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EVALUATION OF TURBULENCE MODELS FOR
ROCKET AND AIRCRAFT PLUME FLOWFIELD PREDICTIONS

H. S. Pergament, S. M. Dash, and A. K. Varma
Aeronautical Research Associates of Princeton, Inc.
Princeton, New Jersey 08540

Abstract

A systematic evaluation of several turbulence
models for use in aircraft and rocket plume flow-
field predictions is presented. Eddy viscosity
and two equation (TKE) models presently utilized
for plume calculations have been incorporated into
a mixing/afterburning code (BOAT) and tested
against a wide range of laboratory data. These
data include incompressible and compressible free
shear layers and jets, Hp/air subsonic and super-
sonic reacting flows and a liquid propellant
rocket plume. The significant differences between
rocket/aircraft plume flowfields and the labora-
tory test conditions used to determine the tur-
bulence model "constants" are discussed. It is
demonstrated that the eddy viscosity models tested
(Donaldson/Gray and extended Prandtl Mixing Length)
have an insufficient range of generality for
reliable use in flight predictions of aircraft/
rocket plumes. The two-equation (ke2) model, with
a suitable correction for compressibility, ade-
quately predicts all the nonreacting shear layer
and jet cases and the subsonic H2/air reacting jet
case, but does not fare as well in the supersonic
Hz/air reacting jet and liquid propellant plume
cases. Suggestions are given for ke2 model im-
provements to account for the noted inadequacies
in compressible, reacting flows. It is emphasized
that these improvements must not alter the demon-
strated ability of the ke2 model to predict the
simpler flows. A recommended metihod for im-
plementing these model improvements is provided.
The modified model should provide the basis for
more generalized and reliable aircraft/rocket
plume predictive capabilities than are presently
available.

1. Introduction

The sensitivity of rocket and aircraft plume
flowfield predictions to the choice of turbulence
model has been well established. Thus, a rational
basis for selecting a turbulence model for use in
the large computer codes that predict these flow-
fields has long been a need of the plume community.
The validity of a particular turbulence model can-
not be established solely on the basis of com-
parisons between plume model predictions and ob-
servable flight data (e.q.. IR signatures). Such
comparisons involve uncertainties in the overall
computational procedure, which includes both flow-
field and radiation predictions, as well as at-
mospheric transmission effects and sensor charac-
terictics. (Dash, et al.! specifically address
the sensitivity of rocket plume IR signature
predictions to flowfield assumptions and turbu-
lence models.) In the present report, we will
demonstrate the systematic procedure required to
validate proposed turbulence models for use in
flight calculations, and arrive at some prelimi-
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nary recommendations regarding the usefulness of
the specific models tested.

Since this is an assessment study, rather
than one to develop "new" models, the eddy vis-
cosity and turbulent kinetic energy models chosen
for evaluation are those that have been utilized
in previous rocket and aircraft plume flowfield
studies.

The overriding requirement in this evaluation
is that the proposed turbulence mode] must first
be able to predict the large body of well esta-
blished data on free shear layer and jet flows.
These are relatively simple flows (compared to
rocket or aircraft plumes), which range in com-
plexity from incompressible two-dimensional shear
layers to coaxial reacting Hp/air jets. In ad-
dition, since the turbulence models must be placed
within a computer code to perform the comparisons
with data, a second requirement is that one com-
puter code be used to test all the models. This
is essential in order to separate differences in
results due to models from differences due to
numerical procedures and code structure.

Innumerable studies have been performed in
which a specific turbulence model has been tested
against a single data set. Far fewer (but still
a considerable number of) studies have appeared
in the literature in which a specific turbulence
model has been compared with a number of data
sets. Most noteworthy of the latter are some of
the papers presented at the 1972 NASA/Langley
Free Turbulent She%{ Flows Conference,2 (e.g.,
the work of Harsha,® Rudy and Bushnell,4 Peters
and Phares,5 etc.) and the recent work of Evans,
et 21.° Of the studies that have tested a number
of turbulence models against a large number of
different data sets, the_most widely quoted are
those of Launder, et al.’ (in Ref. 2) and Harsha.8
The models evaluated in the above references have
ranged in increasing order of sophistication from
simple eddy viscosity models, through one and two
equation turbulent kinetic energy models, to
models which solve differential equations for the
turbulent shear stress.

The approach in the present work is in the
same spirit as that of Refs. 7 and 8 with, however,
the strong motivation of directing the results
of the evaluation toward rocket and aircraft
plume calculations. Since these are very complex
flowfields (cf., Ref. 9), having conditions widely
different from those encompassing the available
experimental data base, the maximum amount of
generality is required. While this generality is
always sought in evaluating turbulence models, the
nature of rocket/aircraft plume flowfields is
such that for practical applications, the turbu-
lence model will almost always be used for flow
situations that are widely different from the con-
ditions under which the models were validated.
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In order to implement the above approach, it
is necessary to isolate those individual effects
which make rocket/aircraft plumes different from
the experimental conditions under which the tur-
bulence model “ronstants" were obtained. In this
study, we systématically built up to the complex
afterburning rocket plume flows of interest by
analyzing successively more complex data sets.
Thus, we first return to the simple incompressible
flows to validate the turbulence models under con-
ditions where, based on past experience, they
should work. We then treat supersonic flows
(adding the “"compressibility" effect) followed
by nonhomogeneous flows (adding the "variable
density” effect), subsonic flows with chemistry,
supersonic flows with chemistry and finally
rocket plumes. None of the cases presented in
this study have significant pressure gradient ef-
fects. These effects can be important, partic-
ularly in highly underexpanded rocket plumes, and
will be studied in future efforts.

A recently developed code for treating the
turbulent mixing and chemical reactions between
coflowing streams is used for this evaluation.
The code, named BOAT for its original use in cal-
culating jet entrainment in the vicinity of air-
craft nozzle boattails, is described in Refs. 10
and 11. A unique feature for the present evalua-
tion is that the code can either be used in a con-
stant pressure mode, or can be overlaid on a
prescribed inviscid flow, which gives inner and
outer shear layer edge properties and pressure
gradients. The BOAT code is presently being used
for rocket and aircraft plume flowfield predic-
tions (e.g., Ref. 1) and will be extensively
utilized in the future by a wide segment of
government and industry as a "module" within the
JANNAF Standard Plume Model (now under develop-
ment at A.R.A.P. - see Ref. 9). For the purpose
of this study, it is a distinct advantage to use
the same code for both the turbulence model eval-
uvation and plume calculations. This will rule
out the influence of any code "idiosyncrasies" on
plume flowfield calculations, which might be in-
troduced if a different code were used to make
flight calculations.

