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This paper examines the impact of two tandem configurations of ellipsoids on laminar flow using numerical methods.
The first configuration features an ellipsoid in a prolate orientation, while the other employs a prolate ellipsoid tilted
at a 45° angle relative to the vertical axis. The study investigates inter-ellipsoid distances ranging from one ellipsoid
diameter (1D) to eight diameters (8D) from the ellipsoids’ centers and different Reynolds numbers (100, 200, 300, and
400). The presented results focus on hydrodynamic forces, wake symmetry, and wake patterns for different scenarios.
The findings reveal that when an angle is present in the ellipsoid, the drag forces between the front and rear ellipsoids
tend to approach at smaller separations compared to the prolate orientation case. In these cases, flow separation is
asymmetric in the x-y plane but becomes symmetric in the x-z plane at larger ellipsoid spacings. Additionally, the
detachment zones are analyzed concerning the angle and Reynolds number. It is observed that up to a distance of
approximately 4D, the wake of the front ellipsoid significantly influences the recirculation and hydrodynamics of the

rear ellipsoid.

I. INTRODUCTION

The flow over bluff bodies has been of great interest in
many fields. Initially explored through experimental stud-
ies, which were gradually complemented by theoretical ap-
proaches, this area of research has now advanced to exten-
sively utilize Computational Fluid Dynamics (CFD) tech-
niques. These studies, which typically account for the vis-
cous effects of the flow, serve as benchmarks and founda-
tional references for investigating more complex flows and
structures in real-world scenarios. In general, most studies
focus on cylinders!, spheres?,?, and non-rounded shapes such
as plates* or rectangles® due to their relevance in engineering,
biological, and other applications. Additionally, some studies
focus on pinned structures?®, proximity to walls, and interac-
tions between structures. Concerning the proximity between
structures, the most commonly investigated arrangements are
side-by-side and tandem configurations. These configurations
are prevalent in engineering designs involving multiple body
interactions, such as bridges crossing long rivers, buildings’,
or real situations like multiple runners in a race®.

Regarding the current research, initial studies on rounded
bodies focused on spheres, conducted experimentally by®
and'. These studies highlighted the complex nature of
flow detachment related to viscous effects and Reynolds
numbers. Such factors significantly influence the drag on
the sphere and its associated shedding frequency. In sum-
mary, various flow regimes have been identified around
a single sphere—subcritical, critical, supercritical, and
transcritical’—primarily determined by the Reynolds number
and specific conditions affecting the body. Over time, the-
oretical studies have broadened our understanding of these
bluff bodies. For example,!!' investigated the dynamics of a
sphere moving through a tube. With advancements in compu-
tational technology, a substantial body of CFD research now
supplements these experimental findings, examining a wide

range of Reynolds numbers and providing detailed analyses of
vorticity fields, streamlines, and pressure distributions around
the sphere!?. Analyzing low Reynolds numbers for this
geometry,'® and!? examined the wake configuration behind a
sphere. They demonstrated that for Re < 24, there is no flow
separation; the flow remains steady and axisymmetric.'? fur-
ther observed that the angle of separation increases beginning
at Reynolds 60, intensifying as this number rises.!* catego-
rized the wake into six distinct classes based on the Reynolds
number. The authors also noted that at very low Reynolds
numbers, the flow exhibits pronounced symmetry. As the
Reynolds number increases, the flow begins to separate, and
the length of the wake increases. The flow transitions from
axisymmetric to non-axisymmetric when the Reynolds num-
ber reaches approximately 210 to 212'*"!7. In this regime,
the flow features two vortical tails that, although of oppo-
site sign, have similar structures and exhibit planar symme-
try. Increasing the Reynolds number further triggers a tran-
sition from steady to time-dependent planar symmetry. This
instability occurs within the Reynolds number range of 270
to 29031820 During this phase, the flow becomes unsteady
and periodic, characterized by a single dominant frequency.
At a Reynolds number of 300,2! notes the periodicity of the
vortex, a finding supported by recent numerical studies!®-?2.
Using direct numerical simulation across Reynolds numbers
from 25 to 1000,'° demonstrates that planar symmetry evolves
into a chaotic state for Reynolds numbers between 300 and
500. Further,?? finds the flow at Re = 300 to be unsteady
and time-dependent, characterized by regular flow separation
fluctuations. The research also indicates that flow separation
remains very stable for Re < 200, but becomes unsteady, non-
periodic, and fully asymmetric by Re = 400.

