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1. INTRODUCTION

The flow field around bluff bodies, such as cylinders, is
frequently observed to be unsteady, and characterized by
massive separation. A phenomenon initiated by this sepa-
ration is vortex shedding, which occurs in the wake of bluff
bodies.

Thorough analyses of the flow field around two-cylinder
set-ups started rather late in comparison with investiga-
tions into single cylinder set-ups [13]. This was due to the
assumption that interference effects between the two cyl-
inders were negligible. However, this assumption proved
to be wrong, because the flow field around the cylinders in
a twin set-up may differ greatly from the one around a
single cylinder. The upstream cylinder faces the free
stream with a relatively low turbulence level, whereas the
downstream cylinder is exposed to the wake of the up-
stream cylinder, which causes a turbulent flow field and
often oscillating velocity fluctuations.

Extensive investigations have been undertaken for circular
cylinders in single and tandem arrangement, while square
cylinders were mainly addressed for a single set-up. Sa-
kamoto et al. [11] provide a comprehensive set of data in
terms of the Strouhal number, which characterizes the
vortex shedding frequency, and force coefficients for a
wide range of two square cylinder set-ups in tandem ar-
rangement. However, analyses of turbulence quantities
are presently not available for this flow case. Also, numeri-
cal computations have mainly focused on the flow case
around single bluff bodies, such as in {2].

In the present work, the flow field around a pair of square
cylinders in tandem configuration is investigated numeri-
cally and compared to experimental results obtained from
Particle Image Velocimetry (PIV) measurements. Changes
of the flow regime due to a different distance of the two
cylinders are taken into account and examined. Further-
more, steady and unsteady computations are carried out
on the basis of the Reynolds averaged Navier-Stokes
(RANS) eguations. A number of variations of the £-¢
model is employed, and the results are compared with the
experiment.

2. MATHEMATICAL MODEL

The Reynolds-averaged Navier-Stokes equations read
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where j is a running index, x, is the coordinate in space
direction «, and U, and P denote averaged velocity

and pressure, respectively. u i is the Reynolds stress

tensor, which is unknown. In the standard k-& model,
this term is connected to the eddy viscosity v, through
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Using further approximations, v, can be traced back to

the turbulent kinetic energy % and the rate of dissipation
of turbulent kinetic energy ¢ :

k2
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with the standard value for C = 0.09.

The equations for &k and £ as well as the formulation of
vy, which is given by Equ. (3) for the standard model,

depend on the type of k—& model which is used. Details
can be found in [5].

21,

The computational domain is given by FIG. 1. The inflow
plane is located at x/H =-11 (a distance of 10H away
from the upstream cylinder), while the outflow boundary is
located at a distance of 20H behind the downstream
cylinder. These values are chosen according to {2], such
that the presence of the boundaries does not influence the
flow field in concern. The width of the computational do-
main is B=10H in accordance with the PIV experiments
that were carried out as reference. This gives a blockage
of H/B=10%.

The inflow boundary condition for the free stream velocity
u,, is also chosen in accordance with the PIV experi-

Boundary Conditions

ments, see Equ. (6). Turbulent kinetic energy 4 and tur-
bulent dissipation rate ¢ at the inflow are estimated using
the Equations [5]

@ k=2, 1)

and
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The turbulence intensity was found to be I=1% in the
experiment and the turbulent length scale is estimated as
1=0.07H . Thus, the inflow conditions read

(6) u,=03m/s

(7) k=1.35-10" m¥s?
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(8) £=3.88-10"% m¥s2,

All outflow conditions are treated by FLUENT. They in-
clude a zero diffusion flux condition for all variabies and an
overall mass balance condition [5]. A symmetry condition
is applied to the upper and lower boundaries of the compu-
tational domain.

2.2,

The greatest disadvantage of the k¥ -¢ model is its failure
to correctly model the near-wall characteristics of turbulent
flows. Particularly, it overestimates the turbulent mixing in
the flow near walls, which is actually suppressed in these
areas. Hence, a wrong profile of the eddy viscosity is cal-
culated.

