Here, it 

will be seen that the air entering the region between the baffle plates 

is deflected away from the instrument. 

It is apparent from this study of wind flow, that an open jet at the 

test chamber is desirable. This will provide a minimum of interference 

with the natural air flow about the refractometer. The open jet will have 

a cross section of two feet by two feet and an axial length of two feet; 

this test chamber will be located without physical boundaries within a 

four foot square channel of the wind tunnel. 

The design of the jet and other sections of the wind tunnel is based 

upon the following considerations. For the air moving through the jet, 

Volume of air moved - Vj V.2  4000 cu. ft. per minute     (7) 

where Vj  mean air speed at the jet. 

Wj  jet cross-section at the test chamber. 

An indication of the stability of the air within the jet is the Reynolds1 

number (R.N. .): 

R N.   forces of inertia    VJ WJ  2 x 10
5. (8) 

forces of viscosity   1/ 

^n— 
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(a) Through the 
sensing capacitor 

(b) Along the 
baffle plate 

(c) Between the 
baffle plates 

Figure 3: Patterns o:f air 
flow around the 
refractometer 

*>. ■«. * 
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where 2/ = kinematic viscosity of air ^ 1,6 x 10~* ft /sec. at room 

temperature and surface pressure. (Prandtl 1952, Ch. III). 

The largest cross-section of the wind tunnel is four-feet square (Wmax), from 

practical considcitations. Here, the air speed is 250 feet per minute (V • ) 

and Reynolds1 number is given by Equation (9), 

R.N. = Vmin wmax B 105 (9) 

It will be noted that the Reynolds1 numbers for these two critical sections 

of the wind tunnel are less than 3 x 105, indicating that turbulent conditions 

must predominate (Pope 1958, page 108). Consequently, ic is desirable that 

turbulence within the jet (test chamber) be minimized through the appropriate 

design of the settling chamber and the contraction cone, 

(b) The Contraction Cone (Entrance Cone) 

A contraction cone provides a gradual transition from the large cross- 

section of the settling chamber to the small cross-section of the jet. This 

cone reduces the longitudinal fluctuations in the air speed of the jec, 

according to Equation (10) (Pope 1958, Ch. II)^ 

AvJ  1 ^ve -rr - ^ -^ (10) 
Vj  r2 Ve 

where Avj  longitudinal variations of air speed in the jet. 

Avc  longitudinal variations of air speed ahead of the entrance cone. 

Ve --  mean wind speed ahead of the entrance cone. 

input cross-sectional area   - . 
r  „ r...  0f  the contraction cone. 

output cross-sectional area 

For the contraction from the four-foot cross-section of the settling 

chamber to the two-foot cross-section of the jet, r  4 and Vp is 250 feet 

per minute. Hence, 

AVj  0.25 Ave (11) 

The length of the entrance cone is approximately equal to its cross section. 
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(c) The Settling Chamber 

This section of the wind tunnel is located at the input to the entrance 

cone. Its axial length is long compared with the width of the jet, to reduce 

the magnitude of the air turbulence. Screens may be inserted in the settling 

chamber to reduce turbulent fluctuations in the air, if desirable. However, 

these have not been included in the present design. 

(d) The Return Passage 

The power that is associated with the flow of air in the wind tunnel 

is lost at a rate which is proportional to the cube of the air speed. Con- 

sequently, it is desirable to make the air speed small as rapidly as possible 

beyond the jet. Yet the expansion beyond the jet should not be so great 

that air becomes separated from the walls of the tunnel. An expansion angle 

of between eight and twelve degrees has been found satisfactory through 

experience (Pope 1956, Ch. II). In the present tunnel, the expansion angle 

is 8°. Ihe use of corner turning vanes permits right-angle turns in the 

direction of the return passage, with little loss of power (Pope 1956, 

Ch. II). 

(e) Power Losses in the Air Stream 

Frictional losses within the wind tunnel result in a decrease in 

static pressure along the axis of flow (Ap). From Bernoulli's equation, 

it is found that 

&p  K q (U) 

where K = loss coefficient for the section. 

q  dynamic pressure at the section. 

Equation (12) may be applied to each section of the wind tunnel. 
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The total drop in static pressure around the closed circuit of the 

wind tunnel may be calculated by the Wattendorf method (Pope 1958, Ch, II), 

This computation relates losses in all pai ^a  of the tunnel to the dynamic 

pressure of the jet (qj): 

Kq/qj - -£l . a_  K (13) 

qj 

When Equation (13) is applied to each section of the tunnel separately, 

the total drop in static pressure around the closed circuit is given by 

Equation (14). 

AR Total -*JO< (14) 

The various values of Kj for the different sections of the wind tunnel 

are listed in Table 1: 

TABLE 1 

Summation of Losses About Closed Circuit 

Section Formula (Pope 1958, Ch« II) 

Open jet        KQ   \(hl) 

and -^=r  2 log10(R.N. \  )-0.8 
V A, 

Straight Section  KQ \ (t) (Bil) 

^o 

0.080 

0.020 

Divergent Section K0 

8 tan(-^) 

0.6 tan(£) (l -*)(*-£)      0.025 

Corners 

Contraction Cone 

Settling Chamber 

0.10 ♦   4 

(log10 R.N.) R.Nt)2.58jVD44/ ^ 

K0      0.32 X rl 

(same as for straight section) 

Total 

(Subscript J rei.rs to jet section) 

2 x 0.083 

2 x 0.035 

0.006 

0.008 

0.375 

-i    ~*~ 
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where   D - tunnel diameter 

L - tunnel length 

X ~ skin friction 

R.N. = Reynolds' number 

a = divergence angle (wall«to-wall) 

Note: Above apply to circular cross-sections, and are taken as representative 

of conditions in tunnel with square cross-section. (Guide, 1959). 

Then the total pressure drop in all tunnel sections is given by Equation (15): 

*Total = *j<Ko=<*e VJ2)£Ko <15> 

= (0.5 x 0.00237 x 172) x 0,375 

» 0.128 pounds/ft2 

where p = air density 

To this must be added the estimated drop in pressure across the refrigeration 

coil; if this pressure drop is taken as 0.11 pounds per square foot, (a re- 

presentative value for commercial elements) the total pressure drop around 

the closed circuit is 0.24 pounds per square foot. This value may be 

increased to 0.3 pounds per square foot to account for other losses within 

the tunnel and the square rather than circular cross section. 

The energy ratio for the air within the closed circuit is defined 

through Equation (16): 

l    2 
Energy ratio = E.R. = j P Vj  = 1.14 (16) 

^Total 

Hence the net power required to circulate the air is 

Net power required * qJ AJ VJ  - 0.34 x 4 x 17 = 0.036 h.p. (17) 
550 x E.R.   550 x 1.14 

If the efficiency of the electric motcr which drives the fan is 0.5, and 

■*v, » " 
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the fan blade efficiency is taken as 0.5, the required power of the fan 

motor is 

Fan motor power - Net horsepower  ^  0.036 _ = 0#144 H-P- (18) 

total efficiency  0.5 x 0.5 

Thus, it is seen that a 0.25 horsepower fan motor should be adequate for 

wind propulsion within the tunnel. The rate of rotation of the motor shaft 

should be such as to provide a wind speed of approximately 1000 feet per 

minute with a fan blade whose diameter is two feet. A curved, sheet- 

metal blaf is to be used as the propeller. 

3.2 Tunnel Construction 

The  construction of the low-speed wind tunnel has followed the design 

as indicated above. A wooden framework has been used throughout, with ply- 

wood walls 5/8" in thickness. Figure 4 illustrates the details of construc- 

tion and the physical dimensions. It will be noted that the air channel is 

square in cross section. The air is moved by a sheet-metal fan which is 

coupled directly to a 1/3 horsepower motor. Ihe jet or test chamber is a 

cubic volume, two feet to the side; access to this test chamber is provided 

by an insulated door containing a window of triple thickness Thermopane 

glass. A similar window is located on the remote side of the tert chamber 

wall, to permit additional illumination of the jet. All inner surfaces 

of the wind tunnel are coated with a layer of plastic varnish to provide 

a moisture seal and a smooth boundary. 

The location of other components for the control of air temperature 

and humidity also is shown in Figure 4. These components will be described 

in more detail in Section 3.5. 

1 
» 
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3.3 Jet Speed 

The degree of uniformity in wind speed within the jet has been 

examined with a hot-wire anemometer. For this purpose, a trolley system 

has been constructed around the jet volume, as illustrated in Figure 5. 

A nylon cord that supports the anemometer probe may be moved in three 

dimensions by a pulley system that is controlled by electric motors and 

a crank. All measurements upon the jet are made with the access door 

closed. 

Information on the wind speed within the jet has been obtained 

with an Alnor Thermo-anemometer, type 8500, serial number 330 accurate 

to i5 feet per minute. Profiles of the wind speed have been obtained 

for planes which are perpendicular to the jet axis, and separated by 

axial distances of two inches. Figure 6 illustrates the wind speed 

profiles in three of these planes. It will be noted that the mean wind 

speed is 808 feet per minute, and that the variation in wind speed about 

this mean is within 3 percent over most of the cross-section of the jet, 

3.4 Thermodynamic Design 

(a) The Cooling Load 

Cooling of the air within the wind tunnel is obtained through a 

commercial refrigeration unit. The principal contributors to the heating 

of the air within the tunnel, at a given air temperature, are the heat 

flow through the walls of the wind tunnel and the heat generated by the 

circulating fan. The contributions from these two sources are calculated 

as follows: 

* Alnor Instrument Company, Division of Illinois Testing Laboratories 

Incorporated, 420 North LaSalle Street, Chicago 10, Illinois. 
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ACCESS     DOOR 

MOTOR    FOR    VERTICAL 
MOVEMENT 

PLATINUM      RESISTANCE 
THERMOMETERS 

MOTOR    FOR    LATERAL- 
MOVEMENT 

HAND    CRANK     FOR 
AXIAL 
HORIZONTAL 
MOVEMENT 

LOWER     TRACK 

LOWER     TROLLY 

LOtfER     CAR 

Figure 5: The trolley system for examination of the jet 
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Practical considerations have limited the thickness of the insulated 

wall to approximately 9 inches. This wall consists of an inner surface 

layer of plastic varnish, applied to 5/8" plywood, which is adjacent to 

a layer of glass wool insulation 8 inches in depth, held in place by an 

outer surface layer of greenboard. The heat conductances of these surfaces 

are listed in Table 2 (Guide 1959, and Eshbach 1961). 

TABLE 2 

Conductance of the Wall Components 

Conductance 

Inner surface layer (air boundary layer) 4.0 BTU/hr. ft.2 °F 

Plywood (5/8 in. thick) 1.0 BTU/hr. in. ft.2 °F 

Glass wool insulation (8 in. thick) 0.27 BTU/hr. in. ft.2 °F 

Outer surface layer (air boundary layer) 1.7 5TU/hr. ft.2 °F 

The total conductance (GTota^) of the tunnel walls is found through 

Equation (19): 

i  = < I  = _1_ + 5/8 +    8  + J_ 
total  ^G^non-nt  4.0  1.0  0.27  1.7 

31       (19) 

GTotal   ^ ^component 

and   G
Total 

s °'032 B-T-u-/hr- ft-2 °F- 

the  total outside surface area of the wind tunnel is 

A  440 ft.2 (20) 

If the tunnel is to operate in an environment at 70° Fahrenheit, and if 

the minimum air temperature within the tunnel is to be -58° Fahrenheit 

(-50°C), then the maximum temperature difference between the inside and 

outside of the wall is 

ATmax  70° * 5d°  120°F (21) 
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The total heat transfer (Q) at maximum temperature difference then becomes 

Q  CTotal x A x ATmax  °-032 x 440 x 128 <22) 

--  1600 BTU/hr. 

This value may be increased to 2000 BTU/hr. to account for heat transfer 

through the thermopane glass windows and through air leakage. 

The heat generated by the circulating fan may be calculated by 

assuming a fan efficiency of 0.5 and recalling the power requirement of 

Equation (17). Hence the total power converted into heat by the fan is 

PTotal = £^£ = 0.072 h.p. - 180 BTU/hr, (23) 1      0 „5 

Thus, the total heat to be removed by the refrigeration unit at maximum 

temperature difference is 

«Total - «Transfer + «Fan = 2180 BTU/hr. (24) 

(b) Hie Refrigeration Unit 

The minimum design temperature of the vind tunnel will be consider- 

ably lower than that required for the experiments described in this report, 

for the sake of expediency. As indicated in the previous section, this 

minimum design temperature is -58°F; Freon 22 will be used as refrigerant 

to provide this low temperature. The approximate size of the refrigeration 

unit is determined from the following considerations: 

The pressure-enthalpy chart for Freon 22 refrigerant is drawn for 

maximum temperature 80°F and minimum temperature -60°F (Eshbach 1961; 

Jordan and Priester 1956). Between these temperature limits, 

Cooling effect  Q«  64 BTU/lb. (25) 

Mechanical work  W 33  BTU/lb. 

Hence the hourly refrigerant weight ( CJ ) is, from Equation (24), 

w  QTotal  34 lb/hr. (26) 
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and the mechanical work required per hour is 

WNet = (33 BTU/lb) x (34 lb/hr.) * 1100 BTU/hr. »■ 0.43 h.p.  (27) 

The mechanical efficiency coefficient for a commercial refrigeration unit 

is taken to be 0.6. Then the total power of the refrigeration unit is 

WUnit - S4*  °-?2 h.p. (2-) 
0.43 
0.6 

A 4 horsepower refrigeration unit should provide adequate cooling for this 

wind tunnel. 

3.5 Control of Temperature and Humidity 

Provision for varying the temperature and humidity of the air within 

the wind tunnel is made through four controls. In addition to the refriger- 

ation unit described above, there is included also an electric air heater, 

a steam injector, and a dchumidifying coil. Details of the controlling 

system are given in Figure 7. 

The main evaporator of the refrigeration «ystem is located across 

the air stream of the wind tunnel to maintain intimate contact with the 

moving air. The temperature of thiL evaporating coil may be reduced to 

-58°F through adjustment of the regulating valves. The area of the 

evaporating coil fins and the dimensions of the coil are adequate to 

maintain a maximum temperature difference of about 2°F between the coil 

temperature and the temperature of the circulating air. This maximum 

temperature difference (A Tmax) must occur at the lowest coil temperature; 

as the coil temperature increases, the difference between the coiid tem- 

perature and the temperature of the circulating air will decrease because 

of the lessened work load upon the refrigerating coil. 

The main evaporator coil provides little control over the relative 

humidity of the air within the wind tunnel. If the temperature difference 

between the evaporator coil and the circulating air is the dew point 
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depression, the relative humidity of the air at -50°F is approximately 

88 percent. When the air temperature within the tunnel increases to 32°F, 

the heat that must be removed from the air by the refrigeration unit is 

«32  («max * —~  > + «Fan <*9> 
Tmax 

(where AT32 -'- difference between ambient temperature and tunnel air temperature) 

2000 x 22li2 + 180 
70-58 

= 750 BTU/hr. 

The difference in temperature between the evaporator coil and the circulating 

air at this new temperature is 

3z     2180 v 

and the corresponding relative humidity is greater than 90 percent. 

It is apparent that an auxilliary means of controlling air humidity 

is desirable. For this purpose, a small dehumidifying coil is inserted in 

the air stream of the tunnel. This coil will have little effect upon the 

air temperature; temperature compensation may be introduced through use of 

the electric heater element. By operating the dehumidifying coil at a 

temperature well below that of the circulating air, the relative humidity 

of the air may be reduced to the desired value, A steam injector is 

provided, to increase the relative humidity of the air at a given temperature, 

when required. 

3.6 Operation of the Wind Tunnel 

The completed wind tunnel has provided very satisfactory operation 

during the course of the study reported here. A general view of the tunnel 

with its associated apparatus is shown in Figure *. The jet is located 

behind the door in the center foreground; the air circulation is clockwise 

in this photograph. The circulating fan and the electric heating coil are 
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located in the vertical arm at the left, and a steam injector introduces 

water vapour into the tunnel at this same point. A dehumidifier coil is 

located in the center of the top arm of the tunnel, while the refrigeration 

coil is found in the center of the vertical arm at the right. The control 

panel for the refrigerator and the refrigeration unit are located on the 

extreme right of the photograph. Photographs of construction details of 

the wind tunnel are found in Figure 9, 

Experience has shown that a high degree of control in air temperature 

and humidity is available in the jet. The electric heater will increase 

the air temperature at approximately 5°C per hour, while the refrigeration 

unit will decrease the air temperature at a rate of approximately 6°C 

per hour. During most of the experimental observations reported here, 

the air temperature within the jet has been maintained at some stationary 

value between 10 and 50°C; at each temperature, the relative humidity of 

the air has been varied from about 20 percent to saturation. Careful 

adjustment of the heater and refrigerator controls will maintain the air 

temperature within 0.1°C for the complete range of relative humidities. 

The uniformity of temperature and humidity within the jet has been 

ascertained through measurements with precision thermometers. These ther- 

mometers have been calibrated to read temperatures with an accuracy of 

-0.01°C; they will be described in greater detail in Sections 5.3, 5.4. 

Figure 10 shows the measured distribution of wet- and dry-bulb temperatures 

within the empty jet. Over the volume which would be occupied by the Hay 

refractometer, the variation in dry-bulb temperature is within C»03°C, 

while the change in wet-bulb temperature is within Q.05°C. These measure- 

ments were made at a mean air tem^rature of 40°C and a relative humidity 

of approximately 75%;  the temperatures are even mere uniform for lower 

humidities and mean temperatures of 30, 20 and 10°C. 
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(a) The jet, showing hygrometer and 
barometer at exit cone, and 
refractomettr on glass stand 

(c) The propeller (lower), humidity 
injector (center), and electric 
heater (upper) 

(e) Turning vanes below the refrigera- 
tion coil, at input to the settling 
chamber 

(b) The entrance cone, looking through 
the jet to the exit cone 

(d) The steam generator (humidifier) 

(f) The refrigeration system 

Figure 9: Details of the wind tunnel 

1      , 
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Figur« 10:    Wet- and dry-bulb temperatures in the center of the jet, - 

Vacated 
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The insertion of the Hay refractometer in the jet has been found to 

modify the previous distributions of temperatures by a negligible amount. 

Figure 11 represents the measured temperatures aobut the refractometer 

when inserted in the jet. Again, the mean temperature for this series 

of measurements is 40°C, and the mean relative humidity is 11%. 

.   ■■   ^c **v 
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4. The Test Refractometers 

Two refractometers of different design have been used in the 

experimental study that is reported here. One is the microwave refrac- 

tometer, that has been in wide-spread use for more than ten years. The 

other is the capacitor-type (Hay) refractometer, which has been under- 

going development recently. 

In principle, both types of refractometers make use of a resonant 

circuit to indicate changes in the refractive index of the sampled air. 

The governing equations for these instruments have been presented in 

Section 2.1 However, there is a significant difference in the physical 

construction of the sensing elements of these two refractometers; the 

microwave refractometer has an all-metal sensing element in the form of 

a ventilated resonant cavity, whereas the sensing element in the Hay 

refractometer is an air capacitor with metal plates and dielectric 

insulators. More complete details are given in the references published 

elsewhere. 

The principal interest in the study reported here is in the inter- 

action between the sensing elements of these refractometers and the humidity 

of the sampled air. Attention will be confined chiefly to these aspects 

of the instruments in the following sections. 

4.1 The Microwave Refractometer 

(a) The Refractometer Circuit 

The circuit of the microwave refractometer used in the current 

experimental study is essentially tnat described by Birnbaum (1950). The 

instrument operates at a frequency of approximately 9100 Mc/s. Du 'ing a 

measurement upon air refractivity, the sampled air is passed through a 

ventilated microwave cavity and the resonant frequency of this cavity is 

t +- 
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compared with the resonant frequency of a sealed reference cavity. A 

change in the frequency of the ventilated cavity is an indication of a 

change in the refractive index of the sampled air, according to Equation (4) 

The components of the microwave refractometer are indicated in 

Figure .12.  Some modifications of the Birnbaum refractometer, as suggested 

by Thompson and Vetter (1958), are included in this circuit; other changes 

have been made at this laboratory to improve upon the circuit stability. 

Further details on the microwave components and the electronic circuits 

are found in Appendix I. 

The microwave sensing cavity is similar to those in current use 

elsewhere, Ihis cavity has been described by Adey (1957); 67 percent of 

the end-plate area has been removed for good ventilation. The barrel of 

the cavity is of invar, and the end plate*» arc of brass. The TEQ,-, mode 

is employed, and the loaded Q is approximately 16,000. A photograph of 

the microwave cavity is shown in Figure 13. 

(b) Calibration 

A test of the refractometer stability has been made before the 

calibration was carried out. This test was made after a complete servicing 

of the electronic equipment and the incorporation of minor changes in the 

circuit. It was found necessary to shield the electronic circuit from 

drafts within the laboratory, to mount the reflex klystron in an oil bath 

that is water cooled, and to insulate the reference cavity, in order to 

achieve acceptable stability in the refractometer operation. After the 

* The electronic circuits, microwave cavities and other components of the 

microwave refractometer have been obtained on loan from the Defence 

Research Board of Canada, Ottawa. 
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equipment has been operating for several hours, the refractometer is 

sufficiently stable over a period of one hour to indicate a change in 

refractive index of the sampled air as small as one part in one million. 

The calibration of the microwave refractometer is based upon the 

following considerations. It is well known that dry nitrogen gas at 

normal temperatures and pressures obeys the ideal gas law. Then the 

dielectric constant of dry nitrogen gas is related to the gas pressur* 

and temperature through Equation (31) (Lyons, Birnbaum and Kryder 194ft; 

Essen and Froome 1951); 

( = 1 « 2.11 x 1(T4 * = n2 (31) 

where p - gas pressure in mm. of Hg. 

T •- absolute gas temperature. 

(  dielectric constant, 

n - index of refraction, 

at radio frequencies remote from resonances. 

