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Structure of Laminar Juncture Flows

Miguel R. Visbal*
Wright Research and Development Center, Wright-Patterson Air Force Base, Ohio 45433

A computational study of both steady and periodic lJaminar horseshoe vortex flows generated upstream of a
cylinder/flat plate juncture is presented. The flowfields are simulated using the full three-dimensional unsteady
Navier-Stokes equations and a time-accurate implicit algorithm. A new type of laminar horseshoe vortex topology
is identified. For the case of a single primary vortex, this new topology is found to be independent of the
computational grid and is also supported by recent experimental flow visualizations. The flat plate skin-friction
portraits corresponding to the new and to the standard horseshoe vortex topologies are equivalent, pointing out
the nonunique relation between the wall limiting streamline pattern and the three-dimensional flow above the
plate. For the new topology, the foremost line of coalescense is an attachment rather than a separation line.
This unusual feature illustrates the fact that convergence of skin-friction lines is a necessary but not sufficient
condition for separation. As the Reynolds number increases, the flow topology evolves from a single to multiple
primary horseshoe vortices, in agreement with experimental observations. At least two different types of triple
horseshoe vortex systems are shown to be possible. Above a certain value of the Reynolds number, the juncture
flow becomes unsteady and periodic at a frequency that increases with Reynolds number. The unsteady horseshoe
vortex process upstream of the cylinder is found in qualitative agreement with experiment. Horseshoe vortices
are periodically generated and convected toward the juncture. Vorticity intensification by vortex stretching,
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and the eruption of vorticity from the plate surface are observed.

Nomenclature
G = flat plate skin-friction coefficient along
symmetry line
D,h = cylinder diameter and height, respectively
M, = freestream Mach number
N, N = nodes and half-nodes, respectively
Re, = Reynolds number, p, U.D/u..
S8 = saddle and half-saddle points, respectively
s = nondimensional time, tU./D
U, = freestream velocity
X,Y,2Z = Cartesian coordinates
Br = separation parameter, (éw,/dx)/(dw,/8y)
o, = incoming flat plate boundary-layer thickness
£&n, s = transformed coordinates
w,, ®,, w, = vorticity components in X, y, and z directions
Subscripts
A,S = attachment and separation, respectively

I. Introduction

HE separated vortical flow generated at a wing-body

juncture!~® constitutes an important example of inter-
ference flowfields and of three-dimensional separation. This
flow configuration is not only rich in fundamental fluid me-
chanics phenomena, but is also present in numerous aero-
dynamic and hydrodynamic applications. For instance, junc-
ture flows are of importance in external aerodynamics,
turbomachinery, submarines, and wind-tunnel airfoil testing.
The flowfield structure upstream of the junction is also related
to the separated region formed upstream of a jet in crossflow.?
The juncture formed by a circular cylinder placed on a flat
plate along which a boundary layer is developing (Fig. 1)
represents a model configuration to study the basic features
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of juncture flows. As the flow along the flat plate approaches
the juncture, the large adverse pressure gradient induced by
the cylinder produces boundary-layer separation as well as
the formation of an array of horseshoe vortices. Depending
on the flow conditions,! =3 this array may be formed by one
or more primary horseshoe vortices, accompanied by sec-
ondary counter-rotating vortical structures. These horseshoe
vortices wrap around the cylinder and provide a mechanism
for the diversion of low-energy boundary-layer fluid around
the obstacle. In addition, these trailing regions of concen-
trated streamwise vorticity decay slowly® and interact with
flow components downstream of the juncture.

