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The article conducts an analysis of flow around spherical and non-spherical elements for a wide range
of Reynolds numbers using direct numerical simulations based on the indefinite heat conducting equa-
tion (3D) and the Navier–Stokes equation. The research focuses on the influence of the shape of the
element on the drag coefficient of the flow. It has been found that the total air drag coefficient around
the considered elements depends on their shape and Reynolds number. The drag coefficient for the
particular element example (sphere) has been compared with the experimental data. Further results
have been presented in this paper.
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1. Introduction

Over the years, many efforts have been made in
order to examine the flow around spherical and non-
spherical objects under different flow conditions.
This is not only due to the need to better under-
stand the parameters of such flows, but also because
of their important practical implementations.

Most publications focus on spherical elements
and the analyses of such flows are carried out within
a wide range of Reynolds numbers. The situation is
slightly different in the case of any other elements.
Their shape and orientation in the stream signifi-
cantly affect the flow. This fact is often not taken
into account and that is why the number of refer-
ences connected to the flow around non-spherical el-
ements is considerably low. For example, Kumar [1]
analyzed the flow around ellipsoids and spheres and
Saha [2] conducted numerical research of liquid and
heat exchange around a cube. Richter and Nikri-
tyuk [3], in turn, focused on ellipsoidal rectangular
particles in laminar flow systems, which are directed
towards the stream.

It is worth pointing out that with exceptionally
low Reynolds numbers, the movement around ele-
ments is dominated by resistance forces. The results
show that changes to surface pressure and drag fac-
tors are a strong shape function.

The purpose of this paper is to provide data for
a three-dimensional flow around ellipsoids of the cir-
cular and elliptical section as compared to the flow
around a cube and sphere taking into account the
drag coefficient.

2. Mathematical modeling

In this paper, we consider variable temperature
and variable density flows. Changes of density are
caused by the increasing/decreasing wall temper-
ature and they are larger than acceptable by the
Boussinesq approximation. We consider a low Mach
number flow described by the continuity equation,
the Navier–Stokes equations and the energy equa-
tion. In the framework of the Immersed Boundary
Volume Penalization (IB–VP) approach, they are
defined as:

∂tρ+∇(ρu) = 0 (1)

ρ
(
∂tu + (u · ∇)u

)
+∇p = ∇ · τ + f IB (2)

ρCp

(
∂tT + (u∇)T

)
= ∇ · (κ∇T ) + f IBT (3)

where ρ stands for the density, T — the temper-
ature, p — the hydrodynamic pressure, u — the
velocity vector, Cp — the heat capacity and κ —
the heat conductivity. The set of (1)–(3) is com-
plemented with the equation of state p0 = ρRT ,
where p0 denotes the thermodynamic pressure and
R is the specific gas constant. In open flows with
inlet/outlet boundaries, p0 is constant in space and
time and in this work it is assumed to be 101325 Pa.
The molecular viscosity (µ) within the viscous stress
tensor τ is computed from Sutherland’s law.

The IB–VP method works through penalizing
a difference between the actual and assumed veloc-
ity and temperature of the solid body. The role
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Fig. 1. Flow around various objects, streamlines
for Re = 100.

Fig. 2. Non-uniform computational grid structure.

of the source terms f IB and f IBT is to mimmic the
presence of solid objects in the flow domain. In the
volume penalization variant of the IB method they
are defined as:

f IB = −ρ
η

Γ(x) (u− us) , (4)

f IBT = −ρCp

η
Γ(x) (T − Ts) , (5)

where us and Ts are the velocity and temperature
of the solid body, respectively.

The solution algorithm for (1)–(3) is formulated
in the framework of a projection method [4] for
pressure–velocity coupling. The time integration is
based on a predictor–corrector approach (Adams–
Bashforth/Adams–Moulton) and the spatial dis-
cretisation is performed using the 6th/5th order
compact difference and WENO (Weighted Essen-
tially NonOscillatory) schemes on half-staggered
meshes [5, 6].

3. Computational domain

A rectangular computing domain with dimen-
sions of Lx = 0.21 m and Lz = Ly = 0.04 m has
been used in all cases. The flow was along the x
axis. The uniform flow velocity in the inlet section
is determined according to the Reynolds number.
Simulations were carried out for Reynolds number
Re = Uh/ν = 100 (U — inlet velocity, ν — viscos-
ity). The value of the h parameter was consequently
selected as: shorter axis (ellipsoid 1), longer axis
(ellipsoid 2), edge of the cube and the sphere’s di-
ameter. Figure 1 shows the considered element con-
figurations and streamlines for the Reynolds num-
ber equal to 100.

