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INTRODUCTION

In the development of a predictive tool for the fluid flow field due to the interaction of
the rocket exhaust plume with its environment, the mixing region analysis is critical. The
manner in which these streams interact and the accurate prediction of this interaction is
paramount to several missile systems applications. Missile signature and vehicle design are two
of the most important of these applications. 1n order to properly simulate the mixing region,
the numerical calculational procedure must be accurate and the turbulence model must be
phvsically correct. Having a physically correct turbulence model is certainly the most
demanding of these two requirements.

Turbulence has been investigated for many vears now and is usually characterized by its
randomness and disorderliness. Despite the randomness and disorderliness however,
statistically distinct average values are obtainable for the velocity, temperature, and density for
example. The randomness and disorderliness is characterized by scale size. Not only is the fine
scale characterized by vortex interactions but likewise for the large scale. This large scale
motion has been studied intensively over the last several years by scientists at the California
Institute of Technology and offers a better understanding of the physical phenomenology of
turbulence.

Il. MATHEMATICAL FLOW MODEL

The mathematical flow model utilized in this investigation consists of the axisymmetric
jet mixing equations for a reacting gas mixture. This set of coupled partial differential
equations is solved utilizing a mixed implicit/explicit finite difference procedure. The
governing equations are parabolic and are solved in streamline coordinates using a marching
scheme. This technology was essentially developed by the Joint Army, Navy, NASA and Air
Force (JANNAF) Plume Technology Working Group in 1972 with the development of the
Low-Altitude Plume Program (LAPP). Technology developments since that time have
occurred and are being incorporated in the JANNAF Standardized Plume Flowfield (SPF)
Program. The improvements to the mixing portion of this program inctude the employment of
a discretized shear layer which grows due to the mixing of the jet and the external streams. This
allows a more optimum placement of the grid points in the flowfield. Hence, this procedure of
retaining the (X, &) computational grid and discretizing the shear layer has led to a much more
efficient handling of the numerical procedures used to solve the problem. Other improvements
such as the formulation of the energy cquation in terms of total enthalpy rather than temp-
crature leads to more accurate solutions in higher encrgy rocket propellants. In addition a

mass flow check has been added to insure that mass flow is truly being conserved. This

7




model has been foiaiated by Acronautical Rescarch Associates of Princeton (ARAP) and
cwastitutes a vital working portion of the SPI program being developed by them for the
JANNAY Plume Technology Subcommittee. This code has been calied BOAT in previous
references in the literature [9]. Detailed derivations of the governing fluid dynamic equa-
tions utilized in this investigation can be tound in the literature [9 - 12] and will only

briefly be presented here. The governing equations are

Global Continuity

3 13
g =2 = |
x (pu) + T 3% (pvr) 0 (n
Species Diffusion
3F. oF. JF,
1 i_ 123 Le i .
PU FxT TPV s T E AT \BPr MY A )t Vi 2)
Axial Momentum
du u Ip 13 ou
e o _— = - —_—— —_—
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These equations are then transtornied from the (x.1) to the (x, ¥) coordinate system with the

transformation

Y %% = pur
(6)
Y 2—3’( = - pvr

Utilizing the transformation in (6), the governing equations become

Axial Momentum

u_ _ 1 9p 13 au %)
3x ou ax+l11 oy (A BUJ)
our2
where A = ut T

Energy

3x Yy 3y | Pr 3¢ v 3y l Pr Y
(8)
3F
1 9 A 0 1
o = (Le -1 h, - h —
+u" 'b{Pr(e )Z(l 1) aw}
i
Species Continuity
IF . v,
Fi_1o (e, P\, W ©)
IX v oY \ Pr Iy ou

Two turbulence kinetic energy (TKE) models were used to determine the turbulent
viscosity that appears in the governing equations. The first was the Ke2 model developed by
Spalding and co-workers, and the second was the ko’ model developed by Saftfman and co-
workers, A detailed derivation of the latter model development for this investigation is
given in Section 1V of this report,  Details ot the Ke2 model can be found in other

refercnces | 121,
9
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The governing turbulence equations for the ke2 model are given by

2
Dk _ 13 |t o3k du (10)
po—t—za—f[a;—f}*“t{ar} - pE TKE
2 2
De 1 3 THe Sel € Ju € an
pﬁz-;a“f{qé—rﬁccli“tﬁ Ce2 P
ENERGY
DISSIPATION
RATE
where
= C ok? (12)
ue = Ce
€

Note that this model utilizes five empirical constants — Cu., Cei. Ces. 0k, Oc.

For axisymmetiic flows --

du
= -— 13
Cu Cu{dXIqZ_ ’ Au,G} (13)
_ du (14)
Ce2 = Ce2 {a'fh:_ , bu, 6}

When these corrections are made to the constants. the model is known in the literature
as the kel turbulence model.

It was determined by exercising the model that the kel model could not accurately
predict weak shear flow, i.e., flow in which the two streams interacted at nearly the same
velocities. Therefore a correction was made for weak shear flows by altering the constant Cp as

follows

For weak shear flows -

C, = 0.09 G (P/e) - 0.0534F (15)

10
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where
_ du
F=F (dx

¢_, Au, é)
P/e = fn (k)

The resulting changes in the kel model were then known as the ke2 turbulence model
and is utilized as such in this investigation.

In addition, the ke2 model docs not contain any terms to handle compressibility effects.
Hence, a compressibility correction was introduced into the model when large velocity
differences between the mixing streams became important. The compressibility correction that
was used resulted from an empirical formulation due to Dash [11]. The compressibility
correction factor k is multiplied by the constant C. and (12) becomes
_ Cupk2 (16)

e = k =

where k is a function of the maximum turbulence Mach number

_ = 7
X (17
max

MT a
max

The functional form of k is shown in Figure 1.

1.0
.8 -
R
E 7
Eh
~ .4 ]
4
.2
0 —T T T 1
0 1 .2 .3 4
T max

Figure 1. Compressibility correction factor for ke2 turbulence model.
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The ke’ turbulence model was also utilized in this investigation. The governing
equations for this model are developed in detail in Section 1V, and are as follows

Dk _ 1 3 [, 2k u|
P Bt = 2r 3T {r“t ar}+ Cx1 “Pe 5?' - Pkw TKE  (18)
2 2
D’ _ 1 3 Bw 2 |au
Dt 21 ar{r“tﬁ}’LCzp“’ 5t
w (3p) 3 (pk) 3 -
+C,y 2 <8r) o + C_, ow” PSEUDO-VORTICITY (g
where
U= CwSQk
t w (20)

This model also uses five constants, Cy1, Cw2, Caus, Cws, Cos. and when compressibility
effects are important, an additional term is included in the turbulence kinetic energy equation

(21

Ck6° K (_a_u_> 2
MWeCpepe t axr

These equations were transformed to the (x. ) coordinate system utilizing (6) and the
following equations result from the transformation of (10) and (11).

For the ke2 model
Turbulence Kinetic Energy (TKE)

22
B _ 13 (A k) L1, !
ax Y oy O u ‘

<
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Turbulence Dissipation

W A L -
PR o :>,> * UK (Clp Czﬁ) (24
where
Our2
A = ;‘t v (24)
(25
_&B 9_U) 2 )
P v 3

Stmilarhy tor the ke’ modelt 18)and (19) we transformed to the (x. ) coordinate sysiem

with the result that

Turbulence Kinetic Foergy (K1)

sk _ 13 fa ek r du (26)
_— = — + _— p—
3X WW‘ Bw‘ Cp He @ wl)u’
_ ke _CkeUKR 23)2
u MW C p k?w
e P ©
Turbulence Pseudo Vorticity
. . 2
I N P TG +_°.;_{‘-_‘o_e£ 92’
x| 20 ] Y u v ay 7,

where A s defined in (24)

When compressibility eflects are not important, C,. is taken equal to zero. Hence. the
compressibihty term is built into the TKE equation.

11, STARTLINE CONDITIONS

I hree methods were utihzed to define the starthine conditions which are used to initiate
the timite htterence calculational procedure. ©he three methods are:

13




e Boundary Layer Initial Profile
e Shear Laver Imtal Profile

e Generalized Specitic Profile

! he Lirst two methods employ calculationad procedures to generate the initial profile. The third
amply specifies the value of all the vanables at some initial downstream location. Each of these
methods was utilized to caleulate the shear layer tlowtield for the two dimensional He N case
run experimentally by Brownand Roshho| 1] tora density ratio of ' and a velocity ratio ot 7.

1 his corresponds to the experimental data given in Figure [3a of reterence | 1.

A Boundary Laver Imual Profile Description

The displacement ettect ot the jet and external boundary layers 1s calculated by
utihzing a velociy protile that 1s denved trom the combination of the “Law of the Wall” and
h ]

the “Law ot the Wake. ™ Figure 2 shows the appheable geometric contiguration.
r

Yelx)
r f. _
EXTERNAL STREAM 1
ﬁ ‘e
‘ |
| o -

SPLITTER _ 5
PLATE

JET STREAM
—_—=

Figure 2. Boundary layer initisl profile.
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Note that the shear laver starts growingat X =0from r. =r, + 8. on the external stream side and
r, =r1. - 8 onthe jetstream side. The profiles utilized to calculate these initial radii are computed

from the velocity profiles

e = - 2.51n¢&§ - 1.38 (2 - w(F)]
Ur (28)
and J
u, - u
'u = -2.51n & - 1.38 {2 - w(¥)]
':O
where wiér s Cole’s universal wave function
w(i) = 1 + sin [%El} b (29)
and £ 1s the non-dimensional radius
£ = !f - .l (30)
"3
Or
ro=lr -l
c
e
In addition. the frictional velocities
u __Twe
= (31
Te Pe
or
[T—w"‘“.
u, = p_l
3 3
Now if the displacement thickness is known, then the definition of this quantity
r.+ §.
. . 13 (u) (MW) (T.)
6y = L - woymwo | 19 (32)
J J J
r.
]
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can be inverted to find 8, provided U= is also known. Similarly 8. can be found and thenr,and r.
can be evaluated. Knowing these values, the initial distribution is determinec

B. Shear Layer Initial Profile Description
For this method, a fully developed shear layer profiie is assumed to exist at the initial

streamwise location. The initial shear layer width is calculated from the incompressible
relation | 12]

u. - ue (33)
r - r,=0.27{4L—F5 X
J u. u o)
Figure 3 illustrates this notation

Upon establishment of the shear layer upper and lower boundaries utilizing (33). the properties
are distributed across the shear laver according to the simple cubic relations

Ue
EXTERNAL STREAM
—
- e I A s - ~ < L)'
JET STREAM |
;) i.__... xo R | \w’(x)
Yi

Figure 3. Shear layer initial profile.
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F. - F.
u - u. T - T. i 1. 2
N S DU R 3n 1 - 20
u_ - u. T - T, F. - F, 3 (34)
o j e 3 i, lj
where

r - r.
r' = —-—s_—l.~

r -~ r,.

