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This paper presents the experimental and numerical research on the sphere model with the goal of prediction of a flow
behaviour in a presence of the surface roughness. Results indicate the problems and suggest the solution for engineering
practice. The similarity of the numerical and wind tunnel flows was reached by an application of a combination of the
intentionally introduced turbulence intensity in a numerical flow as well the artificial roughness of the model, for a reason of

restricted requirements of the turbulence modelling.
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Nomenclature

- Velocity in the test section, m/s

— Mach number in the test section
Re —Mega Reynolds number, Re-10°
—Diameter of a sphere, m
-~ Exposed cross-section area of the sphere, m
—Model angle of attack, °
- Model yaw angle, °
Polar angle of a local measuring point in a
longitudinal cross-section of the sphere, °
p0 - Stagnation pressure, Pa
p — Static pressure, Pa;
D - Drag force, N;
cD —Drag coefficient
q - Dynamic pressure, Pa
TI — Turbulent intensity of the flow in the test section, %
e - Absolute roughness of the model surface, m
e/D  —Relative roughness of the model surface

S ®DRAEADETE S

Introduction

he aim of this work was to explore the possibility of

prediction of the flow and drag coefficient behaviour of
the rough sphere, and hence to somewhat support solving
similar problems in practice, like those linked to small
continual surface damages. The continual surface damages
may be in a form of low-height roughness created by
corrosion, erosion, even dirt rose over the external wetted
surfaces or unreachable flow zones. Characteristic for these
types of surfaces is the fact that such small imperfections, if
they are out of the bounds of heights that are considered as
aerodynamically smooth, could not be modelled.

Y Institute Gosa, Milana Rakica 35, 11000 Belgrade, SERBIA

The test model was selected to be a sphere, a fundamental
test body, commonly used for a subsonic wind tunnel flow
quality measurement and assessment of the wind tunnel
turbulence factor. The sphere was in a focus of many
researchers even since the early findings, from the XVII
century, in the field of fluid mechanic as noted in the review
of experimental tests of the sphere by Riabouchinsky [1] and
later Krumins [2], who collected aerodynamic characteristics
of the smooth sphere in subsonic and supersonic flows, as a
function of the Reynolds and Mach numbers and various other
effects. The sphere’s aerodynamic sensitivity to the flow
character due to the Reynolds number variations and the
surface roughness were theoretically considered by A. F.
Zxhm [3] and experimentally tested and described among first
by Wieselsberger [4], Schlichting [5], Achenbach [6, 7], and
after Batchelor [8], Hoerner [9], with the purpose to
standardize and correlate test results from the wind tunnels.

Nowadays, researchers (Constantinescu et al. [10, 11],
Jones and Clarke [12]) find convenient to predict the flow by
the computational fluid dynamics (CFD), but in a number
they treated the cases in a range of low Reynolds numbers. A
flow past sphere at moderate and high Reynolds numbers
were numerically explored by Fornberg [4] and Achenbach
[6,7]. As well, the exploring of the rough spheres was
implemented in the field of aerodynamics of the sport balls by
Mehta and Pallis [14], Cross [15] and Kensrud [16]. However,
the CFD solutions need the validation through the wind tunnel
experiments, as well as the visualizations, which were
presented by Taneda [17] and Cross [18].

In the VTI wind tunnels the sphere is included in various
experiments, both for the pressure and force measurements,
the flow quality, as well the imaging by the optical and non-
optical techniques. The purpose of the non-optical flow
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visualizations, in this work given around the sphere, is a
verification of the experimental data measurement while,
described by Ristic [19-22]; the optical visualization
techniques are able to determine quantitative values of the
flow parameters either of the flow around the sphere or in the
complex flow, such is in the axial fan [23].

Anderson and Uhlherr [24] explored one of the influenced
factors, the roughness, to the flow quality and the drag
coefficient level. Nowadays, researchers present the
experimental methods of the “smart morphable” model surfaces
with the intention to control the aerodynamic drag [25].

The gates for new solutions in a field of turbulent flow
over the rough surfaces, especially the sphere, are still open
because the reported results in all had also many others
influenced factors which made the flow over the sphere the
complex problem, in the range of critical and super-critical
regimes in digression to a simple design.

In this work the aerodynamic sensitivity of a sphere is
represented through the numerically obtained aerodynamic
drag coefficients and the flow field compared to those
obtained in the VTI wind tunnel testing.

