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Rocket Plume Testing in Ground Test Facilities
R. J. SCHULZ* AND R. C. BAUER*

ARO, Inc., Arnold Air Force Station, Tenn.

Four basic types of ground test facilities are reviewed briefly with respect to the degree of simulation of flight
environment that they can provide for propulsion engine exhaust plumes. The importance of simulating the
freestream in relative motion to a rocket exhaust plume is estimated by determining analytically the effect of
the freestream on the location of the "inviscid" exhaust plume boundary by a Korst-type analysis. Results show
that a considerable portion of the rocket plume is affected primarily by the pressure in the region of plume induced
separated flow. Thus, in many cases it is possible to simulate flight conditions without providing a coflowing
supersonic stream by setting the test cell static pressure equal to the average pressure in a plume induced region
of flow separation corresponding to a flight condition of interest Parameters characterizing the exhaust nozzle and
exhaust gases which affect flow separation on a missile afterbody are indicated, and the utility, in fact the

Nomenclature
De = missile base diameter
H^ = flight altitude
Hcff = effective pressure altitude
/s = length of separated flow region
L = missile length from base to shoulder
M^ = freestream Mach number
Mje = rocket nozzle exit Mach number
MJ3 = rocket plume Mach number downstream of impingement
Pc = rocket chamber pressure
P^ = freestream static pressure
Pje = rocket nozzle exit static pressure
pj3 = rocket plume static pressure downstream of impingement
Pb = pressure in PIES region
u^ _ = freestream velocity
X, Y = coordinate axes, body referenced
x, y = coordinate axes, shear layer referenced
yje = ratio of specific heats of exhaust gas
r\ = similarity coordinate
0 = flow angle
0ext = flow angle of attached supersonic stream
0je = rocket nozzle divergence half-angle
(7 = shear layer growth constant

Subscripts
1 = undisturbed flow along missile afterbody
2 = deflected flow outside separation region
3 = flow downstream of plume—freestream impingement point

Introduction

THE primary purpose of this Paper is to discuss the problem
of obtaining data on rocket exhaust plumes, in particular,

the requirements for achieving an accurate ground test simulation
of the inflight environment of exhaust plumes.

Figure 1 is a simplified schematic of a rocket propelled
missile with an underexpanded exhaust plume. The flowfield
surrounding the plume is a supersonic stream, which after
separating from the missile body, impinges upon the exhaust
plume. Compression waves are generated by the missile forebody
which modify the freestream, hence, the exhaust plume. The
character of the plume-induced external separation (PIES) region
depends upon the missile forebody boundary layer, and the
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shear layers that exist along the boundaries of the PIES region.
The mixing layer along the plume boundary can be either
laminar or turbulent and its chemical state depends upon the
reactions which may be occurring in this shear layer; that is,
whether the reactions can be considered frozen, proceeding at
an equilibrium rate, or at a "finite" rate. The nature of both
shear layers can rapidly change as the missile traverses its
trajectory since pressure and temperature of the freestream vary
with flight altitudes and Mach number.1

Up to the present time, knowledge of large rocket plumes
has come from radar studies, photographic studies, and plume
radiation studies of full scale in-flight rockets. In these studies
the plume often appears as a point source for radiation and
details of the plume are difficult to assess. Another important
factor is that the aerodynamic variables affecting the plume are
not controllable. Hence, at present, the ground test facility offers
the most practical way to gather a large portion of detailed
data on rocket plume properties.

The basic ground test facilities in which the environment of
rocket engines and exhaust plumes are simulated to various
degrees of approximation are: a) static test cell, b) vacuum
chamber, c) wind tunnel, and d) centerbody tunnel. These test
cells can be operated in either steady-state or transient modes.
Clearly, centerbody tunnels and wind tunnels are closely akin
since, basically, the centerbody tunnel is a wind tunnel designed
for operation with a centerbody installed. Nevertheless, a
distinction will be made in this paper between the usual wind
tunnel and the centerbody wind tunnel. It should be pointed
out that in the discussions which follow and throughout the
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Fig. 1 A sketch of jet plume induced flow separation.
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Fig. 2 Rocket installation in a static test cell. Fig. 4 Rocket installation in a supersonic wind tunnel.

remainder of this Paper, the comments and results apply
specifically to plumes at zero angle of attack.

Figure 2 is a schematic of a static test cell. In this kind of
test cell, examples of which have been documented and described
in detail,2 a rocket is mounted on a thrust stand and an
exhaust capturing diffuser is positioned near the exit plane of the
rocket nozzle. The performance of the engine, including its
thrust, integrity, and operational life, is obtained by such testing.
The only requirement for simulation of flight environment is
that a representative static pressure, and often temperature, be
maintained in the test cell prior to and during firing. The
ejector action of the rocket plume impinging on the diffuser
wall maintains the cell pressure. Plume properties are usually
not of interest in this kind of testing unless they are nozzle
exit plane plume properties. Existing test cells of this type can
be used to test rockets of all sizes.