€ J

Vo — Vs
. e
Fhe shearfaver grid points are spaced evenly across it in increments of Ay = ﬁl

C. Generalized Specitic Profile Description

This method ol inputting startline conditions does not rely on any calculations but
merely uses the specified protile. Figure 4illustrates this case where u(r),Tr), and x(r) are input
directly at the startline location x = x... This method can only be used in rare cases when a

signiticant amount of expernimental data is available.

In addition to these Nuid dynamic initial conditions. an initial turbulence level must be |
supphed at the imitial axial station x.. In the absence of known profiles for k and € or w",
the Prandtl nuxing length model is used to define the turbulent shear stress in terms of the

local velocity gradient utilizing the tollowing relation

ue // Ve (x)

EXTERNAL STREAM P

>

' JET STREAM

!

4 -

\W,(x)

\ ui
. Figure 4. Generalized specific profile.
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v 22 <§£> 3u
Fpuv =90 or ) |3 (35)
and the relation between the shear stress and the turbulent energy (7]
k =u'v' (36)

DD. Boundary Layer Initial Profile Results

For the He N:shear laver of Brown & Roshko. the initial conditions should not affect
the resulting similar profile far downstream of the initial station. This was examined by
looking at the different methods of specifying the initial profile.

The use of the boundary layer initial profile was examined for the He/ N2 shear layer of
Brown and Roshko for which the experimental velocity and density profiles are shown in
Figures 16 and 17,

8* was determined from 6 calculated by Brown and Roshko and the relation
between these quantities for a flat plate, i.e.

§* _ 1.7208 Re®

L " 2.592
8 0.664 Re

Since the momentum thickness was found to be 0.00! inches and the splitter plate thickness
was 0.002 inches, the displacement thickness utilized for this option was

* -
§ = (0.002)(2.592) =4.318 x 10 %

12

ft.

The Re difference between the He and N: was not accounted for and the boundary layer
displacement thickness was taken as the same for both the jet and the external stream, i.e.
* * _4
§. =8 =4.32x 10 "ft.
j e
The resulting mixing profiles of the density and the velocity for the two dimensional
shear layer are shown in Figure 6. These results are given at a distance downstream of x = 1.69

inches.
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I. Shear Layer Initial Profiles Results

Fhis method was used to calculate the initial profile from which the finite difference
solution was started and the results from this method are shown in Figure 7. The initial shear
taver based on the cubic profile was calculated at x = .01 feet (8.33 x 10 inches) and
calculations were started from that point. The ke2 turbulence model was used in this
calculation just as 1t was on the boundary layer initialization results given in Section D above.
Note that these resulis are given for a position shghtly further downstream x = 1.81 inches.
Fhis makes very little difference however, since the profiles have already achieved self-

stmtlarnity
F. Generalized Specific Profile Results

This method was also used to specify the initial profile to determine what differencesin
resuits occurred because of differences in the imitial startline. For this option, the mean profile
for the density and velocity were taken at x = 0 directly from the boundary layer initialization
scheme described above. However, the turbulence kinetic energy profile at x = 0 was taken
from experimental data rather than being calculated using the mixing length turbulence
option described above.

The turbulence kinetic energy profile was taken from experimental data for flow overa

flat plate. This data was taken from Figure S of Klebanoft|3]and has been tabularized in Table
I as a function of v'8 where 8 is the shear layer width,

TABLE 1. EXPERIMENTAL TURBULENT KINETIC ENERGY PROFILE

Y5 | WU, | ViUk | WU 'MT——W—ZU'Q; = '/z{ “——L—-‘"-'ZL ow }
[v.*} o0
0 .087 032 065 1.2818x10-2 6.409x10-3
0.1 071 040 052 9.345x10-3 4.673x10-3
0.2 .066 040 .050 8.456x10-3 4.228x10-3
0.3 .060 .038 .048 7.348x10-3 3.674x10-3
0.4 056 .036 046 6.548x10-3 3.274x10-3
0.5 051 .033 041 5.371x10-3 2.686x10-3
0.6 042 .029 .035 3.830x10-3 1.915x10-3
07 034 022 .029 2.481x10-3 1.241x10-3
0.8 021 018 021 1.206x10-3 6.030x10-4
0.9 012 012 012 4.320x10-4 2.160x10-4
1.0 007 .007 007 1.470x10-4 7.350x10-5
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Next, the veloeity profile that was generated at x = 0 using the boundary layer
initialization scheme above is interpolated to obtain velocities at each y/ 8 location. This was
done tor both the jet boundary and the external boundary. These results are shown in Table 2.
Also note that the initial shear layer thickness 8 is taken from the boundary layer initialization
scheme. The combination of the data for both the external and jet streams provide the specific

shcar laver profile data used to calculate the mixing layer. This 1s given in Table 3.

This is compared with the initial turbulence data which was calculated utilizing the
mixing length model as deseribed above. This initial profile expanded to 50 points across the
shear layer is shown for the boundary layer initialization method in Table 4 and for the specific

profile method in Table 5.

Comparing Table ¢ with Table 5 ., .ows large differences in the turbulence kinetic

energies for the calculated and input initialization schemes. Noie that for the calculated
scheme of Table 4,0 < k <792.6 while the data based onexperiment isin the range 0.079< k<
5.657. Hence, the turbulent intensity is down two orders of magnitude. Similarly, there are
large changes noted in length scale parameter €. However, when these shear layers have been
calculated out to a distance of 1.69 inches, Figure (7)shows that the initial profile differences
have washed out and the density and velocity profiles are virtually the same. Figure (8) was

obtained from Figures (5-7).

Therefore it has been shown that this calculational scheme is not sensitive to initial
conditions when the behavior of the shear layeris examined far enough downstream where the
flow becomes self similar. Hence, any of the initial profile methods may be used with

confidence.

1V. ko' TURBULENCE MODEIL FORMULATION

{ In order to make meaningful comparisons of various turbulence models tor use in
’ rocket exhaust plumes, an investigation of several models was made. The following turbulence
} models were investigated:

?

o Prandtl mixing length

o  Donaldson-Gray eddy viscosity

. — cacawce .- .- e - “ee .e.




TABLE 2. CALCULATION OF TURBULENCE KINETIC ENERGY
ACROSS JET AND EXTERNAL BOUNDARIES USING
EXPERIMENTAL DATA FROM TABLE 1

JET BOUNDARY

y/s k/U_2 U.. yf K ut T

0.0 | 6.409x10-3 | 32.81 10.00000 | 6.8992 0.0 300
0.1 4.673x10-3 | 32.81 9.999847 | 5.0305 | 2584 300
02 | 4.228x10-3 | 32.81 9.999694 | 4.5514 | 27.462 300
0.3 | 3.674x10-3 | 32.81 9.999541 | 3.9550 | 28.541 300
0.4 | 3.274x10-3 | 32.81 9.999388 | 3.5244 | 29.449 300
0.5 2.686x10-3 | 32.81 | 9.999235 | 2.8914 | 30.255 300
0.6 1.915x10-3 | 32.81 9.999082 | 2.0615 | 30.980 300
0.7 1.241x10-3 | 32.81 9.998929 | 1.3350 | 31.610 300
0.8 | 6.030x10-4 | 32.81 9.998776 | 0.6491 32.136 300
09 | 2.160x10-4 | 32.81 | 9.993623 | 02325 | 32536 300
1.0 | 7.350x10-5 | 32.81 | 9.99847 0.0791 32.810 300

EXTERNAL BOUNDARY

y/é k/U2 Uo y k ut T
0.0 6.409x10-3 4.69 10.00000 | 0.14097 0.0 300
0.1 4.673x10-3 4.69 10.00015 | 0.10279 | 3.6915 300
0.2 4.228x10-3 4.69 10.00030 | 0.09300 | 3.9241 300
0.3 3.674x10-3 4.69 10.00045 | 0.08081 4.0800 300
0.4 3.274x10-3 4.69 10.00060 | 0.07202 | 4.2094 300
! 0.5 2.686x10-3 4.69 10.00075 | 0.05908 | 4.3247 300
‘ 0.6 1.915x10-3 4.69 10.00090 | 0.04212 | 4.4283 300
0.7 1.241x10-3 4.69 10.00105 | 0.02730 | 4.5186 300
0.8 6.030x10-4 4.69 10.00120 | 0.01326 | 4.5933 300
) 0.9 2.160x10-4 4.69 10.00135 | 0.00475 | 4.6508 300
" 1.0 7.350x10-5 4.69 10.00150 | 0.00162 | 4.6900 300

tFrom the He/N2 B.L. initialization ouput-

5, = 10.0000 - 9.9985 = 1.5x10"%t (0.018 inches)

‘ 8y = 10.0020 - 10.0000 = 2.0x107ft (0.024 inches)

o UNITS: y —in,; U — ft/sec: k — ftz/SeCZ; T - Ok,
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TABLE 3. SHEAR LAYER INPUT PROFILE DATA FOR BROWN
AND ROSHKO He/N, EXPERIMENTAL RUN (FIGURE 16)

PT. y ! u T k “He | "Ny
1 9.998470 32.810 300.00 0.0791 1.0 0.0
2 9.998623 32.536 300.00 0.2325 1.0 0.0
3 9.993776 32.136 300.00 0.6491 1.0 0.0
4 9.993929 31.610 300.00 1.3359 1.0 0.0
5 9.999082 30.980 300.00 2.0615 1.0 0.0
6 9.999235 30.255 300.00 2.8914 1.0 0.0
7 9.999388 29.449 300.00 3.5244 1.0 0.0
8 9.999541 28.541 300.00 3.9550 1.0 0.0
9 9.999694 27.462 300.00 45514 1.0 0.0

10 9.999847 25.840 300.00 5.0305 1.0 0.0

11 10.000000 0.000 300.00 6.8992 0.5 0.5

12 10.000150 4.6900 300.00 0.10279 0.0 1.0

13 10.000300 4.6508 300.00 0.09300 0.0 1.0

14 10.000450 45933 300.00 0.08081 0.0 1.0

15 10.000600 45186 300.00 0.07020 0.0 1.0

16 10.000750 4.4283 300.00 0.05908 0.0 1.0

17 10.000900 4.3247 300.00 0.04212 0.0 1.0

18 10.001050 4.2094 300.00 0.02730 0.0 1.0

19 10.001200 4.0800 300.00 0.01326 0.0 1.0

' 20 10.001350 3.9241 300.00 0.00475 0.0 1.0
21 10.001500 3.6915 300.00 0.00162 0.0 1.0

> UNITS: y — in.; U — ft/sec; k — ft2/sec2; T — OK.

i 4
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TABLE 5. INITIAL PROFILE FOR BROWN AND ROSHKO He/N2
SHEAR LAYER (FIGURE 16) — SPECIFIED PROFILE
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o | aunder-Spalding ke turbulence hinctie energy model

e Sattman ke turbulence hinctic energy model

Lhe Sattman model was chosen because this model has been formulated to account tor
a speaitic physical phenomena which s not exphicitly modeled in the other three. This model
wias tormulated, primarniy on empirical arguments. to account tor shear tlows which do not
have a constant density . These density differences arise either due to ditterences in molecular
weights of the shear laver tluids cheterogencous tluids) or due to compressibility effects (Mach
Number) in homogeneous fluids. Both of these etfects are modeled in the turbulence equations

tormulation

Compressibility eftects are accounted tor in the ke turbulence model, but inan ad hoc
manner  he turbulent viscosmity contains an empirical correction term ki M+,.,.) which was
tormulated using only a very hmited setof expernimental data. There are noadditional terms 1n

the model that account for this etlect.

