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SYMBOLS

A local geometric area ratio (ratio at a nozzle axial station to throat area)

p static pressure at centerline or side wall at a nozzle axial station, atm

pt total pressure in nozzle reservoir, atm

pt pitot pressure, atm
2

qs stagnation-point heat-transfer rate, W/cm2

Ip u x\Re Reynolds number based on a reference temperature (_£—E— I

r local nozzle radius at an axial station, cm

Tf stagnation temperature, °K

Tr reference temperature used to evaluate Re (Tf = 0.25 Tt, a cold wall approximation
defined in ref. 6), °K

u velocity, cm/sec

x axial distance from nozzle throat, cm

y distance from nozzle wall, cm

5 boundary-layer thickness, cm

boundary-layer displacement thickness I — = i-f — — — d \— }} >
' \ 5 J0 Peue *5'/

p density, g/cm3

M viscosity, g/cm-sec

Subscripts

e boundary-layer edge

r based on reference temperature (Tf)

in



EXPERIMENTAL STUDY OF WALL BOUNDARY-LAYER GROWTH

IN THE 10° HALF-ANGLE CONICAL NOZZLE OF A

REFLECTED-SHOCK TUNNEL

Gene P. Menees

Ames Research Center

SUMMARY

An experimental study of wall boundary-layer growth in the 10° half-angle conical nozzle of a
reflected-shock tunnel is described. Calibrations were made with N2 and Ar for a reflected-shock
reservoir temperature of approximately 2000° K and reservoir pressures of about 15, 85, and 130
atm. Radial surveys of pitot pressure and stagnation-point heat-transfer rate, and centerline and side-
wall measurements of static pressure were obtained. For the reservoir pressure of 85 atm, radial pro-
files of velocity and density were deduced from the experimental measurements and used to deter-
mine the boundary-layer displacement thickness.

The results of the study for both test gases showed that the boundary layer was turbulent and
the growth nonlinear, with the thickness being greater in Ar than N2 for comparable reservoir condi-
tions. The boundary-layer thickness decreased with increasing reservoir pressure, but only small
differences occurred between reservoir pressures of 85 and 130 atm. Good correlations of 5/x and
8Jx were obtained for both N2 and Ar in terms of Reynolds number based on a reference
temperature.

INTRODUCTION

This paper describes calibration studies to determine the effects of wall boundary layer on the
flow characteristics of the 10° half-angle conical nozzle of a reflected-shock tunnel. The motivation
for these studies was the use of the nozzle for extensive gasdynamic-laser and chemical kinetic studies
using mixtures of CO in N2 and Ar (ref. 1). Since a knowledge of the expanding flow environment is
essential for the proper analysis of data taken in the nozzle, it was necessary to establish the extent
and uniformity of the inviscid flow by determining the nozzle boundary-layer growth.

The nozzle boundary layer was investigated at several axial stations by making radial surveys of
pitot pressure and stagnation-point heat-transfer rate, and centerline and side-wall measurements of
static pressure. For some conditions, sufficient pitot-pressure and stagnation-point heat-transfer data
were obtained to deduce local profiles of velocity and density relative to corresponding values on the
nozzle centerline. These results were used to determine the boundary-layer displacement thickness
growth along the nozzle. The static pressure is a more sensitive detector of inviscid stream conditions
than either pitot pressure or stagnation-point heat transfer and, therefore, is a valuable adjunct in
defining the thermogasdynamic environment of the nozzle flow.



Since the gasdynamic laser and chemical kinetic studies performed in the nozzle primarily used
mixtures of CO-N2 or CO-N2-Ar with small percentages of CO, the nozzle was calibrated with N2

and Ar to minimize real gas effects. The calibration studies were made for reservoir pressures of
approximately 15, 85, and 130 atm and a reservoir temperature of about 2000°K for both N2 and
Ar.

The present paper presents, primarily, the experimental results of the nozzle flow calibration
tests. However, some analysis is included, and experimental results for nozzle wall boundary-layer
growth and inviscid stream conditions are compared with appropriate prediction techniques.

