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Abstract: The internal steady and unsteady flows with a frequency and amplitude are examined
through a backward facing step (expansion ratio 2), for low Reynolds numbers (Re = 400, Re = 800),
using the immersed boundary method. A lower part of the backward facing step is oscillating with
the same frequency as the unsteady flow. The effect of the frequency, the amplitude, and the length
of this oscillation is investigated. By suitable active control regulation, the recirculation lengths are
reduced, and, for a percentage of the time period, no upper wall, negative velocity, region occurs.
Moreover, substituting the prescriptively moving surface by a pressure responsive homogeneous
membrane, the fluid–structure interaction is examined. We show that, by selecting proper values for
the membrane parameters, such as membrane tension and applied external pressure, the upper wall
flow separation bubble vanishes, while the lower one diminishes significantly in both the steady and
the unsteady cases. Furthermore, for the time varying case, the length fluctuation of the lower wall
reversed flow region is fairly contracted. The findings of the study have applications at the control of
confined and external flows where separation occurs.

Keywords: active and passive flow control; curvilinear immersed boundary method; backward
facing step; fluid–structure interaction; elastic membrane; oscillating surface; unsteady flow; flow
separation

1. Introduction

Flow separation arises innately in internal and external flows, incurring losses. The
suppression of the effects of the detached flow, such as pressure drop or drag, is a common
goal of fluid dynamics analysis and design. The inner flow past a backward facing step (BFS)
constitutes a benchmark problem for the analysis of recirculation owing to its simplicity, along
with the fixation of the lower wall detachment position at the step location [1,2]. Backward
facing step flow applications abound in everyday life. Bubble zones at the wake of vehicles,
separated flow over airfoils at large attack angles, spoiler flows, detachment of inflow in
an engine, and bubble downstream flows around constructions/ships are common cases of
backward facing step flow applications occuring in modern practices [3]. For the control of the
flow, various methods have been applied, such as plasma actuation, electromagnetic actuation,
synthetic jet, oscillating flap, inlet pulsation, periodic perturbation, vortex generators, local
forcing, and visual feedback [3–11] etc.

The oscillating flow past a BFS having the same frequency as the moving portion
of the bottom wall is simulated by Mateescu and Venditti [12] and Mateescu et al. [13].
Under several values of the periodical inflow amplitude, the positions where detachment or
reattachment occurs are calculated for various surface oscillation amplitude and frequency
values for a range of low and intermediate inflow Reynolds numbers (400–1000). The
Navier–Stokes equations are discretized with a second order backward implicit scheme
and an artificial compressibility scheme is employed for the coupling of the equations. The
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pseudotime discretization is performed using a first order implicit scheme. It is concluded
that for increasing wall oscillation amplitude, the upper wall bubble length increases and
its presence percentage during the period decreases. They also find that the lower wall
bubble length fluctuation increases. For higher Reynolds number values, the length of
the separation regions increase significantly, a secondary lower wall separation region
emerges and the upper wall separation region is present the whole period. By increasing
the oscillation frequency, the fluctuation amplitude of the lower wall closed streamlines
length increases, while the upper wall bubble remains nearly unchanged.

Fluid structure interaction (FSI) involving elastic membranes [14] has been extensively
studied in biomedical cases and other settings [15–18]. The steady flow in a 2D channel with
one rigid plate, and another with a part of it replaced by an elastic membrane, is perturbed
and the resulting flow is studied by Luo and Pedley [19]. It is shown that the steady solu-
tions become unstable as membrane tension falls below a threshold value and self-excited
oscillations emerge. The interaction of Poiseuille flow with a tensioned membrane portion
of one of the walls with structural damping, is addressed by Huang [20]. The oscillation of
the membrane is found to strongly depend on inlet and outlet boundary conditions.

The immersed boundary method [21] has been applied for the computation of the flow
over a BFS by Saleel et al. for low Reynolds numbers (0.0001–100) [22]. The authors imple-
ment the momentum forcing and the mass source/sink to satisfy, at the solid boundaries,
zero flow velocity relative to the boundaries. They employ a finite volume method on a
staggered grid with a fractional step in time. Yang et al. apply an LES-immersed boundary
approach for the flow over a backward facing step for Reynolds numbers in the turbulent
region (5100) [23]. Agreement is found between the results from the IB method coupled
with LES and those from DNS and experiments.

The curvilinear immersed boundary method of Ge and Sotiropoulos has been applied
for the computation of unsteady incompressible flows [24], such as that in a 2D driven
cavity, an impulsively started flow at a square cross-section duct, the pulsatile flow at
a circular-section pipe bend and the pulsatile flow in a bileaflet mechanical heart valve
(BMHV). Moreover, it has been applied by Borazjani et al. [25] for the research on FSI
pertaining to rigid bodies, such as an elastic mounted cylinder in the free stream and the
blood flow through a BMHV. Gilmanov et al. [26] extended the method and simulated FSI
with thin flexible shells.