For a gas temperature of 21°C, the change in gas pressure (A p 

millimeters of Hg.) is related to a change in the refractive index (& n) 

by Equation (32) (for n cr 1.0003) 

Anl  3.57 x KT7 A p (32) 

'(T  21°C) 

The microwave refractometer is calibrated by inserting the sensing 

cavity in a sealed and evacuated cavity, and by varying the pressure of 

dry nitrogen gas that is introduced into this chamber. The temperature of 

the gas is maintained at 21°C, as indicated by a precision thermometer 

(see Figure 14). 

"Hie experimental calibration of the microwave refractometer is 

indicated in Figure 15. The experimental procedure was repeated three times. 
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and the slope of the carrent vs. gas pressure curve was ascertained. From 

this information, and Equation (32), it was found that the recorder output 

varied linearly with the change in refractive index of the test gas; a 

change in recorder current of 0.010 milliamperes represents a change ir 

refractive index of the test gas of one part per millxon. 

4.2 The Capacitor-Type (Hay) Refractometer 

(a) The Refractometer Circuit 

The second of the test refractometers used in the current study is 

the capacitor-type refractometer. The sensing element is an air capacitor 

that forms part of the resonant circuit of an oscillator (Hay, Martin and 

Turner 1961). The change in resonant frequency of the oscillator is pro- 

portional to the change in refractive index of the air between the plates 

of the capacitor, according to Equation (4). The purpose of the reference 

capacitor in this refractometer is to eliminate the need for further 

consideration of the electronic circuit. In this study, th^ reference 

capacitor is housed in a water-tight capsule, to prevent interaction between 

this capacitor and the humidity of the air. Further attention then is 

directed only to the air-sensing capacitor. 

The refractometer instrument used in these studies operates at a 

frequency of approximately 6 Mc/s. The oscillator section of the circuit 

is illustrated in Figure 16a. The capacitance of the air-sensing condenser 

(CQ) is 125 micromicrofarads; the reference capacitor is a quarts-invar 

cylindrical condenser located near the sensing capacitor, 

Figure 16b is a block diagram of the recording receiver far this 

refractometer. It will be noted that this system consists alno&t entirely 

of commercially available components. A high-speed recorder permits careful 

examination of the refractometer signal. 
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A photograph of the refractometer is shewn in Figure 17a» The 

case is made of smooth bakelite, with baffle projections in the direction 

of wind flow to permit laminar flow into the sensing capacitor. The 

latter is supported on bakelite pedestals, out of the turbulent boundary 

layer of the bakelite box. The reference capacitor is located near the 

sensing capacitor, in the same wind stream. 

The air-seasing capacitor haj; been modified in numerous ways 

throughout the study reported here. These various modifications have 

been made to permit an examination of the interaction between water 

vapour in the air and the materials of the capacitor. Hie two basic forms 

of the sensing capacitor are illustrated in Figure I7b. In one, the 

capacitor is constructed of invar plates with quartz spacers; the body of 

the condenser in the second form is entirely of invar plates, with the 

metal supports for these plates meeting the bakelite of the refractometer 

box well away from the body of the condenser. Other modifications of 

these capacitors will be described in Section 7.3. 

(b) Calibration 

A theoretical calibration of the capacitor-type refractometer nay 

be obtained from the analysis of the oscillator circuit. In Figure 16a, 

it will be noted that the Clapp oscillator frequency is governed by the 

resonant circuit containing condensers C^, C2, L and C3 (i.e. Ca in 

parallel with its trimmers). The interelectrode impedances of the 6AKS 

pentode have negligible effect upon the resonant frequency of this circuit. 

Then, the resonant frequency (f0) is given to a good approximation by 

Equation (33) 

fo2 - -i— 1 ± • h- ' i- I (33) 
(2n)2L   L

1 Ci  Co  C- 
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(a)    The refractometer 

$ 

(b) The dismounted sensing elements: invar capacitor (left) 
quartz-invar capacitor (right) 

Figure 17: The Hay refractometer and its sensing eiementj 
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If the component values of Figure I6a are inserted in Equation (33), with 

C3 - 125 t 10 micromicrofarads, the resonant frequency of the circuit is 

f - 6.08 Mc/s (34) 

Small changes in the resonant frequency of the refractometer 

may be associated with small changes in the refractive index of the 

sampled air by differentiating Equation (33), Here, it is assumed that 

other components remain invariant. Equation (35) is obtained directly 

from Equation (33). 

Af0 ■--• i  . i . -I- . AC3 (35) 
°    8n2f0  I  C32    

3 

Since a change in C3 is identical with a change in C (the air-sensing 

capacitor) then Equation (35) takes the form of Equation (36) for the 

indicated component values: 

AfQ - -1.79 x 10
16 ACa (36) 

The refractive index of the air in the troposphere is approximately 

1.0003, and Equation (5) takes the form of Equation (37). 

ACa =  2 CaAn = 2.70 x 10~
10 An (37) 

The theoretical calibration of the refractometer is obtained by combining 

the two previous equations to give Equation (38). 

Af0 (c/s) - -4.82 x 106 An (38) 

Experimental confirmation of this calibration has been obtained 

by inserting the refractometer in the jet of the wind tunnel. The air 

temperature in the jet has been maintained at 40°C and the relative 

humidity at less than 50 percent, to avoid the complication of adsorption 

effects upon the sensing capacitor. The results of this measurement are 

indicated in Figure 18. It will be noted that the agreement between the 
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theoretical and the experimental calibrations is good: the spread in the 

points about the straight line results from the fact that only one 

determination of the experimental calibration is shown. 
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(n - 1) 106  N -, 2L& (p + 4*10 |) (40) 
T T 

where T  absolute temperature 

p, e are measured in millibars 

The precision that is required in the measurement of the parameters 

of Equation (40) may be determined as follows. Let Ap be the error in 

the measurement of total air pressure, AT be the error in the measurement 

of air tempera fire, and Ae be the error in the measurement of partial 

vapour pressure of water. It is assumed that these errors are distributed 

normally about the mean values. Then the rms error in refractivity (AN) 

is obtained by differentiation of Equation (4) to give the following: 

T (Ap) 

2<^^)W.(f*)W 4  (4L) 

If it is assumed that the errors are distributed equally among the given 

parameters, and that refractivity is to be ascertained within one part per 

million, then the required precisions in pressure, temperature and vapour 

pressure are as given by Equation (42): 

ap - 7.44 x 10"3 T (42) 

AT - 7.44 x 10-3 T/(E , Sip) 

ac  1,55 x 1CT6 T2 

It will be assumed in this study that the air pressure is approxi- 

mately one thousand millibars, and that the air temperature lies between 

0°C and 40°C. Then the partial pressure of water vapour in the air lies 

between 0 and 75 millibars. Equation (43), then, gives the highest 

required precisions of measurement of each of these parameters throughout 

this range of variables: 

£p - 12.3 millibars (at lowest temperature) (43) 

AT ~ -0.23°K (at highest temperature and v*;>our pressure) 

&e  ^0.15 millibar (at lowest temperature) 
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(n - 1) 106 - N  — (p 4- 4r<10 %) (40) 
T r 

where T  absolute temperature 

p, e are measured in millibars 

The precision that is required in the measurement of the parameters 

of Equation (40) may be determined as follows. Let Ap be the error in 

the »measurement of total air pressure, AT be the error in the measurement 

of air temperature. and ^e be the error in the measurement of partial 

vapour pressure of water. It is assumed that these errors are distributed 

normally about the mean values. Then the rms error in refractivity (AN) 

is obtained by differentiation of Equation (4) to give the following: 

T LP)2< ^,SSÄAj2(fiT)
2*(fft)2(A.)

2J Ä (4L) 

If it is assumed that the errors are distributed equally among the given 

parameters, and that refractivity is to be ascertained within one part per 

million, then the required precisions in pressure, temperature and vapour 

pressure are as given by Equation (42): 

^p = 7.44 x 1(T3 T (42) 

AT - 7.44 x 10-3 T//(l 4 Sop) 

Ae  1.55 x 1(T6 T2 

It will be assumes in this study that the air pressure is approxi- 

mately one thousand millibars, and that the air temperature lies between 

0°C and 40°C.    Then the partial pressure of water vapour in the air lies 

between 0 and 75 millibars.    Equation  (43),  then,  gives the highest 

required precisions of measurement of each of these parameters throughout 

this range of variables: 

Ap - 12.3 millibars (at lowest temperature») (43) 

&T     -0.23°K (at highest temperature and Vk^xsur pressure) 

&e      *0.15 millibar (at lowest temperature) 
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A further step must be taken in the analysis of the measurement 

of partial water vapour pressure. The psychrometric formula, as given 

by Equation (44) provides a practical relationship between the partial 

vapour pressure of water and the temperatures of the air. 

e * ew - a (1 4 bTD)p (T - TD) (44) 

where TD - wet-bulb temperature 

ew « saturation vapour pressure at TD (in millibars) 

a ££ 6.6 x 1CT4 (for T, TD in °C) 

bCsfll#5 x 1CT
4 (for T, TD in °C) 

This equation is based upon experimental observations; the coefficients 

"a" and "b" vary among different authors, as will be indicated later. 

The results of the above analysis now may be extended to the 

psychrometric equation. Equation (44) may be differentiated; and if it 

is assumed that the errors are distributed equally among the variables, 

an rms error of 0.15 millibars in e will place the following requirements 

upon the parameters of Equation (44): 

*p = i2*l5    [aTd.b^.^.b^L]-1 (45) 

AT - 1 ^   Qp (1 +  blDjj "I 

*TD " 1 Y1   ["ap (1 - bT 4 2bTDf] -1 

Examination of Equation (45) shows that the most stringent requirements 

upon the precision of measurement of the variables to ascertain partial 

water vapour pressure are those given by Equation (46): 

A*w t 0.075 mb. (46) 

Ap  - 3.7 mb. (at highest T and lowest Tp, with e - 0) 

AT - i 0.09°K (at highest TD) 

Alfo - i 0.09°K (at highest T, lowest TD) 
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Yet another step must be made to determine the ultimate precision 

of measurement. Examination of tables of the saturation vapour pressure 

(e ) shows that the greatest precision in ascertaining Tj) for the range 

of measurement and for the specified accuracy in ew, is represented by 

Equation (47): 

ATD = i 0.019°K (at highest TD) (47) 

The final requirements upon the precision of measurement are taken 

from all of the above considerations. If the refractive index of the air 

within the jet of the wind tunnel is to be measured with an accuracy of 

one part in one million, then the error limitations on the measured 

quantities are those given by Equation (48). 

<ATW *i °-09°K (48) 

<*P>min. — 2.3mb. 

<ATDW — 0.019°K 

Further consideration will be given to the coefficients in the 

psychrometric formula, in the following section. 

5.2 The Psychrometric Formula 

The basis for the psychrometric formula has been given in numerous 

texts [see for example Bird, Stewart and Lightfoot (I960), Kerr (1951)], 

For sufficient ventilation of the hygrometer probes, an alternative form 

of the psychrometric formula is given by Equation (49). 

e  ew - A p (T - TD) (49) 

where ew = saturation vapour pressure at the wet-bulb temperature 

p = total air pressure 

T = dry-bulb temperature 

TD = wet-bulb temperature 

A - psychrometric "constant" 

- 0.660 x 10-3 (1 ♦ 11.5 x KT4 Tjj) 

-v * — » -   mpwi  '—: •— ■   '       ■■■« i   i m   ni 
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Various authors have reported upon the minimum ventilation requirements; 

the wide variation in these requirements is illustrated by Table 3. 

Table 3 

Minimum Ventilation Speed for Constancy of Psychrometer "Constant" 

Min. Speed 
References (feet per minute) Remarks 

Noakes (1953) 485 mercury-in-glass thermometers 

Long (1957) 200 nickel-wire elements 

Ewell (1941) 600 

Berry, Bollay and Beers (1945) 900 mercury-in-glass thermometers 

Middleton and Spilhaus (1953) 585 "    "  "      " 

Wexler and Brombacher (1951)   900 for sea level; increases with 
altitude. 

Carrier et al (1937) 800-900 

The saturation vapour pressure (e^) is not related in a simple 

way to the wet-bulb temperature (TJJ). However, the relationship has 

been determined by numerous experiments (see for example Washburn 1928). 

fiie available tablets have been interpolated to give e^ (in millibars) 

for temperature increments of 0.01°C over the range 0 to 50 C, in 

Appendix IV. 

Even the values of the psychrometric coefficients, "a" and "b" 

in Equation (44), show considerable variance among different authors. 

Table 4 gives some of the commonly-used values of these coefficients. 
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Table 4 

Coefficients in Psychrometric Formula 

e = ew - a (1 -+ b TD) p (T - TD) 

where p, e, ey are in millibars 

T, TD are in degrees Kelvin. 

Reference a_             b 

Wexler and Brombacher (1951)   6.60 x 10"4 1.15 x 10~3 

Kerr (1951) 6.46 x 1<T4 0,94 x 10~3 

McGavin (1962) 8.84 x 10"2           0 

Monteith (1954) 6,24 x 1Q"4           0 

Partial differentiation of Equation (44) with respect to "a" will show 

the contribution of error in this variable (Aa) to the error in partial 

vapour pressure (Ae): 

*• - - (1 4 b TD) p (T - TD) *a (50) 

It will be noted that for temperatures within the range 0 to 50°C, and 

for surface atmospheric pressure, a fixed error in "a" makes the error in 

e approximately proportional to the wet-bulb depression (T - TD). It is 

only at high relative humidities, then, that the variation in "a" may 

become tolerable in the present experiment (see Table 5). 

Table 5 

Effect of Error in Psychrometric Constant (a) Upon Error in 

Deduced Water Vapour Pressure 

Temperature (T°C)  Relative Humidity (per cent)      &a     Ae (mb) 

22 15 0.1 x 10~3   -1.3 

22 50 0,1 x 10~3   -0.7 

22 90 0.1 x 10-3   -0.12 

30 90 0.1 x 10"3   -0.14 

**."»■ 
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The variation in "b" still renains. It is apparent that a careful study 

of the psychrometric coefficients is required, for the present purpose. 

The form of Equation (49) will be used for this purpose. 

5.3 The Measurement of Temperature (Dry-Bulb) 

lhe requirements upon the temperature probe for the wind tunnel 

are manifold. As indicated above, temperature must be measured within 

0.01°C. However, in addition, it is desirable to have the temperature 

probe small in size (approximately 1 inch long) to examine changes in 

the temperature distribution over dimensions of the order of the sensing 

capacitor of the refractometer. The temperature should be indicated 

remotely from the probe with electrical recording, since the jet of the 

wind runnel is enclosed during operation. The operation of the probe 

should be reliable and its calibration should remain stable over pro- 

longed periods; it is desirable also that the response of the temperature 

probe be moderately rapid (of the order of one second). The temperature 

probe must be sufficiently rugged to withstand a moving air stream of one 

thousand feet per minute. 

Numerous techniques for recording electrical thermometers have 

been described in the literature. These include nickel or platinum 

resistance wire probes, thermocouples and thermistors. Of these, 

thermistors suffer from instability of calibration over prolonged periods; 

thermocouples do not permit the desired accuracy of temperature measure- 

ment. The platinum resistance wire probe is an international standard 

with a stable calibration over prolonged periods; it also permits deter- 

mination of temperature with the desired accuracy. For this reason, the 

latter technique has been chosen for the present experiment. 

lhe chesen temperature probe is of commercial design. Details on 

this probe are given in Table 6. 
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Table 6 

Properties of Platinum-Resistance Temperature Probe 

Manufacturer: Rosemont Engineering Co., Minneapolis, Minnesota. 

Model: 104P 8 ADB. (Serial No. 893) 

Sensing element: platinum wire, mounted strain-free and sealed within 

ceramic rod. 

element hermetically sealed within cylindrical sheath 

of tightly fitting, thin-walled stainlc  steel. 

Nominal resistance: R0 = 100 ohms (at T = 0°C) 

Element well length: 1 inch 

Immersion length (element well + stem): 2 inches 

Diameter of element well: 0.084 inch 

Time constant: 1 second 

Resistance at temperature T = R^ = {l + a [T - d(0.01 T - 1)(0.01T) 

- b(0.01T - 1)(0.01T)3 ]} R0 (Callendar-Van Dusen 
equation) 

Calibration of Rj vs. T supplied for temperature range -50°C T 500°C. 

From the calibration supplied by the manufacturer, the dry-bulb temperature 

is related to the probe resistance (Rj) by Equation (51). 

~ 6*65776 x 10* - [44.3258 x 106 - 0,666775 x 105(RT-1QQ. 322)1 ^ 
T(for dry-bulb probe) "* "    — — - -■--■■■ ^   — 

(51) 

Consideration must be given to the self-heating of the platinum wire 

temperature sensor. In the present application, the voltage applied to 

the sensor by the bridge network dissipates approximately 0.097 milliwatts 

of power within the sensor. This results in a rise of temperature of 

0.0005°C, - an amount which is negligible for the present purpose. 
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The recording system for the temperature probe also is of commercial 

design. It is capable of indicating temperature changes as small as 0.01°C 

readily. Figure 19 gives the details of this system. It will be noted 

that two channels are provided; the second is for the measurement of 

wet-bulb temperature as described later, 

The temperature-recording circuit must be able to indicate tem- 

peratures that are off the balance-point of the bridge circuit. Equation (52) 

shows the governing conditions for this bridge circuit. 

E-* = -?I %_      ^reR__bJ2l (52) 
E   RT + R  Rb + R 2 

It will be seen that non-linearity of the bridge for off-null operation is 

reduced by making R much greater than Rj, and by balancing the bridge at 

the center of the desired temperature range. The incremental calibration 

for the recorder pen deflection away from the null setting position is 

obtained for various settings of the amplifier gain control and the 

sensitivity settings, through the use of a GR decade resistance box 

type 602-N in place of the platinum probe, at the end of the probe cables 

within the wind tunnel. 

It will be noted that the above procedure permits only the measure- 

ment of relative temperatures, with a precision of 0.01°C. Tht  recorder 

sensitivity is ascertained before and after each set of observations by 

the above procedure (q ohms per millimeter deflection). If fio is the 

resistance for zero pen deflection of the recorder, and dx is the pen 

deflection, then the indicated probe resistance is given by Equation (53). 

Rx  R0 ♦ q dx (53) 

The correction for resistance of the shielded leads between the 

bridge network and the probe is obtained by using a calibrated precision 

-— --W-' «y *P 
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resistor in place of the platinum-wire temperature probe.* Ulis provides 

a correction factor (Z) such that 

Z RJJ - Rj - corrected platinum probe resistance, (54) 

The above procedure has given the following correction factor for the 

dry-bulb temperature probe: 

Z (for dry-bulb probe) = 1.01034 (55) 

The precise temperature of the air in the jet is ascertained, then, 

through the use of Equations (51), (53) and (54), These calculations are 

carried out on an IBM 650 Computer, with a program which is described 

in Section 5.5. 

5.4 The Hygrometer 

Hie requirements upon the precision of measurement of the wet-bulb 

temperature have been outlined in Section 5.1. It was noted that wet-bulb 

+   o 
temperature must be ascertained within -0.01 C. Since this precision is 

available in the dry-bulb temperature probe described above, a similar 

probe will be used as a basis for the wet-bulb temperature instrument. 

A hygrometer is formed by mounting the wet- and dry-bulb temperature probes 

close to each other, so that they may observe the same volume of air. A 

survey has shown that no hygrometer with this pi-ecision was readily 

available. Consequently, it was necessary to develop the hygrometer, 

in making use of the best available techniques, as indicated in the 

following sections. 

# Calibration of the OR precision resistor type 500D (100 ohms ±0.05 percent), 

serial number 194827 over the range of temperatures from 2l°C to 30°C was 

provided with an accuracy of ±0.001 ohm by the Division of Applied Physics 

of thv* National Research Council of Canada, Ottawa, - Report No. APE-57 

(23 April 1963). 
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The procedure in developing and calibrating the hygrometer probes 

has followed several steps. These have included: construction of the 

wet-bulb temperature probe; the comparison of the calibrations of a mercury- 

in-glass thermometer (which is used to indicate the temperature of the 

calibrating solution) and th<* platinum-wire temperature probe; the cal- 

ibration of a barometer; the calibration of a hot-wire anemometer to 

ascertain the ventilation rate of the probes in the calibration chamber; 

the construction of a calibration chamber for the hygrometer, which makes 

use of salt solutions; and the ascertaining of the coefficients in rh* 

psychrometric formula« 

(a) Calibration of the Mercury-in-Glass Thermometer 

The calibration of a mercury-in-glass thermometer has been compared 

with that of the platinum-resistance probe by mounting these probes adjacent 

to each other in the jet of the wind tunnel. The wind tunnel was operated 

at a low relative humidity, and the air temperature was varied slowly 

from 20 C to 25°C. The platinum resistance probe has provided the reference 

temperature, and the correction to the mercury-in-glass thermometer indi- 

cation was consistently v0.1°C over this range. 

(b) Calibration of the Barometer 

The air pressure within the laboratory has been indicated by a 

System Paulin Aneroid Barometer, type VBTB1. The readings of this 

instrument have been compared with the indication of a barometer that 

is operated by the Department of Transport at the London Airport. When 

a small correction is applied for the difference in elevation between 

the London Airport and the University laboratory, the correction to the 

Aneroid barometer reading is given as in Equation (56). 

True air pressure * Paneroid " 13*2 millibars (56) 
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(c) Calibration of the Hot-Wire Anemometer 

4 need existed for a reliable anemometer, of small probe size, to 

measure the ventilation wind speed within the calibrating chamber and also 

to provide a comparison with other anemometers that are used in the wind- 

tunnel study. For this purpose, an anemometer probe has been constructed, 

as based upon the design described by Anderson (1959). Details on the 

probe construction and on the associated bridge circuit are given in 

Figure 20. 