In order to use the Satfman model to make compansons with data it was necessary to
extend this model to a cvlindrical geometrs and to tormulate 1t using a finite differencing
scheme common to the other three models investigated  Only in this way can differences in
results be solely due to the turbulence modehng and not due 10 the numerics. In addition. the

equations are formulated 1n a stream function coordinate system.

Consider the Saftman formulation

- de de _ _w-. AUl _ - 1 .3 e e
' OU§—£+ Vw—ﬁ e(ay‘ ,)ew+§A—§ (J_ W
k -EQUATION
P4
2 2
' cu g(“’ ) 4 v g—“ = o' pw ’?‘ BT w3 VORTICITY
4 X Y EQUATION
' p Ll (Ce _3(u2)>
';' 2 dy w ay
[
4 -
U i -
- Ay = - £ (p
Y - Gy Ay (oe)
Y ’
32
o ;
7
i




where

A= 0.09 o" = AT B'= 5/3 o' = g'a" - 2k°

1 hese equations can be generalized for either 2-I) or axisymmetric flow to be

De _ A1 3 /,] re Q2e " du | _

bt T2 3 %y (Y " 8y> toatoe (3§>l pew

Dw” _ A 1 2 ( i pe 3m2> , 2 |au , 3
,.D_t__.z——j-—yy T 3y +  a'pw -53,—8000

[o%)

W o 9
"M Wy ()

In order to apply these equations to an axisy mmetric rock 2t exhaust plume, choose j = 1.

. . e . - R N + ' LN
v = . Utihizing different notations for the turbulence kinetic energy (ko =u" +1v") these

N
cquations become M
I O O ST L L
Dbt - 2r Or ( t 3r a “Ye |37 PR
2 2
Dn"_ 11 dw ' I u| Ayw 3p 9
Dt 2 r I (r“t or ) Toatows |5y > ar 3 °k
- g 13
where e k & u, = A._“—e_
I
. SO rewrniting these equations,
)
. Dk _ 1 1 % aul oy
Bt T 2r or (“‘t ’S_r) O Wiy rkuw
’
2 2 CLw dy 3
s D% _ 1 3 Juw 2 |au 3 () 52 (o)
S S S RORR Bl 2\ 3
© BT 57 3t (rut T ) + C2 T + . (31‘ ar




o 2. 8
e S ~
where:
C = ot C,=a' C,=-Ay C,==-8"y =1
1 A 2 3 4
- = Ak — tan 2 - - 5 = - §5/3
c, = Ft C, =B'a 2k” €y = - (0.09)7(1) C, /
L _ ATk = 2 0y ? - 2
c, =A°“¢C, = 3(0.9) 2(.41)
c, = (.09)-% Cc. = 0.1638 C3 = - 0.3 C4 = - 1.6667
Cl = 3.33333 C2 = 0.1638 C3~= - 0.3 C4 = 1.66667
Now define i
_ 2
2 - W
Dk _ 1 3 ok 5 du| _ % 3
PPt T 2r Ir <rut a:) * G2 |3y pkz (N
C.2zk
Dz _ 1 3o 3z Ju 3 3p\ 9 _
o Bt = 37 37 (e 32) * S07 3p| * 5 (5%) 30 (%)
Y
+ Cyz 2 (38)
where Cspk
T E
and
C5 = 0.09
Expanding (1) for a steady flow gives —
Ak 3k _ 1 3 %> % dul _ %
cu Sk v ev 5= g gp (e 5p )t CiE e ’ar pkz " (39)
34




This equation can be transformed from (x.r) — (x,¢) utilizing a transformation of dependent

vanables.
Sy _
b 5y T eur (40)
Iy _
Voax T evE (41)
59, = & (&)
or - ' Y 42)

(), = (), - & () =

utilizing (42) and (43) in (39)

fox _oveak|, . feur 26| _ 1 pur é_{rut[ayza_&”

pu ]§§ T "E‘ l 3 | 2r U 90 v 3
+ Clz%ut\e% g_li'. - okz?

l

2
ou 3K _pua_{our ﬂ] + cyu z%lpur du

Q
"
NIH
<
o)lcu
<

} Expanding (38) for steady flow gives —
)
! 3 dz _ 1 3 9z
! oY 3% PVvar T 2r 3t ("Mt a‘f) @5)
4 1

c.z*

Ju _ ap) 9 A
+ Czoz 5 { + —— (~—r) 3T (ok) + quz




utilizing (42) and (43) in (45) gives -

‘Bz_pvr 3z gg_rglz_l_purg_ pur 9z _a
pu\ﬁ v W}+pv{ v o9 ’ T v 80 | TMt| Y 3 ‘;
f
C ZLi 3 :
{ + C,.pz pur _a_u + _3_ pur a_ pur _[_)_ (pk) + C4OZ 2
2 v 12 P T 7 30 1
| 2
b2 _ ou 3 |pur® 2z o%ur du
| PU 5% v v l v M IP}+ sz TlT

since p i1s always positive. Dividing by pu gives

5z _ 1 3 [P Mt oz, 2% |pur du
I3x T 2y v | ¥ EX u 17
:
! Y,
; 2 c,z'?
* 5 ur ie) 3 4 (46)
, + G327 = <aw T (‘”‘) *

) 3k _ 1 a5 P9 HMe 5k 5 |r ou kz?
sriaw{w ET72 S U S 172 el
[}
4
bz 1 3 [P Meaz |, %2® four pu
B 3x 20 3% T u VYV
2
5 ur® 30\ 3 s
. u
N 36




where:
Cspk
Ut = "T‘z
A
_ 2
zZ =W
C5 = 0.09

and the other constants are as they appear on page 34, To account for the effects of
compressibility, Saffman introduces an additional term into the k-equation. This is the last

term in his equation given below

- Je - 9de _ _u< U 3 <g§ §g> =
pU < T oV Iy - a'pe 3y + 5 A 3y % 3y pew
Cae 1ol B (_3_0)2
0,8 ® Y
171

where the subscript 1™ in the last term refers to properties of the external stream.
Rewriting this cquation

- de - Qe "= 3U 1 9 (Ape 8e>
— —_— = — - —— = =
eU IX PV ay a oe 1% * 3 Ay w oy
- — - 47
v (- ‘% pe ‘ Ape }(@E)z - pew (47)
B w oy
P19

The turbufent eddy viscosity has been given previously by

©

Ut=A0
w

Substituting this into the previous equation gives
ay

18 [, de
ay +28y(“t§>
2
Yy = 1\ /= U -
e (2 - e

<a2>()t dy

37

=, de - Qe "=
DUE-E‘FOVW—-O.DG

(48)

bttt PO AT gre=.... . OSSR




—pr— v

Now if we utilize the notation that the turbulent kinetic energy is given by k, Equation (48)
becomes
- 3k -, 3k _ 1 93 ok "= U
UG+ PV gy T 2%y (“ta_y>+°‘°k \ay\
(49)
- y -1 - U 2
- pkw - £< 2> (pk) ut<W>
P1%1
where as before kK = e
writing this equation in terms of the substantial derivative
SDk _ 1 3 [ 3K\, usy |3U
P Bt T 7 By <“t 8y> * atek ‘3?
2
- Skw - Y - 1\ /5 U
pkw - & < 2> <pkut> <8y> (50)

P1%1
Now for a perfect gas, the sonic velocity of the external stream. a, is given by

YPy

a; = YRT, = —
1 1 Py

Also for a perfect gas

P v
and
p
1 R
| 1 - 7 = E:—
} p
)
.' Y- 1.}
v p

) Utilizing these two relations
N ax
/




P181 L
=Rl °1 Y
Py Ypl pl
_ R
= ==
plpl
Yy - 1 _ R
2 MW,C_p (5H
Pray 1 Py 1

Where the subscript | refers to the external stream. Utilizing this relation (51) in (50) above

leads to
- Dk 10 ok " Ul _ =
P o T 3 §§:Gt §§> + a"pk ‘3;‘ pkw
2 3U 2 (52)
- ok e
g {MW C. p }p Yt <3y>
eX Pay eX
Transforming this equation to cylindrical coordinates
- Dk _ 1 3 ok "o 3| _ =
° Dt = 3F 3% <rUt g;) + a”pk ‘§?| pkw
= 2
) R - U
-5 — ku ——> 3
{Mw c o } pku {57 (53)
eX Poy eX

Now it we define




and drop the mean value notation (53) becomes - -

Dk _ 1 23 35) " au %
P pE T 2t ifémt 5c) TPk 3T pkz
R Ju 2
- IR o= 55)
& {MW C } pk“t(Br) (
ex pex” ex

where ‘
|
L= Apk _ Apk :
t w R (56) i

Utilizing (56) the second term on the right hand side (RHS) of (55) hecomes

%
b, 2
1] __li - " _B_B . t (57)
a"pk or ar A
" a_ll = O'_'.'_ ;5 i‘i\
a”pk \ar a2 Ve |or
Substituting (57) back into (56)
p Dk _ 1 2 ok a" Lk, |
! Dt  2r or (rut _3_?) a2 He or (58)
) - 2
e R Ju
- pkz*® - & oku (——)
; {M excpex ex} t\or
]
y' Hence. if we let {
r. 1
! co= " A a7h oo 00977 = 3.33333 '
1 - TR =0 = ;
& ]
.“' C6 z § = 2.5 :
40 |




Equation (58) becomes

p Dk 1 9 3k 5 u\
5T = 2% 3% (r“t ar) T C12 Ve 5T
R 2
PO R ol S (59)
bRz MW _C P ar
ex pextex

Where (59) differs from (47) in the previous formulation only by the last term.

