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EVAL UATION OF TURBULENCE MODELS FOR
S. ROC~~T AND AIRCRAFT PLUME FLOWFIELD PREDICTIONS

H. S. Pergament, S. N. Dash , and A. K. Varlna
Aeronaut ical Research Associates of Princeton , Inc.

Princeton , New Jersey 08540

Abstract nary reconinendations regarding the usefulness of
S. the specific models tested.

A systematic evaluation of several turbulence
models for use in aircraft and rocket plume flow - Since this is an assessment study , rather
field predictions is presented . Eddy viscosity than one to develop “new” models, the eddy vis-
and two equation (IKE ) models presently utilized cosity and turbulent kinetic energy models chosen
for plume calculations have been incorporated into for evaluation are those that have been utilized
a mixing/afte rburning code (BOAT) and tested In previous rocket and aircraft plume flowfield
against a wide range of laboratory data. These studies .

S. data include incompressible and compressible free
shear layers and jets, H2/air subsonic and super- The overriding requirement in this evaluation
sonic reacting flows and a liquid propellant is that the proposed turbulence model must first
rocket plume . The significant differences between be able to predict the large body of well esta-
rocket/aircraft plume flowfields and the labora- bl i shed data on free shear layer and jet flows.
tory test conditions used to determine the tur- These are relatively simple flows (compared to
bulence model “constants are discussed. It is rocket or aircraft plumes), which range in corn-
demonstrated that the eddy viscosity models tested plex ity from Incompressible two-dimensional shear
(Donaldson/Gray and extended Prandtl Mixing Length) layers to coaxial reacting H2/air jets. In ad—
have an insufficient range of generality for dition , since the turbulence models must be placed
reliable use in fl i ght predictions of aircraft/ within a computer code to perform the comparisons
rocket plumes. The two-equation (kc2) model , wi th with data, a second requirement Is that one corn-
a suitable correction for compressibility , ade- puter code be used to test all the models. This
quately predicts all the nonreacting shear layer is essential in order to separate differences in
and jet cases and the subsonic H2/air reacting jet results due to models front differences due to

S. case, but does not fare as wel l in the supersonic numerical procedures and code structure.
H2/air reacting jet and liquid propellant plume
cases. Suggestions are given for kc2 model im- Innumerable studies have been performed in
provements to account for the noted inadequacies which a specific turbulence model has been tested
In compressible, reacting flows. It is emphasized against a single data set. Far fewer (but still
that these improvements must not alter the demon- a considerable number of) studies have appeared
strated ability of the kc2 model to predict the in the literature in which a specific turbulence
simpler flows . A reconinended oeti’iod for im- model has been compared with a number of data

S. plementing these model improvements is provided. Sets. Most noteworthy of the latter are some of
The modified model should provide the basis for the papers presented at the 1972 NASA/Langley
more generalized and reliable aircraft/rocket Free Turbulent Shear Flows Conference,2 (e.g .,
plume predictive capabiliti es than are presently the work of Harsha,3 Rudy and Bushnel l ,4 Peters
ava ilable , and Ph~res ,5 etc.) and the recent work of Evans ,

et a).° Of the studies that have tested a number
of turbulence models against a large number of

1 . Introduction different data sets, the most widely quoted are
S. those of Launder , et al.7 (In Ref. 2) and Harsha.8

The sensitivity of rocket and aircraft plume The models evaluated in the above references have
flowfield predictions to the choice of turbulence ranged in Increasing order of sophi stication from
model has been well established. Thus, a rational simple eddy viscosity models, through one and two
basis for selecting a turbulence model for use in equation turbulent kinetic energy models, to
the large computer codes that predict these flow- models which solve differential equations for the
fields has long been a need of the plume coninunity. turbulent shear stress.
The validity of a particular turbulence model can-

S. not ~ established solely on the basis of coin- The approach In the present work is in the
parisons between plume model predictions and ob- same spirit as that of Refs. 7 and 8 wIth , however,
servable fl ight data (e.g.. JR signatures). Such the strong motivation of directing the results
comparisons Involve uncertainties In the overall of the evaluation toward rocket and aircraft
computational procedure, which Includes both flow- plume calculations. Since these are very complex
field and radiation predictions , as well as at- flowfields (cf., Ref. 9), havIng conditions widely
mospheric transmi ssion effects and sensor charac- different from those encompassing the available
ter1~tlcs. (Dash. et al. ’ specifically address experimental data base, the maximum amount of

S. the sensitivity of rocket plume JR signature generality Is required. While this generality is
predictions to flowfleld assumptions and turbu- always sought In evaluating turbulence models, the
lance models.) In the present report, we will nature of rocket/aircraft plume flowflelds Is
demonstrate the systematic procedure required to such that for practical applications, the turbu-
validate proposed turbulence models for use In lence model will almost always be used for flow
flight calculations, and arrive at some prelimi— situations that are widely different from the con-

ditions under which the models were validated .

— _ _ _ _ _ _ _ _ _ _ _ _
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S.

In order to imp lement the above approach. It other work by the authors.9’12
is necessary to isolate those individual effects
which make rocket/aircraft plumes different from Underexpanded rocket plumes operating at al-
the experimental condition s under which the tur- titudes at which afterburning Occurs have completely

S. bulence model ‘constants ’ were obtained. In this different structure than perfectly expanded labora-
study , we syst~mat ically built up to the complex tory jets. Aircraft plumes , on the other hand ,
afterburning ,ocket plume flows of Interest by which are nearly perfectly expanded (i.e.,
anal yzing successively more complex data sets. nozzle exit pressure equals ambient pressure), with
Thus, we first return to the simple incompressible little afterburning (energy release) In the plume
flows to validate the turbulence models under con- i tself , are somewhat similar to laboratory jets.
ditions where, based on past experience , they Fi gure la shows a schematic of the nearfield of an
should work. We then treat supersonic flows underexpanded rocket plume . The mixing region

S. (adding the “compressibility ” effect) followed (including the effects of afterburning, If any )
by nonhomogeneous flows (adding the “variable is shown superimposed on the inviscid/shock struc-
density ” effect), subsonic flows with chemistry , ture. There Is clearly a substantial downstream
supersonic flows with chemistry and finally di stance for which the mixing region is similar
rocket plumes. None of the cases presented In to a two-dimensional shear layer. Further down-
this study have significant pressure gradient ef- stream, where the thickness of the mixing region
fects. These effects can be important, partic- is large compared to the inviscid plume radIus ,
ularl y in highl y underexpanied rocket plumes , and axisynretric effects become Important and the

S. will be studied in future efforts, mixing region Is similar to the transition region
of an axisynanetric jet. Although there can be

A recently developed code for treating the substantial pressure gradients In this flowfield,
turbulent mixing and chemical reactions between particularly In the first inviscid cell , the pres-
coflowing streams Is used for this evaluation, sure gradient across the shear layer i tself is
The code , named BOAT for its original use in cal- not generally large.
culating jet entrainment In the vicinity of air-

S. craft nozzle boattails, is described In Refs. 10 FIgure lb shows, to a different scale, the
and 11. A unique feature for the present evalua- plume farfield. Here the similarities to the fully
tion is t!’iat the code can either be used In a con- developed region of an axisymetric jet are evi-
stant pressure mode, or can be overlaid on a dent; however, there are significant di fferences.