Using experimental methods,?! and®* noted that a regime
change occurs at Re > 420, becoming completely random
at Re = 480. In contrast,?* utilized direct numerical sim-
ulation to analyze the flow over a sphere within the range



350 < Re < 425 to establish the regime where planar sym-
metry is maintained. This study identified that the planar
symmetric regime spans 350 < Re < 375, which contradicts
the experimental findings by?!, which indicated a loss of pla-
nar symmetry at Re = 420.>* attributed these discrepancies
to the challenges experimental flow visualization techniques
face in detecting small-scale variations in the azimuthal angle
of vortex formation. Furthermore,? observed planar symme-
try for Re < 450 and instantaneous secondary flow separations

at Re = 450.
Research by26,27,28,29, and3° represents early efforts to ex-

plore variations of the standard bluff body by modifying the
aspect ratio to create spheroids. Although the literature on
this specific bluff body is more limited, its relevance extends
to practical applications such as particle dynamics and sub-
marine design. For example,®' conducted simulations on a
suboff bare hull model, demonstrating that the vorticity is sig-
nificantly influenced by the body’s angle of inclination. In
submarine-related studies,3? examined the wake asymmetries
at a pitch angle of 12 degrees and Reynolds numbers around
10°, highlighting the impact of these factors on flow charac-
teristics.

Various configurations of ellipsoidal bodies have been ex-
plored to understand flow dynamics under different condi-
tions. For instance,’® investigated ellipsoids with varying as-
pect ratios at a Reynolds number of Re = 300. Similarly,*
studied a prolate spheroid oriented perpendicular to the inflow,
observing an unsteady wake between Re = 100 and Re = 250.
At a much higher Reynolds number of 10*, the same study
found that such an arrangement disrupts the axisymmetry at
the front part of the body within the laminar boundary layer.>
provided experimental visualizations of the flow over a pro-
late spheroid at various angles of attack. Additionally,3® em-
ployed Large Eddy Simulation to analyze an inclined spheroid
with an aspect ratio of 6:1 at Re = 4.2 10%, emphasizing the
significance of near-wall numerical treatment and the com-
plex unsteadiness of the flow.>” examined the impact of vary-
ing angles of attack from 10 to 20 degrees on the flow at the
same Reynolds number and aspect ratio, finding that numeri-
cal predictions of primary and secondary separations closely
matched experimental results.® experimentally measured the
velocity and highlighted the strong dependence of flow sepa-
ration and vorticity development on Reynolds number and an-
gle of attack. Alongside, these studies provide insights into
the flow separation characteristics of a spheroid at different
angles of attack. Moreover,*? delves into the study of wake
instabilities at various angles of attack and Reynolds numbers
between Re = 100 and Re = 3000.

The study of interactions between multiple bodies, partic-
ularly spheres and ellipsoids, features fewer investigations
compared to those using cylinders, as highlighted by exten-
sive research on the latter, such as*',*2, and*®3. Focusing on
spheres,** and® conducted experimental studies on the ef-
fects of two spheres facing each other, elucidating the inter-
actions between them. In a tandem arrangement,’ explored
the dynamics between two spheres in an unsteady and peri-
odic regime. Their findings indicated that the wake structures

and fluid forces are significantly influenced by the proximity

of the second sphere, which experiences a drag reduction even
at distances greater than 8D from the front sphere. Moreover,’
utilized the volume of solid and Lattice Boltzmann method to
study the interaction of dual particles at Reynolds numbers of
Re = 50,100, and 200. This research revealed varying flow
behaviors depending on whether the arrangement was side by
side or at different orientation angles. Additional studies by*®
and*’ further investigated the effects of proximity on sphere
dynamics. In another numerical study,*® examined the wake
of three tandem elliptic cylinders for Reynolds numbers rang-
ing from 65 to 160, classifying the flow dynamics into five
distinct regimes based on variations in Reynolds numbers and
L/D ratios.

In this introduction, it is evident that analyzing flow at low
Reynolds numbers presents significant challenges from a fluid
dynamics perspective. Additionally, when evaluating tandem
configurations, the behavior compared to isolated structures
can differ markedly. Consequently, the aim of this research
is to numerically investigate the influence of interactions be-
tween two similar ellipsoids arranged in tandem, a configura-
tion not extensively explored in existing literature. This eval-
uation will consider Reynolds numbers of 100, 200, 300, and
400 across two distinct tandem scenarios: one in cross flow
and the other at an angle of incidence of 45 degrees between
the ellipsoids. The distances between the ellipsoids will vary
from 1D to 8D, allowing for a comprehensive analysis of their
dynamic interactions.

This paper is organized as follows: Section I introduces the
problem and reviews relevant previous research. Section II
details the problem description, methodology, computational
domain, and fluid parameters used in the study. The proce-
dure described is verified and validated in Section III. Fol-
lowing this, new contributions are discussed through the re-
sults presented in Section IV. Finally, Section V summarizes
the conclusions of this research.

Il. METHODOLOGY
A. Problem description

The research is conducted numerically using an ellipsoid
as a bluff body in a tandem arrangement. The geometry is
placed in two different orientations: one in a prolate position
and the other in a prolate position with an angle of attack of
45 degrees to the flow. The ellipsoid’s position is determined
by its larger length, which is the one across the fluid. Based

.o . 2 22 . .
on an ellipsoid equation, 2—2 + Z—2 +5= %, the dimensions of

the ellipsoid remain constant throughout this research being
a=c =1 and b = 2 which is the longer axis for the geom-
etry. A second ellipsoid, similar to the original, is placed in
a tandem configuration. In this configuration, the front ellip-
soid remains in the same position for all cases, while the rear
ellipsoid is moved to different positions froma =1to a = 8.