In this work, the immersed boundary method [27], in the form proposed by Ge and
Sotiropoulos [24], is employed to simulate the control of the confined, viscous, steady,
and unsteady, incompressible flow over a backward facing step. The proposed control
methods and the findings of the present study for the separation of the flow at the standard
case of the flow over a backward facing step, can have a plethora of applications to
external and internal industrial and biomedical applications. The momentum equations are
integrated in time via a Crank–Nicholson second order implicit scheme. The continuity and
momentum equations are coupled via a Poisson equation for pressure correction leading to
the satisfaction of the continuity equation. The implementation of the method of Ge and
Sotiropoulos [24] for the computation of the fluid structure interaction with a deformable
body, where the total fluid volume of the computational domain changes in time, is a
novelty aspect of this work.

Initially, the flow characteristics for the BFS under steady and unsteady inflow condi-
tions are presented. Imposing forced oscillatory movement at a portion of its bottom wall,
the unsteady flow over the BFS is simulated, examining the effect of the amplitude and
the frequency of the oscillating surface. Moreover, the role of the length of the oscillating
surface is examined, for which results do not exist in bibliography. Substituting the moving
oscillating part of the bottom wall with an elastic membrane, the FSI with the steady and
unsteady flow is analyzed. To the best of our knowledge, control of the flow by means of
an elastic membrane with direct interaction with the main periodical flow, has not been
implemented so far for the BFS. An elastic membrane has the advantage over the rigid
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passive control means, of adaptability within a range of different inflow conditions, without
tuning demanded.

2. Methods
2.1. Geometry and Boundary Conditions of Backward Facing Step with Partly Moving Bottom Wall

The geometry of the problem on the x-y plane is shown in Figure 1.

Figure 1. Backward facing step with portion l of moving bottom wall. The inlet lies at x = −l0 and
the outlet at x = L− l0.

A backward facing step with expansion ratio two, i.e., H/(H − hs) = 2, length
upstream of the step l0 = 2H and length downstream L− l0 = 30H is examined, following
a large part of existing research [28–32].

Dirichlet boundary condition for the velocity in the inlet (x = −l0) is given as [13,30]

u(x = −l0, y, t) = U0(1− αsin(ωt))6(y− hs)
H − y

(H − hs)2 , v(x = −l0, y, t) = 0, y ∈ [hs, H], (1)

where αU0 is the inflow velocity oscillation amplitude, u, v are the longitudinal and
transverse Cartesian velocity components, respectively, ω is the angular frequency of the
oscillation and t is time. At the outlet (x = L− l0) the Neumann boundary conditions

∂ψ

∂x

∣∣∣∣
x=L−l0

= 0, ψ ∈ {u, v} (2)

are imposed.
We examine two cases for the function g(x, t) of the position of the moving part of the

bottom wall of length l.
(a) Forced motion with frequency the same as the frequency of flow, according to the

equation [12]

g(x, t) = Acos(ωt)sin(
πx
l
), 0 ≤ x ≤ l, (3)

where A is the amplitude of the oscillation and l is the length of the oscillating portion of
the bottom wall.

(b) Fluid–structure interaction between the flow and the moving part of the bottom
wall which is considered an elastic membrane. The structure responds to the flow accord-
ing to the equation of a membrane, under the assumptions of small displacement and
small inertia

Tm
∂2g(x, t)

∂x2 = −(pe − pi(x, t)),
∣∣∣∣∂g(x, t)

∂x

∣∣∣∣� 1, bρ0 → 0, 0 ≤ x ≤ l. (4)

In the above equation, Tm is the constant tension of the membrane (force per width), pe
is the constant pressure implemented on its external side and pi(x, t) the pressure applied
by the flow at its internal side, b is the membrane thickness and ρ0 is its density. The
equation of motion of the membrane (Equation (4)) is constrained with the boundary
conditions of membrane’s both streamwise ends (x = 0 and x = l) being fixed at y = 0
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g(0, t) = g(l, t) = 0. (5)

At every wall, including the immersed boundary, no slip boundary conditions are
imposed

ψ(wall) = ψwall, ψ ∈ {u, v}, (6)

where ψwall is the respective velocity component of the wall.
For the derivation of pressure at the immersed boundary, the following Neumann

boundary condition which is deduced by the momentum conservation is implemented [33,34]

−∇p(x, t) · n =
∂Uwall(x, t)

∂t
· n, (7)

where x is the position vector, n is the normal vector to the immersed surface, and Uwall is
the velocity of the immersed surface.

