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Quasiconical Flowfield Structure of the Three-Dimensional
Single Fin Interaction
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A series of conical and three-dimensional computations have been performed for the swept oblique shock
wave/turbulent boundary-layer interaction generated by a 20-deg sharp fin at Mach 4 and Reynolds number
/tesoo = 2.18 x 105 based on the incoming boundary-layer thickness 600. The Reynolds-averaged compressible
Navier-Stokes equations are employed with turbulence incorporated using the Baldwin-Lomax and Jones-Laun-
der models. The computed results are basically similar for both turbulence models and display general agreement
with experimental data for surface pressure and surface flow direction, although underestimating the size of the
primary vortex. The computed three-dimensional flowfield displays quasiconical behavior of the surface
pressure, surface flow direction, and flowfield contours of static pressure, density, and Mach number over the
extent of the computational domain except for an inception region near the fin leading edge. The streamlines of
the computed three-dimensional flowfield are qualitatively conical; however, the computed attachment stream-
line does not exhibit conical behavior within the computational domain. The surface skin friction is not conical.
Most of the features of the quasiconical flowfield model of Settles et al. are observed in the computations,
including the A shock, slip line, primary vortex, expansion region, and high-speed jet impingement. Certain
features of the flowfield model are not observed in the computations, namely, a "normal" shock near the
attachment line, transonic shocklets in the expansion region, and secondary separation. The absence of these
features in the computation is believed to be indirectly attributable to limitations in the turbulence models.

Introduction

A N important problem in modern high-speed fluid me-
chanics is the interaction of shock waves with turbulent

boundary layers. Commonly observed in a wide range of
applications in aerodynamics and propulsion, shock wave/
turbulent boundary-layer interactions have a significant effect
on peak heating loads, aerodynamic performance, and pro-
pulsion efficiency. A series of recent reviews by Settles and
Dolling1'2 and Zheltovodov et al.3'5 provide a general back-
ground and describe areas of current research interest.

Many aspects of the basic fluid physics of three-dimensional
shock wave/turbulent boundary-layer interaction have been
elucidated by theoretical (analytical and computational) and
experimental examination of the phenomenon in simplified
geometries representative of subsections of realistic engineer-
ing configurations. An example is the three-dimensional single
sharp fin (Fig. 1) that is the subject of the present paper. This
configuration represents a geometrical simplification of a fin-
fuselage juncture.

Recent experimental studies of the three-dimensional single
fin have been performed by Kim and Settles,6 Kim et al.,7
Kubota and Stollery,8 Law,9 McClure and Dolling,10 Oskam et
al.,11'12 Shapey and Bogdonoff,13 and Zheltovodov et al.3
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Computational studies have been performed by Horstman and
Hung,14 Knight,15'18 Knight et al.,19 and Gaitonde and
Knight.20'21 The theoretical models are the three-dimensional
Reynolds-averaged compressible Navier-Stokes equations
with turbulence incorporated through an algebraic or two-
equation eddy viscosity model (e.g., Baldwin-Lomax,22 Ce-
beci-Smith,23 and Jones-Launder24). For p^/p\ less than ap-
proximately four, the theoretical models have demonstrated
good agreement with experimental data (e.g., surface pres-
sure, surface flow visualization, and boundary-layer profiles
of pitot pressure and yaw angle). In particular, Knight et al.19

observed close agreement between theory and experiment for
the single fin at Mach 3 and a = 20 deg, corresponding to
P2/P\ = 3.8, based on an extensive comparison of boundary-
layer and surface profiles.

The first objective of this paper is the assessment of the
accuracy of the Baldwin-Lomax and Jones-Launder models
for a stronger interaction, namely, the three-dimensional
single fin at Mach 3.96 and a = 20 deg, corresponding to
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Fig. 1 Three-dimensional sharp fin.
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Pi/p\ = 5.15. The computed flowfields are compared with the
experimental data of Kim et al.,7 including surface pressure
and surface flow direction, and the experimental data of Hsu
and Settles25'26 for flowfield density.

The second objective is the examination of the extent of
conical symmetry in the computed flowfield at Mach 3.96 and
a: = 20 deg. Many experiments1"4 have observed conical sym-
metry of the surface pressure and surface flow patterns out-
side of an initial inception zone around the fin leading edge.
By reducing the dimensionality of the flowfield from three to
two, conical symmetry provides a powerful framework for
understanding the flowfield. It is therefore important to quan-
tify the nature and extent of conical behavior of the computed
flowfields.

