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1. Introduction
The aeronautical industry is facing one of the
major challenges in aviation history: the reduc-
tion of CO2 emissions and a transition into a
greener industry model. Skin friction drag is
a major component of the overall drag of air-
planes, cars or other transport vehicles, reason
why flow control strategies for drag reduction
have been extensively researched for decades.
Flow control strategies can be divided in two
categories: Passive and Active. Passive flow con-
trol techniques are based on geometry modifica-
tions that doesn’t introduce external energy to
the system (e.g riblets), while active techniques
introduces energy into the system (e.g traveling
waves of blowing or suction or travelling waves
of wall deformation). Both approaches have
demonstrated to be able to reduce drag under
different conditions and drag components (fric-
tion drag and pressure drag), even though active
flow control shows better drag reduction at the
expend of adding complexity in the procedures.

1.1. Objective
The objective of this Thesis is to implement peri-
staltic moving walls (streamwise traveling waves
of wall deformation) with an in-house DNS code

in order to replicate the results obtained by
Nakanishi et. al in 2012 [3], and to analyze up to
which extent net power saving can be achieved.
The in-house DNS code used was first developed
by Secchi in 2018 [4], who adapted an already
existing Immersed Boundary method flow solver
(produced by Paolo Luchini) in order to account
also for non-planar moving walls. The code orig-
inally used a hard-coded parallelisation scheme.
The update of the this scheme in order to ex-
ploit the MPI library has been also set as one
of the goals of the present Thesis. The in-house
code uses an Immersed Boundary method for the
wall treatment, allowing to use a non body con-
formal Cartesian grid constant in time that re-
duces memory consumption and computational
costs.

2. Numerical implementation
2.1. Governing Equations
For the problem considered, the governing
equations are the continuity equation and the
viscous, unsteady, incompressible momentum
equation, which are defined in the following
form:
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∇ · u = 0 (1)

∂u
∂t

+ (u · ∇) u = −∇p+ ν∇2u (2)

where u is the velocity vector, p is the pressure P
divided by the fluid density ρ and ν is the kine-
matic viscosity of the fluid. From this point on,
quantities in dimensional form are denoted with
an asterisk. The Reynolds number is defined as:

Re =
U∗h∗

ν∗
(3)

Where U∗ is the reference velocity, h∗ the refer-
ence length scale and ν∗ is the fluid kinematic
viscosity. The reference geometry is a plane
channel represented by two walls distancing 2δ∗.
All dimensional variables are made dimension-
less by using the mean bulk velocity U∗

b and
the half channel height δ∗. As a consequence,
the reference bulk Reynolds number is defined
as Reb =

U∗
b δ

∗

ν∗

2.2. Immersed Boundary method
As it has been already mentioned, the code
exploits the usage of an Immersed Boundary
method (IBM). One of the implications of this
method is that the boundary conditions can
rarely be imposed straight forward because of
the the grid doesn’t adapt to the solid bound-
aries but instead it remains constant in time.
Therefore, the boundary between solid walls and
fluid is usually placed inside of a grid element,
which requires a special treatment to impose the
boundary conditions. Time advancement is per-
formed using a fully explicit third order Runge-
Kutta method with a fractional step technique
applied at each sub-step. IBM is characterized
by first advancing the governing equations with-
out accounting for the boundary conditions, and
a correction to the linear term of the momentum
equation is applied afterwards to account for the
boundary’s location in those elements for which
its computational stencil intersect the bound-
aries. Note that the linear term is responsible of
the main contribution in momentum’s balance
in regions close to the solid boundary.

2.3. Setup of the experiment
The geometry considered in the present project
is a channel flow composed of two movable solid
walls where no-slip boundary conditions have

to be applied. The code is based on an Im-
mersed Boundary algorithm in order to enforce
the boundary conditions. A representation of
the geometry is presented in Fig.1.

Figure 1: Reference channel geometry with mov-
ing walls [3].