A three dimensional methodology is used for the implementation of the immersed
boundary method (Section 2.2), therefore a small depth d of the uniform flow field in the z
direction is considered, specifically d = 0.024H. On the third dimension z, slip boundary
conditions are applied

∂ψ

∂z

∣∣∣∣
z=zmin

=
∂ψ

∂z

∣∣∣∣
z=zmax

= 0, ψ ∈ {u, v}, w|z=zmin = w|z=zmax = 0, (8)

where w is the depthwise Cartesian velocity component.

2.2. Computational Method for the Navier–Stokes Equations

Non-dimensionalization of the geometrical and flow quantities is completed with
H for the length, U0 for the velocity, ρU0

2 for the pressure and HρU0
2 for the membrane

tension Tm. In the following, the non-dimensional version of the involved variables is
considered, keeping the same symbol for each physical quantity, i.e.,

H = 1, l0 = 2, L = 32, u(x = −2, y = 0.75, z, t = 0) = 1.5 etc.

From here onwards we consider the non-dimensional problem and all referenced
quantities are normalized.

The non-dimensional Navier–Stokes equations are solved by means of the immersed
boundary method [21] as formulated by Ge and Sotiropoulos [24] in three dimensions, on a
curvilinear coordinate system ξ = {ξ1, ξ2, ξ3}. The Jacobian of the transformation from the
Cartesian to the curvilinear base is expressed as

J = det
(

∂xi

∂ξ j

)
. (9)

The mass continuity law is
1
J

∂

∂ξ j (JUj) = 0 (10)

and the linear momentum conservation law is [35]

∂
(

JU k
)

∂t
+

∂ξk

∂xi

∂

∂ξ j (J U jui) = −
∂ξk

∂xi

∂

∂ξ j

(
J

∂ξ j

∂xi
p
)
+

1
Re

∂ξk

∂xi

∂

∂ξ j

(
J gjgm ∂ui

∂ξm

)
. (11)

In tensor notation, the symbols employed are U i for the contravariant velocity com-
ponent, ui for the Cartesian velocity component, xi for the Cartesian coordinate, p for the
pressure, Re for the Reynolds number, and gi for the contravariant base vector
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gi = {gi
1, gi

2, gi
3}, gi

j =
∂ξ i

∂xj
. (12)

The discretization of the equations is performed with the bottom wall of the BFS
considered an immersed boundary, described by a closed surface mesh consisting of
triangles [36,37]. For the discretization on the curvilinear mesh, the flow variables (u1, u2,
u3, p) are defined at volume centers while the momentum equations are solved at surface
centers, using values for the convective and viscous terms interpolated by the cell centers.
Thus, the evaluation of the covariant derivatives of the base vectors, i.e., the Christoffel
symbols, is avoided, leading to a reduction in computational cost [24]. In the present study,
linear interpolation is used for the derivation of the convective and viscous quantities of
the momentum equations at the surface centers [38]

F|i+ 1
2 ,j,k = 0.5 · F|i,j,k + 0.5 · F|i+1,j,k, (13)

where

Fk(U, u) = −∂ξk

∂xi

∂

∂ξ j (JU jui) +
∂ξk

∂xi

1
Re

∂

∂ξ j

(
Jgjgm ∂ui

∂ξm

)
, F = {F 1, F 2, F 3}, (14)

U = {U 1, U 2, U 3}, u = {u1, u2, u3}.

The background mesh nodes are categorized as solid, immersed boundary, and fluid.
Solid nodes are those to the interior of the closed surface triangular mesh; immersed
boundary nodes are those which are less than a cell away and at the outer of the triangular
mesh; and fluid nodes are the rest, where the flow equations are solved [25]. The velocity
values at an immersed boundary node P are linearly interpolated between the velocity
of the closest immersed grid cell C on one side and the velocity of the triangle of fluid
nodes neighbor to P intersected by the half line starting at C and passing through P on the
other [36].

The time integration of the system of equations is performed via a Crank–Nicholson
second order scheme of the form [39]

J
Um −Un

∆t
= 0.5 · F(Um, um) + 0.5 · F(Un, un) + G(pn), (15)

where

G k(p) = −∂ξk

∂xi

∂

∂ξ j

(
J

∂ξ j

∂xi
p
)

, G = {G 1, G 2, G 3}. (16)

The superscript (m) is employed to refer to the velocity field derived from the solution
of the momentum equations and before the projection step, while the (n) superscript refers
to the last time step at which the flow is already computed.

The pressure field is computed so as for the incompressibility constraint to be satisfied.
For this aim a Poisson equation is solved to obtain a pressure correction field

φn+1 = pn+1 − pn, (17)

leading to zero divergence of the velocity field at the next time step [40]. The superscript
(n + 1) refers to the next time step to which the computation is targeting.