The calibration of this anemometer has followed standard laboratory 

procedure. The probe was mounted on the end of a rotating arm that describe*, 

a circle of knowa radius within the still air of the laboratory. A variable 

speed mo* *r was used to rotate the arm, and the rate of rotation was deter- 

mined by a calibrated GR Strobotac, Model 631-B86 (Serial number 8184-348). 

The calibration of this hot-wire anemometer is shown as a function of 

the meter current in Figure 31. 

(d) lhe Wet-Bulb Temperature Probe 

The basic element of the wet-bulb temperature probe is similar to 

that used for the dry-bulb temperature. From the calibration provided by 

the manufacturer, the wet-bulb temperature (Tj)) is related to the platinum 

wire resistance (RJJJ) through Equation (57) 

T ,*             ^ ^       v * - 6.80079 x 103 - [46.2507 x 106 - 0.683183 x 105 TD(for wet-bulb probe) **—"  

x (% - 100.109)] * 

(57) 

and the correction factor for the leads between the bridge and the wet- 

bulb probe is 

Z(for the wet-bulb probe) «= 1.01095 (58) 
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The method of wetting the platinum wire probe has required careful 

study. Various types of wicks and of wetting systems have been examined 

both within the jet of the wind tunnel and in the hygrometer calibration 

chamber that is described below. A study of the effects of varying 

ventilation speed upon the wet-bulb indication showed that the latter 

was independent of ventilation speed for speeds between 300 and 1200 feet 

per minute. The wet-bulb indication changed only when the wick began to 

dry or when a drop of water formed upon the wick. 

The configuration of the wet-bulb temperature probe, shown in 

Figure 22, has been found to be reliable and to give repeatable indications. 

It will be seen that the water is applied to the wet-bulb platinum resistance 

probe through a cylindrical wick which is in tight contact; the water is 

supplied through a platic tube from an elevated reservoir. The only part 

of the wick that is exposed to the surrounding air is that at the probe. 

The probe is mounted in a vertical position, and water is introduced to 

the wick from below. The height of the water reservoir is adjusted to 

make the wick remain wet without an excess of water, at the required 

ventilation speed. 

The hygrometer is formed cy mounting the wet-bulb temperature probe 

adjacent to the dry-bulb probe that has been described in Section 5.3 This 

arrangement is shown in Figure 22 and the photograph of Figure 23. The 

two probes are separated by a distance of 0.75 inch in the direction per- 

pendicular to air flow, and a thin metallised shield is mounted between 

them, parallel to the direction of air flow. The latter acts not only as 

a radiation shield between these probes, but prevents the transfer of water 

vapour from the wet-bulb to the dry-bulb thermometer. A shield surrounds 

the twiTi«lea<is between each probe and the thermometer bridge. 
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(e^ The Calibration Chamber for the Wet- and Dry-Bulb Temperature Probes 

Methods of calibrating wet- and dry-bulb temperature probes have 

been reviewed extensively by Wexler and Brombacher (1951), Middleton and 

Spilhaus (1953), and by McCavin (1962). In each of these, the probes 

are exposed to a series of environments, feach having the desired temperature 

and vapour pressure. Then the wet-bulb temperature may be deduced from 

information on the vapour pressure as found in physical tables. 

There are three primary methods of obtaining the desired vapour 

pressure (Middleton and Spilhaus 1953 page 116). In one of these, dry 

air and saturated air are mixed in known proportions; in another, a volume 

of air is saturated at a specified temperature, and then the temperature 

is raised to a new value without changing the vapour content; in the third, 

air is saturated with vapour at a high specified pressure, and then the 

air pressure is reduced to a new value without a change in vapour content. 

A less precise alternative makes use of a secondary method of 

calibration. One such method employs saturated solutions of salts, which 

have specified vapour pressures. Wexler and Hasegawa (1954) have studied 

this method extensively. Further information on the vapour pressures of 

saturated salt solutions is given also by Spencer (1926), by Middleton 

and Spilhaus (1953, page 117), by O'Brien (1948) and by Martin (1962). 

An attempt has been made in the present experiment to use this secondary 

method of calibration, not only to examine the stability and repeatability 

of the new hygrometer probe measurements, but also to derive the appropriate 

form of the psychrometric formula. 

The experimental arrangement for the calibration of the hygrometer 

has be<»n developed from techniques described by Wexler and Hasegawa (1954) 

and by Monteith and Owen (1958). In addition, a number of modifications 

I 
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have been made upon numerous factors that affect the calibration of 

thermometers. These include a study of the difference in temperature 

between the calibrating solution and the air above it, - as a function 

of time, ventilation rate, and location of air stream within the chamber; 

the location of the calibration chamber within the laboratory room; the 

effect of insulation and radiation protection in the calibration chamber; 

the suspension of the temperature probes; the intercomparison of ther- 

mometers; the heating of the air by the circulating fan and motor within 

the calibration chamber; the method of ventilating the temperature probes; 

the effects x various materials for supports within the chamber; and 

the ability to obtain saturation vapour pressures within the chamber. 

Figure 24 shows the details of the calibration chamber. 

Several features of the hygrometer calibration chamber may be noted. 

An insulating, light-tight enclosure surrounds the glass bell-jar to reduce 

the effects of direct external radiation. Access is obtained through a 

small door in one side of the enclosure. A mercury manometer indicates 

the pressure differential between the inside and outside of the chamber. 

A precision mercury-in-glass thermometer indicates the temperature of the 

calibrating salt solution. The wet- and dry-bulb probes are mounted in a 

glass tube of diameter l| inch, through which the re-circulating air (fron 

a centrifugal fan) is moved at various controlled speeds. The ventilation 

speed is determined by the calibrated hot-wire anemometer, which has been 

described in Section 5.4(c). 

The calibrating solutions are contained in a flat pyrex plate. 

The salts are of reagent grade, and the saturated solutions are of slushy 

consistency. Table 7 indicates the solutions that are used in this 

calibration, for the desired range of relative humidities. 
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Table 7 

Standard Solutions for Hygrometer Calibration 

Saturated Aqueous Solution Relative Humidity at T ---  20°C (approx.) 

97 percent 

93 

80 

75 

54 

55 

33 

12 

The change in relative tumidity with solution temperature» for each of 

these salts, has been indicated by Wexler and Hasegawa (1954). 

(f) Calibration Procedure 

A procedure for calibration of the hygronseter probes has been 

developed from an extensive series of trials. Details on this procedure 

are given in Appendix II« This experimental procedure has been repeated 

several times with each calibrating solution. 

The experimental calibration of the hygrometers has been analyzed 

to ascertain the coefficients of the psychrometric equation (Equation 49). 

It may be noted that all errors in the hygrometer calibration with the 

exception of errors in the temperature probes themselves, are in the 

direction which raises the wet-bulb temperature; thus, these errors tend 

to increase the apparent relative humidity above the true value. The 

desired wet-bulb temperature in the calibration is the minimum one. A 

sample analysis of the calibration observations is given in Appendix III. 

The results of all such observations, as analyzed for the psychrometric 

constant, are presented in Figure 25. 
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The results in Figure 25 demonstrate an important feature of this 

secondary method of calibration. It will be noted that there apparently 

is no simple relationship between the psychrometric "constant" A and the 

wet-bulb temperature. The wide dispersion of points, as obtained through 

the use of different saturated salt solutions, was present also in the 

results reported by wexler and Hasegawa (1954). Hygrometer calibration 

by means of the primary methods referred to above also shows a linear 

relationship between A and the wet-bulb temperature, a trend which is 

lacking in the present calibration. It is apparent that either some 

technique in the design of the present hygrometer has been overlooked, or 

that the secondary method of calibration suffers from gross inaccuracies 

in spite of all of the reasonable precautions observed. 

It has been assumed in subsequent use of this hygrometer that the 

secondary method of calibration is faulty. Further, it has been assumed 

that the Wexler-Brombacher form of the psychrometric formula (Table 4) is 

the appropriate one for this hygrometer, since it has been derived from 

precise calibrations and is in widespread use. Ifce validity of these 

assumptions is supported by the close agreement between measured air 

refractivity and the refractivity that is deduced from the hygrometer 

information through the use of the Wexler-Brombacher formula, as reported 

in Section 7.2. 

5.5 Computation of Refractive Index 

the refractive index of the air within the jet of the wind tunnel 

is finally deduced from the measurements upon the separate components that 

contribute to air refractivity. As has been indicated in Section 5.1, 

these contributing components are the air temperature, the total air pressure 

and the partial pressure of water vapour. The total atmospheric pressure 

is measured by a Casclia Aneroid Barometer, Mark I, type 6143, mounted 

V ■* 
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in the wind tunnel jet. Since the partial pressure of water vapour is 

not measured directly, it is deduced from measurements upon the wet- and 

the dry-bulb temperature within the jet. The computation that is required 

to deduce the partial water vapour pressure from the temperature information 

is laborious, especially in an extensive program of refractivity studies. 

For this reason, a program of computation has been drawn up, which makes 

use of the IBM 650 Electronic Computer, on the campus of this university. 

The computation procedure may be summarized briefly. After the 

information from the experiment has been recorded on paper charts, the 

latter are examined and the appropriate readings are transferred to a 

table. Figure 26 shows a sample of the analysis table. Here, the time 

reference e    lies to appropriate periods during each observation when 

prescribed conditions within the jet were obtained; RQ^ refers to the 

apparent resistance of the wet-bulb temperature probe as indicated by 

its precision bridge; <ljdx^ represents the change in the resistance of 

the temperature probe for the indicated deflection of the recorder pen; 

2^ refers to the correction factor which accounts for the resistance of 

the electrical leads to the temperature probe (Equation 58); finally, 

the corrected resistance of the wet-bulb temperature probe, R^, is 

calculated through Equations (53) and (54). 

The wet-bulb temperature within the jet now is deduced from the 

information in this table. The relationship between Ry^ and the wet-bulb 

temperature TD is given in Equation (57). A table which gives this 

relationship for the range of temperatures between 0°C and 50°C has been 

computed by means of the IBM 650 computer. The program for this computation 

is given in Appendix V. These tables cover the range of variables: 

100.000 ohms ^ RT ^ 119.999 ohms (59) 

0.27°C £ TD £  50.30°C 

T 
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The saturation vapour pressure at the vet-bulb temperature (ew) is 

now deduced from the above information. Here, it is necessary to refer 

further to the tables in Appendix IV. 

The final step in the calculations is made through a single 

computer program. This program combines the operation» of Equations (51), 

(53), (54) and (55) to ascertain the dry-bulb temperature from the recorder 

chart information (Figure 26). It then inserts the information up&n dry- 

bulb temperature! wet-bulb temperature, saturation vapour pressure at this 

vet-bulb temperature, and the observed air pressure into Equation (44). 

For this purpose, the psychromctric. equation with the coefficients from 

Wexler and Brombacher (see Table 4) has been employed to ascertain the 

partial vapour pressure. Then, the computer program continues with 

Equation (40) to determine the refractive index of the air in the jet. 

Appendix IV gives the appropriate computer program, and a s«mple cal- 

culation is also included. 
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Date PLATINUM PROBE-BRUSH RECORDER TEMPERATURE ANALYSIS 

April 20/63 Remarks: Microwave Refractometer 
Temperature Compensation Test, T = 25°C 
Invar-Brass Cavity         p = 982.3 mbs. 

Time 
Reference Channel I (wet) Channel II (dry) 

1 

R01 ql üxl h *T1 TD R02 ^2 
ew 

105.20 
LÖ 7.50 1/) 106.448 15.959 109.70 1.25 18.144 

2 7.75 8 106.450 15.964 3.25 18.144 
3 10.50 1 106.479 16.037 11.25 18.236 
4 s 15.00 • 

—4 106.525 16.153 109.90 5.50 18.365 
5 105.40 o 0.50 

t"~| 

106.577 16.284 18.00 18.518 
6 5.00 106.624 16.403 110.10 11.00 18.661 
7 9.50 106.671 16.522 110.30 3.50 18.803 
8 13.50 106.712 16.625 13.75 18.935 
9 17.00 106.748 16.716 110.50 4.00 19.043 

10 105.60 1.25 106.787 16.814 12.00 19.153 
11 4.75 106.824 16.908 110.70 1.50 19.274 
12 8.00 106.857 16.991 9.00 19.373 
13 11.50 106.894 17.084 17.00 19.484 
14 10.50 106.883 17.057 9.00 19.459 
15 6.00 106.836 16.938 HO. 50 12.75 19.311 
16 105.40 20.00 106.779 16.794 no. 30 15.00 19.129 
17 15.50 106.733 16.678 1.00 18.995 
18 11.00 106.686 16.559 110.10 5.00 18.851 
19 7.00 106.645 16.456 109.90 11.00 18.732 
20 3.25 106.606 16.358 109.70 18.25 18.613 
21 105.20 18.75 106.564 16.252 7.75 18.483 
22 15.75 106.533 16.173 109.50 17.50 18.388 
23 12.75 106.502 16.095 8.75 18.306 
24 10.00 106.474 16.025 1.50 18.225 
25 7.25 106.445 15.951 109.30 12.75 18.132 
26 5.00 106.422 15.893 6.50 18.063 
27 2.50 106.396 15.828 109.10 18.75 17.994 
28 105.00 19.50 106.370 15.762 13.25 17.914 
29 17.25 106.346 15.701 7.50 17.845 
30 15.00 106.323 15.644 2.00 17.777 
31 13.25 106.305 15.598 108.90 16.50 17.732 

Figure 26: Sample temperature analysis table 
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6, The Optical Ellipsometer 

An auxilliary study of surface adsorption has bcm undertaken to 

provide additional information on the refractometer seniors. The method 

used here employs optical techniques to observe the formation of an adsorbed 

layer upon the surfaces of quartz and invar. Plane-polarized light is 

reflected from the surface under study, and the change in the ellipicity 

of polarization upon reflection is used as an indication of the thickness 

of the adsorbed layer. 

Various techniques of optical ellipsometry have been described 

in the literature. The simplest method, and that used in the present 

study, is attributed to Rothen (1945). More complex improvements in the 

technique have been described by others, including Rothen and Hanson (1948), 

Derjagvin and Zorin (1957), and Siiverman (1930). 

The experimental arrangement is illustrated in Figure 27. The 

monochromatic light is provided by a sodium source. The sodium light 

passes through a narrow slit, and is focussed through a polaroid upon 

the surface under study, at an angle of incidence of 60°. The reflected 

light is passed through a quarter-wave mica plate, where it is analyzed 

by a Nicol prism and observed visually. 

Observations upon the reflected polarized light are carried out 

within a darkened room. Initially, the quarter-wave plate and the analyzer 

are adjusted successively for the deepest null in the reflected light 

intensity. Then, with the reflecting quartz or invar plate in the bell-jar, 

the relative humidity in the chamber is increased 1/ adding water via the 

reservoir and bubbling air through it, or decreased by removing the water 

via the reservoir and blowing in dry air. The relative humidity of the 

air in the chamber is determined by the readings of the wet- and dry-bulb 
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thermometers. After the moist air is introduced, the rotation of the 

analyzer alone is adjusted, again for the deepest null in reflected light. 

The amount of rotation of the plane of polarization of the reflected 

light is taken as an indication of the thickness of the adsorbed layer upon 

the sample. Rothen (1945) has calibrated his system with films of barium 

stearate; this calibration has shown a linear relationship between the 

amount of rotation and the thickness of the layer. However, no calibration 

of this sort has been provided for the present experiment with water films. 

Only qualitative information on the layer thickness has been obtained in 

the experiment reported here. 

Some ten groups of observations have been made upon quartz and invar 

plates. Hie results of these observations are summarized in Table 8. 

Table 8 

Ellipsometer Observations Upon Samples of Quartz Plate and Invar Plate 

Material 

Invar plate (flat), 
untreated 

Invar plate (flat), 
cleaned with abrasive 
cleaner 

Invar plate (flat), 
cleaned with abrasive 
cleaner 

Fused quartz plate 
(flat). 

No. of Observations 

1 - unventilated 

3 - unventilated 

Remarks 

Not able to observe null 
setting 

No detectable rotation of 
polarization (within ^2.5°) 
for R.H. up to saturation. 

(same as in previous 
observations) 

Rotation of polarization 
increased as R.H. increased 
above 20 percent, with ro- 
tation of 15 degrees as R.H. 
approached 50 percent. At 
R.H. * so percent, polarization 
rotation increased abruptly 
to approx. 30 degrees. 

For R.H. greater than 50 
percent, polarization rotation 
varied erratically, 

Furth" consideration will be given to these observations in Section 6. 

3 - ventilated 
(800 ft, per minute) 

3 - ventilated 
(800 ft. per minute) 
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7. Experimental Observations in the Wind Tunnel 

This section will describe the experimental observations upon the 

microwave refractometer and upon the capacitor-type refractometer within 

the jet of the wind tunnel. Before these measurements were undertaken, 

the hygrometer probes were mounted in the mouth of the exit cone, at a 

position off the central axis of the jet. This position was ascertained 

through numerous measurements, such that the hygrometer did not interfere 

appreciably with the distribution of temperatures within the jet, and yet 

*t gave an accurate indication of the temperature at the refractometer 

sensor. Care was *aken to assure that the hygrometer wetting system was 

properly adjusted before each observation described in the following 

sections. The barograph was mounted at the edge of the jet, near the 

exit cone; this position was found to give a sensitive indication of 

pressure within the jet. The experimental arrangement has been indicated 

in Figure 9. 

All experimental observations have been made with the refractometer 

sensors mounted in the most homogeneous part of the jet. In each case, 

the axis of the sensor was parallel to the direction of air flow. Ihe 

microwave cavity was suspended within the jet by nylon cords; however, 

after numerous trials, it was found necessary to mount the capacitor-type 

refractometer upon a rigid glass stand within the jet. The trolley system 

had been removed previously from the region of the jet, to prevent its 

interference with these observations. 

The appropriate conditions of temperature and relative humidity 

within the jet were maintained by adjustment of the manual controls of the 

refrigeration unit, electric heater, dehumidifier and water vapour injector, 

as indicated previously. All recordings of temperature, pressure and 
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refractivity were synchronized, and the series of desired events noted 

upon the recordings during each observation. Through these precautions, 

it was found that the indicated refractivities under stationary conditions 

were repeatable within two parts per million. 

ihe refractometer sensors were prepared carefully before each set 

of observations. No modifications of the sensor in the microwave 

ref ractometer were made, but several changes were made in the sensor 

of the capacitor-type ref ractometer. These are described in Section 7.3. 

In the latter, the reference capacitor was isolated from changes in 

external humidity by surrounding it with a stiff waxed paper cover; 

further, all sharp edges of the refractometer surface were smoothed, and 

unnecessary protrusions removed to eliminate pockets that may trap water 

vapour. 

7.1 Temperature Coefficient of the Refractometers 

It is necessary to establish the effect of a temperature change 

upon the refractometer sensors, apart from the associated change in air 

refractivity. This temperature coefficient of the refractometers has 

been ascertained by operating each of the two refractometers within the 

jet as the air temperature is varied and the relative htnidity of the air 

is maintained at a value below 20 percent. No attempt has been made to 

incorporate temperature compensation into the ref ractometer sensors, 

beyond that which existed prior to these experimental observations. The 

rate of change of temperature has been sufficiently slow that the 

refractometer sensors and the hygrometer probes were in equilibrium 

with the air in the jet. 

The temperature coefficient of the refractometers has been ascertained 

for each of the types of sensor used in the following observations. This 

coefficient is deduced by noting the difference between the true air 
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refractivity as deduced fron the temperature and pressure readings >  and the 

refractivity as indicated by the refractometer, for a change of several 

degrees in the jet temperature. A sample indication of the temperature 

coefficient for the microwave refractometer is shown in Figure 28. The 

mean temperature for this measurement was 20°C. It will be seen that the 

microwave cavity is adequately temperature compensated for the precision of 

measurements in this experiment. 

A sample indication of the temperature coefficient of the capacitor- 

type refractometer also is indicated in Figure 28. Here, the temperature 

coefficient is 20 parts per million per °C. Similar measurements have 

been made at mean temperatures also of 10, 30 and 40 C. These have shown 

that the temperature coefficient is essentially constant over this range 

of temperatures. 

This information on the temperature coefficient of the two refracto- 

meters has been applied in the following observations. In each case, the 

contribution to indicated refractivity that arises from changes in the 

sensor dimensions has been deducted. The remaining changes in indicated 

refractivity, then, are attributed to the air within the sensing element. 

In practice, the temperature of the air within the jet has been maintained 

constant within 0.1°C throughout each observation interval, and hence the 

necessary temperature correction is small. 

7.2 Refractivity Change with Hmidity - Ihe Microwave Refractometer 

Nine sets of observations have been made with the microwave refracto- 

meter. In these, the temperature has been maintained essentially constant 

at approximately 27°C, 32°C and 51°C while relative humidity is changed 

from approximately 20 percent upwards to saturation. Figure 29 illustrates 

the analysis of these observations. It will be seen that the refractivity 

11 
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as indicated by the microwave refractometer follows the true refractivity 

of the air within the jet for relative humidities less than 85, 75 an^ 50 

percent, respectively, at temperatures 27°, 32 and 51°C; for greater 

relative humidities, the indicated refractivity departs from the true 

refractivity, and the amount of the departure increases by approximately 

7 parts per million pei millibar change in vapour pressure. 

7.3 Refractivity Change with Humidity - The Capacitor-Type Refractometer 

Several changes have been made in the physical construction of the 

sensing element of the capacitor-type refractometer. These changes have 

been designed to yield information on the process of vapour adsorption. 

The results of each modification upon the indicated refractivity are 

described in the separate sub-sections below, 

(a) Quartz-Invar Sensor with Six Quartz Spacers - Uncoated 

The combination of quartz and invar in the sensing capacitor has 

been used because of the low temperature coefficient of expansion. Figure 17 

has illustrated the physical construction of this capacitor. It will be 

noted that the quartz spacers are cylindrical, with shallow slits cut 

along one side to seat the invar plates. These plates are fastened in 

place with water-resistant resin glue (Lepage1s "Bondfast", baked in an 

oven for several hours to remove moisture.) 