The position of the movable walls is defined with
the analytic form for the top and bottom solid
walls independently, in this case both sinusoidal
functions. A similar implementation is followed
for the wall velocity boundary condition:

 zb = − a

kc
sin[k(x− ct)] Lower wall

zt = 2 +
a

kc
sin[k(x− ct)] Upper wall

{
u = v = 0, wb = a cos[k(x− ct)]; z = zb

u = v = 0, wt = −a cos[k(x− ct)]; z = zt

Where a is the wall velocity amplitude, k the
wavelength and c is the wave propagation speed
of the downstream traveling peristaltic waves.
These three parameters will be the input pa-
rameters used during the peristalsis tests. The
computational domain is defined by Lx = 4π
and Ly = 3.5 in the streamwise and spanwise
directions respectively. For the wall normal di-
rection, even if the plane channel height is 2δ∗

(δ∗=1), the height of the computational domain
has been set to Lz = 2.2 in order to have enough
space to allocate the walls when peristalsis is ap-
plied. The resolution of the grid has been set to
nx = 400, ny = 112 and nz = 260. The selec-
tion of the domain size and grid resolution was
based on previous DNS studies with the same
objective [4] [3]. All the simulations have been
performed for a Reb = 2800, which corresponds
to Reτ ≈ 180 for the turbulent plane channel.
After the implementation of the MPI library,
a scaling performance study was performed, re-
sulting in a parallel configuration based on P =
16 processors divided evenly (nx = ny = 4).
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3. Results
3.1. Reference case
The reference case corresponds to the uncon-
trolled turbulent plane channel flow, and like-
wise to the other simulations included in the
Thesis it has been simulated for 1000 external
units, with sampling every 10 external units.
The validation of the results have been per-
formed by comparing the resulting statistics
with those presented by Kim, Moin and Moser
[2] (KMM), and collected in Tab.1.

Validation KMM [2]

Reb 2800 ≈ 2800

Reτ 176.4 ≈ 180

Rec 3276 ≈ 3300

uτ 0.063 0.064

δν 0.0055 0.0056

Cf 8.16 · 10−3 8.18 · 10−3

Ub/uτ 15.87 15.63

Uc/uτ 18.57 18.20

Uc/Ub 1.17 1.16

Table 1: Reference case validation

Observing Tab.1 it can be seen how the com-
puted mean flow properties are in great agree-
ment with the reference data, and the small dif-
ferences in the results may be a consequence of
the differences in the mesh resolution and the
usage of a spectral method by KMM. The root-
mean-square velocity fluctuation components for
the reference case u′rms, v′rms, w′

rms, normalized
by the bulk velocity Ub,can be seen in Fig.6 in
black. Both the rms fluctuation velocity com-
ponents and the computed Reynolds shear stress
show symmetry with respect to the centerline,
which confirms that the solution has reached an
statistical steady state, and the shape of the pro-
files coincide with the theoretical solution.

3.2. Peristalsis Cases
Once the reference case has been established and
validated in terms of mean flow properties and
flow statistics, the set of controlled simulations
as function of the peristalsis inputs presented in
Tab.2 were executed and post-processed. The
run-time solution of the mean pressure gradi-
ents for the peristalsis cases and reference case
together with the theoretical laminar solution

are presented in Fig.2.

Case a c k Case in [3]

Ref. case 0 0 0 -

1 0.3 2 2 8

2 0.3 2 4 9

3 0.4 2 2 11

4 0.2 2 1 4

5 0.1 2 1 1

6 0.2 2 4 6

7 0.1 6 4 14

8 0.1 2 2 2

9 0.2 6 2 15

10 0.2 6 4 16

11 0.4 2 4 12

Table 2: Peristalsis parameters

Figure 2: Mean streamwise pressure gradients.
Reference ; Laminar ; case1 ; case2

; case3 ; case4 ; case5 ; case6
; case7 ; case8 ; case9 ; case10 ;
case11

Observing Fig.2, two different behaviours can
be identified: re-laminarization and turbulent
cases. case01, case02, case03 and case11 be-
come laminar, converging to a given mean
streamwise pressure gradient and remaining in
this regime until the end of the simulations. The
rest of peristalsis cases remain turbulent, show-
ing a noisy solution for the whole extent of the
simulations. Note that the mean pressure gra-
dients presented account for both the external
pressure gradient responsible for pumping the
flow and the peristaltic contribution. Nakan-
ishi et. al. (2012) present the time traces of
the external pressure gradient only, and even if
the best performing cases coincide with the ones
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computed with the in-house DNS code, a quan-
titative comparison cannot be established. The
validation of the obtained solution based on dis-
sipation is presented in the Sec.3.5.

