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The sampling cavity of the NBS refractometers has been evaluated in a wind tunnel , a water 
flow tunnel, and in the free atmosphere. The cavity is slightly velocity-sensitive. It is also as pect
sensitive, an error being introduced when the wind is oblique to the axis of the cavity affecting the 
level of the spec trum. The charac teri s tic flu shing length of the cavity in normal operation is estimated 
as 0.75 meters when the wind is into the cavity and considerably more when the wind is at an oblique 
angle. A modified cavity has been de veloped which appears to substantially improve the response 
of the refractometer. 

1. Introduction 

Microwave refractometers [Crain , 1950; Birnbaum, 
1950; Vetter and Thompson, 1962] have been used 
extensively to measure directly the radio refractive 
index of air [Bean , 1962]. Although these instrume nts 
have been in use for many years, little information is 
available as to their limitations as a probe of atmos
pheric variations. Recent tests on the National 
Bureau of Standards refractometers indicate that under 
some conditions these limitations are not negligible. 

2. Refractometer Sampling Cavity 

In both the NBS absolute refrac tometer [Ve tter and 
Thompson, 1962] and the NBS relative refractometer 
[Birnbaum, 1950] the sampling cavity, placed in the 
free atmosphere, is a signifi cant source of inaccuracy 
of the instrume nt. The reference cavity is a sealed 
cavity normally protected from the c hanging conditions 
of the free atmosphere and can be considered to pro
duce negligible e ffects on the accuracy of the short
term (10-min samples) measurement of air refractivity. 
The desired measurement by the sampling cavity is 
the time variations of the refractive index of the air at 
a point, but these variations are modified by changes 
in cavity temperature , wind speed and direction, 
as well as by limitations due to the finite size of the 
cavity. 

2.1. Temperature Coefficientofthe Sampling Cavity 

Cavities are made of invar, which has a linear temp
erature coefficient of approximately one part per 
million per degree centigrade. This is equivalent to 
one N unit per degree centigrade. T emperature 
compensation, which reduces this to one or two tenths 
of an N unit per degree centigrade, is easily achieved. 

1 Pape r presented at 1964 World Confere nce on Radio Meteorology, Boulder, Colo. , 
Sept. 14- 18. 1964. 

Compensation for as low as 0.03 N units per degree 
centigrade has been achi eved with some diffi culty 
[Crain and Williams, 1957; Ve tter and Thompson, 
1962]. It has been fo und that the s tatically determined 
te mperature coeffi cient cannot be used to yield a 
correction for dynamic te mperature variations, but 
it does permit a fair es timate of the error. 

2.2. Aspect Sensitivity of the Sampling Cavity 

The NBS sampling cavity is a cylindrical barrel 
with ventilated end plates. Whe n used on an air
craft the air sample enters along the axis of the barrel. 
In a typical ground-based location the air sample may 
arrive at any angle rela tive to the cavity axi s. It 
would be imprac ti cal in many cases to vary the as pect 
of the cavity to e nable it to face into the wind. To 
determine any effect caused by the as pect of the cavity 
relative to the direction of the mean wind, multiple 
cavities were mounted at fi xed angles relative to the 
air flow. Each of the following tes ts was conducted 
with an array of cavities, and aspect sensitivity was 
considered as a parameter in each tes t. 

2.3. Velocity Sensitivity of the Sampling Cavity 

The pressure within a sampling cavity placed in the 
airstream varies with air speed. To determine this 
pressure effect a plastic duplicate of the NBS sampling 
cavity was tested in a wind tunnel. The difference in 
pressure between inside the cavity and that of the 
undis turbed airstream outside the cavity were meas
ured with a differential manome ter over a velocity 
range from 0.5 to 30. 5 meters per second (m/s). [Ther
mocouples used to measure differential temperature 
over a velocity range of 0.5 to 16 m/s indicated varia
tions of no more than several hundredths of a degree. 
Thus, the temperature changes would not be expected 
to affect the results .] 

These differential meas ure ments were made for 
various aspect angles relative to the air flow . A 
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pressure coefficient (similar to the drag coefficient 
[Schlichting, 1960, p. 15]) can be defined as 

t::..p 
Cp = !pu2 ' (1) 

where t::..p is the difference between the pressure inside 
the cavity and that in the unobstructed tunnel, and 
!p u2 is the pressure reading measured between two 
ports of a pitot s tatic tube. The results are shown in 
figure 1. At velocities less than 2.2 mls there is a 
large variation in Cp as a function of both velocity and 
aspect, although the absolute pressure changes are 
small. Above 4.5 mls the distribution attajns a shape 
independent of velocity, indicating fully developed 
turbulence. Because of the complex shape of the 
cavity and its end plates, it is not possible to define a 
critical Reynolds number. These results indicate that 
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FIGURE 1. Pressure coefficient of NBS microwave sampling cavity 
as a function of aspect angle for varying wind speed. 
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FIGURE 2. Calculated error in refractivity measurements Jrom 
differential pressure measurements. 