Several experimental investigations of both steady and un-
steady laminar juncture flows have been presented in the
literature.'~° Examination of the available experimental evi-
dence reveals that, as the Reynolds number increases, the
topology of the three-dimensional separation evolves from a
single primary horseshoe vortex to multiple vortices. Further
increases in the Reynolds number result in unsteady laminar
horseshoe vortex behavior that persists even when a splitter
plate is placed behind the cylinder in order to suppress Kar-
man vortex shedding. Although previous experimental work
has provided a great deal of information about various aspects
of laminar juncture flows, questions still remain unanswered
regarding the precise flow topology and the unsteady horse-
shoe vortex phenomena, as well as their dependence on the
various flow parameters (i.e., Reynolds number, cylinder as-
pect ratio, and incoming boundary-layer thickness). For in-
stance, discrepancies in the horseshoe vortex system topology
upstream of the juncture are apparent when comparing the
inferred streamline patterns of Refs. 1 and 9-11. In addition,
different types of unsteady horseshoe vortex phenomena are
described by Baker,! Tobak and Peake,® and Thomas.” The
discrepancies among the experiments, combined with the lack
of detailed experimental measurements, indicate a need for
further theoretical and experimental work on laminar junc-
ture flows.

The present investigation provides a numerical study of
both steady and unsteady laminar separated flows generated
upstream of a cylinder/flat plate juncture. The main objectives
of this work can be summarized as the following: 1) a de-
scription of the steady horseshoe vortex system topology up-
stream of the cylinder and its evolution with increasing Rey-
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Fig. 1 Cylinder/plate juncture configuration.

nolds number, and 2) a preliminary study of the unsteady
(periodic) horseshoe vortex phenomena.

In the present study, only one half of the cylinder/plate
juncture flowfield is considered (Fig. 1). This symmetric con-
figuration is chosen in order to completely isolate the cyclic
horseshoe vortex process from Karman vortex shedding in
the wake of the cylinder and to permit better numerical res-
olution of the pertinent flow features. The laminar-juncture
flows are simulated using the full three-dimensional unsteady
Navier-Stokes equations and an implicit time-accurate ap-
proximate-factorization algorithm.’ Although computations
for steady laminar juncture flows have been conducted pre-
viously,'>1 these studies have not simulated the topological
change from a single to multiple primary horseshoe vortices
associated with increasing Reynolds number. Finally, the sim-
ulation of the periodic laminar horseshoe vortex regime has
not, to the author’s knowledge, been previously presented in
the literature.

II. Method of Solution

Governing Equations and Boundary Conditions

The governing equations are the full unsteady, three-di-
mensional compressible Navier-Stokes equations written in
strong conservative form.'> Closure of this system of equa-
tions is provided by the perfect gas law, Sutherland’s viscosity
formula, and the assumption of a constant Prandtl number
(Pr = 0.72). ' _

In reference to the computational domain shown in Fig. 1,
the boundary conditions are prescribed as follows. On the
cylinder and flat plate surfaces, no-slip, isothermal conditions
are used in conjunction with a zero normal pressure gradient.
At the inflow boundary, an incoming Blasius boundary-layer
profile of thickness 8, is prescribed. The velocity profile is
approximated using Polhausen’s formula,!® with uniform flow
outside the viscous region. On the outflow boundary, extrap-
olation of all flow variables is employed. Along the upper
boundary, located at a nondimensional height #/D from the
plate, symmetry conditions are applied. This situation cor-
responds to a cylinder of span 24/D placed between end plates.
The flow is assumed symmetric with respect to y = 0, and,
therefore, symmetry conditions are invoked on the corre-
sponding boundaries, as shown in Fig. 1. Finally, replacement
of the symmetry condition in the wake by a splitter-plate
boundary condition produced no changes in the horseshoe
vortex structure upstream of the cylinder.

Numerical Procedure

Computational grids for the cylinder/flat plate juncture are
obtdined by stacking, according to a suitable z-distribution,
identical two-dimensional plane grids. The two-dimensional
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grid about the cylinder is of the C-type and is generated using
a hyperbolic mesh generation technique.'” Figure 2 shows the
grid structure in the vicinity of the juncture. Grid clustering
is provided near the upstream symmetry plane and next to
the cylinder and flat plate surfaces, respectively. The base
grid employed in the majority of the computations has di-
mensions (95 X 197 x 41)in &, m, and s, respectively. The
inflow and outflow boundaries (Fig. 1) are located approxi-
mately 20 and 15 diameters away from the cylinder. The min-
imum grid spacing in the £ direction is 0.0025D and 0.0005D
normal to the solid surfaces. Typically, more than 25 points
are placed within the incoming laminar boundary layer.

