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Rocket Exhaust Plume Dimensions
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Cambridge, Mass.

Nomenclature

A /A * = nozzle exit to throat area ratio
CF,CFm&^ = vacuum thrust and maximum thrust coefficient,

respectively
D = plume drag
(D/q^)112 = plume drag parameter
Kx = plume bow shock wave parabola constant
PC = engine chamber pressure
tfoo = freestream dynamic pressure
T = engine thrust
x = longitudinal distance downstream of nozzle exit

plane
y = lateral distance measured from centerline of exhaust

plume
7 = exhaust gas specific heat ratio

Introduction

THE size and shape of rocket exhaust plumes have been of
interest for some time. The plume size is a result of the

interaction between the atmosphere, the forward motion of
the vehicle, and the jet flow from the rocket motor. An-
alytical techniques have been developed which describe the
inviscid gasdynamic structure of high-altitude rocket plumes
(h > 100 km). Hill and Habert1 were the first to develop a
simple theory to describe the size and shape of the initial
portions of the plumes of expanding gases behind a missile
in powered flight at altitudes above 100 km using the blast
wave analogy. Their first-order theory predicts that the
shock wave generated by a rocket exhaust plume is initially
of parabolic shape with a parabola constant (or nose radius)
whose magnitude varies directly as the square root of the
ratio of plume drag to dynamic pressure, (D/qm)1/2. There-
fore, (D/q^)112 may be used as a universal plume scaling
parameter whose absolute magnitude determines the size
of any rocket exhaust plume. Using conservation of axial
momentum, they showed that the plume drag is related to
the engine thrust, i.e., D = T(CFm&JCF^ — 1), so the plume
size of a missile with specific engine characteristics (7, A/A*)
may be considered to vary as (T/qm)112. Alden2 also noted
that the dimensions of the contact surface for a jet issuing
into a hypersonic stream varies as (pc/q^}ll<i <* (T/qm)l/2.
Moran3 subsequently demonstrated by dimensional analysis
that the entire structure of a jet issuing into a hypersonic
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Fig. 1 Wind-tunnel model configurations.
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Fig. 2 Typical sclilieren photograph, of rocket exhaust
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ambient should scale as (77/gro)1/2. A comparison of theo-
retical predictions with optical observations of Atlas and
Titan plumes was made1 and showed excellent agreement in
the nose radii (or parabola constant) and maximum radii
of the plumes for values of (D/qm)1/2 > 5 X 103.

In this Note, rocket exhaust plume sizes determined from
schlieren photographs taken during a series of wind-tunnel
experiments at Arnold Engineering Development Center
over the range 1.0 < (/)/gra)1/2 < 20 are presented and
compared with theoretical predictions of the Hill-Habert
theory.

Wind-Tunnel Tests

Wind-tunnel tests were conducted in the Arnold Engi-
neering Development Center von Karman Facility (VKF)
tunnel B at Mm = 8.0, in order to determine the plume in-
duced flow separation pattern on several typical missile
configurations. Schlieren photographs of rocket exhaust
plumes issuing from the models shown in Fig. 1 were an-
alyzed. The models used had one- and four-nozzle base
configurations in combination with different forebody shapes.
The model rocket exhaust was simulated with cold air
delivered through hollow, single or multiple stings that
passed through the models' conical nozzles. These stings
were of conical shape inside the nozzles and retained their
conical flow contour to a point far enough downstream to
avoid any sting interference with the region of flow separa-
tion or nozzle flow interaction. Additional details of the
model, sting support system, and jet flow and flow separation
simulation are contained in Refs. 4 and 5.

