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PLUME CHARACTERISTICS OF THE SATURN CLUSTER MODEL
BY

D, 0. Barmnett
SUMMARY

This report presents results on one phase of a program to determine acoustic
and hydromechanical loads at the base of Saturn configured vehicles. Data are
presented on pitot pressure distributions across clusters of one to four jets
exhausting at stagnation-to-ambient pressure ratios of 35 to 105 atmospheres.

The data are compared to results of a method of characteristics solution for
the flow field. An empirical correlation is given for the growth of the'shear
region of the plumes near the nozzle exit plane. It is seen that shear layer
thickness varies directly with axial location and inversely with stagnation

pressure.

I. INTRODUCTION

The total pressure distribution across the plumes of the Saturn Cluster
Model was studied experimentally in Tests TAJF-010 and -011l. 1In these investi-
gations radial pitot traverses were made at several axial locations for chamber
stagnation pressures of 500, 900, and 1500 psig. Configurations studied included
combinations of one to four nozzles blowing. The Saturn configuration was ex-
cluded from these tests since, for measurements taken in a single plane, the
plume intersection regions were adequately defined by less than five jets ex~

hausting.

These investigations were primarily conducted to define the location of the

free—-shear layers for subsequent Crossed-Beam Tests. A secondary objective,
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however, was the qualitative understanding of these flow fields as an aid in
studies of recirculatory and acoustic phenomena induced by clustered jets. This
memorandum, thus, presents data taken in the investigations, the thickness of
the combined shock-shear layer, and discusses the possible distribution of
velocities across the jets for different test conditions, configurations and

axial locations.

I1. EXPERIMENTAL CONSIDERATIONS

The Saturn Cluster Model consists of an adapter section for mating with
the Cold Flow Duct, a baseplate, and five nozzles arranged as shown in Figure 1.
The center nozzle is removable and may be replaced by an adapter plate to
simulate a symmetric four-jet cluster. The nozzles are capable, moreover, of
being internally closed to allow the jets to exhaust in any combination from one

to five.

Design of the nozzles was made on the basis of plume contour at a chamber

g = 1500 psig. The specific criterion used was the matching of

pressure of P
S-I1 Stage plumes at the '"max q" condition. A suitable nozzle geometry for
such matching with ambient temperature air was obtained by a method of charac-

teristics solution and is shown in Figure 2.

Pitot data were taken by either a 20-tube pitot rake (TAJF-010) or a
traversing-single probe (TAJF-01l). The probes were mounted on a probe cart
which could be moved along rails to each subsequent axial location. Probe lo-
cation with respect to the model referenced coordinate system of Figure 3 was
determined to within 0.01 inch (ref. 1). Measurements were made only in the
Z=0 plane. The pressure recording system as well as details on the facility

and test procedures are given in reference 2.

IIT. DESCRIPTTON OF PLUME FLOW FIELD

Before examining the pitot data, it is useful to discuss the characteristics
of the plume flow field. Figure 4 is a Schlieren photograph of a single plume
exhausting from a stagnation pressure of 900 psig. (All photographic data pre-
sented were obtained in Test TAJF-009 (ref. 3). The nozzle flow is underexpanded
and expands rapidly downstream of the nozzle exit plane. Static pressures in

the plume core are far below the ambient pressure of 14.4 psia (nominal). This

1'Complete nomenclature given in section VII.
2
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pressure differential is accommodated by the shock system seen in the picture.
The inner boundary shock originates within the nozzle and is the stronger shock.
A secondary lip shock is necessary to complete the pressure rise to ambient. The

viscous shear layer apparently lies mostly outside the lip shock.

The additional complexity introduced in the jet interaction regiomns is
exemplified by Figure 5. It is seen that in the wvicinity of an intersection
point the shock formed by the plume impingement coalesces with the boundary
shocks to form a stronger interaction shock. Increasing the number of jets
blowing increases the number of interactions as in Figure 6, as well as
creating regions where interactions between three or even four plumes occur

simultaneously.

Conditions further downstream in the flow are shown in the shadowgraph of
Figure 7. At a location dictated by the stagnation to ambient pressure ratio, a
Mach disk forms in the individual plumes. For the two-jet case shown, this normal
shock intersects the interaction shock resulting in a secondary interaction shock
and formation of an additional Mach disk. The extension of this process to

additional plumes may readily be imagined.

Iv. PITOT PRESSURE PROFILES

Figure 8 presents the distribution of pitot pressure ratios, PS/PO’ across
a single plume at several axial locations. The individual parts of the figure
correspond to stagnation-to-ambient pressure ratios, PolPa, of 105.2, 63.5, and

35.7, i.e., nominal stagnation pressures of 1500, 900, and 500 psig, respectively.

