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Supersonic Wind Tunnel Simulation of Propulsive Jets
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and
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This paper describes improvements in a modeling methodology for congruent plumes produced from nonideal
nozzle flows and a series of verification tests including complex afterbody and wake flows caused by angle of at-
tack and afterbody-mounted control fins at incidence. The results show that the modeling methodology gives
good agreement for the base pressure and separation location for stagnation pressure ratios of ±25% from the
design condition, for angles of attack as high as ±20 deg, and with the effects of control fins deflected ± 10 deg
in conjunction with angle of attack of ±6 deg. A small but systematic difference between the prototype and
model results is evident and a possible explanation is offered.
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Subscripts
A
F
M
P

Nomenclature
= forebody diameter, m
= boattail length, m
= freestream Mach number
= surface Mach number
= lip Mach number§
= base pressure, Pa
= freestream static pressure, Pa
= lip pressure, Pa
= stagnation pressure, Pa
= nozzle stagnation pressure, Pa
= initial surface curvature, m
= exit or lip radius, m
= separation distance measured from end of
boattail, m

= nozzle stagnation temperature, °C
= axial velocity in the boundary layer
= freestream velocity
= angle of attack, deg; see Fig. 5
= boattail angle, deg; see Fig. 1
= ratio of specific heats
= control deflection angle, deg; see Fig. 5
= effect of angle of attack on base pressure,

= effect of controls on base pressure,
' •* # £vwith controls ~~ \*B'"E) without controls

= initial surface slope, deg
= conical divergence angle, deg
= circumferential angle, deg; see Fig. 5
= Prandtl-Meyer angle corresponding to MF,

deg
= Prandtl-Meyer angle corresponding to ML,

deg

= air
= Freon
= model
= prototype
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Introduction
T TNDERSTANDING the interaction of rocket or jet
\*J plumes with the external flowfield and surrounding

launch equipment or adjacent surfaces is crucial to the predic-
tion of total system performance.1 Such interactions deter-
mine the near-wake base pressure and temperatures, the flow
over portions of the vehicle surface in the case of upstream ex-
ternal flow separation, the wake flowfield at angle of attack,
afterbody-mounted control surface effectiveness, and launch
equipment performance. The plume-slipstream interference
flowfield affects aerodynamic perfomance by introducing
drag penalties through lower than ambient base pressure or
leads, as the ratio of jet stagnation-to-ambient pressure in-
creases as for highly accelerated vehicles, to plume-induced
separation.2 In extreme conditions, such separation can lead
to loss of stability and/or degradation of control
effectiveness.3

The understanding of plume-induced separation is,
therefore, a vital factor in missile design. The interdependence
of theory, design, and modeling to prototype development
and eventually to operational vehicles is clearly essential. In-
deed, modeling, particularly with respect to wind tunnel
testing, spans the entire development lifetime of a missile
design.

The generation of rocket or jet plumes in wind tunnel in-
vestigations must, consequently, account for all or part of the
factors affecting the induced flowfield (see Fig. 1), including
plume shape, plume deflection, mass entrainment along the
shear layer, wake closure (impingement), viscous and dynamic
effects, temperature, influence of specific heat ratio and
molecular weight, and possibly energy release through
chemical reactions. The difficulty in attempting to simulate all
of these parameters simulaneously is well known.4 Since all
parameters cannot, in general, be simulated simultaneously in
a wind tunnel, it becomes essential to determine the impor-
tance of the individual factors discussed above. This informa-
tion has, in general, been lacking although recent simulation
studies5 have contributed strongly to this area of knowledge.
The importance of a plume modeling methodology is obvious
due to the fact that strictly empirical correlations have been
utilized for such important applications as the Space Shuttle.

The plume simulation question is consequently of particular
significance, since the hope of accurately computing (using
CFD) complex flowfields of the type shown in Fig. 2, or deter-
mining practical empirical correlating parameters for such
flows, is remote at this time. Consequently, the design of
rocket-propelled missiles will rely on wind tunnel testing and
proper plume simulation for the foreseeable future.
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Fig. 1 Flow configuration for plume-induced separation from a con-
ical afterbody and identification of geometric and operational
parameters.

Fig. 2 Schlieren photographs of model with controls: 6 = -10 deg at
a = 6 deg, POIP = \.§ MPa for Freon (prototype) and air (model)
nozzles.

