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I. INTRODUCTION

The propulsive jet issuing from the base of a missile can have a
significant influence upon the drag level and stability characteristics of
the missile. Considerable capability1 exists for analytically calculating
axially symmetric afterbody-jet flows with supersonic external streams as
long as boundary layer separation is not induced on the afterbody, Similar
capabilities are also now emerging for transonic external streams”~. However,
some of the most significant effects of the propulsive jet on the missile
afterbody are associated with induced separation and angle of attack effects.
Presently, these interesting phenomena can only be investigated experimentally.

Exact experimental simulation requires that a number of parameters be
the same for the model and the prototype. The more important of these
parameters are

e similar body geometry (internal § external)

e jet thermodynamic characteristics
(chiefly the ratio of specific heats, ¥ )

e exit Mach Number
e ratio of jet total pressure to ambient static pressure.

It is difficult to simulate all of these parameters in a wind tunnel
unless the wind tunnel is specially designed with a system to supply typical
exhausg products of rocket engines. Such a facility has been designed in
Sweden” with an elaborate supply system for the propulsive exhaust effluents.
Clearly, the usefulness of existing wind tunnels could be greatly enhanced
if a set of approximate scaling laws could be developed such that air or oshgr
commonly available gases could be used for the propulsive effluent. Korst™’
has been working on the development of such a set of approximate scaling laws
for supersonic jets for some time. The basic tenet of Korst's modeling pro-
cedure is the requirement that the model and prototype should produce similar
plume shapes in the immediate neighborhood of the nozzle e¢xits when the
nozzles are exhausting into quiescent air. This is accomplished by requiring
the model and prototype nozzles to produce plumes with the same initial diver-
gence angles and geometrically-scaled radii of curvature. These requirements
on plume shape similarity are, however, not sufficient to close the scaling
problem and one more relation must be provided. Korst, in Reference 4, dis-
cusses rour alternatives for this needed relation. The physical basis for
these alternatives are: matching downstream wake recompression parameters
from the Chapman-Korst flow model; matching momentum at corresponding plume
boundaries; matching mass flux at corresponding plume boundaries; and
matching plume boundary supersonic inviscid streamline deflection-pressure

rise relations on the basis of local linearization. In Reference 5, Korst
recommends use of this last principle which reduces to holding the parameter
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MET constant between model and prototypes (this parameter is frequently

i called the plume pliability parameter). In this parameter Jp is the specific
3 heat ratio for the jet and Mp is the Mach number along the plume boundary

i which is a constant when the jet issues into quiescent air. Implementation

Vo of the Korst scaling laws is greatly facilitatgd by use of a simplified

: theory, originally given by Johannesen & Meyer”, for calculation of the plume
shape. This simplified theory is an integral part of the Korst scaling pro-
cedure in the sense that the inverse problem, arising in Korst's procedure,

of determining the nozzle exit angle and Mach number to produce a given plume
shape would be extremely difficult without this simplified theory.

The Korst modeling procedure has never been thoroughly correlated with
experimental data. It was the original intent of the present program to
provide the experimental data for such a correlation. In addition, the
feasibility of modeling a jet plume by a solid afterbody extension, contoured
to match the plume shape, was investigated. Four different nozzles which
were designed to produce the same initial plume shape but with different
values of the plume pliability parameter were tested and compared to the
solid plume simulator. The Korst modeling procedure was to be verified by
testing small scale rocket motors mounted in the base of the test model and
comparing these results with tests on a model which was designed to be similar
using air as the jet effluent. Both the small scale rocket motors and the
air nozzles were to simulate the full scale operating conditions of the ZAP
rocket motor. The tests on the small scale rocket motors were, however,
deleted in anticipation of sled test data from full-scale ZAP firings. These
data did not become available, which precluded a thorough evaluation of the

’ Korst modeling laws in the present program; however, the data generated will
provide a basis for comparison when full scale ZAP data becomes available.
Moreover, the data acquired in the present program, along with some supple-
mental calculations using a more exact theory for plume shape allow an eval-
uation of the Johannesen-Meyer approximate plume theory. In addition, the
comparison of the data on the plumes of different pliability parameters with
the solid afterbody model data allows an assessment of this concept.

