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Navier-Stokes Solutions for Vortical Flows over
a Tangent-Ogive Cylinder
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Reynolds number (Re) effects on low-speed vortical flows over 3.5-caliber, tangent-ogive cylinders at two
angles of attack (o =20 and 30 deg) are computationally assessed for Rep = 0.2-3 million (D: maximum
diameter). The flowfield results are steady-state solution to the three-dimensional, incompressible Navier-Stokes
equations in their thin-layer approximation. Using a properly modified algebraic turbulence model, the numer-
ical results are in good to excellent agreement with experiments. For the first time, a crossflow separation
pattern, which consists of a laminar separation bubble with a subsequent transition in the separating shear layer
that forms a primary vortex, has been modeled. The discussion of the computed results includes a rigorous
assessment of the effects of gridding and of turbulence modeling.

Nomenclature
A,B,C = Jacobians dE/3Q, dF/3Q, and 3G/3Q
a,b,c = metric coefficient like ,, £,, and &,
Cep = constant in turbulence model
C, = pressure coefficient
Cp.: = total pressure coefficient
Cyk = constant in turbulence model
CFL = Courant-Friedrich-Lewy number
D = maximum body diameter ( = caliber)
d = local-body diameter
E,F,G = flux vectors
= function in the turbulence model
Fxiep = Klebanoff factor
Foare = wake function
h = representative spatial step size
I = identity matrix
J = Jacobian of the coordinate transformation
K = Clauser constant
k = von Karmdn constant in turbulence model
L = matrix whose rows are left eigenvectors
/ = length
M = matrix in implicit operators
¥4 = nondimensional static pressure
Q = state vector
R = matrix whose columns are right eigenvectors
Re = Reynolds number
RES = residual
r =ratio of two consecutive changes in characteristic
variables
S = artificial speed of sound
U V,W =dimensional contravariant velocity components
u,v, w = Cartesian velocity components
o = angle of attack
B = amount of artificial compressibility
A = difference operator
o = difference operator
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&EM = curvilinear coordinates

A = diagonal matrix with eigenvalues as entries

A = eigenvalues

P = density

T = time-step size

1) = limiter

Subscripts

D = maximum diameter

iLj.k = indices in {,£,y directions in regular computa-
tional domain

¢ =i j,ork

m = mth component of some vector

v = denotes viscous shear fluxes

X, .2 = differentiation in x, y, and z directions

&EM = differentiation in ¢, £, and y directions

oo = freestream values

Superscripts

n = time level

T = transpose of a matrix

+ = turbulent quantities

* = dimensional

1. Introduction

O&TICAL flows over slender forebody-type configura-
tions have stirred the minds of experimentalists and nu-
mericists alike.! Even though the body geometries are simple
(e.g., hemisphere cylinder, tangent ogive, etc.), the flows
around them are intricate?? as illustrated by the sketches in
Fig. 1. There can be either a fully laminar (LS) or a fully
turbulent (TS) crossflow separation pattern, which may or
may not include a secondary vortex. At intermediate values of
Reynolds number, the most complex crossflow separation pat-
tern (TRS) occurs: a laminar three-dimensional, bubble-type
structure in the equatorial regime followed by transition in the
separated shear layer. Moreover, all of these separation pat-
terns can be observed for constant values for « and Rep. At
the apex, where the local body diameter d is quite small, the
laminar separation pattern occurs. Further back, as the local
diameter grows, first the TRS pattern can appear and then the
TS pattern if Rep is sufficiently large.
Traditional analytical and empirical analyses® have at-
tained some success in predicting the gross properties associ-
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Fig. 1 Keener’s? sketches of crossflow separation patterns for a 3.5-
caliber, tangent-ogive cylinder.