• prescribed invi scid flow , which gives Inner and The “true” initial conditions for the (constant
Outer shear layer edge properties and pressure pressure) plume farfield are those at the end of
gradients . The BOAT code is presently being used the nearfield , and are highly nonuniform . This is
for rocket and aircraft plume flowfield predlc- In contrast to constant pressure laboratory jets,
tions (e.g., Ref. 1) and w i ll be extensively In which essentially uniform Initia l conditions are
utilized in the future by a wide segment of specified at the nozzle exit.
government and industry as a “module” within the
JANNAF Standard Plume Model (now under develop- Which regions of the plume are of most importance
rent at A.R.A. P. - see Ref. 9). For the purpose depends very strongly on the particular application.
of this study , It Is a distinct advantage to use For studies keyed to the effects of the plume on
the same code for both the turbulence model eval- vehicle design (e.g., base heating), the nearfield
uation and plume calculations. This will rule structure Is of prime concern . In the determina-

S. Out the influence of any code “idiosyncrasies ” on tion of IR signatures for low altitude (i .e., less
plume flowfield calculations , which might be in- than 70 kin) afterburning plumes , both nearfield
troduced if a different code were used to make and farfleld contributions to the total plume sig-
fl ight calculations. nature can be significant , the precise breakdown

depending on the vehicle configuration , propellant
In what follows , we first give a brief over- system, and flight condi tions.*

view of rocket and aircraft plume flowflelds ,
Next , we discuss the turbulence models evaluated , Aircraft plume JR signatures 13 at 90°aspcct

S. followed by comparisons between calculations angle (broadside), on the other hand , are directly
using each model and laboratory data on Incoinpres- dependent on the length of the inviscid core; i.e.,
sible and compressible two-dimensional shear the point at which the mIxing region reaches the
layers and jets, H2/air diffusion flames, plume axis. At aspect angles near 00 (nose-on) the
supersonic H2/alr reacting jets and liquid pro- Initial growth of the shear layer plays an important
pellant rocket plumes. Finally, based on this ro-!e in determining the ZR signature1. For these
evalua tion , recomendatlons are given stating applications , It Is evident that the very nearfield

- 
S. 

which turbulence model appears most promising for mixing processes are important. These processes,
flIght calculation s and what future work Is ne- In turn, depend on the size and profile shape of
cessary to gain additional confidence In this the external boundary layer on the nozzle after-
model , body. This situation Is closely analogous to sinall

scale laboratory jet experiments , In which a knowl-
edge of the initial boundary layer properties is2. Rocket and Aircraft Plume Flowflelds essent ial to the data Interpretation.

S. 
Onl y a brief description of the plume flow-

fields will be given here, emphasizIng: (1) the
conditions under which any turbulence model must *ln a related study ’ the authors define plume me-
be effective, and (2) the major differences gIons making the major contribution to the IR
between the laboratory conditions for which most signature for a large booster at lower (<20 to 30
modeling “constants” are determined, and actual km) and higher (>30 to 40 km) altitudes, wi th in
plume flowflelds . A more detailed treatment of the low altitude region.
rocket and aircraft plume structure Is given In

2
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The 8OA~ code mentioned in Section 1 solves farfield , ri • 0, the length scale Is equal to the
the axisynanetric (parabol ic) jet mixing equations j et halfwidth , and the velocity , U1, Is the cen-
for a reacting gas mixture by a mixed implicit! terline velocity . In the transitional region , the
ex pl ic i t  f inite difference procedure in trans- results can be sens itive to the switch from near-

S. formed (st ream function coordinat es). Its use of f ield to farfie ld formulations since ~ can change
a shear layer d iscret izat ion procedure makes It abruptly. It should be noted that this model is
a good computational tool for interpreting not readil y adaptable to fl ow situations with more
laborator y j et data. ( i n  which initial boundary than one length scale.  e.g., shear layers formed
layers are usually important) and for underex- from initial boundary layers .

• panded plume calculat ions. RefL’renc€’ 10 gives
the differential and finite difference equations This model is Indeed the simplest of eddy
so lved t~y BJ”T . together with the salient features viscos i ty formulations since it assumes that the
of the nu~ner icaI i ntegrat ion , the method of treat- eddy diffusi vity , ~~~~ Is constant across the mi x-
ing ‘m ite-rate chemistry , and the procedure for ing region . Zn spite of this obvious limitation
utilizi ng an invi scid flowfield as input data for for application to complex exhaust pl ume flows , the
an ove rl aid ca lcu l ation D/G model is wide ly used in Conjunct ion with the

Low Altitude Plume Program16 (LAPP) for many ap-
In sunlna ry , we reiterate that very signifi- plications . This is no doubt due more to its pres-

cant differences are likely to exist between the ence as a turbulence model option** within the LAPP
laboratory test conditions under which most tur- code rather than Its widespread acceptance on any
bulence model constants are determined (and fundamental basis.
models are evaluated) and the full scale flow-
fiel is tie models are used to predict. Cecause of An empirical cQ;reCtiofl to the D/G model ,
these differences, the turbulence model used for developed by Smoot,’’ has also been used for plume
flight calculations must be demonstrated to ac- flowfIeld calculations . The correction Is In the
count for as wide a body of well documented form of an additive term to the coefficient.
laboratory data as possible. Only then can we K (M~) (see Eq. (1)), and Is a function of the
gain confidence in the flight predictions. The velocity difference between the exhaust and the

S. turbulence model evaluation reported in this external stream, an~I the density and Mach numberpape r ad dresses itself directl y to these problems . evaluated at the half radius . Smoot obtained this
correction via an extensive correlation of core
lengths measurements for nonreacting and reacting

