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FOREWORD
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are indebted to Dr. P. A. Forsyth, F.R.S.C., Head of the Department, for
making available the facilities of the department for this research program.

Several members of the Tropospheric Physics Group, unde. e direction
of the senior author, have contributed towards the study reported here.

Mr. H. C. Martin, M.Sc., has provided information on the air-flow about the
capacitor-type refractometer, and has worked out the programs for computation
on the IBM 650 Computer. Mr. J. Kortschinski, a student in the third year

of the Engineering Science course at this university. has designed the wind
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program,

H. E. Turner, the co-author, would like to acknowledge his indebtedness
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Research Board and the Chief Superintendent of the Defence Research
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for making available the facilities of the Center.
A paper on the research program described in this report was presented
at the International Symposium on Humidity and Mcisture, in Washington D.C.,
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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 tropcsphere 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 adscrption 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 800 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 S0 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 -209C and
+509C for relative humidities variable up to saturation, at surface atmos-

pheric pressure.
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The refractive index of the air in the jet was ascertainad from measure-
ments of wet- aad 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 Hay 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 crror
increases non-linearly with vapour pressure, beginning at approximately
50 percent relative humidity for a wide range of air temperatures. The
a-sunt 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 nydrophobic materials to
the sensor surface. A significant improvement in the capacitor sensor has
been obtained by elimination of the quartz 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-sensor 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 transmission. 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. 1958; Wong 1958); 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 limitatior on precision of microwave

surveying techniques (Hay and Pemberton 1962).
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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, Crain 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 “eid 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 thzse is the microwave refractometer which has provided
most of the existing information on the refractivity fluctuations within
the troposphere (Birnbaum 1950; Crain 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,
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Adey (1957), Thompson, ireethey 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 UHF refractometer by Deam (1962). 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 measuremcnts 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
iimited by the recording equipment to 0.0l 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 condens.r differs from its theoretical capacitance in conditions
of high relative humidity. Since an air capacitor is the s2nsing element
in the Hay refractometer, it may be e¢xpected that this physicai phenomenon

will affect the interpretation of the refractivity measvrements with thas
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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

interpretiation of these studies with resgard to refractometer measurements

at high relative humidities and temperatures.
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2. Statement of the Problem

This section 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 availauble 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 cajacitor, Ca and the inductor L form the resonant circuit, whose

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

f-— 1 (1)
2n \/LC,

In operation, the switch periodically transfers its connection from the
capacitor C, to the reference (sealed) capacitor C,.. Comparison of the
oscillator frequencies during the two parts of the cvcle 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, C,s is related to its
capacitance when in vacuum, Co, by Equation (2).

C, = ( (o ﬁ = n? Co (2)

Here A is the plate area, d is the spacing between the piates of the
condenser and (o is the permittivity of a vacuum, ( is the dielectric
constant of the air and n is the corresponding refractive index. This

equation applies for a non-conducting, non-ferromagnetic gas between the




o -

SWITCH

Lo o
o |

r——ﬁ;————— F'_—]

|
s L
OSCILLATOR |
J

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
£f-=2 (3)

where f, 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 frequeacy Af, as indicated by Equation (4):
Af=-(£2)/_\n (4)
ns
It will be noted that since the refractive index of the air in the
troposphere is always very close to unity, the change in refractometer
signal frequency is directly proportional to the change in refrective
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, AC,, is related to a change in the
refractive index of the air, An, by Equation (5):

aC, = (2n Cy) on ()
In turn, the refractive index is govermed by the total air pressure, p,
the air temperarure, T, and the partial pressure of water vapour, e, of

the air through Equation (6):

n=1+(%)p+(:2)e (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 105
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 imi¢s »f the air is approximately linearly related to a change
in the part.i:l tapour 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, f,, 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 der .nstrated

its flexability and its high degree of spatial resolution. When the

o m“ 0 b odolnienssmting
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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 cbtained 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 refracto..2ter ascended
at its normal rate of cne thousand feet per minute just above a coniensation
stratum. A question arises as to the interpretation cf these indicated
changes in refractivity, when the refractometer encounters air whose humdity
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. 2ahn (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 28Cl-12.
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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
polarization due to the adsoerption 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 nroblem of water vapour adsorption in the sensing cavity
of the microwave refractometer also has received some attention. Essen and
Froome (1951), in commenting upen 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 lLetween their measurements upon the dielectri: constant

of moist air and the results of others as obtained by different methods.