The well-known problems, connected to the flow over the
rough sphere, are presented for the practical use of the
research and numerical simulations. Here the attention is put
on the overall drag coefficient, in a low turbulent stream,
rather than the flow behavior in a wake, as well as its time
dependence. Thus, the intention is to define a valuable method
and experience for implementing it to the tasks like being a
high-speed train experiment design or testing of the
ventilation mill’s elements of the thermal plant.

Flow Over a Sphere and the Influence Factors

Following the drag coefficient values, from the almost
motionless to MRe=1, the phases of a characteristic flow
behavior are followed from one to another (Fig.1). The flow
at very low MRe is creep with no separation. Afterwards, the
laminar flow regime is present, up to MRe = 0.3, characterized
with the laminar boundary layer, early separation and a wide
wake. Viewing the sub-critical region close to a critical, the
separation position is ¢~80°, in a range MRe~0.05-0.16 and
from here with MRe growing up to 0.25 the separation point is
moving downstream, to p~90°, and continues in the same
manner to a value of about 108°, at MRe ~0.3, according to
the experiments made by Achenbach, after which the
separation point holds the stabile position at p~120°. From the
point MRe =0.3 the critical regime begins, during which with
MRe is growing to end regime value of about 0.4, the drag
coefficient suddenly decreased from about 0.47 to 0.06,
passing the critical value of 0.3 at MRe=0.385. Over the
critical flow regime, the flow transforms and here the
turbulent boundary layer impacts a delayed separation as well
as shrinking in the wake. In the super-critical regime, the
pressure is recovering, the flow in the wake becomes more
organized and the drag coefficient is increased. Results
reported by Achenbach are tracing the phenomenon, but they
did not report all the test details like the turbulence level was
needed for CFD validation.

The turbulent flow shows similar behaviour if it is
streaming over the rough sphere, depending on the rough
height (described in a form of a relative roughness related to
the sphere diameter). One may note that the influence of the
model roughness may be ignored for laminar flows.
Achenbach [7] reported that with the increase of the relative
roughness the pre-critical and critical regimes begin earlier
and the drag coefficient drop is less than for the smooth

sphere. Furthermore, the separation point movement with
Reynolds number variations has a milder trend of increasing
but in values — smaller. For example, if the roughness is
e/D=0.0025, a critical drag value of ¢p_,. , =0.3 occurs at
MRe=~0.13, with a corresponding value of p~112°, while the

separation occurs later, p~120" at a very beginning of the
super-critical regime.
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Figure 1. Drag coefficient of the sphere vs MRe of a free stream by
Schlichting [5]

Significant flow phenomenon, either in the wind tunnel or
numerical simulations, is the turbulence intensity, Tu. Just
because the sphere is highly sensitive to the flow regimes it is
used for the examination of the flow quality in the wind
tunnels. This featured influenced parameter impacts on the
flow over the sphere changing the drag coefficient function
against the Reynolds number. If the wind tunnel characteristic
turbulence intensity, for a certain operating regime, is higher,
the resulting aerodynamically smooth sphere critical drag
regime will be displaced to a lower range of the Reynolds
numbers, even if a very small difference to free air exists.
Thus, one may experience the false respond in case of a low
flow quality in the wind tunnel.

The combination of irregularities and surface quality of the
model shape, as well as the wind tunnel flow quality, is
experimental reality about which the special care is always
taken to keep the resulting errors as low as possible.

On the contrary, to reach the requirements of the flow
similarities of the model and a prototype, the turbulence may
be intentionally introduced for special requirements. For the
purpose of the inlet or local turbulence creation various
additional devices are introduced. Meshes over the entire
cross section of the test section are producing the artificial
turbulence over the smooth model. Impediments may be
placed over the model surfaces, locally as strips of
Carburundum or wires, at a position of assumed flow
separation point acting on the following flow and pressure
distribution or spread all over the wetted model surface. A
successful combination in the experiment is one that closely
represents the flow similar to real case of a prototype and that
is a target, the best guarantee to prediction of the prototype
aerodynamic characteristics.

The idea of introducing the roughness and the turbulence
intensity is used also in the numerical simulations for reaching
the similar flow quality over the model for complex problems.
In this research, the intentionally introduced variable
turbulence intensity and the sphere roughness, are used with
the purpose of prediction of the wind tunnel results of CFD
and thus help in solving other similar problems. In a frame of
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the available resources and time, the obtained results gave a
very good prediction and correspondence.

