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of more elaborate wall functions or the introduction of a more
advanced turbulence model is needed to properly simulate the
flowfield in these situations.
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Flow in the Wake of a Freely
Rotatable Cylinder with Splitter Plate
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Introduction

IT is well known1'2 that a rigidly mounted splitter plate,
placed behind a circular cylinder in crossflow, reduces both

the cylinder drag and the strength of the shed vortices. Splitter
plates have therefore found practical applications, such as
suppression of vibration of pitot-static probes in wind and
water tunnels. The present work was motivated by the desire
to suppress the vibration of a five-hole probe in a water flow,
where the oncoming flow direction can be inclined several
degrees from the freestream direction, and is not known a
priori. In such a case, it was thought that a freely rather than
rigidly mounted splitter plate attached to the probe shaft
would adjust itself like a weather vane to the changing flow
direction. For long plates this was indeed the case, but for
shorter plates an unexpected phenomenon was observed.
Namely, rather than aligning itself with the flow direction, the
splitter plate was observed to rotate to a stable position off
axis (on either side of the wake with equal probability). This
behavior was first reported by Cimbala et al.,3 but no explana-
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tion of the behavior was given. Their results are summarized
in Fig. 1, where stable splitter plate angle 6 is plotted as a func-
tion of normalized plate length L/D. This angle was found to be
independent of Reynolds number for the range tested, which
was 5 x 103 < Re < 1 x 104. As seen, 0 decreases continu-
ously with L/D; by L/D = 5 the splitter plate, although free to
rotate, remains at 6 = 0, i.e., parallel to the flow direction.

Recently Xu et al.4 performed some numerical experiments
in an attempt to explain this behavior. Their results show a
critical Reynolds number below which the splitter plate is
stable at the line of symmetry and above which a symmetry-
breaking bifurcation appears. Above the critical Reynolds
number, the separation bubble in the cylinder's wake leads to
a nonzero unstable moment about the axis, forcing the splitter
plate assembly to rotate to a stable position where the moment
is zero. Their calculations show that stable splitter plate angle
6 decreases with L/D, which agrees qualitatively with the ex-
periments of Cimbala et al.3 Unfortunately, the maximum
Reynolds number of the calculations was 50, far below that of
the experiments, and quantitative comparisons are not possi-
ble. Nevertheless, the explanation of Xu et al.4 is considered
adequate even for the high Reynolds number experiments.
Namely, the time-averaged mean flow in the separated near
wake of the cylinder is similar to the steady separation bubble
of low Reynolds numbers and imposes an unstable moment on
the splitter plate, causing it to migrate to its stable off-axis
position. Reynolds number independence implies that the mo-
ment is caused primarily by pressure rather than viscous
forces. This has been verified5 in our laboratory by placing a
shroud around the front portion of the cylinder, effectively re-
moving the viscous moment. These data are also included in
Fig. 1; the shroud has no effect on 0.

Presented here are smoke-wire visualizations and shedding
frequency measurements in the wake of the cylinder/splitter
plate body. Comparisons are made between the plain cylinder,
the cylinder with a splitter plate rigidly fixed at 0 = 0 deg, and
the freely rotatable cylinder/splitter plate body.

Results and Discussion
The experiments were conducted in a wind tunnel, using a

two-dimensional circular cylinder with a splitter plate at-
tached. The cylinder/splitter plate combination could be made
freely rotatable about the longitudinal axis of the cylinder,
which was always mounted normal to the freestream. Both
horizontal and vertical orientations were tested; gravity does
not play a role in the observed phenomenon. Further details of
the experiment can be found in Ref. 5. Figure 2 compares
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Fig. 1 Variation of stable splitter plate angle with splitter plate
length for a freely rotatable cylinder/splitter plate body at Reynolds
numbers between 5 x 103 and 2 x 104.
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Fig. 2 Smoke-wire photographs at Re = 7.5 x 103: a) Plain
cylinder with no splitter plate, b) L/D = I splitter plate fixed at 6 = 0
deg, c) L/D - I freely rotatable splitter plate.

smoke-wire flow visualizations for three cases: a) a plane
cylinder, b),a cylinder with a splitter plate 1 diameter long arid
fixed parallel to the freestream direction, and c) the same
cylinder/splitter plate body when free to rotate. Notice trie
position of the plate in Fig. 2c. It has rotated to its stable angle
of approximately 22 deg. We will now concentrate on the near
wake region.

Figures 2 reveal that the wake of the freely rotatable
cylinder/splitter plate body is not grossly different from that
of the plain cylinder. When fixed at 0 deg, however, the split-
ter plate significantly alters the wake. Specifically, the fixed
splitter plate forces a delay in formation of the Karman vortex
street.

For splitter plates longer than about two cylinder diameters,
the wakes of the fixed and freely rotatable splitter plate bodies
are nearly the same. An example is shown in Figs. 3 for the
case L/D = 3. In Figs. 3a and 3b, formation of the Karman
vortex street is delayed significantly.