Owing to the linearity of the operator acting on pressure, the following equation arises
for the corrections on the pressure field [41]

1
∆t

∂(JU j,m)

∂ξ j = −1
J

∂

∂ξ i

(
∂ξ i

∂xl

∂

∂ξ j

(
J

∂ξ j

∂xl
φn+1

))
. (18)

Consequently, the velocity component at the new time step U i,n+1 is derived from
the equation
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JU i,n+1 − JU i,m

∆t
= − ∂ξ i

∂xl

∂

∂ξ j

(
J

∂ξ j

∂xl
φn+1

)
. (19)

The resulting nonlinear system for the momentum equations is approximately fac-
torized and solved through the Newton–Krylov generalized minimal residual method
(GMRES) [38,42,43]. GMRES is also employed for solving the linear system for pressure
corrections arising from the discretization of the Poisson’s equation (Equation (18)) on the
background mesh [24].

The implementation of the immersed boundary method and the solution of the Navier–
Stokes equations are performed with the Virtual Flow Simulator software (VFS) [44].

2.3. Computational Grids and Discretization Steps

A space and time discretization independence study is performed for each case in
order for the underlying grids and time steps to be selected. For the steady case with l0 = 0
of Section 3.1, the fine mesh used (2019 × 149 grid points) shows a maximum difference
of 0.088% in detachment–reattachment positions results in comparison to the next coarser
mesh (2019 × 134 grid points) that was implemented.

The underlying mesh used in Section 3.1 for the l0 = 0 case has 2019 points in
x direction and 121 points in y direction. Inflation for x partitioning is applied in the
region x ∈ [0, 19] with step size δx = 0.01 and for y direction partitioning in the region
y ∈ [0.45, 0.55] with step size δy = 0.005. Additionally, local inflation near the upper
and lower walls is employed. For the l0 = 2 case a 3025 × 182 dense grid discretizes the
computational domain with δx = 0.006 for x ∈ [0, 19] and uniform y partitioning with near
wall inflation. The fluid calculation grid consists for the l0 = 0 case of ≈732,897 nodes and
for the l0 = 2 case of ≈1,617,486 nodes.

For Sections 3.2–3.5, the background grid has 1721 nodes for x discretization. The
minimum x interval, min δx is 0.01 for x = 0 to x = 12.5. From x = 12.5 to x = 30, δx
increases geometrically to the value 0.08. For the y discretization 149 and 113 nodes are
used for the active and passive control cases computations, respectively. In the forced
oscillation case, the minimum y interval, min δy is 0.005 for y in the region from −0.22
to 0.25 and increases geometrically in the interval y ∈ [0.25, 0.98] to the value 0.03. From
y = 0.98 to y = 1 three more grid lines are located. In the membrane case, the interval
with y discretization step δy = 0.005 is [0, 0.25]. The rest of y discretization, for y ∈ [0.25, 1],
is identical to the oscillating surface case. For the 3D fluid computational domain the
calculation grid consists of approximately 600,000 nodes. For the immersed boundary
surface mesh used for the moving part of the bottom wall in Sections 3.2, 3.4 and 3.5, the
streamwise partitioning is performed with step δx = 0.1.

The time step used in Sections 3.3 and 3.4 is 0.002, while in Section 3.5, where the
motion of the solid boundary is less intensive in comparison with the active control case,
the non-dimensional time is sampled every 0.01.

2.4. Fluid–Structure Interaction

For the fluid–structure interaction between the fluid flow and the elastic membrane,
the equations of flow are loosely coupled with the boundary value problem (BVP) of the
membrane motion equation (Equation (4)) in conjunction with the boundary conditions
defined by Equation (5).

The BVP is solved by means of the shooting method, i.e., the integration of the
differential equation starts at the one boundary, assuming the value of the derivative at the
same point. By applying the Newton–Raphson method, the correct value of the derivative
on the boundary where the integration starts is found, aiming at the satisfaction of the
boundary condition on the boundary where integration concludes (Algorithm 1) [45].

The ordinary differential equation is solved by employing a fifth order Runge–Kutta
method with adaptive step size.
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Algorithm 1 BVP solution

• Initialization parameters: time instance t = t0, tolerance δ, iteration number n = 0,
initial membrane inclination at step position g′(0, t0) = µ1

1: define e(µ) = g(l, t0; µ) . Error function, depicting divergence from 2nd BV
2: n← n + 1 . Next integration index
3: solve initial value problem of Equation (4), g(0, t0) = 0 and g′(0, t0) = µn

4: if |e(µn)| > δ . If error greater than tolerance
5: compute e′(µn) . Derivative of error with respect to inclination at x = 0
6: compute µn+1 from Newton–Raphson method . Zero error desired at next

step n + 1

e′(µn) = − e(µn)

µn+1 − µn (20)

7: repeat from 2
8: else . BVP problem is satisfied
9: return g(x, t0) . Return BVP solution

3. Results and Discussion

In this section, the results for the steady and unsteady flows over the backward facing
step without and with control are presented and discussed. The separated in both walls,
steady flow of Section 3.1 is passively controlled using an elastic membrane and the results
are presented in Section 3.2. The forced control of the unsteady separated flow in Section 3.3
by an oscillating portion of the bottom wall is shown in Section 3.4 and the passive control
by an elastic membrane of the same flow is shown in Section 3.5.