Wind tunnel test of the sphere

Experimental studies of the sphere were done in a large
subsonic wind tunnel, T-35, at the VTI Experimental
Aerodynamic Division. Through the standard flow quality
procedure the pressure sphere test was also performed, after
some modifications of the facility and the model was subject
to force/moments and pressure measurements as well as the
flow visualization.

The large subsonic wind tunnel, T-35, is a closed circuit,
continual type of the wind tunnel with the octagonal test
section (4.4m wide, 3.2m high and 5.5m long). The cross
section area of the test section is 11.93m’. In this study the
test section with a sting model support system was used. For
this wind tunnel configuration the experiments may be run in
arange of M=0.1-0.52, in the test section, while only an axial
fan is used, and in a range of M=0.52-0.8 if the injector
system aids the fan by pressurization of the inflow, up to
1.52bars of stagnation pressure. Operational envelope in a
fan-only regime is achieved by varying the RPM of the fan
and a blade pitching angle, keeping stagnation pressure on the
atmospheric level, while by using the injector system the
pressure is added for achieving the highest capacity. In
Figures 2a and 2b the wind tunnel T-35 sketch is presented.

Tesl section

Figure 2. Wind tunnel T-35 cross-sections along the large diffuser (a) and the
test section (b)

The test model was the pressure sphere, Fig.3,
manufactured of duraluminium in a diameter of 110mm,
mirror-polished. The sphere was mounted in the centre of the
test section by the sting, 38mm in diameter, via adapter to a
model support strut (Fig.4). The sting and the sphere were
placed in zero incidence position.

Wind tunnel center |

S

Figure 3. Pressure sphere in the T-35 test section
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Figure 4. Model support system in the T-35

The experimental tests contained the force and moment
measurements on the sphere and the flow visualization at
three Mach numbers: M=0.1; 0.14 and 0.18. Flow conditions
were set, in the fan-only regime, by a power unit control
system. A primary measurement system forwarded data of the
flow conditions, both to the power unit control system and to
a data acquisition system. Mach number and stagnation
pressure regulation are better than 0.7%. In general, an
excellent flow quality of the T-35 is described with the
following parameters: the longitudinal and transversal Mach
number distributions have a standard deviation better than
0.005 and 0.006, respectively, below M <0.4, while the flow
direction differs about 0.1°. Turbulence intensity, obtained by
a hot wire anemometry, is about 0.1%, in a range of M<0.5.

For each run sequence, the force and moment
measurements were done by the internal six-component VTI
balance, an in-house product, whose nominal drag force range
is 850N.

Flow visualization was done for the flow transition and
flow separation estimation by using an oil emulsion
technique. The holes for pressure measurements and a space
near the balance were covered by the Sellotape and uniformly
coated with a creamy paste of an emulsion, by a sponge, for
each test run individually. The emulsion mixture consisted of
10g of TiO,, 30cm’ of Kerosene and 3cm® of oleic acid. The
pre-run coated sphere is shown in Fig.5.

Figure 5. The sphere in the T-35 test section coated with the emulsion

Signals from all of the transducers and measuring devices
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were synchronized with the time base of the digital
chronometer with the purpose of data segmenting. The data
acquisition system consists of 64-channel system of the NEFF
620/600 under the control of the VAX 8250 computer. Model
positioning was controlled by a PC. Data reduction was also
made by VAX 8250 computer using standard software for
data reduction of the VTI wind tunnels.

Processed data gave the base for calculation of the flow
parameters and dimensionless coefficients for the further use
in the study. The drag coefficient is defined as in Eq.1

_D
Cr=5 (M

Duration of the wind tunnel flow acceleration, steadying
the flow and data acquisition, necessary for the force and
moment measurement, was prolonged until the emulsion was
almost dry. Flow traces on a surface were photographed from
a close distance after the wind tunnel run.