The refractivity of the air within the jet has been measured with 

this sensor containing six quartz spacers. These measurements were made 

with mean air temperatures of 9 , 24°, 33 and 47°C, as the himidity of 

the air was increased from about 20 percent to saturation. Figure 30 

illustrates the results of these observations. It will be seen that in 

each case the indicated refractivity follows the true (Debye) refractivity 

for relative humidities up to 48 percent. At higher relative humidities, 
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the indicated air refractivity departs rapidly from the true refractivity, 

with the non-linear increase becoming very large in the neighbourhood of 

saturation, (The Debye line terminates at saturation, in each case, 

except for that of 47°C). 

(b) Quartz-Invar Sensor with six Quartz Spacers - Coated with Siliclad 

The effect of a hydrophobic coating upon the refractivity indication 

has been examined in this set of observations. The configuration of the 

refractometer sensor is the same as that in the previous study, and the 

hydrophobic material is water-soluble silicone concentrate (siliclad, 

manufactured by Clay-Adams Incorporated, New York 10, New York). 

Two sets of measurements have been made upon this type of refracto- 

meter sensor. In one, only the quartz spacers have been coated with the 

hydrophobic material; it was found that the indicated refractivity departed 

from the true (Debey) refractivity at a relative humidity of 35 percent. 

For greater relative humidities, the trend of the departure is similar 

to that described under (a) above. When both the quartz spacers and the 

invar plates of the capacitor were coated with the hydrophobic compound, 

the departure from the true refractivity was somewhat similar, but to a 

lesser extent. The second set of points in Figure 31 indicates the 

observations for the latter case. 

(c) Quarts-Invar Sensor with Six Quartz Spacers - Coated with Cup-Grease 

The procedure of section (b) has been repeated, but with a different 

hydrophobic material. These results are illustrated also in Figure 31. 

The application of a thin layer of cup-grease to the quartz spacers alone 

results in a marked decrease in the departure of indicated refractivity 

from true refractivity; the departure begins at a relative humidity of 

46 percent, and the trend in the departure is similar to that of the 
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previous observations. When the whole of the capacitor is covered with a 

thin layer of cup-grease, the departure between indicated and true 

refractivity is even less than above; in this case, the depasture also 

begins at a relative humidity of 48 percent. The third set of points 

in Figure 31 applies to the latter case, 

(d) Quartz-Invar Sensor with Varied Number of Quart« Spacers, - Uncoated 

A study has been made upon the adsorption of water vapour upon 

the quartz spacers, by varying the number of spacers. The number of spacers 

was varied from six to zero; in the latter, the configuration is as shown 

in the photograph of Figure 17. Here, the only solid dielectric in the 

capacitor is at the mounting base where it contacts the box of the 

refractometer. The capacitor plates are held in position by rigid bolts 

that fasten to projections from each plate. 

Figure 32 illustrates the results of these observations. In all 

cases, the indicated refractivity departs from the true refractivity at 

a relative humidity of about 50 percent, but the extent of the departure 

decreases with the decreasing number of quartz spacers in the capacitor. 

(e) Quartz-Invar Sensor and Invar Sensor, - Coated with Beeswax 

The final set of observations has been made upon the poorest and 

the best of the capacitor configurations that were used in the prevr.ous 

studies. In each case, the whole of the capacitor was coated with a 

thin layer of beeswax, dissolved in benzene. The results of these 

measurements are shown in the two right-hand curves of Figure 31. Again, 

it will be seen that the indicated refractivity departs from the true 

refractivity at a relative humidity in excess of 48 percent. For the 

capacitor containing six quartz spacers, the total departure from true 

refractivity is less than that observed when the capacitor was coated 
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with cup-grease. A further improvement is noted when all of the quartz 

spacers are removed from the capacitor; here, the performance approaches 

that of the microwave refractometer. 
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*. Interpretation and Remarks 

The interpretation of the observations in the experiment reported 

here wiil be based upon a number of assumptions. First, it will be 

recognized that the process of water vapour adsorption probably is res- 

ponsible for the anomalous behaviour of the refractometer sensors at high 

relative humidities. This assumption appears entirely reasonable, in view 

of the previous work reported in Section 2.2. Secondly, the extensive 

difficulties that are encountered in the precise calibration of a hygrometer 

have made it necessary to assume the Wexler-Brombacher form of the psychrometric 

equation. This form has been obtained through careful laboratory measurements, 

and it has been used widely. Thirdly, the form of the Debye equation that 

is attributed to Smith and Weintraub also has been used in the calculation 

of refractive index from the hygrometer measurements. Although this form 

of the equation has not been accepted universally, it has been found satis- 

factory for most refractivity observations as reported in the literature. 

The goodness of the second and third assumptions in the present experiment 

has been demonstrated at least for a wide range of variation in relative 

humidity by the close agreement between the refractive index of the air as 

measured by the microwave refractometer and the improved Hay refractometer, 

and the calculated refractivity as deduced from the hygrometer measurements 

through the application of the Wexler-Brombacher formula and the Smith- 

Weintraub equation. 

A fourth assumption involves the lack of dispersion in air refractivity 

over the radio frequency spectrum. It has been demonstrated by Kerr (1951, 

Chapter VIII) that the refractive index (or dielectric constant) and the 

electromagnetic absorption of a non-conducting and non-ferromagnetic medium 

such as the air in the troposphere Are closely related by the physical 
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properties of the medium. A change in the refractive index of the medium 

must be accompanied by a predictable change in the absorption or attenu- 

ation of the medium. In this way, it may be shown that the refractive 

index of the air varies by much less than one part per million over the 

whole of the radio frequency spectrum. Consequently, the same refractivity 

indication must be made by the capacitor-type refractometer at a frequency 

of approximately 6 Mc/s and the microwave refractometer at a frequency of 

10,000 Mc/s. 

8.1 Deductions from the Present Experiment 

The observations with the optical eliipsometer have raised an 

important question, The processes of adsorption upon quartz and upon 

invar plates apparently are notably different. Although the observations 

were only qualitative, a comparison of the two materials under similar 

conditions showed that adsorption of vapour occurs readily upon the quartz 

surface, but not perceptibly upon the isolated invar surface. Further, 

it is reasonable to assume that the sensitivity of the eliipsometer is 

sufficient for the present experiment, since it indicated the onset of 

adsorption at a much lower relative humidity than the observations within 

the wind tunnel. Although adsorption upon the quartz surface was observed 

for relative humidities in excess of 20 percent, the amount of adsorption 

becomes sufficient to affect the capacitor-type sensor only at the large 

and erratic increase for relative humidities exceeding 50 percent. 

A further question arises from a comparison of the eliipsometer 

observations with those obtained in the wind tunnel. Although the process 

of adsorption appears to take place upon the metal surfaces of the capacitor- 

type sensor and the microwave cavity, at least for relative humidities 

exceeding b5  percent, no adsorption was observed upon the isolated invar 

v»»-' 
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plate within the optical ellipsometer at humidities up to saturation. If 

it is accepted that the optical ellipsometer is sufficiently sensitive 

to indicate the presence of an adsorbed layer upon the metal, then it may 

be suggested that the physical arrangement for the metal within the 

ellipsometer does not represent the conditions found in the refractometer 

sensors. One possible difference is the presence of an electric field 

within the refractometer sensors, which is absent in the isolated invar 

plate within the ellipsometer. It is suggested further, that the difference 

in the behaviour of the microwave refractometer sensor and the improved 

capacitor-type sensor at higher relative humidities is due to the difference 

in the electric field intensity at the metal surfaces in these two types 

of sensors, and the consequent effects upon the process of water vapour 

adsorption. 

The results of the refractometer study using the experimental wind 

tunnel may be summarized as follows. The physical process of vapour 

adsorption occurs in both the microwave refractometer cavity and in the 

capacitor-type refractometer sensor, in an amount which is sufficient to 

affect the indication of refractive ind^x at high relative humidities. 

However, the effect is notably different within the two sensors: the 

departure between the true refractivity (Debye) and the indicated refractivity 

exceeds one part per million for a minimum relative humidity which depends 

upon the air temperature in the microwave refractometer, and for a minimum 

relative humidity which is essentially independent of temperature in the 

untreated capacitor-type refractometer sensor. The departure increases 

almost linearly with increase in vapour pressure within the microwave 

cavity, but the departure is non-linear with increasing vapour pressure 

in the capacitor sensor. 
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Two factors are important to the physical process of adsorption 

within the capacitor sensor. The amount of adsorption upon the sensor 

surfaces depends upon the quantity of quartz present in the capacitor; 

here, the effects of adsorption decrease with decreasing quantity of 

quartz. Secondly, adsorption depends upon the type of surface coating on 

the capacitor. Various types of hydrophobic materials when applied in a 

thin layer to the surfaces of the capacitor, tend to discourage the 

adsorption process to different degrees. A thin layer of beeswax has 

been found to provide the greatest protection against adsorption when 

applied to all surfaces of the capacitor sensor. It should be noted 

further, that even when all of the quartz dielectric is removed from the 

region of strong electric field within the capacitor sensor, the onset 

of significiant adsorption for an air temperature of about 26 C occurs 

at a lower relative humidity in the capacitor sensor than in the microwave 

cavity sensor. 

8.2 Comments Upon Practical Applications 

The results of the present experiment have indicated several 

points of practical importance. First, it has demonstrated the need for 

care in interpreting refractivity measurements upon air at high relative 

humidities; errors in apparent refractivity, well in excess of one part 

per million, will occur in measurements with the microwave refractomcter 

and with the capacitor-type refractomcter at high relative humidities. 

Secondly, it is possible to obtain a considerable improvement in the 

accuracy of refractivity indication (at least in the capacitor-type 

refractometer) through appropriate design of the sensing element. This 

includes construction of the capacitor with the quartz dielectric removed 

from the region of strong electric field, and the coating of the metal 
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plates with a suitable hydrophobic material. An incidental result is 

derived from the observations upon the temperature coefficient of expansion 

of the sensing element; the temperature coefficient in the capacitor-type 

refractometer is predictable with a high degree of precision over a wide 

range of temperatures. 

The present experiment suggests the need for further study. It is 

desirable that an examination be made of the value of other types of 

hydrophobic coating upon tfe refractometer sensor; this investigation 

should be applied not only to the capacitor-type refractometer, but also 

to the microwave refractometer. This study may also be extended to include 

other types of metal in the sensing element. Hie possibility of reducing 

undesirable defects of adsorption through reducing the strength of the 

electric field intensity at the sensing element also deserves further 

consideration. In addition, the study of temperature compensation in 

the refractometer sensors may be carried out readily with the wind-tunnel 

facility. 

8.3 Cofuments upon the Physical Process of Adsorption 

An academic interest in the physical process of vapour adsorption 

upon solid surfaces raises several questions from the results of the present 

experiment. The apparent difference in the adsorption upon quartz and 

upon invar indicates a need for a further study on the basic physical 

processes. This would include a study of the roles played by an electric 

field at the surface of the material, by various types of materials and 

contaminations upon the surface, and by the motion of the humid air at 

the surface. At the present time, the processes of adsorption and 

condensation upon solid dielectric and metal surfaces at saturation 

vapour pressures are poorly understood; the techniques for this study 

zrr 



- 99 - 

would also require careful consideration. An extensive bibliography on 

water vapour adsorption at solid surfaces has been compiled and included 

in Appendix VII. 

A better understanding of the process of vapour adsorption at 

metal surfaces would permit a further investigation into some of the 

assumptions made in this last section. Of considerable interest is the 

accuracy of the coefficients in the Smith-Wcintraub form of the Debye 

equation, especially at high relative humidities. Further, the construction 

of an improved refractometer sensor would permit a more careful comparison 

between the measured refractivity of a sample of air and that predicted 

from hygrometer and barometer measurements through the application of 

the Debye and the psychrometric equations. 
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Figure A-l: 

Figure A-2: 

Figure A-3 

Figure A-4; 

Figure A-5; 

Appendix I 

Circuits of the Microwave Refractometer 

Block diagram of Microwave Refractometer. 

Circuits of cathode follower and integrator, and of blanking 

amplitude control. 

Pulse-sharpening circuits. 

Pulse and Sawtooth Waveform Generators. 

1000 c/s crystal-controlled oscillator. 
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Appendix II 

Experimental Procedure for Calibration of the 

Platinum Wire Resistance Hygrometer 

The following experimental procedure has been followed for each set of 

observations upon the hygrometer in the humidity calibration chamber: 

1. All parts of the calibration chamber and its associated apparatus are 

cleaned with detergent and Bon Ami, and finally with distilled water. 

2. The calibrating salt solutions are prepared several hours in advance of 

the calibration, in covered pyrex dishes, to allow the temperature of 

the solution to approach room temperature. 

3. On the evening before the calibration, the following procedures are 

carried out: 

(a) Turn on all electronic equipment. 

(b) Place required solution in the pyrex plate within the bell-jar. 

(c) Empty the water reservoir for the wet-bulb probe. 

4. On the morning of the calibration the procedure is as follows: 

(a) Apply bias potential to the platinum resistance probes. 

(b) Fill the water reservoir for the wet-bulb probe. 

(c) After waiting ten minutes, take the barometer and manometer readings 

and the temperature of the calibrating solution. 

(d) Ventilate the chamber at the prescribed rate and record the probe 

temperatures for three minutes. 

(e) Take the barometer and manometer readings and the temperature of 

the calibrating solution immediate]y after the completion of the 

previous step. 

(f) Turn off chamber ventilation, and take the barometer and manometer 

readings, and the temperature of the calibrating solution. Then 

record the temperature probe readings for two minutes. 
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(g) Take the readings of the barometer and manometer and the solution 

temperature immediately after the preceeding step, 

(h) Check the zero setting and the calibrations of the recorder 

amplifiers. 

(i) After waiting for 15 minutes, repeat the three previous steps, 

(j) Wait for one hour, and check the levsl of the water in the 

reservoir for the wet-bulb probe, 

(k) Repeat the above recording procedure. 

(1) Remove the water from the reservoir for the wet-bulb temperature 

probe. 

(m) After waiting for two hours, repeat all of the above steps, 

(n) Prepare for next dayfs calibration as in procedure 3 above. 
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Appendix III 

Sample Analysis of Observations Taken in Hygrometer Calibration 

Calibrating Solution: K2SO4    (R.H. approx, 97 percent) 

Equation to be solved: e -■ e^ - A p(T - TD)  .  (a) 

where A is the unknown to be ascertained« 

Information obtained from the observations: 

Temperature of calibrating solution « Tg C 

Barometric pressure of air in the chamber - p (millibars) 

Temperature of air in chamber, before ventilation = T0 °C 

At point ffa" in recordings (when Tp first reaches minimum value): 

Air temperature = (T)a 

Wet-bulb temperature - (Tn)a 

Similarly for other subsequent points ,fb", "c", etc. in recordings. 

Then the above information for each of points "a", "b", etc, is applied as 

follows: 

(i) Average of Ts and T0 taken to ascertain relative humidity of air 

in chamber before ventilation (RH0), from graphs in paper by 

Wexler and Hasegawa (1954). 

(ii) Vapour pressure of air in chamber before ventilation (e0) is found 

from tables of saturation vapour pressure (es), from appropriate 

es at temperature T0, and from RH0. 

(iii) For observations at point "a", temperatures are found to have 

increased and hence ea is greater than e0. 

Since e0  x T0, (according to the gas law), x way be deduced, and 

then ca  x(T)a. (assuming negligible loss or gain of water vapour 

in the time between sets of observations). 
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This value is substituted in the hygrometric formula (a) above 

to give: 

ea = cs(TD)a - 
A P  ;<T>a " (TrA ]   (b) 

Example: (Feb. 25, 1963: 11:11 a.m.) 

Ts = 21.0°C, corrected to 2l.l°C 

p = 29.32 inches Hg., corrected to 28.93 inches = 979.7 millibars 

Manometer levels inside and outside of calibrating chamber equal. 

T0 = 20.96°C 

Mean of T§ and T0 = 21.03°C 

R.H. at this mean temperature * 97.2 - r*2i x o.3 = 97.14 percent. 
5.00 

But eST = 24.82 millibars 

Then   e0 = 2LM X 24.82 = 24.11 millibars. 0       100 
Also,  since e0 = x T0> then x = 24.11 _ i#i5o 

20.96 

Then, for readings at point "a1 : 

(T)a = 21.09°C,  (TD)a = 20.40°C 

ca = x (T)a = 1'150 x 21'09 = 24'26 «outers 

and    cs(Tn)A 
= 23.98 millibars. 

Eqn.  (b) becomes: 

24.26 = 23.98 - A (979.7)(0.69) 

or   A - -0.415 x 10"3 
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\ppendix IV 

Table of Vapour Pressures of Liauid Water 

(in millibars), for Temperatures from 0°C 

to 50 C, corrected for Atmospheric Pressure. 
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Vapour Pressures of Liquid Water From 0°C to 50°C 
(Pressures given in millibars) 

t, °C .00 .01 .02 .03 .04 .05 .06 .07   .08 .09 

0.0 6.110 6.115 6.119 6.124 6.128 6.133 6.137 6.142 6.146 6.151 
0.1 6.155 6.160 6.164 6.168 6.173 6.176 6.183 6.187 6.192 6.196 
0.2 6.201 6.206 6.210 6.215 6.219 6.224 6.228 6.233 6.237 6.242 
0.3 6.246 6.251 6.255 6.260 6.264 6.269 6.273 6.276 6.282 6.287 
0.4 6.291 6.296 6.300 6.305 6.310 6.315 6.319 6.323 6.329 6.333 
0.5 6.33b 6.343 6.347 6.352 6.357 6.362 6.366 6.371 6.376 6.380 

0.6 6.365 6.390 6.394 6.399 6.403 6.408 6.413 6.417 6.422 6.426 
0.7 6.431 6.436 6.440 6.445 6.450 6.455 6.459 6.463 6.469 6.473 
0.8 6.478 6.483 6.467 6.492 6.497 6.502 6.506 6.511 6.516 6.520 
0.9 6.525 6.530 6.535 6.539 6.544 6.549 6.554 6.559 6.563 6.566 
1.0 6.573 6.578 6.583 6.587 6.592 6.597 6.602 6.607 6.611 6.616 

1.1 6.621 6.626 6.631 6.635 6.640 6.645 6.650 6.655 6.659 6.664 
1.2 6.669 6.674 6.679 6.683 6.688 6.693 6.698 6.703 6,707 6.712 
1.3 6.717 6.722 6.727 6.731 6.736 6.741 6.745 6.751 6.755 6.760 
1.4 6.765 6.770 6.775 6.760 6.785 6.790 6.794 6.799 6.804 6.809 
1.5 6.814 6.819 6.824 6.829 6.834 6.839 6.843 6.846 6.853 6.656 

1.6 6.663 6.666 6.673 6.678 6.883 6.688 6.893 6.898 6.903 6.906 
1.7 6.913 6.916 6.923 6.926 6.933 6.938 6.943 6.948 6.953 6.958 
1.8 6.963 6.966 6.973 6.976 6.983 6.986 6.993 6.996 7.003 7.006 
1.9 7.013 7.018 7.023 7.028 7.033 7.036 7.043 7.048 7.053 7.058 
2.0 7.063 7.066 7.073 7.076 7.083 7.089 7.094 7.099 7.104 7.106 

2.1 7.114 7.119 7.124 7.129 7.134 7.140 7.145 7.150 7.155 7.160 
2.2 7.165 7.170 7.175 7.180 7.185 7.190 7.195 7.200 7.205 7.210 
2.3 7.215 7.220 7.225 7.231 7.236 7.241 7.246 7.251 7.257 7.262 
2.4 7.267 7.272 7.277 7.283 7.288 7.293 7.298 7.303 7.309 7.314 
2.5 7.319 7.324 7.329 7.335 7.340 7.345 7.350 7.355 7.361 7.366 

2.6 7.371 7.376 7.382 7.367 7.393 7.398 7.403 7.409 7.4, '.420 
2.7 7.425 7.430 7.436 7.441 7.446 7.452 7.457 7.462 7. * 7.473 
2.6 7.476 7.483 7.469 7.494 7.499 7.505 7.510 7.515 7.5 ^ 7.526 
2.9 7.531 7.536 7.542 7.547 7.553 7.558 7,563 7.569 V.574 7.530 
3.0 7.585 7.590 7.596 7.601 7.606 7.6L. 7.617 7.622 7.627 7.633 

3.1 7.638 7.644 7.649 7.655 7.660 7.666 7.671 7.677 7.682 7.666 
3.2 7.693 7.698 7.704 7.709 7.715 7.720 7.725 7.731 7.736 7.742 
3.3 7.747 7.753 7.756 7.764 7.769 7.775 7.780 7.786 7.791 7.797 
3.4 7.802 7.608 7.813 7.819 7.824 7.630 7.835 7.841 ? 846 7.852 
3.5 7.857 7.663 7.868 7.874 7.880 7.886 7.891 7.897 /.903 7.908 
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t, °c     .00 