Expanding (59) for a steady flow gives

1 tior

pu dk dk 1 9 3k 3 Bu\
pv (ru ) z%u (60)

_ pkzli - ~____.___C6Rpkpt (3_‘1)2
Mwecpepe

Now (60) can be transformed from (x,r) — (x.4) using the transformation of dependent

variable

X (6

), - 6, - 2 &

(63)
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2
pu dk _ pu 3 fpur ~ = 3k 5 pur /3u
5% © 20 39 (w by w) MRS KR (aw)\
= 2 2
y C6Rp kutu r u 2
- ket o MW C 2 W (o
e pepew
Since pu always > 0 for the shear flows considered here
3k 1 o fpur® k), ok x (3u)
X 2¢ oy W t oy 1 t |y \ay
5 C ﬁozku ur2 2
_ kz* _ 6 t (gg) (65)
u 2 \3y
Mwecpepew
Where it will be noted that (65) differs from (54) only in the addition of the last term
From Equations (65) and (56) —
ur2 i
ok _ L 3 PP P ekl ok |p w27
ax 2y oy Y EYY 17t Y] u
= 2 2
- C6Rp kur My (ﬁE)z (66)
2 Y7
szszpzw
pur2 C,z 2
3z _ 1 3 Pt sz |, Z2% jour du|, . % ur®iso
ax 2y oV 0 Y u v ] 3 w2 (w)
3
3 c,z ]
Ty (Ok) T (67)

where the subscripts “2” and “ex™ are synonomous. Now let A = (pt+pur1)/dl and utilize
the following finite difference formulation
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n,m 3 (‘\‘l) 2
Where:
a

an'm +y = n,m + an,m + 1

2
a - an,m + an,m -1
n,m - % 2

- f
(iﬁ) W et (68)
1

3 n,m v

Utilizing these formulas in (66)

Ak =
n,m
A A - - -
5, X n,m + %{kn,m + 1 kn,m} An,m—-% {kn,m kn,m--l}
! i}n m 2
- ’ (20)
. r u - u
b X n,m + 1 n,m -~ 1
+ C,u,.2 Ax ! ’
" 1"t"n,m 11/ n,m 24 P
o 5 = 2 2
' |}
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| P Yn,m C_.. MW 2
o p2 2 Po¥p
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and

5
k z Ax
L r { ll n,m “n,m
+ C,u, Ax 2z —— U - -
1"t n,m an,m“’ n,m+1 n,m- ll un,
C.R 2k u r Ax
_ 6 ° *n,m"n,m" Mt [u - u ‘ 2 69
2 2 n,m + 1 n,m - 1 )
4Cp2MW2p2wn'm(Aw)
Utilizing the same difference formulas for equation (67)
_  Ax -
AZn,m I An,m + 5! %n,m+ 1 Zn,m
20 Ay
n,m
“Aym - %{zn,m Zh - 1, m}
+ C22n,mAx pun,nﬁ.(un,m +1- "n,m--=1 )
n,m wn,m 2489
C z!'i rAx(p
+ 3°n,m n,m n,m+1-Pn,m-~-1
2 209
l‘Un,m
kn,m + 1 kn,m -1
"n,m 20V
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and ‘
Ax
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24 (AY)
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C,z Ax Dun mr
An,m"%[?l’l,m - Zn,m - 1}} + 2 n,mn UJ .
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i 2
- 1 ] A
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C,z A Ax
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+ kn m {’n,m+ 1 Ph,m - 1 + u
r 1 ? n,m
and finally
AX
Z = z + —— A L2
n+ 1,m n,m 2y (Aw)2 [ n,m + % L n,m + 1
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- zn,mi}— Aiom - [zn,m T fh,m -1 } }
C2zn,m Ax 1t p un’mr
+ n,m+1 Yhom - 1
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n,m - un'm

45

J
{
i
i




.

Henee equations (69 and 72y are utihized to caleulate the changes in k and 7 along the
marchimg direction at mesh points insede the calcutational icld However, spectal treatment of
these equations sy necessary along the axas ol the tlow as shown below.

Ihe turbulent kincuce energy equation s given by (71

3 73

[0} e
x| =
f\)‘r—‘
€«
Qf w
<

=0

‘Q)
==
[o%]
T

@

PER

a2
P

Hence. the tirst and second terms on the RHS of (73) must be evaluated along the axis since

these terms are indefinite.

The first term s

1 3~ o ut le (76)
20 W v 3|
Define
2 2

Then df = ydy dR = rdr

From (69)

LooY

W] ﬁ pur
and

Yoy = puror

di = pudR
and

drR _ 1

dar (AR
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but

lim 4 »0 =0

Lheretore the biest term becomes
-
“t 2

Ty

=

Fhe second termoas ginven by

Apphyving ['Hospital’s rule to a portion of this term ginves

rﬂu
hig) = S o Z9%
g (y) v
2%, suor
lim _ﬁf'éig = 8u2 vooau
y+0 9 1
: o éu
Now taking the hmit as r — o; U

vnatfected by the it process and we have

[\
Ve

|

The 7 equation is given by (75)

—~ o and hence the second term = o The third term is

Along the axis (77




s Lo g, , ef
3, Y dy u
b ourS aoy 0
ur e
320 3 (T> 57 (Pk) 4

pur 3u
voo9y
Y/
2
C4z
u

(75)

Lhe hirst two terms on the RHS ol ¢ 75 arcanalogous to the first two terms on the RHS of (74),

and are evaluated analogousiv. Hence looking at the third term

Cs

2

5

o

lim r =

2
m (55) 55 @0

¢

dy ¥

v >0

Making the same substitution as betore, define

I

then a :

N,

Doy

[

and the thid rerm (780 becomes
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and taking the imit as r — o

1
lim C3zzur2 (§£> 3? (ok) = 0
T 5¢
r-0

The fourth term remains as is and the z-equation along the axis becomes -

= w5 + C4 S Along the axis (79)

Hence, evaluation of the turbulence model equations for the case when r = o along the axis

becomes according to (77) and (78)

L
ok _ 3%k k2
Ix t sz u

3
ax t sz 4 u

Now when compressibility effects are important the last term in the k-equation must also be

evaluated along the axis

= 2 2
C_Rp kur™yp 2
6 t <8u> )

: 2 \3¥
MW.,C 2p2¢

p

Investigate this term in the limit as
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Rewrite (80) as

()

i

where

pzkurzut

e
b= S/IW c !
& 2_,p2p2[’r

I'hen using 1."Hospital's rule to (81)

Hence in the limit as r — o this term adds nothing.

Therefore equations (69) and (72) for field mesh points and (84) and (85) for points
along the axis determine the turbulence kinetic energy and the pscudo vorticity in the shear

laver.

This formulation was coded and added to the BOAT portion of the SPF code now
under development. These coding changes were input via an update to the main code and are

detailed in Appendix B.

The TKE equations along the axis are




3z _ a"z Z
3x © Me T2t C4 g
3y
sz - fn,m + 1 an,m
U sz
Sinee fp-1. m does not exist. assume
fn,m -1 fn,m
then
82f _ fn,m + 1 fn,m
342 (hy) 2

and for the special case along the axis

2 )2

(Ay

(84)

u, Ax
bk = (%n,2 = *n,1) -
! (Ly)
So that
H,Ax
kn + 1,1 ° kn 1t - 2 (kn ) n,1) = u’l 2.l
! ! ( »l,;l) ! ! n,l
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and hikewise

(85)

Z = Z +
n+ 1,1

Along the axis

V. NON-REACTING SHEAR LAYER COMPARISON

In order to evaluate the various turbulence nrixing models. predictions were made
corresponding to the caretul experimental measurements made by Brown and Roshko
[1] over an extended period of time. The experiments were made in a laboratory utilizing
a sphtter plate separating two 4 x I-inch 2-D noszles. The principal aim of this experimental
work was to investigate the etfect of density difterences between the two mixing lavers. This

was accomplished expernimentally by using various mintures of He and N:. Ar was also used in

in the

some rare instances. These two streams were turbulent with the Re number :
range of == 10", The experimental device was run at low speeds in the range of = 50 fps.
Freestream velocity and density ratios on the order of = 7were runexperimentaily. his work

showed that the large structure existed over all the density ranges tested.

Predictions were made for all the experimental runs made by Brown and Roshko and
are presented subsequently. Velocity and density profiles were calculated asa function oty (x-
v where xis the virtual origin of the shear Liver and y is the distance above or below the
dividing streamline. The dividing streamline was located utilizing a numerical integration

scheme, The details and limitations of this calculation is given in Appendix A.

In addition to the velocity and density profiles that were compared tor the data of
Brown and Roshko, the growth of the shear laver asa function of velocity ratio was compared.
Ax a hasis for this comparison, they used the velocity profiie maximum slope thickness and its

dernvative

o U (86)
(5%)




ddw _ dw

1)
8o T a@x T x = x
o
or
Uj - Ue
\ ! —
% = (50 (87)
W (x - XO)
max .
Fqguation (87) was used for the comparison. -

Results comparing the shear laver flow utilizing the two turbulence kinetic energy
maodels with experimental data are shown in Figure 9. Lhis 1s a comparison of the constant
density air air case with a jetveloaty of 32 8 feet second and an external stream clocity of 4.7

feet second. The flow was at a constant pressure of 1029 psia.

Note that the agreement between theory and expermment is very good for both the ke
and the kw' turbulence models, The shear width agreement is excellent and velocity profile
slope is very good, The ke model shows a little better agreement with the slope while the
k' model shows a slightly better shear width agreement, Overall it can be said that the

agreement with both is very good.

The next comparison made was another constant density air air case for which the
pressure was maintained constant at 102.9 psia. For this case. the jet velocity was held at 32.8
feet second while the external stream velocity was increased to 12.5 feet second. This

comparison is shown in Figure 10.

Note that the agreement between theory and experiment is again pretty good for both
turbulence models. The slope is reasonable for both and the width of the shear laver is
approximately the same for both. The ke’ model talls closer to the actual data than does the

ke2 model. :

Henee, for the constant density turbulent 2-13 shear layer, the turbulence prediction

models are doing reasonably well at predicting the growth and velocity profiles.

In order to evaluate shear laver tlows, where multiple species are involved such as for

the He Nsexperiments, itis necessary to hknow the value of the turbulent Prandtl number. This
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parameter arises in the govermng differential equations to account for differences betweer the
velocity profile and the specie profiles. This parameter is not known a priori. It can be

determined however from the experimental data.