- 12 -

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 i.s 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 4 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 refractometers. Attention here is concentrated upon
the sensing eluments of these instruments, and upon their interaction with

water vapour in the air at temperatures above freezing.
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(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
aralyzer. 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

ave 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 refiractive 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 measure 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 cnamber as indicated by the capacitor-type refractometer
and the microwave refractometer.

This 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.

——y ey
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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 bcen 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 VJZ 4000 cu, ft. per minute (7)

where V; - 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 Reynolds!

number (R.N.J):

RN, - forces of inertia Viwy x 107, (&)

re——— -

forces of viscosity '’
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(a) Through the
sensing capacitor

(b) Along the
baffle plate

(c) Between the
baffle plates

Figure 3: Patterns of air
flow around the
refractometer
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where 2/ = kinematic viscosity of air =~ 1.6 x 104 ft%/sec. at room
temperature and surface pressure. (Prandtl 1952, Ch. III).
The largest cross-section of the wind tunnel is four-fect square (W), from
practical considerations. Here, the air speed is 250 feet per minute (v%in)
and Reynolds! number is given by Equation (9).

R.N. = Jmin Wmax . 105 (9)
y /4

It will be noted that the Reynolds! 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, it is desiiable 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):

Bv 1 Ave
e K (10)
vy Ve

where Avj - longitudinal variations of air speed in the jet.

Ovy - longitudinal variations of air speed ahead of the entrance cone.

Ve - mean wind speed ahead of the entrance cone,

input cross-sectional area .
r - - of 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 V, is 230 feet
per minute. Hence,

Avy  0.25 Ove (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 1958, Ch. II). In the present tunnel, the expansion angle
is 8°. The use of corner turning vanes permits right-angle turns in the
direction of the return passage, with little loss of power (Pope 1958,
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 (A p). From Bernoulli's equation,
it is found that

Ap - Kgq (12)

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 (Fope 1958, Ch., II).

This computation relates losses in all par.s of the tunnel t) the dynamic

pressure cf the jet {qj):

Ka/qy = -%P- . _;1_ =K (13)
J

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).
Ap'l’ot:al ) ixKO (14)
The various values of K; 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) Ky
Open jet Ko K(;J)
J
and IF - 2 logyg(R.N. A )-0.8 0.080
q . L DJ4
Straight Section K = 0.020
gh (8] (D) (
™ 2 D 4 D4
Divergent Section K, = |— + 0.6 tan(%) ( - ._1_) (—-—J—-> 0.025
8 tan(%) ‘ Dy4 D24
Corners K |1 O-E0 4,55 ) 2 x 0.083
(logyg R.N,)2-58 D44 2 x 0.035
Contraction Cone K, 0.32—2\.(-11-)‘—) 0.006
J
Settling Chamber (same as for straight section) 0.008
Total = 0.375

(Subscript J ret.cs to jet section)

'

bl B 4
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i

where D = tunnel diameter

L - tunnel length

A = skin friction
R.N. = Reynolds' numter
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. (Cuide, 1959).

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

= = (3 2
I*)'I‘otal quxo (2p vJ ) ( Ko (15)

(0.5 x 0.00237 x 172) x 0.375

I

0.128 pounds/ft?

where p = air density

i

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 ard the square rather than circular cross section.