The wind tunnel tests were performed in the Calspan 8-Foot Transonic

‘ Wind Tunnel, and a detailed report on the wind tunnel tests, along with

ﬂ tabular data are presented in Reference 7. The intent of the present report
is to present an analysis of the data. A brief description of the test will
‘ be given in Section II of this report for completeness. A comparison of

| the plume shapes calculated u51ng Korst's approximate work to more exact
calculations using the PIP Code® and to the experimental data will be pre-
sented in Section III. A comparison of afterbody pressure distribution with
the solid plume simulator to those with the nozzles having varying plume
pliability parameters will be presented in Section IV. Conclusions and
recommendations will be presented in Section V.
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II. DESCRIPTION OF WIND TUNNEL TESTS

The wind tunnel tests are described in detail in Reference 7 and will
be described only briefly here for the sake of completeness. The tests were
conducted in the Calspan 8-Foot Transonic Wind Tunnel and consisted mainly
of tests on six different rocket nozzles mounted in the aft end of a body of
revolution.. The body was mounted on a swept strut which was attached to a
sting support system. The general arrangement is shown in the following
sketch.

——— —3 - ¢ TUNNEL

/

STING

Air was supplied for the nozzles by plumbing in the sting and swept strut.

The overall model length was 32.5 inches, of which 10.0 inches was an ogive
nose and the remainder was a circular cy11nder of 2.5 inches diameter. The
nozzle nomenclature was designated by NC} or NZy for the conical and simulated
ZAP nozzles, respectively. The superscr{pt x, gives the ratio of nozzle

exit diameter to body diameter and the subscript, y, gives the nominal exit
Mach number. The nozzle coordinates are given in Tables 1 and 2.

The conical nozzles defined in Table 1 were all designed (by the Korst
procedure) to produce the same plume shape when exhausting into quiescent air
at their design pressure ratios. For purposes of these tests, the pertinent
pressure ratio was defined as the ratio of jet total pressure to base pressure
on the model. These design values were:

FPNRE Ll ek /. A e, e s i




o 2 O

Table 1
CONICAL NOZZLE COORDINATES

Ne -8
20

Nc 08
24

2.0000
0.80
15°

= 13.60°

2.000
= 0.80
= 150

.2660 8767 2785 4361
.3035 8795 3341 7987 3129 6907 5210 6721
.3401 8826 3736 8039 3476 6963 6201 6968
3768 8860 4133 8096 3823 7025 7445 7325
4137 8898 4535 8159 77 7093 9118 7872
.4510 8939 4944 8229 4537 7169 1.1533 8771
4889 8985 5615 8355 4914 7251 1.4138 984®
5276 9035 6596 8564 5292 7342 1.4491 1.0006®
5673 9090 7125 86880 5696 7444
6084 9152 1.2550 1.0000® 6121 7558
6408 920:® 6577 .7687
1.1389 1.0000® 7071 7835
.7608 8004
8194 8199
8620 8346®
1.3332 1.0000®
@D NOZZLE ENTRANCE
@ UPSTREAM TANGENT POINT
@ THROAT
@ DOWNSTREAM TANGENT POINT
® NozzLeexiT

NOZZLE IS CONICAL BETWEEN (D AND (@) .AND BETWEEN (@) AND (&) , AT HALF ANGLES
OF 6, AND 8, RESPECTIVELY.
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Nozzle P./Py
a3 39.6
NC "0 55.1
NC L, 82.4
NC S 108.2

In addition to these nozzles, a solid plume simulator was tested, which was
designed to simulate the plume produced by these nozzles.

The model ZAP nozzles were designed by the Korst procedure to simulate
the plume for the full scale ZAP nozzle. The design pressure ratio for these
models was 31.89.