3. T~ rt~ leflCe Models Evaluated laboratory jets. The computer code used in the
- - -  

study was based on an integra l solution to the
The emphasis in this study was to evaluate free shear layer çquations (similar to the code

turbulence models wh ich have been used for develo~ied by D/G
1
~ ). However , recent work by

rocket and aircraft plume flowfield calculations. Rhodes i8 has indicated that when this correction
Two classes of models were chosen : simple eddy factor is appli ed within a finite-difference for-
viscosit y models and two-equation (IKE) models. mulation (i .e., in LAPP), inconsistent comparisons
We have not evaluated one-equation IKE models to with compressible jet and rocket plume data are
date. M~lt i~equation models (e.g., second-order obtained. In addition , the correlation of data
c l cs~ r~3i) :)aye Leon excluded fromii the evaluation based on core length alone can be misleading, par-
because they are presentl y oriented towards ticula rly for reactlng flows. Forexamp le, Pergament

S. fundamental research; it is not likel y that they andF ishburne 19 ‘iave shown, good agreement between
will be used in the near future fnr routine plume measured and calculated (via the LAPP code wi th  the DIG
calculations, model) centerline temperatures for an 1(2/air dif-

fusIon flame , but very poor agreement between
Simple Eddy V iscosity Models measured and calculated radial temperature pro-

files . For the above reasons this correction
Donal dson/Gray 14 tD/G). This modtl extends does not appear to contain the required generality

the basic Prandtl eddy vT~cosity model ‘5 to coin- to yield reliable aircraft/rocket plume flowfield
pressible flows . A series of measurements on predictions and was not evaluated in this study .
supersonic jets into still air were utilized
together with an Integral solution of the turbu- The Ting/Libby (TI) variable density correc-
lent shear layer equation s, to obtain an empirical tion to the Prandtl eddy viscosity model has also
correction to the eddy viscosity coefficient, K . been Incorporated as an option in the LAPP code
The eddy viscosity Is expressed as and has been ~~ed for plume flowfield calculations(e.g., Rudman”). The TI correction is an exten-

• K(M
½ L~

(r
½
_ r

I )IU I
_U

E I/2 (1) sion of the Mager compressib le to Incompressible

FIgure 2 gives a schematic representation of rL ___________________
and the empirical correction for K as a func- ’

~ *LAPP is a coaxial constant pressure mixing/after-
tion of - The Inner mixing zone boundary , burnlng code which ,for many years ,served as tht~ri , In the nearfield Is somewhat arbitrary . standard JANNAF Plume Model (SPM), Itis being re-
The D/G formulation utilized the exact edge of placed by the considerably more advanced model under

• the mixing region, which Is readily Implemented development atA .R .A.P. 9. The new JANNAF SPM utll-
within the framework of an Integral boundary Izes the BOAT code (which essentially replaces the

— layer solution with assumed profile shapes. For LAPP code) as the mixing/afterburn ing module.
use In computer codes with finite difference solu-
tions, however, It is better to choose an Inner **Jfl its standardized form, the LAPP code only con-
boundary location where the velocity Is some per- tains various simpl i fied eddy viscos i ty options.
centage of the jet velocit y , uj  . In BOAT , r1 It does not contain the Prandtl mixing length model
Is located where (uj-u) / (uj-u~’7 • 0.1 . Zn the or the two—equation turbulence model .

3
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transformation used in laminar boundary layers and (the equations used in BOAT),
there is no fundamen al basis for Its application
In turbul~~t shear flows. Attempts to evaluate Turbulent Kinetic ~~~~~its usefulness are therefore not worth the ef-

— fort.
• 1 ~ FA ~k ) +  1 (P_ c) (3)

~ ~
_
~~~&~~iPrarmd tl Mm xir ,~,9_Le njth ~Mj~’. The extended

version 01 the Prandtl m ixing length mode l accounts Turbulent Dissipation
for tne var iat ion of eddy viscOSity across the mixing
layer vi a its dependence on the local velocity gradi- 

~ 1 ~ fA ~ent ,as noted in Fig. 3. lthas been evaluated against ~ ~~~~ ~
- .) + ~~ (c1~

_ c
~c) (4)

much o~ the data present ed at the NASA/Langley FreeShear Flow Conference2 by Rudy and Bushnel l 4 and
Launde r et al . ‘. prel iminary assessment was made by where
the present authors in Ref . 23. It was chosen for~ ’j~l- A - u
uation in th is st uds because of it ~, usefulness and 

t ~
reasonable performance in the Shear Flow Con’erence
Studies 2 and i na ~~licat ions related to nearfield jet p • 

Au 
(~

u~
’

entrain ment ca l cu l a t i o ns . 1l for determining aircraft 
‘

~~~~ ~
)

poattai l pressures.
and the transformation from (x ,r) to (X , ;  ) coordi-
nates Is given byTwo length sca le constants are required in

using this mode; viz, one for the nearfield and ur (5)one for the farf ield , both of which ~re related
(i n t~~e B3~ formulat ’on ) to the full thickness
of the ini’ing layer , ~~. Values of the length • - pvr
s~~le cOns~ints for this study were determined bymatc hing the experimental data discussed in Sec-
tion 4. As noted in Fig. 3 these are: i/6 • C~ and the constants c 1~ C 0k~ 

and c~ have been
0.%5 in the core region and t/5 • 0.08 after the extracted directl y from Reference 7. As in the ‘IL
mixing la .erreaches the axis. Dual length scales model , the constants differ for nearfield (2D) and
are ¶‘~~lemented for shear layers with maxima farfield (axisynrietric) situations . These constants
or minima (i.e., shear layers formed from Initial are suninarized below:
boundary layers); 11 and 62 are defined In Fig. 3
and ‘~l 2 ~ 

.065 is used. C~ • 0.09 g (~7~) - O.O53-~ f

Two Equation (IKE ) Models C1 1.4

The k ~ mode l of Launder , et al. 7 was 
C2 • 1.94 - .1336 f

chosen for evaluation because (1) it was generally • 1.0
successful in prc’dictino the incompressible flaws
studied in the NA SA /I anr’le~ Free Shear ~lows Confer- cc • 1.3

0.2enca” and (2) the wnr& nf Dash. et al . 2
~ showed that [ re i~ du~ duc\la comp ressi bility -modified kc2 model gave marked im 

-

________f •provetments over the basic k 2 modtl for supersonic
jet flows. The earlier k-N model’4 developed by the L2(ue - uc)~ I ~~~~~

