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Experimental Verification of Interference-Free Testing
Concept for Vehicles with Propulsive Jets
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The results of an experimental investigation of the concept of interference-free testing using a cold-air modeled
nozzle and flow-through sting are reported. A cold-air model nozzle (7 = 1.4) of a prototype propulsive rocket (7 =
1.16) from a previous study was used in conjunction with a streamtube shaped flow-through sting to examine the
base pressure and separation for an 8 deg, L/D = 1 boattail due to the propulsive plume-slipstream interaction
at a freestream Mach number of 2. Comparison to an extensive database for a strut mounted version of the same
model and nozzle show that substantial improvements in pressure data quality result from the interference-free
sting mounting and that the base pressure and flow separation location on the model are correctly simulated. The
concept is shown to be applicable to the base pressure, as well as flow separation problems, and extend up to the
6-deg maximum angle of attack investigated.

Nomenclature
D = model centerbody diameter
M = Mach number
P = static pressures
PO = stagnation pressures
R = radius
/?* = nozzle throat radius
R* = nozzle throat local radius of curvature
S = separation distance upstream from base plane
TO = stagnation tempratures
X = axial direction
a = angle of attack
ft = boattail angle
y = specific heat ratio
9 = angle between axial direction and local streamlines

Subscripts

b = base region
E = freestream conditions
F = expansion condition at nozzle exit
/ = nozzle internal flow conditions
L = final wall point conditions at nozzle exit
M = model conditions
P = prototype conditions
S = plume surface

Introduction

THE difficulties in properly simulating the afterbody and base
region pressures (and temperatures) on wind-tunnel models of

rocket and jet propelled vehicles is well known. Numerous pro-
posals for simulation parameters have been published,1'2 although
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these have not produced satisfactory results as evidenced by .the
launch phase predictions for the Space Shuttle base drag. Indeed,
new empirical correlations have recently been proposed.3 Because
of the complex nature of the slipstream-propulsive-jet interaction,
which is exacerbated by the presence of control surfaces, boattails,
and flares, this problem is not currently amenable to even advanced
computational fluid dynamics (CFD) techniques. Approaches based
on component models4'5 that can only deal with simple afterbody
configurations are excellent design tools but require some limited
empirical input before being fully effective.

Consequently, for prototype performance prediction and CFD
code confirmation wind-tunnel tests remain essential. The use
of cold air for the propulsive jet in wind-tunnel testing is the
most common procedure. In a series of earlier papers,6"8 some
of the authors have shown that the use of geometrically similar
nozzles using cold air results in substantial errors in the base pres-
sure and separation location for engine to freestream pressure ra-
tios sufficient to cause separation on the afterbody; see Fig. 1 for
the nomenclature. In other reports, Nyberg and Agrell9 and Agrell
and Gudmundson10 have shown that other forms of plume simula-
tion, such as solid bodies, are also unsatisfactory simulators of the
exhaust plume.

In 1979 Korst and Deep11 proposed that cold air (y = 1.4) could
be used to produce geometrically congruent plumes with pliability
characteristics similar to that of the prototype (y = 1.16), if the air
nozzles were geometrically distorted and had a lower exit Mach
number. This result was confirmed6"9 in a series of experiments
using gases of different specific heat ratio. The modeling and testing
was done for both air to prototype propellant specific heat ratio and
prototype propellant to air specific heat ratio (Fig. 2). These tests
used the same wind-tunnel model and prototype nozzle as used
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Fig. 1 Flow configuration for plume induced separation from conical
afterbody.
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Fig. 2 Base pressure and separation distance for Freon (prototype)
and (air model) nozzle: a) base pressure and b) separation distance.

in an extensive test series9 that included angle of attack, different
freestream Mach numbers, control surfaces on the afterbody, and
different length and angle boattails. Recently, the database formed
by the tests of Refs. 5-9 was adopted by AGARD as a CFD test case.