3.6 
3.7 
3.8 
3.9 
4.0 

4.1 
4.2 
4.3 
4.4 
4.5 

4.6 
4.7 
4.8 
4.9 
5.0 

5.1 
5  2 

5.3 
5.4 
5.5 

5.6 
5.7 
5.8 
5.9 
6.0 

7.914 
7.970 
8.026 
8.083 
8.141 

8.198 
8.255 
8.313 
8.371 
8.430 

6.490 
8.550 
8.610 
8.670 
8.730 

8,791 
8.852 
8.914 
8.976 
9.039 

9.102 
9.164 
9.228 
9.-92 
9.356 

.01 

7.920 
7.976 
8.032 
8.089 
8.147 

8.204 
8.261 
8.319 
8.377 
8.436 

8.496 
8.556 
8.616 
8.676 
8.736 

8.797 
8.858 
8.920 
8.982 
*.045 

9.108 
9.170 
9.234 
9.298 
9.363 

.02 

7.925 
7.981 
8.037 
8.095 
8.152 

8.209 
8.267 
8.325 
8.383 
8.442 

8.502 
8.562 
8.622 
8.682 
8.742 

8.803 
6.864 
8.926 
8.989 
9.052 

9.114 
9.177 
9.241 
9.305 
9.369 

.03 

7.931 
7.987 
8.043 
8.100 
8.158 

8.215 
8.272 
8.330 
8.389 
8.448 

8.508 
8.566 
8.626 
8.686 
8.748 

8.809 
8.871 
8.933 
8.995 
9.058 

9.121 
9.183 
9.247 
9.311 
9.376 

.04 

7.936 
7.992 
8.049 
8.106 
8.164 

6.221 
8.278 
8.336 
8.395 
8.454 

8.514 
8.574 
8.634 
8.694 
8.755 

8.815 
8.877 
8.939 
9.001 
9.064 

9.127 
9.190 
9.254 
9.318 
9.382 

.05        .06 

7.942 
7.998 
8.055 
8.112 
8.170 

8.227 
8.264 
6.342 
8.401 
6.460 

8.520 
8.580 
8.640 
8.700 
8.761 

6.822 
8.883 
8,945 
9.008 
9.071 

9.133 
9.196 
9.260 
9.324 
9.389 

7.948 
8.004 
8.060 
8.118 
8.175 

8.232 
8.290 
8.348 
6.406 
8.466 

8.526 
8.586 
8.646 
8.706 
8.767 

8,828 
8.889 
8.951 
9.014 
9.077 

9.139 
9.202 
9.266 
9.330 
9.396 

.07 

7.953 
8.009 
8.066 
8.124 
6.181 

8.238 
8.296 
8.354 
8.412 
8.472 

8.532 
8.592 
8.652 
8.712 
8.773 

8.834 
8.895 
8.957 
9.120 
9.083 

9.145 
9.209 
9.273 
9.337 
9.402 

.08        .09 

7.959 
8.015 
8.072 
8.129 
8.187 

8.244 
8.301 
8.359 
8.418 
8.478 

8.538 
8.598 
8.658 
8.718 
8.779 

8.840 
8.902 
8.964 
9.026 
9.089 

9.152 
9.215 
9.279 
9.343 
9.409 

7.964 
8.020 
8.077 
8.135 
8.192 

8.249 
8.307 
8.365 
8.424 
8.484 

8.544 
8.604 
6.664 
S.724 
8.7S5 

8.846 
8.906 
8.970 
9.033 
9.096 

9.158 
9.222 
9.286 
9.350 
9.415 

6.1 
6.2 
6.3 
6.4 
6.5 

6.6 
6.7 
6.8 
6.9 
7.0 

7.1 
7.2 
7.3 
7.4 
7.5 

9.422 
9.487 
9.552 
9.618 
9.664 

9.752 
9.820 
9.888 
9.956 

9.429 
9.494 
9.559 
9.625 
9.691 

9.759 
9.827 
9.895 
9,963 

9.435 
9.500 
9.565 
9.631 
9.698 

9.766 
9.834 
9.902 
9.970 

9.442 
9.507 
9.572 
9.638 
9.704 

9.772 
9.840 
9.908 
9.976 

9.448 
9.513 
9.578 
9.644 
9.711 

9.779 
9.847 
9.915 
9.983 

9.455 
9.520 
9.565 
9.651 
9.718 

9.786 
9.854 
9.922 
9.990 

9.461 
9.526 
9.592 
9.658 
9.725 

9.468 
9.533 
9.598 
9.664 
9.732 

9.474 
9 539 
9.cC5 
9.671 
9.738 

9.481 
9.546 
9.611 
9.677 
9.745 

9.793 9.800 9.806 9.813 
9.861 9.868 9.974 9.881 
9.929 9.936 9.942 9.949 
9.997 10.004 10.010 10.017 

10.024 10.031 10.038 10.045 10.052 10.059 10.063 10.073 10.080 10.087 

10.094 10.101 10.108 10.115 10.122 10.129 10.135 10.142 10.149 10.156 
10.163 10.170 10.177 10.184 10.191 10.198 10.204 10.211 10.218 10.225 
10.232 10.239 10.246 10.253 10.260 10.267 10.2/4 10.261 10.286 10.295 
10.302 10.309 10.316 10.324 10.331 10.336 10.345 10.352 10.360 10.367 
10.374 10.381 10.388 10.395 10.402 10.409 10.416 10.423 10,430 10.437 



- 113 - 

t, °C  .00 .01 .02 .03 .04 .05 .06 .07 ,06 .09 

7.6 10.444 10.451 10,458 10.466 10.473 10.480 10.467 10.494 10.502 10.509 
7.7 10.516 10c523 10.530 10.536 10.545 10.552 10.559 10.566 10.574 10.581 
7.8 10.588 10.595 10.602 10.610 10.617 10.624 10.631 10.635 10.646 10.653 
7.9 10.660 10.667 10675 10.682 10.690 10.697 10.704 10.712 10.719 10.727 
8.0 10.734 10.741 10.749 10.756 10.763 10.771 10.778 10.785 10.792 10.600 

8.1 10.807 10.814 10.822 10.829 10.836 10.844 10.851 10.858 10.865 10.873 
8.2 10.880 10.888 10,895 10.903 10.910 10.918 10.9'5 10.933 10.940 10.946 
8.3 10,955 10.963 10.970 10.978 10.985 10.993 11.000 11.008 11.005 11.023 
8.4 11.030 11.037 11.045 11.052 11.060 11.067 11.074 11.082 11.089 11.097 
8.5 11.104 11.112 11.119 11.127 11.134 11.142 11.150 11,157 11.165 11.172 

8.6 11.180 11.188 11.195 11.203 11,210 11.218 11.225 11.233 11.240 11.248 
8.7 11.255 11.263 11.270 11.278 11.286 11.294 11.301 11.309 11.317 11.324 
6.8 11.332 11.340 11.347 11.355 11.362 11.370 11.378 11.385 11.393 11.400 
8.9 11.408 11.416 11.424 11.431 11.439 11.447 11.455 11.463 11.470 11.47** 
9.0 11.486 11,494 11.502 11.509 11.517 11.525 11.533 11.541 11.548 11.f«6 

9.1 11.564 11.572 11.580 11.588 11.596 11.604 11.612 11.620 11.628 11.636 
9.2 11.644 11.652 11.660 11.668 11.676 11.684 11.691 11.699 11.707 11.715 
9.3 11.723 11.731 11.739 11,746 11.754 11.762 11.770 11.778 11.785 11.793 
9.4 11.801 11.809 11.817 11.825 11.833 11.841 11.849 11.857 11.865 ll.*73 
9.5 11.881 11.889 11.897 11.905 11.913 11.921 11.929 11.937 11.945 11.953 

9.6 11.961 11.969 11.977 11.985 11.993 12.001 12.009 12.O1? 12.025 12.033 
9.7 12.041 12.049 12.057 12.066 12.074 12.082 12.090 12.098 12.107 12.115 
9.8 12.123 12.131 12.139 12.147 12.155 12.164 12,172 12.180 12.186 12.196 
9.9 12.204 12.212 12.221 12.229 12.237 12.246 12.T54 12.262 12.270 12.279 

10.0 12.287 12.295 12.303 12.312 12.320 12.328 12.336 12.344 12.353 12.361 

10.1 12.369 12.377 12.386 12.394 12.402 12.411 12.419 12,427 12.435 12.444 
10.2 12.452 12.460 12.469 12.477 12.485 12.494 12.502 12.510 12.516 12.527 
10.3 12.535 12.543 12,552 12.560 12.569 12.577 12.585 12.594 12.602 12.611 
10.4 12.619 12.627 12.636 12.644 12.652 12.661 12.669 12.677 12.685 12.694 
10.5 12.702 12,711 12.719 12.723 12.736 12.745 12.754 12.762 12.771 12.779 

10.6 12,786 12.797 12.805 12.814 12,622 12.631 12.839 12.848 12.856 12.-65 
10.7 12.873 12.882 12.890 12.699 12.906 12.917 12.925 12.934 12.943 12.951 
10.h 12.960 12.969 12.977 12,986 12.995 13.004 13.012 13.021 13.030 13.036 
10.9 13.047 13.056 13.064 13.073 13.061 13.090 13.099 13.107 13.116 13.124 
11.0 13.133 13.142 13.150 13.159 13.166 13.177 13.165 13.194 13.203 13.211 

11.1 13.220 13.229 13.238 13.247 13.256 13.265 13.273 13.282 13,291 13.300 
11.2 13.309 13.316 13.327 13.335 13.344 13.353 13.362 13.371 13.379 13.3-6 
11.3 13.397 13.406 13,415 13.424 13.433 13.442 13,451 13.460 13.469 13.47*5 
11.4 13.487 13.496 13.505 13.514 13.523 13.532 13.54? 13.550 P.559 13.566 
11.5 13.577 13.586 13.595 13.604 13.613 13.023 13.632 13.641 13.650 13.659 



- 114 - 

o, t, WC      .00 .01 .02 .03 .04 .05 .06 .07 .08 .09 

V 

11.6 13.668 13.677 13.686 13.695 13.704 13.V14 13.723 13.732 13.741 13.750 
11.7 13.759 13.768 13.777 13.786 13.795 13.804 13.813 13.822 13.831 13.840 
11.8 13.849 13.858 13.867 13.877 13.886 13.895 13.904 13.913 13.923 13.932 
11.9 13.941 13.950 13.959 13.969 13.978 13.987 13.996 14.005 14.C5 14.024 
12.0 14.033 14.042 14.052 14.061 14.071 14.080 14.089 14.099 14.108 14.118 

12.1 14.127 14.136 14.146 14.155 14.164 14.174 14.183 14.192 14.201 14.211 
12.2 14.220 14.229 14.239 14.248 14.257 14.267 14.276 14.285 14.294 14.304 
12.3 14.313 14.322 14.332 14.341 14.351 14.360 14.369 14.379 14.388 14.398 
12.4 14.407 14.417 14.426 14.436 14.445 14.455 14.464 14.474 14.483 14.493 
12.5 14.502 14.512 14.521 14.531 14.540 14.550 14.559 14.569 14.578 14.588 

12.6 14.597 14.607 14.616 14.626 14.635 14.645 14.655 14.664 14.674 14.683 
12.7 14.693 14.703 14.712 14.722 14.731 14.741 14.751 14.760 14.770 14.779 
12.8 14.789 14.799 14.809 14.818 14.828 14.838 14.848 14.858 14.867 14.877 
12.9 14.887 14.897 14.906 14.916 14.925 14.935 14.945 14.954 14.964 14.973 
13.0 14.963 14.993 15.003 15.013 15.023 15.033 15.042 15.052 15.062 15.072 

13.1 15.082 15.092 15.102 15.112 15.122 15.132 15.741 15.151 15.161 15.171 
13.2 15,181 15.191 15.201 15.211 15.221 15.231 15.240 15,250 15.260 15.270 
13.3 15,280 15.290 15.300 15.310 15.320 15.330 15.340 15,350 15.360 15.370 
13.4 15.380 15.390 15.400 15.411 15.421 15.431 15.441 15..451 15.462 15.472 
13.5 15.482 15.492 15.502 15.513 15.523 15.533 15.543 15.553 15.564 15.574 

13.6 15.584 15.59* 15.604 15.614 15.624 15.635 15.645 15.655 15.665 15.675 
13.? 15.685 15.695 15.706 15.716 15.726 15.737 3.5.747 15.757 15.767 15.778 
13.8 15.788 15.798 15.808 15.819 15.829 15.839 15.849 15.859 15.870 15.880 
13.9 15.890 15.900 15.911 15.921 15.931 15.942 15.952 15.962 15.972 15.983 
14.0 15.993 16.003 16.014 16.024 16.035 16.045 16.055 16.066 6.076 16.087 

14.1 16.097 16.108 16.118 16.129 16.139 16.150 16.160 16.171 36.181 16.192 
14.2 16.202 16.213 16.223 16.234 16.245 16.256 16.266 16.277 16.288 16.298 
14.3 16.309 16.319 16.330 16.340 16.351 16.361 16.371 16.382 16.392 16.403 
14.4 16.413 16.424 16.434 16.445 16.456 16.467 16.477 16.498 16.499 16.509 
14.5 16.520 16.531 16.541 16.552 16.562 16.573 16.584 16.594 16.605 16.615 

14.6 16.626 16.637 16.648 16.656 16.669 16.680 16.691 16.702 16.712 16.723 
14.7 16.734 16.745 16.756 16.766 16.777 16.788 16.799 16.810 16.820 16.831 
14.8 16.842 16.853 16.864 16.875 16.886 16.897 16.908 16.919 16.930 16.941 
14.9 16.952 16.963 16.974 16.985 16.996 17.007 17.017 17.028 17.039 17.050 
15.0 17.061 17.072 17.083 17.094 17.105 17.116 17.126 17.137 17.148 17.159 

15.1 17.170 17.181 17.192 17.204 17.215 17.226 17.237 17.248 17.260 1^.271 
15.2 17.282 17.293 17.304 17.316 17.327 17.338 17.349 17.360 17.372 17.383 
15.3 17.394 17.405 17.416 17.428 17.439 17,450 17.461 17.472 17.484 17.495 
15.4 17.506 17.517 17.528 17.540 17.551 17.562 17.573 17.584 17.596 17.607 
15.5 17.618 17.629 17.641 17.652 17.664 17.675 17.686 17.698 17.709 17.721 



- 115 - 

t. °C  .00   .01   .02   .03   .04   .05   .06   .07   .08   .09 

15.6 17.732 17.743 17.755 17.766 17.777 17.789 17.800 17.811 17.822 17.834 
15.7 17.845 17.657 17.668 17.880 17.891 17.903 17.914 17.926 17.937 17.949 
15.6 17.960 17.971 17.383 17.994 18.000 18.017 18.028 18.040 18.051 18.063 
15.9 18.074 16.086 18.097 16.109 18.120 18.132 18.144 18.155 18*. 167 18.178 
16.0 16.190 16.202 18.213 18.225 18.236 18.248 18.260 18.271 18.283 16.294 

16.1 18.306 18.318 18.329 18.341 18.353 18.365 18.376 18.388 39.400 18.411 
16.2 18.423 16.435 18.447 18.459 18.471 18.483 18.494 18.506 16.518 18.530 
16.3 16.542 18.554 18.566 18.578 18.590 18.602 18.613 18.625 18.637 18.649 
16.4 18.661 181673 18.685 18.696 18.708 18.720 18.732 18.744 18.755 18.767 
16.5 18.779 18.791 16.803 18.815 18.827 18.839 18.851 18.863 18.875 18.887 

16.6 18.899 18.911 18.923 18.935 18.947 18.959 18.971 18.983 18.995 19.007 
16.7 19.019 19.031 19.043 19.056 19.068 19.080 19.092 19.104 19.117 19.129 
16.6 19.141 19.153 19.165 19.177 19.189 19.202 19.214 19.226 19.238 19.250 
16.9 19.262 19.274 19.287 19.299 19.311 19.324 19.336 19.348 19.360 19.373 
17.0 19.385 19.397 19.410 19.422 19.435 19.447 19.459 19.472 19.484 19.497 

17.1 19.509 19.521 19.534 19.546 19.559 19.571 19.583 19.596 19.608 19.621 
17.2 19.633 19.646 19.65S 19.671 19.683 19.696 19.708 19.721 19.733 19.746 
17.3 19.756 19.771 19.783 19.796 19.808 19.821 19.833 19.846 19.858 19.871 
17.4 19.883 19.896 19.908 19.921 19.933 19.946 19.959 19.971 19.884 19.996 
17.5 20.009 20.022 20.034 20.047 20.059 20.072 20.085 20.097 20.110 20.122 

17.6 20.135 20.148 20.161 20.173 20.186 20.199 20.212 20.225 20.237 20.250 
17.7 20.263 20.276 20.289 20.301 20.314 20.327 20.340 20.353 20.365 20.378 
17.8 20.391 20.404 20.417 20.429 20.442 20.455 20.468 20.481 20.493 20.506 
17.9 20.519 20.532 20.545 20.558 20.571 20.584 20.597 20.610 20.623 20.636 
18.0 20.649 20.662 20.675 20.688 20.701 20.714 20.727 20.740 20.753 20.766 

18.1 20.779 20.792 20.805 20.818 20.831 20,845 20.858 20.871 20.884 20.897 
18.2 20.910 20.923 20.936 20.949 20.963 20.976 20.989 21.002 21.016 21.029 
18.3 21.042 21.055 21.068 21.082 21.095 a.108 21.121 21.134 21.148 21.161 
16.4 21.174 21.187 21.201 21.214 21.227 21.241 21.254 21.267 21.280 21.294 
16.5 21.307 21.321 21.334 21.348 21.36] a.375 21.388 21.402 21.415 21.429 

16.6 21.442 21.455 21.469 21.482 21.495 21.509 21.522 21.535 a.548 a.562 
18.7 21.575 21.589 21.602 21.616 21.629 a.643 21.656 21.670 21.683 21.69? 
16.8 21.710 21.724 21.737 21.751 21.764 21.778 a.792 a.805 21.819 21.832 
18.9 21.846 21.860 21.873 a.687 21.901 21.915 21.928 21.942 a.956 a.969 
19.0 21.983 a.997 22.011 22.025 22.039 22.053 22.066 22.080 22.094 22.108 

19.1 22.122 22.136 22.150 22.163 22.177 22.191 22.205 22.219 22.232 22.246 
19.2 12.260 22.274 22.268 22.302 22.316 22,330 22.343 22.357 22.371 22.385 
19.3 .2.399 22.413 22.427 22.441 22.455 22.469 22.483 22.497 22.511 22.525 
19.4 22.539 22.553 22.567 22.581 22.595 22.609 22.623 22.637 22.651 22.665 
19.5 22.679 22.693 22.707 22.721 22.735 22.750 22.764 22.778 22.792 22.806 



- HS - 

t, °C  .00   .01   .02 .03 .04 .05   .06 .07 .08 .09 

19.6 22.820 22.834 22.849 22.863 22.877 22.892 22.906 22.920 22.934 22.949 
19.7 22.963 22.977 22.992 23.006 23.020 23.035 23.049 23.063 23.077 23.092 
19.8 23.106 23.120 23.135 23.149 23.164 23.178 23.192 23,207 23.221 23.236 
19.9 23.250 23.264 23.279 23.293 23.308 23.322 23.336 23.351 23.365 23.380 
20.0 23.394 23.409 23.423 23.438 23.452 23.467 23.482 23.496 23.511 23.525 

20.1 23*540 23.555 23.569 23.584 23.598 23.613 23.628 23.642 23.657 23.671 
20.2 23.686 23.701 23.715 23.730 23.744 23.759 23.774 23.788 23.603 23.817 
20.3 23.832 23.847 23.862 23.876 23.891 23.906 23.921 23.93t 23.950 23,965 
20.4 23.980 23.995 24.010 24.024 24.039 24.054 24.069 24,084 24.098 24.113 
20.5 24.128 24.143 24.158 24.173 24.188 24.203 24.218 24.233 24.248 24.263 

20.6 24.278 24.293 24.308 24.323 24.338 24.353 24.367 24.382 24.397 24.412 
20.7 24.427 24.442 24.457 24.472 24.487 24.503 24.518 24.533 24.548 24.563 
20.8 24.578 24.593 24.608 24.624 24.639 24.654 24.669 24.684 24.700 24.715 
20.9 24.730 24.745 24.760 24.776 24.791 24.806 24.821 24.836 24.852 24.86" 
21.0 24.882 24.897 24.912 24.928 24.943 24.958 24.973 24.988 25.004 25.019 

21.1 25.034 25.049 25.065 25.080 25.096 25.111 25.126 25.142 25.157 25.173 
21.2 25.188 25.204 25.219 25.235 25.250 25.266 25.281 25.297 25.312 25.328 
21.3 25.343 25.359 25.374 25.390 25.406 25.422 25.437 25.453 25.469 25.484 
21.4 25.500 25.516 25.531 25.547 25.563 25.579 25.594 25.610 25.626 25.641 
21.5 25.657 25.673 25.689 25.704 25.720 25.736 25.752 25.768 25.783 25.799 

21.6 25.815 25.831 25.847 25.862 25.878 25.894 25.910 25.926 25.941 25.957 
21.7 25.973 25.989 26.005 26.021 26.037 26.053 26.068 26.084 26.100 26.116 
21.8 26.132 26.148 26.164 26.160 26.196 26.212 26.228 26.244 26.260 26.276 
21.9 26.292 26.308 26.324 26.340 26.356 26.372 26.388 26.404 26.420 26.436 
22.0 26.452 26.468 26.484 26.500 26.516 26.533 26.549 26.565 26.581 26.597 

22.1 26.613 26.629 26.646 26.662 26.678 26.695 26.711 26.727 26.743 26.760 
22.2 26.776 26.792 26.809 26.825 26.842 26.858 26.874 26*891 26.908 26.924 
22.3 26.940 26.956 26.973 26.989 27.006 27.022 27.038 27.055 27.071 27.068 
22.4 27.104 27.121 27.137 27.154 27.170 27.187 27.203 27.220 27.236 27.253 
22.5 27.269 27.286 27.302 27.319 27.336 27.353 27.369 27.386 27.403 27.419 

22.6 27.436 27.453 27.470 27.486 27.503 27.520 27.537 27.554 27.570 27.587 
22.7 27.604 27.621 27.637 27.654 27.671 27.688 27.704 27.721 27.738 27.754 
22.8 27.771 27.788 27.805 27.821 27.838 27.855 27.872 27.889 27.905 27.922 
22.9 27.939 27.956 27.973 27.990 28.007 28.024 28.040 28.057 28.074 28.091 
23.0 28.108 28.125 28.142 28.159 28.176 28.194 28.211 28.228 28.245 26.262 