The governing equations are numerically solved employing
the implicit approximate-factorization Beam-Warming algo-
rithm.'? The scheme is formulated using Euler implicit time-
differencing and second-order finite-difference approximations
for all spatial derivatives. Constant coefficient fourth-order
explicit and second-order implicit damping terms are added
for numerical stability. A fully vectorized, time-accurate, three-
dimensional Navier-Stokes solver has been developed using
the aforementioned numerical method. The code has been
successfully validated for a variety of both steady and unsteady
laminar test flow cases, including Couette flow formation, flat
plate boundary layer, vortex shedding behind a circular cyl-
inder, Taylor-vortex flow,'® and delta-wing flows.!?-20

III. Results and Discussion

Unless otherwise noted, computational results were ob-
tained on the base grid (95 x 197 x 41) discussed in Sec. II
with the flow parameters M., = 0.2,3,/D = 0.1, and h/D =
2.0. Various Reynolds numbers were considered, ranging from
Re, = 5 x 102to 5.4 x 10° For the case of steady juncture
flows, convergence was assured by monitoring the evolution
of the flat plate skin-friction coefficient along the line of sym-
metry upstream of the cylinder. The sensitivity of the com-
puted flowfield to grid resolution and numerical damping was
investigated!® for Re;, = 1.5 X 10°. Variations in the skin-
friction coefficient beneath the horseshoe vortex system due
to grid spacing and damping coefficient were not significant.
Most important, the flow topology in the forward plane of
symmetry was found to be independent of the previously men-
tioned numerical parameters. Further evidence of grid in-
dependence for the computed flow topology is presented be-
low for the case of Re, = 5 X 102
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Fig. 2 Computational grid structure.
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Steady Single Primary Horseshoe Vortex System

The computed flowfield structure on the plane of symmetry
for Re, = 5 x 102 is shown in Fig. 3. At this Reynolds
number, a primary horseshoe vortex forms upstream of the
cylinder and represents the simplest laminar horseshoe vortex
topology computed in the present study. The limiting stream-
line pattern on the flat plate, shown in Fig. 4, is characterized
by a line of coalescense (with its associated saddle point S)
and by a line of divergence (with its associated node N). The
skin-friction coefficient along the symmetry line upstream of
the juncture (Fig. 5) displays two points of zero C;, which
correspond to the saddle and node of Fig. 4. Although the
surface streamline pattern is of the type usually described in
the literature,%1° the streamline pattern in the symmetry plane
represents a new topology not previously recognized to exist
in laminar juncture flows. =

In order to clarify the differences between the computed
new topology and the standard topology in the symmetry
plane, sketches of both topologies are shown in Fig. 6. The
streamline patterns of Figs. 6a and 6b display similarities,
including the existence of reversed flow downstream of point
P, as well as the spiraling pattern of the horseshoe vortex.
However, a fundamental difference between the two topol-
ogies arises due to the structure of the flow in the vicinity of
point P. In the standard case (Fig. 6a), P is a half-saddle point
of separation (denoted as S;), whereas in the computed to-
pology (Fig. 6b), P is a half-node of attachment (denoted as

CYLINDER

FLAT PLATE

Fig. 3 Streamline pattern on symmetry plane, Re, = 5 x 102

Fig. 4 Limiting streamline pattern on flat plate, Re,, = 5 X 102,
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Fig. 5 Flat plate skin-friction coefficient upstream of the cylinder for
Re, = 5 x 10% The grid spacing in the £ and v directions are: A,
0.01D, 0.05D; —, 0.04D, 0.1D; O, 0.04D, 0.2D.