Two striking characteristics of the data are (1) the higher pressure re-
coveries in the center of the plume at low X/D ratios, and (2) the sharp rise
in pressure recovery near the edge of the plume. The first phenomena, as will be
shown later, is due to lower velocities and Mach numbers along the nozzle center-
line than further out in the flow. The latter effect is clearly due to the plume
interior shock. This conclusion was reached after repeated experimental measure-
ments showed the maximum recovery rise occurs immediately outside the interior
shock. However, attempts to analyze this affect one-dimensionally were unsuccessful,

although the apparent reason for the rise is an increase in pressure recovery
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across an oblique-normal shock system. This point, too, will be discussed later.

Figure 9 shows the pitot profiles for a two-jet configuration. The charac-
teristics of the data are similar to those for a single plume except additional
departures from the data trend are obtained in the wvicinity of the interaction
shocks arising from plume impingement. Additional data are presented in Figures 10
and 11 for the three- and four-jet configurations. These data are of limited
interest, however, since probing in a single plane (Z=0) caused many of the inter-

action effects to be missed.

V. DISCUSSION OF RESULTS

To form a basis for comparison with results of the tests, the plume flow
field for a single nozzle was analyzed using the method of characteristics
program of reference 4. Figure 12 shows the inmer shock and plume boundary
predicted by the method of characteristics for a stagnation pressure of 1500 psig.
Agreement of the theoretical results with the actual location of the interior
shock is excellent. The plume boundary predicted by the characteristics solution
coincides, moreover, with the location of the lip shock. This tends to further
substantiate the conclusion given earlier that the shear layer lies outside the

1lip shock.,

Figure 13 gives the comparison of theoretical and experimental pitot
pressures across the plume at two axial locations. Agreement is good in the core
of the jet but the results diverge near the interior shock. Figure 14 compares
the Mach number variation across the plume as obtained from the characteristics
solution to one-dimensional flow results computed from the pitot data. Once
again agreement is good in the core but the divergence in results near the in-

terior shock has been amplified.

’These comparisons point out the extreme difficulty in using pitot data to
estimate velocity variations through the shock-shear region of an underexpanded
plume. *In the potential core the use of one-dimensional results gives an accurate
value for Mach number'and velocity of the flow. In the subsonic portion, along
the outer edge of the plume, an accurate estimate should also be possible using
the measured pitot pressure and the anticipated result of static pressure equal

to ambient pressure. Between these extremes no such obvious procedure is possible.
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For example, outside the interior shock the flow remains supersonic but the
stagnation pressure ahead of the pitot-tube-bow shock is unknown from purely
experimental considerations. An iterative one-dimensional approach to this
problem was attempted. By considering flow across an oblique shock (corresponding
to the interior shock) and a normal shock (pitot-tube-bow shock), it was possible
to iterate on the shock angle for a known approach Mach number to obtain a match
with the pitot data. This method was applied to the present data but the match
sought was not obtained for the apparent Mach number ahead of the oblique shock.
A second difficulty arises in considering the method by which static pressures
must attain equilibrium with the ambient pressure. The characteristics solution,
which is qualitatively correct, shows that static pressures are substantially
below ambient after the interior shock. This suggests an additional mechanism
must be present to accommodate the static pressure rise. The 1lip shock seen in
Figure 11 furnishes such a mechanism near the nozzle-exit plane. It appears to
vanish further downstream, however, suggesting some other process such as

liquifaction of flow constituents may complete the pressure rise process.

In view of this complex situation, consideration was given to an empirical
estimate of velocity variation across the shock-shear zone. Abromovich,
reference 5, presents a correlation which agrees well with data taken in super-
sonic jet-shear layers. Consider the coordinate system shown in Figure 15. If

the velocity at y=0 is defined as U,, then the velocity variation may be given

O’
in terms of the similarity variable n = y/8§(x) by

3/2]2

C!lC'.

=1-[1- (-n)
0

Velocity profiles across a single nozzle using this correlation in conjunction

with isentropic flow relations in the potential core are given in Figures 16

and 17 for stagnation pressures of 500, and 1500 psig, respectively. The flow

near the nozzle-exit plane of this nozzle is much faster along the edge of the

potential region than along the centerline. Such differences, however, tend to

vanish within 1 to 2 diameters of the exit. This explains the substantially higher

pressure recoveries obtained in the jet core near the nozzle exit.
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The extent of the shock-shear region near the exit plane more readily
lends itself to interpretation. Figure 18 shows that the thickness of this
region, measured normal to the nozzle centerline, varies directly with the axial
distance, X/D, and inversely to the stagnation-ambient pressure ratio, PO/Pa'