Cold-air modeled nozzles11 have a smaller exit Maeh number
and, consequently, larger throat area than typical rocket propellants
(YP < YM}- This suggests the possibility of using the larger throat
cross section to pass a properly shaped flow-through sting of suffi-
cient strength for complete model testing including angle of attack.
Further, if properly designed, the sting-model combination should
be interference free. This approach was used in Refs. 12-14 in a
special series of tests with excellent results. The lack of a suitable
comparative database and that the test series was not aimed at con-
firmation of the total concept, however, lead to the development
of the special test program on which this paper reports. Thus, the
objective of this investigation is to confirm that the combination
of modeled cold-air nozzles in conjunction with a correctly shaped
flow-through sting would result in correct base pressures, separation
location, and influence of afterbodies, while being interference free.
The tests were performed at a freestream Mach number of 2.0 and
included the effects of angle of attack/The theory of interference-
free testing using the model nozzle concept and specially shaped
flow-through sting is reported in Ref. 15.

Concept and Design Choice
The basic concept of cold-air modeling of prototype nozzles has

been discussed in several earlier papers.5'7 The modeling method-
ology is such that the plume generated by the modeled nozzle has
the same initial expansion angle at the nozzle lip (Fig. 3), the same
curvature in the vicinity of the base plane, and a surface Mach num-
ber such that its pliability (at the confluence with the slipstream) is
the same as that of the actual prototype plume. The resulting model
nozzles have lower exit Mach numbers and exit plane lip angles
(Fig. 4) that result in larger throat dimensions.

The larger throat area for yM > YP can be sufficient to pass a flow
through sting with the necessary strength to support the model under
any anticipated loads. This configuration also allows for mounting a

MODEL
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Fig. 3 Schematic of geometrical plume modeling from Ref. 15: 7/»
JM ; OF,P = &F,M and RC,P = RC,M (two conditions).

R42

Fig. 4 Comparison of prototype and cold air model nozzle.

balance between the sting and the model so that force and moments
can be measured directly. The presence of the sting must not, how-
ever, change the plume shape within the region downstream of the
nozzle exit plane in which confluence with the slipstream will occur
(Fig. 1). Since viscous effects are small due to the highly acceler-
ated flow within the nozzle and plume at the nozzle lip, the presence
of the sting should be negligible if the shape of the sting within
the nozzle and for approximately one base diameter downstream is
made to match the nozzle and jet flow streamlines.

The prototype nozzle selected was one that is typical of rocket
propelled missiles and was tested as part of a verification study5"9 of
modeling from low-specific heat ratio (y = 1.16) to high-specific
heat ratio (y = 1.4) air and from high-specific heat ratio air (y =
1.4) to gas with a low-specific heat ratio (y = 1.16). The dimensions
and characteristics of the prototype nozzle and the cold-air model
are shown in Fig. 4. Typical results comparing the performance
of these nozzles from Ref. 9 are shown in Fig. 2. The agreement
is seen to be good and also shows that using cold air through the
prototype nozzle results in substantial errors in both base pressure
and separation location.

Experimental Configuration
The original tests with the two nozzles were performed with a con-

ventional strut-mount configuration as shown in Fig. 5. The propul-
sive jet gas was fed to the nozzle through the strut that was mounted
as far forward on the model as possible to reduce interference ef-
fects on the afterbody and base region due to shocks and expansions
from the mounting. Whereas interference effects were found to be
small, even at angle of attack,9 they were clearly present as seen in
the pressure distribution variations on the afterbody (Fig. 6).

The flow-through sting installation is shown in Fig. 7 and has the
advantage, assuming proper shaping of the sting contour, of being
interference free in that no struts or mounts exist at any location
on the test vehicle. The actual sting is one used in a previous test
program at the FFA, Aeronautical Research Institute of Sweden to
demonstrate the differences between plume simulation techniques.10

For installation through the air model nozzle, ML = 1.41,9L = 3.07
deg (Fig. 4), the shape of the sting through the nozzle throat and
expansion region (downstream of the exit plane where the influence
of the lip expansion fan reflections from the sting will affect the
plume) must be of the form of the flow streamlines.
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Fig. 5 Modified model II used in current modeling tests.
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Fig. 6 Afterbody and base pressure comparison for both strut mount-
ed and flow-through sting mounted model.