“ 

i 
-

group at Imperial College was not considered In this where P7~ is the shear stress weighted averagestudy , 4)thougPi there are recent Indications of some
success~~ in calculating liquid propellant 

~~~~ 
across the mixing region. The functional dependence

— properties , of g ( th e “weak” shear flow correction) on P7~ and
of f on the axial velocity centerline decay follow

The use of differential equations for the Reference 7 dIrectly. The function g is set equal

turbulent kinetic energy and dissipation rate (me- to one for P7~ i. For low values of ~7~’ (e.o. , In

lated to a length scale) In the kt2 model , permit the farfleld decay region of jets and plumes~ g In-

accounting for the turbulence “history” and thus creases rapidl y, thus Increasing the turbulent vis-
provide this model with the basis for analyzlng the cosity. It Is Important to note that the axisym-

complex plume flowfields, which Is not available metric correction term , f, was obtained by matching
In simple eddy viscos ity models. (The kt2 model data on const,..,it prissure, nonreacting coaxial

has been used for plume calculations by Dash , et jets. For generalized plume studies where the

al. in Refs. 1 and 26.) centerline velocity additIonally changes due
to both pressure gradients and chemistry ef-
fects. It may be necessary to Isolate the dIf-In this formulatIon the turbulent viscosity fusive decay effect by use of a “dcmny ” Inertis given by species , several new •ipproaches27 ’28 (which
do not depend on the centerline decay) for cx-

S. • C — (2) tending kc2 models to axisyiune trtc flows are
~L £ presently being Investigated,and should lead

to a greater degree of generalIty In applica-
tion of this model to complex flow situations .

where the turbulent kinetic energy , k , and dissipatIon
rate , £ , are obtained from the differential equations
given below in x ,* (st ream function ) coordinates

— 4
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S.

‘n .,’,~~Of k mo dels, in t i a l profiles of k and £ Note that the standard method of presenting the
are rv; . red. Sucn i’’~ rr~atiOn is generally not spread rate variation in terms of O/O~ tends to
a~,amla b )e , and tie fcl ~~~~~ procedure is employed mask the failure of the DIG model to predict actua l
to  it~te ,r ’ inC t ’~t’~~ ‘ nit i a l values . with the mean spread rates.
in i t i al ve locity pro ’ i le  known , the radial dis-
tr,t~ t’on 0’ -t is determined from the extended Fi g. 6 compares measured and calculated (wiu ~
M. mooe ’ ~~ig. 3). Ca~c~ lati ons to date have the kc2 model ) velocity and shear stress profiles.
on),- ~~~ ~/ ‘-

~~ .~‘f5 in the initiali zat i on pro- The good agr~emnent with these normalized profiles
ced.~re w i t ~ reasonable success. However , dif- was also exhibited by both the ML and DIG models,

~e’~ent i n i ti al length scale constants may be me- when used in the BOAT code. Any computer code/
q~ i red oe:ending on the uç’strear “history. turbulence model combi nation must account f(,r

~ itP’ t ne ‘- r~~
..o ” m :  le~ estirate tnat 

k.~~~T’~ /0.3 , these basic 2-0 shear flow data as the first step
in estab lishin g credibility for use in more complexwe ott.ii n
flow situations...,(r)  ~u ’ ’r

k r )  3 3. ‘r~~ Comparisons between ML and kL2 model calcula-
tions and data on 2-D shear l ayers formed from ini-
tial boundary layers have been reported m a  previ-

A ss ~ :rin ; trat 
~ / 1 , qiv es Ous paper13 concerning both the development of the

- BOAT code and the nearfield jet entra inment prob-0~ r k ~~~rS. ~~(~~- l  ~~V ’ 
- 

~~~~~~~~~ 
(7) lem . Turbulence models must be able to accuratel y

treat initial boundary layers in order to handle
the nearfield of jet aircraft plumes . The veloc-

~ :o~p,~ ssi~ i l ity Correction ity profile results shown In Ref. 13 indicate that
both the kc2 and Mt. models very accuratel y calcu-

This er’rirical correction 2’~ to the basic kr2 late the important velocity deficit region and the
rrodel accounts for the observed decrease in spread- subsequent development of the shear layer far down-
ing rates wi th  increasing Mach number for 2-D shear stream . As noted previousl y, the D~’G model cannotlayers . The correction was developed for use in be expected to treat shear layers formed from
rc~ket p lu ”e stjdie~ at General Applied Science initial boundary layers wIth large mass flow
Labo rato ries (GAS~,~’9. The measure of the compres- deficits.
s i b i ’ i t ,  ,sbased otit ’e fluct ,~ati3n MaCh flumber,
evaLated fro t’l e local turbu len t kinet ic energy Jets into Still Air
and so~r~ speed ~see Fig . 4 , wher e kmax is the maxi-

value of tne tur bu lent kinetic energy at each Fig. 7 compares centerl i ne velocity data fror’
ax ial s t a t i o n  and a is the local sound speed). The several investigators with model calculations . No

— .  f a o t ~i’- M
~

_ a . , ) 
~e~~t r a c t e d  fran’ Ref. 29) directly in itial conditions were specified in these data

iu1 t i~ 1 i eS the coe’ficie nt , C ,  reaching an asymp- sets . The following points should be noted:
to tic v a ’ ue a’ 3.28 at ‘1Tm a x~~~0’ 4

~ 
The method used

in arr iQ ing at the ~ factor and the in~,erentl imit a- (1) These data were used to calibrate the
tiOns are discusse d in Section 5. farfield ML constant (~/6 • 0.08). Use

of the nearfield constant for the entire
4. incomp,.ressj.b Free Shear length of the jet gives mixing rates

L~~ers and Jets which are too slow .
2-D Shear Layers

(2) The Ml.. model accurately predicts the core
A detailed assessment of the turbulence models length using the value of £f6(.065) de-

discussed above was performed by comparing predicted termined from 2-0 shear layer data .
and observed spread rates and velocity and shear
stress oro’ile s for shear l ayers formed between two (3) The D/G model predicts mixing rates which
moving streams , includ ing a nonsimi Tar shear layer are too larç’e in the nearfield. The far-
(Test Case 4 o’ Ref. 2) with an initial profile field predictions however are in good
formed by boundary layers . Fig. S shows that the agreement with the data .
data on spread rate variation with velocity rat
from variou s experimenters (as reported by Rod1 38), (4) The kc2 model does not agree at all with
have a la rge scatter which Increases wi th Increas- the data . The reason for this (as shall
ing velocity ratio. This has been attributed to be brought out more clearly in subsequent
free stream turbulence , whose Influence can be ap- comparisons) Is not the failure of the kc2
preciab le, particula rl y at the larger velocity model , but a lacEi~ knowledge of the m i-

S. ratios. The higher values of .‘ (lower spread rates) tial mean velocity profiles . Wi thout this p.
are therefore a better representation of an ideal knowledge we initialized the calculations

• flow having no turbulence in the streams , and are us ing  “top hat ” velocity profiles (as we
the better values with which to compare our calcu- did for the Ii’.. and D/G models), wi th the
lat lons. The relation giv en by Abramov l ch31 , poor results noted. The important point

• (l+u,/ul )/(l-u 2f ul), Is generally accepted to be noted here Is that when using this
as good It for the data with lo’~ free stream tur- more sophisticated turbulence model , rca-
bulence. The value qf ~~~ 11 is that obtained by sonably correct Initial values of k and c

- — Ile;man and Laufer. 3’ Both the kc2 and MI model must be specified. The In itialIzatIon
(with t/~ •0 .065 ) * fit these date quite well , but procedure for k and c given by Ens. (~

)
the D/G model predicts too fast a ‘~iixIng rate.