Brown and Roshio | 1] found that for all cases of He/N, shear layers, the spreading
angle of the density profile was greater than that for the velocity profile. In order to evalu-
ate this. they constructed an eddy-viscosity model and deduced that the turbulent Prandtl
number should be between 0.2 and 0.3,

Figure 11 compares the predicted pu profile for the conditions of Case V shown in
Table 6 utilizing the present ke2 turbulence kinetic energy model. Note that there is qualitative
agreement between the predictions and the experiment for a turbulent Prandtl number of 0.3.
Had this been for the constant density case. the functional relationship would have been much
ditferent, approaching a constant value of 1.0. The trend toward matching the experimental
data is to run at lower Pro numbers. However, this study did not investigate the quantitative
differences as a lower Prois utilized. One reason for this was the marked increase in computer
runtime that would have been necessary. This is. however. a paramceter that needs to be
investigated in future investigations of turbulence modeling. Therefore, Pro = 0.3 was chosen

tor the corresponding calculation,

TABLE 6. INITIAL CONDITIONS FOR SHEAR LAYER
COMPARISON CASES

X CASE JET STREAM EXTERNAL
; NO. uj/ue Pi’Pe | CONSTITUENT STREAM
! CONSTITUENT
' | 7.00 1.00 AIR AIR
3 " 2,62 1.00 AIR AIR
. I 2.65 7.00 N, He
v 265 0.143 He N,
ﬂ ( v 7.00 0.143 He Ny
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A comparison of the two turbulent kinetic energy models with experiment is shown in
terms of the velocity profile in Figure 12 tor case 111 ( Table 6). For this case, the jet velocity was
32.% feet second while the external stream velocity was 12.4 feet second. The jet-fluid was N
while the external tluid was He giving a density ratio of 7. As before, the pressure was held

constant at 102.9 psia.

Both models show reasonable agreement with the data. The velocity profile slope is
more nearly constant for the ke2 as opposed to the kw” model. There is some disagreement with
the width of the mixing layer between the models where the width is too great on the high
velocity side on one and too narrow on the low velocity side on the other and vice versa.

The first density profile comparison is snown in Figure 13. (Case 111) The most notable
aspect of this comparison is the lack of agreement between theory and experiment. In
particular the slope of density profile on the N side 1s far too large: the ke2 model
demonstrating the worst agreement between the two. The width of the density layer is very
close for the ko' model and somewhat worse for the ke2 model. The absolute agreement
between experiment and theory is poor everywhere across the mixing laver and density errors
of = 100 pereent can be seen. Had the disagreement occurred only in the edge regions of the
shear layer. concern for this would have been lessened. Untortunately, the agreement is

uniformly poor.

The next comparison of the turbulent kinetic energy models with experiment is shown
in terms of the velocity profile in Figure 14 for case IV ( Table 6). For this case, the jet velocity
was 32.8 teet second while the external stream velocity was 12.4feet second. The jet fluid was
He while the external fluid was N giving a density ratio of 0.143. the external stream being the
more dense. Again the pressure was held constantat 102.9 psia. A turbulent Prandti number of

0.7 was used in the predictions.

For this case. the velocity profile comparison begins to look poor, especially on the He
side of the shear laver. Some of this poor agreement can be attributed to being in the edge
region of the shear layer. However, it 1s clear that this is not the only reason for the
disagreement. Notice that the shear laver width is predicted much more narrow than that
observed experimentally. Further. the velocity profile slope on the He side is considerably in

error. T'his velocity profile comparison is the worst that has occurred so far.

The density profile comparison for Case 1V is shown in Figure 5. The same problems
that were evident in the velocity profile comparison are magnified for the density profile. The

predicted density width is too narrow and discrepancies are most notable in the slope of the
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density profile enthe N:side. The differences in width between the velocity and density profiles
wis accounted for in the model by running the model at a turbulent Prandtl number, Pr.=0.3
as deseribed carlier. 1t is obvious that the resulting theoretical difference in width of the two
Lavers is far less than the experimental width difterence. Thus. itis obvious that there are some

serious probiems in the turbulence modeling for flows have a large density difference.

he next comparison of the turbulent kinetic energy models with experiment are the
most interesting of the shear flows compared since the density ratio of 7 that was run is very
nearly that seen in rocket exhaust plume firings. The velocity profile is shown in Figure 16 for
Case V ( Table 6). For this case, the jet velocity was 32.8 feet second while the external stream
velocity was 4.7 feet second. The jet fluid was He while the external tluid was N, giving a
density ratio of 7. the jet stream being the less densc stream. The pressure was held constant at
102.9 psia.

The velocity profile comparison for this case is shown in Figure 16. As was the situation
in Case 1V. the velocity profile comparison leoks poor. especially on the He side of the mixing
laver. Note the substantial difference between the velocity profile slopes predicted by both
models and measured. Again the shear laver width predicted is more narrow than that

measured. The comparison is very similar to that of Case IV,

The density profiic comparison tor Case V is shown in Figure 17. Again asin Case 1V,
the predicted density width is too narrow and discrepancics are most notable in the slope of the
density protile on the N:side. The differences in width between the velocity and density profiles
were accounted for in the model by running at a Pr,=0.3. Again the predicted width difference
between the predicted density and velocity profiles are far less than between the measured
profiles. The comparison between experiment and theory is the worst thus far seen and as
mentioned earlier, this is the case of most interest since it more closely matches a real rocket

plume in terms of density ratio.

I'he spreading rate for all the previous cases was calculated and compared with the
experimental data, Figure 18 shows the comparison for the ke2 model and the comparison for
the ke’ model is shown in Figure 19. There is one difference between the velocity profile slope

du

of the experimental data and the theoretical calculations Brown and Roshko uscd<g)_ MANX

o du
while <h\>\\'(i was utilized for the theoretical calculations. tn calculating the <g>:\\'(i .
only the center 50 percent of the profile was utilized in determining the average slope to
nunimize cdee gradient ettects,
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It should be noted that the ke2 model gave the best agreement between theory and
cyperiment. For the case with equal densities for both the jet and external streams, the data

points tall exactly on the theoretical curve,

The agreement between theory and experiment is the worst for the case where

p. o = - for both models.

[he agreement or lack thereol between experiment and theory is almost totally
ou .. : . " .
poverned by £5 . Since the spreading rate s so sensitive to this parameter, these

CONMPATINONS are much less meaningful than the density profile for example.
V1. NON-REACTING JET COMPARISON

The previous comparisons of the turbulence mixing models were made utilizing the
experimental data of Brown and Roshko which were for two dimenstonal shear layers at low
velocities (30 feet second or less). Since the applications of interest for this work are all at
much higher velocities and since the geometry is axisymmetric, it was felt that comparison with
some of the NASA Shear Flow Conference Data | 7] was in order. Hence comparisons were
made tor axisymmetric jet data in order to compare the turbulence models. Two sets of
experimental data were chosen from the NASA Shear Flow Conference for comparison with
the two turbulence kinetic energy models. the ke2 and kw'. Tuble 7 details the flow conditions

that were run during the experiments,
These two cases cover the spectrum of expected velocity and density ratios that one

might expect to see in a realistic rocket plume case. They are, however, not in the same

experiment. For both of these cases onty experimental velocity profiles were measured. This s

TABLE 7. INITIAL CONDITIONS FOR JET MIXING COMPARISON CASES

—
. JET
JET STREAM
STREAM M. v
CONSTITUENT | coNSTITUENT J e
S A ey bt et et S eia ety = -—.‘—1
ATR AIR 2.2 0
H, ATR 0.89 | 1.32
6Y
4




unfortunate since. as was seen in the preceding comparisons for the shear layer, the density”
profiles are @ much more stringent test tor the accuracy ol the theoretical models.
Furthermore, since species coneentration is the one of the quantities used directly in rocket

plume apphcations. it is a more important measure ot the accuracy of the turbulence models.

Another important consideration for rocket exhaust plumes is the compressibility
cftects,  the importance of this effect is addressed tor Case [ (Tuble 7) where there
is an intinite velocity ratio between the jet and the external stream, Certainly Brown and
Roshho have pointed out the importance of this effect and the accuracy with which this effectis

accounted tor s shown below.

I'he tirst comparnison made was for an M=2.2 air jet exhausting into still air. The jet
veloaity was 1765 feet second and the pressure was ambient. The density ratio wasasshown in

Table 7 tor Case 1.

I'his is the homogencous case in which the density ratio is determined by the Mach
number as opposed to molecular weight differences in the jet and the external stream. Hence.
compressibility effects are important tor this case. Since the ke2 turbulence model does not
account for compressibility effects. a compressibility correction factor originating from some
empirical work at General Apphed Science Laboratory (GASL) was utilized to account for

this effect. The details of this correction were presented in an earlier section.

Figure 20 compares model predictions tor the ke2 and ko’ turbulence models without
compressibility with the experimental data, Tt should be noted trom the centerline velocity
profile that the predicted core length of the jet is too short compared with experiment, The
kw’ core length being much shorter than the kel core length, This indicates that the
entrainment of the ambient stream is much too large and the mixing distance much too

short tor the case of a high relative velocity between the two streams,

However, when the compressibility effects are accounted for by utilizing the GASI.
compressibility factor for the ke turbulence model and via the addition of a term in the
muodehng cquation for the ke’ model, the results show a marked improvement. In fact the
agreement between prediction and experiment is excellent for the ke’ turbulence model with
comprossibility. This agreement is shown in Figure 21, Note that the core length prediction is
correct and the centerline velocity agreement is excellent out to 60 jet noszle radii. The
agreement detertorates trom that point on downstream but is still quite reasonable. The kel
model with compressibility correction predicts a core length that is too long and centerline

velocities thatare too high until the centerhine velocity has dropped to 30 percent of its original
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vate Henee, both maodels agree reasonably well with the experimental data with the ko’
model showg the better agreement of the two Further, it has been established that the
compressibiity ettects are imporiant and will be rctined tor the remander of the jet

LUHIP&IH\\'H\ i this section

1he next test of the model predictive capability comes about by comparing the radial
veloay protdes at downstream asiabstations. The tirst station chosen was near the end of the
et potential core as shown i fognre 20 a1 229 qet radn downstream of the noszle exat. Note
that the veiociny protile i Fagrre 22 shows a small diameter potential core at this distance
Jownstican: and a gradual velocny reduction as the tadial distance inereases. Note that both
turbulence models show excetient agreement with the experimental data with the ko” model

showing shebthy better agreement.

The nent point chosen for companson was at 43.9 nozzie radis downstream. 'he radial
protife at thes il station s shown in Figure 23, The agreement between the ke’ model and
axpeniment s near petfeet at this axial location. The ke2 model prediction shows a reduced

velocity compared with expenment indicatng that mixing is occurring shghtly too rapidly.