B. Numerical considerations
1. Numerical tool

The research employs OpenFOAM, a free, C++-based nu-
merical tool that uses the finite volume method to implement
fluid dynamic equations and numerical schemes.

2. Governing equations

In this study, low Reynolds numbers are investigated, Re =
100, Re = 200, Re = 300 y Re = 400. Therefore, the Navier-
Stokes equations for incompressible and viscous flow is used
to model laminar flow in a 3D case. These equations include
the conservation of mass and momentum.

I(pv)

o T (pwW)=pg  p+u v (2)

Where:
* p is the pressure.
e p is the fluid density.
* u is the fluid viscosity.
* Vv the velocity vector,

More detailed description on the equations and numerical
methods can be found in*® 3 and>!.

3. Numerical method

The PIMPLE algorithm is adopted to simulate transient
and incompressible flows. This algorithm combines the PISO
(Pressure Implicit with Splitting of Operator) and SIMPLE
(Semi-Implicit Method for Pressure-Linked Equations) algo-
rithms. The simulation involves a single fluid and therefore
does not use a turbulence model. Backward time discretiza-
tion and Gauss linear convection schemes are employed in this
study.

The numerical domain presented in IIC1 has different
boundary conditions which are; zero normal gradient for pres-
sure at inlet with velocity, v, being the mean. At the outlet
boundary condition, zero velocity gradient and outlet wall are
used for pressure. The ellipsoid is defined as a rigid wall, so
no slip for velocity and zero normal gradient for pressure are
employed. As this is a 3D problem, the other boundaries are
considered as walls with slip conditions.

C. Dimensionless parameters

In this research, different Reynolds numbers’ scenarios are
conducted. The time-averaged forces are presented in a di-
mensionless form using the drag coefficient (Cp) and the lift
coefficient (Cr). The lift is only evaluated when the ellipsoid
is rotated to assess the proportion of forces in the y direction
that are not apparent in the prolate position. The coefficients
are defined as follows:

XForce

Cp= 3)
1AV
YForce

CL= “4)
1pA?

Aisthearea (A=m a /4), p is the fluid density, v denotes
the mean velocity profile and forces are evaluated based on
those obtained from the ellipsoid. The shedding frequency is
determined using the Strouhal number (St), which is defined
as follows:

St = b (5)
%

The shedding frequency, denoted by f, is obtained by
analysing the forces data using a Fast Fourier Transform
(FFT). For simplicity and comparison with other research, the
variable D is adopted instead of a, where a = b = D in terms
of dimensions.

1. Numerical domain and mesh

To conduct this research, a computational domain is created
and presented in Figure 1. Various sizes are tested to eliminate
any numerical influence from the boundaries. The dimensions
of the domain are listed in Table I.

TABLE I: The dimensions of computational domain (relative

to D)
D H(D) F(D) B(D) AD) E(D) L(D)
Domain size 1 5 25 10 5 5 1to 8

Mesh quality is a crucial aspect of CFD analysis. This sub-
section describes the mesh structure used in this work. Var-
ious meshes are tested to minimize numerical uncertainties.
Section III conducts numerical sensitivity analysis using the
meshes described here.

The mesh is created using the free tool snappyHexMesh.
The process involves using four boxes and a final boundary
layer refinement of 12 layers around the ellipsoid. Different
meshes are created: firstly, a mesh is created for an isolated
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FIG. 1: Computational domain

sphere which will be used for validation purposes. The ge-
ometry of this mesh is altered from a sphere to an ellipsoid.
After validation, a new mesh is created to match the structure
of the previously indicated mesh, but for two objects arranged
in tandem. The mesh is presented for a tamdem case in Figure
2a. In Figure 2a the 3D mesh is presented with the two ellip-
soids arranged in tandem. In Figure 2b, a closer examination
of the mesh in the x-y plane allows for a better understand-
ing of the mesh surrounding the ellipsoid. This is where the
boundary layer around the object can be observed. Finally, in
Figure 2c¢ a 2D plane view in x-y axes is presented. Here it
can be identified the different blocks in which the mesh are
subdivided.

The initial block, B1, covers the entire domain with dimen-
sions of 60 in the x direction, 30 in the y direction, and 30
in the z direction. The subsequent boxes halve the number
of cells in their respective regions compared to the previous
box. Therefore, box 2, named B2, reduces the number of
cells in the domain by half compared to B1. Only the re-
gion where B2 is located is affected. The procedure for the
remaining boxes is identical. Table II presents the coordi-
nates for block three (B3), block four (B4), and B2. These
boxes are constructed around an ellipsoid, with their initial
coordinate position (coordinate;,;) and end coordinate posi-
tion (coordinate,, ) determined accordingly. Additionally, 12
boundary layers are added to the boundary layer treatment.
The final mesh presented in Figure 2 will be modified to per-
form a numerical sensitivity analysis while maintaining its
structure.