In what follows, we first give a brief over-
view of rocket and aircraft plume flowfields.
Next, we discuss the turbulence models evaluated,
followed by comparisons between calculations
using each model and laboratory data on incompres-
sible and compressible two-dimensional shear
layers and jets, Hp/air diffusion flames,
supersonic Hp/air reacting jets and liquid pro-
pellant rocket plumes. Finally, based on this
evaluation, recommendations are given stating
which turbuience model appears most promising for
flight calculations and what future work is ne-
cess?ry to gain additional confidence in this
mode].

2. Rocket and Aircraft Plume Flowfields

Only a brief description of the plume flow-
fields will be given here, emphasizing: (1) the
conditions under which any turbulence model must
be effective, and (2) the major differences
between the laboratory conditions for which most
modeling “"constants" are determined, and actual
plume flowfields. A more detailed treatment of
rocket and aircraft plume structure is given in

other work by the authors.9:12

Underexpanded rocket plumes operating at al-
titudes at which afterburning occurs have completely
different structure than perfectly expanded labora-
tory jets. Aircraft plumes, on the other hand,
which are nearly perfectly expanded (i.e.,
nozzle exit pressure equals ambient pressure), with
little afterburning (energy release) in the plume
itself, are somewhat similar to laboratory jets.
Figure 1a shows a schematic of the nearfield of an
underexpanded rocket plume. The mixing region
(including the effects of afterburning, if any)
is shown superimposed on the inviscid/shock struc-
ture. There is clearly a substantial downstream
distance for which the mixing region is similar
to a two-dimensional shear layer. Further down-
stream, where the thickness of the mixing region
is large compared to the inviscid plume radius,
axisymmetric effects become important and the
mixing region is similar to the transition region
of an axisymmetric jet. Although there can be
sybstantial pressure gradients in this flowfield,
particularly in the first inviscid cell, the pres-
sure gradient across the shear layer itself is
not generally large.

Figure 1b shows, to a different scale, the
plume farfield. Here the similarities to the fully
developed region of an axisymmetric jet are evi-
dent; however, there are significant differences.
The “true" initial conditions for the (constant
pressure) plume farfield are those at the end of
the nearfield, and are highly nonuniform. This is
in contrast to constant pressure laboratory jets,
in which essentially uniform initial conditions are
specified at the nozzle exit.

Which regions of the plume are of most importance
depends very strongly on the particular application.
For studies keyed to the effects of the plume on
vehicle design (e.g., base heating), the nearfield
structure is of prime concern. In the determina-
tion of IR signatures for low altitude (i.e., less
than 70 km) afterburning plumes, both nearfield
and farfield contributions to the total plume sig-
nature can be significant, the precise breakdown
depending on the vehicle configuration, propellant
system, and flight conditions.*

Aircraft plume IR signatures'S at 90° aspect
angle (broadside), on the other hand, are directly
dependent on the length of the inviscid core;i.e.,
the point at which the mixing region reaches the
plume axis. At aspect angles near 0° (nose-on) the
initial growth of the shear layer ples an important
rote in determining the IR signature'. For these
applications, it is evident that the very nearfield
mixing processes are important. These processes,
in turn, depend on the size and profile shape of
the external boundary layer on the nozzle after-
body. This situation is closely analogous to small
scale laboratory jet experiments, in which a knowl-
edge of the initial boundary layer properties is
essential to the data interpretation.

*In a related studyl the authors define plume re-
gions making the major contribution to the IR
signature for a large booster at lower (<20 to 30
km? and higher (>30 to 40 km) altitudes, within
the low altitude region.




The BOAT code mentioned in Section 1 solves
the axisymmetric (parabolic) jet mixing equations
for a reacting gas mixture by a mixed implicit/
explicit finite difference procedure in trans-

formed (stream function coordinates). Its use of
a shear layer discretization procedure makes it

a good computational todl for interpreting
laboratory jet data.(in which initial boundary
layers are usually important) and for underex-
panded plume calculations. Reference 10 gives

the differential and finite difference equations
solved by BOAT, together with the salient features
of the numerical integration, the method of treat-
ing finite-rate chemistry, and the procedure for
utilizing an inviscid flowfield as input data for
an overlaird calculation.

In summary, we reiterate that very signifi-
cant differences are likely to exist between the
laboratory test conditions under which most tur-
bulence model constants are determined (and
models are evaluated) and the full) scale flow-
fields the models are used to predict. Eecauseof
these differences, the turbulence model used for
flight calculations must be demonstrated to ac-
count for as wide a boedy of well documented
laboratory data as possible. Only then can we
gain confidence in the flight predictions. The
turbulence model evaluation reported in this
paper addresses itself directly to these problems.

3. Turbulence Models Evaluated

The emphasis in this study was to evaluate
turbulence models which have been used for
rocket and aircraft plume flowfield calculations.
Two classes of models were chosen: simple eddy
viscosity models and two-equation (TKE) models.
We have not evaluated one-equation TKE models to
date. Mylti-equation models (e.g., second-order
closure~?) have Leen excluded from the evaluation
because they are presently oriented towards
fundamental research; it is not likely that they
will be used in the near future for routine plume
calculations.

Simple Eddy Viscosity Models

Qpnaldson/&razM ‘046!' This mod$1 extends
the basic Prandt] eddy viscosity model!5 to com-
pressible flows. A series of measurements on
supersonic Jets into still air were utilized
together with an integral solution of the turbu-
lent shear layer equations, to obtain an empirical
correction to the eddy viscosity coefficient, K .
The eddy viscosity is expressed as

u = K(Ms)o(rs-ri)lul-UEIIZ )

Figure 2 gives a schematic representation of rk
and the empirical correction for K as a func-
tion of The inner mixing zone boundary,

ri , in the nearfield is somewhat arbitrary.

The D/G formulation utilized the exact edge of
the mixing region, which is readily implemented
within the framework of an integral boundary
layer solution with assumed profile shapes. For
use in computer codes with finite difference solu-
tions, however, it is better to choose an inner
boundary Tocation where the velocity is some per-
centage of the jet velocity, wuj . In BOAT, rj
is Tocated where (uj-u)/(uj-u,i =0.1. In the

- Rhodes

farfield, rj=0, the length scale is equal to the
jet halfwidth, and the velocity, Uy, is the cen-
terline velocity. In the transitional region, the
results can be sensitive to the switch from near-
field to farfield formulations since ¢ can change
abruptly. It should be noted that this model is
not readily adaptable to flow situations with more
than one length scale, e.g., shear layers formed
from initial boundary layers.