The experimental measurements for all of the configurations tested
consisted of afterbody pressure distributions over the rear 7.3 inches of
the afterbody, base pressure measurements, jet total pressure, nozzle wall
pressures, and schlieren photos of the plumes. The Mach number range
encompassed by the tests was 0.4 to 1.25. The majority of these tests
were run at zero degrees angle-of-attack, but a few runs were made at -5
degrees angle-of-attack.
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; Table 2
MODEL ZAP NOZZLE COORDINATES

z 8 Nz 93
1.76 1.76
: d = 20000 d = 23168
3 d/D = .80 d/D = .9267
r e =5° e, =5°
: e, = 3.95° 6, = 395
X r X r
-1.6018 9600
- .4588 .8600
- .4088 8575 -1.2483 110000
- .3609 8553 - .4181 .990:
- .3145 8535 - .3643 9887
- .2690 8519 - .3116 9868
- 2243 8506 - .2598 9854 |
- .1800 8496 - .2085 9842 §
0 8a78® 0 981
.1800 .8496 .2085 .9842 ?
; ) .2243 .8506 .2598 .9854
3 .2690 8519 3116 .9868
3145 8535 .3643 9887
: .2609 .8563 4181 .9908
4088 8575 4736 9933
.4588 .8600 5315 9962
! 5115 .8629 .5925 .9996
. 5678 8665 6577 1.0037
5998 3686® .6948 1.006
¥ 2.5022 1.00 2.8986 1.158
(@ NOZZLE ENTRANCE
@ UPSTREAM TANGENT POINT
® THROAT .
@ DOWNSTREAM TANGENT POINT J
® NOZZLEEXIT

NOTE: INLET SECTION AHEAD OF NZ1'3: NOZZLE IS EXPANDED TO 2.200 IN. DIA.
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III. COMPARISON OF PLUME SHAPES

a) Discussion of the Calculation Procedure.

As mentigned in the introduction, the approximate plume theory of
Johannesen § Meyer  is an important part of the Korst modeling procedure. This
approximate theory has been evaluated by comparing the plume shapes calculated
by it with more exact calculations and with schlieren photos taken during the
wind tunnel tests.

There were primarily three areas of concern about the accuracy of the
Johannesen-Meyer theory. The first area of concern was the mathematical
assumptions explicitly made in the theory. The second area of concern was the
starting line condition used in the nozzle throat area and the final area of
concern was the neglect of the nozzle boundary layer. The Johannesen-Meyer
theory is an approximate solution to the equations of motion for isentropic
flow based upon a coordinate expansion scheme employing the radial distance
centered at the nozzle exit lip as a small quantity. On this basis, one would
expect that the approximations involved would break down at distances farther
than one exit radius from the nozzle exit.

In any of the nozzle flow calculation procedures, velocity data is needed
on a start line which is located just downstream of the nozzle throat in the
fully supersonic portion of the flow. There are several methods available for
generating this initial data as discussed in Reference 9. The simplest method,
and the method used by Korst, is to assume that the flow down stream of the
nozzle throat is source-like producing flow tangent to the nozzle wall at a
prescribed point.

These first two areas of concern have been investigated by comparing
the plume shapes calculated by the Korst procedure with calculations made by
the P.1.P.8 code which employs the method of characteristics, The method of
characteristics represents an '"exact" numerical solution to the equations of
motion. Various start line conditions were used with the P.I.P. code to
evaluate this effect.

For high Reynolds number flows, the nozzle wall boundary layer will have
only a small influence upon the flow within the nozzle, but may have a
significant effect upon the initial divergence angle of the plume. The
boundary layer produces a low Mach number region next to the wall, and as a
result the angle of the Prandtl-Meyer expansion required at the nozzle lip
to attain the free stream static pressure is Targer than in the inviscid case.
As previously noted, the Johannesen-Meyer theory does not account for the
nozzle boundary layer. The P.I.P. code contains, as an option, an emperical
method of estimating the nozzle boundary layer thickness and velocity profile.
This method is based upon the correlation of boundary layer thickness param-
eters that was developed in Reference 10. Calculations made with and without
the boundary layer present then gives an evaluation of boundary layer effects.
The method of calculation used by the P.I.P. code is discussed in the following.

St N I S I - Tl e
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All calculations were started from an input initial line just downstream
of the throat and were continued to the nozzle exit using the Hartree form of
the method-of-characteristics. Since this procedure uses a mesh composed of
streamlines and normals instead of the well known characteristics net, imbedded
shocks, which are ordinarily detected by the crossing of characteristics of ’
the same family, do not create numerical problems and appear in the flow field
as isentropic compressions.