ated with vortical flows past forebodies, but they have been
unable to describe the physical details. Starting with the work
by Pulliam and Steger,® several attempts have been made to
predict such flows as solutions to the Euler and Navier-Stokes
equations. The Euler equations are the simplest subset of the
Navier-Stokes equations that properly account for rotational
effects, which, for shockless flows, can only be due to separa-
tion. Neglecting the special case of forebodies with sharp
edges (e.g., chines), separation has to be modeled by imposing
Kutta-Joukowski-type conditions’?® along the separation lines.
That precludes flowfield calculations without an experimental
data base. In contrast to the Euler equations, the Navier-
Stokes equations can accurately capture the details of flow
separations without any such empirical separation modeling.
Even proper simulation of transition and turbulence—
problems which the Navier-Stokes equations share with other
mathematical models—is attainable by rather small modifica-
tions to existing, relatively simple turbulence models, for at
least certain classes of flows with massive crossflow separa-
tion.%10

In the present study, the effects of Reynolds number and
angle of attack on vortical flows over a 3.5-caliber, tangent-
ogive cylinder are examined using FMC1, a proven, high-reso-
lution, upwind solver for the three-dimensional, incompress-
ible Navier-Stokes equations in their thin-layer approx-
imation.'%'2 This incompressible solver was chosen since com-
parable experimental studies have been focused in low-speed
flows with M <0.3.1:213.14 For this speed regime, incompress-
ible flow solvers offer the advantage of improved efficiency
and, sometimes, higher accuracy.!!"'>!> The governing equa-
tions are given first and followed by a brief review of the
salient, numerical ingredients of the flow solver. A rational
modification of the algebraic turbulence model by Baldwin
and Lomax!% is presented that is consistent with the physics of
the flow and which extends the applicability of FMCI1 to
forebody flows with massive crossflow separation. After some
comments on the implementation of the boundary conditions,
computed flowfield results are discussed for two angles of
attack, o =20 and 30 deg and three Reynolds numbers,
Rep = 0.2, 0.8, and 3 million, which includes the assessment
of gridding effects and of transition/turbulence modeling on
the computed flowfield results.
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II. Differential Equations and Numerical Method

The three-dimensional, incompressible Navier-Stokes equa-
tions are solved in their thin-layer approximation for several
reasons: 1) the viscous shear fluxes can be treated fully implic-
itly, 2) the memory available in today’s computers permits
resolution of the viscous-length scales only normal to a body
surface, 3) algebraic turbulence models depend only on the
local normal velocity profiles,”!'¢ and 4) as in other numerical
studies,”'>17 the steady-state solutions to the thin layer and to
the complete Navier-Stokes equations are found to be equiva-
lent. Employing Chorin’s!® artificial compressibility concept,
and assuming a reference length /. and a reference speed v,
the nondimensional governing equations in generalized curvi-
linear coordinates are

3(Q/T) + E + 3:F +3,(G ~G,)=0 (1)
with
0 =@puuvw)’
E=@U,ulU+tp, vU + &p, wU + 0p)7
F=@V,uV+&p, vV +Ep, wV+ Ep)7
G =@BW, uW +np, VW + 0, wW + q,p)7
0
G (R J) | ‘rl/lun + l//277x
v = e - -
¢lvn+¢2ny
1//1Wn+‘//277z
where

\1/1 = 77)2( + 77% + 7’% lr//Z = (nxun + NyUy + ﬂng)/3

U=+ Lu+ bw V=§fu+§&v+Ew

W =t + v + W
I = xdyezy = vaze) + X0z — YiZa) + X (Vize — ViZo)
S = (yézn _ynzi) = - (XEZW — X,%)

$oo= Oy, — X%) §v = U2 — ViZy)

& = — Oz — Xz, £ = (e — Xxvy)
N = (VeZe ~ Vi) Ny = — (& — X:2p)
M = Xy — X))
and
X2 = X5y, 2 bt t =1%ot/ Ve

WUW =ur 0 W v, p=(p* —pL)/ovi=C,/2

Steady-state solutions to Eq. (1) recover the governing equa-
tions for steady, incompressible flows. The parameter 3 deter-
mines how closely the continuity equation is coupled with the
momentum equations. By analysis!!»'>!3 and by previous!®-'?
and present experience, 8 = 1 has been found to be a suitable
choice for steady-state calculations.