___________________ *Some particularly important applications are ,
These data were In fact used to calibrate the 2-0 nozzle afterbody drag and near nose-on ZR ra-

(nearfield) constant (i) for the ML model , diction .
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and (7 )  requires a knowledge of the mean line velocity decay predicted by the kc2 model Is
velocity profile. If this is not known , in excellent agreement with the data , including
end the magnitude o~ the velocity defect both the core length and farfleld slope. This
Is sign’” cant lv large , the resulting case shows much less sensitivity to the variation
flowIield calculations are likel y to re- In Initial turbulent viscosity than Test Case 6.S.
su1t~ in initial mixing rates which are totb due , no doubt , to the relativel y smaller initial
slow (initial viscosity too small). On boundary layers . Both the D/G and ML models
the other hand the simple eddy viscosity under predic t the core length , while both exhibit
models are less sensitive to a lack of the correct farfield decay.
knowledge of init Ia l conditions .

Since the simple eddy viscosity models undergo
Figure 8 com pares jet spread data with the an “abrupt” transition from nearfield to farfie ld

model calculations while Fig. 9 shows normalized constants, it Is expected that they will not be
velocity profiles in the farfie ld , self-preserving able to accuratel y predict flow In the transi-
regions of the jet (i.e., ‘ x/r - • 100). Here we tionel region (for this case, from 5< x/D 30).
note that the D,’~ model does no~ produce an accurate In this region , the turbulence processes are well
profile shape . out of equilibrium and these sirl7le models are

predicted upon equilibrium turbulence assumptions.
Comparisons are next made between the data The k~2 model , on the other hand , which accounts

from Test Case 6 of the NASA/Langley Free Shear for the turbulence ‘history ” does admirabl y in
Flows Confererve2 and the model calculations, anal yzing the nearfield , farfield , and transi-
Fig. 10 gives initial nort ima lized v iscosi ty  pro- tional regions.

files , calculated from the initial ve loci ty pro-
file (specified at x Ir 3~2) and Eqs. (6) and (7). N
Also shown for comparison is the initial constant Suninary of Incompressible Shear
value of Launder , et al. 7 This should be con- b~~~r and Jet Rei~~~E~
trasted with the profile for Test Case 9 (to be
discussed in the next section) which is specified From the comparisons between model p redictions
di rect l y at the jet exit and clearly shows the and data shown in this section we observe that
minimum in visco s i ty caused by the velocity
deficit in the initial bou dary l ayers . (1) Both the kt2 and ML models yield predic-

tions consisten t with the 2-D shear l ayer
Fig. 11 conip~res the model predictions with the spread rate and profile data. The D/~

data , showing that the k~2 model does an excellent 
model ~ie1ds spread rates whIch arm, too

job for this case with well-defined initial condi- large .
tions. Again , the DIG model predicts too short a
core length and predicts mixing that Is too slow (2) Both the kr2 and MI models accuratel y
in the farfield (as indicated by the measured and predict a shear layer produced from m i -
predicted shapes). For some inexplicable reason , tial boundary layers (see Ref . 13).
the ML model does quite poorly for this case. In
order to test the effect of initial conditions on (3) Predictions with the kc2 model are , over-
the k~2 model predictions , initial values of the all , in good agreement with the incom-
turbulent viscosity across the jet were arbitrar- press ible jet data , provided that reason-
ily increased and decreased by a factor of 5. able values of the Initial turbulent vis-
(I;i is a lso  changes the initial values of k and ~ cosity are utilized . The D/G model gen-
by factors of 5. ) The extreme sensitivity noted erally underpredicts the core length ,
to Initial viscosity is not surprising because giving mixing rates which are Initiall y
the initial profiles are specified far from the too large. In the farfield , predicted
jet exit (x/r~~2), and the Initial sheao layer Is mixing rates are generally too small. p
large compare~ to the exit diameter . The Mt. model fares only slightl y bette r

than the D/G model for these cases.
S. It should b~ noted that in the approach of

Launder , et al. ’ initial values of viscosity are 5. CompressIble Free Shearvaried until the measured core length Is correctly Layers and Jetspredicted. All kr2 model calculations reported
here employed the “fixed” initiali zation procedure
described In Section 3, which requires no a priori 2-D Shear Layers
knowledge of the “solution ” (i.e., the actual core

- , length). The experiment al data which demonstrate the
‘S. decrease in spread rates with Increasing Mac h

Air Jets Into P1oving~ Streams 
number for two-dImensional shear layers are given
In FIg. 13. The dashed curve represents a best

The data of Test Case 9 of Ref. 2 have been fit of the data, as reconinended by the NASA/
used to evaluate the models for concentric, co- Langley Shear Flows Conference Evaluation
flowing streams . FIg. 12 s hows that the center’,_ Coemlttee ,’ (The Hill and Page (1969) data are

for low Reynolds numbers). BOAT calculations
with the kc2 model are shown at Ml • 1,4 and 5

~~ ii isThiuch mo~~ Tmportant in the interpretation handle compressibility effects. The:e results
S. and Ind icate the failure of the basic model to

of small-scale laboratory data , where initial are seen to be consistent with those of Launder,
boundary layer displacement and momentum thicknesses et al. ,7 using t”~ GENMIX code.