23.1 28,279 28.296 28.313 28.330 28.347 28.364 28.381 28.398 28.415 26.432 
23.2 28.449 28.466 28.483 28.501 28.518 28.535 28.552 28.569 28.567 26.604 
23.3 26.621 28.638 28.656 28.673 28.690 28.708 28.725 26.742 28.759 28.777 
23.4 28.794 26.812 2«.829 26.847 28.864 28.882 26.699 28.917 28.934 28.952 
23.5 28.969 28.987 29.004 29.022 29.039 29.057 29.074 29.092 29.109 29.127 



- 117 - 

t, °C  .00 .01 .02 .03 .04 .05 .06 .07 .06 .09 

23.6 29.144 29.162 29.179 29.197 29.214 29.232 29.250 29.267 29.265 29.302 
23.7 29.320 29.338 29.355 29.373 29.391 29.403 29.426 29.444 29.462 29.479 
23.8 29.497 29.515 29.533 29.551 29.569 29.58? 29.604 29.622 29.640 29.656 
23.9 29.o76 29.694 29.712 29.729 *9.747 29.765 29*783 29.900 29.6?^ 29.636 
24.0 29.854 29.872 29.890 29.908 29.926 29.944 29.962 29.980 29.99* 10.016 

24.1 30.034 30.052 30.070 30.089 30.107 30.125 30.143 30.161 30.160 30.198 
24.2 30.216 30.234 30,252 30.271 30.289 30.107 30.325 30.343 30.362 30.360 
24.3 30.398 30.416 30.435 30.453 30.471 30.490 30.508 30.526 30.544 30.563 
24.4 30.581 30.599 30.618 30.636 30.655 30.673 30.691 30.710 30.728 30.747 
24.5 30.765 30.783 30.802 30.820 30.839 30.857 30.875 30.894 30.912 30.931 

24.6 30.949 30.968 30.986 31.005 31.023 31.042 31.060 31.079 31.097 31.116 
24.7 31.134 31.153 31.171 31.190 31.208 31.227 31.246 31.264 31.283 31.301 
24.8 31.320 31.339 31.357 31.376 31.394 31.413 31.432 31.450 31.469 31.487 
24.9 31.506 31.525 31.544 31.562 31.581 il.600 31.619 31.638 31.656 31.675 
25.0 31.694 31.713 31.732 31.750 31.769 31.788 31.807 31.826 31.844 31.863 

25.1 31.882 31.901 31.920 31.939 31.958 31.977 31.995 32.014 32.033 32.052 
25.2 32.071 32.090 32.109 32.128 32.147 32.167 32.186 32.205 32.224 32.243 
25.3 32.262 32.281 32.300 32.320 32.339 32.358 32.377 32.396 32.416 32.435 
25.4 32.454 32.473 32.493 32.512 32.531 32.551 32.570 32.589 32.608 32.628 
25.5 32.647 32.667 32.686 32.706 32.725 32.745 32.764 32.784 32.803 32.823 

25.6 32.842 32.862 32.881 32.901 32.920 32.940 32.960 32.979 32.999 33.018 
25.7 33.038 33.058 33.077 33.097 33.117 33.137 33.156 33.176 33.196 33.215 
25.8 33.235 33.255 33.275 33.294 33.314 33.334 33.354 33,374 33.393 33.413 
25.9 33.433 33.453 33.473 33.492 33.512 33.532 33.552 33.572 33.591 33.611 
26.0 33.631 33.651 33.671 33.6C2 33.712 33.732 33.752 33.772 33.793 33.813 

26.1 33.633 33.853 33.873 3\893 33.913 33.933 33.953 33.973 33.993 34.013 
26.2 34.033 34.053 34.073 34.093 34.113 34.134 34.154 34.174 34.194 34.214 
26.3 34.234 34.254 34.275 34.295 34.315 34.336 34.356 34.376 34.396 34.417 
26.4 34.437 34.457 34.477 34.498 34.518 34.538 34.558 34.578 34.599 34.619 
26.5 34.639 34.659 34.660 34.700 34.721 34.741 34.761 34.782 34.802 34.823 

26.6 34.843 34.664 34.664 34.905 34.925 34.946 34.966 34.987 35.007 35.028 
26.7 35.048 35.069 35.089 35.110 35.131 35.152 35.172 35.193 35.214 35.234 
26.6 35.255 35.276 35.297 35,317 35.338 35.359 35.380 35.401 35.421 35.442 
26.9 35.463 35.484 35.505 35.526 35.547 35.566 35.588 35.609 35.630 35.651 
27.0 35.672 35.693 35.714 35.736 35.757 35.778 35.799 35.820 35.842 35.863 

27.1 35.884 35.905 3*.926 35.947 35.968 35.990 36.011 36.032 36.053 36.074 
27.2 36.095 36.116 36.137 36.159 36.180 36.201 36.222 36.243 36.265 36.286 
27.3 36.307 36.326 36.350 36.371 36.392 36.414 36.435 36.456 36.477 36.499 
27.4 36.520 36.542 36.563 36.585 36.606 36.628 36.649 36.671 36.692 36.714 
27.5 36,735 36.757 36.778 36.800 36.821 36.843 36.864 36.886 36.907 36.929 
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27.6 36.950 36.972 36.993 37.015 37.036 37.058 37.080 37.101 37.123 37.144 
27.7 37.166 37.188 37,209 37.231 37.253 37.275 37.296 37.318 37.340 37.361 
27.8 37.383 37.405 37.427 37.449 37.471 37.493 37.514 37.536 37.558 37.580 
27.9 37.602 37.624 37.646 37.667 37.689 37.711 37.733 37.755 37.776 37.798 
28.0 37.620 37.842 37.864 37.887 37.909 37.931 37.953 37.975 37.997 38.020 

28.1 38.042 38.064 38.086 38.108 38.130 38.153 38.175 38.197 38.219 38.241 
28.2 38.263 38.285 38.307 38.330 38.352 38.374 38.396 38.418 38.441 38.463 
28.3 38.485 38.507 38.530 38.552 38.575 38.597 38.619 38.642 38.664 38.687 
28.4 38.709 38.732 38.754 38.777 38.799 38.822 38.845 38.867 38.890 33.912 
28.5 38.935 38.958 38.980 39.003 39.025 39.048 39.071 39.093 39.116 39.133 

28.6 39.161 39.184 39.207 39.229 39.252 39.275 39.298 39.321 39.343 39,366 
28.7 39.389 39.412 39.435 39.458 39.481 39.504 39.527 39.550 39.573 39.596 
23.8 39.619 39.642 39.665 39.688 38.711 39.734 39.757 39.780 39.803 39.826 
28.9 39.849 39.872 39.895 38.919 39.942 39.965 39.988 40.011 40.035 40.058 
29.0 40.081 40.104 40.127 40.151 40.174 40.197 40.220 40.24c 40.267 40.290 

29.1 40.313 40.336 40.360 40.383 40.407 40.430 40.453 40.477 40.500 40.524 
29.2 40.547 40.570 40.594 40.617 40.641 40.664 40,687 40.711 40.734 40.758 
29.3 40.781 40.605 40.828 40.852 40.875 40.699 40.923 40.946 40.970 40.993 
29.4 41.017 41,041 41.065 41.088 41.112 41.136 41.160 41.184 41.207 41.231 
29.5 41.255 41.279 41.303 41.326 41.350 41.374 41.398 41.422 41.445 41.469 

29.6 41.493 41.517 41.541 41.565 41.589 41.613 41.636 41.660 41.684 41.708 
29.7 41.732 41.756 41.760 41.804 41.828 41.852 41.876 41.900 41.924 41.948 
29.8 41.972 41.996 42.020 42.045 42.069 42.093 42.117 42.141 42.166 42.190 
29.9 42.214 42.238 42.263 42.287 42.311 42.336 42.360 42.384 42.408 42,433 
30.0 42.457 42.481 42.506 42.530 42.555 42.579 42.603 42.628 42.652 42.677 

30.1 42.701 42.726 42.750 42.775 42.799 42.824 42,848 42.873 42.897 42.922 
30.2 42.946 42.971 42.995 43.020 43.045 43.070 43.094 43.119 43.144 43.168 
30.3 43.193 43.218 43.242 43.267 43.292 43.317 43.341 43.366 43.391 43.415 
30.4 43.440 43.465 43.490 43.514 43.539 43.564 43.589 43.614 43.638 43,663 
30.5 43.688 43.712 43.738 43.763 43.788 43.813 43.837 43.862 43.887 43.912 

30.6 43.937 43.962 43.987 44.012 44.037 44.063 44.088 44.113 44.138 44.163 
30.7 44.188 44.213 44.239 44.264 44.290 44.315 44.340 44.366 44.391 44.417 
30.8 44.442 44.468 44.493 44.519 44.544 44.570 44.595 44.621 44.646 44.672 
30.9 44.697 44.723 44.746 44.774 44.799 44.625 44.851 44.876 44.902 44.927 
31.0 44.953 44.979 45.004 45.030 45.056 45.082 45.107 45.133 45.159 45.184 

31.1 45.210 45.236 45.262 45.288 45.314 45.340 45.365 45.391 45.417 45.443 
31.2 45.469 45.495 45.521 45.546 45.572 45.598 45.624 45.650 45.675 45.701 
31.3 45.727 45.753 45.779 45.805 45.831 45.857 45.883 45.909 45.935 45.961 
31.4 45.987 46.013 46.039 46.066 46.092 46.118 46.144 46.170 46.197 46.223 
31.5 46.249 46.275 46.302 46.328 46.355 46.381 46.407 46.434 46.460 46.487 
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31.6 46.513 46.539 46.566 46.592 46,619 46.645 46.671 46.696 46.724 46.751 
31.7 46.777 46.804 46.830 46.857 46.883 46.910 46.936 46.963 46.989 47.016 
31.8 47.042 47.069 47.096 47.122 47.149 47.176 47.203 47.230 47.256 47.283 
31.9 47.310 47.337 47.364 47.390 47.417 47.444 47.471 47.498 47.524 47,551 
32.0 47.578 47.605 47.632 47.659 47.686 47.713 47.739 47.766 47.793 47.820 

32.1 47.847 47.874 47.901 47.928 47.955 47,983 48.010 48.037 48.064 48.091 
32.2 48.118 48.145 48.172 48.200 48.227 48.254 48.281 48.308 48.336 48.363 
32.3 48.390 48.417 48.445 48.472 48.500 48.527 48.554 48.582 48.609 48.637 
32.4 48.664 48.692 48.719 48.747 48.774 48.802 48.829 48.857 48.884 48.912 
32.5 4b.939 48.967 48.994 49.022 49.050 49.078 49.105 49.133 49.161 49.188 

32.6 49.216 49.244 49.272 49.299 49.327 49.355 49.383 49.411 49.438 49.466 
32.7 49.494 49.522 49.550 49.577 49.605 49.633 49.661 49.689 49.716 49.744 
32.8 49.772 49.800 49.828 49.856 49.884 49.912 49.940 49.96ft 49.9% 50.024 
32.9 50.052 50.080 50.108 50.137 50.165 50.193 50.221 50.249 5C.278 50.306 
33.0 50.334 50.362 50,391 50.419 50.448 50.476 50.504 50.533 50.561 50.590 

33.1 50.618 50.647 50.675 50.704 50.732 50.761 50.789 50.818 50.846 50.875 
33.2 50.903 50.932 50.960 50.989 51.017 51.046 51.074 51.103 51.131 51.160 
33.3 51.168 51.217 51.245 51.274 51.303 51.332 51.360 51.389 51.418 51.446 
33.4 51.475 51.504 51 533 51.562 51.591 51.620 51.546 51*677 51.706 51.735 
33.5 51.764 51.793 51.822 51.851 51.380 51.909 51.937 51.966 51.995 52.024 

33.6 52.053 52.082 52.111 52.141 52.170 52.199 52.228 52.257 52.287 52.316 
33.7 52.345 52.374 52.404 52.433 52.463 52.492 52.5a 52.551 52.580 52.610 
33.8 52.639 52,668 52.698 52.727 52.757 52.786 52.815 52.845 52.874 52.^04 
33.9 52.933 52.963 52.992 53.022 53.051 53.081 53.110 53.140 53.169 53.199 
34.0 53.228 53.258 53.287 53.317 53.347 53.377 53.406 53.436 53.466 53.495 

34.1 53.525 53.555 53.585 53.614 53.644 53.674 53.704 53.734 53.763 53.793 
34.2 53.823 55.853 53.883 53.913 53.943 53.973 54.003 54.033 54.063 54.093 
34.3 54.123 54.153 54.183 54.214 54.244 54.274 54.304 54.334 54.365 54.395 
34.4 54.425 54.455 54.486 54.516 54.546 54.577 54.607 54.637 54.667 54.698 
34.5 54.726 54.759 54.789 54.820 54.850 54.881 54.911 54.942 54.972 55.003 

34.6 55.033 55.064 55.094 55.125 55.155 55.186 55.U6 55.247 55.277 55.308 
34.7 55.338 55.369 55.399 55.430 55.461 55.492 55.522 55.553 55.584 55.614 
34.8 55.645 55.676 55.706 55.737 55.767 55.798 55.828 55.859 55.889 55.920 
34.9 55.95   55.98    56.01    56.04   56.08    56.11    56.14   56.17    56.20    56.23 
35.0 56.265 56.296 56.327 56.359 56.390 56.4a 56.452 56.483 56.515 56.546 

35.1 56.577 56.608 56.640 56.671 56.702 56.734 56.765 56.796 56.827 56.859 
35.2 56.890 56.922 56.953 56.985 57.016 57.048 57.079 57.1U 57.142 57.174 
35.3 57.205 57.237 57.268 57.300 57.332 57.364 57.395 57.427 57.459 57,490 
35.4 57.522 57.554 57.586 57.617 57.649 57.681 57.713 57.745 57.776 57.808 
35.5 57.840 57.872 57.904 57.936 57.968 58.000 58.032 58.064 58.096 58.128 
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35.6 58.160 58.192 58.224 58.256 58.288 58.321 58.353 58.385 58.417 58.449 
35.7 58.481 58.513 58.545 58.578 58.610 58.642 58.674 58.706 58.739 58.771 
35.8 58.803 58.835 58.868 58.900 58.932 58.965 58.997 59.029 59.061 59.094 
35.9 59.126 59.159 59.191 59.224 59.256 59.289 59.321 59.354 59.386 59.419 
36.0 59.451 59.484 59.516 59.549 59.582 59,615 59.647 59.680 59.713 59.745 

36.1 59.778 59.811 59.844 59.876 59.909 59.942 59.975 60.008 60.040 60.073 
36.2 60.106 60.139 60.172 60.205 60.238 60.271 60.333 60.336 60.369 60.402 
36.3 60.435 60.468 60.501 60.534 60.567 60.601 60.634 60.667 60.700 60.733 
36.4 60.766 60.799 60.833 60.866 60.899 60.933 60.966 60.999 61.032 61,066 
36.5 61.099 61.133 61.166 61.200 61.233 61.267 61.300 61.334 61.367 61.401 

36.6 61.434 61.468 61.501 61.535 61.569 61.603 61.636 61.670 61.704 61.737 
36.7 61.771 61.805 61.839 61 873 61.907 61.941 61.974 62.008 62.042 62.076 
36.8 62.110 62.144 62.178 62.212 62.246 62.230 62.314 62.346 62.382 62.416 
36.9 62.450 62.484 62.518 62.552 62.586 62.621 62.655 62.689 62.723 62.757 
37.0 62.791 62.825 62.860 62.894 62.928 62.963 62.997 63.031 63.065 63.100 

37.1 63.134 63.168 63.203 63.237 63.272 63.306 63.340 63.375 63.409 63.444 
37.2 63.478 63.513 63.547 63.582 63.616 63.651 63.685 63.720 63.754 63.789 
37.3 63.823 63.858 63.893 63.928 63.963 63.998 64.032 64.067 64.102 64.137 
37.4 64.172 64.207 64.242 64.277 64.312 64.347 64.382 64.417 64.452 64.487 
37.5 64.522 64.557 64.592 64.627 64.662 64.697 64.732 64.767 64.802 64.837 

37.6 64.872 64.907 64.942 64.978 65.013 65.048 65.083 65.118 65.154 65.189 
37.7 65.224 65.260 65.295 65.331 65.366 65.402 65.437 65.473 65.508 65.544 
37.8 65.579 65.615 65.650 65.686 65.721 65.757 65.793 65.828 65.864 65.899 
37.9 65.935 65.971 66.007 66.042 66.078 66.114 66.150 66.186 66.221 66.257 
38.0 66.293 66.329 66.365 66.401 66.437 66.473 66.508 66.544 66.580 66.616 

38.1 66.652 66.688 66.724 66.760 66.796 66.832 66.868 66.904 66.940 66.976 
38.2 67.012 67.048 67.084 67.120 67.156 67.193 67.229 67.265 67.301 67.337 
38.3 67.373 67.409 67.446 67.482 67.518 67.555 67.591 67.627 67.663 67.700 
38.4 67.736 67.77«. 67.809 67.846 67.882 67.919 67.955 67.992 68.028 68.065 
38.5 68.101 68.138 68.175 68.211 68.248 68.285 68.322 68.359 68.395 6S.432 

38.6 68.469 68.506 68.543 68.580 6a.617 68.654 68.690 68.727 66.764 68.801 
38.7 68,838 68.875 68.912 68.950 66.987 69.024 69.061 69.098 69.136 69.173 
38.d €9.210 69.248 69.285 69.323 69.360 69.398 69.435 69.473 69.510 69.548 
38.9 69.585 69.623 69.660 69.698 69.735 69.773 69.811 69.848 69.866 69.923 
39.0 69.961 69.999 70.036 70.074 70.112 70.150 70.187 70.225 70.263 70.30C 

39.1 70.338 70.376 70.414 70.452 70.490 70.526 70.566 70.604 70.642 70.660 
39.2 70.718 70.756 70.794 70.832 70.870 70.906 70.946 70.984 71.022 71.060 
39.3 71.098 71.136 71.174 71.213 71.251 71.289 71.327 71.365 71.404 71.442 
39.4 71.480 71.518 71.556 71.595 71.633 71.671 71.709 71.747 71.766 71.824 
39.5 71.862 71.901 71.939 71.976 72.016 72.055 72.093 72.132 72.170 72.209 
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39.6 
39.7 
39.8 
39.9 
40.0 

.00   .01 .02 .03 .04 .05 .06 .07 .08 .09 

72.247 72.286 72.324 72.363 72.402 72.441 72.479 72.518 72.557 72.595 
72.634 72.673 72.712 72.751 72.790 72.829 72.867 72.9C6 72.945 72.984 
73.023 73.062 73,101 73.140 73.179 73.219 73.258 73.297 73.336 73.375 
73.414 73.453 73.492 73.532 73.571 73.610 73.649 73.688 73.728 73.767 
73.806 73.844 73.883 73.921 73.960 73.998 74.036 74.075 74.113 74.152 

40.1 
40.2 
40.3 
40.4 
40.5 

74.19 
74.59 
74.99 
75.39 
75.79 

74.23 
74.63 
75.03 
75.43 
75.83 

74.27 
74.67 
75.07 
75.47 
75.87 

74.31 
74.71 
75.11 
75,51 
75.91 

74.35 
74.75 
75.15 
75.55 
75.95 

74.39 
74.79 
75.19 
75.59 
75.99 

74.43 
74.83 
75.23 
75.63 
76.03 

74.47 
74.87 
75.27 
75.67 
76.07 

74.51 
74.91 
75.31 
75.71 
76.11 

74,55 
74.95 
75.35 
75.75 
76.15 

40.6 
40.7 
40.8 
40.9 
41.0 

76.19 
76.59 
77.01 
77.42 
77.83 

76.23 
76.63 
77.05 
77.46 
77.87 

76.27 
76.67 
77.09 
77.50 
77.91 

76.31 
76.72 
77.13 
77.54 
77.96 

76.35 
76.76 
77.17 
77.58 
76.00 

76.39 
76.80 
77.22 
77.63 
78.04 

76.43 
76.84 
77.26 
77,67 
78.08 

76.47 
76.88 
77.30 
77.71 
78.12 

76.51 
76.93 
77.34 
77.75 
78.17 

76.55 
76.97 
77.36 
77.79 
78.21 

41.1 
41.2 
41.3 
41.4 
41.5 

78.25 
78.66 
79.07 
79.49 
79.91 

78.29 
78.70 
79.11 
79.53 
79.95 

78.33 
78.74 
79.15 
79.57 
60.00 

78.37 
78.78 
79.20 
79.62 
80.04 

78.41 
78.82 
79.24 
79.66 
80.08 

78.46 
7b. 87 
79.28 
79.70 
80.13 

78.50 
76.91 
79.32 
79.74 
60.17 

78.54 
78.95 
79.36 
79.78 
80.21 

78.58 
78.99 
79.41 
79.83 
80.25 

76.62 
79.03 
79.45 
79.8? 
80.30 

41.6 
41.7 
41.8 
41.9 
42.0 

80.34 
80.77 
81.19 
81.62 
82.05 

80.38 
80.81 
81.23 
81.66 
82.09 

80.43 
80.85 
81.28 
81.71 
82.13 

80.47 
60.90 
61.32 
81.75 
62.18 

80.51 
60.94 
81.36 
81.79 
82.22 

60.56 
60.98 
61.41 
63.84 
62.26 

80.60 
81.02 
81.45 
61.68 
82.30 

80.64 
81.06 
61.49 
61.92 
62.34 

80.68 
81.11 
61.53 
61.96 
62.39 

80.73 
61.15 
61.56 
62.01 
62.43 

42.1 
42.2 
42.3 
42.4 
42,5 

62.47 
82.90 
63.34 
63.78 
84.22 

82.51 
82.94 
83.38 
83.62 
84.26 

82.56 
62.99 
83.43 
83.67 
64.31 

»2.60 
8*.03 
83.47 
63.91 
64.35 

62.64 
63.06 
83.52 
83.96 
64.40 

82.69 
83.12 
63.56 
64.00 
64.44 

62.73 
63.16 
63.60 
64.04 
64.46 

62.77 
63.21 
63.b5 
64.09 
64.53 

62.61 
63.25 
63.69 
84.13 
64.57 

62.66 
63.30 
63.74 
64.16 
64.62 

42.6 
42.7 
42.8 
42.9 
43.0 

64.66 
85,10 
65.54 
85.99 
86.44 

64.70 
85.14 
65.59 
86.04 
S6.49 

84.75 
85.19 
65.63 
66.08 
66.53 

84.79 
85.23 
85.68 
86.13 
66.56 

64,84 
65.26 
65.72 
86.17 
S6.62 

84.66 
85.32 
65.77 
b6.22 
66.67 

64.92 
65.36 
95.81 
*6.26 
66.72 

64.97 
65.41 
85.66 
66.31 
66.76 

65.01 
65.45 
85.90 
66.35 
86.61 

-5.06 
65.50 
65.95 
66.40 
6b.65 

43.1 
43.2 
43.3 
43.4 
43.5 

66.90 
67.35 
67.60 
68.26 
68.72 

86.95 
67.40» 
67.85 
68.31 
88.77 

86.99 
67.44 
67.89 
66.35 
S8.81 

67,04 
67.49 
67.94 
68.40 
68.66 

67.08 
*7.53 
67.98 
P8.44 
66.91 

67.13 
67.56 
66.03 
**.49 
66.96 

67,17 
67.62 
*6.06 
*9.54 
*9.00 

67.22 
*7.67 
66.12 
66.5b 
69.05 

67.26 
h7.71 
66.17 
6*.63 
69.10 

67.31 
b7.7b 
66.21 
68.67 
69.14 
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43.6 69.19 89.24 89.28 89.33 89.38 89.43 89.47 89.52 89.57 89.61 
43.7 89.66 89.71 89.75 89,80 89.84 89.89 S9.94 69.^ 90.03 10.07 
43.8 90.12 90.17 90.21 90.26 90.31 90.36 90.40 90.45 90.50 90.54 
43.9 90.59 90.64 90.68 90.73 90.78 90.83 90.87 90.92 90.97 91.01 
44.0 91.06 91.11 91.15 91.20 91.24 91.29 91.34 91.38 91.43 91.47 