The third objective is the examination of the flowfield struc-
ture. Following the early work of Stanbrook,27 Lowrie,28 and
McCabe,29 Token30 postulated a large vortex structure on the
flat plate. Later, Kubota and Stollery8 noted an additional
(counter-rotating) vortex in the corner. Zheltovodov31 pro-
posed a qualitative model incorporating a X shock and vortex.
Knight et al.19 confirmed the existence of the dominant vortex
(for interactions exhibiting flow separation) and described the
topology of the separation and attachment surfaces that dis-
tinguished the fluid entrained into the vortex from the remain-
der of the flowfield. Knight et al.32 further demonstrated that
the dominant vortex was the principal feature of the swept
compression corner (for interactions exhibiting flow separa-
tion) and provided further information about the extent of
entrainment into the vortex.33 Recently, Settles and Dolling,2
Lu and Settles,34 and Alvi and Settles35'36 developed a detailed
quasiconical flowfield model. The third objective of this paper
is to compare the conical computations with that flowfield
model.

Theoretical Models
The theoretical models are the full three-dimensional com-

pressible Reynolds-averaged Navier-Stokes equations37

(RANS) in strong conservation form38 with turbulence incor-
porated through the turbulent eddy viscosity models of Bald-
win and Lomax, and Jones and Launder. Additionally, com-
putations have been performed using the Baldwin-Lomax
model in a conical version of the RANS that was obtained
from the three-dimensional RANS under the assumption of
conical flow, i.e., the velocity, pressure, and temperature are
independent of a spherical radial distance R measured with
respect to a virtual conical origin (VCO) that is typically close
to the leading edge of the fin (Fig. 1). The Baldwin-Lomax
model was implemented as originally proposed22 with the fol-
lowing modifications: 1) the length scale £was specified by the
Buleev formula15'39 £ = 2 yz/ly + z + O2 + z2Y2] downstream
of the fin leading edge where z = z cos ce, 2) the eddy viscosity
was implemented by dividing ihey-z plane into two regions15'39

adjacent to the flat plate and fin, 3) the wake formulation for
the outer eddy viscosity was not employed, and 4) the location
of the maximum in the outer function for the outer eddy
viscosity (in the region adjacent to the flat plate) was restricted

to y < KSoo, where K increased from 1 to 2 from the upstream
to the downstream boundaries, to avoid selection of spurious
peaks outside the boundary layer. The Jones-Launder model
was implemented as originally proposed24 except that the con-
stants Cei and Ce2 were modified to 1.44 and 1.92, respec-
tively. The Jones-Launder model was integrated to the wall
using the original low Reynolds number model.24 The molecu-
lar dynamic viscosity was specified by Sutherland's law.40 The
molecular and turbulent Prandtl numbers were 0.73 and 0.9,
respectively.

Numerical Algorithms
Two different numerical algorithms were employed. The

computations of the three-dimensional conical RANS equa-
tions using the Baldwin-Lomax turbulence model employed a
vectorized hybrid explicit-implicit15 algorithm incorporating
the explicit method of MacCormack41 and the implicit box
scheme of Keller.42 The computations of the three-dimen-
sional RANS equations using the Jones-Launder model em-
ployed the hybrid explicit-implicit algorithm of MacCor-
mack.43 These algorithms have been extensively employed for
the computation of two-dimensional and three-dimensional
flows with strong viscous-inviscid interaction and flow separa-
tion. The governing equations are integrated in time from an
assumed initial condition until a steady-state solution is
achieved. The initial condition is the upstream boundary-layer
profile that is propagated to all interior locations. Steady state
is assumed to be reached when the average relative change
in the flow variables (e.g., density, velocity, and total energy)
is less than 0.1% over one characteristic time tc, where tc
= L / Fa, is the relevant flow development time for the compu-
tation. For the three-dimensional calculations, L is the stream-
wise length of the computational domain and V& is the
freestream velocity. For the conical calculations, L is the
largest dimension of the computational domain, and Vx is the
freestream speed of sound.