For the upwinding of the inviscid fluxes and for the implicit
algorithm, we will need the Jacobians for the inviscid fluxes
E, F, and G. Defining

A =0E/Q B=0F/0Q C=0G/3dQ )
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the Jacobians are given by

0 ap b B

a aqu+90 bu cu
A, B, C = 3
or av bv + 0 cv )

<

c aw bw cw + 0

where 0 = U, V, or W, and a = {, &, or 1,, etc. The Jaco-
bians comprised in Eq. (3) have a complete set of real eigenval-
nes! 112,15

A = diag (A;,\3,A3,N) = diag (8- S,0+ S,0,0) 4

where S = [0>+ 3 (a? + b2 + ¢»)]V? and diag = diagonal ma-
trix. The matrices A, B, and C can be split according to the
sign of their real eigenvalues as, for instance,

AT1p=RATL); 1 pand AT, =(RAT L), )

with A* = (|A| = A)/2. The columns of R and the rows of L
give the linearly independent right and left eigenvectors, re-
spectively, and they should, for the sake of simplicity, be
defined as an orthonormal set as RL =/. The analytical ex-
pressions for the eigenvectors R and L are readily found in
Refs. 11 and 12. Using a second-order accurate-total variation
diminishing (TVD)-like discretization'*"'? of the inviscid fluxes
yields, for instance, the following backward and forward dif-
ference formulas for £, ,,,

EZyp=Rinn{Adi, U=05@%, -] Au W ©

where
®; = diag (¢, 95" .65 ,05");
and
Ais1nW = Lis128i2120
with

Ai-12() =) =i

The modified min-mod limiters'? are defined as

$.=, = max [0, min (l,rmi,iszrr:,i:tl)] ™
with
rE = (A Wi/ A 1wl = for AWl #0
=0 for Aji1owy, =0 ®

Second-order central differencing is applied to the viscous
shear fluxes, which, for example, gives

(Re - it Wiy 128k 12+ Y212 Mok + 172) 9

and

1//2,k+ 2= (k12 BDerr2 8+ ks 12 Q12 U
+ Mk 12 Brr12 WY/3

for the second term in G, in Eq. (1). The metric quantities at
full points are calculated from a freestream preserving averag-
ing procedure'"'?; their values at half points are arithmetic
averages of their values at the adjacent full points.
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The thin-layer approximation to the Navier-Stokes equa-
tions allows for a fully implicit treatment of the viscous shear
flux G,." Upon applying Steger’s'® arguments, we derive a
“‘viscous’’ coefficient matrix C, as

0O 0 ©

22 3 Ta
C,=(Re-J) ! (10)

232 233 <43

O O o O

242 243 Z4a
with

202 =403/3 + 0} + 233 =5 +4u5/3 + 7}

232 = nxny/3 243 = "'Iy’?z/3

242 = NxM/3 Zag =My + ﬂi +4n2/3
In a hybrid formulation, the implicit finite-difference al-
gorithm to solve Eq. (1) is written as

M =B 1A 12+ Bl pd 10" M
XM= (C™ +Cv128k+12+(CF + Colorn
X Ag—1p]" AQ" = — RES (Q",Q"*1) an
with
M=W/r))+ AT+ AT

The algorithm in Eq. (11) combines approximate factoriza-
tion (AF) in crossplanes with a symmetric, planar Gauss-
Seidel relaxation in the ¢ direction. The residual RES
(Q",Q" Y consists of second-order accurate approximations
to the spatial derivatives in Eq. (1), and it is nonlinearly
updated during a forward or backward sweep in { direction.
The steady-state solutions are independent of the time step size
7 due to the delta formulation in Eq. (11). Second-order
central differences for the viscous terms and first-order, one-
sided differences for the inviscid fluxes are used for the formu-
lation of the left side of Eq. (11).