N,). These two distinct flow topologies near P were predicted
analytically by Perry and Fairlie!! in 1974 as possible cases of
symmetric three-dimensional laminar separation. The term
separation is, however, ambiguous when referring to the to-
pology of Fig. 6b since, although there is reversed flow down-
stream of P, P is actually a node of attachment. Despite the
analytic work of Ref. 11, the type of separation of Fig. 6b
has been ignored in the literature of laminar juncture flows,
including by Perry and Fairlie who conjectured point P to be
a separation point when interpreting experimental smoke vis-
ualizations of a cylinder/plate juncture. The type of flow to-
pology near P is actually determined'' through examination of
the value of the separation parameter 8, = (dw,/dx)/(dw, /1Y),
where w, and w, denote the vorticity components in the x and
y directions, respectively. For B, > 1, P is a separation point
(Fig. 6a), whereas for B, < 1, P is a point of attachment. In
the present computations with Re;, = 5 X 10?, B, was found
to be less than unity, consistent with the flow topology (near
P) of Fig. 6b.

In order to further support the present results, the juncture
flow for Rep, = 5 X 10? was computed using three different
grid systems, thereby varying the mesh spacing near point P
by a factor of 4 in both the radial and azimuthal directions.
As shown in Fig. 5, the skin-friction coefficient and the sep-
aration location were found to be nearly grid independent.
Most important, the separation parameter 3, which controls
the flow topology, remained nearly constant (between 0.71—
0.74). Furthermore, an experimental confirmation of the
computed new topology has been given by Kawahashi and
Hosoi*! subsequent to the present computational study. Fig-
ure 7, taken from Ref. 21, shows a laser specklegram of the
flowfield in the symmetry plane upstream of a cylinder/flat
plate juncture. The experimentally observed horseshoe vortex
structure displays the new topology predicted in the compu-
tations (Fig. 3).

Implications of the New Topology on the Interpretation of
Experimental Oil-Flow Patterns

Although the symmetry plane streamline patterns of Figs.
6a and 6b are fundamentally different, their corresponding
skin-friction portraits on the flat plate are equivalent (Figs. 4
and 6¢c), a point that illustrates the nonunique relation be-
tween the surface flow pattern and the three-dimensional flow
above the plate.?? Experimental oil-flow visualizations cannot,
therefore, distinguish between the two types of horseshoe
vortex topologies unless the parameter 8, or the symmetry-
plane flow is also obtained. In both topologies, the surface
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Fig. 6 Topology of single primary horseshoe vortex system.

streamline pattern (Fig. 6¢c) is characterized by a line of coal-
escense (1c) and a line of divergence (1d). For the standard
topology, the line of convergence in the wall streamlines is a
separation line (saddle point of separation), whereas for the
new topology, this line of convergence is, indeed, an attach-
ment line (saddle point of attachment).? In the interpretation
of experimental oil-flow visualizations, lines of coalescense
are usually equated with separation. The computed and ex-
perimentally confirmed new topology clearly illustrates the
fact that convergence of oil-streak lines is a necessary but not
sufficient condition for separation, a point that has been the
subject of debate.?* The computed new laminar horseshoe
vortex topology represents, to the author’s knowledge, the
first actual vortical flow case in which a line of oil accumu-
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Circular Cylinder

horseshoe Bottom

vortex

Separation line

Fig. 7 Experimental flow visualization on upstream symmetry plane,
taken from Ref. 21.

lation represents an attachment line. Although Perry and
Fairlie identified analytically the two different types of sym-
metric, three-dimensional laminar separation, they did not
elaborate on the implications for the interpretation of exper-
imental oil-flow visualizations.