At the nozzle exit, the calculation may be interrupted in order to intro-
duce the effects of a nozzle boundary layer. The procedure for simulating this
boundary layer involves identifying a point on the assumed velocity-temperature
profile having a prescribed supersonic Mach number M, and applying a stretching
transform which moves the M, point to the nozzle lip. In this process, the
fluid for which M < M, is essentially removed from the flow so it is desirable
to make My as small as possible. On the other hand, experience has shown that
numerical difficulties appear in the subsequent exterior flow calculation if
Mo is too small. Therefore, a compromise value of M, = 1.20 was adopted for
all cases reported here.

After restarting the plume calculation from the modified initial line,
a Prandtl-Meyer expansion is calculated terminating at the ambient pressure.
As this expansion is performed in several stages, a multiple point is created
at the nozzle lip. From each of these coincident points, a right-running
characteristic is intersected with a line normal to the flow direction at the
previous point. A new streamline is started from each of these intersections.
In this way, a grid of streamlines and normals is built up.

From each interior point of this grid, characteristics are drawn back-
ward to intersect the previous normal line. Linear interpolation provides
the flow conditions at each of these base points and simultaneous solution
of the compatability equations along these characteristics and along the
streamline provides the flow conditions at the new grid point.

Only one characteristic is needed to calculate the boundary points.
On the axis, of course, the flow direction is prescribed and at the outer
boundary, the plume pressure must match the ambient exterior pressure.

Several series expansion methods for generating the required nozzle
starting line data are reviewed and extended in Refefance 9. The three series
expansign methods are basically due to Sauerl *, Hall™", and Kliegel and
Levinel®. In the present program, calculations of the starting line data were
made using all three of these methods at a station downstream of the nozzle
throat where the area ratio was 1.025. The Hall method resulted in the best
satisfaction of flow tangency at the nozzle wall and was consequently used
for most of the computations. In addition, a source line start was used for
a few cases in order to evaluate the two starting line procedures.
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b) Results of Calculations

The calculations discussed above were made for the four nozzles
described in Table I, operating at their design pressure ratios. The results
are presented in Figures 1 through 6 wherein the Korst plume shape is compared
to various calculations made using the P.1.P. code. For Figures 1 through 4,
the P.I.P. code calculations, were started from the Hall starting line values
and the calculations were made with and without accounting for the nozzle
boundary layer. The agreement between the approximate plume shape and the
P.I.P. code calculations that ignore the nozzle boundary layer is quite good .
for the first several exit radii downstream of the ex.t. The agreement this
far downstream of the exit is surprising, considering the mathematical approxi-
mations used in'the Johannesen-Meyer theory. As expected, the P.I.P. code
calculations show that the effect of the nozzle boundary layer is to fatten the
plume shapes. This effect is significant for the two highest exit Mach number
nozzles (Figures 3 and 4). The approximate plume shape is generally slightly
fatter than the P.I.P. code results_without a boundary layer. The inclusion of
the boundary layer compensates for this slight difference for the lower exit
Mach number nozzles.

Tne effect of nozzle starting line values has been investigated by
running the P.I.P. code with various starting line conditions. The results
for the lowest exit Mach number nozzle and the highest exit Mach number nozzle
are shown in Figures 5 and 6, respectively. It may be seen that all of the
starting line conditions used, resulted in essentially the same plume shape.
Thus, it may be concluded that the simpler source flow starting conditions
are adequate for calculating the nozzle and plume flaws.

c) Comparison With Schlieren Photos

The calculated plume shapes would not be expected to agree precisely
with the experimental observations because the calculations ignore the inter-
action between the plume and the surrounding flow. However, comparison of
the calculated plume shapes to the schlieren photos shows that the calculated
shapes are an amazingly good approximation to the resultant plume shapes.
Schlieren photos for the four nozzles defined in Table I. are shown in
Figures 7 through 10. Only the highest and lowest free stream Mach numbers
tested for each nozzle have been selected for presentation as the remaining
photos show similar results. In each of the figures presented, the Korst
plume shape has been overlaid on the photos. The general features of the plume
flow appear to be consistent with previous observations on similar under-
expanded plumes. (See, for example, the sketches and photos presented in
References 14 and 15.) The sharp lines that lie inside the Korst plume shape
are the barrel shocks. The barrel shock usually terminates in the so-called
Mach disk or nearly normal shock. The Mach disk is visible in Figure 7a, but
occurs out of the field-of-view in the other figures. The outer edge of the
plume is not visible as a sharp line as, undoubtedly, the viscous mixing be-
tween the jet and surrounding flow has weakened the density gradient in the
flow. Even though the outer plume boundary is not clearly definable in most of