* The c urves for 40.2 and 53.6 m/s are extrapolated from jata. 

laminar flow becomes unstable flow at very low veloci
ties and that the flow becomes fully turbulent at veloci
ties between 2.2 and 4.5 m/s. The error in the mean 
refractivity caused by the velocity of the airstream as 
a function of aspect angle is shown in figure 2. The 
error was calculated from the measured pressure drop 
in the cavity. The 45° aspect offers the minimum 
induced error in refractivity because of the pressure 
drop. Apparently the location of this mimimum is due 
to the shape of the temperature-compensating disks 
within the cavity. 

2.4. Spatial Resolution of the Sampling Cavity 

Because of the external electric field, the cavity 
measures a weighted average of the variations of a 
volume of air somewhat larger than its dimensions. 
The aerodynamic characteristics of the cavity, deter
mined largely by the end plate and compensating 
disks, limit the ability of the refractometer to resolve 
the difference between the refractive index of closely 
spaced air parcels passing through the cavity. When 
the flow through the cavity is turbulent there is in
creased mixing, and a particular sample tends to 
remain in the cavity longer than it would if the flow 
were laminar at the same wind velocity. This is 
equivalent to filtering out the fast fluctuations of an 
air sample. 

In a slowly moving atmosphere, which is homo
geneous, at least over the face of the end plate of the 
cavity, an analysis by Hartman [1959] indicates that 
the cavity should resolve mdividual air samples 
separated by a distance comparable to the dimensions 
of the cavity. It would appear that at velocities where 
the flow through the cavity is not laminar (at least, 

- i.e., for velocities in excess of 4.5 m/s), further filter
ing of the refractivity variations should occur, and the 
practical limit of spatial resolution is further restricted. 
An experimental estimate of the filtering action of 
the NBS cavity was obtained by using a transparent 
plastic duplicate of the sampling cavity immersed in 
a water flow tunnel. The principle of similarity states 
that for geometrically similar bodies the flow of dif
ferent fluids displays geometrically similar stream 
lines for the same Reynolds number. Hence the 
results of the water tunnel experiment should be 
applicable to air flow if the Reynolds number is the 
same in both fluids. Blobs of colored dye were in
jected upstream from the cavity and permitted to 
flow through the cavity. Colored motion pictures 
were taken of the flow around and through the cavity 
for the same aspect angles mentioned above. The 
time required for the dye to flush completely from 
inside the cavity for several flow velocities was 
obtained from visual inspection of the motion pictures. 

From the measured flushing time and the flow tun
nel velocity, the estimated minimum spatial resolution 
of the cavity oriented into the air flow was found to be 
approximately 0.75 meters under turbulent conditions, 
whereas the cavity oriented 90° to the air flow indi
cated a minimum resolution of 1. 75 meters (see fig. 3). 
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FI GURE 3. Estimated minimum spatial resolution of the NBS micro
wave refractometer cavity (from water flow tunnel observations). 

It should be noted that these values we re found under 
stati c con ditions where the direction of the air flow 
was constant. Atte mpts to improve the spati al reso
lution of the sampling cavities by forced ventilation 
techniques are described in the literature [Crain and 
Gerhardt, 1950]_ 

2.5. Spectral Characteri~tics of the Sampling Cavity 

Tes ts were condu cted in a wind tunnel a nd in til(> 
free atmosphere. Spectral analysis was performed 
on the refractivity obtained from three sampling cavi
ties oriented at 0°, 45°, a nd 90° to the wind. In a wind 
tunnel having a 6-ft-sq cross section, the sampling 
cavi ty array was placed 2 ft dow n from the top and 2 ft 
from the s ide walls. T o create the turbulent atmos
phere, louvers were placed in the wind tunn el. A 
water jet pulsed water vapor into the tu nnel to enhance 
the variability of the refractive index. The wind 
tunnel tes ts indicated th at the sampling cavity whose 
axis was 90° to the air flow lowered the s pectral de n
sity of all freque ncy components which were measured 
(0.2 to 10 cis) . In the free atmosphere at 15 meters 
above ground a differen t effect was noted. Of the 
many lO-min samples analyzed, very little difference 
was noted in the spectra between the 0° and 45° cavi
ti es; however, the cavi ty oriented 90° to the prevailing 
wind indicated a significantly higher spectral density 
at all frequencies. Repeated samples indicated 
similar results. 