Numerical Simulations

Numerical simulations were done by the ANSYSS Fluent 12
computation fluid dynamic software. The geometry of a
numerical domain and the model were prepared in the Design
Modeler. The real scale model, a sphere of 110mm in
diameter, was placed inside the cylinder of 3m in diameter
and 5m long. One ellipsoid-like body was constructed around
the sphere to be a body of influence. By the Meshing
Application the meshing operation was done with the
following parameters: meshing method — automatic- patch
conforming; advance size function — curvature; smoothing —
high; transition — fine; minimal size — 0.1mm; maximal face
size — 95.7mm and maximum tetrahedral size — 191.46mm,;
growth rate — 1.2. Inflation covered the sphere, selecting the
first layer thickness option. The first layer height was 1mm (to
cover the double rough height); 10 layers with 1.05 growing
rates. The statistical values numbered 1949508 mixed
elements of the mesh, the skewness of maximum 0.79
(average 0.21) and an aspect ratio of element dimensions of
9.3. In Fig.6 a half of the meshed domain is presented, while
in Fig 7 a detail of the sphere and body of influence mesh are
shown. Fig 8 details the view of the inflation layer around the
rough sphere in the cross-section. The face element size over
the rough sphere is 0.5mm and the element size inside the
body of influence is defined with Smm. Values were selected
after the grid independence checks except the first layer
height.
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Figure 6. One half of the meshed numerical domain

Figure 8. The rough sphere and inflation layer in cross-section

The selected absolute roughness, in each cell of the first
inflation layer, according to the CFD recommendations,
should be placed into a zone of the first centroid, which leads
to the first layer height larger than a double roughness height
(Fig.9). This condition, applied to turbulent models as a
Transition SST, causes questionable results, because the basic
requirements are in connection just after the height of the first
inflation layer. In this work one example of this problem is
presented to compare.
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Figure 9. Geometry parameters in the inflation layer over the rough sphere

For setting the material and boundary conditions, BC, data
from the wind tunnel tests were adopted as an initial guess: air
properties operational and gauge pressure, temperature, flow
velocity. The turbulence intensity was set for the inlet and
outlet BC in the same manner and the sphere was defined as a
wall of different absolute roughness due to cases. A cylinder
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outer surface was defined as a symmetry BC. These data were
used as parameters for a discussion of the result.

Numerical simulations were steady-state, incompressible,
of pressure-based type run under the same solution methods
and controls. A pressure-velocity coupling scheme was PISO,
for the time consumption reduction. First 60 iterations were
run in the first order spatial discretization and continued with
the second order. Under the relaxation the factors were as
listed: pressure — 0.3, momentum — 0.7, turbulent kinetic
energy — 0.8, turbulent dissipation rate 0.8 and turbulent
viscosity — 1. Averaged number of iterations for all the cases
was from 4000 to 6000.

The Reynolds Averaged Navier-Stokes (RANS) turbulence
model k-¢ Realizable, with two-layer based Non-Equilibrium
wall function, was used for its benefits in solving the shear
flows with a boundary-layer or a massive flow separation
[26], and has a good convergence behavior and is time saving,
which is important for industrial applications.

Standard k- is an appropriate choice in expected cases of
the free shear, complex boundary layer with a reverse
pressure gradient and separation as well as the early
transitional flows [26]. Similar good properties shear also the
Shear-Stress Transport (SST) k-w turbulent model, but its
suitability degrades with a distance from the wall. Afterwards,
the Transitional SST model was used as the most accurate
RANS, Reynolds Stress models, for the flow separation
prediction. Requirement for the accurate use of this model is
referred to a wall-adjacent cell's centroid, y+, to be less or
equal to the unit.

Results and Discussion

The presented results of the rough sphere are selected from
the wide series of experiments with the pressure sphere in the
wind tunnel T-35, at moderate Reynolds numbers. The
smooth and rough sphere was tested in the wind tunnel while
only the rough sphere was tested by the numerical
simulations. Initially, the sphere tests were performed to
visualize the flow pattern after drying the emulsion, while
forces and moments were also measured in that phase, thus
they represent the values for the rough sphere. In Fig.10 drag
coefficients, from the wind tunnel tests and numerical
simulations, were correlated at the equal Reynolds numbers.

The drag coefficient curve, plotted for the mirror-polished
sphere (Fig.10 @), was obtained by the wind tunnel tests,
under the turbulent intensity less than 0.1%, while the curve
(Fig.10 W) refers to the rough sphere.

In the range of the MRe from 0.34 to 0.39, the drag
coefficient curve for the smooth sphere indicated the actual
region of the critical flow, a segment of the drag crisis region.