Two commonly used approaches to improve the near-wall
behavior of the k-& model are the introduction of wall
functions and the modification of the model itself. While
the former are of semi-empirical nature and assume a flow
field behavior according to a prescribed function, the latter
enable to resolve the near-wall region all the way to the
wall. However, this requires an appropriately fine mesh in
this region and thus considerably increases computational
effort.

In the present thesis, a two-layer approach is used in order
to bridge the viscous near-wall region. The computational
domain is subdivided into a viscosity-affected region and a
fully-turbulent region [5]. In the fully-turbulent high-
Reynolds-number region, the k-& model is employed,
while the one-equation model of Wolfstein is used for the
viscosity-affected region. In order to ensure a smooth
transition between the two regions, the corresponding
definitions of the turbulent viscosity as well as the specifi-
cation of ¢ are blended. Details can be found in [5].

2.3. Method of Solution

For the computations, FLUENT 6.1 is used on LINUX
machines featuring a Pentium 4 3.06 GHz CPU and 1 GB
of main memory.

The solution is obtained in two steps. First, a conservative
calculation using standard wall functions as well as a low
order discretization scheme is undertaken, being followed
by a second iteration approach using the two-layer ap-
proach near walls. Furthermore, a second-order upwind
discretization scheme is then used for the £ and ¢ trans-
port equations as well as a second order approach is used
for the pressure interpolation. The pressure-velocity cou-
pling is handled with the PISO algorithm, while the QUICK
(Quadratic Upwind Interpolation for Convective Kinemat-
ics) scheme is employed only for the momentum equation.
Although it may offer a higher accuracy, it is not used for
discretization of the transport equations. For these, it was
found to be not suitable [2].

Wall Treatment

3. STEADY CALCULATIONS

In the following, results of steady RANS computations
using various k-¢ models are given and compared to
ensemble-averaged experimental data obtained from PIV
measurements. Two flow cases are investigated, namely
D/H=3,and D/H=2.As a result of grid convergence
tests, the grid shown in FIG. 2(a) is used for steady com-
putations ( D/ H =3). The number of grid lines at the outer
boundaries is 248x69 for the case D/H =3 and 217x69
for the case D/ H =2 respectively. In addition, the grid is
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adapted near the cylinder walls during the calculation in
order to assure y* ~1 in these areas. The adaptation
includes refinement as well as coarsening and is automati-
cally accomplished by FLUENT. The number of added
cells due to this adaptation is found to be smaller than 100
and depends on the state of the solution at which the ad-
aptation is performed. The convergence criterion is 10 for
the scaled residuals of pressure, pressure-velocity-
coupling, momentum and transport equations.

3.1. Case D/H=3

In this section, the case D/H =3 is investigated. For this
setup, vortex shedding is observed in PIV experiments [6].
Comparing the streamlines, FIG. 3, one recognizes a great
difference between the results of the steady RANS compu-
tations and the experiment.

The recirculation regions being predicted by all three com-
putations extend over the entire region between the two
cylinders, whereas the experimental results show a closed
recirculation region. Comparing the different RANS mod-
els, the recirculation region calculated by the RNG k-¢
and realizable k- model is larger in terms of its exten-
sionin y direction than the one calculated by the standard

k-& model.
FIG. 4 shows contours of the stream function

©) w={i-d

As from the above definition is clear, the integration is
started at the center line, which coincides with the symme-
try line. Hence, w=0 along y=0. The observations
made above are clarified by FIG. 4, while the length of the
recirculation region given by the experiment can be deter-
mined to be x=0.94, FIG. 4(a).

FIG. 5 illustrates further details of the recirculation regions
predicted by the different k—¢ models. FIG. 5(b)-(d) de-
pict that both the RNG k-¢ and realizable k-& model
predict a more consolidated recirculation region than the
standard model does. Following that the recirculation re-
gions are extended beyond the height of the cylinders,
FIG. 5(b)-(d), there is also no separation at the windward
face of the downstream cylinder in the computed flow field.
However, this can be assumed to be the case for the en-
semble-averaged flow field obtained from the experiment,
FIG. 5(a).

