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FOREWORD

This document presents the resulis of work performed
by Lockheed's Huntsville Research & Engineering Center. This
work was carried out under Contract NAS8-33976, " Liquid
Booster Module (LBM) Plume Flowfield Model," for NASA-
Marshall Space Flight Center. The NASA Contracting Officer's
Representative for this study was Dr. T.F. Greenwood, ED33,
This document, along with previous delivered reports, constitutes
fulfillment of Contract NAS8-33976.
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SUMMARY

This report describes the analysis and exhaust plume structure of the
Liquid Booster Module (LBM) motors at sea level through LBM separation.
A complete definition of the LBM plume is important for many Shuttle design
criteria. The exhaust plume shape has a significant effect on the vehicle
base pressure. The LLBM definition is also important to the Shuttle base
heating, aerodynamics and the influence of the exhaust plume on the launch
stand and environment. For these reasons and perhaps others, a knowledge

of the LBM exhaust plume characteristics is necessary,

This document presents a definition of the sea level LBM plume as

well as at several points along the Shuttle trajectory to LBM burnout.
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1. ANALYSIS AND CALCULATION PROCEDURE

This section discusses the methodology and calculational procedures
which were used to define the LBM exhaust plume characteristics. The
assessment of the LBM plume effects on the Space Shuttle base radiation is

given in Ref.1.

1.1 INVISCID NOZZLE/PLUME

The inviscid nozzle and plume solutions were calculated using the
Lockheed-Huntsville Method-of-Characteristics (MOC) Program (Ref.2).
The nozzle/plume solution was initiated at the throat assuming a Mach
number of 1.01, an oxidizer to fuel ratio of 2 and a chamber pressure of
809 psia. The LBM motor is the Aerojet LR87-11 with a 15:1 area ratio.
The nozzle contour is given in Table ! . The propellants of this motor are
NZO4/MMH. The chemistry of the propellant was taken to be equilibrium
to a pressure of 32 psia at which point the exhaust products were assumed
to be frozen. The thermodynamic properties of the combustion products
were determined using the NASA-Lewis TRAN72 code (Ref.3). A tabula-
tion of the NASA-Lewis results which was used by the MOC program in the

inviscid analysis are presented in Table 2.

1.2 VISCOUS PLUME

A viscous plume was calculated at sea level only. The viscous LBM
plume was calculated using the LAMP program (Ref.4). The method used
to calculate the viscous plume is the same as described in Refs.5 and 6
except that the jet properties were determined be expanding the average
flow properties at the exit to 1 atm using the method of Sukanek (Ref.7).
The viscous results were then superimposed on the inviscid plume out to
approximately 37 ft from the exit at which point the plume became totally

viscous,
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2. RESULTS

2,1 SEA LEVEL LBM PLUME

Figures | through 5 present the flow properties of the inviscid/viscous
sea level LBM plume. Figures | through 4 present radial distributions of
flow properties at various axial stations downstream of the nozzle exit plane.
Figure | presents Mach number distribution. Figure 2 shows static preagsure
distribution. Figure 3 gives static temperature distribution, and Fig.4 shows
pitot total pressure distribution. Figure 5 presents the centerline pitot pres-

sure distribution from 50 to 500 ft from the nozzle exit plane,

2.2 ALTITUDE PLUME EFFECTS

Figures 6 through 9 present the results of altitude variations on the
LBM exhaust plume. Plumes were generated at 50,000, 100,000, 145,000 ft
(SRB separation) and 160,000 ft ( .BM cutoff). Each plume was generated
assuming that the plume boundary conditions were quiescent (back pressure
= ambient pressure) as well as the inclusion of the dynamic pressure contri-
bution. For applications in which the near field plume is the design driver
then the quiescent plume plume should be used. For plume problems that
are dominated by far downstream properties than the plume that includes
the dynamic pressure contribution in its boundary conditions should be usea.
Figure 6 presents the plume boundary shapes and shock locations at each of
four altitudes for a single LBM exhaust plume assuming the freestream
static pressure as a boundary condition. Figure 7 shows the same data
except the freestream dynamic pressure is included in the boundary con-
ditions, Figure 8 presents the plume boundary shapes and shock locations
for an equivalent LBM motor assuming the freestream static pressure as
a boundary condition. The LBM concept uses two motors. An equivalent

motor is a single engine having the same mass flow as two engines. The
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Beyond 37 {t the static pressure
is constant at 1 atm.
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1 BENSRISIN. Wi pY -—?7AP=(Pitot Pressure-14,696) psia
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equivalent motor concept has been used in previous Shuttle studies that
address multiple engine effects on the exhaust plumes. Figure 9 presents
the same plumes as Fig.8 excep* the {reestream boundary conditions in-
clude the dynamic pressure. Figures 10 and 11 present centerline distri-
butions of plume properties. Figure 10 presents centerline pitot total
pressure, static pressure and density distributions. Figure 11 presents

centerline Mach number and static temperature distributions.
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3. CONCLUSIONS AND RECCMMENDATIONS

This report has presented a definition of the LBM exhaust plumes at
sea level and four additional altitudes to LBM cutoff. These data will aid
in determining the impact of the LBM exhaust plume on Space Shuttle vehicle
design environments. It is recommended that any Shuttle design studies use
these data to assess the LBM exhaust plume effects on the Space Shuttle

design environment.
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