However, for the wider range of MRe, from 0.28 to 0.5,
containing also the previously mentioned, the rough sphere
induced, as expected, the opposite character of the flow. The
values of the drag coefficients were changing in the range
from ¢p=0.2805, for MRe=0.282, to c¢p =0.3252, for
MRe=0.489 and, if joined, they would create an almost
perpendicular curve to the one of the smooth sphere. Actually,
the results from the wind tunnel were considered as the spot
values, not joined in a function, because from the flow
visualizations it may be seen that the dried coating is thinner
as MRe is higher. Actually, the free flow vanishing of the
coating material differs from case to case, depending on an
initial emulsion layer thickness, flow character and the flow
velocity and duration. The measure of the coating thickness
could be estimated only by a visual inspection, because of the
softness and non-uniformity of the coating structure over the
sphere wetted surface.
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Figure 10. Drag coefficient vs. Reynolds number diagram from the wind
tunnel and numerical simulation tests

Further on, comparing the relation of values of the smooth
(Fig.10 #) and rough (Fig.10 M) sphere, it was indicated that
while the smooth sphere experienced the sudden drag
reduction, induced by the transition from the laminar to
turbulent flow, followed with the delayed and unstable
separation, the rough sphere experienced super-critical flow
with a slight increase of the drag coefficient with MRe. By
that means, it was indicated that the critical drag region, of the
rough sphere, was displaced to a region of significantly lower
MRe, in relation to the smooth sphere. The pressure drop
occurred and the flow, at selected MRe, was fully turbulent,
not only in the wake, but also in the boundary layer of the
sphere.

From the front side of the sphere, the suspension left the
deposit with winding and crossing troughs, which indicated
the turbulent flow character in a local boundary layer.
Opposite, on the rear side the deposit was uniformly
distributed, which indicated the presence of the stabile reverse
turbulent flow. Naturally, these flow behaviours were
expected, due to the fact that after the sphere experienced
super-critical flow, the wake consisted of a large number of
smaller vortices, mutually interacting as well with the
surrounding flow while forming a sort of a wake tube.

The flow visualization images in Figures 11-13 were
shown for three different test cases, in accordance with the
measurements of the smooth sphere, at the velocities of
M=0.1, 0.14 and 0.18 (MRe=0.282, 0.362 and 0.489),
respectively. Freeze flow patterns on the photos, made after
the wind tunnel stopped, evidenced polar angles of the flow
separation of approximately @y =105°, 110° and 115°, in
order for listed MRe. In figures a zone of the ordered flow
traces may be seen, from the stagnation point to the nearness
of the separation zone, the zone of the separation and a zone
of the wake initialization. The zone of the transition is hardly
defined because of the structure of the coating. A flow
character changes in some elements from one of the smooth
sphere, but it still represents the key points. Wavy separation
line occurred mostly because of the roughness and
imperfections in the coating thickness produced by
depositions of TiO, emulsion. Wave trace left uniformly
covered rear surface of the sphere that showed the uniform
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turbulent flow in the wake. As the emulsion was applied by
hand for each wind-on phase, the differences in a coating
thickness affected the resulted thickness of the coating from
the test, but even so they did not change key data
significantly, but influenced the wind-on duration needed for
emulsion drying.

Figure 11. Flow visualization with oil emulsion at A/=0.1

Figure 13. Flow visualization with oil emulsion at //=0.18

Throughout the numerical examination of the flow around
the rough sphere and verification by the wind tunnel tests the
following parameters were varied: surface roughness, ¢; inlet
and outlet velocity, V, and turbulence intensity, 7u. Turbulent
models in use were k-¢ Realizable, k- Standard and SST and
Transitional SST (please see Table 1 with the illustrated
differences between numerical and experimental data).

The influence of the inlet turbulence intensity, from the
entire three test Reynolds numbers, was assumed to be the
smallest at the largest velocity (MRe=0.489) and for that
condition a number of parameter settings were combined. The
idea, in the base, is similar to intentionally induce transition in
a boundary layer over the model in the wind tunnel by
additional devices. Hence, in case of a numerical examination
of the sphere we had the advantage to vary the turbulence
intensity level and the roughness height; these were used as
numerical devices for controlling the flow similarity to wind
tunnel ones. The coating discontinuity was represented
through the roughness height averaged in value over the
surface.

