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I. INTRODUCTION

Surface irreqularities such as cavities, bumps and flares, etc., may all
be present in actual missile configurations. The resulting flow field for
these shapes is characterized by locally separated flow regions due to these
surface irregqularities. Additionally, large separated flow regions exist
behind the base of the missile. These separated flow regions could have a
large affect on the missile aerodynamics. Fins and control surfaces are often
added to improve the stability. Proper location of these devices are crucial
in achieving full effectiveness. The control effectiveness of the fins or
other control surfaces can be seriously degraded if they are located in
regions of large separated flow. A knowledge of the expected flow field and
the boundary layer properties can thus be very important in the initial design
phase. The Aerodynamics Technology Branch of the US Army Missile Laboratory
has requested numerical flow field data for a new missile design. Numerical
computations have been made for the requested missile geometry at M = 0.6.
The results of these computations are presented in this memorandum report.

[I. COMPUTATIONAL TECHNIQUE

The Azimuthal Invariant (or Generalized Axisymmetric) thin-layer Navier-
Stokes equations for general spatial coordinates %, n, ¢ can be written as!

-~ ~ ~ A’ ‘1 -~
3 q+ aEE + acG + H = Re acS (1)

‘where £ = g(x,y,z,t) is the longitudinal coordinate
n = n{y,z,t) is the circumferential coordinate
¢ = g(x,y,z,t) is the near normal coordinate
t =t is the time
and
r— —
p —1 A pU oW ]
ou ouU+Exp pul+z p
- -1 - 'l -~ -1 X
q=14J pv , E =4 va+c:yp ’ , G =1 ovw+e;yp
ow owU+Ezp | owﬂ+czp
e (e+p)U-£,p | (e*p)d-g,p
e -J . L— _J>

1. C. J. Nietubioes, T. H. Pulliam, and J. L. Steger, "Numerical Solution of
the Aszimuthal-Invariant Navier-Stokés Equations,” U.S. Army Ballistic
Jegearch Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-TR-02227,
March 1980. (AD A085716) (Alao 3ee AILAA Paper No. 73-0010, Jamuary
2979.,)
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_The velocities
U=5t+ U * Eyv+ azw
Vv = ng * nu ¢ nyv + oW (2)
W= ‘:t* ;xu+ z;yv+ czw

represent the contravariant velocity components.
The Cartesian velocity components {u, v, w) are nondimensionalized with
respect to a_ (free stream speed of sound). The density (») is referenced to

p, and total energy (e) to p_ai. The local pressure is determined using the
aquation of state,

P2 (y-1)[e - 0.50(u2+ v2+ w?)] (3)

where y is the ratio of specific heats.

In Equation (1), axisymmetric flow assumptions have been made which result

in the source term, H. The details of how this is obtained can be found in
Reference 1 and are not discussed here, Equation (1) contains only two
spatial derivatives. However, it retains all three momentum equations and
allows a degree of generality over the standard axisymmetric equations. In
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X particular, the circumferential velocity is not assumed to be zero, thus
.o allowing computations for spinning projectiles to be accomplished.

The numerical algorithm used is the Beam-Warming fully implicit, approxi-
-~ mately factored finite difference scheme. The algorithm can be first or
Y second order accurate in time and second or fourth order accurate in space.
R Since the interest is only in the steady-state solution, Equation (1) is
A solved in a time asympotic fashion and first order accurate time differencing
) is used. The spatial accuracy is fourth order. Details of the algorithm are
included in Refarences 2-4.

y For the computation of turbulent flows, a turbulence mode! must be sup-
S plied. In the present calculations a two layer algebraic eddy viscosity model
by Baldwin and Lomax® is used. In their two layer model the inner region
‘. follows the Prandti-Van Driest formulation. Their outer formulation can be
o used in wakes as well as in attached and separated boundary layers. In both
-Z~;Cj the inner and outer formulations, the distribution of vorticity is used to

determine length scales, thereby avoiding the necessity of finding the outer
edge of the boundary layer (or wake). The magnitude of the local vorticity
for the axisymmetric formulation is given by

ERRE B 25 SR R h .