Gerrard6 suggested that the frequency of the Karman vortex
street is inversely proportional to the length scale of the vortex
formation region immediately downstream of the body. He
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Fig. 3 Smoke-wire photographs at Re = 7.5 x 103 and L/D = 3:
a) Splitter plate fixed at 0 = 0 deg, b) freely rotatable splitter plate.
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Fig. 4 Variation of Strouhal number with normalized splitter plate
length for both fixed and freely rotatable cylinder/splitter plate
bodies.
verified this suggestion for the case of a splitter plate forced to
remain aligned with the flow. Further measurements by Bear-
man2 supported Gerrard's explanation. In the present experi-
ments, vortex shedding frequency was measured with a hot
wire. Figure 4 shows the variation of Strouhal number (St =
fD/U^, where / is the vortex shedding frequency, D the
cylinder diameter and U^ the freestream velocity) with L/D
for both fixed and freely rotatable splitter plates. Also in-
cluded are data for fixed plates from two earlier investiga-
tions.6'7 It can be seen that the freely rotatable plates do not
exhibit the fall and rise in St characteristic of fixed plates;
rather, after a small initial increase, shedding frequency pro-
gressively decreases as plate length is increased. Gerrard's6 ex-
planation of vortex shedding frequency apparently applies to
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the freely rotatable splitter plate case as well. Namely, as the
flow visualizations indicate, the vortex formation length scale
increases with L/D and, hence, shedding frequency decreases
with L/D. As with the flow visualizations of Fig. 3, for L/D
> 2, the fixed and freely rotatable splitter plates behave simi-
larly, as indicated by the overlap of data in Fig. 4.

Conclusions
When allowed to rotate freely, a splitter plate shorter than

five cylinder diameters does not align itself with the free-
stream. Instead, it migrates to a stable position on one side of
the wake or the other, with the splitter plate angle a strong
function of splitter plate length, but independent of Reynolds
number in the range tested. The wake of a freely rotatable
splitter plate smaller than about two cylinder diameters is not
significantly altered by the presence of the plate. When com-
paring vortex formation length and Karman vortex street
shedding frequency in the near wake, a cylinder with a free
splitter plate behaves much differently than does a cylinder
with a rigidly mounted splitter plate of the same length. On the
other hand, a freely rotatable splitter plate larger than about
two cylinder diameters, although positioning itself at a non-
zero angle, affects the wake in nearly the same manner as does
a rigid plate of the same length. The inverse relationship be-
tween vortex formation length and vortex shedding frequency,
first suggested by Gerrard,6 is apparently valid for both fixed
and free splitter plates.
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Solver for Unfactored Implicit
Schemes
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flowfield must be expressed at each time step as the solution of
a large system of nonlinear equations.

The linearization of an implicit time-stepping scheme for
solving the flow equations produces a system of linear equa-
tions whose coefficients matrix, hereafter referred to as the
"implicit-step operator," has a sparse structure. In alternating
direction implicit (ADI) schemes1 this matrix operator is ap-
proximately factored as the product of block-tridiagonal ma-
trices, in order to maintain the computational costs of a direct
numerical-solving procedure within acceptable limits. How-
ever, the ADI factorization error prevents the use of large time
steps as a method for producing a fast elimination of the
transient solution in steady-state computations,2 and it may be
the main source of inaccuracy in the simulation of unsteady
flows. This paper illustrates the use of the conjugate gradient
squared (COS) iterative algorithm3 for solving the implicit-
step operator in unfactored form. In the present work the flow
equations are linearized at each time step, following the Beam-
Warming approach, and the ADI splitting of the implicit-step
operator is used to build an efficient preconditioner of the
unf actored system.

Numerical Scheme
In general curvilinear coordinates, in two space dimensions,

the Euler equations, describing the flow of an in viscid gas in
thermodynamic equilibrium, may be written in the following
strong conservation law form:

dtq = 0 (1)

where £ = %(x,y,t) and 17 = r}(x,y,t) are the body- fitted curvi-
linear coordinates, and q is a vector whose four components
are proportional to the conserved physical quantities of the
flow. The flux vectors F and G are nonlinear functions of the
flow variables q and also depend on geometric terms related to
the mapping between the Cartesian and the curvilinear coordi-
nates.2

By use of the Euler first-order implicit time-differencing
scheme, the solution incremental change Aqn = (</n+ 1 - q"1) at
time nAt[qn = q(nAt)] is written as a funciton of the nonlin-
ear flux vectors at time (n + I) At. A system of linear algebraic
equations is then obtained by a linear expansion of the flux
vectors Fn + 1 and Gn + l about the solution vector qn and by a
spatial discretization of the linearized probability density
errors. On a numerical grid with uniform grid spacings A£ = 1
and A^ = 1 , the partial derivatives are approximated by sec-
ond-order centered finite-difference operators 5% and 6,, such
the dtfj = (fi + u -fi- ij)/2 and y/j = (fu+ 1 -fu+ 0/2, and
the nonlinear artificial dissipation method developed by
Jameson et al.4 is used for damping high-frequency spurious
oscillation modes triggered by discontinuities in the flow solu-
tion. The resulting linear algebraic system then takes the fol-
lowing form:

[1 + At [d^An + S2 + dp + (^ + S2 + dp + ]}Aq"

n + l\qn + %") + (6,G» + §2<7" + d*q")] (2)

Introduction

C ODES based on implicit schemes for Euler and Navier-
Stokes computations of transonic flows are very de-

manding in terms of computing time and storage, because the
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where A" = dF(qn)/dq and Bn = dG(qn)/dq are the Jacobians
of the flux vectors. The three-point second-order terms d2q
and the five-point fourth-order terms d2q , appearing on both
the implicit and the explicit side of the equations, are the
artificial dissipation corrections.

The convergence of the time-marching scheme to a steady-
state solution is accelerated by using a spatially varying time
step Atjj = A£0/(l + VJ/j), where Jfj is an estimate of the cell
surface and the constant value A/0 is usually chosen in the
interval between 1 and 10 for typical inviscid simulations.