Steady Multiple Horseshoe Vortex Systems

Steady laminar juncture flows were also computed for Re;,
= 1.5 x 10° and 2.6 x 10°, with §,/D = 0.1. At Re, = 1.5
x 10°, two primary horseshoe vortices formed upstream of
the cylinder. This flow topology can be found in Ref. 18. For
Rep, = 2.6 x 10°, three primary horseshoe vortices appeared,
as shown in Fig. 8a. Two of the secondary vortical structures
can also be observed in Fig. 8b. This case represents the most
complex steady horseshoe vortex array computed in the pres-
ent study. The surface streamline pattern on the plate, shown
in Fig. 9, displays three lines of convergence (denoted as lc;,
lc,, Ic;) and three lines of divergence (1d,, 1d,, 1d,) consistent
with the triple horseshoe vortex system in the symmetry plane
(Fig. 8). The divergence lines are lines of attachment. The
coalescense lines Ic; and Ic, are lines of separation, whereas
the outermost convergence line Ic; is a line of attachment, as
previously discussed for the single primary horseshoe vortex
system. Here again, the separation parameter B, was found
to be < 1 (B = 0.93) consistent with the observed flow
topology of Fig. 8.

A schematic of the computed triple horseshoe vortex array
topology is given in Fig. 10a along with the standard jet-maze
topology described in the literature®!® (Fig. 10b). A funda-
mental difference between the two topologies arises again due
to the flow structure near the point P, which is controlled by
the parameter B, (Bp < 1 in Fig. 10a, B, > 1 in Fig. 10b).
Important differences also exist regarding the way in which
each of the primary vortices is fed by the incoming flow. For
the computed topology of Fig. 10a, and proceeding toward
the plate, vortex 1 is fed first by region ab, then vortex 2 by
region cd, and finally vortex 3 by region ef. For the classical
topology of Fig. 10b, vortex 3 is fed first by region ab, then
vortex 2 by region bc, and later vortex 1 by region cd. Sub-
sequently, vortices 2 and 3 are fed once again by regions de
and ef, respectively.

In order to demonstrate that both topologies of Fig. 10 are
possible, a computation was performed for a much thinner
incoming boundary layer with Re, = 5 x 10° and the flat
plate leading edge located at x/D = —2.0. This case resulted
in a value of B, of 1.2; thus, the classical flow topology is
expected to exist. The computed symmetry plane streamline
pattern is shown in Fig. 11. This topology is indeed of the
standard type shown in Fig. 10b, except for a missing sec-
ondary structure not resolvable by the grid employed.
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Fig. 8 Streamline pattern on symmetry plane, Re, = 2.6 X 10°
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Fig. 9 Limiting streamline pattern on flat plate, Re,, = 2.6 x 10°.
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Fig. 10 Topology of triple primary horseshoe vortex system.

The present results indicate that the two different horseshoe
vortex systems of Figs. 10 are possible. The actual type of
topology that will prevail in a given case will be determined
by the parameter 8,. The dependence of this parameter on
Rep, 8,/D and h/D remains the subject of future study. In
addition, the new multiple vortex topology of Fig. 10a is in
need of experimental confirmation, as it was done for the
single horseshoe vortex case.?! To this effect, flow visualiza-
tion techniques of greater resolution than simple smoke vis-
ualizations might be required.

Finally, the triple horseshoe vortex array topology pre-
sented by Baker! is different from the two types previously
described. However, as noted by Baker, the topology in Ref.
1 is partially conjectured since it was not clear which of vor-
tices 2 or 3 was fed first as the smoke probe was brought
closer to the plate in the experiment. All that can be said with
certainty about the topology of Ref. 1 is that it was not of
the standard type (Fig. 10b) since vortex 1 was definitely fed
before vortices 2 and 3 in the experiment. It is interesting to
note that, if Baker had assumed vortex 2 to be fed before
vortex 3, the order of feeding of the vortices would have
corresponded to the new topology of Fig. 10a. The multiple
vortex topology conjectured by Baker' also displays an un-
usual saddle-to-saddle-point connection. The symmetry-plane
streamline patterns of Figs. 10, as well as that of Baker,' all
satisfy the following topological constraint®***

Sy + B, - [Es+ 8] =0

where X denotes the number of corresponding singular points.
In addition, the corresponding skin-friction portraits on the
flat plate are all equivalent, emphasizing the limitations of
oil-flow visualizations.