TABLE II: The detailed coordinates for block two (B2),
block three(B3) and block four (B4).

Xini/D Xend/D  Yini/D_ Yena/D Zini /D Zend /D
B2 -1.8 3 -1.6 1.6 -2 2
B3 -1.3 24 -1.2 1.2 -1.5 1.5
B4 -1 2 -1 1 -1.2 1.2

Two meshes are created for the validation case based on

this mesh structure. The first mesh, called Mesh 1, contains
1,115,537 cells, while the second mesh, called Mesh 2, con-
tains 2,710,549 cells, finally the third mesh called Mesh 3
has 2208378 cells. When considering two spheres, the mesh
structure remains the same, but the number of cells increases
proportionally due to the domain size increment in the x di-
rection. The mesh used for this work, presented in Figure 2,
contains 3,694,436 cells.

lll.  SENSITIVITY ANALYSIS VALIDATION AND
VERIFICATION

This section presents the sensitivity analysis, which is es-
sential for accepting any new results by comparing them with
previous literature. The two lines that have been dealt with
are mesh and time step verification, along with the numerical
procedure. This study evaluates the case of an isolated cylin-
der at Reynolds number of 300 and compares it with previous
research on drag coefficient mean and shedding frequencies
through Strouhal number.

Figure 3 shows the drag force over time for a single sphere.
The plot demonstrates that the forces converge and oscillate
around a certain value. The point at which the signal becomes
periodic is the starting point for result extraction and analysis,
as previous values are not considered. As shown in Figure 3,
this point is reached at approximately 80 seconds.

In Table III, the mean drag forces and Strouhal number are
compared with previous research. Different meshes and time
steps have been evaluated for the case of a single sphere at
Re = 300. It is shown that once the mesh reaches a limit of
cells, there is no significant change in the drag forces or the
shedding frequency. The time step is also verified without
the need to use smaller time steps. Therefore, the structure
of mesh 1 and the time step Dt = 0.01 is used for the rest
of the proposed research. Finally, these results show that the
numerical setup and procedure are valid for this problem since
the results are consistent with precious research.
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TABLE III: Sensitivity analysis comparison for flow past a
sphere at Re number 300

Case Dt Cp St

52 - 0.65 0.13

33 - 0.66 0.13

20 - 0.66 0.13
Mesh 1 0.015 0.66 0.13
Mesh 1 0.01 0.66 0.13
Mesh 1 0.005 0.66 0.13
Mesh 2 0.015 0.66 0.13
Mesh 2 0.01 0.66 0.13
Mesh 3 0.01 0.66 0.13
Mesh 3 0.0005 0.66 0.13
Mesh 3 0.0001 0.66 0.13
IV. RESULTS

This study investigates the interaction of tandem ellipsoids
in two specific orientations: prolate and 45° prolate. The
research will focus on a distance up to 8D since the eval-
uation will focus on the proximity between ellipsoids. The
analysis encompasses various Reynolds numbers, beginning
at 100—where the flow over a sphere is expected to maintain
a steady-state laminar condition—and extending to 300, antic-
ipated to exhibit time-dependent behavior with hairpin vortex
formation. Furthermore, the study explores a Reynolds num-
ber of 400, where, according to existing literature, the wake
is likely to lose planar symmetry. All scenarios are analyzed
under laminar flow conditions, with detailed assessments of
forces, vortex shedding, and flow visualization.

A. Drag forces analysis

This subsection details the force analysis across different
cases, primarily focusing on drag forces. While the primary

emphasis is on drag, lift forces will also be examined for the
45-degree prolate case, where, according to previous litera-
ture, the forces for the standard prolate configuration are close
to zero. Results will be presented in charts that include a base-
line comparison against a solitary sphere at the same Reynolds
number, sourced from prior studies, serving as a reference
point. To clarify the discussion, the following nomenclature
is adopted: FE represents the front ellipsoid prolate, while
RE represents the rear ellipsoid in prolate. FE45 denotes the
front ellipsoid 45 degrees prolate, and RE45 denotes the rear
ellipsoid in 45 degrees prolate.