The availability of an analytical concept6 for generating
plumes of prescribed geometry and pliability, but using gases
with different physical properties than typical propellants, led
to the construction of a hot-gas facility at the Aeronautical
Research Institute of Sweden (FFA) for jet plume simulation
with a variety of gases7"9 and an extensive test program to
evaluate the merits and potential of the plume simulation
methodology suggested by Korst6 and Korst and Deep.10

Previously published theoretical10 and experimental studies5

have confirmed the basic validity of the methodology under
restricted conditions, i.e., single-centered jet and no-control
surfaces, and small, a = 6 deg, angles of attack. The current
study includes extension of earlier work5'7"9 in terms of the
Mach number regime, angle of attack, and more complex
models to examine the interference effects of control surfaces.

The purpose of this paper is to review briefly the plume
modeling technique used in the previous investigations and to
present new results obtained during the current research pro-
gram aimed at determining the limits of congruent plume
modeling.

Methodology
In wind tunnel testing of rockets, the need for some method

of producing a plume, or its equivalent, has long been
recognized, although the success and understanding of the ap-
proaches utilized have had a rather nonuniform history. This
is despite the fact that a basic understanding of the problem
and even the establishment of relations accounting, in princi-
ple, for the influence of all pertinent variables was given in
1959 by Korst et al.n The importance of generating the correct
jet plume geometry has been stressed in previous efforts to
establish modeling laws between propellant gases having
dissimilar specific heat ratios.9'10'12 This was brought about by
at least the partial recognition of the fact that modeling of
plume interactions requires geometrically congruent jet
boundaries, correct pressure-rise jet boundary deflection
characteristics, and similar mass entrainment characteristics
along the wake boundaries.

The geometrical requirements, however, were at first only
specified12'13 in terms of the initial expansion angle of the jet,
6F, in Fig. 1. This may be sufficient to deal with cases in which
large-scale plume-induced separation is not present and where
there is little initial plume curvature, but not for high engine to
freestream pressure ratios typical of highly accelerating
missiles. For cases with large-scale plume-induced separation,
additional constraints, both geometric and dynamic, are ob-
viously necessary.

In 1979, Korst and Deep10 proposed a modeling technique
that allowed the matching of both the initial deflection angle
and the plume shape through its local radius of curvature, Rc,
and satisfied the local pressure rise at impingement of the
plume and external flow. A second-order approximation for
dealing with axisymmetric-centered expansions was used for
calculating the plume curvature. This approach, in conjunc-
tion with conditions at the nozzle outlet, allowed simplifica-
tion in interpretation of the results if the nozzle flow could be
assumed to be locally conical. An improved analysis, which
removes the conical flow restriction, albeit with additional
computational complications, also has been developed.14 The
limits of applicability of modeling by such congruent plumes
for different gases have been investigated for centered jets
under restricted test conditions.5 One of the objectives of this
study was to examine the applicability and limits of this
methodology for a broad range of wind tunnel test conditions.

The plume expansion derives its initial conditions from the
flow approaching the end of the nozzle. The plume shape solu-
tion6'10 leads to a direct correspondence of nozzle shapes pro-
ducing the same plume boundary geometry with one free
parameter remaining available for satisfying conditions adja-
cent to and at the end of the separated flow region. Thus, it is
possible to determine nozzle exit conditions in terms of Mach
number at the nozzle lip, flow acceleration, and the nozzle
divergence angle at the lip which will geometrically duplicate
the jet contour produced by a gas with a different specific heat
ratio at it expands from a given nozzle under specific adjacent
conditions; that is,

where the geometry and notation are shown in Fig. 1 and
subscripts M and P denote model and prototype, respectively.
The downstream specifying conditions should properly ac-
count for the viscous aspects of the wake flow problem in their
interaction with the inviscid flowfield. With only one choice6

available as a result of the geometric requirements, it is ob-
vious that above all one has to account for the proper pressure
rise in the external flowfield.

For a known pressure distribution over the prototype after-
body due to the nonseparated slipstream, one can estimate the
pressure rise due to separation. The resulting plateau pressure
determines the jet surface Mach number MF>P so that the pro-
totype conditions are all given, and the model nozzle exit con-
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ditions ML>M, QLM, as well as the model jet surface Mach
number MF>M, are determined.10

In the vicinity of this design point, only the more stringent
condition of plume slope matching is retained. This can be ex-
pressed in the form

VF.M = OF.P
and

(2)

(3)

Experimental Equipment
Simulation Test Facility

The wind tunnel used in this investigation of plume simula-
tion by compressed air and Freon-22 is the FFA's Tunnel S5.15

It is of an intermittent suck-down type and has two-dimen-
sional solid nozzle blocks for supersonic speeds and a test sec-
tion 0.45x0.57 m. Tunnel stagnation pressure and tempera-
ture are approximately equal to atmospheric conditions.