3.1. Steady Flow

In Table 1, the characteristic recirculation lengths are presented, for the steady case
over the BFS, for Reynolds number

Re =
U0H

ν
= 800, (21)

where ν is the kinematic viscosity of the fluid.

Table 1. Position of the upper wall detachment and reattachment and lower wall recirculation
length for the backward facing step under steady, parabolic flow with Reynolds number 800 and
without control.

l0 = 0 l0 = 2

Present [12] [30] [31] Present [12]

Grid density 2019 × 121 1201 × 241 600 × 30 3025 × 182 2193 × 401
Upper wall detachment 4.82 4.85 4.85 - 4.4 4.66

Upper wall reattachment 10.46 10.47 10.48 - 10.38 10.31
Lower wall reattachment 6.06 6.09 6.1 5.8 5.61 5.9

The results for the validation of the method are in close agreement with the existing
results obtained via body-fitted methods.

For Reynolds number 400 and l0 = 2 we find the lower wall reattachment at x = 4.065
and no upper wall separation of the flow.
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3.2. Control of Steady Flow Using an Elastic Membrane

The portion of the rigid bottom wall starting at the step position and having length
l = 10 is substituted with an elastic membrane with tension Tm = 55. The external
pressure exerted on the outer surface of the membrane is taken to have the value pe = 0.525.
The criterion for using this combination of membrane’s parameters is deformation of the
membrane to be small and positive and the external pressure to be close to the flow’s
pressure. Solving the FSI between the steady flow and the membrane for Reynolds number
400, the velocity vectors are depicted in Figures 2 and 3.

Figure 2. The backward facing step under steady inflow, with control portion l = 10 of elastic
membrane bottom wall with Tm = 55 and pe = 0.525, for −0.5 ≤ x ≤ 10. The maximum membrane
displacement arrow emerges at x = 4.655 and has the value g(x = 4.655) = 0.06. Reattachment of
the flow occurs at x = 3.55 (indicated by the dashed line).

Figure 3. Backward facing step under steady inflow, with control portion l = 10 of elastic membrane
bottom wall with Tm = 55 and pe = 0.525. Detail of the lower wall recirculation region for 0 ≤ x ≤ 4
and 0 ≤ y ≤ 0.5.

Due to the inertia of the flow, the expansion of the mainstream of the flow after the
step position is not immediate, as shown by the longitudinal velocity contours of Figure 4
and the longitudinal velocity profiles of Figure 5. It develops downstream of the step
and exhibits its major intensity approximately at the region 2 ≤ x ≤ 3.5, as shown in the
transverse velocity contours of Figure 6 and the transverse velocity profiles of Figure 7.

Figure 4. Backward facing step under steady inflow, with control portion l = 10 of elastic membrane
bottom wall with Tm = 55 and pe = 0.525. Longitudinal velocity contour plot for −0.5 ≤ x ≤ 11. The
lower reattachement position is emphasized by the dashed line.
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Figure 5. Longitudinal velocity profiles for successive positions x downstream of the step, for BFS
with control portion l = 10 of elastic membrane bottom wall, with Tm = 55 and pe = 0.525, under
steady inflow at Re = 400 (0 ≤ x ≤ 17). The membrane shape is depicted also in non-dimensional
units at the bottom (dashed line).

Figure 6. Backward facing step under steady inflow, with control portion l = 10 of elastic membrane
bottom wall with Tm = 55 and pe = 0.525. Transverse velocity contour plot for −0.5 ≤ x ≤ 11.

The lower wall closed streamlines extend as far as x = 3.55, reducing by 12.7% the
uncontrolled separation length of magnitude 4.065 (Section 3.1). The upper wall separation
region vanishes. The transverse velocity profile zeroes at x = 17, indicating that the flow is
developed at this point. Longitudinal velocity profiles (Figure 5) confirm the observation,
as the velocity profile at this point is parabolic.
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Figure 7. Transverse velocity profiles for successive positions x downstream the step, for BFS with
control portion l = 10 of elastic membrane bottom wall, with Tm = 55 and pe = 0.525, at steady flow
with Re = 400 (0 ≤ x ≤ 17). The membrane shape is also depicted in non-dimensional units at the
bottom (dashed line).