1. Re =100

Figure 4 shows the comparison of the different C; for each
of the spheroids as the distance between them increases for
Reynolds number 100, both for the prolate flow situation and
for 45° prolate. First, we see a similar trend in comparison
with a sphere arrangement®. In general, the maximum dif-
ference between the front and rear ellipsoid in both situations
occurs for the minimum separation (D) and it decreases as
the separation increases. However, for the prolate, a relative
minimum between the C; of both ellipsoids is reached for 3D
(Figure 4a), while this reduction is reversed for the 45° posi-
tion with a relative maximum for 1.5D (Figure 4b). It can also
be seen how the effect of the tandem is reduced in the effects
on the rear ellipsoid, evidently, as the distance increases, but
this effect is much more pronounced in the prolate configura-
tion than in 45° prolate, starting to stabilise from 6D onwards.
Likewise, the effect on the front ellipsoid is practically imper-
ceptible in both configurations with variations barely exceed-
ing 0.05 C, for distances less than 3D and 4D in prolate and
45° prolate, respectively. It can also be observed that, while
the maximum C; for the front ellipsoid is 1 and 0.8 for the
front ellipsoid in prolate and prolate 45°, respectively, for the
rear ellipsoid it does not exceed 0.6, even for distances of 8D.
Figure 4c shows the above, with a difference of 0.2D remain-
ing practically constant between the two arrangements with
respect to the front ellipsoid. All this leads us to consider
that for values of Re = 100 the effect of the rear ellipsoid on
the front one is only appreciable at distances smaller than 3D
due to the recirculating flow influence between the two ge-
ometries, leaving two almost parallel straight lines. Likewise,
these small differences in the rear ellipsoid in both configu-
rations are initially maximum, reaching a variation of C; of
0.1 between prolate and 45° prolate (Figure 4d), but they are
rapidly reduced until they become very small from 4D.

2. Re =200

When Reynolds number increases from 100 to 200, the
maximum C; experienced by both ellipsoids decreases by
about 20% with respect to Re = 100, both at prolate and pro-
late 45° (Figure 5) as normally occurs with a sphere. While
C, is around zero when the separation is less than 1.5D for
the rear ellipsoid in the prolate position (Figure 5a), at 45 pro-
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FIG. 4: Drag force coefficient for tandem ellipsoids and Re = 100

late it starts from a value of 0.1, increasing smoothly to 0.5
for a separation of 8D (Figure 5b). In the case of prolate
position, C; for rear ellipsoid increases much faster than 45
prolate up to a distance between ellipsoids of SD. From here,
it increases slightly to a distance of 6D, decreases noticeably
below 0.5 at 7D and finally ends at 0.5 for the maximum el-
lipsoid distance evaluated. The same behaviour can be seen
for the front ellipsoid from 5D onwards, with both forces re-
maining parallel (front and rear) with a phase difference of
approximately 0.25, although at lower distances there is prac-
tically no change in C,4, remaining at around 0.75. This phase
difference between both ellipsoids is reduced to half for 45
prolate (Figure 5b), also from 6D onwards, although without
relative maxima or minima in any of the ellipsoids. Figure 5c
shows that C; remains almost constant on the front ellipsoid
within 0.5, as was the case for Re=100 (Figure 4b). However,
C, on the rear ellipsoid for Re = 200 (Figure 5d) differs sig-

nificantly with respect to Re = 100 (Figure 4d). While for the
latter, the difference between Cy; in both positions was negli-
gible, becoming identical from 4D (Figure 4d), for the former
( Figure 5d) C, for prolate position at 45° remains 0.1 above
prolate until 3D, where it increases rapidly to 0.1 above pro-
late at 45° until 6D, decreasing to reach the same value from
7D onwards in the rear ellipsoid for both positions.

3. Re =300

Figure 6 shows the results obtained for Reynolds number
300. In general terms, the behaviours of both ellipsoids are
quite similar to those observed for Re=200, although Cj, is
lower when compared as expected based on the sphere previ-
ous literature, except for the rear ellipsoid for prolate which
increases slightly from a distance between ellipsoids of 6D.
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For the front ellipsoid, the separation between the two el-
ements has hardly any effect on C; except for separations
smaller than 1.5D for 45° prolate (Figure 6¢), where a slight
decrease of 0.5 is noticed. The difference between the C,
values for Re=200 and Re=300 for the front ellipsoid is a
decrease of 0.1 in both cases. In the case of the rear ellip-
soid for prolate position, the effect of the flow only starts to
be perceived at 2D (Figure 6a), a distance somewhat greater
than Re=200 (1.5D). From this separation between objects, Cy
starts to increase rapidly until an inter-distance of 5D, where it
stabilises around 0.55 and 0.45 in prolate and prolate 45°, re-
spectively. However, the rate of increase of C; is much higher
in prolate (0.2/D) than in prolate 45° (0.1/D), being in both
cases also more pronounced than for Re=200 (Figure 5 ). If
we compare the rear ellipsoid for both arrangements (Figure
6d), we can see that, as for Re=200, C; of prolate 45° remains
above prolate position until 3D, where the terms are inverted,

leaving a constant offset of 0.1 of one over the other from 6D
onwards, instead of converging in similar values as was the
case for Re=200.

4. Re =400

The resulting differences between the two ellipsoids for
Reynolds number 400 (Figure 7) are maximum the closer the
objects are, although they become progressively smaller as the
separation increases, leaving a difference of 0.05 for the max-
imum separation (8D). However, this value occurs from 4D
onwards, remaining constant for the case of 45° prolate. The
non-existence of drag force on the rear ellipsoid, which oc-
curred up to 2D for Re=300 in prolate configuration (Figure
6), is not reproduced for Re=400 as can be seen in Figure 8a,
starting from a C; of 0.05, both in this configuration and 45°
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prolate. On the other hand, contrary to the previous cases,
C, does not remain constant for spacings smaller than 3D and
prolate in the case of the front ellipsoid (Figure 8b), varying
between 0.4 and 0.75, while for 45° this value always remains
around 0.45. Regarding the different positions of the rear el-
lipsoid (Figure 8b), no significant variations are observed in
C, up to a distance of 4D, from which the 45° prolate remains
constant at 0.4. On the contrary, in the prolate situation the
drag force increases progressively until it reaches 0.6, only
0.05 below the front ellipsoid.