III. Transition and Turbulence Modeling

Algebraic turbulence models have been chosen 1) because of
their simplicity and 2) because they aiready proved to be easily
extendable to handle turbulent flows with massive crossflow
separation.®!? The two-layer, zero-equation model by Baldwin
and Lomax'® is applied to attached turbulent flows. To intro-
duce the Baldwin-Lomax model in a nondimensional nota-
tion, we write the effective Reynolds number in Eq. (1) as

Re ~!=Re;y + Reyp (12)
e 1_ {(Remn;)innera Y = Verossover (13)
turb — _
i (Returlb)outer, Y > Yerossover

Here, y is the local distance normal to the body surface, and
Yerossover 18 the smallest value of y for which (Rei)inner
= (Re.yp)outer- 1N the inner region

(Regyinner = £l (14)
where
t=ky(l —exp [~ (/4 )]} 15)
with

lof = [ty = v + (@ = W)+ (we —w |2 (16)
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and the law-of-the-wall coordinate
y* = y(Repm - 0u/dy | a)'? an

In the other region

(Returb)o_utler = KCchwakeFKIeb (18)
Fwake = min [ka " (A f/)Z 'ymax/Fmax; ymameax] (19)

where

AV =2+ v+ wd)2 — @+ v + w2

max min

and

Fmax = max(|w|f/k), Ymax =y(Fmax)

The constants are given in Ref. 16.

This algebraic turbulence model is implemented with three
modifications to handle flows with massive transitional and
fully turbulent crossflow separation.

First, consider the case of a transitional crossflow pattern.
Following the ideas of Pulliam and Steger,% the crossflow is
assumed to be laminar as long as it remains attached or it is
just slightly separated. Once the flow is massively separated, it
is assumed to be fully turbulent. Here, massive crossflow
separation means that its radial extent exceeds the boundary-
layer thickness, which is estimated by using the empirical
formula for boundary-layer flow without pressure gradient
over a flat plate:

8/f=5.4 Re,~\? (20)

where {= nd/2.

Figure 2 illustrates how the transition model is imple-
mented. The solution is monitored in each crossplane by
marching from the windward to the leeside meridian along a
circumferential grid line a few step sizes off the body surface.
Numbering the radial points with k (k = 1: body surface), the
distance between circumferential grid line and body surface is
given by y, > 8/{. The onset of massive crossflow separation is
detected by the first occurrence of a negative product of two
consecutive crossflow velocities.

The second modification is necessitated because the func-
tion F(¥) exhibits two relative extrema for flows with massive
crossflows separation. The first maximum off the surface is
associated with the attached boundary-layer-like flow, and it
gives the appropriate value of the eddy viscosity. The second,
larger extremum is due to the local extremum of vorticity in a
shear layer, which rolls up into a primary vortex. When the
second relative extremum of F(y) is chosen, the eddy viscosity

massive /1"?
crossflow — )

separation //

mar ching
direction

Fig. 2 Illustration of crossflow separation model including transi-
tion.
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Fig. 3 Partial view of C-O-type grid around a 3.5-caliber, tangent-
ogive cylinder.

in the outer region is grossly overpredicted. To select the
correct F,,, the solution is again monitored in each cross-
plane i = const. Starting from the windward meridian (f = 1),
F(y) is computed along each radial line (i,j) sweeping out-
board. As Degani and Schiff,’ we define Fy,, = F(y') when
we encounter F(y)<0.9 F(y ') for y >y ’. This logic correctly
distinguishes between the two extrema of F'(y) as long as they
are spaced far enough apart. This requirement is by definition
satisfied for transitional crossflow separation patterns where
the turbulence modeling sets in only after massive crossflow
separation has been encountered. For fully turbulent cross-
flow separation patterns, this requirement can be violated in
the vicinity of the primary separation, where the separated
shear layer lies close to the outer edge of the attached bound-
ary layer.

The third modification is used to correctly distinguish be-
tween the two relative extrema in F(y) for fully turbulent
crossflow in the neighborhood of a primary separation. One
can either use the ‘‘cutoff’’ distance concept by Degani and
Schiff® or the ‘“‘switch”’ that is employed in modeling transi-
tional crossflow separations. As long as there is no massive
separation, the original version of the Baldwin-Lomax turbu-
lence model is utilized. Once massive crossflow separation is
encountered, which is detected by the switch (the first modifi-
cation to the Baldwin-Lomax model), the second modification
is invoked.