Calculations of the streamlines within the nozzle and for the ini-
tial part of the plume, for a stream function of ̂  = 0.65, are shown
in Fig. 8 for two different plume surface Mach numbers. Note that
for higher engine-to-freestream-pressure ratios, i.e., higher plume
surface Mach numbers, to obtain the proper plume shape it may
be necessary to increase the sting diameter by the use of a sleeve
starting approximately one body radius downstream of the nozzle
base plane. The existing sting was modified by machining the sur-
face to match the shape for the internal flow with *I> = 0.65. A
sleeve was manufactured, for the design point of the model noz-
zle, (PL/PE)? = 3.48, and installed on the sting. Figure 7 is a
photograph of the model and flow-through sting installation in the
0.5-m wind tunnel S5, at the FFA. This tunnel is of the suck down
type and, consequently, the stagnation temperature and pressure are
essentially atmospheric. The dew point is held at approximately
-40°C by a silica-gel drying bed.

The missile body is the same as that used in Refs. 6-10 and
consists of a 14-deg half-angle conical forebody and cylindrical

Fig. 7 Flow through sting details and photograph of the sting model
installation with and without the sleeve.

centerbody with an 8 deg (L/D = 1) boattail. The model is 50 mm
(1.97 in.) in diameter, and the overall L/D with the boattail is
9.5. The boattail is instrumented with six pressure taps located at
X/D = 8.52, 8.712, 8.904, 9.096, 9.288, and 9.48, and the model
was oriented with the taps at the zero meridian angle. An additional
base pressure tap was located on the base halfway between the noz-
zle outlet (/?//?body = 0.6) and the final radius of the boattail at a
meridial angle of 45 deg.



342 OLSSON ET AL.

Table 1 Test matrix

Base pressure cases
(Moo =2.0)

• base pressure and flow separation cases

Point design
Of

0
±3deg
±6deg

Jet-off
X
0

XO

0.1202

X

0.0964

X

0.0806

X

0.069

XO
XO
XO

0.051

XO
0

XO

0.040

XO
0

XO

0.036

XO
0

XO

0.027

XO
0

XO

0.017

XO
0

XO

X = without sleeve; 0 = with sleeve

Plume
.__-_— Ms = 2.0

Streamtube, MS = 2.584

^~~ Streamtube, Ms = 2.0

Fig. 8
tion.

Sting-streamtube shape for the point and an off design condi-

Test Program
The test program consisted of two parts. The first was a series

of static tests, tunnel Mach number of 0, to check out the nozzle
and the Streamtube shaped sting. The nozzle was mounted on the
model, but without the afterbody, and installed in the wind tunnel.
The stagnation chamber door of the wind tunnel was kept closed
allowing the test section to be evacuated to levels set by the vacuum
system. This allowed the nozzle to be tested over a wide range of
nozzle exit to adjacent pressure ratios to check the plume shape.

For these static tests the nozzle was instrumented with six internal
pressure taps. One tap was located upstream of the nozzle throat, and
the remaining five were located at equal spacing starting at the throat
with the last being located as close to the nozzle exit as practical
(approximately 0.01 X/D).

A dummy sting of the correct Streamtube shape was mounted
separately behind the model in a manner that allowed it to be inserted
into the nozzle but with the capability to adjust its position both
radically and axially. This installation permitted testing of the sting-
nozzle combination to establish the sensitivity of the internal flow,
determined by the internal pressure distribution, and the plume shape
measured from schlieren photographs, to misalignment of the sting
relative to the nozzle.

The second part of the experimental program consisted of a series
of wind-tunnel tests at a freestream Mach number of 2.0. The test
program included variations in nozzle to freestream pressure ratio
and angle of attack. The test matrix used is summarized in Table 1.
The range of pressure ratios included values reported in Refs. 6-9 for
the strut mounted model. The test matrix, however, was expanded to
include cases without afterbody separation (the base pressure case)
and cases with increased separation on the afterbody. The influence
of the sleeve was also studied by running part of the test matrix both
with and without the sleeve installed.

Results and Discussion
The static tests were undertaken to determine the influence, if

any, of the presence of the Streamtube shaped sting on the internal
(annular) flow in the nozzle. Figure 9 shows the calculated pressure
distribution within and slightly upstream of the nozzle throat with-
out the presence of the sting compared to the measured distribution
with the sting in place. The agreement is excellent at all pressure
ratios indicating that the presence of the sting does not affect the
flow within the annular region of the nozzle. Only the last point near
the exit plane is systematically low by approximately 0.01 P/Po/-
A total error of less than 0.5 mm (0.02 in.) in the sting diameter at

0.5
ft,
ft.