Details of Computations
Six computations44'45 have been performed for the single fin

at Mach 3.96 and a. = 20 deg corresponding to the experiments
of Kim et al.7 The Reynolds number Redoo is 2.18 x 105

(600 = 0.3 cm), and the wall temperature Tw is nearly adiabatic
(Tw = 1.05 Tadiabatic). The computations are summarized in
Table 1.

The grids for the three-dimensional computations (cases 1
and 2), described in Table 2, provide an accurate resolution of
the flowfield based on previous three-dimensional calcula-
tions.15"17'19 The boundary layers on the flat plate and fin were
accurately resolved with the exception of the fin boundary
layer for case 2. (Since the boundary layer on the fin surface
is quite small, compared with the boundary layer on the flat
plate, the insufficient resolution of the fin boundary layer in
case 2 does not affect the comparison with experimental data
on the flat plate.) The viscous sublayers were accurately re-
solved with Ay+ < 1.4 and Az+ < 2.2 for case 1 and

Table 1 Summary of computations

Case Turbulence
no. Type model Ma

1
2
3
4
5
6

Three dimensional
Three dimensional

Conical
Conical
Conical
Conical

B-Le

J-Le

B-L
B-L
B-L
B-L

64
64
n/a
n/a
n/a
n/a

N2
b

48
40
48
50
83

140

7V3
C

72
64
60
60

105
208

Total
points

218,880
163,840

2,856
2,976
8,691

29,096

tiota\/tc
d Computer

5
4

41
41
46
45

CYBER 205
Cray X-MP
Cray Y-MP
Cray Y-MP
Cray Y-MP
Cray Y-MP

CPU
hr
5.3

32.0
0.4
0.4
1.2
2.8

Wj—number of planes in x direction for three dimensions, not applicable (n/a) for conical calculations.
bN2—number of planes in y direction for three dimensions or number of points in <£ direction for conical.
CN3—number of planes in z direction for three dimensions or number of points in |8 direction for conical.
dAotai—total physical time of integration; tc—approximate characteristic time scale of development of flow to steady
state (see text). The total number of points for all cases (except no. 2) differs from the product N{N2N3 because of the
use of a separate refined grid in the immediate vicinity of the corner formed by the fin and flat plate.
eB-L—Baldwin-Lomax; J-L—Jones-Launder.
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Table 2 Details of the three-dimensional computations

Case
no.
1
2

Turbulence
model

B-L
J-L

Ax/d a

0.67
0.67

Ay/5oo,a

min
( x 103)

0.40
0.25

Ay/<5oo,a

max
0.55
0.50

min
( x 103)

0.67
57.0

max
1.09
0.50

mean
0.49
0.40

max
1.40
0.80

mean
1.70
40.0

max
2.20
63.0

aAx, Ay, Az—grid spacing in x, y, and z directions; min and max refer to minimum and maximum grid spacing within
the region of three-dimensional flow.

bAy + , Az + —grid spacing adjacent to flat plate and fin, respectively, in local wall units, i.e., Ay + = Ayu*/vw where
u* = (rw/pwy/2, TW is the local shear stress, pw is the density at the wall, and vw is the kinematic molecular viscosity at
the wall.

Table 3 Details of conical computations

Case
no.
3
4
5
6

Turbulence
model
B-L
B-L
B-L
B-L

R/doo*
29.6
38.1
38.1
38.1

A0min,b

x 103,
deg
0.77
0.60
0.60
0.60

A</>max,b

deg
1.09
1.06
0.43
0.22

A/3min
b

x 103,
deg
1.3
1.0
1.0
1.0

A/3max,b

deg
0.96
0.98
0.44
0.20

Ay + ,
mean
0.64
0.64
0.61
0.60

Ay + ,
max
1.4
1.4
1.5
1.5

Az + ,
mean

1.6
1.6
1.7
1.7

Az + ,
max
1.8
1.8
1.9
1.9

aR — spherical radius.
bA/3, A<{> — grid spacing in /3 and < directions.

Table 4 Details of three-dimensional computation in terms of
conical coordinates

Case
no.
1
2

A<£min X 103,
deg
0.77
0.40

deg
0.89
0.80

Aft™ X 103,
deg
1.3
109.

deg
1.2
0.6

Ay + < 0.8 for case 2. The number of grid points within the
boundary layer on the flat plate was typically 23 for cases 1
and 2, and the number of grid points within the boundary
layer on the fin was typically 17 for case 1.