This variation is linear in terms of the scaling parameter

—0435
. §_'565 EQ
D P
a
and may be expressed as
8
D= 0,02 + 1.444

VI. CONCLUSIONS

The pitot data taken in Tests TAJF-010 and -011 give an accurate indica-
tion of the extent of the shock-shear region of the Saturn Cluster Model as was
originally intended. The use of such data to determine other characteristics of
the flow such as shear-layer thickness (per se), velocity distribution across
the shear layer and other derivable quantities is of doubtful wvalidity due to
the complex nature of the multiple boundary shocks in the jets. Although dis~
cussion has been limited to the outer edge of the plumes and near the nozzle
exit planes, the same limitations occur in the interior-shock regions of inter-

secting jets and further downstream in the flow.
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VII. NOMENCLATURE

D Nozzle Exit Diameter - inches

M Mach Number

Pa Ambient Pressure - psia

Po Chamber Stagnation Pressure - psi

P:’;/Po Pitot Pressure Ratio

q Dynamic Pressure - psia

r/D Transverse Measurement from Nozzle Centerline - inches
To Chamber Stagnation Temperature - °R

U Velocity - ft/sec

Uo Velocity at y=0 in Shear Layer Coordinate System - ft/sec
X,y Shear Layer Coordinates (Figure 15)

X,Y,Z Model Referenced Coordinates (Figure 3)

$ Shear Layer Thickness - inches

n Dimensionless Shear Layer Location

) Dimensionless Scaling Parameter Defined on Page 6

Subscripts

y Measured at y

r Measured at r
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Figure 4. A SINGLE NOZZLE EXHAUSTING- FROM A
STAGNATION PRESSURE OF 900 PSIG

-

Figure 5.  JET INTERACTION REGION FOR A TWO-
JET CONFIGURATION (Po = 1500 PSIG)

11
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Figure 6. MULTIPLE JET INTERACTIONS FOR SATURN
CONFIGURED CLUSTER (Po = 600 PSIG)

1500 PSIG)

Figure 7.  SHADOWGRAPH OF TWO JET FLOW FIELD (P0
12
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PLUME TOTAL PRESSURE RATIOS FOR SINGLE JET IN TAJF COLD FLOW

Po/Pq = 105.2, NOMINAL T0 = 520°R

Figure 8a.
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PLUME TOTAL PRESSURE RATIOS FOR SINGLE JET IN TAJF COLD FLOW

Po/Pa = 63.5, NOMINAL T0 = 510°R

Figure 8b.
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PLUME TOTAL PRESSURE RATIOS FOR TWO JET CLUSTER IN TAJF COLD FLOW

Po/Pa = 105.2, NOMINAL T0 = 520°R

Figure 9a.
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PLUME TOTAL PRESSURE RATIOS FOR TWO JET CLUSTER IN TAJF COLD FLOW

Po/Pa

Figure 9b.

63.5, NOMINAL To = 510°R
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PLUME TOTAL PRESSURE RATIOS FOR TWO JET CLUSTER IN TAJF COLD FLOW

Po/Pa = 35.7, NOMINAL To = 500°R

Figure 9c.
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520°R

PLUME TOTAL PRESSURE RATIOS FOR THREE JET CLUSTER IN TAJF COLD FLOW

Po/P, = 105.2, NOMINAL T,

Figure 10a.
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PLUME TOTAL PRESSURE RATIOS FOR THREE JET CLUSTER IN TAJF COLD FLOW

PO/Pa = 63.5, NOMINAL T0 = 510°R

Figure 10b.
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PLUME TOTAL PRESSURE RATIOS FOR THREE JET CLUSTER IN TAJF COLD FLOW

Po/Pa = 35.7, NOMINAL T0 = 500°R

Figure 10c.



NORTRONICS — HUNTSVILLE

M-794-8-472

TOTAL PRESSURE RATIO, p;Y/Po

0,2

0,1

0,0,0,0,C,6,00008 0

0.1

NG00
310, °°°cog

16000000000,

PCOCKK

0.1

Jol:

P¥208 0000

T

EIRIIEN]

61 graat LGS

e

L LHIECC

0.2

0.1

DARK JETS ARE BLOWING

X2
5 = 6.00

X
5= 5.00

p=}

o

-
"

=ja

ARROW IN DIRECTION OF
TOTAL PRESSURE TRAVERSE

22

PLUME TOTAL PRESSURE RATIOS FOR FOUR JET CLUSTER IN TAJF COLD FLOW

Po/Pa = 105.2, NOMINAL To = 520°R

Figure 11a.
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PLUME TOTAL PRESSURE RATIOS FOR FOUR JET CLUSTER IN TAJF COLD FLOW

Po/Pa

Figure 11b.

63.5, NOMINAL T0 = 510°R
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COMPARISON OF CHARACTERISTICS SOLUTION TO SINGLE JET FLOWFIELD
(P0 = 1500 PSIG)

Figure 12.
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Figure 15. COORDINATE SYSTEM FOR ABRAMOVICH CORRELATION
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