* P/PO .PE/PO-0.053

• 0.066

* P/PO .PE/PO-0.027

P/P0 Calculated

8.9 9.1 9.2

x/D
9.6

Fig. 9 Comparison of calculated and measure pressure distribution
with the nozzles. Pressure in M = 1.41 nozzle with dummy string.

the exit plane, the nozzle exit diameter, and nozzle throat diameter
combined changes the pressure distribution at that point by 0.03,
which is greater than the measured difference. Further checks were
made by translating the sting in the axial direction, ±0.5 mm (0.02
in.), which caused a change in the pressure ratio at an individual
location by 0.025. The nozzle was also rotated 90 and 180 deg to
check for concentricity, and no measurable change was found. Con-
sequently, the dynamic tests were run with the nominal calculated
sting position and consequent internal pressure distribution of Fig. 9.

Schlieren photographs of the plume were also taken and compared
to the calculated prototype and modeled inviscid plume shape for
a full flowing nozzle. The agreement was good in the range where
interaction with the slip stream occurs.

The range of pressure ratios used in the dynamic tests, see Table 1,
includes cases where no separation from the afterbody occurs, the
base pressure sensitive problem, and extends to pressure ratios where
separation exists for over 50% of the afterbody. In the latter cases
the base pressure is no longer a sensitive indicator of the degree of
plume-slipstream interaction due to the relatively small Mach num-
ber variation along the boattail caused by the decreasing radius and
boundary layer (Fig. 6). The pressure rise at the separation shock
is established by the free interaction concept,16'17 which is only a
function of the local freestream Mach number. Consequently, the
base pressure becomes almost a constant at Pb/PE ~ 1.3. Near the
base plane, within approximately two to three boundary layer thick-
nesses, the pressure rise will be less than that predicted by the free
interaction concept.6"9 In this regime, however, the separation loca-
tion on the afterbody is a strong function of the nozzle to freestream
pressure ratio and is an excellent indicator of the correct modeling
of the plume-slipstream interaction.

The separation point on the afterbody was determined in three
ways for each run. They were (see Fig. 10) by 1) inspection of
schlieren photographs for the shock location, 2) inference from the
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afterbody pressure distribution, and 3) examination of surface oil-
flow patterns.

Each method gave consistent and systematic results. Whereas
the schlieren and pressure-distribution separation locations were
in good agreement, the separation locations determined from the
oil-flow pictures were consistently closer to the base plane, i.e.,
indicated less flow separation.

Figure 6 shows the afterbody and base pressure distributions for
a case with PE/POJ = 0.042 both with and without the sleeve in-
stalled. Results from a previous test series9 using a hockey stick
type of strut support are also shown (Fig. 5), along with an inviscid
calculation of the afterbody pressure. The improvement in the pres-
sure distribution over the afterbody due to the lack of interference
from the strut is obvious. The flow-through sting data show little or
no variation from the ideal inviscid calculated results except in the
immediate vicinity of the intersection of the afterbody and center-
body where the boundary layer at the expansion smoothes out the
inviscid discontinuity of the calculations.

The first test series were run at the design point [(PL/PE)P =
3.48] with the sleeve mounted on the sting. The pressure ratio was
first varied over the range reported in Ref. 9. This range of pressure
ratios restricted the base pressure to levels where flow separation
was present in all tests. Subsequently, the range of the pressure ratios
tested was expanded to that shown in Table 1. An examination of

the results indicated that the flowfield near the design point and for
larger jet to freestream pressure ratios was extremely sensitive to the
sleeve shape forcing the afterbody separation location upstream.
References 13 and 14 reported similar results. Consequently, the
sleeve was removed, and the remainder of the tests were run without
the sleeve installed.