Figure 3 shows the schematic of a small rocket exhausting
into a vacuum chamber. This kind of testing is used principally
to study characteristics of plumes expanding into very high
altitude conditions, typically, to study inviscid plume structure
or radiation characteristics. Since the mass pumping rates are
relatively small for these kinds of facilities, rockets which are
tested must be small in order to test under invariant con-
ditions. Examples of these types of test cells have also been
documented.3

Figure 4 is a schematic of a strut-mounted rocket in the
test section of a supersonic wind tunnel. In wind tunnels a
range of rocket flight environments can be simulated fairly
accurately. Typical wind-tunnel facilities are well documented
in the literature.4 For a model of a given size, tests conducted
in conventional wind tunnels are usually more costly on a per
hour basis than tests in the other type facilities considered.
Expenses increase with tunnel size because of the equipment
and operating costs required for pumping large volume flows.
Also, disturbances which reflect off the wind-tunnel walls must
be accounted for in testing, Fig. 4, and, in many cases, the
exhaust plume must be captured by a diffuser. However, usage
of the wind tunnel enables the effects of the supersonic stream
on the plume and the characteristics of the PIES region to be
measured in detail.
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Fig. 3 Rocket installation for simulating vacuum conditions.

Figure 5 is a schematic of a centerbody tunnel. In this con-
figuration, a propulsion engine is mounted in the base of a
centerbody of a supersonic nozzle. The nozzle and centerbody
combination are designed to produce uniform disturbance-free
supersonic flow (or tailored flow) at the plane of the base of the
centerbody.5

This test technique eliminates disturbances from the reflected
bow shock or from support struts which occur in the conventional
wind tunnel. The rocket plume interacts with the external free-
stream in the same way as in the supersonic wind tunnel,
causing disturbance shock waves which reflect off the tunnel
walls and return to disturb the plume. With this configuration,
testing is restricted to one freestream Mach number for each
nozzle-centerbody configuration, although it is possible to vary
the freestream pressure. Because this testing configuration usually
is an open circuit, the exhaust gases do not affect the air supply,
thus, a diffuser is not needed to capture the plume.

For an equivalent model size, tests conducted in annular
nozzle facilities are less expensive per test hour than in con-
ventional wind tunnels. The annular nozzle tunnel often
represents a good compromise between the cost of providing
external flow and the range of data that can be obtained.

At this point, it is important to assess if it is possible to
extend current or existing test facilities and test methods to
improve the simulation of the flight environment of propulsion
engine exhaust plumes. Specifically, is it possible to improve
and extend the range of simulation of flight environment in
the static test cell and in vacuum chambers, which do not, in
general, have the capability for providing the supersonic flow
which surrounds a missile in flight? In addition, if small scale
model testing must be done, what is the utility of such testing,
since in many practical cases of interest, finite rate chemical
reactions and difficult to measure viscous-inviscid interactions
preclude direct scaling of the test results to interpret full scale
phenomena?

As a first step to answering the first questions, it is pertinent
to determine, for typical flight conditions, the effects of the
external supersonic stream on the gross inviscid structure of the
rocket plume. Specifically, is it possible that there is a representa-
tive static pressure that can be rationally applied to enable
external flow simulation testing in a static test cell without
any provision of external flow? This question was approached
in a study conducted at the Engine Test Facility of Arnold
Engineering Development Center in 1968-1969.
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Fig. 5 Rocket installation in a centerbody tunnel.
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Analysis of External Flow Effects on Inviscid
Plume Structure

A. The Method of Analysis
The basic analytical approach is to define the separated region

by use of the Korst base pressure theory, and then apply the
method of characteristics solution technique to determine the
downstream plume structure. Sufficient details of this analysis
are presented elsewhere6 so that only the key features are given
here. The analysis can account for missile afterbody and base
geometry, missile flight trajectory, exhaust gas chemical com-
position, and propulsion nozzle geometry. Clustered nozzles
and missile flight angle of attack can be treated by a strip
technique. The analysis was applied to a simple rocket con-
figuration consisting of a cone-cylinder having a total length to
diameter ratio of 10. The nose cone length was one body
diameter so that it was reasonable to assume the flowfield
over the aft portion of the missile had recovered back to the
undisturbed freestream conditions. The propulsion nozzle was
assumed to be a Mach Number 3.0, 15° half-angle conical
nozzle with an exit diameter equal to the missile diameter.
Rocket combustion chamber conditions of 500 psia and 3000°R
were assumed and the exhaust gas composition was specified
by two different values of specific heat ratio, y, and molecular
weight, W. Two flight trajectories representative of sounding
rockets, and trajectories of constant Mach number were con-
sidered. In all cases, the trajectories were defined by flight Mach
number as a function of pressure altitude