et A > % wae e kAR EMMTAL AL s il T

A eLYRese) e e . . et i e i § e -




the photos, it is evident that the Korst plume shape is a reasonable approxi-
mation to the actual plume shape for the portion of the piume in view,
Evidently, for these conditions, the interaction of the plume with the surround-
ing flow produces little alteration in the plume shape. The agreement of the
calculated plume shape in which the interaction with the surrounding flow is
neglected, with the actual plume shape suggest that both the inviscid inter-
action and viscous mixing between the plume and free stream are not important
for the initial region of plume development. Moreover, the agreement also
suggests that a theoretical treatment accounting for the inviscid interaction
could be based upon a linearized correction to the non-interacting plume
solution.

In some of the schlieren photos, a slight upward tilting of the barrel
shock pattern, on the order of a degree, may be noted. This suggests that the
swept strut on the bottom of the model may have a slight influence on the
plume shape. Examination of the photos shows another abnormality. A dark
tongue may be observed extending from the lower lip of the nozzle exit on all
the schlieren photos. Its appearance varies from the extremely obvious such
as in Figure 10a to barely noticeable as in Figures 7a and 7b. It is presently
not known whether this tongue is an anomaly of the schlieren system or an
actual flow disturbance. There is no large scale disturbance of the plume
associated with it,. and since the pressures on the afterbody are taken on top
of the model, they are believed to be unaffected.

d) Nozzle Pressure Distributions

There were four pressure taps located within the nozzle on its
upper surface. The measurements made with these taps have been compared with
calculations from the P.I.P. code as a check on the validity of the data.
The results are presented in Figures 11 through 14. The solid line in each of
these figures was calculated from the P.I.P. code using the Hall starting line.
As can be seen, the experimental pressures correlate quite well with calcula-
tions which suggests that there are no abnormalities in the nozzle flow. Only
the data corresponding to the design condition has been shown. The nozzle
pressure measurements from many of the runs were checked and for all practical
purposes, these data fall on top of the data presented.

10
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Iv. AFTERBODY PRESSURE DISTRIBUTIONS

a) Similar Plume Shape Models

‘The afterbody pressure distribution associated with those nozzles
that were designed to give the same plume shape are presented in Figures 15
through 20 at zero degrees angle-of-attack. The solid plume simulator is
designated by S, and shown for those cases for which the data are available.
There were ten pressure taps on the cylindrical afterbody ‘of the model, begin-
ning at 7.312 inches ahead of the body base. The location of the foremost tap
has been selected as the origin for X. The aftmost point shown in these
figures is a base pressure measurement. The base pressure tap was located at
a radial station of 1.095 inches from the model center line. The tap was loca-
ted approximately-halfway between the nozzle lip and the body shoulder.

Since the nozzles were all designed to produce the same plume shape when
they were discharging into quiescent air, these figures show the influence of
the plume pliability parameter on the afterbody pressures. The parameter de-

2
fined as K = g#{z" is given for the various nozzles below.
P

Nozzle K MP
.8

ne;®, 4.5693 3.088

ne: 8 4.7991 3.263
2.0

nc: 8 5.1904 3.558
2.4

ne: 8 5.4526 3.754
2.7

This parameter is essentially Yo j; along the plume boundary where P

is the static pressure and © is the angle of the tangent to the plume boundary.

The data show that increasing this parameter systematically increases the
pressure on the afterbody as far forward on the model as the measurements
were made. The influence of this parameter is most pronounced in the super-
sonic results (Figures 19 and 20). The data suggests that there is a shock
present on the afterbody (confirmed by schlieren photos) and the shock posi-
tion is influenced by the plume pliability parameter.

Generally at zero degrees angle of attack, with the exception of
Mg= 0.4, it is seen that the solid plume simulator gives a good simulation
of the plume effects on the afterbody for the higher values of the plume pli-
ability parameter. Unfortunately the degree of simulation deteriorates with
angle of attack as demonstrated by Figure 21 wherein it is seen that the pres-
sures near the shoulder of the body diverges for the two simulations.

