
FEBRUARY 1965 TECHNICAL NOTES 357

1
UJ

O 0.4

€= 5.0
FUEL: RP-1
OXIDIZER: GASEOUS Og

0/F RATIO

Fig. 4 Absorptivity due to solid carbon in the RP-lgas-
eous oxygen exhaust as a function of oxidizer-to-fuel

ratio.

The transmissivity measurements were obtained through
open ports located at area ratio 5, where the nozzle pressure is
close to atmospheric pressure for typical tests. The transmis-
sion at 5911 A was used here, although the spectrometer also
scanned other wavelengths. A schematic diagram of the ex-
perimental system has been presented previously.9

The particle size distribution used in these tests was the
same as that used in other experiments7?9; the volume to
surface mean diameter is about 3 JJL. The experimental data
(including some extinction data points reported previously7)
are shown in Fig. 3 compared with theoretical lag and zero
lag predictions based in Eqs. (10) and (11). Although there
is appreciable scatter of the data, the lag theory seems to pro-
vide a reasonable correlation.

The experimental data of Fig. 3 are not the raw data; a
correction was made for extinction caused by solid carbon in
the flow. This was obtained by measuring the extinction due
to solid carbon for a series of tests employing RP-1 and gas-
eous oxygen with no oxide particles present. The results of
these tests are presented in Fig. 4. The correction is made
assuming the solid carbon is distributed homogeneously
across the plane of measurement and using the relationship

1 - «' = (1 - aMgo)(l ~ etc) (12)

where a' is the total extinction due to both carbon and MgO.
It was assumed that extinction due to carbon did not change
as oxide particles were added to the flow, but was dependent
only on the oxidizer-to-fuel ratio.

Summary

Light extinction measurements performed in the nozzle of a
rocket exhaust containing metallic oxide particles of a known
size distribution have agreed with theoretical predictions
based upon velocity lag theory. This establishes further evi-
dence that such theories provide reasonable descriptions of
the actual gas-particle flow processes occurring in two-phase
rocket nozzle flows.
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Step Induced Boundary-Layer Separa-
tion Phenomena

ROBERT W. HALPRIN*
Douglas Aircraft Company, Inc., Santa Monica, Calif.

Nomenclature

k =
P =

PP =

d

step height
plate pressure
plate "plateau" pressure
freestream pressure
boundary-layer height

A NUMBER of experimental1"3 and theoretical4"6 studies
have been conducted on the separation phenomena asso-

ciated with two-dimensional steps and planar shocks interact-
ing with a turbulent boundary layer. Much less study has
been centered upon the more complicated phenomena involv-
ing a three-dimensional protuberance in a supersonic flow.
In order to provide information on the effects of circumferen-
tial flow on the separated region formed upstream of a pro-
tuberance, a wind tunnel | test program was conducted utiliz-
ing two-dimensional and cylindrical steps immersed in super-
sonic flow. The Mach number and turbulent boundary-layer
height in the test section were measured and found to be 2.71
and 0.19 in., respectively. The step heights ranged from 0.1
in. (h/d = 0.525) to 0.5 in. (h/d = 2.63); the cylindrical step
diameters ranged from 0.5 to 1.0 in. A sketch of the test
models is shown in Fig. 1.

The results of the two-dimensional step tests were found to
correlate well with those of previous investigations. The pres-
sure rise at the step face established an oblique shock wave that
propagated upstream and caused the boundary layer to
separate from the base plate. The length of the high-pressure
region downstream of the shock wave (hereafter known as
the compression region) was found to be a function of the step
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Fig. 1 Sketch of test models.
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Fig. 2 Flow model associated with cylindrical steps in
supersonic air stream.

to boundary-layer height ratio, whereas the "plateau" pres-
sure reached in this region was primarily determined by the
upstream Mach number.

Circumferential flow and lateral pressure relief are, of
course, the difference between the separation phenomena
associated with the presence of cylindrical as opposed to two-
dimensional steps. It was found that three distinct flow re-
gions exist between the oblique shocks and cylindrical steps.
The outermost region is located immediately behind the
shock wave that is formed upstream of the step and is made
up of flow directed circumferentially around the cylinder. It
is in this region that the plate pressure builds up to a first
peak. The second region, inside the first, is characterized by
radial flow directed away from the step along the plate. It is
felt that this is a rather high-speed vortex region in which a
sizable dip in plate pressure occurs. A third region of pre-
sumably low-speed, high-pressure flow is apparent at the step-
plate junction. The same type of pressure profile has been
noted by Burbank et al.7