Compressed dry air for plume simulation is available from
high-pressure storage facilities,15 which allows the storage of
50 m3 of air at a pressure of 25 MPa. The temperature can be
selected in the range -20 to + 300 °C and the maximum flow-
rate is 2.7 kg/s.

A hot-gas facility, primarily intended for various types of
heated Freon, is available for plume simulation. Freon-22 has
been chosen for all tests to date,5 as well as the present study.
The ratio of specific heats, 7 at the nozzle exit and for plume
expansion conditions, is in the range of 1.16 to 1.18, which is
appropriate for simulation of combustion-type jet products.

R21

#1395
a) ML = 2.60; #L = 15° Prototype

R33 | 10°-47
V 3°07

<£28.2E^^SSSSS55"c£30 <£22
b) Design Emphasizing Separation c) Design Emphasizing Base Drag

ML=1.41} 0L=3.07° ML = 2.03; #L=LO°47

Fig. 3 Prototype nozzle with 7 = 1.16 and two model nozzles (air,
7 = 1.40) emphasizing different operating conditions.

Selection of Design Condition and Model Geometries
Since the specific heat ratio for Freon-22 is appropriate for

simulation of combustion-type jet products, it is appropriate
for the prototype gas for simulation in wind tunnels. The
geometry of the prototype nozzle was chosen to be as realistic
as possible, e.g., to have a shape similar to a typical rocket
nozzle (see Fig. 3a, MLP = 2.6Q, RLP=15 deg and
PL/PE\p = 3A8). The calculated data5-10 of the model air
nozzles areML>M = 1.41, RLM = 3.07 deg, and PL/PEIM = 6.03
for separation flow modeling; and MLM = 2.03, RL>M= 10.47
deg, and PL/PE' M = 5-07 for base pressure modeling.

Wind Tunnel Model
The basic model shown in Fig. 4 is built up of a 14-deg half-

angle nose cone, a cylindrical centerbody of 50 mm diameter,
and a set of interchangeable afterbodies and propulsive
nozzles. The overall length is 9.5 diameters. The model is sup-
ported just behind the conical nose by a strut with 40 deg
sweep back which also acts as the inlet channel for the gas jet.
The rear part of the centerbody, the boattail, and the base
region are all instrumented with pressure taps. A set of four
stabilizing or control fins can be attached to the afterbody as
shown in Fig. 5. In this test, the controls were positioned cir-
cumferentially at <£ = ±45 and ±135 deg. The four controls
has a bicircular arc airfoil of 8% thickness, a span of 1.11
diameter, a root chord of 1.0 diameter, and a tip chord of 0.55
diameter. The controls could be set at deflection angles of
6 = 0 and ±10 deg.

Transition trips were applied on the conical nose of the
model, 85 mm from the apex and on control surfaces 4 mm
from the leading edge.

Plume Modeling Experiments
Test Conditions

The tests were carried out in the FFA's S5 wind tunnel15 at a
freestream Mach number ME = 2.0 and a corresponding
Reynolds number 6xl0 6 based on the model length. The
nozzles were tested at the design stagnation pressure and at
pressures 25% below and above this value. The nominal pro-
pulsive jet stagnation conditions used are shown in Table 1.

Table 1 Propulsive jet stagnation conditions

Nozzle,
Propellant ML

Freon 2.6
Air 1.41
Air 2.03

Stagnation pressure,
MPa

0.76 1.00 1.25
0.19 0.25 0.30
0.40 0.53 0.66

Stagnation
temperature, °C

104-150
-20-20
- 20-20

Stagnation temperature probe

Afterbody
N o z z l e

Baf f le 1 ^Stagnation pressure probe
porosity 32%

Nozzle integrated
in afterbody

\ \\—Baffle 4. porosity 59",

Fig. 4 Model and nozzle
system.
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Fig. 5 Control dimensions and definition of control deflection
angles.

o
a

Freon (prototype) M|_ = 2 . 6
Air (model) ML = 1.41

Fig. 6 Base pressure ratio for Freon (prototype) and air (model) vs
nozzle stagnation pressure.