The pressure in the PIES region, P'b, was assumed to be
constant and equal to a value yielded by an empirical specifica-
tion developed6 by correlating very high Reynolds number
plume induced boundary-layer separation data. With the
pressure, Pb, given by the empirical specification at each selected
point along a flight trajectory, the Korst component-type base
pressure theory was applied to compute the extent or length
of the separated flow region. For a selected flow separation
point the "restricted" base pressure theory of Korst was applied;
this means that the missile forebody boundary layer is neglected
and the mixing zone velocity profiles are similar and defined by
the following equation

t^)AU*) = i(l + erf/7) (1)
where

n = (ry/x (2)
and erf (77) represents the classical error function. The Chapman-
Korst isentropic stagnation criteria was used to determine the
stagnating streamline in the recompression process. This criteria
assumes that the total pressure (upstream of the recompression)
on the streamline that stagnates must equal the maximum
static pressure in the recompression zone. The total pressure

distribution in the mixing zone upstream of the recompression
zone can be computed by use of Eq. (1) and the assumption
that the static pressure distribution through the mixing zone is
constant and equal to the pressure, Pb, in the PIES region. In
the original theory by Korst the maximum static pressure in
the recompression zone was determined entirely by the turning
of the inviscid flowfield thus assuming the mixing process has
no effect on the peak static pressure determined by the re-
compression process. This is a good assumption only if the
inviscid flowfield is uniform as would be true for two-
dimensional flow over a backward facing step. For an axi-
symmetric plume the inviscid flowfield is highly nonuniform
and experimental results7 show the maximum static pressure in
the recompression zone is significantly influenced by the mixing
process. In addition, for the type of inviscid nonuniform flow
existing in an axisymmetric plume, the maximum static pressure
in the recompression zone is determined by the turning of the
inviscid flow conditions along the plume-edge of the mixing
zone. Comparison with experimental data shows the plume-edge
of the mixing zone can be assumed to be where ulrft/u^x) —
0.9846 which corresponds to if = 1.53. Thus, the peak re-
compression pressure established by the jet plume was estimated
by first computing the jet plume flowfield by the method of
characteristics then computing the size of the mixing zone based
on an Abramovich mixing rate, then superimposing the mixing
zone on the inviscid flowfield using conservation of momentum
to establish the proper orientation, and then using the inviscid
flow conditions along the plume-edge of the mixing zone and
two-dimensional shock wave theory to determine the peak re-
compression pressure. The external stream is assumed to be
uniform adjacent to the mixing zone so the peak recompression
pressure for this stream is hot influenced by the mixing process.
The final condition imposed on the recompression process is
that the peak pressures established by the external stream and
the jet plume must equal. This condition is satisfied by the
proper slip line angle.

Having determined the peak recompression static pressure, it
was then possible to determine the stagnating streamlines by
applying the previously discussed isentropic criteria. The dividing
streamline location in the mixing zone was determined by
applying the conservation of mass flow and momentum to the
mixing process as was done by Korst. The net mass flow
being pumped into or out of the separated region by each
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stream is that contained between the dividing streamline and
the stagnating streamline. Thus a mass balance is computed
for each assumed separation condition. The correct external
flow separation point is determined when the total net mass
flow into the PIES region is zero.

After obtaining the extent of external flow separation, the
point of impingement of the external stream on the plume is
known. This includes the angle of impingement and the external
stream pressure and Mach number. Then at this location, an
equivalent supersonic nozzle flowfield can be defined with an
attached supersonic uniform stream defined externally to the
nozzle. Figure 6 is a schematic which shows the newly defined
flowfield. A rotational method of characteristics solution can be
made of the resulting downstream field using these initial con-
ditions and the attached external supersonic stream boundary
conditions. A computer program developed by the Lockheed
Company8 was utilized in this study to perform these attached
flow solutions. This program uses Newtonian impact theory to
describe the pressure distribution on the plume boundary. Thus,
the remainder of the supersonic plume inviscid structure can be
computed downstream of the point of impingement with the
external stream. Then, the over-all plume structure, from rocket
nozzle exit plane to far downstream, can be constructed for
a given flight condition. From this, the changes in plume
inviscid structure can be estimated by comparing the plume
computed with this method to the plume computed expanding
into a quiescent region of the same static pressure, P^, but
with Mach number, M^, of zero. It should be noted that a
similar analysis of jet plume flow separation using Korst base
pressure theory and an empirical separation pressure ratio
function has been reported.9'10 These investigations were not
directly concerned with the prediction of plume structure changes
due to external flow.