EXPERIMENTAL APPARATUS AND INSTRUMENTATION

Shock-Tunnel Design and Operation

The test facility is a conventional shock-tube arrangement and is shown schematically in figure
l(a). Both the driver and driven tubes are 10.2 cm in diameter and 3.51 and 11.43 m long, respectively,
For the present tests, He was used as the driver gas and could be charged up to pressures of 200 atm
at ambient temperature. The driven tube was evacuated to a pressure of about 20 juHg and then filled
with the test gas, either N2 or Ar, at ambient temperature to pressures near 1 atm. The 10° half-angle
conical nozzle was attached to the end of the driven tube and exhausted into a large dump tank. The
nozzle and dump tank were isolated from the driven tube by a thin diaphragm of polyethylene tape
and were evacuated to a pressure of about 5 /xHg before flow. Flow is initiated in the system by vent-
ing the chamber between the double diaphragm arrangement separating the driver and driven tube.
A slug of high-temperature, high-pressure test gas having a nearly steady-state duration of several
milliseconds is obtained after reflection of the incident shock wave from the driven-tube end wall.
This slug of test gas acts as the reservoir for the conical nozzle, which has a throat diameter of 1.27
cm and an exit diameter of 76 cm. The nozzle throat contours to the driven-tube end wall with a
0.635-cm radius. Downstream of the throat, the nozzle contours to the 10° cone through a 6.35-cm
radius transition section. The throat contour is shown in figure 1 (a).

Driven-Tube Instrumentation

The downstream portion of the driven tube was instrumented with Atlantic Research LD-25
piezoelectric pressure transducers, which act as time-of-arrival indicators for the incident shock wave.
These transducers have a sensitivity of 2.21 V/atm and a rise time of 1 Msec. The transducers were
spaced at 1.22-m intervals along the driven tube with the last instrument port located 6.1 cm from
the end wall. The elapsed time for passage of the incident shock between the various measuring sta-
tions is obtained from electronic counters, which are stopped by the transducer output signals. The
last station in the driven tube was also instrumented with a Kistler 601-H piezoelectric transducer to
monitor reservoir pressure. This transducer has a pressure range to 1000 atm, a sensitivity of 14.7
picocoulomb/atm, and a rise time of 3 Msec.



Nozzle Instrumentation

The nozzle was instrumented for flow measurements at geometric area ratios of 128,576, 1444,
and 2704, as shown in figure l(a). Radial surveys of pitot pressure and stagnation-point heat-transfer
rate were obtained at the three downstream stations. Only centerline pitot pressure was measured at
the station nearest the nozzle throat. Static pressure measurements were obtained on the nozzle side
wall at all four instrument stations and on the centerline at the three downstream stations.

All pitot- and static-pressure measurements, except the pitot pressure at the station nearest the
nozzle throat, were made with stretched-diaphragm, variable-capacitance type pressure cells
developed at the Ames Research Center. These pressure cells have design characteristics that are par-
ticularly suitable for low-pressure measurements in shock tunnel applications, such as low accelera-
tion and temperature sensitivities and a relatively high natural frequency (~20 kHz). These character-
istics are obtained by choice of diaphragm material and the application of uniform tensile loading to
the diaphragm during fabrication. For the present tests, cells with several pressure ranges were used
to span the different test conditions. The cell diaphragms were constructed of invar and were 0.635
cm in diameter. The diaphragm thickness ranged from 0.004 to 0.013 cm, and the cell sensitivities
varied from 0.29 to 29.4 picofarad/atm. Static calibrations of the pressure cells were obtained before
and after each test run for the expected pressure range. The calibrations were linear and repeatable to
within a few percent. The pitot pressure at the station nearest the nozzle throat was measured with a
Kistler 701-A piezoelectric transducer, which has a range to about 2 atm. A typical pitot-pressure
probe configuration is shown in figure 1 (b).

Both side-wall and centerline static-pressure measurements were made in the present tests since
boundary-layer thicknesses were expected to be large, with possibly some pressure variation through
the boundary layer. For the side-wall measurements, it was necessary to isolate the pressure cell from
shock loads transmitted through the nozzle from the driven tube. This was accomplished by mount-
ing the cell in a heavy brass housing, which was prevented from contacting the nozzle wall by "O"
rings. The stiffness of the mount could be controlled by mechanical compression. The natural fre-
quency of the entire arrangement was much less than the "ring frequency" of the nozzle wall. The
pressure cell diaphragm was recessed from the nozzle wall and protected by a perforated brass cover,
which acted as a shield and heat sink to minimize temperature effects. The side-wall, static-pressure
cell mount is shown in figure 1 (c). The cavity between the pressure cell diaphragm and perforated
brass cover was designed for minimum volume to achieve filling times of about 1 msec.