B. Lift forces analysis

This section delineates the analysis of lift forces acting on
the y-axis, which are presented in a dimensionless format.
These forces have been calculated as the mean values once

the results stabilized, a method consistent with the approach
taken for drag forces. Notably, lift forces in the prolate case
are omitted from this presentation. As established in prior
studies, such forces are approximately zero and do not vary
significantly. In contrast, the prolate 45 case exhibits distinct
behaviour; the rotation of the ellipsoid generates a significant
lift force. These forces are illustrated in Figure 8, which dis-
plays the forces exerted by the front and rear ellipsoids, on the
left and right respectively, across the studied Reynolds num-
bers.

With regard to the lift forces, the rear ellipsoid consistently
exhibits a reduction in force compared to the front ellipsoid,
which is situated within the wake of the front sphere. The
force trend for the front ellipsoid mirrors that observed in the
Reynolds numbers 200, 300, and 400 cases, as depicted in
Figure 8a. This trend features a lift force that initially peaks
at 2Ds, then diminishes and stabilizes by 3D. Beyond this
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FIG. 7: Drag force coefficient for tandem ellipsoids and Re = 400

point, the force remains nearly constant across further sep-
aration distances. Notably, the peak force observed for the
front ellipsoid aligns with a minimum force point for the rear
ellipsoid, as shown in Figure 8b. The data shows a decrease
in forces from 1D to a minimum at approximately 2D, fol-
lowed by an increase with a steeper slope between 2D and 4D
and a smaller slope from 4D to 8D. It is noteworthy that for
Reynolds numbers 100 and 200, the forces display remark-
ably similar trends and magnitudes. However, unlike the front
ellipsoid, the highest forces per distance are noted at higher
Reynolds numbers for the rear ellipsoid.

C. Flow analysis
1. Average velocity flow

Figure 9 presents the mean velocity contour for two dis-
tinct Reynolds numbers, Re = 100 and Re = 300, across two
spacing scenarios, namely 1.5D and 8D, which represent the
distances between the ellipsoids. These specific cases are cho-
sen to concisely demonstrate the most pronounced variations
observed. An initial examination of the velocity contours re-
veals a significant disparity in the wake characteristics of the
prolate ellipsoids compared to those oriented at a 45° angle.
This contrast underscores the influence of ellipsoid orienta-
tion on wake behaviour and flow dynamics.

The case of Re = 100 and 1.5D illustrates how, when the
two ellipsoids are in close proximity, they function as a single
body. This is evidenced by the fact that the wake of the first
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ellipsoid is not fully developed and is joined to that of the
second ellipsoid. This phenomenon occurs in both prolate and
prolate 45° cases. In the case of prolate 45°, the wake loses
its symmetry observed in the case of spheres or cylinders and
moves to the upper part of the ellipsoid, which is further away
from the flow inlet.

In the Reynolds number of 100 and 8D case, the wake gen-
erated by the frontal ellipsoid in the prolate configuration ex-
tends until it reaches the sonication point of wake two, where
it joins. This illustrates that even at this distance, the front el-
lipsoid exerts a significant influence on the flow input of the
rear ellipsoid. This is evident in the forces presented, as the
drag forces of both ellipsoids do not merge, resulting in high
variations between them. In the case of prolate 45, there is
a notable difference, whereby the wake of the front ellipsoid
exhibits a smaller recirculation area. As illustrated by the ve-
locity contour, the flow that reaches the rear ellipsoid arrives
with a higher velocity than in the prolate case.

The Reynolds number of 300 case, previously outlined, in-
troduces distinct flow considerations. In the 1.5D scenario, the
bodies behave similarly to the Re 100 case, effectively func-
tioning as a single body. However, in the prolate orientation,
there is an observable increase in flow velocity at the top and
bottom of the rear ellipsoid. This phenomenon is attributed to
the increase of Reynolds number, which also alters the inflow
and subsequent flow detachment. As the distance between the
spheres extends, a suction zone develops, potentially reducing
the drag on the front ellipsoid for distances ranging from 1.5D
to 5D, as indicated by the measured drag forces. Notably, the
zones of increased velocity near the second ellipsoid are ex-
clusively observed in the 45° case, particularly in the lower
part of the rear ellipsoid (the attack zone of the ellipsoid).

As the distance between the two ellipsoids increases to 8D,
it becomes evident that the prolate trails for both the front and
rear ellipsoids are symmetric. The recirculation zones present
different areas and different sizes, which are set to be analyzed

in more detail later using surface LIC techniques. In the sce-
nario of the 45° prolate, the recirculation zone is significantly
smaller. The introduction of an angle of inclination to the el-
lipsoid enables the front ellipsoid to exert a reduced influence
on the rear ellipsoid at a much shorter distance, as evidenced
by the velocity contours.