3.3. Laminar cases
In this section, case1, case2 and case3 are pre-
sented in detail to asses the cases than become
laminar when peristalsis is applied. tke is de-
fined as half the trace of Reynolds stress tensor:

tke =
1

2

(
(u′)2 + (v′)2 + (w′)2

)
(4)

Where (u′)2, (v′)2 and (w′)2 are the variances
of the streamwise, spanwise and wall-normal ve-
locity fluctuations respectively. Fig.3 shows the
time history of tke for cases 1,2,3 together with
the reference turbulent channel flow.

Figure 3: Time history of tke for re-
laminarizarion cases

It can be clearly seen how the controlled cases
tend to a laminar regime after approximately
200 external time units, and remain laminar un-
til the end of the simulation. This behaviour
can also be visualized in Fig.4, which presents
the mean velocity profiles at different streamwise
positions and time instants (initial and final) for
case01, the turbulent plane channel and the lam-
inar plane channel. At t = 0 h

Ub
the instanta-

neous mean velocity profile of case01 presents a
flattened shape characteristic of turbulent mean
velocity profiles, and resembles the shape of the
mean profiles for the reference plane channel
case. Once re-laminarization is achieved the ve-
locity profile shows a parabolic-like shape that
tend to the Poiseuille laminar profiles. Reverse
flow can be observed for the controlled veloc-
ity profile at streamwise location x = 2.5, which

according to [1] it is a consequence of the bound-
ary movement that is responsible for transferring
fluid particles in closed loop tracks.

(a) t = 0 h
Ub

(b) t = 1000 h
Ub

Figure 4: Velocity field of case01 in the x-z plane

3.4. Turbulent cases
For the sake of simplicity, the time history of tke
is presented for case04 and case05, while mean
velocity profiles and r.m.s of turbulent inten-
sities are presented only for case04.. The rest
of turbulent cases are accounted for at the net-
power saving study in Sec.3.5. Both case04 and
case05 remain turbulent until the end of the sim-
ulation as seen is Fig.5, but they present a lower
tke with respect to the reference case for the
complete time history.

Figure 5: Time history of tke for turbulent cases
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This reduction indicates that even if they remain
turbulent, ordinary turbulent drag reduction is
achieved. For this cases, the mean velocity pro-
files remained with the characteristic flattened
shape of turbulent profiles for the whole extent
of the simulation.
In Fig.6, r.m.s instantaneous fluctuating veloc-
ity component normalized with bulk velocity of
case04 are presented for three streamwise loca-
tions (points of minimum, null and maximum
height of the peristalsis waves). The reference
case r.m.s components are also presented for
comparison. It can be confirmed that the in-
troduction of non-planar moving walls have an
impact on the wall vicinity in terms of veloc-
ity fluctuations. For the streamwise positions
corresponding to the lowest and highest points
in the wall ( x=1.5 and x = 4.5 respectively),
the profiles are shifted towards z-negative val-
ues for x=1.5 and towards z-positive values for
x=4.5. In the streamwise location x=2 (no effec-
tive wall amplitude), the profiles resemble those
corresponding to the plane channel, with only
a small increase for the streamwise component’s
peak, and a slight reduction for the other two
components. The largest reduction of turbu-
lent intensity is visible for the streamwise lo-
cation x=4.5, with lower intensity peaks with
respect to the plane channel. Reynolds shear
stress −u′w′ plays a crucial role in drag reduc-
tion applications. Its decrease could lead to a
re-laminarized flow and, eventually, sub-laminar
drag as deduced from Eq.5:

Cf =
12

Reb
+ 24

∫ 1

0
(1− z)(−u′w′)dz (5)

Given its importance in non-planar moving walls
applications, Reynolds shear stresses for 04 for
the same streamwise locations studied for the
r.m.s analysis are presented in 7. The highly
irregular shapes of the profiles is because the
data presented (except for the reference case) is
instantaneous. It’s clear that −u′w′ is reduced
with respect to the reference case, demonstrat-
ing again that peristalsis is capable to modify
the behaviour of the flow at the wall-vicinity.
Negative RSS can be observed for both cases at
location x = 3 and at x = 1.5. This phenomenon
is crucial for drag reduction because the more
negative RSS are, the higher the reduction of
skin-friction.