3.2. Case DIH=2

Experiments show that an oscillatory flow field motion at a
constant (dominant) frequency cannot be found for the
case D/H =2 [6]. Since no vortex shedding occurs be-
hind the upstream cylinder, the steady RANS calculations
represent the experimental results better than in the case
D/ H =3, for which vortex shedding is observed.

The streamline plots, FIG. 6, show a large recirculation
region in the experimental result, which is also acquired by
the computations. However, the calculated extension of
this region deviates significantly from the experimental
result. FIG. 7 clarifies, that the experimental result yields a
recirculation zone which is stretched to about y/H =1,
while the computations show a more consolidated recircu-
lation region which extends to about y/H =0.75 . Also, the
experiment shows larger velocity gradients along the
boundaries of the recirculation region than the computa-
tions do, as it can be deduced from the dramatic change of
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distance between streamlines (lines of constant ) of

succeeding values in this area. Here, an accumulation of
streamlines in the detached shear layer region is adjacent
to the recirculation region with very low velocities, FIG.
7(a) and 8(a). The RANS computations give a lower den-
sity of lines in this region, FIG. 7(b)-(d), and thus a less
dramatic change of velocity with respect to the recircula-
tion region.

The contour plots of the velocity magnitude and the corre-
sponding velocity vectors, FIG. 8, also depict the more
stretched recirculation region of the experimental results
and therefore show some differences in the distribution of
velocity magnitude. Furthermore, they emphasize the
similarity of the results obtained by the three different
k—& models.

In summary, it can be said that steady RANS computa-
tions with the examined k- & models do not give satisfac-
tory results for the case D/H =3, which involves vortex
shedding behind the upstream cylinder. The predicted
recirculation regions are by far too large, although the
results of the RNG k-¢ and realizable k—¢ model ap-
pear to be slightly superior to the result delivered by the
standard k-¢ model. For the case D/H =2, for which
vortex shedding behind the upstream cylinder is not ob-
served, a better agreement of experimental and computa-
tional results is obtained. The predicted recirculation re-
gions deviate from the experimental results, but within a
reasonable accuracy.

4. UNSTEADY CALCULATIONS

Other than in the previous section, where the flow case is
changed in order to reach a steady state, the approach
being described in this section is based on the entire flow
field and uses time-dependent calculations. In this section,
the computational results obtained from unsteady RANS
(URANS) calculations are presented.

in URANS computations, the time domain is split up into
time steps of a prescribed length. For each of these time

steps, a solution is calculated to 1073 convergence of the

scaled residuals. An initial time step Ar® =0.02 is chosen
and a second-order implicit unsteady formulation is used.
This non-dimensional time step At" = H/u is proposed by
Bosch and Rodi {2] and is found to be appropriate for
some cases. However, it is decreased when the solution
does not converge within 50 iterations for each time step.
According to the half size grid used for steady calculations,
the number of grid lines of the full mesh at the outer
boundaries is 248x138 for the case D/H=3 and
217x138 for the case D/ H =2, respectively. In terms of
the condition y* ~1 at the cylinder walls, an automatic grid
adaptation by FLUENT is performed after several time
steps. However, as the flow field changes with time, so do
the values of y* at the cylinder walls. Therefore, one has

to be content with y* being approximately on the order of

1.

While a pressure fluctuation was measured in the PIV
experiments in order to determine oscillatory motion of the
flow field, the fluctuation of drag coefficients is monitored
for both the upstream and downstream cylinder in the
numerical computations. Moreover, these coefficients are
used to determine convergence of the unsteady solution,
which should not be mistaken for the above mentioned
convergence of scaled residuals. In order to exemplify this
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procedure, the drag coefficient data obtained by the stan-
dard k-& model for the case D/H =3, for which a time

step At" =0.02 is used, is given in FIG. 9.