The conical computations (cases 3-6) represent a complete
grid-resolution study (Table 3). Cases 4, 5, and 6 incorporate
an overall fivefold refinement of the maximum grid spacing
A/3max and A</>max, thereby providing a direct examination of
the effects of truncation error. The grid spacing adjacent to
the fin and flat plate provided accurate resolution of the
viscous sublayers; in particular, Ay+ < 1.5 and Az + < 1.9.
The number of grid points within the boundary layer on the
flat plate and fin were typically 22 and 20, respectively. Cases
3 and 4 differ principally in the choice of radius R that
provides a check on the conical behavior of the computations.
It should be noted that the assumption of conical flow sub-
stantially reduces the CPU and computer memory resources
required compared with the three-dimensional computations.

The comparable values of grid spacing, expressed in terms
of j8 and </>, for cases 1 and 2 at R = 8.89 cm measured from
the fin leading edge (the location of the experimental measure-
ments of Settles7) are given in Table 4. The grid spacing in the
conical (/3, </>) plane is comparable for cases 1, 2, and 3,
thereby providing an opportunity for examination of the trun-
cation error of the three-dimensional solution through exami-
nation of the conical computations.

Truncation Error Estimates
The grid-resolution study performed for the conical RANS

provides an estimate of the truncation error. A grid-indepen-
dent solution was effectively achieved with case 5. Decreasing
the maximum grid spacing by a factor of two from case 5 to 6
resulted in the following maximum changes: 1% in skin fric-
tion (except near ft = 26 deg where a small variation in c/
occurs because of an abrupt, unphysical change in the outer
turbulence length scale), 2% in surface pressure, and 5% in
surface flow direction.44 Overall, the average changes in cy,

/7//?oo, and $ from case 5 to 6 were less than 1 %. In view of the
observed quasiconicality of the three-dimensional computa-
tion as discussed below, it is possible to estimate the trunca-
tion error of the three-dimensional computations (Baldwin-
Lomax) from the measured truncation error of the conical
computations. The grid spacing for case 1 was comparable to
the coarsest grid employed for the conical computations (cases
3 and 4). The truncation error of the three-dimensional com-
putation is therefore estimated by the maximum difference
between cases 4 and 6. These estimates44 yield a truncation
error in the three-dimensional computation of ±5% in sur-
face pressure, ± 10% for $, and ± 15% for cf.

Results and Discussion
Accuracy of the Theoretical Models

The accuracy of the theoretical models is examined by com-
parison of the three-dimensional computations with experi-
mental data obtained at a radius of 8.89 cm (29.6600) from the
fin leading edge. The computed and experimental surface
pressures are displayed in Fig. 2. The estimated experimental
accuracy is ±2.7%. Several experimental flow features (see
Fig. 3) are indicated, including the location of the primary
separation (/3ps) and secondary separation (/355) based on the
surface flow direction, inviscid shock (fty), and primary at-
tachment (ftpa). The Baldwin-Lomax model displays closer
agreement with experiment in the region 20 deg</3<45 deg,
although overestimating the local pressure minimum at ft = 32

P/P
• Experiment

——— Baldwin-Lomax
- - - Jones-Launder

Fig. 2 Computed (three-dimensional) and experimental p/poo at
R = 8.89 cm from fin leading edge.
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Fig. 3 Definition of surface features for three-dimensional sharp fin.

• Experiment
——— Baldwin-Lomax
- - - Jones-Launder

/3p.

Fig. 4 Computed (three-dimensional) and experimental $-£ at
R = 8.89 cm from fin leading edge.

deg by 43%. The Jones-Launder model shows closer agree-
ment with the line of upstream influence, defined as the value
of /3 where the surface pressure begins to rise above the up-
stream value. Elsewhere, however, the Jones-Launder model
shows greater disagreement with the experiment.