Transition in longitudinal direction is either handled in an
ad hoc fashion (i.e., experimental data are used to determine
transition), or some semiempirical concept, such as the Esch
factor which approximates the effects of angle of attack on the
streamline length,?® is employed.

IV. Initial and Boundary Conditions

The initial procedure is to use uniform freestream flow
everywhere except u=v=w =0 along the body surface. The
boundaries are treated explicitly. Freestream values are speci-
fied at the far-field boundaries except along the outflow
boundary where a first-order extrapolation in combination
with p= const=0 is used. Assuming bilateral symmetry, re-
flection conditions are specified along the symmetry plane. On
the body surface u=v=w=0, and the pressure is computed
from a limiting form of the Navier-Stokes equations taken at
a solid surface

py = Re ~'vy, (#3))
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Fig. 4 Grid effects on computed normal force.

with v and y assumed to be normal to the surface. Equation
(21) is evaluated using second-order, accurate, finite-differ-
ence approximations. The limiters ¢, ({=1, j, or k) and AQ"
are set to zero along all boundaries leading to first-order
accuracy at the boundaries.

V. Results

Solutions are shown for vortical flows (Re=0.2, 0.8, and
3.0 million) over a 3.5-caliber tangent-ogive cylinder at 20 and
30 deg angle of attack. All calculations are carried out with the
assumption of bilateral symmetry of the flow. This assump-
tion, as it will be shown, is fully justified for o« =20 deg. For
o =30 deg, the onset of vortex asymmetries have experimen-
tally been observed for x/D = 4.0 (x/D =0.0: body apex), that
is over the cylindrical portion of the subject geometry. Thus,
for o =30 deg, a good agreement between the present compu-
tations and experiments can only be expected for x/D <4.0.

The tangent-ogive cylinder is illustrated by the perspective
view of a C-O-type grid in Fig. 3. These grids are generated by
rotating a C-type grid around the longitudinal body axis. The
C-type grid is computed in, say, the symmetry plane as a
sotution to an elliptic system.?! The radial lines are equiangu-
larly spaced. The radial stretching is computed from a geomet-
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ric progression,?? and it was limited by
e“(Ayk /Ayk— l) : kmax =7 (22)

That limitation in combination with the number of circumfer-
ential points varying between 49 and 121 keeps the order of the
cell aspect ratio in cross planes below 10. Neglecting the rather
small longitudinal pressure variation and considering cells ad-
jacent to both the symmetry plane and body surface, the cell
aspect ratio is proportional to the ratio of the radial and
circumferential velocity components for incompressible flow.
The cell aspect ratio can be manipulated by radial stretching
and/or a circumferential clustering as, for instance, proposed
by Yates and Chapman.?? Compressing the cell radially too
much by either one or both means caused overprediction
(underprediction) of surface pressure and skin friction along
the windward (leeward) side of the forebody.

Figures 4 show the effects of cross-sectional grid extent and
grid resolution on normal force. The baseline grid in Fig. 4a
consists of 40 x 73 x 65 grid points, and its far-field boundary
is located at R,/ D = 28. Retaining the same grid density, the
computational domains of lesser extent are obtained by drop-
ping radial points in the far field (i.e., Ry./D =13.22 corre-
sponds to a 40 x 73 x 58 grid, etc.). In Fig. 4b, a second-order
accurate convergence of the normal force is apparent when
correlated with the representative step size A = (max* Kmax) ™72
This quasi-two-dimensional approach in the grid effect study
was chosen after having varied the number of crossplanes
from 40 to 150 without detecting any discernible changes in
the loads or in the flow details like surface pressure distribu-
tion. The length of the circular cylinder has been changed
between 7 and 35 base diameters. For the afterbody exceeding
x/D =20, difficulties are encountered in converging our solu-
tions to a stable, steady state. Two sources for this problem
were identified: 1) unsteady vortex shedding along the after-
body and 2) an insufficient resolution of these body vortices
because of the longitudinal stretching of the grid.