FIG. 9 shows, that the drag coefficients vary over a wide
range of values in the initial stage of the unsteady compu-
tation. After about two seconds of solution time, i.e., 1000
time steps, a regular periodic change of ¢, values

emerges. Thereby, the ¢, peak values converge to a

limiting value. Further investigations of convergence are
undertaken for the drag coefficient of the upstream cylin-
der, FIG. 10, since a similar rate of convergence is ex-
pected for the values of the downstream cylinder. Since
the convergence is not monotonic, as FIG. 10(b) depicts,
Richardson extrapolation cannot be used for error esti-
mates. Therefore, the relative change of succeeding ¢,

peak values is observed, FIG. 10(b), and a convergence
criterion for ¢, is prescribed to be 107,
The abovementioned periodic change of ¢, suggests an

oscillatory motion of the flow field, as it is found in the case
of the PIV experiment for D/H =3. In the experiment
however, the pressure fluctuation is monitored only at one
specific location [6]. By contrast, drag coefficients are
addressed to the entire upstream or downstream cylinder.
This has a great effect on the conclusions that can be
drawn.

Whereas for the analysis of experimental data, one peri-
odic pressure cycle is recognized to be equivalent to one
periodic cycle of flow field motion, one cycle of the moni-
tored drag coefficient of a cylinder is addressed to only
half a cycle of flow field motion. This is due to the fact that
the flow patterns which are released from the upper and
lower side of the upstream cylinder are symmetric about
the center line at y =0 and occur with a time shift of half a

periodic cycle. Hereby, both patterns have a frequency
according to the periodic cycle length of the whole flow
field motion. If one measures the static pressure on one
side of the cylinder, as in the case of the experiment, one
will receive a periodic change of this quantity according to
the respective flow field on this side, i.e., the frequency of
this change resembles the frequency of the whole flow
field motion.

However, measuring the drag coefficient of the cylinder,
both flow patterns are involved. Since they are temporally
shifted by half a cycle length and have an equal effect on
¢, , the measured drag coefficient will periodically change

with twice the frequency of the whole flow field motion.
Recapitulating, in order to receive an ensemble-averaged
flow field, the samples of two periodic cycles that are moni-
tored for the drag coefficient have to be averaged.

FIG. 11 illustrates the length of ¢, cycles between two

succeeding peaks. !t is shown. that the cycle lengths vary
with time and do not appear to be converging to a limiting
value. The dashed line represents the average cycle
length of all displayed cycles. For evaluation, two cycles
with a similar cycle length near the average value are
selected.

The above described procedure is adopted to each of the
time-dependent computations, if a periodic ¢, value pat-

tern is observed. In the following subsections, the results
of these URANS computations are presented.
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4.1. Case D/IH=3

In this section, the results of URANS calculations using the
standard, RNG k-¢ and realizable k¥ -¢ model are com-
pared to the experimental results for the flow case
D/H =3.FIG. 12 shows the streamline plots of the entire
investigated flow field between the two cylinders. Clearly,
the streamline plots obtained from the RNG k-¢ and
realizable k-¢ model, FIG. 12(c)-(d), represent the ex-
perimental data, FIG. 12(a), fairly well. Essentially, no
difference can be seen between the plots from them.

By contrast, the standard k—& model gives a too large
recirculation region, which appears to be only slightly
smaller than the one calculated by the steady RANS mod-
els. This is supported by the contour plots of the stream
function, Equ. (1). FIG. 13 clearly points out the similarity
of the results from the RNG and realizable model and their
rather good accordance to the experimental result com-
pared to the standard k-& model, which is again seen to
predict a recirculation region extending over the entire
distance between the two cylinders. Interestingly, the re-
circulation regions calculated by the RNG and realizable
model appear to be smaller than the one obtained from the
experiment. The calculated lengths of the recirculation
regions at y=0 are x/H =087 (RNG model) and
x/H =0.84 (realizable model), compared to x/H =0.94
which is obtained from the experiment. The corresponding
errors come to 7.4% for the RNG model and 10.6% for
the realizable model, respectively. Furthermore, the
stream function plot of the experimental data, FIG. 13(a),
indicates larger velocity gradients along the boundaries of
the recirculation area compared to the results obtained by
the RNG and realizable k-¢ model. This can again be
followed from the density of streamlines in the respective
area. For 0<y/H <0.5, FIG. 14 illustrates a large differ-
ence in velocity magnitude downstream of x/H =1 be-
tween the results of the experiment and the RNG k-¢
and realizable % -¢ model. The computations give a three
times larger value than the experiment.