1.5

1,0

"0.5

Design Pressure -

O Freon (Protoype) ML=2.6
QAir (Model) ML=1.4L
A Air (Model) ML= 2.03
0 Air in the Prototype

Nozzle ML-3,09

07 0.8 0.9 1.0
PO,/P MPa

1.1 1.2 1.3

Fig. 7 Base pressure ratio for Freon (prototype) and air (model) vs
nozzle prototype stagnation pressure.

The presentation of angle of attack and control fin effects is
limited herein to the design jet stagnation pressure. The off-
design pressure results have been published in Ref. 16.

Zero-Angle-of-Attack Results
Base pressure ratios, PB/PEf measured for the Freon

(prototype) and air (model) nozzles vs the jet stagnation
pressure P0/, as measured in the settling chamber of the noz-
zle, are shown in Fig. 6. The same base pressure ratios with the
air (model) nozzle results transformed into the Freon
(prototype) plane are plotted vs the prototype stagnation
pressure in Fig. 7. The two air (model) nozzle results agree
very well with each other, and the correlation with the Freon
(prototype) nozzle results is quite good. Also shown for com-
parison are the results of using cold air in the prototype nozzle
(no modeling). The poor agreement with the Freon results is
obvious. It is believed, however, that the discrepancy between

Freon ( p r o t o t y p e ) M L = 2 6
Air (mode l ) M L = 1 i. 1
A . r imoael ! M , - - 2 0 3

0 , 2 3 4 5 ( P L/ p
E )p

Fig. 8 Separation location vs lip pressure for Freon (prototype) and
air (model) nozzles.

o Freon (prototype) 1^=2.6
o Air (model) ^=1 .41
* Air (model) M L = 2 . 0 3

Fig. 9 Schlieren photographs from tests at design conditions (a = 0;

the prototype and the model results is significant despite being
fairly small.

A possible explanation for the discrepancy lies in the fact
that the calculation of the air (model) nozzle neglected viscous
effects along the wake and during the impingement process.
The possibility of modifying the recompression model to ac-
count for differences in mixing is being studied.

The afterbody flow separation location as determined from
longitudinal pressure distributions and from schlieren
photographs is shown vs prototype lip pressure ratio in Fig. 8
for the Freon (prototype) and air (model) nozzles. Again the
air results agree very well, but a minor systematic discrepancy
between Freon (prototype) and air (model) seems to be
established.

Schlieren pictures of the flow for the three nozzles at the
design stagnation pressure are presented in Fig. 9 together
with a plot overlay of some of the significant features in the
pictures. In this scale, no differences in plume shape have been
observed, but minor differences in the location of the separa-
tion shock are detected and appreciable differences in the
shape of the inner (barrel) shock are noticed. The latter is to be
expected due to the difference in nozzle flowfield Mach
number.

Effects of Angle of Attack
Although the modeled nozzles have been calculated for ax-

isymmetric flow, tests have been made at low angles of attack
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-20 -10
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Fig. 10 Effect of angle of attack on base pressure ratio
A(/>

B/P£)a=(Pf l//>£)a-(Pf l/P£)a=0 vs angle of attack a at
stagnation pressure /*#/,/»= 1-0 MPa = design pressure.

P s 1 00 MPa
01 IP

vp = 0

Fig. 11 Separation location S/D at 0 = 0 vs angle of attack a for
Freon (prototype) and air (model) nozzles at stagnation pressures
PPOtP = 0.76, 1.0, and 1.25 MPa.

Lee side

0.4 -

0.3 -

0.2 -

0.1

Wind side

POI p = 1.00 MPa

30 60 90 120 150 180
Fig. 12 Separation location S/D at a = 10 deg from pressure
measurements vs circumferential angle </> for Freon (prototype) and air
(model) nozzles at stagnation pressures P0fP = 0.16, 1.0 and 1.25
MPa. The dotted lines show the separation line obtained from oil flow
pictures as in Fig. 13.

Fig. 13 Oil flow and schlieren photograph at a = -10 deg and
POI,P = 1.0 MPa for Freon (prototype) and air (model) nozzles.