The centerline measurements of static pressure were obtained by means of the specially designed
probe shown in figure l(d). The probe consists of a 10° ogive cylinder having a nose-fineness ratio of
10.9. The static-pressure orifice was located 20 diameters from the probe tip. Surface heat-transfer-
rate measurements were also obtained by means of a thin wall calorimeter located on the probe at
about 8 diameters downstream from the static-pressure orifice. These data were used to correct the
measured static pressure for low-density, hypersonic flow effects according to the method of refer-
ence 2. The correction did not amount to more than 10 percent for the present tests.

The stagnation-point heat-transfer-rate measurements were obtained with calorimeter gages con-
sisting of number 40 chromel-constantan thermocouples mounted in copper hemispheres. Two
thermocouples were positioned near the stagnation point of each hemisphere. The hemispheres were
2.54 cm in diameter and had a wall thickness of 0.013 cm. The heat-transfer-rate data were repeat-
able to about ±10 percent.



Data-Recording Apparatus

The high-frequency data obtained from the shock-tunnel tests were recorded photographically
by multiple oscilloscopes and digitally by a high-speed recorder system designed for the test facility.
The digital data acquisition system (ref. 3) provides the experimental data in a form convenient for
computer analysis.

DISCUSSION OF RESULTS

The nozzle flow calibration studies were made with N2 and Ar as the test gases. Data were ob-
tained for reflected-shock reservoir pressures of approximately 15, 85, and 130 atm at a total reservoir
temperature of about 2000° K. The nozzle wall boundary-layer growth was determined from radial
surveys of pitot pressure and stagnation-point heat transfer and centerline and side-wall measure-
ments of static pressure.

Calibration Results with N2

The results for the N2 calibration studies are given in figures 2 through 8. For the conditions of
the present tests, the vibrational excitation of N2, .determined from a real-gas stream-tube computer
program, was found to be small. It also was determined that the N freezes within about 2 cm of the
nozzle throat. For these circumstances, the effect of the vibrational relaxation of N2 is negligible,
and the N2 behaves, essentially, as an ideal gas.

Temporal variations of pitot pressure in a typical radial survey are shown in figure 2. These re-
sults were obtained for a reservoir pressure of about 85 atm at a nozzle area ratio of 1444. The corre-
sponding reservoir pressure variation is also shown in figure 2(a); the arrival of the incident and re-
flected shock waves are indicated by the small and large pressure steps, respectively. These reservoir
conditions result from nearly tailored operation of the shock tube (shock Mach number ~ 4). A
computed reservoir pressure based on the measured shock wave speed is also shown in figure 2(a).
Computed reservoir pressures typically agreed to within 5 to 10 percent of the pressure measured
immediately behind the reflected shock wave. The pitot-pressure curves shown in figure 2 indicate
good flow uniformity and radial symmetry about the nozzle centerline. After the pitot pressures
reach plateaus, the response curves at all five radial positions shown vary in accordance with the
reservoir pressure.

The experimental pitot-pressure measurements can indicate the duration and uniformity of the
nozzle test flow, as well as the behavior of the starting process. Similarly, the reservoir pressure indi-
cates the steady-state character of the slug of test gas processed by the reflected shock. The results of
figure 2 indicate about 1.5 msec of nearly steady-state reservoir and nozzle flow conditions. The
nozzle starting time is also observed to be about 0.8 msec at this axial location. A somewhat more
definitive indication of flow duration can be obtained from the radiation intensity histories of the
laser studies conducted with the nozzle, since the radiation data show both temperature and pressure
influences. The laser experiments reported in reference 1 provide temporal variations of. radiation
intensity in the reflected-shock reservoir and at several axial locations in the nozzle for mixtures of



CO with N2 or Ar. These data corroborate the flow duration times indicated here by pressure
measurements.

A typical radial pitot pressure distribution corresponding to the flow conditions of figure 2 is
presented in figure 3. The distribution is generally uniform across the inviscid core with a rapid reduc-
tion in pressure as the boundary layer is encountered. The flow exhibits good radial symmetry, as in
figure 2. There is also a slight indication of the pressure peaking at a radial distance of about
y/r = ±0.7 from the nozzle centerline. This effect could be attributed to the interaction between the
inviscid hypersonic flow and the boundary layer as discussed by Agafonov in reference 4. The results
of figure 3 are typical of the radial distributions of pitot pressure obtained in N2 at other nozzle lo-
cations and test conditions.