(a) x = 1.5

(b) x = 3.0

(c) x = 4.5

Figure 6: Instantaneous root mean square fluc-
tuation velocity components for case04 at three
different streamwise locations

Figure 7: Reynolds shear stresses for case04
(left) and case05 (right). x = 1.5 ; x =
3 ; x = 4.5

.
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3.5. Net power savings
The assessmen of the net power savings has been
perfomed using the total dissipation ε, which can
be described as:

ε =
2

RebV

∫
V

S : SdV (6)

The net power saving rate is computed with Eq.7
accounting for the time averaged total dissipa-
tion for the reference plane channel case εref and
for the controlled cases with ε.

S =
εref − ε

εref
× 100[%] (7)

Figure 8: Net power saving rate map as function
of peristalsis inputs

The computed values for the net power saving
rates are presented in Fig.8, where the horizon-
tal axis is the deformation period in wall units
and the vertical axis is the displacement ampli-
tude in both units. The numbers in the left of
the parenthesis are the case identification num-
ber and the values on the right are the net power
saving rates computed, while green circles re-
fer to re-laminarized cases and black triangles
to turbulent cases. The re-laminarization and
ordinary drag reduction cases with larger net
power saving rate are case01 with S = 64%
and case06 with S = 23%, respectively. It’s
important to highlight how the best perform-
ing cases are localized in a certain region of the
map. This region corresponds to T+ > 8 and
T+ < 20 with respect to the horizontal axis,
and η+ > 5 and η+ < 20 for the vertical axis.
These results suggest that relaminarization oc-
curs under relatively large amplitudes of velocity
a and wavenumber k. However, if the mentioned
quantities are further increased, the flow cannot

be relaminarized. It can also be observed how
very large wave propagation speeds result in no
net power savings, as it occurs for case07 and
case10.
Tab.3 collects the net power savings computed
and its targeted value presented in [3]. It can be
stated that the computed values are in accor-
dance with the expected solution, and that the
in-house DNS code is able to properly capture
the dynamics in the wall-vicinity with the IB
method. The computation of the net power sav-
ings S was done exploiting the dissipation defi-
nition both for the reference and in the present
Thesis. Dissipation at the statistically steady
state is defined as the sum of friction power,
pressure power and input power. Therefore, the
slight difference in the results in Tab.3 doesn’t
arise from the inclusion of the peristalsis contri-
bution in the mean pressure gradient, but from
differences in the numerical approaches imple-
mented.

S in % S in [3] in %

Case 1 64 65

Case 2 56 53

Case 3 60 59

Case 4 6 4

Case 5 3 -

Case 6 23 21

Case 7 - -

Case 8 5 5

Case 9 - -

Case 10 - -

Case 11 42 not presented

Table 3: Comparison between net power sav-
ings in % for the in-house DNS code and data
reported in [3]

4. Conclusions
Fully developed turbulent channel flows con-
trolled by means of streamwise traveling waves
of wall deformation have been studied with the
aim to validate an in-house DNS code as well as
to further understand how the flow behaves in
the presence of peristalsis waves, and its contri-
bution to net power savings. The in-house DNS
solver exploits the Immersed Boundary method
over a fixed Cartesian grid for the solid bound-
aries treatment, leading to a more efficient per-
formance as well as lower memory usage. Previ-
ously to the validation of the code, the paralleli-
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sation scheme has been updated with the MPI
library introduction, and a scaling performance
analysis has been conducted to use efficiently the
HPC resources dedicated to this project.
The solutions obtained are in agreement with
the data reported in [3], with the same cases
achieving relaminarization except for case11,
where the cyclical transition from laminar to
turbulent and vice versa could not be captured.
case01, case02, case03 and case11 become lam-
inar after a relatively short time, while some
cases like case06 and case04 present net power
savings even if they are turbulent for the whole
extent of the simulations. The largest net power
saving among all cases studied is achieved for
case01, with a net power saving of the 64%,
while the largest power saving for ordinary drag
reduction cases corresponds to case06, with 23%.
In addition, all the re-laminarization cases have
been localized for the input parameters defining
the region η+ > 5 and η+ < 20 and T+ > 8 and
T+ < 20 in the Net power saving rates map.
It has been proven that the implementation fol-
lowed is able to have a direct impact in the wall
vicinity region, as showed by the rms fluctua-
tion velocity and Reynolds shear stress, and that
the controlled influence on this region can lead
to substantial net power savings for turbulent
channel flows.
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