The computed and experimental surface flow directions are
shown in Fig. 4. The vertical axis $-/3 is the difference between
the surface flow direction angle $ and the angle /3 relative to
the A: direction. For conical flows, lines of separation46 (coales-
cence) and attachment (divergence) on the flat plate are
straight lines through the virtual origin of the conical flow
(which is approximately, although not precisely, the fin apex)
and therefore can be easily identified as the zeroes of the
function <i>-/3. The estimated experimental accuracy in <£ is
±5%. The Baldwin-Lomax model shows general agreement
with experiment; in particular, the angle of the line of separa-
tion is predicted within 4%. The predictions using the Jones-
Launder model are comparable to the Baldwin-Lomax results.
Both theoretical models fail to predict the incipient secondary
separation near 0 = 40 deg.

Quasiconical Behavior of Three-Dimensional Computation
Because of the similarity of the computations using the

Baldwin-Lomax and Jones-Launder models, the conical be-
havior of the computed flowfield is examined using results
obtained with the Baldwin-Lomax model only. Examination
of the quasiconical behavior of the flowfield requires the
determination of the VCO of the experiment and computa-
tion. Conceptually, any function of v, p, and/or T may be
used. The experimental data exhibit a VCO located at the
intersection of 1) a surface feature (e.g., the line of separation
or surface isobars), and 2) the extension of the inviscid shock.

According to this method, which recognizes the role of the
inviscid shock in defining the general location of the interac-
tion, the experimental VCO was located at 2.1 cm ±0.3 cm
forward of the fin leading edge along an extension of the
inviscid shock.

The computed VCO was determined by the intersection of
1) a surface feature (as earlier), and 2) the extension of the fin
surface. This method recognizes the requirement that the fin
surface lie on a conical ray of the conical computations,
Although this method differs from the technique used for the
experimental data, the conclusions reached herein would not
change significantly were the experimental method em-
ployed.45 The computed flowfield displays a range of locations
for the VCO. The intersection of surface isobars, selected
from the vicinity of the inviscid shock, with a line parallel to
the fin surface, yields a VCO at (*, y, z) = (0, 0, 0) denoted as
VCO0. The interaction of surface isobars, selected from the
vicinity of the line of upstream influence, with a line parallel
to the fin, yields a VCO at (x, y, z} = (*A, 0, ZA), denoted as
VCOA, at distance A = 2.5 cm (8.56oo) from the fin leading
edge, which is within 0.7 cm of the experimental VCO.
Notwithstanding the variation in the VCO, the linearity of the
surface isobars outside of an initial inception zone near the fin
leading edge indicates conical symmetry of the surface pres-
sure.45

The computed surface pressure p/p^ at three radii are dis-
played in Fig. 5 together with the experimental data. The
transverse angle /3 = t an - 1 [ ( z— z&) / (x—X A ) ] . The computed
surface pressure displays conical behavior, i.e., the p/p*. be-
comes independent of R at increasing values of R. The com-
puted surface flow direction is displayed in Fig. 6 at three
radii. The computed $-/? displays conical behavior, i.e., the

• Experiment : R= 11.4 cm
Computed : R= 8.8 cm

— — _ Computed : R= 11.7 cm

Computed : R= 14.6 cm

2.00

Fig. 5 Computed (three-dimensional) and experimental /?//?<» using
VCOA.

^0 ft0 • Experiment : R= 11.4 cm
Computed : R= 8.8 cm

— — — Computed : R= 11.7 cm

Computed : R= 14.6 cm

25 30 35 40 45 50

Fig. 6 Computed (three-dimensional) and experimental $-/? using
VCOA.
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$-0 profile becomes independent of R at increasing values of
R. The computed values of CfR/d^ are presented in Fig. 7 at
three radii, together with the experimental data for one radius.
The computed skin friction does not exhibit conical behavior,
i.e., CfR/dn is not independent of R. Indeed, the computed c/
asymptotes to a constant value for increasing R.

The computed "conical" streamlines at R = 29.26^ and
48.5<$oo, obtained using VCOA, are shown in Figs. 8a and 8b.
(The conical streamlines were also examined using VCO0, and
similar results were obtained as described later.45) The conical
streamlines are determined by the velocity components u$ and
u<j> that are obtained from the full three-dimensional Cartesian
velocity v = (u, v, w) according to u^ = —u sin </> cos J3 + v cos
<A - w sin </> sin j8 and u$ = — u sin J3 + w cos J8. If the three-di-
mensional velocity field is conical, these conical streamlines
will appear identical at all R. Qualitatively, the streamlines are
very similar. The primary vortex (including separation and

20 25 30 35 40 45 50

Fig. 9 Conical streamlines from conical calculation.