The combination of the parameters did not restrict the use
of the non-realistic cases, hence the simple coping of the wind
tunnel flow and model parameters was not expected to be
given the good correlation of the results, in the first place
because of the roughness definition in both cases and also the
requirements for the y+ witch dictated the height of the first
layer of an inflation. In other words, in the presence of a
roughness the requirements of the turbulence models for the
first layer height could not be met simultaneously.

Table 1. Comparison of the numerical and wind tunnel results, MRe=0.489

Test 1 2 3 4 5
RSN NK 004 MK 006REZ| NKX 800 |MK 008REZ| NK 006
MRe 0.489 0.489 0.489 0.489 0.489
V [m/s] 66 66 66 66 66
Turb. model| Trans SST| k-¢ Realiz. | k-¢ Realiz.| k- Stand. |k-¢ Realiz.
TI [%)] 0.10 1.50 0.10 1.50 1
& [m] 0.000165 0.0005 0.000165 0.0005 0.0004
&/D 0.0015 0.0045 0.0015 0.0045 0.0036
Viirse [Mm] 0.0004 1.2000 0.0004 1.2000 1.0000
cp 0.2979 0.3074 0.3127 0.3072 0.3214
Acp -0.02727 | -0.0178 | -0.01247 -0.0182 -0.0038
Acp [%] -8.3 -5.4 -3.8 -5.5 -1.1

Table 2. Comparison of the numerical and wind tunnel results for MRe=
0.282, 0.362 and 0.489

Test 5 6 7
RSN NK 006 NK 200 NK 300
MRe 0.489 0.362 0.282
V [m/s] 66 48 37
M 0.18 0.14 0.1
Turb. model k-¢ Realiz. k-¢ Realiz. k-¢ Realiz.
Tu [%] 1% 1% 1%
e [m] 0.0004 0.0004 0.0004

e/D 0.0036 0.0036 0.0036

Virse [M] 1.0000 1.0000 1.0000
-

i*}D 0.3214 0.2970 0.2857
Cpwr 0.3252 0.2888 0.2805
Acp -0.0038 0.0082 0.005

A cp [%] -1.1 2.8 1.8
o wr[deg] =105 =110 =115
¢ [deg] 99 102 104
A ¢ [deg] 6 8 11
A ¢ [%] (of 180%) =3 ~4 ~6

The criteria of selecting the most successful combination of
parameters was the flow field similarity, represented by the
velocity vector distribution, wall shear stress and pressure
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distribution, and the values of the drag coefficient.
Comparison of the numerical and wind tunnel results,
MRe=0.489 are shown in Table 1. After selecting the
combination of parameters for the highest Reynolds number,
from Table 1, those were adopted and for the two other tests,
for the lower Reynolds numbers, whose results are presented
in Table 2.

From Fig.10 and Table 1 it may be seen that the closest
value of the drag coefficients, at MRe=0.489, M=0.14, was
obtained in value of about 1%, for the combination of k-¢
Realizable model, turbulence intensity about 1%, relative
roughness of ¢/D=0.0036 and the first inflation layer thickness
of Imm. Other combinations in results gave differences from
3.8% to 8.3%, which are unacceptable. Large differences in
drag coefficients are originated because the roughness height
defined a height of the first layer. The Transitional SST
turbulent model, which, commonly, is successfully solving
the cases with a flow separation, under the condition of the
smooth models, appeared to be inappropriate in the cases of
rough models. The industrial k-¢ Realizable model gave, in
this examination, a better global perception of the flow around
the sphere. One should be careful in reading the results,
keeping the awareness that the images of the flow field
around the rough sphere, under the selected conditions, from
the stagnation point are not presenting the laminar flow as
well as that the wake is not presented realistically — as highly
turbulent flow, but with tidy and symmetrical streamlines.
The origin lies in the numerical method.

In the case of MRe=0.362, M=0.11, from Fig.10, less
combinations were applied, according to previous
experiences. The similar results were obtained but now the
difference in drag coefficients between the best combination
and the wind tunnel is larger in comparison to MRe=0.489.
Other combinations, from Fig.10, showed more concentrated
results, but targeted over the wind tunnel values.

For the test with the MRe=0.281, M=0.1, only one
parameter combination was used to check the trend of the
drag coefficient changes.