This model is indeed the simplest of eddy
viscosity formylations since it assumes that the
eddy diffusivity, /o, is constant across the mix-
ing region. In spite of this obvious limitation
for application to complex exhaust plume flows, the
D/G model is widely used in conjunction with the
Low Altitude Plume Program!® (LAPP)* for many ap-
plications. This is no doubt due more to its pres-
ence as a turbulence model option™™ within the LAPP
code rather than its widespread acceptance on any
fundamental basis.

An empirical c?yrection tc the D/G model,
developed by Smoot,'’ has also been used for plume
flowfield calculations. The correction is in the
form of an additive term to the coefficient,

K(My) (see Eq. (1)), and is a function of the
velocity difference between the exhaust and the
external stream, and the density and Mach number
evaluated at the half radius. Smoot obtained this
correction via an extensive correlation of core
lengths measurements for nonreacting and reacting
laboratory jets. The computer code used in the
study was based on an integral solution to the
free shear layer squations (similar to the code
deve\oged by D/G14). However, recent work by

8 has indicated that when this correction
factor is applied within a finite-difference for-
mulation (i.e., in LAPP), inconsistent comparisons
with compressible jet and rocket plume data are
obtained. In addition, the correlation of data
based on core length alone can be misleading, par-
ticularly for reacting flows. Forexample, Pergament
and Fishburne'® have shown good agreement between
measured and calculated (via the LAPP code with the D/G
model) centerline temperatures for an Hp/air dif-
fusion flame, but very poor agreement between
measured and calculated radial temperature pro-
files. For the above reasons this correction
does not appear to contain the required generality
to yield reliable aircraft/rocket plume flowfield
predictions and was not evaluated in this study.

The Tfng/Libbyzo(TL) variable density correc-
tion to the Prandtl eddy viscosity model has also
been incorporated as an option in the LAPP code
and has been !ied for plume flowfield calculations
(e.g., Rudman¢'), The TL correction is an exten-
sion of the Mager compressible to incompressible

*LAPP is a coaxial constant pressure mixing/after-
burning code which, for many years, served as the
standard JANNAF Plume Model (SPM). It is being re-
placed by the considerably more advanced model under
development at A.R.A.P.9. The new JANNAF SPMutil-
izes the BOAT code (which essentially replaces the
LAPP code) as the mixing/afterburning module.

**In its standardized form, the LAPP code only con-
tains various simplified eddy viscosity options.

It does not contain the Prandtl mixing length model
or the two-equation turbulence model.




transformation used in laminar boundary layers and
there is no fundamental basis for its application
in turbulent shear flows. Attempts to evaluate
its usefulness are therefore not worth the ef-
fort.

"

Prandt] Mixing Length nglff. The extended
version of the Prandt] mixing length model accounts
for the variation of eddy viscosity across the mixing
layer via its dependence on the local velocity gradi-
ent, as noted in F1g. 3. It has beenevaluated against
much of the data presented at the NASA/Langldey Free
Shear Flow Conference< by Rudy and Bushne11% and
Launder et al.’. Apreliminary assessment was made by
the present authors 1n Ref. 23. It was chosen for cval-
vation in this study because of 1t5 usefulness and
reasonable performance 1n the Shear Flow Conference
StudiesZ and inapplications related to nearfield jet
entrainment calculations,!! for determining aircraft
boattail pressures.

Two length scale constants are required in
using this mode; viz, one for the nearfield and
one for the farfield, both of which are related
(1n the BJ2T formulation) to the full thickness
of the mixing layer, &. Values of the length
scale constants for this study were determined by
matching the experimental data discussed in Sec-
tion 4. As noted in Fig. 3 these are: /8 =
0.765 in the core region and /5 = 0.08 after the
mixing layer reaches the axis. Dual lengthscales
are implemented for shear layers with maxima
or minima (i.e., shear layers formed from initial
boundary layers); ¢1 and &) are defined in Fig. 3
and /8y 2= .065 is used.

Two Equation (TKE) Models

kc2. The ki2 model of Launder, et 51.7 was

chosen for evaluation because (1) it was generally
successful in predictino the incompressible flows
studjed in the NASA/Lanolev Free Shear_Flows Confer-
ence® and (2) the work of Dash. et al.2” showed that
a compressibility-modified kc2 model gave marked im-
provements over the basic ke2 modsl for supersonic
Jet flows. The earlier k-W model1¢* developed by the
group at Imperial College was not considered in this
study, slthough there are recent indications of some
success<? in calculating liquid propellant pl me
properties.

The use of differential equations for the
turbulent kinetic energy and dissipation rate (re-
lated to a length scale) in the ke2 model, permit
accounting for the turbulence "history" and thus
provide this model with the basis for analyzing the
complex plume flowfields, which is not available
in simple eddy viscosity models. (The ke2 model
has been used for plume calculations by Dash, et
al. in Refs. 1 and 26.)

In this formulation the turbulent viscosity
is given by

¥, =-Cp ) (2)

where the turbulent kinetic energy, k, anddissipation
rate, €, are obtained from the differential equations
given below in x, ¢ (stream function) coordinates

(the equations used in BOAT),

Turbulent Kinetic Energy

3k _ 1 3 A aky, 1
S waw(qaw)‘u“’*‘) (3)

Turbulent Dissipation

e 1.8 A 3\ e
* vy (oc v) K (F‘p 'CZC) (%)
h
e our?
A = ~dr
t v
v \ay

and the transformation from (x,r) to (x,¢) coordi-
nates is given by

é& =

Vogp T our (5)
Wy,

v ax pvr

Cu and the constants Cy, C5, o), and o, have been
extracted directly from Reference 7. As in the "L
model, the constants differ for nearfield (2D) and
farfield (axisymmetric) situations. These constants
are summarized below:

Cu = 0.09 g (P/e) - 0.0534 f

C] = 1.4
Cz =1.94 - 1336 f
op. ™ 1.0
O = 1.3 0.2
f= —re ( fic. d_uc_>
2(“e‘ “c) dx dx

where P/e is the shear stress weighted average
across the mixing region. The functional dependence
of g (the "weak" shear flow correction) on P7€ and
of f on the axial velocity centerline decay follow
Reference 7 directly. The function g_is set equal
to one for P/e=1. For low values of P/c (e.g., in
the farfield decay region of jets and plumes) g in-
creases rapidly, thus increasing the turbulent vis-
cosity. It is important to note that the axisym-
metric correction term, f, was obtained by matching
data on const.at pressure, nonreacting coaxial
jets. For generalized plume studies where the
centerline velocity additionally changes due

to both pressure gradients and chemistry ef-

fects, it may be necessary to isolate the dif-
fusive decay effect by use of a "dummy" inert
species. Several new approaches2’.28 (which

do not depend on the centerline decay) for ex-
tending ke2 models to axisymmetric flows are
presently being investigated,and should lead

to a greater degree of generality in applica-

tion of this model to complex flow situations.
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Inuse of k- models, in tial profiles of kand ¢
are required. Suchinformation is generally not
availadble, and tne following procedure is employed
to determine these 1nitial values. With the mean
initial velocity profile known, the radial dis-

tridbution of ug is determined from the extended
ML mooe! (Fig. 3). Calculations to date have
only used i/%= 065 in the initialization pro-
cedure with reasonable success. However, dif-
ferent initial length scale constants may be re-
quired depending on the upstream “history."

~1th the(reasonable) estimate thatk=lu‘v /0.3,
- we obtan

(6)

— R —

Assuming that P/c = 1, gives

2
; 3.09‘%@5@

- c(r) = Syt
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kc2/Compressibility Correction

This empirical correction2° to the basic ke2
model accounts for the observed decrease in spread-
ing rates with increasing Mach number for 2-D shear

- layers. The correction was developed for use in

: rocket plume studie§ at General Applied Science
Laboratories (GASL)%. The measure of the compres-

sibility is based on the fluctuation Mach number,

evaluated from the local turbulent kinetic energy

and sound sneed (see Fig. 4, where kmax 15 the maxi-

mum value of the turbulent kinetic energy at each

axial station and a is the local sound speed). The

i factor X(M-max) (extracted from Ref. 29) directly

! multiplies the coefficient, C , reaching an asymp-

totic value of 0.28 at Mrpayx =0.4. The method used

in arriving at the K factor and the inherent limita-

tions are discussed in Section 5.

4. Incompressible Free Shear
Layers and Jets

2-D Shear Layers

A detailed assessment of the turbulence models
discussed above was performed by comparing predicted
and observed spread rates and velocity and shear
stress profiles for shear layers formed between two
moving streams, including a nonsimilar shear layer
(Test Case 4 of Ref. 2) with an initial profile
formed by boundary layers. Fig. 5 shows that the
data on spread rate variation with velocity rati8
from various experimenters (as reported by Rodi30),
have a large scatter which increases with increas-
ing velocity ratio. This has been attributed to
free stream turbulence. whose influence can be ap-
preciable, particularly at the larger velocity

- ratios. The higher values of o (lower spread rates)
are therefore a better representation of an ideal
flow having no turbulence in the streams, and are
the better values with which to compare our_calcu-
lations. The relation given by Abramovich3!,
c/og -(l’u;/u])/(l-uz/u]). is generally accepted

. as a good fit for the data with low free stream tur-
: bulence. The value gf 0p=11 is that obtained by
- Liepman and Laufer.3Z Both the ke2 and ML model
: (with ©/5 =0.065)" fit these data quite well, but
the D/G model predicts too fast a mixing rate.

*These data were in fact used to calibrate the 2-D
(nearfield) constant (2) for the ML model.

Note that the standard method of presenting the
spread rate variation in terms of o/o, tends to
mask the failure of the D/G model to predict actual
spread rates.

Fig. 6 compares measured and calculated (with
the ke2 model) velocity and shear stress profiles.
The good agreement with these normalized profiles
was also exhibited by both the ML and D/G models,
when used in the BOAT code. Any computer code/
turbulence model combination must account for
these basic 2-D shear flow data as the first step
in establishing credibility for use in more complex
flow situations.

Comparisons between ML and ke2 mode) calcula-
tions and data on 2-D shear layers formed from ini-
tial boundary layers have been reported ina previ-
ous paper!3 concerning both the development of the
BOAT code and the nearfield jet entrainment prob-
iem. Turbulence models must be able to accurately
treat initial boundary layers in order to handle
the nearfield of jet aircraft plumes. The veloc-
ity profile results shown in Ref. 13 indicate that
both the ke2 and ML models very accurately calcu-
late the important velocity deficit region and the
subsequent development of the shear layer far down-
stream. As noted previously, the D/G model cannot
be expected to treat shear layers formed from
initial boundary layers with large mass flow
deficits.

Jets into Still Air

Fig. 7 compares centerline velocity data from
several investigators with model calculations. No
initia) conditions were specified in these data
sets. The following points should be noted:

(1) These data were used to calibrate the
farfield ML constant (2/8 = 0.08). Use
of the nearfield constant for the entire
length of the jet gives mixing rates
which are too slow.

The ML model accurately predicts the core
length using the value of £/8(.065) de-
termined from 2-D shear layer data.

(3) The D/G model predicts mixing rates which
are too larce in the nearfield. The far-
field predictions however are in good
agreement with the data.

The ke2 model does not agree at all with
the data. The reason for this (as shall
be brought out more clearly in subsequent
comparisons) is not the failure of the ke2
model, but a lack of knowledge of the ini-
tial mean velocity profiles. Without this
knowledge we initialized the calculations
using "top hat" velocity profiles (as we
did for the ML and D/G models), with the
poor results noted. The important point
to be noted here is that when using this
more sophisticated turbulence model, rea-
sonably correct initial values of k and ¢
must be specified. The initialization
procedure for k and € given by Eas. (6)

(4)

*Some particularly important applications are,
2$zzle afterbody drag and near nose-on IR ra-
ation.
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and (7) requires a knowledge of the mean
velocity profile. If this is not known,
and the magnitude of the velocity defect
is significantly large, the resulting

flowfield calculations are likely to re-

sult_ in initial mixing rates which are ton

slow (initial viscosity too small). On
the other hand the simple eddy viscosity
models are less sensitive to a lack of
knowledge of initial conditions.

Figure 8 compares jet spread data with the
model calculations while Fig. 9 shows normalized
velocity profiles in the farfield, self-preserving
regions of the jet (i.e., > x/r; ® 100). Here we
note that the D/G model does no{
profile shape.