.In determining the outer length scale a function$

F(y) = ylu] [1 - exp(-y"/A")] (

NP was used.

w
—

The thin-layer Navier-Stokes computational technique described above was
E used in conjunction with an unique flow field segmentation nrocedure and a

computational capability® 7 has been recently developed for predicting the
o .

o 2. dJ. L. Steger, "Implicit Finita Difference Simulation of 7low About

D5 Arbitrary Jeometries with Applicatiom to Airfoils,” ALdA4 Jourmal, V2l. 15,
}:.:_‘;. Yo. 7, July 1973, pp. 879-686.

) . e e . . .
N 3. T. H. Pulliam and 4. L. Steger, "On Implicit Finitse-Difference Simulations

of Three-Dimensional Flaw,” AIAA Jourmal, Vol. 18, No. 2, February 1980,
pp. 159-167.

4. R. 3eam and R. F. 4arming, "An Implicit Factored Scheme for the Compres-
X sible Navier-Stokes Equations,” ATAA Jourmal, Vol. 16, No. 4, April 1974,
pp. 393-402.

.« . 5. 3. 3. 3aldwin md 1. lomax, "Thin-Layer Approximation und Algebratic Yodel
e For Separated Turbulent Flows,"” ALAA Paper No. 78-257, 1378.

i 9

e

"

- ..~ '.. A'-.' !-‘ . ‘ - .'- \» = -
RN TN .\V‘.\- N .: LR ER
a) B - 0 AT, )



L

Pt
¥ S

--\‘.

}-fj; flow field over a projectile including the base region flow. The flow field

S segmentation procedure allows the complete numerical simulation of a projec-

I tile. The details of this procedure can be found in References 6 and 7. This

acy code is used here to calculate the full flow field over a missile at M = 0.6
and a« = 0,

s III. RESULTS

1 Numerical computations have been made at two Reynolds Numbers, Re = 4.2

.l x 108/ft and 3.0 x 106/ft for turbulent flow and Re = 4.2 x 106/ft for

< Taminar flow (total length, L = 23.63"). Solutions were marched in time until

e the steady state results were achieved. The lengths shown in results are in

o calibers (1 caliber = 2.66", the reference diameter).

-~ -

Fiqure 1 shows an expanded view of the computational grid near the missile
"y which is approximately 9 calibers long. The grid consists of 201 points in
o longitudinal direction and 50 points in the normal direction. The dark
L regions result from grid clustering. These are the regions where the flow
variables are expected to change considerably. The expanded grid in the base

oo ! region ts shown in Figure 2 and has been adapted to the wake shear layer as
Oﬂ the solution developed. Computed results are now presented for the various
RS cases.

o A. Case 1, Re = 4,2 x 106/ft (Turbulent Flow)

Figure 3 shows the velocity vectors in the regions where surface irregu-

“larities are present and flow separation may occur. As seen in Figure 3(a)
there is a very thin region of reversed flow near the surface. Figure 3(b)
and (c) are expanded views of Figure 3(a). Fiqure 3(d) shows the velocity
vectors near the flare and again only a very thin separated flow region is
predicted near the missile surface.

() Qualitative features of the base r~egion flow field are shown in Figures 4-

7. Figure 4 is a plot of the velocity vectors and clearly shows the recircu-
MRS lTatory flow in the near wake. Figure 5 shows the particle paths in the base
R region and more clearly shows the separation bubble. Mach number and normali-
N ized static temperature contour plots are shown in Figure § and 7, respec-
tively, and show the strong free shear layer, [t is ¢lear from Figure 6 that
".“" the flow is subsonic everywhere in the base region.
o
; 6. J. Sahu, C. 4. Nietubicz and 4. L. Stegar, "Numerical Computarion J7 3ase
‘ Flaw for a Projectile at Transgonic Speeds,” U.S. Army Ballistic Research
o Laboratory, Aberdeen Proving Ground, Maryland, ARBRL-TR-02495, June 1983.
(AD A130293) (Also see AIAA Paper No. 32-1358, August 1982.)

7. J. Sahu, C. J. Niatubics and J. L. Steger, "Navier-Stokes Computations of

L, - Projactile Base Flaw with and without Base Injectiom," U.3. Army Ballistic
Research Laboratory, Aberdeen Proving 5round, Maryland, ARBRL-TR-02532,
" Vovembaer 1983. (AD A135738) (Alao see ALAA Paper Vo. 33-0524, vamuary
P :1383.)
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Quantitative results are presented in the form of pressure coefficient and
skin friction coefficient. Figure 8 shows the surface pressure distribution
as a function of the longitudinal position. The flow is subsonic everywhere
(Cp > Cp*) and the expansions and recompressions are observed at the cavity,

protuberance and flare as expected. The pressure distribution shown down-
stream of the base corner is along a line followng the shear layer., Figure 9
shows the skin friction coefficient distribution and clearly indicates the
reversed flow regions where Cg¢ < 0.