44.1 91.52 91.57 91,62 91.66 91.71 91.76 91.81 91.86 91.90 91,95 
44.2 92.00 92.05 92.10 92.14 92.19 92.24 92.29 92.34 92.38 92.43 
44.3 92.48 92.53 92.58 92.62 92.67 92.72 92.77 92.82 92.86 92.91 
44.4 92.96 93.01 93.06 93.10 93.3.5 93.20 93.25 93.30 93.34 93.39 
44.5 93.44 93.49 93.54 93.58 93.63 93.68 93.73 93.78 93.82 93.67 

44.6 93.92 93.97 94.02 94.06 94.11 94.16 94.21 94.26 94.30 94.35 
44.7 94.40 94.45 94.50 94.55 94.60 94.66 94.71 94.76 94.81 94.66 
44.8 94.91 94.96 95.01 95.06 95.11 95.16 95.20 95.25 95.30 95.35 
44.9 95.40 95.45 95.50 95.55 95.60 95,65 95.69 95.74 95.79 95.84 
45.0 95.89 95.94 95.99 96.04 96.09 96.14 96.19 96.24 96,29 96.34 

45.1 96.39 96.44 06.49 96.54 96.59 96.63 96.68 96.73 96.7S 96.83 
45.2 96.88 96.93 96.98 97.03 97.08 97.13 97.18 97.23 97.26 97.33 
45.3 97.38 97.43 97.48 97.53 97.58 97.63 97.67 97.72 97.77 97.62 
45.4 97.87 97.92 97,97 98.02 98.07 98.13 98.18 98.23 98.28 96.33 
45.5 98.38 98.43 98.48 98.53 98.58 98.63 98.68 98.73 98.78 96.63 

45.6 98.88    98.93    98.96    99.03 99.08 99.14    99.19    99.24    99.29    99.34 
45.7 99.39 99.44 99.49 99.54 99.59 99.65 99.70 99.75 99.80 99.65 
45.6 99.90 99.95 100.00 100.05 100.10 100.15 100.20 100.25 100.30 100.35 
45.9 100.40 100.45 100.50 100.56 100.61 100.66 100.71 100.76 100.62 100.67 
46.0 100.92 100.97 101.02 101.06 101.13 101.18 101.23 101.28 iül.34 101.39 

46.1 101,44 101,49 101.54 101.60 101.65 101.70 101.75 101.60 101.86 101.91 
46.2 101.96 102.01 102.06 102.12 102.17 102.22 102.27 102.32 102.36 102.43 
46.3 102.48 102.53 102.58 102.64 102.69 102.74 102.79 102.64 102.90 102.95 
46.4 103.00 103.05 103.10 103.16 103.21 103.36 103.31 103.36 103.42 103.47 
46.5 103.52 103.57 103.63 103.66 103.74 103.79 103.84 103.90 103.95 104.01 

46.6 104.06 104.11 104.16 104,22 104.27 104.32 104.37 104.42 104.418 104.53 
46.7 104.56 104.63 104.69 104.74 104.80 104.85 104.90 104.96 105.01 105.07 
46.6 105.12 105.17 105.23 105.28 105.34 105.39 105.44 105.50 105.55 105.61 
46.9 105.66 105.71 105.77 105.82 105.87 105.93 105.96 106.03 106.06 106.14 
47.0 106.19 106.24 106.30 106.35 106.40 106.46 106.51 106.56 106.61 106.67 

47.1 106.72 106.76 106.83 106.89 106.94 107.00 1C7-05 107. V.  107.16 107.22 
47.2 107.27 107.33 107.36 107.44 107.49 107.55 107.60 107.66 107.71 107.77 
47.3 107.62 107.87 107.93 107.96 10804 108.09 108.14 108.20 108.25 106.il 
47.4 108.36 108.42 JOS.47 108.53 108.58 108.64 108.69 108.75 108.60 106.86 
47.5 106.91 108.97 109.02 109.08 109.13 109.19 109.24 109.30 109.35 109.41 
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t, °C .00 .01 .02   .03 .04 .05 .07 .08 .09 

47.6 109.46 109.51 109.57 109.62 109,6b 109.7* 109*78 109.64 109.89 109.95 
47.7 110.00 110.06 110.11 110.17 110.22 110.28 110.33 110.39 110.44 110.50 
47.8 110.55 110.61 110.66 110.72 110.77 110.83 110.89 110.94 111.00 111.05 
47.9 111.11 111.17 111.22 111.28 111.33 111.39 111.45 111.50 111.56 111.61 
46.0 111.67 111,73 111.76 111.84 111.89 111.95 112.01 112.06 112.12 112.17 

48.1 112.:.3 112.29 112.34 112.40 112.4b 112.52 112.57 112.63 112,69 112.74 
48.2 112.80 112.86 112.92 112.97 113.03 113.09 113.15 113.21 17 3.26 113.32 
46.3 113.38 113.44 113.49 113.55 113.61 113.67 113.72 113.76 113.84 113.*9 
48.4 113.95 114.01 11* 06 114.12 114.18 114.24 114.29 114.35 114.41 114.46 
48.5 114.52 114.58 114.64 114.69 114.75 114.81 114.87 114.93 114.98 115.04 

48.6 115.10 115.16 115.21 115.27 115.33 115.39 115.44 115.50 115.56 115.61 
48.7 115.67 115.73 115.76 115.64 115.90 115.96 116.01 T6.07 116.13 116.18 
48.8 116.24 116.30 116.36 116.42 116.46 116.54 116.59 116.65 116.71 116.77 
48.9 116.83 116.89 116.95 117.00 117.06 117.12 117.16 117.24 117.29 117.35 
49.0 117.41 117.47 117.53 117.59 117.65 117.71 117.76 117.82 117.68 117.94 

49.1 118.00 118.06 118.12 116.18 118.24 116.30 116.36 116.42 115.46 116.54 
49.2 118.60 118.66 118.72 118.78 118.84 118.90 116.95 119.01 119.07 119.13 
49.3 119.19 119.25 119.31 119.37 119.43 119.19 119.55 119.61 119.67 119.73 
49.4 119.79 119.85 119.91 119.97 120.03 120.09 120.15 120.21 120.27 120.33 
49.5 120.39 120.45 120.51 120.57 120.63 120.69 120.75 120.61 120.87 120.93 

49.6 120.99 121.05 121.11 121.17 121.23 121.29 121.35 121.41 121.47 121.53 
49.7 121.59 121.65 121.71 121.77 121.83 121.69 121.95 122.01 122.07 122.13 
49.8 122.19 122.25 122.31 122.37 122.43 122.50 122.56 122.62 122.66 122.74 
49.9 122.80 122.86 122.92 122.98 123.04 123.11 123.17 123.23 123.29 123,35 
50.0 123.41 124.04 124.66 125.29 125.91 126.54 127.17 127.79 128.42 129.04 

50.1 129,67 130.32 130.97 131.63 132.28 132.93 133.58 134.23 134.89 135.54 
50.2 136.19 136.87 137.55 136.24 136.92 139.60 140.28 140.96 141.65 142.33 
50.3 143.01 143.72 144.43 145.13 145.84 146.55 147.26 147.97 148.67 149.38 
50.4 150.09 150.83 151.50 152.30 153.04 153.76 154.51 155.25 155.99 156.72 
50.5 157.46 158.23 159.00 159.77 160.54 161.31 162.08 162.85 163.62 164.39 

50.6 165.16 165.96 166.76 167.57 168.37 169.17 169.97 170.77 171.58 172.36 
50.7 173.18 174.02 174.85 175.69 176.52 177.36 178.19 179.03 179.96 180.70 
50.8 191.53 182.40 183.27 184.14 185.01 165.68 186.75 167.62 198.49 169.36 
50.9 190.23 
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Appendix V 

Solution of equation (57): 

TD 
m 6.80079 x 10

3 - [46.2507 x 106 - 0.683183 x 105 (R^) - 100.109) ] * 

using 

IBM 650 computer program 

SOAP - II 

- —»y-y*»1 gn~ 
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Appendix VI 

Computation of the refractive index of air in the 

jet using IBM 650 Computer. 

(a) SOAP - II 

(b) Sample calculation 

1 " 



- 129 - 

COOOOinK\CHU^Wa2K\OCCC\lK\f^C\ICHHC\2K>WC^HC\J(\J^^t03tV^HHn 
ooooococcocooccccoocooooococccocoooooo 
oooooooooooooooooooooooooooooooooooooo 

OCDOO^t^C0H^00fHH^Olf)^n(M^HmrO0IHHt-i^^C0WHHnHC\JHH 
OOOOOOO^^HHOCOtOOOOOOOOWOOOOOHOOOOftOOO 
ooooooooooccooooooooooooooocoooooooooo 
OOOOOOSOOOOQ0O9\0OO9OO{0OG0OOfl0®OQD3O9SOOQDO 

ooooo^^^^w")Hininooos^iOT^ino\ioOfHinoo»oiooinovo^wino\o^CÄ 

000000000000000000000900000000000 
ooooooooooooooooooooooooooooooooo 

X 
y 

0 

O N O^^OHHa^^HWCiC^avOONHCM^OlO^n'CC^sOOCaCt-OCmM 
\C m mK>Ori«nNWnoOOWnn?JOrlHNIO?JOHNC«^tC«vM^HH^ 
* OCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOO 

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

Ü 

•iflOOhOO^fH^OOOlOOOOOOOOWOOOOOHOOOO^OOO 

y   oo9otooooto«ooo©coio«c«i«o«o««ttoi«o 
> m     k kkk kU     Ik     k     UUi     kUk     kkk 

« U C 9 • I « * U 3 J »- U I • »- I I- > 0 I t W 3 I • Ü J 1 0 > I J I 0 I U 
fjyiyh0l-]NMj<Q)-j3JtJ39N<<<<OJ0<<3J2X 

lOin      HH 

->>, _«- 



- 130 - 

CCOOCCOCCCCCOCCOCCCCCHCHCrlCHCHHCHHdHHHH 
OC'OCOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOCOOOO 

^©HCCOCCCOOCOCOOC^C0VHHWOHC^(V\0^V0\0\0(V««Ct^ 
wKNoooooooooooooooinc\ji^ominvomccovovor^NOCh>ow^o^^ir5CD 
COOOOK».OCCOOOCOOOOO0CCO0\O\O0\OOOOOOOOHOHCCO^O 
OOaDOOCVilTvO^vOOOO^xrOOOCHHOHHOfHOOOOOOOOOOOr^^O 

ccoooooooccooo 
oooooooooocooc 

HOOOOHQHOHOHO^HOHHHHHH 
oooooooooooooooooooooo 

^ »no c *n *\ a: a: :c c\; :>* x a x *c *>^    a 
OCOOCCOGOOOOOOO^OD    o 
OCOCOOCOOOOOOOHHH     0 I 

0 

^KHOOC oo©ocooo*-iof- o NOHHCI ^ -or u ztti* 
H^ocoooooooooc^^Msoooooyooi D v > yt» y x y >oo o 
oooaonoootooogamayeoottz«) ioir-t xtr-(tui#o- 
cc»octti/)***»»e»<*HHr4NOOcooeoh H w 0 L 0 U O W 0 m o c y 

II ii k u k k li k li li II L f ^ t o 1 1     IIUIUüü)OU)0)üUÜ 

u«üooM«»Mt^coooaotii<a3iiiii39in9i>ni 

2JI CCC JX(ACC(kkkkkil»Ck JiACk^tfkk 

«iflai    it********* 
< 

(A 

1 
0 
0 
J 

X 
y 
z 

V'* 1 



- 131 - 

ririHNHWNOOHrHCHWHCHHC^cwcooccccrccccccrc 
OOOOOOOOOOCOOOOOOOOOOOOOOOOOOOOOOOOOOQO 

^vC^vOH^vöÖ<üC\CO**ONtn^*>*?O^HOOHNinc:\COOCCOCGO 
K>voinvot^f^vo^<rinvcinco\ou^i^owinwcof^woovoinw^irt^oooovoooo 
HOCNOXcvioxc^otnoo/>xocco\ccoxflooomo^r-^NOoooHOOo 
OOHOdOOHOrlO HOOHH(t)HHHOdHOONHO\Cri/)Ct\OHr»000 

«r c* <* t- io * t* * m ^ r H o f-i * o ^ f-i c c* c* c- o e* * o o * o; rc w * <+ e* c* » * 
K>CvCO^XOHCCVCCNlO\C^OfOCN©«nxiOCDOJtf)\C©X^^CVlfOKMOGDVC 
HrlHHNrlM02OOHQHOH^HOHHOnONOOOOOOHrlOH^OO 
ooooooooooooooooooooooooooooooooooooc 

d 
0 
0 
J 

aHfoiflx^Hio^^rr^M 

oooccooooooo 
oooooooooooo 

III to tZd      HhQH^HnHtnhhHH OH(vmc\ioooooo 
2VC^ozto>«yooioooooo9too    \cmN>i)>oooo\co 
• Hsey so j# 
zccoohto wogoy oootooouoo 

I Oil    uiou 

i 3 D 1 n 3 3 m > I I > 3 H I I M I <000O***Or»<rttf»t» 

0       - o: y    ZN    zo 
cyOx9>x>ozz>t 
yz»lO--w--yjj 
NO»-hki(Di»yZhyO 
00UU0UU0UU 00 I 

-v •*•■**■ 



- 132 - 

O 
o 
o 
o 

o 
o 
o 
o 

o 
o 

n 
m 
o 
o 
o 
o 
o 
* 

0\ 

n 
in 
n 
a. 

w 

w 

in in in 
ooo 
ooo 
ooo 
occ 
ooo 
w+ 

Ov O* Ov 

minin 
coc 
ooo 
ooo 
ccc 
ooo 
** * 

ON o ON 

eon 
mm 
x* 
«on 
inw 
n* 

nvo 

KN K> f\ K> 
tomtnm 
Hicirn 

oo^ov vo 
03 CD W« 
WC-nOD 
WWnn 

mm 
c c 
oc 
oo 
CO 
oo 
<** 

r>r> 
ao\ 

nn 
in in 

^H 
on 
3VH 
COm 
Wt- 

n n ,** t*%. 
in in in m 
oooo 
oooo 
oooo 
ooc a 
oocc 
**** 

O ON ON OV 

nfOK\K\ 
inintnin 
Tf>VC X 
^tw^ 
VC H* n 
inNC- ON 
nnvCC 
H*f>CD 
in m in in 

nn 
mm 
cc 
oc 
oo 
oo 
oo 

o\a 

ininm 
oco 
ooo 
ooo 
ooo 
ooo 
w+ 

OS OS ON 

Tt n K: n 
in in in in 
oooo 
ooc o 
oooo 
oooo 
oooo 
**• *** 

ON t> ON ON 

r.r 
mm 
cc 
oc 
oo 
CO 
oc 
*"* 

K n 
mm 
cc 
oc 
oo 
oc 
cc 

oo 

IOI^ n 
in in in 
HHVC 

n^o 

0vf>H 

CHW 
VOvO vo 

nn 
mm 
*x 
VOH 
?-H 
mov 
*n 

VOVO 

nnro 
mmm 
Hfr IT 
^vom 
ox 
oovo 
\occy 

vovcvo 

n n n n n 
in «n in in in 
m H H w w 
^r wHiD * 
0CC 03 1* W 
CD ^ «* VO Ov 
O Hr»rlH 

* ^^ ^ V 
\Q \Ci£\0\0 

O^ 
O 
ow 
om 

H 

O CO 
ow 
O ON 

om 

on 
OH 

n 

WWW 

mmm 
ovmw 
* von 
▼ WH 
ON VOX 
VO** 
tf*l^ 
n *m 
rlHH 

WWW 
ininm 
OOO 

Nwin 
wem 
mno 
cnin 
l^COOi 
v-tHH 

ww 
mm 

*c 
0Nt\ 
xo 
30 *• 
m vo 
OH 
ww 

WWWW 
minmm 
w4\f)\r: vo 

oo^vor^ 
o w*x 
coovmn 
mwon 

WWWW 

ww 
inm 
w* 
VOW 
no 
om 
ov»o 
c*o 
*m 
ww 

www 
intntn 

«tor* 
WOON 
wnn 
in in in 
www 

www 
in in in 

n vc vc 
WNH 

twt 
^ mm 
mmm 
www 

w w w w w 
mmm mm 
r» vcvcoi^ 
* * * c w 
n w w w m 
vo HHVOO 
VO CO GOOD ON 

m mm mm 
minin in in 
w w w o? w 

z 

J 
0 

I 
2 
< 
(A 

WWW 
mmm 
ooo 
mmm 
wr>t> 
^tt 
aomm 
o o a 
www 
www 

WWWW 

oooo 

mm vo vc 
oocc 
WWWW 

WWWW 

ww 

oo 
mo 

t H 
m^ 
ae 
ww 
w w 

ww 

oo 
oo 
oo 
NOCD 

V0H 
CD ON 

mm 

w w 

oc 
oo 
oo 
o^ 
mm 
no 

HH 

WW 
mm 
oo 
oo 
oo 
HOD 
mn 

www 
mmm 
oco 
ooo 
ooo 
co*w 
O^vO 
omo 
**o 
HHW 

WWWW 

oooo 
mmoo 
w worn 

vci^ncv: 
coo c 
WWWW 
WWWW 

WWWW 
ift^^f> m 

oooc 
oooo 
oooo 

oncoo 
mcenn 
OOHH 
WWWW 

www 

OOO 
minin 
c^> w 
C^OH 
>CC0\C 
0 0 0 
www 
www 

ww www 
J)'/) \f) \fHfl 

ooooo 
ooooo 
cc mcc 
co m ao <DCD 

*KVCM * * 
cocce 
ww www 
w w w w w 

www 
mmm 
occ 
Qinin 
oc*c^ 

OCO 
www 
www 

ww 

oo 
ma 
e*o 

m * 
oo 
ww 
w w 

WWWW 
mmmm 
ooco 
oooo 
oooo 
OHO w 

mvot^r* 

WWWW 

WWWW 

occc 
oooo 
oooc 
nCHCD 

WWWW 

W WWWW 

ooooo 
ooooo 
ooooo 
HVON0** 
^e^r^coo 
CD C C CC CO 

WWWWW 

HWn^mv#^a^#HWKi^mv#^ar#HWn^mv# 
«4HHHHHHHHHWW WWWWW 



- 133 - 

Appendix VII 

Bibliography on Adsorption of Water Vapour 

Low, M.J.D. and Taylor, H.A. 1959, "The rates of adsorption of water and 

carbon monoxide by sine oxide", J. Phys. Chem., 63, 1317. 

Ehrlich, G. 1959. "Molecular dissociation and reconstitution on solids", 

J. Chem. Phys., 31, 1111. 

Eberhagen, A., Jaeckel, R. and Stries , F. 1959. "Measurement of contact 

potential variations during gas adsorption at usetal surfaces with 

constant capacity of the measuring condenser", 2. Angew. Phys., 

11, 131. (In German). 

Tuzi Y. 1962. "Sorption of water vapour on glass surface in vacuum 

apparatus", J. Phys. Soc. Japan, 17, 218. 

Farnsworth, H.E., Schlier, R.E., George, T.H. and Burger, R.M. 1958. 

"Application of tue ion-bombardment cleaning method to titanium, 

germanium, silicon and nickel as determined by low energy electron 

diffraction", J. Appl. Phys., 29, 1150. 

Kawasaki, K., Kanou, K. and Sekita, Y. 1)58. "Liquid-like layers in the 

adsorbed filiu of H20 on glass", J. Phys. Soc. Japan, 13, 222. 

Thorp, J.M. 1959. "The dielectric behaviour of vapours adsorbed on porous 

solids", Trans. Faraday Soc., 55, 442. 

Vaughan, F. and Dinsdale, A. 1959. "Adsorption and desorption of moisture 

in fired ceramic materials", Nature (London), 183, 600. 