Comparisons are next made between the data
from Test Case 6 of the NASA/Langley Free Shear
Flows Conferercel and the model calculations.
Fig. 10 aives nitial normalized viscosity pro-
files, calculated from the initial velocity pro-
file (specified at x/rj=2) and Eqs. (6) and (7).
Also shown for comparison is the initial constant
value of Launder, et al.’ This should be con-
trasted with the profile for Test Case 9 (to be
discussed in the next section) which is specified
directly at the jet exit and clearly shows the
minimum in viscosity caused by the velocity
deficit in the initial bourdary layers.

Fig. 11 compares the model predictions with the
data, showing that the kc2 model does an excellent
job for this case with well-defined initial condi-
tions. Again, the D/G model predicts too short a
core length and predicts mixing that is too slow
in the farfield (as indicated by the measured and
predicted shapes). For some inexplicable reason,
the ML model does quite poorly for this case. In
order to test the effect of initial conditions on
the ke2 model predictions, initial values of the
turbulent viscosity across the jet were arbitrar-
ily increased and decreased by a factor of 5.
(This also changes the initial values of k and ¢
by factors of 5.) The extreme sensitivity noted
to initial viscosity is not surprising because
the initial profiles are specified far from the
jet exit (x/rij=2), and the initial shea: layer is
large compared to the exit diameter.

It should bs noted that in the approach of
Launder, et al.’ initial values of viscosity are
varied until the measured core length is correctly
predicted. A1l ke2 model calculations reported
here employed the "fixed" initialization procedure
described in Section 3, which requires no a priori
knowledge of the "solution" (i.e., the actual core
length).

Air Jets into Moving Streams

The data of Test Case 9 of Ref. 2 have been
used to evaluate the models for concentric, co-
flowing streams. Fig. 12 shows that the center-.

*This is much more important in the interpretation
of small-scale laboratory data, where initial
boundary layer displacement and momentum thicknesses
are relatively large (compared to the jet diameter),
than for rocket exhausts where the initial boundary
layer is likely to be relatively small.

produce an accurate

line velocity decay predicted by the ke2 model is
in excellent agreement with the data, including
both the core length and farfield slope. This
case shows much less sensitivity to the variation
in initial turbulent viscosity than Test Case 6,
due, no doubt, to the relatively smaller initial
boundary layers. Both the D/G and ML models
underpredict the core length, while both exhibit
the correct farfield decay.

Since the simple eddy viscosity models undergo
an "abrupt" transition from nearfield to farfield
constants, it is expected that they will not be
able to accurately predict flow in the transi-
tional region (for this case, from 5< x/D< 30).

In this region, the turbulence processes are well
out of equilibrium and these sirnle models are
predicted upon equilibrium turbulence assumptions.
The ke2 model, on the other hand, which accounts
for the turbulence “"history" does admirably in
analyzing the nearfield, farfield, and transi-
tional regions.

Summary of Incompressible Shear
Layer and Jet Results

From the comparisons between model predictions
and data shown in this section we observe that

(1) Both the ke2 and ML models yield predic-
tions consistent with the 2-D shear layer
spread rate anc profile data. The D/C
model yields spread rates which are too

v

large.

(2

~

Both the kc2 and ML models accurately
predict a shear layer produced from ini-
tial boundary layers (see Ref. 13).

(3) Predictions with the keZ model are, over-
all, in good agreement with the incom-
pressible jet data, provided that reason-
able values of the initial turbulent vis-
cosity are utilized. The D/G model gen-
erally underpredicts the core length,
giving mixing rates which are initially
too large. In the farfield, predicted
mixing rates are generally too small.

The ML model fares only slightly better
than the D/G model for these cases.

5. Compressible Free Shear
Layers and Jets

2-D Shear Layers

The experimental data which demonstrate the
decrease in spread rates with increasing Mach
number for two-dimensional shear layers are given
in Fig. 13. The dashed curve represents a best
fit of the data, as recommended by the NASA/
Langley Shear Flows Conference Evaluation
Committee,< (The Hill and Page (1969) data are
for low Reynolds numbers). BOAT calculations
with the ke2 model are shown at M} = 1,4 and §
and indicate the failure of the basic model to
handle compressibility effects. The:e results
are seen to be consistent with those of Launder,
et al.,7 using the GENMIX code.

In Section 3 we discussed the compressibility
correction to the ke2 model developed by Dash, et

it s g




al..2% at GASL. The form of K(Mimax), given in
Fig. 4, was determined by matching the data given
in Fig. 13 ac M)=1,2 and 4 (utilizing a trial and
error procedure). Since this empirical correction
is based on a property of the turbulence, 1.e.,
the Mach number based on turbulent fluctuations, it
offers some promise for use in more generalized
flow situations,” demonstrated in Ref. 29. Based
on that work, we decided to evaluate this ke2,
compressibility corrected model as part of the
present study.

Figure 14 compares the spread rate data given
in F1g. 13 with calculatyons using BOAT, incorpor-
ating the compressibility corrected ke2 model. It
is noted that the BOAT reaults start to diverge
Yrom the data at Mach numbers greater than 2, al-
though at Mach 3 the agreement is still reasonable.
The discrepancy between the BOAT and GASL results
(which used the CHEMX code3d) at Mach 4 could pos-
sibly reflect some fundamental differences between
the BOAT and (CHEM\ codes. At this point the rea-
sons for the difference are not clear. The pre-
dicted asymptotic spread rate calculated by BOAT
1S o = 23, while the only two available pieces of
data at Mach numbers higher than 3 range from
o = 34 at Mach 4 to o = 38 at Mach &. It is
clear that by adjusting the K(Mynax) curve of Fig.
4 to give lower values of K for M > 0.3 the higher
Mach number data could be matched exactly. How-
ever, considering that (1) there is a paucity of
2-D shear layer data at Mach numbers greater than
2 and (2) there are no available axisymmetric jet
data for Mach numbers greater than about 2.5, this
correction will not be “fine- “uned" to BOAT unti)
after all the remaining compressible jet (nonreact-
ing and reacting) data are studied.

Regarding the relevance of the compressible
shear layer data to aircraft and rocket plumes,
the following points should be noted:

(1) The data are for the limiting case of one
stream mixing with another at zero veloc-
ity.