Due to the low velocity of the fluid under the inlet flow, at the lower wall bubble, the
curvature of the streamlines is small. Hence, the pressure distribution is nearly uniform
for each cross section (Figure 8) [46]. At the region 2.9 ≤ x ≤ 5.3 the streamlines are
slightly convex down. At this segment, the lower wall pressure is higher than the upper
wall pressure with maximum surplus value max

0≤x≤l
(p(x, y = g(x))− p(x, y = 1)) = 0.04, as

shown in Figure 9. Pressure raises streamwise after the step, by the combined application of
momentum and continuity equations and reaches its maximum close to the position where
the major low recirculation region reaches its end [47]. After this position, the pressure
drops streamwise due to the action of viscosity. These remarks are in accordance with the
results of [30] for the analogous case for Re = 800.
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Figure 8. Pressure contours and streamlines for BFS with control portion l = 10 of elastic membrane
bottom wall, with Tm = 55 and pe = 0.525, at steady flow with Re = 400 for −2 ≤ x ≤ 13.
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Figure 9. Pressure distribution at lower and upper walls downstream the step for BFS with control
portion l = 10 of elastic membrane bottom wall, with Tm = 55 and pe = 0.525, at steady flow with
Re = 400.

3.3. Unsteady Periodic Flow

The periodic flow under the inflow velocity defined in Section 2.1, is computed as
the subject of control of the next subsections. The amplitude of the flow oscillation is
taken α = 0.05 and the respective frequency of the flow is ω = 0.05, following previous
research [13]. The time varying parabolic inlet velocity profile for oscillation amplitude
a = 0.05 is depicted at Figure 10.
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Figure 10. Inflow velocity profiles for four time instances during the period (Equation (1)). The
oscillation amplitude is α = 0.05.

The detachment and reattachment positions under unsteady flow without control are
shown in Figure 11. As fluid volume entering the BFS shrinks because of the decrease
in the inlet velocity, the upper wall detachment position is moved downstream because
of the reduced viscosity effects resulting from the lower velocity values. Meanwhile, the
lower wall reattachment position is moved upstream due to the reduced inertia of the flow.
Finally, the upper wall reattachment position is also moved upstream due to the upstream
movement of the lower wall stagnation point. In the increasing phase of the inlet velocity,
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where the fluid volume inserting the geometry reaches its higher values, the remarks are
reversed. The results are in good agreement with those of Mateescu et al. [13].
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Figure 11. Upper wall detachment position (UWDP) and upper and lower wall reattachment positions
(UWRP, LWRP) for unsteady periodic inflow with α = 0.05, ω = 0.05, and Re = 400 without control
(A = 0). Comparison with results of Mateescu et al. [13] is presented.

3.4. Active Control of Unsteady Periodic Flow

Aiming at controlling the flow of Section 3.3, the portion of the bottom wall down-
stream the step with length l is forced moving sinusoidally following Equation (3). For
amplitude A = 0.2, frequency ω = 0.05 and length l = 10 the evolution of the flow
field in time is presented at Figure 12. The emergence and disappearance of the upper
wall recirculation region and the fluctuation of the position of lower wall reattachment
are visible.

As shown by evolution in time of the positions of detachment and reattachment,
presented in Figure 13, the significant lowering of the bottom wall at the half period
decreases the inclination of the lower wall stagnation line and increases its length. Therefore,
pushes the lower wall reattachment position downstream. On the contrary, the maximum
positive position of the oscillating portion of the bottom wall increases the inclination and
decreases the length of the stagnation line, therefore causes the lower wall reattachment to
move upstream. The upper wall backflow emerges more distantly from the step position
and elongates, as the control surface moves downwards. In the second half of the period,
where the control surface moves upwards and the inlet velocity increases, the upper wall
bubble quickly vanishes. As a consequence of the significant amplitude of the oscillation of
the control surface (A = 0.2), which is a fifth of the expanded duct cross-section, the flow is
attached at the upper wall for half of the period.

Comparing the positions of the separated zones, our results are close to those of
Mateescu et al. [13]. The detachment positions computed with the immersed boundary
method lays at most 15% downstream of that computed with the body-fitted method.
Upper wall reattachment positions during the cycle are in good agreement with those
calculated by Mateescu et al. Lower wall reattachment position curves differ slightly before
the end of the period. Current results are smoother at the time when the bottom wall
bubble begins to extend downstream.
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Figure 12. Computed velocity fields for t = 0, t = T/4, t = T/2, t = 3T/4, respectively, during a
period T, for prescribed motion of the control surface with A = 0.2, ω = 0.05, and l = 10. The inflow
is oscillating with α = 0.05. The Reynolds number is 400.
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Figure 13. Upper wall detachment position (UWDP) and upper and lower wall reattachment positions
(UWRP, LWRP) for unsteady periodic inflow with α = 0.05 and Re = 400 and oscillating part of
the bottom wall with ω = 0.05, A = 0.2, l = 10. Comparison with results of Mateescu et al. [13]
is presented.