(-6 deg<ce< + 6 deg)6 and at high angles of attack (-20
deg<a< +20 deg)7"9 to examine the limits of the modeling
procedure. To facilitate the evaluation of the simulation of the
angle-of-attack effects on the base pressure, the difference
A(PB/PE)a = (PB/PE)a- (PB/PE)q = Q is shown as a func-
tion of angle of attack in Fig. 10 for the three nozzles. It can
be seen that the angle-of-attack effect of the Freon (prototype)
nozzle is simulated quite well. It is, however, also observed
that the agreement between the two air nozzle results is
generally very good and that the discrepancy between the
Freon and air results has the same character as at zero angle of
attack. Therefore, in most cases, there is a slightly stronger
angle-of-attack effect on the base pressure with the air nozzles
than there is with the Freon nozzle.

The separation location S/D at the circumferential angle
6 = 0 is shown in Fig. 11 vs angle of attack. The simulation is
quite good, except at low positive angles of attack or on the lee
side where the vortex flow starts to build up. The two air noz-
zle results agree very well, and the discrepancy between the
Freon and the air results are, as could be expected, of the same
character as the base pressure results.

Shown in Fig. 12 is a sample of the circumferential variation
of the separation location at angle of attack a= 10 deg as ob-
tained from pressure measurement. Oil flow and schlieren pic-
tures for the same angle of attack and pressure ratio are
presented in Fig. 13. The separation lines shown in Fig. 12
have been drawn using the detailed information from oil flow
pictures. It is obvious from these figures that the circumferen-
tial variation of the separation location is simulated quite well
at this angle of attack, but the correlation is better between the
air results than it is between Freon and air. In general, the
results confirm that the basic validity of the Korst modeling
methodology is satisfactory within the angle-of-attack range
investigated (- 20 deg< a<20 deg).

Effect of Control Fins
Wind tunnel tests have been carried out to investigate ef-

fects of the afterbody being exposed to the complex external
flowfield generated by aft-mounted controls in combination
with angle of attack. The angle-of-attack range was -6 deg
< a < + 6 deg and the controls were set at 6 = 0 and ± 10 deg.

To isolate the effects of controls on the base pressure ratio
more clearly, the difference between the results with and
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P .1 00 MPQ
01. P

v p - 6 0 '

Fig. 14 Effect of controls on base pressure ratio A(PB/PE)8

= tfV^E)with controls ~ (*V^£) without controls ™ angle of attack a at
stagnation pressure PQ^P = 1.0 MPa.

without controls have been calculated for comparison, and
results for all three nozzles have been plotted together in Fig.
14 vs angle of attack. The results are at the design jet stagna-
tion pressure for the circumferential angles investigated.
Selected schlieren pictures are presented in Fig. 2.

After analysis of the test results, it was concluded that the
effect of the fins on base pressure obtained with the Freon
(prototype) nozzle was, in general, satisfactorily simulated by
the air (model) nozzles. The few local exceptions seem to occur
in areas where interaction between the control wake and the
separated base region might be very sensitive to one
parameter, e.g., the jet stagnation pressure. Apart from these
few points, the modeling seems to be valid even for severe
combinations of control angles, angle of attack, and off-
design jet stagnation pressure. It is noted, however, that the
effect of controls on base pressure ratio obtained with the air
(model) nozzles is often somewhat larger than the effect with
the Freon (prototype) nozzle.

Conclusions
A program has been undertaken to examine the limits of the

plume modeling methodology proposed by Korst. This paper
covers wind tunnel tests carried out at Mach number ME = 2.0
with one Freon (prototype) nozzle and two air (model)
nozzles. An analysis of the experimental results obtained
allows the following conclusions:

1) The basic validity of the Korst modeling methodology,
established in an earlier study, was confirmed. The
methodoldgy correlates both base pressure and flow separa-
tion in the vicinity of the base of the prototype and modeled
nozzles.

2) Although the total scatter in the correlation between
Freon (prototype) and air (model) nozzles is the same as in

earlier tests,5 in the current test results there are indications of
a minor systematic discrepancy between the Freon and air
results. A possible explanation is suggested.

3) The modeled results are good even if the jet stagnation
pressure deviates ±25% from the design pressure.16

4) The modeling scheme is satisfactory even at high angles
of attack, a= ±20 deg.

5) The effects of aft-mounted control fins are simulated
satisfactorily. This includes cases where the controls are
deflected (6= ±10 deg) in combination with angle of attack
(-6 deg<a< + 6 deg).
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