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

through Equation (16):

2
Energy ratio = E.R, = %_p_.;v‘]__ =1,14 (16)
8Protal

Hence the net power required to circulate the air is

Net power required = WAy Yy 03¢ x4x17- 0.036 h.p. (17)
550 x E.R. 550 x 1.14

If the efficiency of the electric moter which drives the fan is 0.5, and
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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 bla’ 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 physicil dimensions. It will be noted that the air channel is
square in cross secticn. The air is moved by a sheet-metal fan which is
coupled directly to a 1/3 horsepower motor. The jet or test chamber is a
cubic volume, two feet to the side; access to this test chamber is preovided
by an insulated door containing a window of triple thickness Thermopane
glass. A similar window is located on the remote side of the test 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,

T T
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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 15 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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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 ad jacent 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.% °F
Glass wool insulation (8 in. thick) 0.27 BTU/hr, in. ft.2 OF
Guter surface layer (air boundary layer) 1.7 5TU/hr, ft.2 OF

The total conductance (GTotal) of the tunnel walls is found througn

Equation (19):

) f: 1 -1 .58, 8 4+ 1 =131 (19)
GTotal Gcomponent 4,0 1.0 0.27 1.7
- 20
and GTotal = 0.032 B.T.U./hr. ft. F.

The total outside surface area of the wind tunnel is

A - 440 ft.? (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

& Tpax = 70° + 589 - 120%F (21)
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The total heat transfer (Q) at maximum temperature difference then becomes

Q-G x Ax AT, - 0.032 x 440 x 128 (22)

Total
- 1800 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

_ 0.036 _ -
PTOtal = -‘6_93— = 0.072 h.p. = 180 BTU/hr. (23)

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

Qrotal = Urransfer * Wan = 2180 BTU/hr. (24)
(b) The Refrigeration Unit

The minimum design temperature of the wind 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 previcus 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 S0°F and minimum temperature -60°F (Eshbach 1961;
Jordan and Priester 1956). Between these temperature limits,

Cooling effect Q' 64 BTU/1b, (25)

Mechanical work W - 33 BTU/1b.
Hence the hourly refrigerant weight (w ) is, from Equation (24),

w JTotal 34 1b/hr. (26)
Q'
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and the mechanical work required per hour is

Wyat = (33 BTU/1b) x (34 1b/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

Winit - -g:-g-i = 0,72 h.p. (2%)
A | 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 additior 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 controiling
system are given in Figure 7.

The main evaporator of the refrigeration gystem is located across
the air stream of the wind tunnel to maintain intimate contact with the
moving air, The temperature of thi:. evaporating coil may be reduced to
-58°F through ad justment 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 T,y ) must occur at the lowest coil temperature;
as the coil temperature increases, the difference between the coild 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 dcw 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
AT32

Q32 - (Quax x ) + Qpan (29)

max

(where ATy, = difference between ambient temperature and tunnel air temperature)
- 2000 x 19232 . 180
70+ 58
= 750 BTU/hr.
The difference in temperature between the evaporator coil and the circulating

air at this new temperature is

] 750 . o 70F
Moo 2% = 0.7 30
32 2180 (30)

and the corresponding relative humidity is greater than 90 percent.
It is apparent that an auxilliary means of controlling air humidicy
is desirable. For this purpose, a small dehumidifying coil is inserted in
the air stream of the tunnel. This coil will have little eftect 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 tv the desired value, A steam injector is
provided, to increase the relative humidity of the air at a given temperaturc,
when required.

3.6 Operation of the wWind 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 lecated
behind the door in the center foreground: the air circulation is clockwise

in this pnotograph. 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
ad justment 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
10.01°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 €.03°C,
while the change in wet-bulb temperature is within 0.05°C. These measure-
ments were made at a mean air temperature of 40°C and a relative humidity
of approximately 75%; the temperatures are even mcre uniform for lower

humidities and mean temperatures of 30, 20 and 10°C.
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(a) The jet, showing hygrometer and (b) The entrance cone, looking throuch
the jet to the exit cone

barometer at exit cone, and

refractometer on glass stand

(c) The‘propeller lower),
injector (center), and electric

heater (upper)

humidity

i

(e) Turning vanes below the refrigera- (f) The refrigeration syétem
tion coil, at input to the settling

chamber

Figure 9:

Details of the wind tunnel
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The insertion of the Hay refractometer in the jet has been found to
modify the previcus 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 71%.
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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 rzfractive 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 refercnces 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 Birmbaum (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
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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 ccmponents 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. This 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 plates arc of brass. The TEO11 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 operatior. After the

# The electronic circuits, microwave cavities and other compon.nts 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 rzfractometer 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 micrcwave 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 pressure
and temperature through Lquation (31) (Lyons, Birnbaum and Kryder 194%&;
Essen and Froome 1951):

¢ -1 211x102-n? (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 = 1.0003)

An|- 3.57 x 107 & p (32)

(r 21%)

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 iatroduced into this chamber. The temperature of
the gas is maintained at 21°C, as indicated by a precision thermomcter
(sce Figure 14).

The experimental calibration of the microwave refractometer 1is

indicated in Figure 15. The experimental procedure was repecated thrce times.
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and the slope of the current vs., gas fressure 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 mill.on.

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 operatces 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
(C,) is 125 micromicrofarads; the reference capacitor is a quartz-invar
cylindrical condenser located near the sensing capacitor.

Figure 16b is a block diagram of the recording receiver frr this
refractometer. It will be noted that this system consists alnest 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 shuwn 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 seasing capacitor. The
latter is supported on bakelite pedestals, cut of the turbulent boundary
layer of the bakelite box. The reference capacitor is located nexzr the

sensing capacitor, ip the same wind stream,

The air-seusing capacitor has been modified in numercus 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. The two basic forms
of the sensing capacitor are illustrated in Figure 175. 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 refraciometer
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 thi capacitor-type refractometer may
be obtained from the analysis of the oscillator circuit, In Figure l6a,
it will be noted that the Clapp oscillator frequency is governed by the
resonant circuit containing condensers Cy, Cz, L and C; (i.e. Ca in

parallel with its trimmers). The interelectrode impedances of the G6AKS

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

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

Equation (33)

f°2 - 1 1 1 1 (33)
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(a) The refractometer

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

Figure 17: The Hay refractometer and its sensing eiements




- 49 -~
If the component values of Figure l6a are inserted in Equation (33), with
C3 = 125 + 10 micromicrofarads, the icsonant 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),

1
8 nzfo

IR (35)
032

>
e
t
!
-

Since a change in C3 is identical with a change in Ca (the air-sensing
capacitor) then Equation (35) takes the form of Equation (36) for the
indicated component values:

of, - -1.79 x 1018 ac, (36)
The refractive index of the air in the troposphere is approximately
1.0003, and Equation (5) takes the form of Equation (37).

6C, = 2 Caon = 2,70 x 10710 an (37)
The theoretical calibration of the refractometer is obtained by combining
the two previous equations to give Equation (38).

afy (c/s) = -4.82 x 10 an (38)

Experimental confirmation of this calibration has been obtained
by inserting the refractometer in the jet of the wind tunnel. The air
re in the jet has been maintained at 40°C and the relative
hunidity 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 ard 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.




(n-1) 1% ~ - %ﬁ (p + 4510 §) (40)

where T - absolute temperature
P, ¢ are measured in millibars
The precision that is required in the measurement of the paramcters
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 Je 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:

LN =

-3
=3 =3
o

2, 2 110\ 2 2] !

(Ap)24 B ______9620e> (&T) + 4:-12) (ae) ey
T T2 T /

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

millicn, then the required precisions in pressure, tcmperaturc and vapour

pressure are as givein by Equation (42):

Lp = 7.44x 1073 T (42)
/ ‘

AT = 7.44 x 1073 1/@ . 5%2—"')

de - 1.55 x 10°° 12

It will be assumeu in this study that the air pressure is approxi-
mately one thousand millibars, and *that the air temperature lies botween
0°C and 40°C. Then the partial pressure of water vapour in the air jies
between U and 75 millibars. Equation (43}, then, gives the highest
required precisions of measurement of each of these parameters throughout
this range of variables:

Op - 22,3 millibars (at lowest temperature) (43)
&OT - 20.239K (at highest temperature and v.)>our pressure)

Le 20,15 millibar (at lowest temperature)
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(n-1)1° ~- P+ 4810 §) (40)

where T - absolute temperature
p, ¢ are measured in millibars

The precision that is required in the measurement of the paramcters
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 temperatire. and Je be the error in the measurement of partial
vapour pressure of water, It is assumed that these errors arc distributed
normally about the mean values. Then the rms error in refractivity (AN)

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

.
_ 17,6 P 9620 e 4510 2
ey - 4 (ap)? ( 2 ) (u1)? ( (Ae)_i

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
millicn, then the required precisions in pressure, tcmperaturc and vapour
pressure are as givei by Equation (42):

6p = 7.44x 1073 T (42)

AT = 7.44 x 1073 T/ (- 9“:2 °)

Ae - 1.55 x 1070

It #ill be assumeu in this study that the air pressure 1is approxi-
mately one thousand millibars, and that the air temperature lies bctween
0°C and 40°C. Then the partial pressure of water vapour in the air Jies
between O and 75 millibars. Equation (43), then, gives the highest
required precisions of measurement of each of these parameters throughout
this range of variables:

Lp - 22.3 millibars (at lowest temperature) (43)
46T - £0.239K (at highest temperature and va)our pressure)
(e 20,15 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=ey-a(l+dlpp (T-TpH) (44)

where T = wet-bulb temperature
ey = saturation vapour pressure at Ty (in millibars)
a2 6.6x104 (for T, Tp in °C)
b~11.5 x 1074 (for T, Ty 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):

ap-2218 | ar @by -2 p DT (45)
2 L T T

Ar =+ Q18 L-ap(1+bTD):] 1
015 [ -1

ATD=1-2-— | ap (1 - bT 4 2bTy)

Examination of Equation (45) shows that the most stringent requirements
upon the precision of measurement cf the variables to ascertain partial

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

ae, - - 0,075 mb. (46)
Ap - 3.7 mb. (at highest T and lowest TD, with e = 0)

AT - 2 0.09% (at highest Tp)

ATy - * 0.09°€ (at highest T, lowest Tp)

*—w—- G R — s S gp— apa g '-""""."_— e 2 Q, ?’:wr'——"--p—-v 1
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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
(ew) shows that the g.eatest precision in ascertaining Ty for the range
of measurement and for the specified accuracy in ey, is represented by
Equation (47):

ATy = = 0.019% (at highest Tp) (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).

(6T, =t 0.09% (48)
, o+

(Ap)min. == 2,3 mb,
(ATp)pin, = = 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 (196C), Kerr (1951)].
For sufficient ventilation of the hygrometer prodbes, an alternative form
of the psychrometric formula is given by Equation (49).

e=ey-Ap(T-Tp) (49)

where e, = saturation vapour pressure at the wet-bulb temperature

P = total air pressure
T = dry-bulb temperature
Tp = wet-~bulb temperature
A = psychrometric "constant"
= 0.660 x 103 (1 + 11.5 x 1074 1)
~ s~ S g—— e a— y
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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 n oo "
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 (TD). However, the relationship has
been determined by numerous experiments (see for example Washburn 1928).
The 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.

- T g— - - ~ e =~ 3 .
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Table 4

Coefficients in Psychrometric Formula

e=ew-a(1*bTD)p(T-TD)
where p, ¢, ey are in millibars

T, Tp are in degrees Kelvin,

Reference _a_ b
Wexler and Brombacher (1951)  6.60 x 10™4 1,15 x 1073
Kerr (1951) 6.46 x 10~4 0.94 x 1073
McGavin (1962) 8.84 x 10~2 0
Monteith (1954) 6.24 x 1074 0

Partial differentiation of Equation (44) with respect to "a" will show
the contribution of error in this variable (4a) to the error in par<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>