Actually, we made an attempt to predict the best
combination of the parameters by a simple linearization of
variable parameters, as shown in Fig.14. Following the trend
of a drag coefficient variation, with the MRe and roughness
height, the aim was to intentionally produce the flow in
numerical domain that would be similar to real and lead to
drag coefficient obtained in the wind tunnel. Hence, this way
did not give the expected results, but on the contrary, a
significant lost occurred.
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=
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Figure 14. Drag coefficient as a function of roughness height obtained for
different turbulent models and turbulent intensities

The curve, spline over the results for the combination of
k-¢ Realizable model, turbulence intensity about 1%, relative
roughness of 0.0036 and the first inflation layer thickness of
Imm, followed the trend of a drag coefficient of the rough
sphere in the wind tunnel, for the equal MRe, turbulence
intensity of 0.1% and estimated roughness heights.

The polar angles at which the flow separates from the
sphere surface, ¢, in numerical simulations, were extracted
from the first minimum of a skin friction coefficient over the
sphere in longitudinal cross section (only a half of the sphere
was observed for this purpose assuming symmetry in a steady
flow). The comparison of the polar angles of the flow
separation obtained numerically, ¢, is given in Table 2, and is
in a good agreement to the flow visualizations, @yr.

Figure 15. Overlap of the velocity vectors (Test 5) and the visualization at
MRe=0.489, M=0.18

Figure 16. Overlap of the velocity vectors (Test 6) and the visualization at
MRe=0.362, M=0.14

Figure 17. Overlap of the velocity vectors (Test 7) and the visualization
MRe=0.281, M=0.1
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Increasing the Reynolds number, the results of the
numerical simulations are closer to the wind tunnel’s,
described by differences of ¢, from 6% to 3% of a half-circle.
However, these results are presented in comparisons of the
velocity vectors against the flow visualization images, for
three MRe=0.1;0.14; 0.18 in Figures 15-17 respectively. Even
the flow fields’ representations could not bring the exact
values and relations; they confirmed the calculated results
from the Table 2.

The used surface visualization method is very descriptive for
the flow quality investigation at the test section, giving the valuable
confirmation of the numerical results, while it is not expected to
answer to the requirements of testing of the rough sphere.

It may be seen from the numerically estimated drag
coefficients and the pressure distribution, in Fig.18, that the
sphere, at M=0.1, 0.14 and 0.18, is experiencing the turbulent
flow, in the super-critical regime when the pressure in the
sphere wake is recovering. For the selected boundary
conditions and the roughness, numerical simulations predicted
the flow well. Here, one may note that the used steady-state
flow type in a combination with the RANS turbulent models
are not able to predict the turbulent flow inside the wake, just
the averaged values are available, but the key flow parameters
are in a good agreement with the wind tunnel results. A more
detailed study requires significantly larger resources.

1.2 4 Turbulent model: k-¢ Realizable
) Turbulent intensity: 1% #
1.0 4 -
1 Roughness: ¢=0.0004m
”'sj Relative roughness: ¢/ D=0.0036 |
0.6+ % NK 006: MRe=0.489
0.4 \ NK 200: MRe=0.362
1 " * NK300: MRe=0.281
~ 024 "
o 1 >,
0.0
-0.24
-0.4 4
-0.6 4
-0.8 4
T L} L] T L} L} T L} L}
S ERFRSEREEREEEZARESRAERER
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Figure 18. Pressure coefficient around the longitudinal half cross section
obtained by the use of k-¢ Realizable turbulent model, 7u=1% and
e/D=0.0036, at MRe=0.281, 0.362 and 0.489

Furthermore, one may note a support-free configuration of
the sphere in the numerical study. Introduction of the sting
support was made to the level of the mesh when the number
of elements increased to a number that can not be handled by
the Solver, on the current resource. The absence of the sting
support in a part resulted in the difference of the flow patterns
and flow parameters of the numerical study in comparison to
the wind tunnel data. So, it was assumed, according to the
experience, that sting support system is introducing flow
disturbance, especially in the range of critical Reynolds
numbers, but numerically obtained differences are acceptable
for the practical implementation of the presented results.

Concluding Remarks

The obtained differences of the results from the wind
tunnel and numerical simulations are in the range of the
engineering applications, but for the more detailed prediction
of the flow in further studies, it is recommended to test the
sphere in the wind tunnel covered with a fixed Carburundum
coating, of different grains, and in a wider range of the Mach

numbers. Also, for further studies, the VTI intern-facilities
tests and implementation of different measuring and
visualization techniques will make a larger data base from
which further numerical investigations and adjustments may
be started.

