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generality of the proposed function and the acceleration ef-
fects on the coeflicients.
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Condensation in a Contoured-Nozzle

Shock Tunnel

R. L. Varwig* axp S. B. Masont
The Aerospace Corporation, El Segundo, Calif.

I. Introduction

NE of the limiting conditions for a wind tunnel is estab-
lished by the phenomenon of condensation. This oc-

curs when the decreasing pressure and temperature of the ex-
panding flow reach or exceed the air saturation “values.”
Therefore, for a given reservoir pressure there exists a mini-
mum reservoir temperature necessary to prevent condensation
and, hence, preserve the isentropic relationship required to
obtain meaningful data. This required temperature has heen
shown to be somewhat below the theoretical predietion® for
high Mach number because of an apparent supersaturation.2—4
Daum and Gyarmathy® have presented extensive data and
empirical predictions for the degree of supersaturation possi-
ble in a blow-down type wind tunnel. They have shown that
condensation at low pressures (<0.1 mm Hg) follows the pre-
dictions based on spontaneous nitrogen condensation, and
that at higher pressures the seeding effects of small amounts
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of HyO and CO: condensing earlier influence the onset of con-
densation. On the basis of these results Daum and Gyarma-
thy have devised a conservative formula for predicting the oc-
currence of condensation in wind-tunnel nozzles. The diffi-
culty with using the formula is that in the pressure range
where seeding is dominant, the experimental data are quite
scattered. Therefore, although the work of Daum and
Gyarmathy may serve as a reliable guide, the condensation
measurements must be made in order to accurately determine
the extent to which one may supercool the flow in & particular
nozzle that lies in the above pressure range.

In this study the condensation point in a contoured nozzle
shock tunnel was sought. Static and Pitot pressure, which
have been shown to be sensitive to the onset of condensation
were measured at constant reservoir pressure, while the reser-
voir temperature was decreased to obtain freestream tem-
peratures below the theoretical saturation curve of Ref. 4.
This report describes these measurements and their inter-
pretation, which indicate that only little supercooling can be
obtained.

IL. Facility and Measurements

The Aerospace Corporation contoured nozzle shock tunnel
with throat sized to produce Mach number 14.5 was used in
these tests. Reservoir pressure and shock Mach number
were measured with two model 601H piezoelectric pressure
gages (Kistler Instrument Corporation, Clarence, New York)
positioned near the end of the 24-ft driven section. The test
section measurements were made with two Pitot probes posi-
tioned on each side of a static pressure probe (Fig. 1). The
static pressure probe was instrumented with two Aerospace
Corporation piezoelectric pressure gagest mounted in tandem
29 in. and 31.5 in. aft of the sharp nose. The Pitot probes
were instrumented with model LC 60 piezoelectric pressure
gages (Atlantic Research Corporation, Alexandria, Va.).

Two reservoir pressure ranges were studied—the lower ob-
tained with 5000 psi in the driver and the higher with 10,000
psi in the driver.

The requirement that the shock tube remain tailored while
the reservoir temperature was varied placed constraints on the
driver gas sound velocity, which was, therefore, altered by
adding argon to the helium driver gas. Thus as shock Mach
number M, was reduced from 3.98 to 2.49, the diaphragm
pressure ratio p./p; was reduced from 340 with pure helium
to 57 with the helium diluted with 7.5% argon. Some “equi-
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Fig. 2 Effect of condensation on measured pressure;
A) static pressure, B) Pitot pressure.
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librium interface” conditions were tolerated in order to obtain
the desired range of reservoir temperatures.

The wall pressure measurements p,, for the two positions on
the static probe were equal (+£3%,), as were the two Pitot
pressures p;. 7P, was taken as the average value between
the two static pressure measurements; p.’ was taken as the
average value between the Pitot measurements. The reser-
Voir pressure p; was measured over the same time interval as
the Pitot and static measurements. M, was determined from
a measurement of the time interval between passage of the
shock wave past the two shock tube gages positioned 0.8225
ft apart. The arrival signals were recorded through a dif-
ferential amplifier on a single trace to eliminate scope chop-
ping error. A time-mark generator was used to record the
time history to eliminate any error caused by distortion in the
camera or oscilloscope sweep.

The reservoir temperature was calculated from the shock
Mach number. Adiabatic corrections were made where off-
tailoring caused a slight increase in reservoir pressure above
the initial reflected shock pressure. All calculated flow con-
ditions were made from the ratio p’/p., with appropriate cor-
rections for caloric and compression imperfections.!

The measured Pitot and static pressure are normalized with
respect to the reservoir pressure in Figs. 2 and 3. The onset
of condensation was considered to be the point at which the
measured pressure departed from its trend as the reservoir
temperature was decreased.

III. Results and Conclusions

From Fig. 2a it is seen that as the reservoir temperature is
decreased the measured wall pressure decreases steadily until
the temperature reaches about 1570°K for p, ~ 170 atm and
1770°K for p, ~ 500 atm. The point where a clear reversal
in the trend is noted is considered to be the point where con-
densation begins. The observed downtrend in p, is a viscous
effect that can be predicted by considering the effect of de-
creasing temperature on the tunnel wall boundary-layer thick-
ness and the boundary-layer growth, and hence, the effect of
pressure interaction on the static pressure probe. For de-
creasing temperature, the tunnel wall boundary layer, calcu-
lated from Ref. 5, decreases, resulting in increased Me, for
which the pressure decreases. The pressure interaction on
the slender pressure probe¢ decreases as the temperature de-
creases. Therefore, the pressure on the wall of the probe also
decreases. For a reservoir temperature decreasing from
2040°K to 1560°K at a reservoir pressure of 170 atm, the
effect of the tunnel wall boundary-layer change and the effect
of the change in the pressure interaction on the slender probe
are —9% and —79% respectively. The sum of these two
effects equals the 169, pressure drop observed. The trend
for the higher reservoir pressure range is similarly well pre-
dicted.
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Fig.4 Comparison of prediction from Ref. 3 with measure-
ments.

The Pitot pressure in Fig. 2b also indicates a change in the
trend as reservoir temperature is reduced, however, it is not
as apparent nor in the same direction as that indicated by
Daum.* When the ratio of measured pressures p./p/ is
plotted vs the reservoir temperature (Fig. 3), the point at
which condensation begins is very marked. The difference
between the Pitot pressures observed in this study and in that
of Ref. 4 may be attributed to the shape of the Pitot probe
body. In the present study, the Pitot probe consists of a
large-diameter body relative to the diameter of the port (9/1
ratio) leading to the pressure sensing device. Hence, a strong
normal shock exists forward of the port and significant re-
evaporation may oceur, as indicated by Pope,” rendering the
Pitot measurement relatively less sensitive to the presence of
condensation.

By calculating the freestream temperature, including
caloric and compressive imperfection, a plot of p- as a funec-
tion of T can be obtained (Fig. 4) to be compared with the
measurements and predictions of Daum and Gyamarthy.?
This figure shows that the data representing the onset of con-
densation for the two driver pressure conditions of this study
fall between the theoretical saturation curve for air and the
anticipated supercooling. This difference is small, however.
The shaded region of the figure represents the spread in data
previously reported for contoured nozzles.® This scatter in
data made it necessary to perform the measurement. The
conservative temperature predictions were actually only 1 to
2° different from those measured.
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