The effect of the frequency ω, the amplitude of the oscillation A and the length of the
oscillating surface l is investigated by changing one at a time.

As seen in Figure 14, the increase in the frequency of the oscillation (ωhigh = 0.1,
ωlow = 0.05) pushes upstream the upper and lower wall reattachment and also the upper
wall detachment locations. The upper and lower wall recirculation oscillation amplitudes
decrease with the higher frequency. Furthermore, the upper wall recirculation instantly
vanishes and reappears for a small percentage of the period and also emerges earlier in
the period for faster oscillating inlet velocity. This behavior arises probably due to a flow
instability in the higher frequency ωhigh = 0.1 in combination with the relatively large
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wall oscillation amplitude A = 0.2. These observations are in accordance with analogous
research with body fitted methods [13].
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Figure 14. Upper wall detachment position (UWDP) and upper and lower wall reattachment positions
(UWRP, LWRP) for unsteady periodic inflow with α = 0.05 and Re = 400 and oscillating part of the
bottom wall with ω = 0.1, A = 0.2, l = 10. Comparison with results for ω = 0.05.

A decrease in the amplitude of oscillation of the moving portion of the bottom wall
(Alow = 0.15, Ahigh = 0.2) causes the reduction in the upper wall separation region length.
It also causes the presence of the upper wall recirculation for larger portion of the period
and to the downstream movement of the respective detachment position. Furthermore, it
leads to the reduction in lower wall reattachment position oscillation amplitude (Figure 15).
The less upper wall and lower wall bubble length fluctuations is directly related to the
reduced oscillation amplitude of the control surface. The remarks of Mateescu et al. [13]
are in agreement with the aforementioned.
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Figure 15. Upper wall detachment position (UWDP) and upper and lower wall reattachment positions
(UWRP, LWRP) for unsteady periodic inflow with α = 0.05 and Re = 400 and oscillating part of the
bottom wall with ω = 0.05, A = 0.15, l = 10. Comparison with results for A = 0.2.

Finally, for the increase in the oscillating surface length (lhigh = 12.5, llow = 10.0),
the fluctuation of the bottom wall recirculation length and top wall detachment position
decrease, while the presence of the upper wall recirculation extends in time, as suggested
by Figure 16. This trend is attributed to the fact, that the lower wall stagnation point is
more distant to the middle point of the control surface length, which exhibits maximum
amplitude. Therefore, its vertical oscillation amplitude reduces and consequently its
longitudinal oscillation amplitude also reduces.
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Figure 16. Upper wall detachment position (UWDP) and upper and lower wall reattachment positions
(UWRP, LWRP) for unsteady periodic inflow with α = 0.05 and Re = 400 and oscillating part of the
bottom wall with ω = 0.05, A = 0.2, l = 12.5. Comparison with results for l = 10.

3.5. Passive Control of Unsteady Periodic Flow via Elastic Membrane

On the purpose of controlling the flow computed in Section 3.3, we also employ an
elastic membrane which follows Equation (4) with tension Tm = 55 and with external pres-
sure exerted at its outer side, pe = 0.55. As for the steady case, the membrane parameters
Tm and pe are selected so that the maximum deformation of the membrane is retained
at a low level (max

x,t
g(x, t) < 0.1) during the period. Additional objectives leading to the

parameters’ values, are the external pressure to be of the same order of magnitude with the
pressure exerted by the flow and the transmural pressure pe − pi(x, t) to be positive.

The interaction of the flow with the elastic membrane leads to the complete suppres-
sion of the upper wall recirculation as shown in the velocity profiles of Figure 17 and the
longitudinal velocity contours of Figure 18. The free shear layer is identified by the set of
transition points where longitudinal velocity changes sign.

Figure 17. Computed velocity fields for t = 0, t = T/4, t = T/2, t = 3T/4, respectively, during
an inflow period T, for FSI of the flow with a membrane with Tm = 55 and pe = 0.55. The inflow
(Equation (1)) is oscillating with α = 0.05, and ω = 0.05. The Reynolds number is 400.
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Inasmuch as a relatively stiff membrane is employed (Tm = 55), the membrane
oscillation amplitude is restricted comparing to the active control of the previous subsection,
as shown in Figure 17. In the longitudinal velocity contours exhibited in Figure 18, the
oscillation of the inflow is observed. A no negative values region is noted at the upper
wall, indicating absence of upper wall flow reversal. The lower wall recirculation region
extension is indicated by the negative values zone. Following the free shear layer oscillation,
the lower wall reattachment position is fluctuating around x ≈ 3.5. In Figure 19, the
transverse velocity contours suggest more intensive downstream motion at the region
2.3 ≤ x ≤ 3.3 for t = 3T/4, when the inlet fluid volume rate is maximum.