Computed : R= 8.9 cm
Computed : R= 11.7 cm
Computed : R= 14.6 cm

12

9°

M =3.95

"NORMAL
SHOCK" NX&

? ^

INVISCID
SHOCK
WAVE

TRIPLE-
POINT

-^
FIN

25^Z0 A, 30 (3° 35
^4̂

40 45 I

Fig. 10 Flowfield model of Alvi and Settles.35'36

Fig. 7 Computed (three-dimensional) and experimental c/ using
VCOA.

(3° tilda

Fig. 8a Conical streamlines at R = 29.25oo from (three-dimensional)
computation using

p° tilda

Fig. 8b. Conical streamlines at R = 48.56<» from (three-dimensional)
computation using

attachment line) and secondary corner vortex (including sepa-
ration line) are similar. The primary attachment line occurs at
approximately the same |3 location, i.e., $pa = 21.5 deg at
R = 29.26^ (Fig. 8a) and $pa = 23.3 deg at R = 48.56^ (Fig.
8b). However, the path of the attachment streamline (indi-
cated by an arrow) varies significantly for the two values of R,
indicating its sensitivity to small deviations from conicity in
the vicinity of the line of attachment. The attachment stream-
line appears to approach the shape obtained from the conical
calculation (Fig. 9) with increasing R. However, a definitive
statement is not possible because of the limited size of the
three-dimensional computational domain. (The largest radius,
R = 48.56oo, represents the limit of the three-dimensional com-
putational domain.) Density, Mach number, and static and
total pressure have also been examined45 at several radii using
contour plots and were found to display conical behavior.

In summary, the computed three-dimensional flowfield is
quasiconical. Several surface variables (e.g., surface pressure
and surface flow direction) and flowfield variables (including
density, Mach number, and static and total pressure) exhibit
conical behavior. The computed surface skin friction, how-
ever, does not display conical behavior. Also, although the
computed streamlines are qualitatively similar at different
radii, the attachment streamline does not exhibit conical be-
havior within the region examined. Notwithstanding the de-
scribed departures from exact conicity, the examination of the
computed and experimental flowfields in the conical frame-
work provides substantial insight to the flowfield structure as
described later.

Since the computed three-dimensional flowfield shows
quasiconical behavior, it is expected that the three-dimen-
sional and conical computations would yield similar results.
This has been confirmed45 through detailed comparison of
surface pressure, flow direction, and skin friction for the
three-dimensional and conical computations.
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Fig. 11 Computed (conical) total pressure Pt/Pt<».

Fig. 12 Computed (conical) normal Mach number Mn.

Flowfield Structure
Alvi and Settles35'36 have developed a detailed flowfield

model for the three-dimensional single fin interaction (Fig. 10)
based on the quasiconical behavior that has been observed
both experimentally and computationally. A qualitative model
was developed earlier by Zheltovodov and Shilein,4 and de-
tailed comparison of these models was performed by Hsu and
Settles.25

The increased grid resolution achieved in the conical com-
putations permits a detailed comparison with the flowfield
model of Settles et al. The flowfield structure is observed in
the computed contour plots for total pressure pt/Pt<» (Fig. 11),
normal Mach number Mn (Fig. 12), defined by
Mn = [(ul + u$)/yRT]l/\ static pressure p/p^ (Fig. 13), and
density p/p*, (Fig. 14). Each of these contour plots highlights
specific flowfield features. Experimental26 results for density
P/POO (Fig. 15) are also shown.

The conical computed flowfield displays general agreement
with the model of Alvi and Settles35'36 and is similar to the
three-dimensional computed flowfield.44 The X shock (formed
by the main, separation, and rear shocks) is evident in all
contour plots, particularly the density plots. The computed </>
location of the triple point (j>Tp = 5.8 deg is in good agreement
with the experimental36 value <t>TP = 6.5 deg. A slip line, ema-
nating from the triple point, is visible in the total pressure
contours. The slip line approaches the flat plate at a location
between the line of attachment and the corner. The large
primary vortex is a dominant feature of the flowfield. The
vortex is defined by the separation and attachment stream-
lines. The computed conical attachment streamline (Fig. 9) is
located at 4>AS = 4.6 deg at the computed separation line
(Pps = 42 deg) and is above the boundary layer 60, located at

<t> = 2 deg. This is qualitatively consistent with the experimen-
tal observation that the attachment streamline originates out-
side the edge of the incoming boundary layer.36 This observa-
tion has important implications for high-speed inlet design
since in this case the entire incoming turbulent boundary layer
is entrained into the primary vortex that is oriented approx-
imately along the inviscid shock line.