Figures 5 gives a convergence summary for the four cases
considered in Fig. 4b. It is seen that the L, norms of all
residuals exhibit a limit-cycle behavior after they have
dropped about two and one-half orders of magnitude within
about 400 iterations. This behavior is attributed to a “‘sub-
scale’” unsteadiness near the primary separation, which fluctu-
ated by about =1 grid points in the circumferential direction.
Since the subscale unsteadiness had little to no impact on
global properties such as lift and pitching moment as well as
local quantities such as surface pressure, the solutions in Fig.

1ot — 2.00
1.75
-
& 1.50
3]
el
byas
o
O
& 1.00
[v'4
o
s grid
—
; 40x49x49
& sofft-——————- 40x73x49
z -~ 40x73x65
25+ —————~— 40x91x97
ool L L L el b L]
0 150 300 450 600 0 150 300 450 600
ITERATIONS ITERATIONS

Fig. 5 Convergence summary: «=20 deg, Rep=0.2 million,
CFL=10.
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4 are considered to be fully converged from an engineering
point of view. The convergence summary in Fig. 5 is represen-
tative of all test cases considered. The CPU time per grid point
and per iteration is about 29 and 38 us on a CDC Cyber 205
and a Cray Y-MP supercomputer, respectively.

Figure 6 shows comparisons of measured (Dr. Lewis B.
Schiff of NASA Ames Research Center provided us with the
experimental data that Dr. Peter J. Lamont took while work-
ing as an NRC Postdoctoral Research Associate at Ames.
Comparison with related experimental data® and theoretical
results® convinced us that there is a pressure offset of about
1.3 psf in Lamont’s data. The corrected data is shown.) and
computed surface pressure coefficients for four axial stations:
x/D =0.3, 2, 3.5, and 6. The flow parameters are o =20 deg
and Rep =0.2 million,

The wind tunnel model has 36 equiangularly spaced orifices
at 12 cross stations which are evenly distributed for 0.5<x/D
=6.0. To assess the effects of roll orientation, the model was
rolled in increments of Af=30 deg. For o =30 deg, a roll ori-
entation of nominally 240 degrees was found to produce min-
imum overall side force for the Reynolds numbers in the
present study. In order to avoid issues related to the variation
of roll angle, this roll orientation was retained for the compar-
ison in Fig. 6.

S0

x/D = 6.0
.25 f— S

0 20 40 60 80 100 120 140 160 180

ol L b
0 20 40 60 80 100 120 140 160 180
50
x/D = 2.0
25—
a.
o
1
o_
-2 A A A N B N |
0 20 40 60 80 100 120 140 160 180
25 ')
x/D = 0.5
ol— o}
<i>°" present turbulence model
—o5— ~———laminar flow

—— - turbulence model, ref. 9

[ Y N N N S

0 20 40 60 80 100 120 140 160 180
0, circumferential angle, deg

Fig. 6 Experimental (symbols) and computational (lines) circumfer-
ential surface pressure distributions: «=20 deg, Rep =0.2 million,
40 %< 73 X 65 grid points.
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The calculations are carried out on a 40 X 73 X 65 grid. The
surface computed surface pressures for 0 deg<60=<180 deg are
directly taken from the numerical solution; for 180 deg=<§6
=360 they are obtained through mirror imaging.

For x/D <3.5, the flow is apparently laminar, and both
calculations match the experimental data quite well. For x/D
=3.5, the laminar computation clearly overpredicts the influ-
ence of the primary vortices in the surface pressure distribu-
tion and locates their respective positions too far away from
the leeside wind plane. In the computation with the present
transition model, the positions of the primary vortices are less
than 5 deg off, their suction is of comparable strength, and the
effects of something like laminar separation bubbles on the
equatorial C, distributions can be clearly seen. In this calcula-
tion, the flow is assumed to be laminar unless massive cross-
flow separation is encountered for x/D > 3.0, where the mod-
ifications to the Baldwin-Lomax turbulence model are in-
voked as described in Sec. III.