• are relatively large (compared to the jet diameter),
than for rocket exhausts where the initial boundary In Section 3 we discussed the compressibility
layer is like ly to be relatively small . correction to the kt2 model developed by Dash , et

6
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al. ,~~~~ at GA~.L. lhe torn’ of k(M~max
), given in Jets ~~~~ .til I A u

Fi g. 4, ,. ‘s determined b~ matching the data given
in 119. 13 a. M • l , and 4 (u t i l i z ing a trial and figure I’ con~ ares predu..t ed and measured ten-
error procedure L ‘.ince this emp iri ca l correction terline v~ lt ’ .i t ., de.a~s f o r a M~~h ‘ ~‘ air jet into
is based on a propert~ of the turbulence , i .e., st il l a i r  Both edd~ viscos it , models show the same
the Mach ,uumber based on turbulent fluc t uations,it poor agreement with the data 1 i n i t ial mi xi ng i~ too
offers some promise for use in more generalized fast~ as the) did for the ln amprrssihle jet of
flow situations , demonstrated in Ref . 29. Based h g .  11 . The basiL ks .’ mode l also ~ivcs mix ing
on that wo rk , we decided to eva lua te  th i s  k, ’, rates wPil..h are i n i t % a 1 l ~ too fas t ,  in marked con-
comp ressit~u l i t - , cor rec t ed model as part of the t ras t  to i t s  S U L L C S S  in pred icting incompressible
present stuth . je ts  Ihic resu lt can be interpreted in the same

way as the 2-1 ) shea layer results of Fig.  13 ,
Figure 14 compares the spread rate data given i .e . ,  the k~ ’ (incompressib le) model overpredicts

in Fig. 13 with ~aZ~ u lat ions using BOAT , incorpor- the mi x in g rate for this compress ible flow . Al-
ating the compres sihil: ty corrected k~2 model. It though the cr’re length is slightl y ove rpred icted ,
u s noted that the HJ.\~ rt-~ult s start to diverge the compressibility corrected k,2 model gives re-
from the data at Mach numbers greater than 2, al- su lts in much better overall agreement with the
though at Mach 3 the agreement is still reasonable. data. Figure 16 compares predicted and measured
The disc repa nc~ between the BOAT and GASL results radial profiles at two ax ia l  stations , x ,’r3 .8 is
(w hIc h used the CHEM) code34) at Mach 4 could pos- In the core region while x/rj 27 is in the t rans-

S. sihi ’, reflect some fundamental differences between Iti on region . The performance of the kt ’ (comp.
the ~~~~~~ and mJ m EM \ codes . At this point the rca- cor rec t )  model which follows the data points quite
sons for the difference are not clear. The pre- closel y is particularly impressive.
dicted asympt otic spread rate calculated by BOAT
is ,‘ 23. while the oni ,- two available pieces of It should be pointed out that these Mach 2.2
data at Mach numbers higher than 3 range from air jet data are s t il l the standard for test ing

- 34 at Mach 4 to ~‘ 38 at Mach 5. It is tu”hulence models under conditions where compres-
clear that by adJust ing the K (M ,inax) curve of Fig. sibility effects are im p o r t a n t .  There is a sca r-

S. 4 to give lower values of k for M -, 0.3 the higher city of good data In thi s flow regime , part icu la r ) )
Mach nunt~er data could tie matched exactl y. How- with supersonic external streams .
ever , considering that (1 ) there is a pauc ity of
.~-O shea r layer data at Mach numbers greater than H’~j 1 Jetsand ‘,.‘ )  there are no a v a i l a b l e  as isy im netr i c  jet
data for Mach nuuitmers greater than about 2.5, this
correctic ’~. will not he fine - ‘uned’ to BOAT until Test case 12 of the NASA/langley Shear Flows
after al l the remain ing compressible jet (nonreact- Con ference’ provides a test of the models fo r rele-

ing and reacting) data are studied. tive ly mild co m press ib i l i t y  e f fec ts , but with two
streams of widely different density. Figure 17

Regarding the relevance of the compressible shows centerline decays of veloc i ty and H:’ mass
shear S layer data to aircraft and rocket plume s , tioui Exam ining ti~e eddy viscosity model me-
the following points should he noted: s ults first , we note thct the D/G model ini t ial ly

mixes too slow , in contra5t to its performance for
(1) The data are for the limiting case of one all the incompressible and compressible air/air

st ream mi sinq with another at zero veloc- shear layers and jets studied to date . The ML
S. i t y .  model shows quite reasonable agreement with these

data , particularly in predic t ing the core length
(‘l The data are all supposed to be for iso- and initial rate of decay . The k~2 (comp . cor-

energetic flows , where the stagnation rect) model underpredicts the core length but
entha l py of the jet and freestream are overall is in reasonable agreement wIth the data
equal. Th is implies that the freestream (sen sit ivi ty of the results to Init~~l turbulence
temperature is greater than the jet tern- levels was not studied In this case ). Figure 18
perature , e . g . , for • llO°K and Mj • 3 shows that the MI model gives good overall agree-

ment with the data , particularly at the downstreamS. Te 208°k; for N3 5. Te • 660°K. sta tion , while the ki2 (comp. correct) model pro-
(3) Aircraft and rocket plume s are not iso- duces only fair results. The D/G mode) does not

follow the trend of the data at all.energetic. In plume s , the high~~~locity
exhaust is at a higher temperature than
the freestreani , in contrast to the test Sunina~y of Coui~press i ble F ree Shea r
conditions of Fig. 13. 

~~ era ,~~Jet Res~1I~T 
-

S. 
(4) Most of the data are in the I * N1 ..2 The failure of the basic kc2 model to calcu-

range. There is only one data point at ‘pate air/air free shear layers and axisyninetri c
4 and M 1 • 5 Thus , the asymptotic jets with marked compressibility effects has been

nature of the “reconruended” curve may be noted. This (IncompressIble) model does not
quest lonable.

‘Pe4ucIng ihilnltiel values of turbulent viscosity
by a factor of 5 does not substantially reduce theS. initial mixIng rates, the results being similar to
those shown in Fig. 12.

alt should be noted that the correction is forvnu- **Evans et al,6, using the basic kc2 model , show
lated so that the k~ ’ (counp. corr.) model reduces that the data can be matched reasonatcly well by
to the basi c k 2  model for incompressible flows , varying the InItia l viscosity levels.