Unsteady Horseshoe Vortex Systems

The computed juncture flow became unsteady and cyclic
for Rep, = 4 X 10°and 5.4 x 10* (with 3,/D = 0.1). In order
to rule out the possibility of nonphysical, numerically induced
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Fig. 11 Computed streamline pattern on symmetry plane, Re,
5§ x 10° and flat plate leading edge at x/D = —2.0.

unsteadiness, various computational parameters were varied,
including time step, damping coefficient, and grid spacing in
the radial direction. In all cases, the unsteady behavior per-
sisted, qualitatively unaltered. This indicates that the numer-
ical procedure is capable of reproducing the experimentally
observed!$—8 patural unsteadiness encountered, above cer-
tain Reynolds numbers, in laminar juncture flows. The com-
puted unsteady horseshoe vortex phenomena was found to
be qualitatively the same for both Re;, = 4 x 10° and 5.4 X
10%. Furthermore, in agreement with the experiments of Ref.
7, the frequency of the unsteady process increased with Reyn-
olds number. In this section, the cyclic horseshoe vortex flow
is presented only for Re, = 5.4 x 10°. Approximately eight
cycles were computed for this case in order to confirm the
persistence of the unsteady behavior. Figure 12 shows the
time history (for the last four cycles) of the skin-friction coef-
ficient at a point along the symmetry line upstream of the
juncture (x/D = —1.0). The cyclic, quasiperiodic behavior is
apparent. The Strouhal number St = fD/U, based on the last
cycle was 0.21, which is in close agreement with the experi-
mental value of 0.20 obtained by Thomas” for the same Reyn-
olds number, albeit for different values of #/D and 3,/D.

In what follows, the unsteady horseshoe vortex phenom-
enon is described by examination of the flowfield upstream
of the cylinder. In the experiments,” an unusual horseshoe
vortex pinchoff mechanism appears to take place behind the
cylinder. However, marginal numerical grid resolution in that
region precludes a conclusive description of such process at
present. In addition to the horseshoe vortices, other unsteady

0.02
0.01 -
0.00
C
£
-0.01 1
—0.02
—003 T T i 1
25.0 30.0 35.0 40.0 45.0 50.0
- tU,/D
Fig. 12 Time history of flat plate skin-friction coefficient beneath
unsteady horseshoe vortex system, Re, = 5.4 x 103, x/D = —1.0.
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vortical structures (not shown) exist in the wake of the cyl-
inder with spiraling cores that lift off the flat plate surface.
The complex unsteady vortical flow behind the juncture re-
mains the subject of future investigation. The present results
for the unsteady flow upstream of the juncture are, nonethe-
less, expected to be valid based on two main reasons. First,
the computed unsteady horseshoe vortex process and its fre-
quency are in agreement with the experiments of Thomas.”
Second, according to Baker,! modifications in the wake of
the cylinder did not affect the experimentally observed un-
steadiness upstream of the juncture.

Figure 13 shows the instantaneous streamlines on the sym-
metry plane for one cycle of the unsteady process. At a given
instant, three or four primary vortices (denoted as 1,2,3.4)
can be observed. In addition, some of the secondary vortices
are discernable. The topology upstream of vortex 1 (Fig. 13d)
is of the new type previously described for steady horseshoe
vortex systems (Fig. 10a). That s to say, the foremost singular -
point is a half-node of attachment N,, and a saddle point
exists between this node and vortex 1. The separation param-
eter Bp, although variable in time, remained < 1in accordance
with the observed flow topology. Figure 14 shows schemati-
cally the evolution of the topology for the secondary flow
between vortices 1 and 2, corresponding to Figs. 13a—f. As
the strength of vortex 2 increases, the node in Fig. 14a is lifted
off the surface and eventually disappears (Fig. 14f). It is in-
teresting to note that during this process the corresponding
skin-friction portrait remains qualitatively unaltered. The ev-
olution of the streamline topology for the region between
vortices 2 and 3 (Figs. 13a—e) is precisely the reverse sequence
of that shown in Fig. 14. The instantaneous streamline pattern
of Fig. 14e is similar to one of the steady two-dimensional
topologies constructed analytically by Perry and Chong.?¢