As shown by the results, the turbulence model which
accuracy was expected to be the highest, Transitional SST, as
in the case of smooth models, in case of the rough models its
applicability is restricted because of the high requirements of
the numerical model that could not be reached.

Furthermore, the method of the emulated flow condition,
under a criterion of reaching the flow similarity, by the
selection of non-existed roughness and turbulent intensity, is
applicable to the other objects, even assuming the higher level
of accuracy, because of the fact that all the other streamlined
and blunt bodies are less sensitive to the flow changes. Of
course, for the practical problems which do not allow the fully
experimental testing, the numerical simulations can be used as
a confident extension tool, while in future researches a
development of the additional numerical tools will help a
closer prediction of the complex flows over the rough
surfaces. In addition, the future numerical studies will
examine the influence of the sting support on the flow over
the rough sphere.
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Eksperimentalno i numericko istrazivanje nadkritinog strujanja oko

hrapave kugle

Rad predstavlja eksperimentalno i numericko istraZivanje modela sfere sa ciljem predvidanja ponasanja strujanja u
prisustvu hrapavosti povrsina. Rezultati ukazuju na probleme i predlaZu reSenje za inZinjersku primenu. Sli¢nost izmedu
strujnih slika dobijenih numeri¢kim putem i u aerotunelu je postignuta kombinovanim uvodenjem turbulencije u numerickoj
slobodnoj struji hrapavosti povrsine, zbog ograni¢avajucih zahteva turbulentnih modela.

Kljucne reci: aerodinamika, aerodinamicki tunel, numericka simulacija, sfera, hrapava povrsina, strujanje fluida

BKCHepHMeHTa.TlI)HOC H YUCJICHHOC UCCJICA0BAHHUC
CBCPXKPUTHIECCKOI'O o0TeKkaHus HI€POX0oBaThHIX IIAPOB

JTa CcTaThsl NPEACTABJSIET €000H JKCNEPUMEHTAIbHOE M YHCJIEHHOE WCCIe0BaHUs MoJelu cdepbl € LeJIbIo
MPOTrHO3MPOBAHNS MOBEIEHNUS IOTOKA B MPUCYTCTBUH HEPOBHOCTEH MOBEPXHOCTH. Pe3y/IbTaThl YKA3HIBAIOT HA MPOOIEMbI H
NpeIaralT pemeHnsi AJisi NPAKTHYeCKOro HH)KEHePHOro npuMeHeHusi. CX0CTBO MeKIY TeKYLUIHMH H300pakeHUsIMH,
MOJTY4eHHBIMHI YHCIEHHBIM MOIEIMPOBAHHEM U B 23POHHAMHYECKOi TPyGe JOCTUTAETCSI 32 CYET CMENIAHHOTO BBEIEHHUS
TypOyJIeHTHOCTH B YMCJIEHHOM CBOOOIHOM MOTOKE M 1IEPOXOBATOCTH IOBEPXHOCTH, H3-32 OFPAHHMYHTEIbHBIX TPEOOBaHHIT
TypOYJIEHTHBIX MO/IeJIeid.

Kmouesvie cnosa: a3poaAMHaAMHUKa, apoAHHAMHUYECKast prﬁa, YHUCJICHHOE MOAe/THPOBaHHE, c(l)ele, HEPOBHAS IOBEPXHOCTD,
NMOTOK KHAKOCTH.

Recherches expérimentales et numériques du courant super critique

autour d’une sphére rugueuse

Ce travail présente les recherches numériques et expérimentales du modéle de sphére afin de prévoir le comportement du
courant dans la présence des surfaces rugueuses. Les résultats obtenus indiquent les problémes et proposent les solutions pour
I’application dans I’ingénierie. La similitude entre les images de mouvement obtenues par la voie numérique ainsi que dans la
soufflerie aérodynamique a été réalisée en combinant I’introduction de la turbulence dans le courant numérique libre et la
surface rugueuse a cause des exigences limitées des modéles turbulents.

Mots clés: aérodynamique, soufflerie aérodynamique, simulation numérique, sphére, surface rugueuse, courant des fluides.