1 he tast point chosen tor comparison was at 61.7 nozzle radin downstream. The rudial
profile at this axaal station s shown n Figure 24, The agreement between the ke model and
experment s very good at thisaxial location. The ke 2 model prediction again shows a reduced

veloaty compazed with experiment.

It i~ thus concluded that compressibility effects are important tor Case 1 (Table 7yand
must be accounted for to achicve a reasonable agreement between theory and experiment. s
also concluded that the ko' turbulence model shows improved agreement with the
experimental data compared with the kKe2 model

I'he second comparison made was for a Mi = (.89 H > jet into a supersonic .\10 =1.32
air jet.  The et velocity was 3520 ttfsec and the external velocity was 1295 fifsec. I'he
pressure was ambicnt and the initial density ratio is shown in Table V1L

Figrere 72 compares model predictions for the ke2 and kw' turbulence models with
compressibility, It should be noted that the agreement between theory and experiment for
the core lenath is reasonable, The kaw” model shows a slightly better agreement with the

cxperimentally determined length,

The radial velocity profiles were first compared at an axial distance downstream of
1102 noszle rdin, This can be seen trom Figure 25 to still be inthe potential core region. Note
i renre 26 that the predicted radial profile utilizing the ko’ modelis reasonable but certainly
does not agree as closely as it did in Case 1T above. Discrepancies between experiment and

theory became apparent when the veloaity difterence ratio has dropped to approximately 60
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percent of its mmitial value. Use of the ke model gives a noticeably poorer agreement with

experiment over the entire range of comparison.

I he next radial protile to be compared is shown in Frigure 27 at a downstream distance
ol 19.16 nosste radin. Note that the comparisons do not agree at the v =0 point because the core
length s incorreetiy predicted by both turbulence models Both models do equally well over
theentire runge of parameters at this downstream distance with the mostserious discrepancies

oceurring atr 0.

The last radial profile comparison was made at a distance of 30.88 nozzle radi
downstreanm of the exitplane as shown in Figure 28, Both models do reasonably well over the
radius range covered with the Targest diserspancy oceurring at the lower values of the radius

ratio.

I he preceding comparisons demonstrate that the turbulence kinetic energy methods
predict the velocity profites. both radially and axiallv, reasonably well overa fairly wide range
of velocities and densities. "Reasonubly well™ micans an accuracy within =30 percent tor a
maximum crror. Fhev alsodemonstrate that compressibility effects are important and must be
accounted for in the modeling tn order to achieve this accuracy. Otherwise. even larger errors

will oceur.

These comparisons also demonstrate that the ko' turbulence model show closer
agreement to experunent than the ke2 model over the runge of comrarisons made. Hence this

model can be constdered as a viable alternative to the ke2 model.
Vil. REACTING SHEAR LAYER COMPARISON

Thus far the turbulent mixing models have been compared against flows which have
ditferent velocities for e ~h of the two streams or different velocities and different densities
The Latter type tlow is certamiy more applicable to the rocket exhaust plume flows since large
density ratios occur for these cases and since it is important to know the species distribution
across the onning laver. Fhe nextlevel of complexity in the modeling procedure is to examine
the turbulent nuning of a reocting shear laver, preterably one in which the initial densities of
the two streams are the sume. This echmimates another vanable in the problem if the initial
density atio can be held at unity, In addition, a Kinetically simple reacting tlow sys
tem s nandatory for an accurate test of the turbulence models since chemical reaction

rates constarty chanee.

Reacting shear laver expernmments of this Kind hive recently been completed at the

Uanversite of Adelmde me Austratio and have been recorted at the Second Symposium on

Purbulent Shear Flows by Wallace and Brown |5
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In these experiments, the jet stream consisted of NO muixed with N: i various low
level concentrations and the external stream consisted of O mined with N, in various other
low level concentrations,  The jet stream velocity was 82 tect/second and the external
streant velovity was 1o feet/second. The tlow channel was 3,94 inches wide and the height
ol the ot stream nozzle was 0,98 inches while the height of the external stream nozzle was

L7 inches, The Re number based on the boundary fayer height was =100,
I he chemical reaction involved in this experiment is very simple
NO O === NO 4 O
Fhis s a well known chemical reaction and its rate is known with a high degree of accuracy as
long as the temperature remains below S00 degrees Ko heretore, this experiment allows the
comparison of the turbulent miving model directly since the chemical Kinetics of this

reaction are so owell known,

Comparisons were made for three two-dimensional reacting shear laver cases shown in

Figure 29 and further details in Tuble §.

Note in Frgure 29 that the jet stream contains the tuel NO and the external stream

contains the oxidizer Ox The low concentrations of Tuct and oxidizer mixed with the carrier

EXTERNAL Te = 300°K
STREAM ue = 16.4 ft/sec
(OXIDIZER)

REACTING
SHEAR LAYER

|A' mﬂ:

)
) JET STREAM Tj - 300°K
) (FUEL) uj = 82 FT/SEC

Figure 29. Two-dimensional reacting shear flow schematic.
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TABLE 8. INITIAL CONDITIONS FOR REACTIVE SHEAR LAYER

COMPARISONS

1 STREAM EXTERNAL

CASE JET S STREAM
NC; ) uj Ue Pj Pe T, Te |CONSTITUENT® | cONSTITUENT®

NO N»o O3 No

! 50 0.996 1.0 0.05 0.95 0010 0.990
I 5.0 0977 1.0 0.05 0.95 00379 | 0.9621
Hl 50 095 1.0 0.056 0.95 0.078 0.922

* Constituents given as mole tractions. ;

stream. N deiatled i Tehle 8 tor the cases that were compared. The reason tor such low
concentrations of reactants is the degree ot reactivity of the NO - O reaction. Alarge amount of

heat is produced from minute quantities of reactants,

Comparisons were made for the casesshown in Tahie 8 where the amount of oxidizer in
the external stream was constantly increased from 1 to 7.8 percent. This inereased the O F
ratio and resulted in increasingly higher shear laver temperatures. Comparisons were made of

both the velocity and temperature protiles tor these cases. Density protiles were not measured.

' The virtual ongin xo was not determined in these tests as it was for the non-reacting
shear Ly er experiments prosented carlier. Heneeo tor the theoretical prodictions, N, was
tahen as zero indicating thot the shear laver starts growimye exacthy at the exit plane of the
nossles Phis will produce some error by scaling the width of the prodicied shear Lay et

ircorrectly. Henceo even it the theoretical and expermiental results avreed pertectly, the

)
wrdth of the shear Tover would show o diserepa. o Between the prodicted and measured
' results. However, this s not considered 1o be a serious discrepancy m lipht of the magnitude
? ol the disaerccment of e temperature profiles as will be subsequently shown,
K1
Both the ke? turbulence model and the ke tinbulence models were utihized in the
. predictions of the reacting shear layers Fhese models produced virtually identical results and
theretore the predictions shown were those obtamed utihzing the ke’ turbulence model.
.

a1




Results comparing the reacting shear laver for Case I given in Table 8 predicted and
meastured are shown in Figure 30, This is a comparison of the velocity profile across the shear
laver. The agreement between theory and experiment is excellent. This agreement compares
favorably with the non-reacting shear laver results presented carlier for the case where the
initial density ratio s 1 Thatis the situation here. The density ratio is 0.996 initially as shown in
Tuble 8. Therefore it appears that the velocity profile is little affected by the reacting flow at

Jeast at this level and similarly good agreement between experiment and theory is shown.

Figure 31 compares the temperature profile predicted across the reacting shear layer
with that actually measured. In contrast to the excellent agreement between the veloeity
profile determined from experiment and theory, these results are quite the opposite. The
predicted temperature rise profile across the shear laver looks nothing like the measured
profile.  The predicted maximum temperature rise is more than twice what was actually
measured.  Likewise the predicted temperature gradient is much larger than that found
cxperimentally.  The shear layer width also does not agree but as was mentioned previously,
thus is scated by the virtual origin v, and therefore cannot agree unloss the origin of thie shear

faver Bies at the exit planc of the two flows. In addition. 1t is worth noting that the location

of the predicted maximum termperature rise from the dividing streambine is displaced toward

the ret (fuel stream) side eolative (o the experimental resulis.

The results shown lor both Figures 30 and 3/ were for an axial distance of 100 mm

downstream of the shear layver exit plane.

For the 279 percent (mole) Oy case given as Case L in Tuble 8. no experimental results
were available with which to make a comparison of the velocity profile across the shear layer.
Hence the temperature profile is compared again at 100 mm downstream of the shear laver
exit plane. This compartson is shown in Figure 32, Note that the essential features that were
discussed for the | percent O case shown in Figure 31 are applicable here as well. The
predicted maximum temperature rise ts more than twice the measured value. The location of
the maximum s again shifted toward the jet stream side and the width of the shear layer is in

disagreement.,

A Lewts number vanation was made to determine its effect on the width of the
temperature shear layver compared with the velocity shear laver but only minor variations

resulted. This did not affect the overall poor comparison between theory and experiment.

The next case compared s shown as Case Number HH in Table 8. The Ox mole fraction
wasincreased to 7.8 pereent for thiscomparison. The velocity profileis compared in Figure 33.

Note that the agreement. while notas good as for the T pereent O« case. is again excellent. This
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Figure 32. Temperature profile comparison for reacting shear layer -
. Table 8, case number Il.
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should be expected howeverin izht of the results presented in Fivere 29, Again thisis a nearly

constant titial denstty case, the density ratio being 095 s given in Tahble &,

Figure 34 llustrates the comparison of the predicted and measured temperature profile
across the reacting shear laver. Simularly tor this case the predicted maximom temperature rise
ioncarly twiee the measured value, The predicted maximum s similarly skewed to the jet
streaan side. Henee the common teatures thatwere noted in Cases L & H( Table 8), are similarly

cvident i Case Hi

It i nstrucnve to examine the results for anincreasing amount of oxidizer and noting
the shitt toward the fuel sides This s shown an Zreeere 35 where the maximum temperature rise
location moves toward the oxidizer stream monatonically with inereasing oxidizer. This [eads
one to suspeet that the turbulence model utihzed in the predictions is bebaving in a “laminar
manner”. Note that the experimental results show very little shift in the maximum temperature

rise.

This hvpothesis was confirmed afrer programming a laminar mixing model and
imtroducing itas an option into the BOA T analysis. This was accomplished [8]and the results
are shown an Freere 360 Note that the laminar nuxmyg case results in virtually the same
masimum remperature rise as tor the ke’ turbulerce model. The onlv difterence is the

spreading iite of the laminar shear fuver compared to the turbulent shear faver.