The computed surface pressure distributions in Fig. 6 differ
somewhat from previously!®?* published results for this flow
case. Compared to the calculations in Ref. 10, the radial grid
stretching in the present computations has been slightly re-
laxed to satisfy the constraint imposed by Eq. (22). In Ref. 24,
reducing the parameter 3 from 1.0 to 0.1 helped to better

Cpp = Cpru’+visw?
75—
(Codmax = 1.0
x/d = 3.5 (Cp.{)mln = 0.0
AC,, = 0.1
<
N
|
.75 1.00
2500
Cop = Cotu®+view?
.1875— (Codmax = 1.0
x/d = 3.5 (Codmn = 0.0
AC,, = 0.1
€ 1250
N I
.0625— body contour
b)
0 | | J
.3750 .4375 .5000 .5625 .6250

y/D

Fig.7 Computed crossflow separation, pattern-total pressure con-
tours: a=20 deg, Rep =0.2 million, 40 X 73 X 65 grid points.
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‘]’m —— present turbulence model
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-7 L1 1 1 1 1 [ 1

o 20 40 60 80 100 120 140 160 180
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Fig. 8 Measured (symbols) and computed (lines) circumferential sur-
face pressure distributions: « =30 deg, Rep = 0.8 million, 40 X 73 X 65
erid points.

match the experimental pressure data in the windward and
equatorial portions of the body. However, additional studies
on the dependency of the results on the parameter 8 for other
flow cases reported here and in an extension of this study to
asymmetric flows* demonstrated that this ‘‘improvement”’
was an isolated case and thus fortuitous.

Further evidence of the existence of the bubble-like cross-
flow pattern in the equatorial region is given in Fig. 7, which
shows total pressure contours in a crossplane at x/D =3.5.
The blank area between ogive surface and C,, contours in Fig.
7b shows the thickening and thinning of the boundary layer.
That reduces the effective curvature of the body surface and
results in the formation of a pressure plateau. From crossflow-
velocity vector plots (not shown here), it is known that the
blank area corresponds to a flat separation bubble. The reduc-
tion in radial extent of the mild separation within the
boundary layer is because of a local acceleration of the flow in
the neighborhood of the regime where the flow actually lifts
off the surface. The local acceleration, in turn, is caused by
entrainment effects of the flow induced by the separated shear
layer.
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Using the same layout as in Fig. 6, Fig. 8 shows compari-
sons of computed surface pressures with Lamont’s data for
a=30 deg and Rep= 0.8 million.

The labelling with Method (A) and (B) refers to the different
approaches to invoke the modifications to the Baldwin-Lomax
turbulence model to simulate fully turbulent crossflow sep-
arations. Method (A) designates the ‘‘switch’ approach as
described in Sec. III and Method (B) the ‘‘cutoff distance”’
concept by Degani and Schiff.®

In both calculations, the flow has been assumed to be lami-
nar for x/D <1.5, and fully turbulent for x/D >1.5. Both
calculations match the experimental surface pressure data
quite closely for x/D <3.5. For x/D > 3.5, the assumption of
bilateral symmetry becomes decreasingly valid as exemplified
by the most severe mismatch between computations and ex-
periment at x/D =6.0.

The results with the “‘switch’’ approach (method (A)) are
obtained as described in Sec. I1I. Varying the parameter 6// in
Eqg. (20) by +£50% had little impact on the results obtained
with method (A). For method (B), the results showed some
sensitivity towards choices for the constant ¢ in the equation
comprising the cutoff distance concept by Degani and Schiff
(see Ref. 9, p. 185). The published value of ¢ (i.e., 1.5) for
fully turbulent flows was found to produce unacceptable re-
sults for this transitional flow application.?* A value of 6 for
¢ was used for the results in Fig. 8.

Figure 9 shows a comparison of computational and experi-
mental (sketched after Keener?) surface flow patterns. The
lines indicating primary separation are in good agreement.
The top views show two distinct regimes in which the surface
streamlines appear to collocate. Keener? interpreted these
regimes as primary and secondary separation lines along
which the flow lifts off to form a primary and a secondary
vortex, respectively. Because both experimental and computa-
tional surface-flow pictures neither reveal the usual fishbone
structure along the collocated lines nor a reattachment line
between them, the computed flowfield results were analyzed
further using computer graphics.