Figure 18. Longitudinal velocity contours for t = 0, t = T/8, t = T/4, t = 3T/8, t = T/2, t = 5T/8,
t = 3T/4, t = 7T/8, respectively, during a period T, for FSI of the flow with a membrane with
Tm = 55 and pe = 0.55. The inflow (Equation (1)) is oscillating with α = 0.05 and ω = 0.05. The
Reynolds number is 400.
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Figure 19. Transverse velocity contours for t = 0, t = T/4, t = T/2, t = 3T/4, respectively, during a
period T, for FSI of the flow with a membrane with Tm = 55 and pe = 0.55. The inflow (Equation (1))
is oscillating with α = 0.05 and ω = 0.05. The Reynolds number is 400.

The induced pressure at the inner side of the membrane during the periodic inflow cy-
cle is presented in Figure 20. As in the steady case (Figure 9), pressure recovers downstream
of the step and is maximized at the longitudinal position close to the lower wall reattach-
ment cross-section [47]. Downstream of the stagnation point, the pressure drops streamwise
due to the action of frictional forces. The maximum pressure fluctuation emerges at x ≈ 0.18
and has the value max

x∈[0,l]
(max

t∈T
p(x, y = g(x, t), t)−min

t∈T
p(x, y = g(x, t), t)) = 0.115.

The corresponding membrane shape is presented in Figure 21. Membrane curve at
the x-y plane is approximately that of a concave down parabola due to the relatively high
values of its parameters chosen (tension, external pressure). The membrane displacement
shows overall larger values for the instances in time where the inner pressure distribution
on the membrane reaches its higher values. The largest membrane displacement occurs at
x < 5 due to the inner membrane pressure distribution, which exhibits noticeably lower
mean value at the left half of its domain (0 ≤ x < 5) and higher values at the right half
(5 < x ≤ 10). The periodical motion of the membrane is a result of its interaction with the
oscillating inlet flow. Through this interaction, the membrane inner pressure distributions
are decided. The work of the membrane is produced by its oscillation along with the
varying membrane inner pressure distribution.
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Figure 20. Pressure at the internal surface of an elastic control membrane with length l = 10, tension
Tm = 55 and external pressure exerted at its outer side, pe = 0.55 for eight instances during one
inflow period T. The inflow is defined by Equation (1) with α = 0.05 and ω = 0.05.
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Figure 21. Shape of an elastic control membrane with length l = 10, tension Tm = 55 and external
pressure exerted at its outer side, pe = 0.55 for eight instances during one inflow period T. The inflow
is defined by Equation (1) with α = 0.05 and ω = 0.05.

As Figure 22 suggests, the length of the lower wall separated zone is significantly
smaller (14.3%), as its maximum value drops to nearly 3.55 from 4.14 for the flow without
control. Moreover, small reduction in the fluctuation of its length is observed. The peak to
peak fluctuation of 0.18 for the without control case, drops to the value 0.14 for the passive
control case, i.e., a 22.2% reduction is noted.
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Figure 22. Lower wall reattachment position (LWRP) during a period for the periodic flow over a
BFS controlled by an elastic membrane with l = 10, Tm = 55, and pe = 0.55. The inflow is defined by
Equation (1) with α = 0.05 and ω = 0.05. Comparison with no control and active control results.

4. Conclusions

The immersed boundary method is implemented to compute the steady and unsteady
periodic laminar flow over a backward facing step without and with control. The results
are in close agreement with those of body fitted methods for the cases where such exist.
Two techniques for the control of the flow are employed.

Aiming at establishing active control, a portion of the bottom wall downstream of the
step is oscillating in a prescribed sinusoidal way. The effect of the frequency, the amplitude
and the length of the oscillating surface on the longitudinal detachment and attachment
positions and longitudinal extension of closed streamlines are examined. The effect of
the length of the oscillating surface to the control of the flow over a BFS, has not been
investigated before. Increase in the frequency transfers the occurrence of the upper wall
recirculation bubble earlier during the period, a reduction in the oscillation amplitude of
the surface reduces the upper wall recirculation length. Increase in the length of the control
surface compresses the range of the upper wall detachment position and decreases the
fluctuation of the position of lower wall stagnation point.

In the passive control setting, the same rigid control part of the bottom wall is substi-
tuted with an elastic membrane and the steady and unsteady fluid structure interaction
problems are solved. This method of control is implemented for the first time for a flow
over a backward facing step. As a result of the control, the upper wall recirculation region
vanishes while the lower one is reduced both in steady and periodic cases. The fluctu-
ation of the lower wall separation length is also shortened for the time varying case. A
parametric study of the effect of the membrane parameters to the separation is a further
investigation objective.
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