As a result of these tests a modified cavity (fig. 4) 
was developed with slots cut into the sides of the barrel 
with essentially no change in Q (QL = 11,500) or in trans
mission c harac teris ti cs. The 1 X 1f4 in. slots were 
located in a region of essentially zero electri c field 
intensity so as not to destroy the circumferential cur
rent flow caused by the TEol mode.. Negligible radi
ation from the slots or decrease in the cavity Q is . 
obtained if the slot width does not exceed 5116 in. The 
modified cavity 2 was mounted with its axis parallel to 

the axis of one conve ntional cav ity and normal to the 
axis of a seco nd conventional cavity (fi g. 5) . Samples 
were procured with the mean wind normal to the first 
co nventional cavity, and also normal to th e second 
co nventional cavit y. Figures 6 and 7 illustrate the 
effec t of wind direc tion on the cavity s pectral response. 
Run 1 and run 2 were taken from data gathered in a 
single 30-min period when the wind fortuitou sly 
changed abruptly by 90°. The spectra of the two 
conventional cavities exactly reversed when the wind 
direction changed by 90°, whereas the spectrum of the 
modified cavity remained fixed (the apparent lower 
level in the spectrum of the modified cavity is due to a 
calibration bias) . The spectrum of the cavity 90° to 
the wind was higher in both cases. Runs 3 and 4 were 
taken after recalibration of the equipment. The spec
trum of the modified cavity was essentially identical to 
that of the conventional cavity that faced into the wind, 
even though the two cavities were orthogonally placed. 

MODI FIED 

CONV ENTIONAL 

FlG UHE 4 . NBS m.icrowave sampling cavities. 

~ RUN I 

WI ND DIRECTION 

4 RUN 2 

2 Other approaches 10 modifying refrac tometer sampling cavities [Adey, 1957; Thorn , 
1958; Thompson et aI., 1959; Gilmer and Thorn, 1962] have deal t primarily with variations 
in the st ructure of 'he cavity end plates. F IGURE 5. Experimental comparison of NBS microwave cavities. 
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FIGURE 6 , Comparison oj spectra oj the NBS sampling cavities Jor 
winds parallel to and normal to the axis oj the cavities. 

A possible explanation of the higher spectral density 
exhibited by the cavity 90° to the wind may be found in 
the variability in the wind direction which might 
"pump" the cavity at extremely oblique angles, 
(The wind tunnel data where the wind direction was 
constant did not exhibit this effect.) Figure 8 shows 
the comparison between the wind direction and the 
response of the cavities, Variations in the refractivity 
of the cavity 900. to the wind appears well correlated 
with the wind direction; there does not appear to be 
an equivalent correlation between the wind direction 
and the modified and 00. conventional cavity, The 
positive correlation between the cavity 900. to the wind 
and the wind direction seems to indicate an asymetrical 
cavity effect. It would be expected that the cavity 
would respond in the same manner whether the wind 
veered to the right or the left. The results indicate 
otherwise, There is an indication of such asymmetry 
in figure 1, but unfortunately no measurements were 
taken beyond 900. to confirm this, 

Of the many samples analyzed, a single exception 
was noted, i.e., where the level of the spectra for the 
cavity 900. to the wind was lower than the 00. orientation. 
This sample was taken at a higher wind velocity and 
apparently was reproducing the wind tunnel data. 
It was significant, however, that the modified cavity 
continued to match the 00. cavity. 

Tests similar to those reported above [Thompson and 
Grant, 1965] have been conducted 1 meter above the 
ground. They indicated that under the conditions 
of their experiment the cavity orientation with respect 
to the wind does not produce any significant effect. 

Tests are to be conducted to determine the improve
ments of spatial resolution and aspect sensitivity 
of the modified cavity with respect to the conventional 
cavities. 
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FIGURE 8, Comparison oj measured reJractive index and wind vari
ations (relative to mean wind direction of 1'). 

3. Conclusions 

Results of these tests indicate the following char
acteristics of the NBS sampling cavity as a probe of 
the atmospheric variations: 

L The cavity is slightly velocity-sensitive, Figure 
2 gives an indication of the mean error in the measured 
refractivity as a function of wind speed and direction, 
On ground-based applications, if the wind speed is 
less than 13 mls the error is less than 0,1 N. For 
airborne operations a correction for wind speed may 
be made using the extrapolated results in figure 2. 
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2. When placed in a uniform air flow in excess of 
4.5 mls the NBS cavity is expected to resolve, with 
essentially no mutual contamination, variations sepa· 
rated by 0.75 meters. Variations separated by 0.3 
meters are estimated to be in error by as much as 20 
percent, and for separations less than 0.3 meters the 
resolution falls off rapidly. 

3. The conventional NBS refractometer cavity was 
found to be aspect·sensitive under the conditions 
described, particularly when the mean air flow was at 
right angles to the axis of the cavity. In the free 
atmosphere considerable spectral energy can be 
added, perhaps because of a " pumping" of the 
cavity by the variable wind. 

A modified sampling cavity has been developed 
which overcomes some of the limitations of the con
ventional cavity. 

The authors acknowledge th e cooperation of the 
Civil Engineering Department of Colorado S tate 
University, whose wind tunnel and water fl ow tunnel 
were used in these experiments. Dr. 1. E. Cerm ak 
and Dr. E. 1. Plate were most helpful in obtaining 
and interpreting the data. 

(Paper 69D9-554) 
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