Figure 10 shows a computational surface flow over the
tangent-ogive cylinder and two superimposed cross-sectional
streakline patterns. The surface flow indicates a reattachment

experiment

computation

a) top view

//4—_—“

experiment

computation

b) side view

Fig. 9 Surface flow patterns: «=20 deg, Rep=0.8 million,
40 X 91 X 97 grid points.
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Fig. 10 Particle traces on surface and in crossplanes: «=30 deg, Fig. 12 Particle traces in crossplanes at x/D =4: a=30 deg,
Rep = 0.8 million, 40 x 91 X 97 grid points. Rep =0.8 million, 40 x 91 X 97 grid points.

Fig. 11 Particle traces in crossplane at x/D =2, o=30 deg, Fig. 13 Primary separtion as indicated by surface flow and off-body
Rep =0.8 million, 40 X 91 x 97 grid points. particle traces: « =30 deg, Rep = 0.8 million, 40 X 91 x 97 grid points.
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Fig. 14 Measurement and computed circumferential pressure distributions: o =30 deg, 40X 91 x 97 grid points.
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line between the two separation lines only along the cylindrical
section of the body. This reattachment line emanates from the
symmetry plane at about the junction between the tangent
ogive and cylinder. Enlarging the two cross-sectional streak-
line patterns (see Figs. 11 and 12) demonstrates that while
there is no secondary vortex over the tangent ogive (see Fig.
11), a clearly developed secondary vortex exists above the
cylinder (see Fig. 12). Over the tangent ogive, the flow coming
from the windward and leeside meridional regions appears to
be separated by flow that simultaneously ‘‘barrels through”’
and lifts off. Further analysis of the flowfield results using
computational flow visualization techniques revealed that the
flow forming the primary vortex separates at a considerably
lower circumferential angle than suggested by the line that is
usually referred to as the primary separation line (see Fig. 13).
This result supports a major finding in a related computa-
tional study on flows over tangent-ogive cylinders by Yates
and Chapman.?? (Comparisons with flow visualization studies
on flowfield results computed on an 80x 121 x 129 grid indi-
cated that the results shown here are spatially fully con-
verged.)

The Reynolds number effects were found to diminish for
Rep>1 million. This is exemplified by the comparisons of
computational and experimental surface pressure distributions
in Fig. 14. In the calculations, the flow is assumed to be fully
turbulent for x/D>1.5 for Re,=0.8 million and for x/
D >0.125 for Rep =3.0 million. The differences between the
C, distributions for Rep =0.8 million and Rep = 3.0 million
have diminished for x/D = 3.5 and are almost indiscernible for
x/D = 6. This holds true for both experiment and computation
despite the decreasing validity of the assumption of bilateral
symmetry for x/D >3.5. A surge of the suction underneath
the primary vortex in the intermediate stations (e.g., x/D =2)
is observed in the computation as well as in the experiment.
This phenomenon is attributed to differences in the separation
angle for the two Reynolds-number cases. For the Rep =3.0
million case, the flow separates at a circumferential angle of
about 130 deg (typical for fully turbulent flow over an expand-
ing nose); whereas, for Rep =0.8 million, the flow remains
attached until about 140 to 150 deg (typical for a transitional
flow). The earlier separation leads to a higher velocity in the
region of separation that transiates into an increase in the
vorticity shed which, in turn, causes a stronger suction.

VI. Conculsions

A proven, incompressible Navier-Stokes solver has been
employed to study the effects of Reynolds number and angle
of attack on low-speed flows with massive crossflow separa-
tions over a 3.5-caliber, tangent-ogive cylinder. A rational
extension of the Baldwin-Lomax turbulence model has been
introduced that 1) has the capability to simulate transitional
crossflow separation and 2) appears to accurately and depend-
ably predict values for the eddy viscosity in the vicinity of the
primary separation for fully turbulent crossflow separation.
The computed flowfield results are in good agreement with
experimental data. As in an earlier experiment, the present
computations show that the Reynolds number effects at mod-
erate angles of attack (o =30 deg) diminish for Rep > 1.
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