B. Case 2, Re = 3.0 x 105/ft (Turbulent Flow)

The results for this case are essentially the same as those of the
previous case. Small differences in the surface pressure distribution and
skin friction coefficient distribution are observed and these distributions
are shown in Figures 10 and 11, The differences are very small and usually
occur in the separated flow regions.

C. Case 3, Re = 4.2 x 105/ft (Laminar Flow)

Qualitative features of the base region flow field for the laminar flow
case are shown in Figures 12-15, ATthough small differences can be observed,
the extent and size of the wake separation bubble remains essentially the same
as for the turbulent case. Significant differences in the flow field, how-
ever, occur in the regions of the cavity, protuberance and the flare and are
shown in Figures 16-19, Figures 16 and 17 show the velocity vectors in these
regions and the large separated flow regions are evident. Figures 18 and 19
are stream function contour plots for the same regions and more clearly show

‘the reversed flow. These stream function plots clearly show the separation

and reattachment points.

Quantitatively, the surface pressure and the skin friction coefficient
distributions are shown in Figures 20 and 21, respectively. As seen in Figure
20, the expansions and the compressions are weak compared to the turbulent
case. The magnitude of the skin coefficient shown in Figure 21 is consider-
ably Tlower than for the turbulent case (Figure 9). Additionally, larger
regions of separated flow are clearly seen (C¢ < 0).

As part of the missile design, fins are located at X/D = 8.306. The flow
field at this location is of considerable importance to the Aerodynamic
Technology 3ranch of the US Army Missile Command. The flow field requested is
in terms of plots and tabular data of density, velocity, static pressure and
dynamic pressure profiles. Figures 22-26 shaw the profiles of density, velo-
city components in streamwise and normal directions, static and dynamic¢ pres-
sures respectively. The tabular data of these profiles are included in Table
1 and includes the following variables:

/0 normal distance measured from the surface
RHO/RINF non-dimensional density

U/UINF non-dimensional x-component of velocity
W/UINF non-dimensional y-compaonent of velocity
P/PINF non-dimensional static prassure

Q/QINF non-dimensioral dynamic pressure

.
il
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o where D is the reference diameter and RINF, UNIF, PINF and QINF are the free
A stream values for density, velocity, static pressure and dynamic pressure
" respectively.

Y IV. CONCLUDING REMARKS

=~

A thin-layer Navier-Stokes code has been used to compute the entire flow
) field about a missile configuration of interest to the Aerodynamics Technology
23 Branch of the US Army Missile Laboratory. Numerical computations have been
o made at M_ = 0.6 and a = 0 and for both laminar and turbulent flow condi-
N tions. Turbulent flow computations indicate very thin regions of separated
--:3,- flow near the missile surface in the neighborhood of the irregularities in

surface geometry. The laminar case predicts much larger separated flow re-
gions in the same areas. The flow field in terms of plots and tabular data of
Yl density, velocity, static pressure and dynamic pressure at the location of
fins are also included.

| S
LS 12
PO

S RSP BT S L B T R U I e S o AL g e e S AR R AR At LS TSI SR TR LR PO O,
t“,’ £, 'f\," '(*" J‘J”f - I‘h'-{‘\*ﬁ- To s Ve Wy e PR CACAI N AR e ' 3'\ NJ‘.‘\ \.\‘\ "“-n" e

it o 0 N\ Y



o«
&
Jr .,...3( REPY AERERT ..........‘... ARSY YCA AR M ... e s I(.r......n. LRLPAS q.m- \4.4...\.\.........(‘ rf)uki. .J.\.un-u‘...-‘-.r#-r

10.0

han o } A & |
X X _ K N N
) ¥ » Wl o W &
eanmtBel
- o
2
Kl
[74]
[ ] wv
[
) ¥
o
=
e
s
o
iy ]
w
¥ o
=
%
G
]
Q =
~ e € +
- - ™
o -4
)
)
—
o >
e
©
w— o~ @
— ©
e
<
a
*
1]

e.0 .

Figure 1.