2. Surface LIC contours

This section is expanded using the Line Integral Convolu-
tion (LIC) technique, a method for visualizing vector fields.
This approach can provide additional insights into the recircu-
lation of the flow passing two tandem ellipsoids for the prolate
and prolate 45° cases.

Figure 10 and 11 depicts a cut on the z=0 axis, which
presents the LIC surface for the mean velocity field. The
selected cases are 4D and 6D, representing the different
Reynolds numbers of this work. The rationale behind select-
ing these distances is discussed below. It is based on the fact
that they are two distances between ellipsoids where the re-
circulation zone left by the front ellipsoid affects the rear zone
in a completely different way.

On the one hand, in Figure 10, the recirculation zone cor-
responding to the prolate cases is in direct contact with the
rear ellipsoid for the Reynolds 100 and 200 cases. Following
this Reynolds number, the recirculation zone does not come
into direct contact with the rear ellipsoid. However, there is
a zone where the wake is stretched between the recirculation
zone and the rear ellipsoid. This suggests the presence of a
low-velocity zone that extends and connects the wake of the
first ellipsoid with the second ellipsoid. In the case of pro-
late ellipsoids, it can be observed that the recirculation zone is
symmetrical in both the front and rear ellipsoids. It is notable
that the recirculation zone for different Reynolds numbers in
the rear ellipsoid is considerably smaller on the x-axis than the
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FIG. 9: Average velocity field for Re = 100 and 300, 0° prolate and 45° prolate with distance between spheres of 1.5D and 8D

zone created by the front ellipsoid. This is due to the fact that
the flow reaching it has a much lower velocity. In general,
the size of the recirculation zone in the rear sphere remains
relatively constant when the Reynolds numbers change.

Upon analysis of Figure 10, it becomes evident that the fluid
dynamics behind the ellipsoids undergo a significant transfor-
mation in the context of prolate 45° cases. The symmetry of
the wakes behind the ellipsoids is no longer preserved due to
the angle of inclination of the geometries. For Reynolds num-
bers of 100 and 200, it can be observed that in the front ellip-

soid, there is a single bubble identified with the recirculation
zone. In these cases, the wake that produces velocities close
to 0, which in the prolate case came into contact with the rear
ellipsoid for this inclination, ends before coming into contact
with the rear ellipsoid. Consequently, there is a zone of up-
ward flow through the rear ellipsoid. This suggests that the
drag forces of the front and rear ellipsoids for the prolate 45
case at 4D are closer to those of the front ellipsoid due to the
wake effect being less pronounced given the inclination and
loss of symmetry. Upon increasing the Reynolds number to



300 and 400, it becomes evident that the wake zone left by the
frontal ellipsoid is characterised by the presence of two recir-
culation zones or bubbles. The larger of the two is observed
to occupy a central and lower area of the ellipsoid, while the
smaller upper bubble is found in the upper area.

A detailed examination of the case of the distance between
6D ellipsoids, as illustrated in Figure 10, reveals that prolate
cases maintain symmetry in the wake produced in both the
front and rear ellipsoids. This symmetry is lost for the 45
cases. In the case of prolate ellipsoids, the wake and recir-
culation zone created by the front ellipsoid is stretched un-
til it comes into contact with the rear ellipsoid for Reynolds
numbers 100 and 200. This phenomenon is less apparent than
when the distance between the ellipsoids is 4D. For Reynolds
numbers 300 and 400, a well-defined recirculation zone is ob-
served in the wake of the front ellipsoid, which does not ex-
tend to the rear ellipsoid and therefore no longer comes into
contact. Nevertheless, the influence of this zone on the wake
persists, as the rear ellipsoid receives a considerably lower
flux than the front ellipsoid.

In the prolate 45° cases, it is observed that the recircula-
tion zones left by the front ellipsoid are considerably smaller
than those observed in the prolate case. It is notable that the
rear ellipsoid maintains a recirculation bubble or two for the
Reynolds 300 and 400 cases, which are well-defined and be-
come similar to the one produced by the front ellipsoid. This
is due to the fact that, at these distances, the wake left by the
front ellipsoid affects the rear ellipsoid to a lesser extent.

Figure 12 presents the LIC surfaces for a Y = 0 plane
slice, illustrating the XZ flow for the prolate and prolate 45
cases. This cross-section allows us to observe the wake for the
Reynolds 300 case and the separation between 5D, 6D and 8D
ellipsoids, for the sake of brevity.

This figure illustrates the symmetry observed in the recir-
culation wake of the prolate case, with both the front and rear
ellipsoids exhibiting similar patterns. It can be observed that
the recirculation zone of the front ellipsoid is wider and does
not connect with the rear ellipsoid. This recirculation zone is
even larger on the z-axis than the diameter of the ellipsoid. In
the prolate 45° case, the presence of a symmetric recirculation
zone in the front ellipsoid is observed. In contrast, the rear el-
lipsoid exhibits no recirculation bubbles. As illustrated, these
bubbles emerge from 6D and become increasingly defined at
larger distances, such as 8D.