Figures 11 and 12 show the base pressure and separation distances
from the current study compared to the results of Ref. 9. Three sig-
nificant features are immediately apparent in Fig. 11. First, the sepa-
ration distances measured on the afterbody with the sleeve installed
are in excellent agreement with the previous tests. The agreement
with the Freon prototype is actually better than in the previous test
series9 for pressure ratios smaller than the design point, i.e., larger
plumes, but are poor for the larger pressure ratios. In the latter cases
the flow separates even for cases where no separation should occur.
Second, with the sleeve removed the separation distances are in ex-
cellent agreement with the previous results for all test conditions.
Third, the method of determining the separation location leads to a
small but consistent difference. Previously reported differences6"9

in separation location for the air models and Freon prototype may be
due to differences in the measurement procedure, i.e., by schlieren
photography or surface of oil-low patterns.

The base pressure shows the same effects of the presence of the
sleeve, i.e., the base pressure is only in good agreement for nozzle

Fig. 10 Photograph montage of a schlieren picture, surface oil-flow pattern, and afterbody pressure distribution.
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Fig. 11 Separation location for Freon and air nozzles with strut and flow-through sting.



344 OLSSONETAL.

.6-

.4-

.2-

Test with flow through sting
O No sleeve
V with sleeve

tests with strut
O Freon (prototype) ML = 2 . 6
O Air (model) ML = 1.41

Air (model) ML = 2,03

O Air in the Prototype Nozzle

Design point, (PL/PE)R = 3.48 L

—I—————r—
1.2 1.3.5 .6 .7 .8 9 1.0 1.1

Fig. 12 Base pressure ratio for Freon and air in prototype plane.
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Fig. 13 Afterbody and base pressure comparison for the strut
mounted and flow-through sting: a) a = 3 deg and b) a = — 3 deg.
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pressure ratios less than the design point. With the sleeve removed,
however, the base pressure is in excellent agreement over the entire
test range including the base pressure cases where no separation
occurs on the bbattail. Figure 6 shows the afterbody and base pres-
sure at a pressure ratio of PE/^O/ = 0.042, where the effect of
the sleeve should be unimportant. The agreement between the two
flow-through sting cases is very good with the strut mounted test
showing the afterbody pressure nonuniformity referred to earlier
and with a slightly earlier pressure rise at separation, indicating a
slightly larger separation region.

As seen in Table 1, the first series of angle-of-attack tests were run
with the sleeve in place. Similar to the zero-angle-of-attack cases the
sleeve caused premature separation on the afterbody at the higher jet
to freestream pressure ratios. Even for cases where the pressure ratio
was smaller than the design point ratio the results were suspect, par-
ticularly at 6-deg positive angle of attack. The sleeve was removed,
and the tests were rerun over a wider range of pressure ratios. The
results at both plus and minus 3- and 6-deg angle of attack and all
pressure ratios (Figs. 13 and 14) were in good agreement with the
strut mounted configuration. The small differences are believed to
be the result of the lack of interference from the strut that is more
pronounced for the angle-of-attack cases.

Conclusions and Recommendations
The investigation shows that properly designed cold-air simu-

lation nozzles allow the use of a flow-through sting that provides
interference-free testing. The sting itself must be shaped to match
streamtubes within the nozzle from the throat to slightly downstream
of the nozzle exit plane so that the plume formed by the expanding
nozzle flow at the nozzle lip has the correct surface Mach number,
initial expansion angle, and curvature in the near (approximately 1
L/D downstream of the base plane) wake region. Within the range
of variables tested, the program has established the merits and some
limitations of the concept.

Specifically, the study has shown the following:
1) The quality of the pressure distribution data over the

model afterbody is substantially improved, which demonstrates the
interference-free nature of the flow.

2) The base pressure and separation location on the afterbody are
in excellent agreement with previous test results using both cold air
and Freon that showed that the sting's presence does not influence
the plume and that the method provides proper simulation of the
plume-slipstream interaction.

3) Based on the experiments, it appears that the sleeve designed
to account for the influence of the expansion at the nozzle lip on
the plume is not necessary, at least for the range of pressure ratios
investigated in these tests.

4) The flowfield is very sensitive to the sleeve design even at the
design point.

5) For the range of angles of attack investigated the influence of
the sting is negligible.

It is recommended that experiments with an increased range of
angle of attack and with control surfaces on the afterbody be under-
taken to determine the limits imposed by the presence of the sting
in the wake beyond that necessary to model only the near wake
flow.
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