A typical radial distribution of stagnation-point heat-transfer rate corresponding to the flow
conditions of figures 2 and 3 is shown in figure 4. This distribution indicates about the same size for
the inviscid core as the pilot-pressure distribution of figure 3. The pitot-pressure and stagnation-
point heat-transfer results of figures 3 and 4 can be used to deduce profiles of velocity and density
through the boundary layer. These results are integrated to obtain the boundary-layer displacement
thickness as discussed in reference 5. Sufficient data for this computation were available only for the
85-atm reservoir pressure data and the results are presented subsequently.

The axial distribution of pitot pressure along the nozzle for the various experimental reservoir
pressures is shown in figure 5. The predicted pressure distributions for the inviscid one-dimensional
expansion of both a perfect gas and equilibrium N2 are shown for comparison. The difference be-
tween the measured and calculated pressures is due to nozzle wall boundary-layer growth. The hori-
zontal separation indicates the effect of the boundary layer on the nozzle area ratio. The boundary-
layer displacement thickness along the nozzle (for pt = 85 atm) was determined from the radial dis-
tributions of pitot pressure and stagnation-point heat transfer as discussed previously. The extent of
the effective inviscid core was determined from the computed boundary-layer displacement thickness
and the nozzle geometry. The pitot-pressure distribution resulting from this inviscid area ratio and
perfect gas expansion is shown in figure 5 and is seen to agree well with the measurements.

The axial distributions of static pressure along the nozzle centerline and side wall are presented
in figure 6 for the various experimental conditions. Good agreement was generally obtained between
the measurements at the two locations. Predictions for inviscid perfect gas and equilibrium pressure
distributions, and the results obtained by correcting the inviscid core for the computed boundary-
layer displacement thickness are shown in figure 6 for comparison. The latter distribution was ob-
tained for perfect-gas expansion and coincides closely with that obtained by determining the extent
of the inviscid flow from the measured pitot pressures.

The results for the nozzle wall boundary-layer growth are presented in figure 7 for the range of
experimental reservoir conditions. In determining 8, the boundary-layer edge was defined as the loca-
tion in the flow where the pitot pressure decreased to 99 percent of its peak value. As mentioned
previously, sufficient experimental data were available to compute 6 from deduced profiles of
velocity and density only for the reservoir pressure of 85 atm. However, for all three test reservoir
pressures, an estimate of 5^ was obtained from the measured pitot pressures. The 5^ obtained in this
manner was determined from the nozzle geometry and inviscid area ratio corresponding to the meas-
ured (pt /pt )e. The results for the reservoir pressure of 85 atm agreed closely with those com-
puted from the deduced profiles of velocity and density. The measured values for 8 and 5 are com-

^pared with predicted values obtained from the empirical equations of reference 6 for turbulent



boundary-layer growth in conical nozzles. For the range of Reynolds numbers of the present investi-
gation (3.5XI 0s to 2.5X106), the wall boundary layer was assumed to be turbulent with transition
from laminar to turbulent flow occurring near the nozzle throat. This assumption was verified by
comparing the measured values of 5 and 5 with results obtained by laminar and turbulent predic-
tion techniques. Agreement with the laminar predictions was poor, whereas the turbulent predictions
of reference 6 agree well with the measured values of 5 and 5 as can be observed in figure 7.

*
The results of figure 7 show that the boundary-layer growth is nonlinear, with a considerable

decrease in boundary-layer thickness as the reservoir pressure is increased from 15 to 85 atm. How-
ever, there is little additional change in the boundary-layer thickness as the reservoir pressure is fur-
ther increased to 130 atm. The nonlinear growth of the boundary layer indicates that the viscous
flow effects induce some deviation from one dimensionality in the inviscid flow. However, the static
pressure measurements of figure 6 indicate this effect is small for the N2 calibration results.

A correlation of 8 jx, independent of Mach number, in terms of Reynolds number based on a
reference temperature is suggested in reference 6. The result of applying this correlation to the
present experimental data is shown in figure 8, with the correlation equations. As shown, the present
data correlate well. Results for 8/x were also correlated in terms of the reference Reynolds number
and are presented in figure 8. Note that although there is no precedent for this correlation, the
boundary-layer thickness does correlate well in this manner, also.