-a.0

0°o1 0°e o's o'y (1 )8 4 0°0

4
D' _ NP . h IR, s, 8, 4 4y 4Ty . 3 Jk.k‘il



Y T v ———

10.00

14

8.7 9.00 9.5 9.50 49.75

e

v
8.00 8.25 8.50

Expanded View of the Grid in the Base Region

.—-F——

Figure 2.

00'z S¢'1 0S'1 Sz°t 00°l S.'0 0S'0 S2°0 00°0
7

T e .-.-\-. " -. ’ --d.-).; mw_ \.,_. NN
SRR Lel PR

Sy SRR )




0.‘

0.0 0.2

Ay

sl

3.0 3.5 4.0 4.5 S.0 5.5

Figure 3. Velocity Vectors, M_ = 0.6, a = 0

a. 3.0¢X<6.0

15

<

B T T PR R L R GRS E L A NP N
. X & O s LAl 2 v




4.6

L)

4.4

L
@
3 9
e ¢
4
o c Vv
L]
- X S
v ©
L] 4 —
[ag .
@ ™
| 5
By 3 4
" - 0
[T

..... . g . - . . o ¥y - - R . (X% ¥ _ €t » = AP A AT L ok Sl P o £ B "

A et an ; o o T SRR SRR YA .

. ) .’ | g * ! ! Ty * Vo AR N 0 a
gnasu( XN RRRoDDEL): . S 0.. v e e S .\a(‘.. AR .'...1..«.'...... e P s

! B e - -




= b i i e A aae b A= p e - Ba U Bl aab Uos g0 g ot R R T Y T Y T TR TR T RO WO R v W vy

« *r S A

. .
t r
AR R

ﬂ,

\
|

:A -‘r.) )
SN
o
_J

- ~
,?j ° T U T 1 T 1
e 4.6 4.8 5.0 S.2 S.4 5.6 S.8 6.0

LI §

‘

..
DR

Figure 3. Continued

c. 4.6 <X <56.0

SCTERet

»
1 .
PR NN

s
N I dh &

" .!"(' :‘ .

"'

17

." -

Ll
AN

I

,.)-(-_ {'".q' .\.‘< ER IO <'-_4'_-'( I L I PN SN ‘-'_*. T ‘..."nl(_- A
PRI S AT I A TIIR (A EIP IR I P R T S DI S AT RS PO B SR SR - g

b, v e WS TR T T . S A S L R TR R WIS LT T T ey K

(-:YAWA"(-L*L\JLL“. et Ca Lo e x“?‘ LA AL PR PP P AT o Cacac sl gt s s P R W WP o A VP g




Ay e

\

-
8.4

. 1
<.

P

Continued
18
" - % ,. ~ '.(
_—ﬂ»«‘,,\{ .f, 3 -v‘_‘.

N
L
M

7.4 < X < 8.6
‘¢

Figure 3.
d.
ALY

i BN

AL Ay

A

P

CAte e
(S -'.1‘1

8°0 L°0

>
5

FIX. b DEIPENs TR~ DOARA: 2ot BN ICRTUN SN PN
g W - =L h j, 3 lnc. .-n. \” .... s oA ® ...4., R X NK . "J *?hﬁ\f\\’fi&t.. \\-u.!\.}- .u v-'hun‘.-‘n\.nul.' Ay

gt A

- -.. -)1)-:- = - .\-(Lfl b t\\\.-wr:\a- Kﬂu-.-ﬂ-u et 1 1\\\\



Pt

w

l4a M a AR A S 0 g Sk Al Mt g

o

g
7
3
7
0 .._
T T T T VT M, eI T T T T 1 1T 1= o
* * :i::tevo:.-!‘-.2535#“ _ — " .m.
“ “ “ =~i\\\f==....-iap’:’:“# “ r.m” M
> .
;\ “\“\Pp:.:::::iﬁ”’”/ | 5 M...mm.. 5
(] - D
-y -2 g%
i - g £
- g&
Fon X< &g
£ =
oy
Q 8%
LR
VJR
»
w 8
Iao “
<
Q [ 1]
AL — il ls
51 01 50 0°0 5°0- 0°1- §°1- T
VA
A O A s T SO B T e Y L @ B e S L S B b



'Fv-vn.ﬁ\'\\—\u—‘--.v‘nq-v-‘x‘-w-—Wi-—rwv-Jvln L IPAL il Bl Sis Bl aad oig - ibh el kiad AY Ladnd 4 Sl ha Sak el dhan b st A th g -

)
L
3y

t.S

-

5
1.0

e
re
-1.9

Figure 5. Particle Paths in Base Region, M_ = 0.6, a = 0,
Re = 4.2 x 108/ft (Turbulent)
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Figure 6. Mach Number Contours in Base Region, M, = 0.6, a
Re = 4.2 x 108/ft (Turbulent)




T T e T

1.5

2% )3
{.0
o
~]
e
%
\

g
I

3
(5
()

R
Z
0.
4

LG
oy .