The density contours (Figs. 14 and 15) indicate that the
computed primary vortex is smaller than the experiment. This
observation explains the underestimate in the upstream influ-
ence line (Fig. 3). This discrepancy is attributable to the turbu-
lence model. A similar underestimate of the vortex size is
observed for the Jones-Launder model. The computed static
pressure contours display an expansion region associated with
the turning of the flow over the primary vortex. A portion of
the expansion is conically supersonic with normal Mach num-
ber Mn slightly larger than one. A high total pressure "jet"
emanates from the flow processed through the X shock struc-
ture and impinges on the flat plate between the fin and line of
attachment. This jet is an essential element in the production
of high skin friction in the vicinity of the line of attachment.

There are several differences between the conical computa-
tions at Mach 4 and a. = 20 deg and the flowfield model of
Settles et al. The computations do not exhibit a "normal"
shock in the vicinity of the flat plate nor the transonic "shock-
lets" in the expansion region. This discrepancy may be at-
tributable to differences between the size and shape of com-
puted and experimental primary vortex, A larger primary
vortex may result in an increased curvature of the computed
attachment streamline in the region between the line of attach-
ment and inviscid shock. The increased curvature would imply
a greater expansion of the flow around the vortex, resulting in
higher Mach numbers and possibly a normal shock. The dis-

Fig. 13 Computed (conical) static pressure p/p*

Fig. 14 Computed (conical) density
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Fig. 15 Experimental density p/p<x>.

crepancies in the size and shape of the computed and experi-
mental vortex are attributable to the limitations of the turbu-
lence model. The computations do not exhibit an incipient
secondary separation that is observed in the experiment (Fig.
4). The absence of this feature is probably due to the absence
of an adverse (dp /dp > 0) pressure gradient in the computation
for 30 deg</3<35 deg (Fig. 3), which is again attributable to
the limitations of the turbulence model. A small secondary
corner vortex is evident in the computations, although its
quantitative accuracy is suspect because of the limitations of
the turbulence model in the corner region. A secondary corner
vortex has been observed by several investigators.5'47

Overall, the computed flowfield shows strong agreement
with the model of Alvi and Settles.35'36 Although the observed
quasiconicity precludes an exact conical treatment of the flow-
field, the conical model is a powerful tool for understanding
the fluid physics of this interaction and its relevance is con-
firmed by both experiment and theory.

Conclusions
A series of computations have been performed for the three-

dimensional single fin interaction at Mach 4, a = 20 deg, and
Re8oo = 2.18 x 105 using the three-dimensional and conical
Reynolds-averaged Navier-Stokes equations with turbulence
incorporated using the Baldwin-Lomax and Jones-Launder
models. The computed flowfields obtained from the Baldwin-
Lomax and Jones-Launder models are similar. The computed
surface pressure and surface flow angle are in general agree-
ment with the experimental data of Kim et al.7 The computed
density contours underestimate the size of the primary vortex.
The underestimate is believed because of the turbulence
model.

The computed three-dimensional flowfield is quasiconical.
The surface pressure, surface flow direction, and flowfield
contours of static pressure, density, and Mach number are
approximately conical over the extent of the computational
domain, except for an inception region near the fin leading
edge. The surface skin friction does not exhibit conical behav-
ior in this range. The conical streamlines are qualitatively
similar at different radii R; however, certain features (e.g., the
path of the attachment streamline) are not conical because of
sensitivity to small deviations of the three-dimensional veloc-
ity field from conicity.

The computed flowfield exhibits most of the features of the
model of Alvi and Settles, including the X shock, slip line,
primary vortex, expansion, and high-speed jet. Several flow-
field parameters showed good quantitative agreement with
experiment. The computations do not exhibit the normal
shock, transonic shocklets, and secondary separation ob-
served in the experiment. This discrepancy may be attributable
to the underestimate of the size of the primary vortex because
of limitations of the turbulence model.
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