Finally predictions were made with two other turbulence models: (1) Prandtl mixing
lenpth modet and tin Donaldson-Gray eddy viscosity model The results are shown in Figures
A7and A8 respectively s Ttis evident from these figures that nenher of the simple models otters

any hop- ot better agreement between expenment and theory,

VI CONCLUSIONS

Results af this study clearly show that matehing ot a theoretical velocity protile tor
mean velocitios with experimental results s not o good indicator of the correctness of a
turbulence model. This was shown most vividIy for the teacting shear laver expenments where
the velocity profde mateh was excellent and the temperature pronle through the shear v
was i crror byomore than a factor of two. The vetoarty profile waas the casiest parameter to
match when utihizine the tarbuleace kinetic energy models given in this imvestigation, The

comtant putial density cises showed excetlent agreement between experiment and theory tor

KO
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all cases investigated. This was not true, however, for the case where the initial density ratios

were significantly greater than one (=7).

The density profiles across the shear layer were very poorly predicted for all cases
examined in this investigation. This was especially true for the case when the high velocity jet

fluid was simultancoushy the low density fluid in the two-dimensional shear. This is a case that

more nearly corresponds to the rocket exhaust plume.

The ke’ turbulence model gives comparable results with the ke2 turbulence model. In
all cases examined the ke’ model pertormed as well as the ke2 model and in certain instances, it
performed much better than the ke2 model. This was especially true for the M=2.2 air jet

exhausting into still air.

The temperature profiles that are predicted by the turbulence models are extremely
poor. The temperatures are too high by approximately a factor of tw. - This indicates that there
is a significant large structure in the flows examined. The turbulence models do not account for

! this structure in any way and hence are all deficient in the basic physics of the flow. Figure 39
details the structure of a typical non-reacting shear layer and Wallace and Brown [5) have
shown similar behavior for the reacting shear laver. Examination of this photograph makes it
clear that the vortex structure must be included in the turbulence models in order to obtain

reasonable predictions.

Just how much large structure exists in flows more typical of rocket exhaust plumes
where the velocities are much higher is not known a priori. 1t is suspected that the large
structure will be less evidenced. 1f this is true, then perhaps the current turbulence models will
offer more hope for making reasonable predictions. However. this remains to be seen. Non-
reactive flow tests will be run in the near future which will provide the basis for the reasonable

assessment of this effect.
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The comparison of the theory with the experimental data of Brown and Roshko[11and
Wallace and Brown [5] required that the position of the dividing streamline be known. In
addition, this information is necessary when determining the amount of mass entrained by the
jet or by the shear layer. This was accomplished in the prediction program by utilizing the

subroutine DIVSL.

Consider the plane mixing layer shown in Figure Al. By taking an element of fluid
whose bottom edge is parallel to the dividing streamline, a momentum balance along the fluid
element parallel to the dividing streamline as shown in Figure A2 gives the following

EXTERNAL
STREAM
i /«-’“{"/
/-—— —————
T T—
L "
JET STREAM

Figure A-1. Plane mixing layer.

5
;) |

-—P
L . "MAX T3 LOCATION OF DIVIDING

STREAMLINE y=y*(2)

Figure A-2. Plane mixing layer fluid element (top half).
99

PRECEDING PAGE BLAMK-NOT ¥1Lo&D

b




el ) ) . ' R

8§ (x)
" Thmax® * sz sing & - [pdy
y*(x)
§ (x) §(x) _ § (x)
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Hence (A3) becomes

8 8 8
= fpuzdy + fou'zdy - U, fpudy (AS)
y* y* 2 y*
so that
8 8
- w2 2 - A6
Thax X = (pv pu' )dy +/; ou(Uc>U u) dy (A6)
v* Y 2

Similarly if we consider the bottom half of the fluid element shown in Figure A3

*

4
T X + 8§ -
max pw2 [ pdy

iy

~

Y* y* y*
[ 2 2
= j pu-dy + pu'"dy - U001 pudy (A7)

=5 -3 —

[«23

LOCATION OF DIVIDING
STREAMLINE y = y*(x)

Figure A-3. Plane mixing layer fluid element (bottom half).
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and since

P, =P + DV'Z
1

y* y* y*
T nax X + /;)V' dy = /;)u (u - le) dy + pu'® dy (A8)
-8 -5 -5
or
y* yv*
T X = . pu fu - U dy + o(u'z-v'z) d (A9)
max ( o ) y y
1l
-8 -8
. Eanating (A6) and (A9)
y* y*
(2 2
' pu (u - u dy + plu'” - v 4
/- ( wl) y + | ( ) ay
-6 -8
8 )
’/}u(umz- u) dy + /ﬁp(vﬂ - w'?)ay (A10)
* *
[ y y

and by assuming v = Ve, (A10) becomes

>
\
)
s §(x) y* (x)
) /Du(Um —u)dy-—/pu(u-um)dy
! y*(x) 2 =8 (x) 1 (Alh
*" Fquation (A1) is utilized to determine the location of the dividing streamline.
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Figure A4 illustrates a program that was written to check out the dividing streamline
location. Data from a realistic 2-I) shear layer in the form of streamwise velocity u and density
p at normal locations y were input via DATA statements. Utilizing this data the dividing
streamline was located utilizing equatior {All) which is coded in subroutine DIVSL. The jet
side integral 11 is given by the RHS of equation (A1) and the external side integral 12is given
by the LHS of equation (All). The trapezoidal rule is utilized for these integrals.

Detailed output for the subroutine DIVSL is given by the namelist OUT2 and for the
overall check routine by OUTI. Note the location of the dividing streamline yy given in both
namelists. This illustrates a behavior common to the 2-D shear layers studied — a bending of the
dividing streamline toward the jet.

Once the dividing streamline has been located, the entrainment can be calculated for
both the jet side and the external side. Figure A5 illustrates some additional calculations which
define two integrals utilized in the entrainment calculations. The mass flow integration above
and below the dividing streamline is given by I and 14, respectively. These integrals are defined
as

y*

=S (A12)

I, =/ pudy (A13)

=Y
ﬁ\. o

These integrals are utilized to calculate the mass flow changes at streamwise locations
and differences in these integrals give the mass flow entrainment. The jet side integral is given
by I and the extcrnal side integral is given by ls.

Detailed output for these integrals is given in namelist OUT3. The dividing streamline
location is given in namelist OUT! and OUT2 as before.
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Figure A-5. (Continued).
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For the reacting shear layer comparison, it became of interest to compare the resulting
temperature rise in the shear layer with that predicted by a laminar mixing model. Hence, it
was necessary to add this capability to the shear layer program BOAT. The following
extension to the code (Figure Bl) is necessary to accomplish this. The details of the laminar
mixing model are given in a separate report [§].
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Capabliity of the shear layer program BOAT.

Figure B-1.
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SYMBOILS

\ Whial Coordinate

i Radial Coordimate

u Anal Velocetty

\ Radal Velocity

I Densin

Pr Furbulent Prandt! Number, u}(’\:p‘

Se Turbulent Schondt Number. £ pD

e lurbulent Lewis Number, Pr'Sc

P Pressure

M Viscosity

t NOMW

N Mol Fraction ol it Specic

W Ainture Molecuknr Weight

h [ nthalpy of i Specie

I State Temperatue

h Hoat of Formation o+ Speei

K Thermal conductivity
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MW

On
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(same throughout report)
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SYMBOLS (Continucd)
Nt Rate of Chemical Production of i Specic
Stream Function (Eguation 6)
Moleculiar Weight
Turbulent Kinetic Energy. '»(u'™+v')
Prandtl Number for Turbulent Kinetic Fnergy
Prandtl Number tor Turbulent Dissipation
Turbulent Dissipation Rate
Shear Laver [hickness
Mach Number
Sonic Veloeity
Compressibifity Factor
Pseudo-Vorticity
Heat Capacity at Constant Pressure
Wall Shear Stress Velociny .,y ™
Boundary Layer Displacement Thickness
Momentum Thickness
Ratio of Specific Heats
Universal Gas Constant
ROMW
Detimed in boguabion

Fethabpy

P
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SYMBOLS (Continued)

ko2 Turbulence model constants (Equations 10 and 11)

koo " Turbulence model constants (Equations 18-20)

Empirical constants in ke 2 formulation

Functional corrections {for weak shear tlows in ke2 formulation (Ret, 7)

Specitic turbulent Kinetic cnergy

Defined by Equation 25

Cole’s Universal Wave Function (Equation 29)
Wall shear stress

Displacement thickness

Non-dimensional radial coordinate, r;‘“—r
Momentum thickness

Cross stream distance from dividing streamline

. e . ® ce e ar e -
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SYMBOLS (Concluded) J
8’
o
al'
!
G
o | Constants in kw ' formulation i
-
C3 1
Cy '
Cs .
Co
U Mean axial velocity
\Y% Mean radial velocity
)
z w*~
v ulp
Subscripts
max Maximum
o Initial value
, C Centerline
¢ External stream
’ ) Jet stream
)
’ oo Free stream
Y
t Turbulent

e~

I

=28




- : e

;“n e Bamae oo “4._-.!
- S
DISTRIBUTION
No. of No. of
Copies Copies
University of Illinois Aerochem Research/Princeton
Dr. A. L. Addy 1 Dr. Hartwell Calcote 1
208 Mechanical Engineering Laboratory PO Box 12
Urbana, Il, 61801 Princeton, NJ 08540
BMDATC Rockwell International
ATC-14, Dr. Larry C. Atha 1 Rocketdyne Division
PO Box 1500 Code D/536, Mr. R. Campbell 1
Huntsville, AL 35807 6633 Canoga Avenue
Canoga Park, CA 91304
Rockwell/Downey
Mr. Harold J. Babrov 1 Aerojet Solid Propulsion Company
Space Information Systems Division Attn: Mr. James P. Coughlin 1
12214 Lakewood Blvd Mr. A. W. McPeak 1
Downey, CA 90241 PO Box 13400
Sacramento, CA 95813
Bell Aerospace Corporation
Mr. Arthur H. Blessing 1 SAI/Princeton
PO Box 1 Attn: Dr. Sanford M. Dash 1
Buffalo, NY 14240 NDr. E. S. Fishburne 1
1101 State Road, Bldg !
Calspan Corporation Princeton, NJ 08540
Attn: Dr., Drmnald W. Boyer 1
Dr. Paul V. Marrone 1  Grumman/Bethpage
Dr. Walter H. Wurster 1 Grumman Aerospace, Inc.
PO Box 400 Attn: Dr. Paul D. Del Guidice 1
Buffalo, NY 14221 Dr. Stanley Rudman 1
S. Oyster Bay Road
Physics Dynamics/La Jolla Bethpage, LI, NY 11714
Dr. Frederick P. Boynton 1
PO Box 556 ARC/Alexandria
La Jolla, CA 92038 Dr. Mark Director 1
5390 Cherokee Avenue
Naval Weapons Center Alexandria, VA 22314
Atta: Code 3245, Mr. S. Breil 1
Code 3241, Mr. A. Victor 1  Hercules/Cumberland
China Lake, CA 93555 Acrospace Division-Allegany
Ballistics Laboratory
Naval Ordnance Station Attn: Mr. Thomas E. Durney 1
Attn: Code 5252E, Mr. G. Buckle 1 Mr. Robert C. Foster 1
Code 5233D, Mr. H. Hodgkins 1 PO Box 210
Indian Head, MD 20640 Cumberland, MD 21502
Spectron/Costa Mesa AFATL/DLMG
Dr. C. W. Busch 1 Dr. D. E. Ebeoglu 1
3303 Harbor Blvd Fglin AFB, FL 32542
Costa Mesa, CA 92626
University of Tennessee Space Institute
AFRPL/PACP Atin. Dr. W. Michael Farmer 1
Attn: Dr. David Mann 1 Dr. James M. Wu 1
Dr. T. D. McCay 1 Dr. Kenneth E, Harwell H
Edwards AFB, CA 93523 Tullahoma, TN 37388
. L. . . o e o of
129
) PR .w;w-.j;