Calibration Results With Ar

The results for the calibration studies with Ar as the test gas are given in figures 9 through 13.
The temporal variation of reservoir and pitot pressures is not shown, since the results are similar to
those for the N2 tests presented in figure 2. The radial distribution of pitot pressure in a typical sur-
vey is shown in figure 9 at a nozzle area ratio of 1444 and reservoir pressure of 85 atm. The distribu-
tion is generally uniform across the inviscid core and symmetric with respect to the nozzle centerline.
There is no indication of radial peaking of the pitot-pressure distribution for the conditions of fig-
ure 9. However, for the reservoir pressure of 15 atm, there was noticeable peaking at the two down-
stream nozzle stations with area ratios of 1444 and 2704. As noted earlier, this may result from the
interaction between the boundary layer and hypersonic inviscid flow as discussed in reference 4.
The results of figure 9 also indicate that the boundary-layer thickness is greater in Ar than in N2 at
the corresponding condition (fig. 3). This is generally true and will be discussed in more detail sub-
sequently. A radial distribution of stagnation-point heat-transfer rate is not shown, since the results
are similar to those for N . The boundary-layer displacement thickness along the nozzle was ob-
tained from the radial distributions of pitot pressure and stagnation-point heat-transfer rate for a
reservoir pressure of 85 atm, as was done for N .

The axial pitot-pressure distributions along the nozzle centerline are shown in figure 10 for the
various experimental conditions. The results for the three reservoir pressures are in fair agreement.
The largest deviation occurs for the reservoir pressure of 15 atm at the two downstream stations in
the nozzle where the boundary-layer thickness is greatest. The predicted axial pressure distribution
for the one-dimensional expansion of a perfect gas is shown in figure 10 to illustrate the extent of
the wall boundary-layer growth. For a reservoir pressure of 85 atm, the effective inviscid area ratio
was determined from the nozzle geometry and computed values of 8^ as discussed previously. The
predicted axial pressure distribution corresponding to the effective inviscid area ratio is shown in
figure 10 and agrees closely with the experimental results.



The axial distributions of static pressure along the nozzle are shown in figure 11. Close agree-
ment was generally obtained between the measurements on the nozzle centerline and side wall. The
maximum differences amounted to about 15 percent and occurred at the downstream stations in the
nozzle where the boundary-layer thickness was greatest. The predicted axial pressure distribution for
the one-dimensional expansion of an inviscid perfect gas and the distribution obtained by determin-
ing the effective inviscid core from the computed 6^ are also given in figure 11. Good agreement is
obtained between the predicted and measured results at the two upstream stations in the nozzle, but
considerable deviation is observed at the two downstream stations. This large difference between the
measured and predicted static pressures downstream in the nozzle is attributed to the large boundary-
layer thickness, which is of the order of 50 percent of the local nozzle radius. The present results are
not sufficiently quantitative to determine the influence of viscous-effects and non-one-dimensional
behavior of the inviscid flow on the measured static pressures.

The axial development of the nozzle wall boundary layer is shown in figure 12 for the three ex-
perimental reservoir conditions. The boundary layer growth is nonlinear and the thickness is greater
than that for N2 at comparable reservoir conditions. As was the case for N2, there is a considerable
decrease in boundary-layer thickness as the reservoir pressure is increased from 15 to 85 atm but
essentially no additional change as the reservoir pressure further increases to 130 atm. No empirical
formulas were available for predicting the growth of 6 and 5 in conical nozzles for the Ar calibra-
tion results. However, the semiempirical method of reference 6 for obtaining the development of 5
in equivalent flat-plate flow for a turbulent boundary layer was adapted to Ar. The results are shown
in figure 12, which indicates good agreement with the measured results for 5^.

The correlation of 8^/x and 8/x in terms of the reference Reynolds number was applied to the
Ar data; the results and correlation equations used are shown in figure 13. It is observed that good
correlations are obtained for both 8 /x and 8/x.

CONCLUDING REMARKS

The 10° half-angle conical nozzle of a reflected-shock tunnel has been calibrated to obtain the
wall boundary-layer growth in N2 and Ar for a reservoir temperature of 2000° K and reservoir pres-
sures of 15, 85, and 130 atm. The results of the study for both test gases showed that the boundary
layer was turbulent and the growth nonlinear, with the thickness being greater in Ar than N2 for
comparable reservoir conditions. The boundary-layer thickness decreased with increasing reservoir
pressure but only small differences occurred between reservoir pressures of 85 and 130 atm. Good
correlations of 6/x and 8^/x in terms of Reynolds number based on a reference temperature were
obtained for both N2 and Ar.

Ames Reserach Center
National Aeronautics and Space Administration

Moffett Field, Calif. 94035, June 21, 1972
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Figure 8.— Correlation of boundary-layer thickness and boundary-layer-displacement thickness
for N2.
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Figure 10. — Comparison of measured and predicted axial pitot-pressure distributions in nozzle
for Ar.
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Figure 11.— Comparison of measured and predicted axial static-pressure distributions in nozzle for Ar.
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