B. Results of the Analysis
Figure 7 shows the theoretical nondimensionalized separation

distance, IJL, as a function of flight Mach number and altitude
for the chosen missile geometry for two different exhaust gas
compositions, as indicated by the values of yje. Included in
Fig. 7 is the separation distance, /s, as a function of yje for
both constant Mach number trajectories and for a typical
sounding rocket trajectory. Two important effects that are
immediately obvious from this figure; first, the exhaust gas with
the lower yje induces a greater extent of flow separation at a
given flight condition, and second, it is possible to define a
trajectory for which no flow separation will occur. This trajectory
is defined in Fig. 8, by the points of intersection of the constant
Mach number lines with the ordinate, for a given yje.

The effects of the impinging flow on the plume inviscid
structure were computed by the method previously described.
In Fig. 9 the trend of these effects can be determined by
comparing the jet inviscid boundaries and internal shock
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Fig. 10 Effective flight altitude vs true flight altitude for a sounding
rocket trajectory.

locations for three different flight conditions with and without
consideration of external flow. The plume structure indicated by
A in Fig. 9 is the plume which expands into ambient con-
ditions, P^ = P^v and Mxl = 0. There is no impinging stream.
The plume indicated by B in Fig. 9 is the plume which
would expand into an ambient condition defined by P^ = Pb
where Pb is given as a function of Pgol and M^v That is, it is
given by the empirical separation pressure ratio function. Plume
B is the plume which would occur if only the pressure in the
external separated region determined plume structure. In Ref. 6,
Pb was used to define an effective ambient altitude for each
flight condition experienced by the rocket as it traversed its
trajectory. The plume indicated by C in Fig. 9 is the plume
geometry which results from both the effect of an effective
ambient altitude, Pb, and the - impingement of a supersonic
external stream with its inviscid boundary. By comparing these
plumes, it was concluded that for low (less than 80,000 ft) altitude
and low (less than M^ 1 = 2.5) Mach number flight the rocket
exhaust plume structure is primarily determined by the pressure
in the PIES region. The impingement of the supersonic stream
causes relatively minor changes in plume structure, that is, B
and C compare closely in this range of flight conditions. For
higher flight altitudes and Mach numbers, the effect of impinge-
ment on the plume structure increases as shown in Fig. 9.
Thus, the effect of the pressure in the PIES region and the
effect of the external stream impingement are both important
(in these cases) in establishing plume structure. The effective
ambient altitude is illustrated in Fig. 10 for the missile traversing
the sounding rocket trajectory.

Summary and Conclusions
At present, the most important need is to obtain experimental

data for this phenomena in order 'to verify the results and
improve the theory. Some work of this kind has been done by
the Army Missile Command for the low Mach number,
transonic flow region.11"14 The conclusions of the present
study which pertain to ground test flight simulation techniques
are as follows.

As a first approximation for simulating the environment for
plume tests where the inviscid plume properties in the flow-
field near the nozzle exit are desired, it is sufficient to test in a
static environment with the pressure in the test cell corresponding
to the effective altitude for the given flight conditions.

For tests in which the entire plume flowfield or a substantial
part of the flowfield down to an including the first Mach
disk is required for study, and for flight conditions of a rocket
where external flow separation cannot be simulated only by
static pressure, the proper simulation of the environment is
achieved by providing the external coflowing supersonic stream
about the engine.

Care must be taken in model studies using cold jets to
simulate hot rocket exhaust plumes or in using hot jets whose
chemical composition is substantially different from the full scale
plume. The study showed that the ratio of specific heats, yje, of

the exhaust jet and the nozzle exit angle, 0je, have large effects
on the separation phenomena.

No general criteria can be developed for predicting the extent
of flow separation and each particular case requires an analysis.
Such an analysis can be made using the Korst base pressure
theory as developed in Refs. 6, 9, and 10. In addition, pertinent
modifications to the simple Korst theory would be required in
the method of Ref. 6, for example, to account for the effects
of thick boundary layers ahead of the separation point and non-
constant pressure in the PIES region, in order to arrive at
valid conclusions for particular cases which are different from the
ones treated in Ref. 6.

Finally, in practice, there is strong justification for conducting
small scale investigations since this is the only source of detailed
information that can be used to verify theoretical ideas and
analytical methods. Once these analytical techniques are well
verified for small scale phenomena they can be applied to
predict full scale effects. In this sense, a rather elaborate but
physically perceptive analysis may be considered a formalized
scaling procedure.
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