R

e "0 %

< 0.932 1.024
0.992 (/1.016.1.021

5 4
o .

/\/‘

oAy

AN

‘.A
[

8.0 8.5 9.0 9.5  10.0 10.5 1.0

S DY g PR Y
(S A "(:rnt o~ -~ 4 *
RS et =

'Al'

Figure 7. Static Temperature Contours in Base Region, M_ = 0.6, « = 0,
Re = 4.2 x 108/ft (Turbulent)

R SR JUL L

e

22

- IR LV h
U P P St
P Y o '-"."ﬂ L
PNETPR PP ot RSO T I Yy




0.0 2.0 4.0 6.0 8.0 10.0

Figure 8. Surface Pressure D1str1but1on M,=10.6, a =0,
Re = 4.2 x 108/ft (Turbulent)
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Figure 15. Static Temperature Contours in Base Region, M_ = 0.6, a = 0,
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.00004
.00008
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.001%1
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.00692
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.25183
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2.58837

3.31845
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5.83206

6.92126

8.77616

11.06881
13.88611
17.33081
21.52252
26.60690

Table 1.
RHQ/RINF

1.03619
1.03321
1.02994
1.02614
1.02179
1.01705
1.01223
1.00763
1.00387
.99982
99811
.99203
.99043
.98925
.98842
.98787
.98757
.98750
.98763
.98791
.98831
.98883
.98952
.99052
.99203
99819
.99705
1.00043
1.00391
1.00689
1.00881
1.00928
1.00828
1.00618
1.00359
1.00118
.99939
.99842
.99817
.99840
.99881
.99917
.99938
.99943
.99939
.99937
.99946
.99968
1.00000

Flow Field Data at X/D = 8,306

U/UINF

0.00000
.01940
.08105
.06686
.09581
2179
.16018
.19064%
21754
.2h027
.25912
027“88
.28850
.30083
.31258
32827
.35938
.36353
.37912
.39634
.41548
.43716
.“26'
49394
.53343
.58291
.64250
.70988
.T8045
.84828
.90762
.95481
.98713

1.00682

1.01638

1.01942

1.01919

1.01790

1.01668

1.01579

1.01509

1.01431

1.01325

1.01181

1.00998

1.00778

1.00531

1.00267

1.00000

W/UINF

0.00000
.00399
.00845
.01368
.01971
.02628
.0329
.03911
.04450
.04893
.052a7
.05533
05777
.05996
.06196
.06376
.06532
.06663
.06768
.068451
.06872
.06848
.06759
.06604
.06390
.06131
.05838
.05515
.05158
04759
.04315
.03826
.03294
.02722
.02126
.01532
.00978
.00504
.00139

-.00111

-.00260

-.00336

-.00368

=-.00375

-.00366

-.00340

-.00291

-.00214

-.00113

0.00000

P/PINF
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1.03619
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1.03618
1.03617
1.03615
1.03612
1.03605
1.0359%
1.03577
1.03557
1.03538
1.03528
1.03532
1.03543
1.03556
1.03565
1.03571
1.035T73
1.03572
1.03566
1.03553
1.03532
1.03504
1.03469
1.03825
1.03358
1.03246
1.03055
1.02760
1.02356

'1.01865

1.01331
1.00806
1.00334
-99948
-99667
-99493
.99415
.99411
.99452
.99512
.99569
.99615
99653
.99689
99738
-99807
.99897
1.00000

Q/QINF

0.00000
.00041
.00181
.004T2
.00978
01731
.02707
.03816
.04948
.06011
.06966
.07816
.08588
.09319
.10045
.10795
.11601
.12893
13503
18657
.15986
-17528
. 19349
21611
.245T1
.28601
.41462
.50681
.61376
.T2641
.83251
.92045
.98324

1.02041

1.03698

1.08054

1.03813

1.035849

1.0317%

1.03019
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1.02319
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1.01500
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1.00503
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