All three models show an oscillating drag coefficient. How-
ever, the Strouhal number, which is deduced from the ¢,

oscillations, deviates from the experimental result, as
Table 1 shows. It is underestimated by 6% by the stan-
dard model and overestimated by more than 10% by the
RNG and realizable model.

Furthermore, Table 1 compares the calculated drag coeffi-
cients with results found by Sakamoto et al. [11]. All em-
ployed models deviate from Sakamoto’s results. While the
drag coefficient of the upstream cylinder is underestimated
by all three k—-¢ models but is somewhat near the refer-
ence value (with errors ranging from 20% for the RNG
and the realizable model to 30% for the standard model),
the calculated values for the downstream cylinder are far
apart from the reference value. The standard t-¢ model
underestimates the drag coefficient of the downstream
cylinder by more than a third, while the RNG k-~¢ and
realizable k—¢ model calculate a value which is more
than three times too large and more than two times too
large, respectively.

The very poor agreement in terms of the drag coefficient of
the downstream cylinder points to the fact, that the seem-
ingly good accordance of the recirculation regions which
were given by the experiment and calculated by the RNG
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k-¢ and realizable k—z model does not prevent very
large differences in the region around the downstream
cylinder, as it was stated above in terms of the velocity
maghnitude.

Finally, streamline plots at different solution times are
shown in order to compare the unsteady flow field patterns
that the k-¢ models give, FIG. 15. The quantity t, is

introduced in order to denote the length of one shedding
cycle for each model. Reference quantity for the oscillating
flow field motion is the drag coefficient of the upstream
cylinder. Hereby, the beginning and end of such a cycle
are marked by peaks of this drag coefficient. The flow
patterns of the RNG and realizable model almost coincide.
The wavy pattern of the wake flow and the strong vortex
shedding is quite similar to that observed in the experi-
ment [6]. By comparison, the standard % -¢ model calcu-
lates rather large vortices that travel downstream between
the two cylinders and, by contrast to the experimental
results, do not cross the center line at y=0. However,

this behavior is captured by both the RNG and realizable
model. In the solution of the standard model, a closed
vortex structure can be found to travel all the way to the
downstream cylinder, which is in contrast to the experi-
mental result [6], and the results reported for the RNG and
realizable model. Thus, stronger vortex structures, whose
shedding by the upstream cylinder appears weaker, can
be monitored for the standard model. This is in accor-
dance with the results reported by Bosch and Rodi [2] for
the one-cylinder case.

The result of the standard mode! furthermore shows that
the streamlines above the separated shear layers on the
upper side of the cylinder, and below the separated shear
layers on the lower side of the cylinder respectively, do not
intrude the wake flow at any of the given instants. This is in
contrast to the experimental result, where these stream-
lines go across the entire flow field [6]. This is also pre-
dicted by the RNG and realizable k-¢ model, e.g. FIG.
15(e).

FIG. 16 shows the distribution of ensemble-averaged
turbulent kinetic energy % and brings forward a known
deficiency of the standard k-& model. In front of the
upstream cylinder, an increase of turbulent kinetic energy
is obtained by the standard % -¢ model, which is not ob-
served in the solutions of the RNG k-¢ and realizable
k-& model. According to Bosch and Rodi [2], this in-
crease is significant for the flow behavior in the wake re-
gion. Furthermore, FIG. 16 shows that, in comparison with
the RNG and realizable model, the standard model gives
an excessive distribution of turbulent kinetic energy in the
separated shear layer regions, which is propagated down-
stream all the way to the downstream cylinder. With re-
gards to FIG. 15, the increased k is recognized to cause
a weaker vortex shedding in the solution of the standard
k-& model. This is understood such that energy of the
mean flow is dumped out in regions of large k, which
consequently reduces oscillatory flow field motion.