11
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The pressure distributions for all of these design cases do not show any
plateaus which would be indicative of separation on the model afterbody. For
the most part the flow adjacent to the body is monotonically decelerated as
3 the body shoulder is approached and the base pressures are all above ambient
! static. It seems then that any conclusions about the validity of representing
a plume with a solid body should be tempered to exclude, at least presently,
cases where afterbody separation is present. Nevertheless the solid plume
simulator seems to give good results for zero angle of attack when the plume
pliability parameter is high enough (say K > 5).

The data taken on the nozzles at all pressure ratios was surveyed to
ascertain if separation had occurred on the afterbody under any of the circum-
stances tested. In general it appeared that separation was not encountered
for any of the nozzles except on the highest pressure ratios tested at M,= 1.25.
Typical results for the off-design pressure ratios at subsonic free stream
speeds are shown in Figures 22 and 23. It is seen that increasing the jet
? total pressure systematically increases the afterbody pressures. A typical
i result for supersonic speeds is shown in Figure 24. Here it is seen that in-
: creasing the jet total pressure systematically pushes the shock forward and
% finally for the highest pressure ratio tested the plateau in the pressure dis-
tribution near the body shoulder suggests a separation.

b) Validation of the Korst Modeling Procedures

1 The experimental validation of the Korst modeling procedure would
require testing of different nozzles designed to give the same plume shape

and same value of the plume pliability parameter. It would appear that choosing
different gases for the jet effluent and thereby varying ¥ between the two

tests would be the best way to accomplish this. However, it is theoretically
possible to use a common effluent and still make the comparison. This possi-
bility arises because for fixed ¥ and K# 2.0, two different plume boundary
Mach numbers give the same value of K. This is illustrated by the following
table calculated for the cases tested in the present program.

Nozzle K M : M-
P
NCis7 4.5693 3.088 1.0569
cho 4.7991 3.263 1.0506
NCéS9 5.1904 3.558 1.0420
NCés7 5.4526 3.754 1.0375s
Here M_ is the design plume Mach number (tested) and M- is the other Mach

numberp(not tested) that would produce the same value of K. However, inspec-
tion of the range of values of M- shows that any nozzles designed using this
method of validating Korst's modeling procedure would have to be designed with

12
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extreme accuracy. Furthermore since these values of M- are so close to sonic
the tendency toward normal shock formation in the plume could easily invalidate
the comparison.

c) ZAP Models
Finally the afterbody pressure distribution on the ZAP models is

presented in Figures 25 and 26 in order to facilitate correlations when the
full scale ZAP data becomes available.
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V. CONCLUSIONS AND RECOMMENDATIONS

An experimental program to evaluate the effects of various plume para-
meters, for underexpanded jets, on missile afterbody pressure distributions
has been conducted. Analysis of the experimental results and supplemental
calculations made by the method of characteristics show that the approximate
theory used by Korst gives a good estimate of the plume shape for nozzle exit
Mach numbers of 2.0 and below. For nozzle exit Mach numbers much in excess 1
of 2.0 it appears desirable to include the effect of the nozzle wall boundary
layer on plume shape.

In addition, afterbody pressure distributions produced by a series of
nozzles designed to produce the same plume shape, but with different values of
the plume pliability parameter, have been compared with results from a solid
plume simulator. In general, the solid plume simulator produces results that
agree with the nozzles with the higher values of the plume pliability para-
meter at zero degrees angle-of-attack. The correlation deteriorates signifi-
cantly, however, at five degrees angle-of-attack.

Finally, afterbody pressure distribution from model tests on the ZAP
rocket motor are presented for future correlation with prototype results.
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BAKKEE L SHOCK

b) Mo, = 1.25

Figure 7 COMPARISON OF KORST PLUME SHAPE WITH EXPERIMENT,
NOZZLE NC'187, P./Py, = 39.6
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Figure 8 COMPARISON OF KORST PLUME SHAPE WITH EXPERIMENT,
NOZZLE NC.3 . P/Py, = 56.1
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b} Mg, =125

Figure 9 COMPARISON OF KORST PLUME SHAPE WITH EXPERIMENT,
NOZZLE NC'28'4, P./Py, = 82.4
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b) M =125

Figure 10 COMPARISON OF KORST PLUME SHAPE WITH EXPERIMENT,
NOZZLE NC2_, P./P, = 108.2
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