It is assumed that the medium temperature at the
intake was 300 K and the surface temperature of the
element was constant and equalled 400 K. The sim-
ulations were conducted using the academic code

based on the IB–VP method on a regular grid con-
sisting of 128×320×128 nodes and the commercial
software Ansys Fluent adopted to the surface size
computing grids consisting of about 1730000 cells
(see Fig. 2).

4. Results

Sixteen different instances were simulated in or-
der to examine the influence of the Reynolds num-
ber and the element shape on the drag coefficient.
Figure 3 shows velocity and temperature distribu-
tion for all analysed elements with the Reynolds
number equal to 100.

Referring to visible differences between the lay-
outs, one can observe that the impact of the element
shape is clear, and the biggest differences can be
seen right behind the object. A more detailed anal-
ysis provides Figs. 4 and 5 where the velocity and
temperature profiles along the flow are presented.

In order to verify the adopted method, the so-
lutions obtained for the elements using Ansys code
have been shown in Fig. 4 (points). The compliance
of the solutions obtained with the IB–VP method

Fig. 3. Velocity [m/s] and temperature [K] con-
tours, Re = 100.

Fig. 4. Comparison of the results using the IB–VP
method and the Ansys Fluent program (IB–VP re-
sults are marked with lines, Fluent results — with
points) — velocity profiles along the flow, Re = 100.
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Fig. 5. Temperature profiles along the flow (using
the IB–VP method), Re = 100.

Fig. 6. Comparison of the numerical results
(present study) with the literature data [7–9] for
the sphere.

with Ansys Fluent code is very good. Even in ar-
eas right behind the element, the negative velocity
values have been precisely calculated.

The presented profiles show results along the ex-
tracted line along the channel and going through
the center of the elements. The highest velocity
values have been noticed for ellipsoid 1. It is worth
noticing that only behind this element the recircula-
tion area was not present. The drop in the velocity
value relates to different flow blocking. According
to Fig. 5, similar temperature values were noted at
the end of the channel for ellipsoid 2 and the sphere.

Figures 6 and 7 present comparable drag coef-
ficient values at Re = 10, 50, 100, 200 in em-
pirical correlations suggested by Schlichting and
Gersten [7], Yow et al. [8] and experimental data
of Roos and Willmarth [9]. The graphs clearly
show that the current outcomes are similar to the
literature value. The differences in the obtained val-
ues result, among others, from the individually se-
lected computing grids and the solution method.

Fig. 7. Comparison of the results using the IB–VP
method with literature data of Richter and Nikri-
tyuk [3] (numerical results are marked with lines,
literature data — with points).

It can be observed that regardless of the re-
searched element, the total drag coefficients de-
crease with the increase of the Reynolds number.
The obtained results reflect the variability of the
drag coefficient well. Although we see differences
between the literature values and the numerical
ones (the highest have been noted for ellipsoids, es-
pecially for ellipsoid 1), they are very small. One
can observe that the maximum error rate increases
with the Reynolds number. Consequently, the max-
imum errors occur at Re = 1000. The highest de-
viation was observed for ellipsoid 1. Interestingly,
only in the case of this element, a full symmetric
flow field for the highest researched Reynolds num-
ber has been observed.

5. Conclusions

The purpose of this paper was to provide infor-
mation about the flow around spherical and non-
spherical elements. The presented research focused
on the flow characteristics of heat and liquid around
ellipsoids in two configurations, around a sphere and
a cube. The first ellipsoid was positioned with its
main axis along the flow, the second one was posi-
tioned perpendicularly. The calculations have been
carried out with the Reynolds numbers equalling
10, 50, 100, 200, 500 and 1000 and using the aca-
demic code based on the IB–VP method. The out-
comes have been verified by comparing them with
the data obtained using the Ansys Fluent software.
The comparisons of the numerical data have shown
satisfactory compliance of all analysed cases. The
numerical results presented in this paper show that
the shape of the object affects the heat transfer rate.
The drag coefficient has also been determined and
compared with the literature data. Regardless of
the shape of the element, the drag coefficient de-
creases with increasing Reynolds number. More
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sufficient changes in the values of the drag coeffi-
cient were recorded for smaller Reynolds numbers.
It has been determined that the influence of the
shape on the drag coefficient is more significant for
small Reynolds number values.
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