FIG. 17 depicts the distribution of eddy viscosity for the
three models at the solution times corresponding to FIG.
15(a), (d) and (g). With regards to Equ. (4.6), an increase
of k increases v, as well. With reference to FIG. 15(d)

and (g), a region of large v, extends around

(x/H,y/H)=(1.5,-1) below the closed vortex in the solu-
tions of the RNG k-¢ and realizable k—~¢& model. Al-
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though the streamline plots shown by FIG. 15 do not indi-
cate greater differences between the solutions of the RNG
k-& and the realizable k—& model, the calculated v,

diverges around (x/H,y/H)=(.5,-1). The realizable
model gives a steep peak, with a value being twice as
large as the rather constant values obtained by the RNG
model in this area.

However, FIG. 17 indicates a predominance of small v,

allowing the distinctive oscillatory flow field motion, which
is captured by the RNG and realizable model. The connec-
tion between v, and mean flow energy can be recognized

from the similar wavy patterns of the distribution of small
vy on the one hand and streamlines on the other hand.

By contrast to the RNG and realizable mode!, the standard
k-& model gives comparatively large values of v, in the

entire area of concern, resulting in a weaker oscillatory
motion of the flow field, FIG. 17(a). A reason for these
large values can be found in the extended region of in-
creased vy in front of the upstream cylinder, which stems

from a similar distribution of % in this area, FIG. 16.

4.2, Case D/H=2

In this section, unsteady k-—& model calculations for the
flow case D/H =2 are compared against the experimen-
tal data. The solution process already shows a difference
between the standard mode! and the RNG and realizable
model. The former model yields steady values for the drag
coefficients and thus, a steady solution. By contrast, the
RNG and realizable model calculate oscillating drag coef-
ficients and in fact periodic vortex shedding behind the
upstream cylinder. FIG. 18 shows the streamlines ob-
tained from the RNG k-& model. The corresponding
plots obtained by the realizable model are omitted since
they appear alike.

The results of the time-dependent computation resemble
the findings of the steady calculation, FIG. 6-8, to a large
extent. The corresponding figures are therefore omitted.
FIG. 19 shows the distribution of ensemble-averaged
turbulent kinetic energy in the surroundings of the up-
stream cylinder. Same as for the previous case D/H =3,
the increased turbulent kinetic energy in the result of the
standard model is emphasized. However, it is not con-
nected to the wake flow of the upstream cylinder. Since
vortex shedding behind the upstream cylinder is not ob-
served for the present flow case, the result of the standard
model for the region in concern between the cylinders is
understood not to be greatly affected by the increased
turbulent kinetic energy in the shear layer regions.

TAB. 2 compares the calculated drag coefficients of the
upstream and downstream cylinder. By contrast to the
case D/H =3, the values agree much better with the
given reference values by Sakamoto et al. [11]. The calcu-
lated drag coefficients for the upstream cylinder differ by
8.6% for the standard k-¢ model, 4.6% for the RNG
k-& model and 34% for the realizable k-& model.
Against the background of the expected discretization
error, which is of about the same order of magnitude as
these differences, this is a satisfactory result for all mod-
els. However, in spite of the good agreement in terms of
the upstream cylinder, the drag coefficient of the down-
stream cylinder is underestimated. The RNG and the real-
izable model yield a difference of 50% and 35%, respec-
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tively, while the standard model underestimates the refer-
ence value by more than a third.

5. SUMMARY

in the present work, the flow field around two square cylin-
ders was investigated. In particular, the wake region of the
upstream cylinder, i.e., the area between the two obstacles
was examined.

A computational approach was undertaken in order to
clarify the scope of application of three kinds of k-¢
models for the investigated flow cases. Both steady and
unsteady RANS computations were carried out for the flow
cases D/H=3 and D/H=2.