(2) The data are all supposed to be for iso-
energetic flows, where the stagnation
enthalpy of the jet and freestream are
equal. This implies that the freestream
temperature is greater than the jet tem-
perature, e.g., for Tj= 100K and My = 3,
Te = 2080K; for Mj = 5, Te = 660°K.

(3) Aircraft and rocket plumes are not iso-
energetic. In plumes, the high velocity
exhaust is at a higher temperature than
the freestream, in contrast to the test
conditions of Fig. 13.

(4

Most of the data are in the 1<My<2
range. There is only one data point at
My =4 and M) =5 Thus, the asymptotic
nature of the "recommended" curve may be
questionable.

:f; ihdu\d bé-;6i35>that the correction i1s formu-
lated so that the kel (comp. corr.) mode! reduces
to the basic ke2 model for incompressible flows.

Jets into Stall Ave

Figure 15 compares predicted and measured cen-
terline velocity decays for a Mach 2.2 air jet into
stil)l atr. Both eddy viscosity models show the same
poor agreement with the data (initial mixing is too
fast) as they did for the incompressible jet of
Fig. 11, The basic ke2 model also gives mixing
rates which are initially too fast, 1n marked con-
trast to its success in predicting incompressible
jets.  This result can be interpreted in the same
way as the 2-D shear layer results of Fig. 13,
i.e., the ke2 (incompressible) model overpredicts
the mixing rate for this compressible flow. Al-
though the core length is slightly overpredicted,
the compressibility corrected ke2 model gives re-
sults in much better overall agreement with the
data. Figure 16 compares predicted and measured
radial profiles at two axial stations; x/rj=8 is
in the core region while x/rj= 27 is in the trans-
ition region. The performance of the ke2 (comp.
correct) model which follows the data points quite
closely is particularly impressive.

It should be pointed out that these Mach 2.2
air jet data are still the standard for testing
turbulence models under conditions where compres-
sibility effects are important. There is a scar-
city of good data in this flow regime, particularly
with supersonic external streams.

Ho/air Jets

Test Sase 12 of the NASA/Langley Shear Flows
Conference¢ provides a test of the models for rela-
tively mild compressibility effects, but with two
streams of widely different density. Figure 17
shows centerline decays of velocity and H? mass
fraction. Examining tne eddy viscosity model re-
sults first, we note thet the D/G model initially
mixes too slow, in contrast to its performance for
all the incompressible and compressible air/air
shear layers and jets studied to date. The ML
model shows quite reasonable agreement with these
data, particularly in predicting the core length
and initial rate of decay. The k¢2 (comp. cor-
rect) model underpredicts the core length but
overall is in reasonable agreement with the data
(sensitivity of the results to initjal turbulence
levels was not studied in this case ). Figure 18
shows that the ML model gives good overall agree-
ment with the data, particularly at the downstream
station, while the keZ (comp. correct) model pro-
duces only fair results. The D/G model does not
follow the trend of the data at all.

Summary of Compressible Free Shear
Layer and Jet Results

The failure of the basic ke2 model to calcu-
late air/air free shear layers and axisymmetric
jets with marked compressibility effects has been
noted. This (incompressible) model does not

¥Reducing the Tnitia) values of turbulent viscosity
by a factor of 5 does not substantially reduce the
initial mixing rates, the results being similar to
those shown in Fig. 12.

**fvans, et al.6, using the basic kc2 model, show
that the data can be matched reasonaily well by
varying the initial viscosity levels.




et i i i,

predict the observed decrease in mixing rates
with increasing Mach number. The incorporation of
a compressibility correction, correlated with a
fluctuating Mach number based on turbulent kinetic
energy, has been shown to give much better agree-
ment with the Mach 2.2 air jet data. Both the
0/G and ML eddy viscosity models overpredict the
initial mixing rates for the compressible air
jets, as they did for the incompressible air jets.
For the Hp/air jet studied the situation is quite
different. Here the D/G model drastically under-
predicts the initial centerline velocity decay
while the ML model is in good overall agreement
with the data. The ke2 (comp. correct.) model
does not fare as well as it did for the homogen-
eous jets.

These incompressible and compressible jet
results clearly demonstrate the inconsistency of
the eddy viscosity models tested. Except for the
ML model applied to test case 12 of Ref. 2, the
models generally do not agree with the data. A
slight inconsistency is also noted with the ke2
model for the Hp/air jet. However, the model has
stil) performed reasonably well on the wide var-
iety of cases studied.

6. Reacting Jets

Ha/Air Subsonic Streams

An excellent data base for lTow speed reacting
jets has been obtained by Kent and Bilger.34 1In
these experiments a cold Hy jet (7.6x10-3m dia.)
at a velocity of 178 m/sec was injected into a co-
flowing airstream at a velocity of 15 m/sec, and
ignited by a pilot flame. The data have been
widely used for comparison with a number of models
of turbulent chemically reacting jets (e.g., Refs.
6, 19, 35), and are now a "standard" for evaluat-
ing turbulence models in reacting flow codes. A
standard H2/02 8-step reaction mechanism (see,
c.9., Ref. 193 was incorporated into the BOAT code
ror these calculations.

Figure 19 compares predicted centerline tem-
peratures with the data. In a similar manner to
the nonreacting H2/Air jet the D/G mode)l predicts
mixing rates which are much too slow. The ke2
model, on the other hand, gives results in good
agreement with the data, although the predicted
peak temperature is somewhat high. The effect of
varying the turbulent Prandtl number from .85 to
1.0 is seen to be negligible.” Fig. 20 shows the
excellent agreement between predicted (using the
ke2 model) and measured radial temperature pro-
files. Of particular note is the good prediction
of the profile widths at the three axial stations.
The D/G mode) is seen to fail miserably in this
regard. No calculations have been made for the
ML model.

‘}he turbulent Prandt! number (Pr) is gener-
ally assumed to be in the range from 0.7 to 1.0.
The sensitivity of 1iquid propellant plume calcu-
lations to the choice of Pr is demonstrated in
Refs. 1 and 23.