Although instantaneous streamlines provide information
about some of the features of the unsteady horseshoe vortex .
system, interpretation of the flow physics based solely on
streamlines can be misleading since their complex pattern
depends on the relative position and strength of neighboring
vortical structures. In order to assess the effects of vortex
stretching and viscous dissipation on the horseshoe vortices,
the vorticity field must be examined. Figure 15 shows the
evolution of the vorticity contours in the vicinity of vortex 3.
In addition, the time history of the maximum vorticity value
at the core of the horseshoe vortex (Fig. 16a) and its trajectory
(Fig. 16b) are given.

From the instantaneous streamlines and the vorticity field
on the symmetry plane, the following features of the cyclic
horseshoe vortex phenomena can be observed.

1) New horseshoe vortices are periodically generated down-
stream of the node of attachment (see vortex 1, Figs. 13a—
d). Unlike the standard topology of Fig. 10b where the horse-
shoe vortex is connected to the plate by a surface of sepa-
ration, in the present case, the vortex is essentially free to
move without having to be shed from the surface. The horse- |
shoe vortex is convected toward the cylinder (see vortices 1
and 2, Fig. 13) in an initially horizontal path, as shown in Fig.
16b.

2) As vortex 3 in Fig. 13 illustrates, the horseshoe vortex
moves very close to the cylinder. During this stage, the max-
imum vorticity value drastically increases due to vortex
stretching (Fig. 16a) and reaches its greatest intensity when
the vortex is in closest proximity to the cylinder. As expected,
the vortex cross section decreases in size and the vorticity
gradients are also enhanced (Fig. 15). As the vorticity inten-
sifies, a very interesting vortex/surface interaction takes place
that was not previously apparent from the instantaneous
streamline patterns.” Vorticity of opposite sign to that of the
horseshoe vortex erupts from the flat plate boundary layer
(Fig. 15a). This vorticity orbits in a counterclockwise sense
around the horseshoe vortex (Fig. 15b) due to the velocity
field induced by vortex 3 and eventually wraps all the way
around the vortex (Fig. 15c). Although only the symmetry
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Fig. 14 Unsteady secondary flow topology on symmetry plane.
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Fig. 16 Strength and trajectory of horseshoe vortex on symmetry plane, Re, = 5.4 X 103

plane is shown, this vortex/surface interaction was observed
at all azimuthal stations in front of the juncture.

3) Subsequently, the horseshoe vortex begins to move up-
stream away from the cylinder and downward toward the plate
(Fig. 16b). At this stage, the secondary flow topology evolves
from that of Fig. 14f to the pattern of Fig. 14a. As Fig. 16a
indicates, the magnitude of vorticity decreases drastically due
to viscous dissipation, which is set up by the large vorticity
gradients generated during the vortex stretching process. This
is further enhanced by the sheath of opposite vorticity sur-
rounding the horseshoe vortex and by the motion of the vortex

toward the plate. The vortex seems to fully dissipate just as
a new horseshoe vortex reaches the juncture. The dissipation
of the horseshoe vortex, which occurs before another vortex
arrives, is an essential mechanism in the cyclic process. If the
horseshoe vortex would not dissipate but instead combine
with the new incoming vortex, vorticity would continually
accumulate in front of the cylinder, a process that would be
incompatible with the observed periodicity of the flow.

The computed unsteady horseshoe vortex phenomena up-
stream of the juncture is in overall agreement with the ex-
perimental flow visualizations of Thomas.” The details of the
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flow topologies on the symmetry plane are, however, differ-
ent. The streamline patterns inferred by Thomas’ display the
standard topology corresponding to B, > 1. Unfortunately,
it is not clear from Ref. 7 how much of the reported topology
was simply conjectured due to insufficient resolution in the
flow visualizations.