LaMer, V.K. and Robbins, M.L. 1956. "The effect of the spreading solvent 

on the properties of monolayers", J. Phys. Chem.,, 62, 1291. 

Okamoto, H, and Tuzi, Y. 1958. "Adsoi-ption of water vapour on glass and 

other materials in vacuum", J. Phys. Soc. Japan, 13, 649. 

Tuzi, Y. and Okamoto» H. 1958. "Adsorption of water vapour on lead borosilicate 

glass in vacuum", J. Phys. Soc. Japan, 13, 960. 



- 134 - 

Kasteleijn, P.W. 1956. ''The statistics of an adsorbed monolayer with 

repulsive interaction between the adsorbed particle*,", Physica, 

22, 397. 

LeB t, J. and LeMontagner, S. 1955. 'Dielectric properties at centimetre 

wavelengths of water adsorbed on silica gel.", J. Phys. Rodium, 

16, 79. (In French). 

Garbatski, U. and FoLnan, M. 1954. "Multilayer adsorption of water near 

saturation pressure on plane glass surfaces", J. Chem. Phys., 

22, 2086. 

Waldman, M.H. and Mclntosh. R. 1955. "An apparatus for the measurement of 

dielectric constants of adsorbed gases at frequencies up to 100 Mc/s", 

Canad. J. Che«., 33, 268. 

Carman, P.C. and Haul, R.A.W. 1954. "Measurement of diffusion coefficients", 

Proc. Roy. Soc. A, 222, 109. 

Rice, S.A. 1953. "A note on the kinetics of unitary processes", J. Chem. 

Phys., a, 2227. 

Seidl, R. 1953. "Adsorption of a gas phase on a solid surface", Czech. J. 

Phys«, 3, 258. (In German). 

Koga, S. 1953. "Experimental study of surface potential analysis. III. 

Physical adsorption of water vapour", J. Sei. Res. Inst. (Tokyo), 

47, 189. 

Breyer, B. and Hacobian, S. 1952. "Tensaratettry: a method of investigating 

surface phenomena by A.C. measurements", Austral. J. Sei. Res. A, 

5, 500. 

Ctyxak, S.J.    1952. "On the theory of dipole interactions with metals", 

Amer. J. Phys«, JO, 440. 



- 135 - 

Abdrakhmnova, I.F. and Deryagin, B.V. 1956. "Surface conductivity of 

quartz in the presence of adsorbed layers", Dokl. Akad. Nauk SSSR, 

120, 94. (In Russian). 

Kafalas, J.A. and Gatos, H.C. .1956. "Apparatus for the direct measurement 

of adsorption on solid surfaces from liquids", Rev. Sei. Instrum., 

29, 47. 

Barteil, L.S. 1956. "Observation of anomalous dispersion of adsorbed films 

by ellipsomctry", J. Chem. Phys., 24, 1108. 

Tunakan, S. 1956. "Resistance variation of thin metallic films brought 

about by absorption of gases", Rev. Fac. Sei. Univ. Istanbul, 

21, lb. (In German). 

Tunakan, S. 1957. "Variation of resistance of thin, freely supported copper 

and gold films due to surrounding gas", Naturwissenschaften, 44, 

6. (In German). 

Kurusaki, S., Saito, S. and Sato, G. 1955« 'Transformation of adsorbed 

water on solid surfaces and its dielectric losses and conductivities", 

J. Chem. Phys.. 23, lö^. 

Seehof, J.M. and Trurnit, H.J. 1955. "Effect of sorbed water vapour upon 

the electrical conductivity of conditioned chromium films", J. 

Chem. Phys., 23, 2459. 

Jason, A.C. and Wood, J.L. 1955. "Some electrical effects of the adsorption 

of water vapour by anodized aluminium", Proc. Phys. Soc. B, 68, 1105. 

Frisch, H.L. and Simha, R. 1956. "Monolayors of linear macrotaolecules", 

J, Che». Phys., 24, 652. 

Freymann, R. 1956. "Debye's dipolar absorption", Cahiers de Phys., 67 

19. (In French). 



- 136 - 

Amberg, C.H. and Mclntosh, R. 1952. "A study of adsorption hysteresis by 

means of length changes of a rod of porous glass", Canad. J. Chem, 

30, 1012. 

Sebba, F. and Sutin, N. (July) "A new apparatus for studying the evaporation 

of water through monolayers", J. Chem, Soc, 1952* 2513. 

Smith, R.N. 1952. "Phase transitions in surface films on solids", J. Amer. 

Chem Soc, 74, 3477. 

Sne grove, J.A., Creenspon, H. and Mclntosh, R. 1953. "The dielectric 

behaviour of vapours adsorbed on silica gel.", Canad. J. Chem., 

31, 72. 

Cremer, E. 1950. "Basic laws of adsorption (Historical Survey)", Z. Phys. 

Chem., 196, 196. (In Gennan). 

bowdbn, F.B. and Throssell, W.R. 1951. "Adsorption of water vapour on 

solid surfaces", Proc. Roy. Soc. A, 209, 297. 

Theimer, 0. 1951, "Huttigs adsorption isotherm", Letter in Nature (London), 

168, 873. 

Pap€e, D. 1952. "Relationship between the adsorption rate and the isotherm", 

C.R. Acad. Sei. (Paris), 234, 437, (In French). 

Hansen, R„S. 1951. "On basic concepts in surface thermodynamics", J, Phys. 

Coll. Chem., 55, 1195. 

Ward, A.F.H. and Tordai, L. 1952. "Time dependence of boundary tensions of 

solutions. IV. Kinetics of adsorption at liquid-liquid 

interfaces", Rec. Trav. Chim. Pays-Bas, 71, 572. 

Wylie, R.G. 1952. "C.x the hysteresis of adsorption on solid surfaces", 

Aust. J. Sei. Res. A, 5, 286. 

Vreedenburg, H.A. 1950. "Hie adsorption of carbon disulphic^e vapour flowing 

through a tube filled with activated charcoal", Rec. Trav. Chim. 

Pays-Bas, 69, 1233. 



- 137 - 

Huang, K. and Wyllie, G. M50. "Behaviour of a molecule near a metal surface", 

Disc. Faraday Soc, #8, 18. 

Allen, J.A. and Mitchell, J.W. 1950. "The adsorption of gases on copper films", 

Disc. Faraday Soc, #8, 309. 

McClellan, A.L. and Hackernion, N. 1951. "The sorption of gases on metals 

at room temperature", J. Phys. Coll. Chem., 55, 374. 

Bowden. F.P. and Throssell, W.R. 1951. "Adsorption of water vapour on solid 

surfaces-, Letter in Nature, Lond., 167, 601. 

Stahl, P. 1951. "Effect of the adsorption of gases on the polymorphic 

transformation a*j£ß of quartz", C.R. Acad. Sei., Paris, 232, 

1669. (In French). 

Vernon, W.H.J.. Macauley, J.M. and Bovden, F.P. 1951. "Adsorption of water 

vapour on solid surfaces", Letter in Nature, Lond. 167, 1037. 

Mclntosh, R., Rideal, E.K, and Snelgrove, J.A. 1951. "The dielectric 

behaviour of vapours adsorbed on activated silica gel.", Proc. 

Roy. Soc. A, 208, 292. 

Bayley, S.T. 1951. "The dielectric properties of adsorbed water layers 

on inorganic crystals", Trans. Faraday Soc, 47, 518. 

Conway, B.E., Bockris, J.O. and Ammar, I.A. 1951. "The dielectric constant 

of the solution in the diffuse and helmholtz double layers at a 

charse interface in aqueous sol'n", Trans. Faraday Soc, 47, 75c 

Foster, A.C. 1951. "Sorption hysteresis. I. Some factors determiaing the 

size of the hysteresis loop", J. Phys. Coll. Chem., 55, 63*. 

Perrot, M and Arcaix, S. 1949. "Effect of adsorption of gases on the 

development (of the conductivity) of thin films", C.R. Acad. Sei., 

Paris, 229, 1139. (In French). 



*-* 

- 138 - 

Ahdanov, S.P.    1949. "The phenomenon of the irreversible hysteresis of the 

sorption isothermals of water on porous glass and silica gel.", 

Dokl. Akad. Nauk,SSSR, 68, 99. (In Russian). 

Smith, R.N. and Pierce, C. 1948. "Keats of adsorption II", J. Phys. Coll. 

Chem., 52, 1115. 

Crank, J. and Henry, M.E. 1949. "A comparison of the rates of conditioning 

by different methods", Proc. Phys. Soc, London B, 62, 257. 

Razouk, R.I. and Salem, A.S. 1948. "The adsorption of water vapour CM glass 

surfaces", J. Phys. Coll. Chem., 52, 1208. 

Emraett, P.H. 1948. "Studies of metal surfaces by low-temperature gas 

adsorption", Proc. Pittsburgh Internat. Conf. Surface Reactions, 

82. 

Harriss, B.L. and Bnnett, P.H. 1949. "Adsorption studies - physical 

adsorption of nitrogen, tuolene, benzene, ethyl iodide, hydrogen 

sulfide, water vapour, carbon disulphide and pentance on various 

porous and non-porous solids", J. Phs. Coll. Chem., 53, 811. 

Cockbain, E.G. 1947. "Recent advances in surface chemistry", Research, 

Lond., 1, 115. 

Josefowitz, S. and Othmer, D.F. 1948. "Adsorption of vapours", Industr. 

Engng. Chem., 40, 739. 

Norrish, R.G.W. and Russell, K.E. 1947. "Adsorption of water vapour in 

high vacuum apparatus", Nature, Lond., 160, 57. 

Went, J.J. 1941. "Adsorption phenomena on massive metal surfaces measured 

by means of electrical contact resistances", Physica, 9s Grav., 

b, * J J * 

Broad, D.W. and Foster, A.G. 1945. "Comparitive isothermal* of water and 

deuterium oxide on porous solids", J. Chan. Soc, 372. 



- 139 - 

Gulbransen, E.A. and Copan, T.P. 1959. "Microtopology of the surface reactions 

of oxygen and water vapour with metals", Disc. Faraday Soc. (GB), 

#28, 229. 



1 

« 140 - 

REFERENCES 

Adey, A.W. 1957. "Microwave refractometer cavity design", Can. J. Tech. 

34, 519. 

«V 

Anderson, L.J. 1959. "Hot-wire anemometer for laboratory and field use", 

Bull. Amer. Meteorol. Soc., 40, 49. 

Anderson, W.L., Beyers, N.J. and Rainey, R.J. i960. »»Comparison of 

experimental with computed tropospheric refraction", Trans. IRE, 

AM, 456. 

Bean, B.R. 1962. "The radio refractive index of air", Proc. IRE, 50, 260. 

Bean, B.R. and Dutton, E.J. 1961. "Concerning radiosondes, lag constants 

and radio refractive index profiles", J. Ceophys. Res., 66, 3717. 

Berry, F.A., Bollay, E., and Beers,, N.R. 1945. "Handbook of meteorology", 

McGraw-Hill Book Co., Inc., New York. 

Bird, R.B., Stewart, W.E. and Lightfoot, E.N. 1960. "Transport phenomena", 

J. Wiley and Sons, Inc., New York. 

Birnbaum, G. 1950. "A recording microwave refractometer", Rev. Sei. 

Instrum, 21, 169. 

Birnbaum, G, and Bussey, H.E. 1955. "Amplitude, scale and spectrum of 

refractive index inhomogeneities in the first 125 meters of the 

atmosphere" Proc. IRE, 43, 1412. 

Birnbaum, G. and Chatterjee, S.K. 1952. "The dielectric constant, of water 

vapour in the microwave region" J. Appl. Fhys. 23, 220. 

Booker, H«C. and de Bettencourt, J.T. 1955. "Theory of radio transmission 

by tropospheric scattering using very narrow beams" Proc. IRE, 43, 

261. 

Bugnolo, D.S. 1959. "Correlation function and power spectra of radio links 

affected by random dielectric noise" Trans. IRE, AP-7. 137. 



- 141 - 

Carrier, W.H., Newark, N.J., and Mackey, CO. 1*37. "A review of existing 

psychrometric data in relation to practical engineering problems" 

Trans. Amcr. Soc. Mech. Engrs., 59, 33. 

Chapman, J.H., Heikkila, W.J. and Hogarth, J.E. 1957. "A new technique for 

the study of scatter propagation in the troposphere" Can, J. Phys., 

35, 823. 

Crain, CM. 1950. "Apparatus for recording fluctuations in refractive 

index of the atmosphere at 3.2 cms. wavelength", Rev. Sei. 

Instrum. 21, 456. 

Crain, CM. 1955. "Survey of airborne microwave refractometer measurements" 

Proc. IRE, 43, 1405. 

Crain, CM. and Williams, CE. 1957. "Method of obtaining pressure and 

temperature insensitive microwave cavity resonators" Rev. Sei. 

Inatrum., 28, 620. 

Crozier, A.L. 1958. "Captive balloon refractovariometer", Rev. Sei. Instrum. 

29, 276. 

Cunningham, R.M,, Planck, V.G. and Campen, CF. 1956. "Cloud refractive 

index studies" Geophysical Research Papers No. 51, GRD/AFCRC 

Deam, A.P. 1962. "Radiosonde for atmospheric refractive index measurements" 

Rev. Sei. Instrum., 3*, 438. 

Derjaguin, V. and Zorin, Z.M. 1957. "Second International Congress on 

Surface Activity. II. Solid-Gas Interface." - Butterworth 

Scientific Publications, London, pg. 145. 

Eshbach, O.W. 1961. "Handbook of engineering fundamentals", J. Wiley and 

Sons, New York (Second edition, eighth printing). 

Essen, L. and Froome, K.D. 1951. "The refractive indices and dielectric 

constants of air and its principal constituents at 24,000 Mc/sM 

Proc. Phys. Soc. (London) B, 64, 862. 



-4 

- 142 ~ 

Eweil, A.W. 1941. "Thermonetry in hygrometric measurements"; in Vol. 1 - 

Temperature; its measurement and control in science and industry. 

Reinhold Publishing Corp., New York, pg. 650. 

Ford, L.H. 194*. "The effect of humidity on the calibration of precision 

air capacitors" J. Inst. Elect. Engrs. (London) 95, Pt. II, 709. 

Guide 1959. "Heating, Ventilating, Air Conditioning Guide 1959", Vol. 37, 

American Society of Heating and Air-Conditioning Engineers, Inc., 

N.Y. (Waverly Press). 

Hartman, W.J. 1960. "Limit of sp, tial resolution of refractometer cavities" 

J. Res. N.B.S., 64D, 65. 

Hay, D.R., Bell, M.B. and Johnston, R.W. 1962. "The environment of 

persistent and transitory angels". Paper presented at Joint 

Meeting of USA-Canadian U.R.S.I., Ottawa (15-17 October); also, 

in preparation for publication. 

Hay, D.R., Martin, H.C. and Turner, H.E. 1961. "Light-weight refractometer" 

Rev. Sei. Instrum., 32, 693. 

Hay, D.R. and Pemberton, E.V. 1962. "On the eddy diffusion of water vapor 

above an outdoor surface" Can. J. Phys., 40, 11%2. 

Hay, D.R. and Reid, W.M. 1962. "Radar angels in the lower troposphere" 

Can. J. Phys., 40, 12S. 

Hay, D.R., Storey, L.R.O. et. ai. 1956. "Propagation factors affecting long- 

range UHF radars at high latitudes", Report 41-1-3, Defence Research 

Telecommunications Establishment, Ottawa, Canada 

Hirao, K. and Akita, K.I. 1957. "A new type refractive index variometer" 

J. Radio Res. Labs (Japan) 4, 423. 

Jordan, R.C. and Priester, G.B. 1956. "Refrigeration and air conditioning" 

Prentice Hall. (Second edition). 



- 143 - 

Kerr, D.E. 1951. »Propagation of short radio waves", McGraw-Hill Book 

Company Inc., New York. 

Long, I.F. 1957. »Instruments for micro-meteorology" Quart. J. Roy. 

Meteorol. Soc., 83, 202. 

Lyons, H., Birnbaum, G. and Kryder, S.J., 1948. "Measurements of the complex 

dielectric constant of gases at microwaves" Phys. Rev. 74, 1210 

(Abstract). 

Martin, H.C. 1961. "A study of air flow and temperature coefficient in a 

refractometer sensor", Thesis, Dept. of Physics, University of 

Western Ontario, London, Canada. 

Martin, S, 1962. "The control of conditioning atmospheres by saturated salt 

solutions". J. Sei. Instrum., 39, 370. 

McGavin, R.E. 1962. "A survey of the techniques for measuring the radio 

refractive index" Technical Note 99, National Bureau of Standards, 

Washington D.C. 

Middleton, W.E.K. and Spilhaus, A.F. 1953. "Meteorological instruments" 

University of Toronto Press, Toronto (3rd edition, revised). 

Monteith, J.L. 1954. "Eiwor and accuracy in thermocouple psychrometry" 

Proc. Phys. Soc., B, 67, 217. 

Monteith, J.L. and Owen, P.C. 1958. "A thermocouple method for measuring 

relative humidity in the range 95-100 per cent", J. Sei. Instrum., 

35, 444. 

Muchmorc, R.B. and Wheelon, A.D. 1955. "Line-of-sight propagation phenomena • 

I. Ray treatment", Proc. I.R.E., 43, 1437. 

Noakes, G.R. 1953. "A Textbook of heat" MacMillan and Company, Ltd., London. 

O'Brien, F.E.M. 1948. "The control of humidity by saturated salt solutions" 

J. Sei. Instrum., 2ä, 73. 



4 

- 144 - 

Plank, V.G. 1956. "A meteorological study of radar angels11 Geophys. Res. 

Papers No. 52, GRD/AFCRC. 

Plank, V.G. 1959. "Spurious echoes on radar, a survey" Geophys. Res. Papers 

No. 62, GRD/AFCRC. 

Pope, A. 1958. "Wind-tunnel testing", J. Wiley and Seas Inc., New York, 

(2nd edition). 

Prandtl, L. 1952. "Essentials of fluid dynamics", (authorised translation) 

Blackie and Son Ltd., London. 

Rothen, A. 1945. "The ellipsometer, an apparatus to measure thickness of 

thin surface films", Rev. Sei. Instrum., 16, 26. 

Rothen, A. and Hanson, N. 1946. "Optical measurements of surface fil^s. I." 

Rev. Sei. Instrum., 19, 839. 

Sargent, J.A. 1959. "Recording microwave hygrometer" Rev. Sei. Instrum., 

30, 348. 

Silverman, S. 1930. "Adsorption of methyl alcohol films on rcck-salt", 

Phys. Rev., 36, 311. 

Slater, J.C. 1946. "Microwave electronics", Rev. Mod. Phys., 18, 480. 

Smith, R.D. I960. "The 'Tellurometer' system-new applications to geodesy 

and hydrography", J. Geophys. Res., 65, 418. 

Spencer, K.M. 1926. "Laboratory Methods for maintaining constant humidity", 

International Critical Tables, Vol. 1, McGraw-Hill Book Co. Inc., 

New York. (1st edition), pg. 67. 

Stranathan, J.D. 1935. "Dielectric constant of water vapor", Phys. Rev. 

48, 538. 

St rat ton, J.A. 1941. "Electromagnetic theory", McGraw-Hill Book Co. Inc., 

New York (1st edition), Section 5.2. 

Theisen, J.F. and Gossard, E.E. 1961. "Free-balloon borne meteorological 

refractometer", J. Res. N.B.S., 6SD. 149. 



- 145 - 

Thompson, M.C., Freethey, F.E. ztiä  Waters, D.M. 1958. "Fabrication techniques 

for ceramic X-band cavity resonantors", Rev. Sei. Instrum., 19, 865. 

Thompson, M.C., Freethey, F.E. and Waters, D.M. 1959. "End plate modification 

of X-band TEQ^ cavity resonators", Trans. I.R.E., MTT-7. 388. 

Thompson, M.C. and Vetter, M.J. 1958. "Compact microwave refractometer for 

use in small aircraft", Rev. Sei. Instrum., 29, 1093. 

Thompson, M.C, Janes, H.B. and Kirkpatrick, A.W. 1960. "An analysis of 

time variations in tropospheric refractive index and apparent 

radio path length", J. Geophys. Res., 65, 193. 

Thorn, D.C. and Straiton, A.W. 1959. "Design of open-ended microwave 

resonant cavities", Trans. I.R.E., MTT-7. 389. 

Veith, H. 1960. "The influence of moisture on the characteristic electrical 

value of capacitors", Nachrichtentech. Z. (Germany) 13, 519. 

Vetter, M.J. and Thompson, M.C. 1962. "Absolute microwave refractometer" 

Rev. Sei. Instrum., 33, 656. 

Wagner, N.K. 1961. "The effect of the time constant of radiosonde sensors 

on the measurement of temperature and humidity discontinuities 

in the atmosphere", Bull. Amer. Meteorol. Soc, 42, 317. 

WashUrn, E.W. 1928. "The vapor pressures of ice and water up to 100°C", 

International Critical Tables, III, (1st ed.), McGraw-Hill Book 

Co. Inc., New York. pg. 210. 

Waterman, A.T. 1958. "A rapid beam-swinging experiment in trtnshorison 

propagation" Trans. I.R.E., AP-6. 338. 

Wexler, A. and Brombacher, W.G. 1951. "Methods of measuring humidity and 

testing hygrometers", Circular 512, National Bureau of Standards, 

Washington D.C. 



- 146 - 

Wexler, A. and Hasegava, S. 1954. "Relative humidity-temperature relation- 

ships of some saturated salt solutions in the temperature range 

0° to 50°C», J. Res. N.B.S., 53, 19. 

Wong, M.S. 1958. "Refraction anomalies in airborne propagation", Proc, I.R.E., 

46, 1628. 

Zahn, CT. 1926. "Association, adsorption and dielectric constant", Phys. 

Rev., 27, 329. 



(Two sheets of ASTIA catalog Cards.) 

(as per AFSCM 5-1) 