DISTRIBUTION (Continued)

United Technologies Corporation
Chemical Systems Division

Mr. B. R. Felix 1
PO Box 358

| Sunnyvale, CA 94088

Aeronautic Division

Attn: Mr. Alson C. Frazer 1
Mr. L. E. Horowitz 1

Ford & Jamboree Roads

Newport Beach, CA 92663

Photon Research Associates, Inc.

Attn: Dr. G. Newton Freeman 1
Dr. Claus B. Ludwig 1

PO Box 1318

La Jolla, CA 92038

Aerodyne Research, Inc.

Attn: Dr. Michael E, Gersh 1
Dr. James S. Draper 1

Crosby Drive
,' Bedford Research Park
Bedford, MA 01730

Johns Hopkins University
Applied Physics Laboratory~Chemical
Propulsion Information Agency
Attn: Mr. Theodore M. Gilliland
Mr. Andreas V. Jensen 1
Johns Hopkins Road
Laurel, MD 20810

=

NASA-Marshall Space Flight Center
‘ Attn: Code ED-33, Dr. T. Greenwood 1
' Technical Library
. Mr. Joseph L. Sims 1
Huntsville, AL 35812

Pt

? United Technologies Corporation
; Research Center

] 4 Dr. Roy N. Guile 1
b 400 Main Street

East Hartford, CT 06108

McDAC/Hunt ington Beach

Attn: Dr. Donald W. Harvey 1
A3-328, Library 1

’ Dept 204/13-3,
; Mr. G. F. Greenwald 1

5301 Bolsa Avenue
Hunt ington Beach, CA 92647

v
’
{

Mart in-Marietta Corporation
Mr. Larry B -low

Mail Stop 0482

PO Box 179

Denver, CO 80201

Ford Aerospace & Commercial Corporation

AFAPL/RJA
Mr. Norman A. Hirsch
Wright-Patterson AFB, OH 45433

Naval International Interpretational

Service Center (NISC)
Code 452, Mr. James Hyland
4301 Suitland Road
Washington, DC 20390

Thiokol Chemical Corporation
Wasatch Division

Mr. M. J. Janis

Brigham City, UT 84302

Aerospace Corporation

Attn: DPr. Richard H. Lee
Dr. Duane Nelson
Dr. Ronald R. Herm

PO Box 92957

Los Angeles, CA 90009

Lincoln Laboratory/MIT
Dr. J. Lowder

PO Box 73

Lexington, MA 02173

AFSC/FTD
Attn: Mr. S. Marusa

Mr. R. Fargnoli
Wright-Patterson AFB, OH 45433

Naval Missile Center
Mr. D. E. Papche
Code 5351

Point Mugu, CA 93042

Lockheed Missile & Space Company
Attn: Mr. Morris M. Penny
Ms. Beverley J. Audeh
Mr. L. Ring
PO Box 1103
Huntsville, AL 35802

AFGL (OPR)
Mr, B. P. Sandford
Hanscom AFB, ME 01731

130

1

e

P




-

L]
LR

™~

—— gy

cse

Environmental Research Institute
of Michigan
Dr. L. M. Peterson
PO Box 8618
Ann Arbor, MI 48107
General Dynamics-Pomona Division
Attn; Mr. E, T. Piesik
Technical Library
PO Box 2507
Pomona, CA 91766
Chrysler Corporation Michoud
Defense Space Division
Mr. E. A. Rawls
PO Box 29200
New Orleans, LA 70189
Physical Sciences, Inc.
Mr. Curt Ray
30 Commerce Way
Woburn, MA 01801

Remtech, Inc.

Dr. John §. Reardon
2603 Arties Street
Huntsville, AL 35805

ARO, Inc.

Arnold Engiuneering Development Center

Attn: Mr. Robert P. Rhodes
Dr. Wheeler K. McGregor
Dr. Charles C. Limbaugh
Mr. W. D. Williams
Mr. R. C. Bauer
Dr. C. E. Peters
Technical Library
Arnold AFS, TN 37389

NASA/JSC
Code EX-3, Mr. B. B. Roberts
Houston, TX 77038

ARDC
CPT William E. Rothschild
Code XRB

Eglin AFB, FI. 32542

1

bk e e fd d

Army Ballistic Research Laboratories

Attn: DRDAR-ELL, Mr. E, Schmidt

Aberdcen Proving Ground, MD

as . aw el MWe @~ o, . @

[ JR TR

21005

1

LR X T e wa ..

DISTRIBUTION (Continued)

AEDC/DOT
Attn: Mr. E. Thompson

Dr. Herman E. Scott
Arnold AFS, TN 37389

AFOSR

LT Robert F. Sperlein
Bldg 40

Bolling AFB
Washington, DC 20332

Naval Weapon Space Center
Code 5042, Dr. J. E. Tanner
Crane, IN 47522

Armament R&D Command
Attn: DRDAR-IC, Mr. J. Tyroler
Dover, NJ 07801

Thiokol Chemical Corporation
Dr. C. Mikkelsgen
Huntsville, AL 35807

TRW, Inc.
Attn: Mr., Orvil E. Witte
Dr. John T. Ohrenberger
One Space Park
tedondo Beach, CA 90278

Institute of Defense Analysis
Dr. Hans G. Wolfhard
400 Army-Navy Drive
Arlington, VA 22202

Defense Advanced Research
Projects Agency

Dr. Stephen Zakanycz

1400 Wilson Blvd

Arlington, VA 22209

Commander

Air Force Armament Laboratory
Mr. C. Butler

Eglin AFB, FL 32542

Air Force Flight Dynamics Laboratory

Attn: FDMM, Mr. Gene Fleeman
Wright-Patterson AFB, OH 45433

US Air Force Academy
CAPT Brilliant, DFAN
USAT Academy, CO 80840

1




DISTRIBUTION (Continued)

Commander

Naval Surface Weapons Center

White Oak Laboratory

Attn: Code WA-41, Dr. W. Yanta
Code WO, Mr. E. Elzufon

Silver Springs, MD 20910

NASA-Langley Research Center
Attn: Code MS423, Mr. R. Wilmoth
Mr. Charles Jackson

Technical Library
Hampton, VA 23665

Commanding Officer and Director

Naval Ship Research and
Development Center

Attn: Aerodynamic Laboratory

Craderock, MD 20007

NASA-Ames Research Center

Attn: Mr. G. S. Deiwert 202A-1
Technical Library

Moffet Field, CA 94035

NASA-Lewis Research Center

Attn: Mr. M. A. Beheim
Technical Library

Cleveland, OH 44315

Sandia Corporation

Sandia Base Division 9322
Mr. W. Curry

Box 5800

Albuquerque, NM 87115

University of Notre Dame

Department of Aerospace Engineering

Dr. T. J. Mueller
Notre Dame, IN 46556

Naval Air Systems Command
Mr. William Volz

Air 320-C, JP-1
Washington, DC 20361

b

[

1

Nielsen Engineering & Research, Inc.

Dr. Jack N. Nielsen
850 Maude Avenue
Mountain View, CA 94040

Director of Defense Rsch & Engng
Room 3C128, Technical Library
The Pentagon

Washington, DC 20301

- e « e @ s &e-. . e o« ®@s o+ aes

1

Jet Propulsion Laboratory
California Institute of Technology
Attn: Mr. R. Martin

Mr. R. Kenneth Baerwald
4800 0Oak Grove Drive
Pasadena, CA 91109

Boeing Company

Attn: Library Unit Chief
Mr. R. J. Dixon
Mr. H. L. Giles
Mr. J. M. Barton

PO Box 3707

Seattle, WA 98124

Vought Corporation
Attn: Mr. C. R. James
Mr. D. B. Schoelerman
Mr. Richard Summerhays
Box 5907
Dallas, TX 75222

Lockheed Aircraft Corporation
Missile and Space Division
Attn: Technical Info Center
Dr. Dwayne A. Sheets,
Org 62-13, B-104
PO Box 504
Sunnyvale, CA 94086

Martin-Marietta Corporation
Orlando Division
Attn: J. Burns
L. Gilbert
Dr. L. Sakell
PO Box 5837
Orlando, FL 32804

McDonnell -Douglas Corporation
Attn: Technical Library

PO Box 516

St. Louis, MO 63166

Northrop Corporation
Electro-Mechanical Division
Mr. E. Clark

500 East Orangethorpe Y20
Anaheim, CA 92801

Rockwell International
Columbus Aircraft Division
Mr. Fred Hessman

4300 East Fifth Avenue
Columbus, OH 43216

s e e -

- [EPgy [Sy

=

[

-

- e




-~ -

/

T T

Hughes Alrcraft Company

Missile Systems Division

Mr. J. B. Harrisberger 1
Canoga Park, CA 491304

U5 Army Materiel Systenr; Analysis
Activity

Attn: DRXSY-MP 1

Averdeen Proving Ground, MD 21005

- . R . . o

DISTRIBUTION (Concluded)

DRSMI-~LP, Mr. Voigt
DRSMT-R, Dr. McCorkle

~RK

-RL

~-RR

~RN

-RS

~RDK

-RDK, Dr. Walker

-RPR

-RPT (Reference Copy)
(Record Copy)

- N
[ R = I I S