3. Flow separation

Figures 13 and 14 show the instantaneous surface LIC over
the surface of the prolate and 45 prolate ellipsoid, respectively,
for 2D, 4D and 8D distances and Re 100, 300 and 400. As ex-
pected, in the case of the front ellipsoid, the streamlines par-
allel to the x-axis (Z1) are not altered by the rear ellipsoid and
remain at a constant x-width, independent of the separation
between them, both the prolate position and the 45 prolate po-
sition (Fig 13). As Reynolds number increases, the width of
the horizontal streamlines decreases in the Z1 zone and in-
creases in the Z2 zone, where the interaction produced by the
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rear vorticity increasingly affects the behaviour of the stream-
lines, and, as a consequence, the earliest detachment occurs.

In the case of the prolate position, the streamlines in the
Z2 zone of the front ellipsoid indicate the symmetry of the
vorticity and wake along the entire domain, whatever the dis-
tance between ellipsoids. In general, three zones can be dis-
tinguished in the rear ellipsoid (Z3, Z4. Z5), the intermediate
one (Z4) the one that keeps the streamlines parallel to the x-
axis, like the Z1 of the front ellipsoid that is affected by the
recirculation zone and wake of the front ellipsoid. Z4 is af-
fected by the vorticity and/or wake of the front ellipsoid (Z3)
and the last one (Z5) reflects the vorticity created at the back
of the rear ellipsoid. The greater the distance between the el-
lipsoids, the wider the Z4 zone becomes, and the smaller the
other two zones become, especially the Z3 zone, reducing the
effect of the front ellipsoid on the rear. The extreme case oc-
curs for the separation of 8D and Re > 200 when the Z3 zone
disappears and the Z4 zone occupies more than 80% of the
rear ellipsoid. As Reynolds number increases, the horizon-
tal streamlines, which were clearly delimited by two vertical
planes in the rear ellipsoid for Re = 200, start to be affected
by the vorticity of the front ellipsoid, especially for 2D where
the effect of the front ellipsoid together with that produced at
the back of the rear ellipsoid overlap their influence deforming
the initial vertical planes (Fig. 13 ). Likewise, the horizontal
streamlines in Z4 are slightly inclined towards the x=0 plane
the greater the distance between ellipsoids and the Re.

In the case of prolate at 45°, the symmetry of the previous
case is obviously lost, although two (Z1 and Z2) and three
(Z3, Z4 and Z5) zones are still differentiated in the front and
rear ellipsoids, respectively. The vertical plane differentiating
zones in the prolate case becomes a plane that forms an angle
of approximately 65° with the x-axis which moves in the op-
posite direction to the flow (reducing its x-coordinate) as Re
increases. As in the previous case, for Re = 200 there is no
alteration of the streamlines prior to detachment whatever the
distance, remaining horizontal up to the plane dividing zones
Z1 and Z2. However, from the detachment plane onwards,
it can be assumed that vorticity develops differently as Re in-
creases and may even lead to the formation of double bubbles.
As for the prolate position (Fig 14), the detachment for the
rear ellipsoid occurred in clearly defined planes except for a
distance of 2D, where the Z4 zone is not defined by a plane,
but by a curve, as shown in Figure 14. Furthermore, whenever
Re > 200, there is a superposition of the vorticity occurring in
front of and behind the rear ellipsoid, which causes a continu-
ity of Z3 and Z5 zones and uniformity in the curvature of the
streamlines, even with the Z4 zone disappearing for 2D dis-
tances, especially in the upper third of the ellipsoid. For Re =
300 it can also be seen that there is a reduction of Z4 in favour
of Z3, adapting a distribution of the streamlines along the rear
ellipsoid more and more similar to the front ellipsoid as the
distance between them increases. Indeed, for Re400 and 8D
spacing, the Z4 zone has practically disappeared and the Z3
Zone, with a virtually horizontal distribution of streamlines,
occupies about 70% of the rear ellipsoid.
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FIG. 10: Surface LIC for Re 100, 200, 300 and 400 with distance between spheres L=4D

D. Iso surfaces

Figure 15 illustrates the second invariant of the velocity gra-
dient tensor, computed by the function object for Re =300 and
two separations between ellipsoids, 1.5D and 8D for a plane
XY. These instantaneous contours demonstrate the differences
that may be observed depending on the orientation of the el-
lipsoid and the distance between them. In the prolate 45° case,
there is a tendency for the iso-surface to ascend, as indicated
by the angle of the ellipsoid. Furthermore, the harpein vortex

exhibits a markedly more regular structure than in the prolate
case. In the 1.5 case, where Q=0.001, the iso-surface structure
undergoes a complete transformation, akin to that observed in
the sphere case. Those results are also compared with previ-
ous research’s on sphere® and the comparisons show a similar
tend.