In regard to the two different types of flow topology and
the horseshoe vortex system unsteadiness, an interesting ob-
servation can be drawn from the present computational study.
The computed horseshoe vortex array of Fig. 11 for which
Re, = 5 x 10° and B, > 1 was found to be steady. On the
other hand, for the new flow topology (B, < 1), the computed
vortex system was already unstable at Re, = 4 X 10°. The
effect of the separation parameter B, on the onset and type
of horseshoe vortex unsteadiness deserves further investiga-
tion.

Additional periodic horseshoe vortex computations and
comparison with detailed experimental measurements (not

presently available) are required. Enhanced numerical reso-

lution behind the juncture is also needed in order to describe
the experimentally observed’ vortex pinchoff mechanism and
its correlation with the previously discussed flow events up-
stream of the cylinder. Enhanced grid resolution near the
node of attachment (Fig. 13d) could also result in more pri-
mary horseshoe vortices being formed. This, however, is not
expected to alter the basic unsteady process already found.

Finally, two additional points can be made regarding the
present unsteady results. First, the computational approach,
despite its inherent limitations, is capable of reproducing the
experimentally observed transition from steady to periodic
laminar horseshoe vortex flow. Second, the computed results,
obtained on a symmetric juncture configuration, confirm that
the unsteady process is produced by a natural instability of
the horseshoe vortex array rather than by Karman-vortex
shedding in the wake of the cylinder.

IV. Conclusions

A numerical study was performed for both steady and pe-
riodic laminar horseshoe vortex systems formed upstream of
a cylinder/flat plate juncture. The flowfields were simulated
using the full three-dimensional unsteady Navier-Stokes equa-
tions and a time-accurate implicit algorithm. The main con-
clusions are the following.

1) A new type of laminar horseshoe vortex topology, not
previously recognized in the literature, has emerged from the
present study. Portions of this new topology were analytically
shown to be possible by Perry and Fairlie.!! Furthermore,
recent experimental flow visualizations (which became avail-
able after the present computations) confirm the predicted
new topology. The type of flow topology that exists upstream
of the juncture is governed by a separation parameter B,
whose dependence on the flow parameters Re, 8,, and h/D
remains to be studied. For 8, > 1, the standard horseshoe
vortex topology is obtained, whereas for B, < 1, the new
pattern emerges. The skin-friction portrait on the plate is
identical for both topologies. However, for the new topology,
the outermost line of coalescense is an attachment line and
not a separation line. This unusual feature illustrates the fact
that convergence of skin-friction lines is a necessary but not
sufficient condition for separation.

2) As the Reynolds number increases, the computed flow
topology evolves from a single to multiple primary horseshoe
vortices, in accordance with experimental observations. At
least two different types of triple primary horseshoe vortex
systems are shown to be possible. For B, > 1, the computed
horseshoe vortex array displayed the standard jet-maze to-
pology described in the literature. The predicted new multiple
vortex topology obtained for B, < 1 requires experimental
verification.

3) For Re, = 4 x 10° and 5.4 x 10° (with B, < 1), the
computed juncture flow becomes unsteady and cyclic, with a
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frequency that increases with Reynolds number. The unsteady
process is characterized by 1) the periodic generation of horse-
shoe vortices downstream of the point of attachment, 2) the
convection of the vortices toward the juncture, 3) vorticity
intensification by vortex stretching, 4) a dramatic vortex/sur-
face interaction that displays the eruption of vorticity from
the plate boundary layer, and 5) the upstream movement and
dissipation of the horseshoe vortex that takes place as a new
vortex arrives at the juncture. This computed unsteady horse-
shoe vortex process upstream of the cylinder is in qualitative
agreement with experimental flow visualizations. The com-
puted results, obtained for a symmetric configuration, confirm
that the unsteady process is not originated by Karman-vortex
shedding in the wake of the cylinder. The present investigation
constitutes the first computational study of the periodic lam-
inar horseshoe vortex phenomenon.
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