For D/H =3, the standard k-¢ model did not deliver
reasonably accurate results for both the steady and un-
steady RANS approach. The predicted vortex shedding
was too weak, which agrees with published results for a
single square cylinder. Also the RNG k-¢ and realizable
k—& model were not capable of accurately predicting the
flow field in steady computations. However, the unsteady
RANS approach using these models delivered satisfactory
results in the vicinity of the upstream cylinder, which dra-
matically degraded near the downstream cylinder. These
results were especially reflected by the calculated drag
coefficients of the downstream cylinder, which showed
large deviations from published reference values.

For D/H =2, the two large recirculation zones that were
obtained from the experimental results were captured by
all investigated models. Thereby, the unsteady RANS
computations did not deliver better results than the steady
RANS computations. Similar to the case D/H =3, com-
parison of the drag coefficients yielded satisfactory
agreement only for the upstream cylinder. The computa-
tional solutions in the vicinity of the downstream cylinder
degraded.
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FIG. 1. Computational domain
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FIG. 4. Contour plots of the stream functions, D/ H =3,

steady calculation
FIG. 2. Comparison of two selected grids
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FIG. 5. Contour plots of velocity magnitude and velocity
vectors, D/ H =3, steady calculation

FIG. 7. Contour plots of the stream functions, D/ H =2,
steady calculation

FIG. 6. Streamlines, D/ H =2, steady calculation
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FIG. 8. Contour plots of velocity magnitude and velocity
vectors, D/ H =2 , steady calculation
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FIG. 9. Drag coefficient ¢, overtime, D/H =3 (un-

steady calculation); (a) upstream cylinder, (b)
downstream cylinder
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FIG. 10. Convergence of the drag coefficient peaks (up-
stream cylinder), D/ H =3 (unsteady calcula-
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FIG. 12. Streamlines, D/H =3, unsteady calculation
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FIG. 15. Streamline plots at different solution times,
D/H =3, (a)-(c) standard k-& model (un-
steady, 0.626¢,,,, 0.776¢,,,, 0.9261, ), (d)~(f)

RNG k-¢ model (unsteady, 0.775¢, ,
0.925¢, 5, 0.075¢ ,, ), (@)-(i) realizable k- ¢
model (unsteady, 0.675¢_ ., 0.826¢, .,
0.976¢, 4, )

FIG. 13. Contour plots of the stream functions, D/ H =3,
unsteady calculation

. 16. Ensemble-averaged turbulent kinetic energy &,
D/H =3; (a) standard k-£ model (un-
FIG. 14. Contour plots of velocity magnitude and velocity steady), (b) RNG k-¢ model (unsteady), (c)
vectors, D/H =3, unsteady calculation realizable k—& model (unsteady)
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FIG. 17.Eddy viscosity v, , D/H =3; (a) standard k-¢
model (unsteady, 0.626¢, g, ), (b)) RNG k—z&
model (unsteady, 0.775¢_,, ), (¢) realizable
k-¢ model (unsteady, 0.675¢ ;. )

FIG. 19. Ensemble-averaged turbulent kinetic energy & ,
D/H =2;(a)standard k-¢ model (un-
steady), (b) RNG k-¢ model (unsteady), (c)
realizable k-& model (unsteady)

eg upstrean g downstroam  Stroubal number

Experiment - - 0,121
FIG. 18. Streamline plots a different solution times, Sukamato et al, 2.28 0.95 -
D/H =2 (a){c) RNG k-¢ model (unsteady, Sraudard b - ¢ 161 0.29 0.114
0.17¢ g » 04265 vy o 0.67¢, pyys ) RNG b — 2 184 3.51 0.131
Realizable k ¢ 188 2.30 0,135

TAB 1. Comparison of drag coefficients and St, D/ H =3

¢y upstream ¢y downstream

Sakamoto et al. 1.75 -0.60
Standard k - & 1.60 (.17

RNG & -z 1.67 -0.30
Realizable & — & 1.69 -0.3%

TAB 2. Comparison of drag coefficients, D/H =2
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