The three region hypothesis was developed as a result of
the examination of pressure data, schlieren photographs, and
oil flow studies. Table 1 presents the results of this examina-
tion in tabular form. A proposed flow model incorporating all
available data is shown in Fig. 2. Note that the boundary
layer separates from the plate and becomes a viscous shear
layer that impinges upon the front face of the cylindrical step
and induces the formation of a normal shock wave. This
shock interacts with the primary oblique shock wave to pro-
duce a lambda shock pattern. Conversely, schlieren photo-
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Fig. 3 Comparison of plate pressure profiles for two-
dimensional and cylindrical steps.

graphs indicate that the viscous shear layer is forced over the
top of the two-dimensional steps, and only the low-energy
separated flow impinges against the step face. It has there-
fore been theorized that the pressure relief offered by circum-
ferential flow around the sides of a cylinder permits the com-
pression region to shrink in size and allows the high-speed
viscous shear layer to impinge upon the step face. This
establishes a second shock and causes a second high plate
pressure region to form immediately upstream of the step.
A comparison of the plate pressures associated with two-di-
mensional and cylindrical steps is shown in Fig. 3. It can be
seen that the "plateau" pressures are higher for the two-
dimensional step, but the plate pressures at the step-wall
junction are much higher for the cylindrical protuberance.
It is also obvious that in reducing the cylinder diameter from
infinity (two-dimensional) to a small multiple of the boundary-
layer thickness, the undisturbed flow is allowed to approach
the step face much more closely before being subject to a strong
compression.

In conclusion, it must be added that the phenomena de-
scribed may be a function of model size. For example, if the
two-dimensional steps considered were very high in compari-
son to the boundary layer, the viscous shear layer may be
forced to impinge against the step face. This would establish
a lambda pattern similar in nature to that produced by a
cylindrical step. Because of size limitations in the wind tun-
nel utilized, this possibility could not be investigated and re-
mains a subject for further study.

Table 1 Results from step tests

A Two-dimensional
Height, in. h/B oblique shock anglea PV/P- Length of compression

region,0 in.

0.10
0.25

Height,
in.

0.10
0.10
0.10
0.25
0.25
0.25
0.50
0.50
0.50

h/d
0.525
0.525
0.525
1.32
1.32
1.32
2.63
2.63
2.63

0.525
1.32

Step diam,
in.

1.0
0.75
0.50
1.0
0.75
0.50
1.0
0.75
0.50

B

Oblique shock
angle*

30°
29°
28°
31°
30.5°
30°
31°
30.5°
30°

32°
33°

Cylindrical

Pv/P~
2.02
1.98
1.91
2.06
2.04
1.96
2.15
2.07
2.03

2.23
2.30

Length of
compression

region, a
in.

0.41
0.41
0.41
0.78
0.69
0.59
1.19
1.03
0.85

Length of
radial flow

region,6
in.

0.04

0.32
0.20

0.58

0.50

0.63
1.13

Pressure
at inception of

radial flow,
P/Poo
2.02

2.05
2.00

2.10

1.98
a Results based on schlieren photographs.
& Results based on oil flow photographs.
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Measurements of Panel Response to
Turbulent Boundary-Layer Excitation

Lucio MAESTRELLO*
The Boeing Company, Renton, Wash.

Nomenclature

f = frequency in cycles per second
M = Mach number
^2 r= mean-square wall pressure fluctuation
PWL = total acoustic power radiated
R = correlation coefficient
U = duct centerline velocity
Uc = convection velocity
( Yz} = mean-square panel displacement
( F2) = total mean-square panel displacement
£ = incremental distance in direction of flow
T = time delay
TW = wall shear stress

SOME preliminary results of an experimental investigation
are presented concerning the motion induced by a turbu-

lent boundary layer in rigidly supported panels and the ra-
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Fig. 1 Wall pressure fluctuations.
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Fig. 2. Total acoustic power, PWL total mean square dis-
placement, (Y2).

diated acoustic field generated by such motion. The measure-
ments were conducted >at the Boeing Boundary Layer Test
Facility consisting of 25 ft of duct with cross sectional area of
approximately 7.3 X 3.5 in. with velocities up to 700 fps.
The thicknesses of the panels tested were 0.020, 0.040, 0.060
and 0.080 in. They were made by milling out an area of 7 X
12 in. from f-in. aluminum plates to the required thickness.

Forcing Field

A careful study of the pertinent parameters of the turbulent
field in the duct was made with the following results: 1) the
mean velocity distribution and the shear stress rw obtained
from the standard technique were found to be consistent with
the published result of turbulent duct flows; 2) the measured
mean square pressure fluctuation p^ on the rigid wall of the
duct are in excellent agreement with those presented by
various investigators1' 2 (Fig. 1); 3) the space-time correla-
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Fig. 3 Longitudinal space correlation of the displace-
ment of a 0.040-in. panel: a) space correlation for Mach
number 0.52 at various modal frequencies; b) space corre-

lation for 1200 cps mode at various Mach numbers.