H2/Air Supersonic Streams

The recent work of Evans, et a1.6 at NASA/
Langley reports on a new set of supersonic re-
acting jet data taken by Beach, which have been
used in this turbulence model evaluation. In
addition, Evans made a parametric set of calcula-
tions using a code develgped by Spalding, et al.
containing the kel model”. Chemistry was treated
by either: (1) a global kinetic scheme incorpor-
ating an eddy breakup model to account for the
effects of fuel/oxidizer "unmixedness" or (2) an
equilibrium chemistry (complete reaction) scheme.
The conditions of these experiments were:

Hy Jet Free Stream

Mach Number 2.0 1.9
Temperature, °K 250 1500
Velocity, ft/sec 7980 4950
Pressure, atm. 1.0 1.0
Mass Fraction

Hp 1.0 0

02 0 241

N2 0 .478

H20 0 .281

Note that the H2 jet mixes with a hot "vitiated"
air stream and ignition takes place in much the
same manner as in an afterburning rocket plume.
Except here the temperature ratio is the inverse
of that for an afterburning plume. Initial veloc-
ity and temperature profiles were measured and
used as input to the calculations. Relatively
large initial boundary layer effects were noted
from the initial velocity profiles.

Figure 21 compares measured and predicted
centerline Hy mass fractions. These results
show the poorest agreement for the D/G model,
which drastically underestimates the decay rate.
More reasonable agreement is obtained with the
other models, with both ML and ke2 models follow-
ing the trend of the data. No significant influ-
ence of compressibility is given by the GASL
correction, while the influence of Pr changes
the results by roughly 20%. One calculation was
made to test the influence of initial viscosity,
by varying £/8 the initial length scale. Thus
the value 2/8 = 0.016 shown in Fig. 21 is 1/4 the
value used in the standard calculations, reducing
the initial viscosities by a factor of 16. The
results zhown are consistent with the calculations
of Evans® regarding the magnitude of the reduction
in decay rate that results from this decrease in
initia) length scale.

Figures 22a-d show show radial mole fraction
profiles of H2,02, N2, and H20 at x/ré =31. A
consistent picture emerges from a study of all
profiles. A1l models except the D/G model do not
adequately account for the rate at which Hp and
and 0> mix (and react). The differences in pre-
dicted radial profiles among the other models are
relatively small. These results are in stark
contrast to those shown in Fig. 21, which appear
to indicate the failure of the D/G model for this
situation. This emphasizes the very important

‘inis is the ke2 mode) without the "weak"
shear flow correction.
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point (noted earlier) regarding comparisons
between model calculations and data for reacting
flows; i.e., comparisons between predicted and
measured centerline values alone are not suffic-
ient to indicate the validity of a turbulence
model.

Why does the D/G model emerge in this situ-
ation as the only model to predict with reason-
able accuracy the radial transport of fuel and
oxidizer? The answer is far from clear, particu-
larly in view of the failure of the D/G model to
adequately account for much of the nonreacting
data presented here, and the radial temperature
profiles for the subsonic reacting Ho/air jets
(Fig. 20). At this point we can only speculate
about the reasons, but considering the history
of the D/G model shown in this paper it would
appear that this result is fortuitous. Rather
than dwell on the D/G model, what is needed is to
understand why the ke2 model does not do well for
this supersonic reacting jet. The combination of
supersonic flow and Hp/02 reactions is
apparently not adequately treated by the compres-
sibility corrected ke2 model, even though the
model is quite reasonable for nonreacting super-
sonic flows and subsonic flows with fast chemical
reactions. Since afterburning rocket plumes are,
in fact, supersonic chemically reacting flows, it
is imperative that this problem be resolved. Only
then can a fair measure of confidence be gained
in flight calculations and a true generalized pre-
dictive capability be established.

Figure 22e compares the present finite rate
chemistry calculations with those of Evansb for
the case of complete chemical reaction and
Pr = 0.7. The basic similarity between the two
calculations is noted, the major difference being
that the equilibrium chemistry calculations
drastically overpredict the peak Hp0 levels, i.e.,
even at 1 atm pressure, finite rate calculations
perform better than the local equilibrium assump-
tion. Evans' results using the eddy-breakup model
(not shown here) do not account for the measured
H20 peak.

7. Rocket Plumes

There are few carefully controlled experi-
ments on laboratory rocket exhausts which are
suitable for use as part of a turbulence model
evaluation. One such data set has been obtained
as part of a test series conducted at AEDC.37
In this experiment on a (nearly) perfectly ex-
panded 1iquid propellant plume, measurements of
pitot pressure and carbon to nitrogen mass ratios
were obtained. Initial conditions for this test
case (nozzle exit Mach number 3.4; freestream
Mach number 2.0) are given in Ref. 37, together
with the complete set of test data.

The slight degree of underexpansion (Pj =
.337 atm; P, = .26 atm) was treated via an
isentropic éxpansion from exit to ambient pres-
sure, thus determining the velocity and tempera-
ture and the (larger) area required to pass the
rocket exhaust ‘flow. The chemical reaction
mechanism incorporated into BOAT for these cal-
culations was the HZ/Oﬁ mechanism of Ref. 19
with the addition of the dominant reactions
accounting for the conversion of CO to COp
(CO + OH 2 CO, + Hand CO + 0 + M2 COp + M).

The rate coefficients of Ref. 38 were employed
for these calculations.

Fig. 23 shows predicted centerline temper-
ature and velocity distributions using both the
ke2 and ke2 (comp. correct.) modcls. The differ-
ences are seen to be gquite large; the compressi-
bility correction reducing the mixing rate rather
drastically for this high Mach number flow with
rather mild afterburning. Noted on the figure
are the axial locations where the C/N ratio was
measured. At the first station ( x/rj = 21 or
x = 3 ft ) the ke2 (comp. correct.) model predicts
that the mixing region has not yet reached the
axis, thus the axis value of C/N will be the com-
bustion chamber value. The basic ke2 model, on
the other hand, will show a decay in C/N. This is
clearly shown in Fig. 24, which plots C/N ratio as
a function of radial distance, at the three axial
stations. Indeed, we note that at x = 3 ft, the
ke2 (comp. correct.) curve fits the data quite
well while the basic ke2 model fails to account
for the reduced mixing rate due to high Mach number.
However, at the two downstream stations, the
measured decay of C/N is greater than that predicted
by the compressibility corrected model. This is
evident even though the scatter of the data gets
increasingly larger as the absolute value decreases.
(See References 18 and 37 for a discussion of
error bands on these data.)

This problem may be a general one in applica-
tion of the compressibility corrected ke2 model
since, for the Mach 2.2 air jet, it appeared that
the predicted velocity decay was too slow (Fig.
15). One possible improvement to the compressi-
bility correction would be to have separate near-
field and farfield corrections. This would be a
consistent approach, since the K(Myp3y) correction
was obtained from 2-D shear layers onfy. and may
be applicable only in the nearfield. A separate
factor could then be empirically determined from
the available data (in a similar manner to the
way K(Mrga.) was determined), and applied to the
farfield. Thus, the form of C,, would become,

Cy = 0.09 Ky(Mepa J9(PTE) = 0534 Kp(Mrp, )F

Ky would therefore only become effective when
duc/dx < 0 (see the definition of f on p. 4).