S. 7
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predict the observed decrease in mixing rates H2/Alr Supersonic Streams
wi th  increasing Mach number . The incorporation of —

a compressibility correction , correlated with a The recent work of Evans , et al. ” at NASA/
fluctuating Mach number based on turbulent kinetic Langley reports on a new set of supersonic re-
energy. his been shown to give much better agree- acting jet data taken by Beach , which have been
mont with the Mach 2.2 air jet data . Both the used In this turbulence model evaluation . In
D/G and ML eddy vi sco sit ’, models overpredict the addition , Evans made a parametric set of calcula-
initial mi xing rates for the compressible air tlons usIng a code devel~ ped by Spalding, et al. 36
jets , as they did for the incompressib le air jets. containing the kel model . Chemistry was treated
For the h:’/air jet studied the situat ion is quite by either: (1) a global kinetic scheme incorpor-
different. Here the D/G model drastically under- ating an eddy breakup model to account for the
predicts the initial centerline velocity decay effects of fuel/oxidizer “unmixedness or (2) an
while the ML model is in good overall agreement equilibrium chemistry (complete reaction ) scheme.
with the data. The k~ (comp . correct.) model The conditions of these experiments were:
does not fare as well as it did for the homogen-
eous jets. H2 Jet Free Stream

Mach Number 2.0 1.9These incompress ible and compressible jet Temperature , °K 250 1500results clearl y demonstrate the inconsisten cy of Veloc ity , ft/sec 7980 4950the eddy viscos i ty models tested. Except for the Pressure , atm . 1.0 1.0ML model applied to test case 12 of Ref . 2, the Mass Fractionmodels generally do not agree with the data . A
slight inconsistency is also noted with the k~2 H2 1.0 0
model for the H2/air jet. However , the model has 02 0 .241
still performed reasonably wel l on the wide var- N2 0 .478
iety of cases studied. H20 0 .281

Note that the H2 jet mixes with a hot “vitiated”S. 6. Reacting Jets air stream and ignit ion takes place in much the
same manner as in an afterburning rocket plume.H2/Air Subson ic Streams Except here the temperature ratio is the inverse
of that for an afterburnlng plume . Initial veloc-An excellent data base for low speed reacting

jets has been obtained by Kent and Bilger. 34 In ity and temperature profiles were measured and
used as Input to the calculations. Relativelythese experiments a cold H2 jet (7.6xl0-3m dia.) large inIti al boundary layer effects were notedat a veloc ity of 178 rnlsec was injected into a co- from the Initial veloci ty profiles.flowing airstream at a velocity of 15 rn/sec. and

Ignited by a pilot flame . The data have been Figure 21 compare s measured and predictedwidely used for comparison with a number of models centerl i ne H2 mass fractions. These results
of turbulent chemically reacting jets (e.g., Refs. show the poorest agreement for the DIG model ,6. 19 , 35). and are now a “standard” for evaluat- which drastically underestImates the decay rate.ing turbulence models in reacting flow codes. A More reasonable agreement is obtained wi th thestandard H2 /0~ 8-step reaction mechanism (see, other models, with both MI and kc2 models fol l ow-e.g., Ref. 19 was incorporated Into the BOAT code Ing the trend of the data . No significant influ-S. ror these calculations. ence of compressibility Is given by the GASI

correc ti on, while the influence of Pr changesFigure 19 compares predicted centerline tern- the results by roughly 20~. One calculation wasperatures with the data . In a similar manner to made to test the infl uence of Initial viscosity ,the nonreacting 142/Air jet the DIG model predicts by varying £/~5 the Initial length scale. Thusmixing rates which are much too slow . The kt2 the va lue t/6 • 0.016 shown in Fig. 21 is 1/4 themodel , on the other hand, gives results In good value used in the standard calculations , reduc ingagreement with the data , although the predicted the Initial viscosities by a factor of 16. Thepeak temperature Is somewhat high. The effect of results shown are consistent with the calculat ionsvary ing the turbulent Prandtl number from .85 to of Evans regarding the magnitude of the reduction
1.0 is seen to be negligib le. Fig. 20 shows the In decay rate that results from thIs decrease in
excellent agreement between predicted (using the Init ial length scale.kc2 model) and measured radial temperature pro-
files. Of particular note Is the good predictIon Figures 22a-d show show radial mole fraction
of the profile widths at the three axial stations, profiles of H2,02, N2, and H20 at x/r4 - 31. A

S. The DIG model Is seen to fall miserably in this consistent picture emerges from a study of all
regard. No calculations have been nade for the profiles . All models except the D/G model do not
Mt. model . adequately account for the rate at which 142 and

and 02 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
* turbulent Prandt l number (Pr) Is gener- to Indicate the failure of the DIG model for this

all y assumed to be In the range from 0.7 to 1.0. situatIon . This emphasI zes the very important

The sensitiv ity of liquid propellant plume calcu 

-

_________________

lations to the choice of Pr Is demonstrated In a is the kc2 model wi thout the “weak”
Refs. 1 and 23. shear flow correction .

S. 8 
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point (noted earlier) regarding comparisons The rate coefficients of Ref. 38 were employed
between model calculations and data for reacting for these calculations.
flows ; i.e., comparisons between predicted and
measured cent erline values alone are not suffic- Fig. 23 shows predicted centerline temper-
lent to indicate the va lidity of a tu~~ilence ature and velocity distributions using both the

S. model . kc2 and kc2 (comp. correct.) models. The differ-
ences are seen to be quite large; the compressi-

Why does the D/G model emerge in this situ- bi lity correction reducing the mixing rate rather
ation as the only model to predict with reason- drasticall y for this hi gh~Mach number flow withable accuracy the radial transport of fuel and rather mild afterburning. Noted on the figure
oxidizer? The answe r is far from clear , particu- are the axial locations where the C/N ratio was
larly ~n view of the failure of the D/G model to measured. At the first station ( x/r3 x 21 or
adequatel y account for much of the nonreacting x 3 ft ) the kc2 (comp . correct.) model predictsS. data presented here , and the radial temperature that the mixing region has not yet reached the
profiles for the subsonic reacting 142/air jets axis , thus the axis value of C/N will be the corn-
(Fi g. 20). At this point we can only speculate bustion chamber value. The basic kc2 model , on
about the reasons, but considering the history the other hand , will show a decay in C/N . Thi s is
of the D/G model shown in this paper It would clearly shown in Fig. 24, which plots C/N ratio as
appear that this result is fortuitous. Rather a function of radial distance, at the three axial
than dwell on the D/G model , what is needed Is to stations. Indeed, we note that at x • 3 ft. the
understand why the kc2 model does not do well for kc2 (comp. correct.) curve fits the data quiteS. 
this supersonic reacting jet. The combination of well while the basic kc2 model fails to account
supersonic flow and H2/02 reactions is for the reduced mixing rate due to high Mach number.
apparentl y not adequately treated by the compres- However, at the two downstream stations , the
sibility corrected kc2 model , even though the measured decay of C/N is greater than that predicted
model is quite reasonabl e for nonreact ing super- by the compressibility corrected model . This is
sonic flows and subsonic flows with fast chemical evident even though the scatter of the data gets
reactions. Since afterburning rocket plumes are , increasingly larger as the absolute value decreases.
in fact, supersonic chemically reacting flows, it (See References 18 and 37 for a discussion ofS.