Experimental Results

A typical schlieren photograph of the rocket exhaust plume
is shown in Fig. 2. Features of the flowfield such as the
separated flow region about the vehicle, the rocket exhaust
plume, and the position of the plume bow shock wave are
clearly visible. The photographs were scaled and it was
found that the plume bow shock wave is parabolic. The
photographic data for the location of the plume bow shock
wave were reduced to yield the variation of parabola con-
stant, Kx = y*/x, with (D/q^)1'2 (Fig. 3). Parabola con-
stants are plotted for single nozzle and multiple nozzle ve-
hicles as well as for vehicles with different forebody shapes.
Some results are shown for four engine configurations with a
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Fig. 3 Plume bow shock wave parabola constant.

heat shield which is located at the nozzle exit plane and fills
the area between the four nozzles. The variation of the
rocket exhaust plume parabola constant with plume drag
parameter, (D/q^)112, is similar for all vehicle configurations
that were analyzed. A usual approximation in theoretical
calculations of the exhaust flow from multinozzle configura-
tions is to replace the multinozzle configuration with a single
"equivalent" nozzle. This assumption is supported by the
limited data at (D/q^)112 = 20, which shows nearly equal
parabola constants for plumes from the four nozzle con-
figuration (b) without heat shield and its single equivalent
nozzle configuration (a).

The plume parabola constant predicted by the theory of
Hill and Habert is shown in Fig. 3 for comparison. They
predicted that

K, = 0.57(W/o)1/2(/)/^)1/2

where 7^ is the ratio of specific heats in the ambient and /0
is a function of ym tabulated in Ref. 6. For the experiments,
Jo is equal to 0.85. The plume shock position predicted by
the Hill-Habert theory is noted in Fig. 2.

The excellent agreement between the Hill-Habert theory
and the present experimental results for (D/q^)112 as low as
5.0 may be fortuitous, however, since their theory was
originally developed for high-altitude plumes with (D/q^)112 >
5 X 103. With due consideration for this possibility, the
excellent agreement with experiment indicates that the
theory may be used to provide rapid and accurate estimates
of dimensions of rocket exhaust plumes at significantly lower
altitudes.
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Gas Effects in Attitude Control Systems
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DIFFUSION through a tank bladder is a slow way of satu-
rating a body of propellant with gas if the propellant is

quiescent. However, any motion due to sloshing or thermal
convection increases the solution rate. When bladders are
made of materials (such as Teflon) with different permeabili-
ties for pressurant gas and propellant vapor, free gas bubbles
can grow in the propellant by osmosis. When the propellant
is saturated with pressurant gas, the partial pressure of the
pressurant gas may be lower on the liquid side of the bladder
than on the gas side. This partial pressure difference arises
because the bladder tends to prevent the propellant vapor
from making as big a contribution to the total pressure on the
gas side of the system as it does on the liquid side of the sys-
tem (where its vapor pressure is exerted). (The amount of
gas in the propellants can be minimized by techniques such as
using aluminum bladders. This was done on the Lunar Or-
biter vehicles.* The Surveyor vehicles did not use this type of
gas barrier but a program of ground tests was conducted to
insure that gas effects would not interfere with obtaining mis-
sion objectives.2)

During a mission, propellant pressures and temperatures
can change because of blowdown operation, temperature
changes in the environment, thermal soakback from the rocket
engine, or because propellants flowing through a rocket engine
meet lower pressures and higher temperatures between the
engine inlet and the rocket injector orifices. When the pro-
pellant temperature and pressure conditions change so that
the amount of gas in the propellant exceeds the equilibrium
amount, some dissolved gas may come out of solution.
When propellants contain dissolved gas, free gas bubbles

can form in the propellant feed lines and propellant valve
bodies during priming. Exposure of the gas-containing pro-
pellants to the low pressure and turbulent flow during priming
generates free gas, which may not redissolve when priming is
complete. If the feed lines are not evacuated before priming,
the trapped gas contributes to the free gas in the system after
priming.

Free gas can affect attitude control system (ACS) opera-
tion in a number of ways: combustion pressure oscillations,
transient changes in chamber pressure and thrust, long ignition
delays, and shifts in pulsing and steady-state performance
parameters.

Analytical and Experimental Results

Figure 1 shows two types of special test equipment used to
evaluate gas effects on ACS operation. Special tanks with
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Fig. 1 Test apparatus.
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