8. Concluding Remarks

This work was motivated by the need to de-
termine what turbulence model or models appear to
offer the most generalized predictive capability
for aircraft and rocket plume flowfields. The
approach taken was to systematically compare
turbulence model predictions, within one computer
code (BOAT), with a broad range of well documented
laboratory data on incompressible and compressible
2-D shear layers and jets, and chemically react-
ing jets and plumes. This is necessary because
of the lack of flight data on plumes which can

*The fuel content of the exhaust is roughly
13 mole % Hy and 11 mole % CO. Thus, afterburning
is "mild" in comparison to either the supersonic
Hy/air reacting jet discussed in Section 6 or
typcial solid propellant exhausts which can con-
tain & 30 ¥ H2 and & 20 % CO.




be interpreted in terms of the validity of any
turbulence model. The models chosen were those
which have been widely used for plume flowfield
calculations.

Although additicnal data sets and (possibly)
additional models remain to be investigated,
some observations and conclusions that can be
made from tne results to date are:

1. The Donaldson/Gray eddy viscosity model
performs in an extremely inconsistent manner

for the incompressible shear layer and jet cases
for which it is supposed to be adequate. Initial
rates of mixing are too fast and farfield decay
rates somewhat soo slow. For the Hp/air non-
reacting jet this trend is reversed; i.e., near-
field mxing rates are much too slow. For the
supersonic reacting Hp/air jet, however, the

D/G model accounts quite well (the best of all
models) for the measured radial species mole
fraction profiles, although the centerline
values are poorly predicted.

In view of its demonstrated inconsistency
we conclude that the D/G model cannot be counted
on for generalized plume calculations with any
degree of reliability, and recommend that its
usage be limited.

2. The extended form of the Prandtl Mixinc
Length model performs about the same as the

D/G model for the incompressible jets; however,
it does the best of all models in matching the
Ho/air nonreacting jet data. In contrast to

tﬁe D/G model, however, the ML model does not
adequately predict the radial profiles for the
Hy/air supersonic reacting jet. The use of this
model for plume calculations should also be
limited.

3. The ke2 model performs best overall for the
incompressible shear layers and jets and, with
the addition of a compressibility correction
based on a Mach number of the turbulent fluctu-
ations, also adequately predicts the nonreacting
compressible jet data. It gives excellent agree-
ment with the subsonic reacting Hp/air data but
fails to accurately predict radial species pro-
files for the supersonic reacting Hp/air jets.
The ke2 (compressibility corrected) model ade-
quately predicts the nearfield C/N ratios mea-
sured in the AEDC tests on liquid propellant
rocket plumes, but predicts too slow a rate of
mixing in the transitional and developed regions.

Based on this evaluation, and because of its
ability to account for a "history" of the turbu-
lence via the solution of differential equations
for the turbulent kinetic energy and length scale,
we conclude that the ke2 model shows considerable
promise for use in generalized rocket and air-
craft plume calculations. However, additional
work is required in order to further validate
and optimize its use in flowfield models.

The use of separate nearfield and farfield
compressibility corrections, as suggested in
Section 7, appears to be a rational approach and
consistent with the generally accepted practice
of specifying nearfield and farfield turbulence
model “constants".

An apparent interaction between high Mach
numbers and highly energetic reactions that is not
accounted for within the framework of the ke2 model
is suggested by:

o The success of the basic model in
accounting for data on a subsonic

reacting HZ/air jet.

o The success of the compressibility
corrected model in accounting for data
in a supersonic (air-air) jet.

o The failure of the compressibility
corrected model to account for data
on a supersonic reacting Hp/air jet.

Accounting for this interaction via an empirical
correction to the ke2 model requires additional
data comparisons and considerably more study.
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NOMENCLATURE

Constants in kc2 model

Turbulent viscosity coefficient in ke2
model (see Eq. (2))

Turbulent kinetic energy
Compressibility correction to ke2 model
Eddy viscosity coefficient, seeEq. (1)

Turbulen. length scale in ML model, see
Fig. 3

Value of r where (u-u,)/(uj-ug) = 0.1
Value of r where (u-ue)/uj-ug) = 0.9
Radial distance from axis

Velocity at upper edge of shear layer
Velocity at lower edge of shear layer
Centerline velocity

Axial velocity

Turbulent shear stress

Radial velocity

Axial distance

Core length

Turbulent length scale for D/G model
(see Fig. 2); also thickness of mixing
zone for ML model (see Fig. 3)

Prandtl number for turbulent kinetic
energy

Prandtl number for turbulent dissipation

Value of o for uz/u] =0

Spread rate parameter, defined by
c = 1.855 Ax/A(ro 1% % 9)

Turbulent dissipation rate
Eddy viscosity
Stream function, defined by Eq. (5)

Stream function at lower mixing zone
boundary

Stream function at upper mixing zone
boundary

density

Subscripts
Half radius, value at radial location
where U= (Up+Ug)/2
Inner mixing zone boundary
Lower boundary of mixing region

Freestream; upper boundary of mixing region

Jet

n
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DONALDSON/GRAY EDDY VISCOSITY
MODEL
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‘ i | //i
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Figure 2. Donaldson/Gray eddy viscosity model formulation.
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EGGERS TEST CASE 12
SUBSONIC H, JET/SUPERSONIC AIRSTREAM

(M;=0.88) (Mg=1.3)
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Figure 18a. Radial velocity and H2 mass fraction profiles for subsonic

Hz jet into supersonic airstream; x/rj = 1.
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EGGERS TEST CASE 12

SUBSONIC H, JET/SUPERSONIC AIRSTREAM
(M;=0.88) (Mg=1.3)
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Figure 18b. Radial velocity and Hp mass fraction profiles for subsonic
H2 jet into supersonic airstream; x/rj = 19.
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= AFRPL/AEDC

LIQUID PROPELLANT PLUME TESTS
33 Kft altitude
121 Contoured nozzle
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Figure 23. Predicted centerline temperature and velocity |
profiles for liquid propellant plume test.
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Figure 24, Measured and predicted carbon/nitrogen ratios for
liquid propellant plume test.
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