is imperative that this problem be resolved. Only error bands on these data.)
then can a fair measure of confidence be gained
in fli ght calculations and a true generalized pre- This problem may be a general one in applica-
dictive capability be established. tion of the compressibility corrected kc2 model

since , for the Mach 2.2 air jet , it appeared that
Figure 22e compares the present finite rate the predicted velocity decay was too slow (Fi g.

chemistry calculations with those of Evans 6 for 15). One possible improvement to the compressi-
the case of complete chemical reaction and bility correction would be to have separate near-
Pr • 0.7. The basic similarity between the two field and farfield corrections. This would be a
calculations is noted , the major difference being consistent approach , since the K(M~max ) correc tion
that the equilibrium chemistry calculations was obtained from 2-D shear l ayers only, and may
drastically overpredict the peak H20 levels . I.e., be applicable only in the nearfield. A separate
even at 1 atr pressure , finite rate calculations factor could then be empirically determined from
perform better than the local equilibriutTt assump- the available data (in a similar manner to the
tion. Evans ’ results using the eddy-breakup model way K(M.rmax) was determined), and applied to the
(not shown here ) do not account for the measured farfield. Thus , the form of C1.1 woul d become ,
1420 peak.

C1~ 0.09 K l(M .t ~~~~) g(P7~ ) - .0534 K2(MTmax )f7. Rocket Plumes

There are few carefully controlled experi- K2 would therefore only become effective when
ments on laboratory rocket exhausts which are du c/ dx < 0 (see the definition of f on p. 4).
suitable for use as part of a turbulence model
evaluation . One such data set has been obtained 8. Concluding Remarks
as part of a test series conducted at AEDC .37
In this experiment on a (nearly) perfectly cx- This work was motivated by the need to de-
panded liquid propellant plume , measurements of terini rue what turbulence model or models appear to
pitot pressure and carbon to nitrogen mass ratios offe r the most generalized predictive capability
were obtained. Initial conditions for this test for aircraft and rocket plume flowflelds. The
case (nozzle exit Mach number 3.4; freestream approach taken was to systematically compare
Mach number 2.0) are given in Ref. 37, together turbulence model predictions, within one computer
with the complete set of test data. code (BOAT), with a broad range of well documented

laboratory data on incompressible and compressible
The slight degree of underexpansion (Pj 2-D shear layers end jet s , and chemically react-

.337 atm; 
~e .26 atm) was treated via an Ing jets and plumes . This Is necessary because

isentropic expansion from exit to ambient pres- of the lack of flight data on plumes which can
sure, thus determining the velocity and tempera-
ture and the (larger) area required to pass the
rock et exhaust -flow . The chemical reaction *The fuel content of the exhaust is roughly
mechanism Incorporated Into BOAT for these cal- 13 mole % H2 and 11 mole % CO, Thus , aft erburning
culatlons was the 142/02 mechanism of Ref. 19 

is “mild” in comparison to either the supersonic
with the addition 0f the dominant reactions H2/air reacting jet discussed in Section 6 or
ac counting for the conversIon of CO to Co2 typcial solid propellant exhausts which can con-
(CO + OH ~ CO2 + H and CO + 0 + N * CO2 + N). tam % 30 S H2 and ~ 20 5 CO.

9
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he interpreted in terms of the validity of any The use of separate nearfield and farf ield
turbulence model. The models chosen were those compress ibil ity corrections , as suggested in
wh ich have been w idely used for plume f lowf le ld Section 7, appears to be a rational approach and
ca lc u lat io ns .  consistent with the generall y accepted practice

of specifying nearfield and farfield turbulence
Although addit iona l data sets and (possibly) model “constants ” .

additional models remain to be invest igated ,
some observations and conclu sions that can be An apparent interaction between high Mach
made from tne results to date are: numbers and highly energetic reactions that is not

accounted for within the framework of the kcl model
1. The Donaldson/Gra~’ eddy viscosity model Is suggested by:
performs in an extremely incons istent manner

— for the incompressible shear layer and jet cases o The success of the basic model in
for which it is suppos ed to be adequate. Initial accounting for data on a subsonic
rates of mixing are too fast and farfield decay reacting H2/air jet.
rates somewhat soo slow. For the H2/a ir non-
reacting jet this trend is reversed; i.e., near- o The success of the compressibility
f ield mixing rates are much too slow. For the co rrec ted model In accounting for data
supersonic reacting 142/a i r  jet, however , the In a supersonic (air-air) jet.
D/G model accounts quite well (the best of all
models) for the measured radial species mole 0 The failure of the compressibility
fraction prof iles , although the centerline corrected model to account for data
values are poorly predicted. on a supersonic reacting H2/a ir jet.

In view of i ts demonstrated Inconsistency Accounting for this Interaction via an empirical
we conclude that the DIG model cannot be counted correction to the kc2 model requires additional
on for generalized plume calculations with any data comparisons and consIderably more study .
degree of reliability , and reconinend that its

— usage be limited.

2. The extended form of the Prandtl Mix inC
Length model performs about the same as the
DiG model for the incompressible jets , however .
it does the best of all models in matching the
H2/alr nonreacting jet data . In contrast to
the D/G model , however , the ML model does not

S. adequately predict the radial profiles for the
142/air supersonic reacting jet. The use of this
model for plume calculations should also be
limited.

3. The kc2 model performs best overall for the
incompressible shear layers and jets and , wi th
the addition of a compressibil i ty correction
based on a Mach number of the turbul ent fluctu-
ations , also adequately predicts the nonreacting
compressible jet data. It gives excellent agree-
ment with the subsonic reacting 142/air data but
falls to accurately predict radial species pro-
files for the supersonic reacting H2/air jets.
The kt2 (compressibility corrected) model ade-
quately predicts the nearfield C/N ratios mea-
sured in the AEDC tests on liquid propellant
rocket plume s, 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

S. for the turbulent kinetic energy and length scale,
we conclude that the kc2 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.

S.

S. ‘ID
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DONALDSON/GRAY EDDY VISCOS1TY
MODEL

Neorfield Farfield
(2- D Shear Layer ) (Full y Developed Jet)

O5~ 2 8IUI_ U EI

Figure 2. Donaldson/Gray eddy viscosity model formulation .
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Figure 18a. Radial velocity and 
~2 

mass fraction profiles for subsonic

~2 
jet into supersonic alrstream; x/rj = 11.
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Figure 18b. Radial velocity and 
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mass fraction profiles for subsonic
H2 jet Into supersonic air-stream; x/rj = 19.
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A F R P L / A E D C
LIQUID PROP ELLANT PLUME TESTS
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Figure 23. Predicted centerline temperature and velocity
profi les for liquid propellant pl ume test.
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