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Abstract The turbulent channel flow subjected to a wall-normal, non-uniform body
force is investigated here by means of direct numerical simulations (DNS). The DNS
is performed with the spectral/hp element solver, Nektar++. Flow relaminarization
and turbulence recovery were observed in the body-force-influenced flowwhen com-
pared to the flow at the same Reynolds number. The interaction events assist the
recovery at higher body forces and result in two peaks in the ratio of production
to dissipation of turbulent kinetic energy. The spectra of velocity fluctuations are
also analyzed which shows a drastic reduction in the energy and stretched tail in the
dissipation range during the relaminarization which indicates the disappearance of
streaky structures in the flow. A retrieval in the energy was observed as a result of
turbulence recovery at low wave numbers. The strong scaling characteristics of the
employed computational code shows a good scalability.

1 Introduction

Turbulent fluid flows are one of the most challenging problem in physics but are
common in engineering applications. The turbulent flow subjected to any kind of
body-force may suffer from the modulated turbulence. The body force has the poten-
tial to distort the mean velocity profile [3]. There are several investigations made to
unveil the effects of the body force on the fluid flow. The effects of the Lorenz force,
which is a result of the magnetic field, is widely examined in the literature due to
possibilities of flow control [9, 15]. The Lorentz force can suppress the near-wall
turbulence structures and it can also result in drag reduction in electrically conduct-
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ing fluids [15]. Kühen et al. [12] made a successful attempt to reduce the drag by
modifying the streamwise velocity profile so that the flow fully relaminarizes. This
is achieved by enhancing turbulence mixing which created a more uniform mean
flow [13]. Flow subjected to streamwise acceleration also shows similar characteris-
tics of turbulence attenuation [14, 18]. Sreenivasan [24] categorized turbulent flow
subjected to the different phenomenon (e.g. acceleration, suction, blowing, magnetic
fields, stratification, rotation, curvature, heating, etc.) into three regimes, namely,
laminarescence, relaminarization, and retransition.

Theflowof supercriticalCO2 is affected by the body force due to the gravity,which
influences the flow drastically [6, 20] and it is themainmotivation for this work. Both
forced and natural convection play here a significant role in the flow and heat transfer.
The characteristics of body force on the mixed convection can catastrophically affect
the turbulence in certain circumstances. In heated vertical flow, the direction of fluid
flow dictates the nature of heat transfer [10]. In buoyancy aided flow (heated upward
flow and cooled downward flow), body force can significantly enhance the skin
friction coefficient and decrease the convective heat transfer coefficient as a result
of the suppression in turbulence [23]. Flow can even become laminar under a strong
buoyancy force. The velocity profile flattens out during the relaminarization [25].
Flow recovers with a different kind of turbulence with a further increase in the
buoyancy force and the velocity profile acquires an ‘M’ shape. The transformation
of velocity profile is due to the external effects of buoyancy resulting from the local
flow acceleration close to the wall which compensates the decrease in velocity in the
core [3, 22].

Pandey et al. [23] showed that the reduction in sweep and ejection events results in
turbulence attenuation in downward flow under cooling condition, while the inward
and outward interaction events are responsible for a recovery. Chu et al. [5] performed
a DNS study to examine the role of buoyancy in a strongly heated air flow through
a pipe subjected to a buoyancy force. They reported that buoyancy production is
suppressed as compared to turbulent kinetic energy production during relaminariza-
tion. They also observed longer streaks near the wall which separated the pipe flow
into two layers with an increased anisotropy in the near-wall layer. Chu and Laurien
[4] conducted a DNS investigation for horizontal flow of CO2 with flow heating to
find out the effects of gravity. In this type of configuration, thermal stratification
was noticed in which low-density fluid accumulates at the top of the pipe. Due to
the body force at supercritical pressure, most of the simple models do not perform
well [19, 21]. However, the new machine learning based models proved to be a good
alternative [2, 7], where data from DNS can be used.

This study aims to enhance our knowledge in understanding the role of a body
force on the flow turbulence. As a high-fidelity approach, direct numerical sim-
ulations are used for a canonical geometry of a channel with periodic boundary
conditions. Special attention is given to the flow relaminarization induced by the
body force. The present work also aims to investigate the spectra of turbulent energy
during the flow relaminarization and flow recovery.
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Fig. 1 Geometry for turbulent channel flow

2 Simulation Details

In the course of this project, different open source CFD codes have been used earlier.
During this phase, a new CFD code is extended to analyze the effects of non-uniform
body force. This section describes the governing equation, numerical method, com-
putational details along with the supporting theory for the analysis.

2.1 Computational Domain and Boundary Conditions

An incompressible channel flow of a Newtonian fluid is considered here. The chan-
nel has the dimensions, Lx × Ly × Lz = 4πH × 2H × 4π/3H , where H is the
half channel height as shown in Fig. 1. Periodic boundary conditions are used in
the homogeneous streamwise (x) and spanwise directions (z) and no-slip boundary
conditions are used at the two walls. The flow is driven by a temporally and spa-
tially constant streamwise pressure gradient. The body force profile can take different
shapes depending on the specific physical problem. Typically, the near-wall distri-
bution of the body force results in a peculiar phenomenon. The primary aim of this
work is to investigate the body-force-influenced flow at supercritical pressure. The
density shows a steep variation due to the fact that temperature and pressure lie in
the near-critical region. This density variation results in body force due to buoyancy
(ρg). Therefore, a similar body force profile was employed in this work to resemble
a buoyancy-aided-flow. Figure2 illustrates the body force profile used in this work.
Only the strength of the force was varied without considering its range of coverage.
The body force here does not have exact quantitative variation similar to the buoy-
ancy force in flow of sCO2, rather its vary qualitatively. It also decouples the effects
of variation in thermophysical properties which ultimately allow us to analyze the
sole effect of body force.
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Fig. 2 Wall normal profile
of body force employed in
this work

2.2 Governing Equations

The flow governing equations are given in Eqs. 1–2. In these equations, u denotes the
velocity vector, and p is the pressure. The viscous stress is denoted by τ and defined
in Eq.3.

∇ · (u) = 0 (1)

∂u
∂t

+ ∇ · [uu + pI − τ ] = Bf (2)

τ = μ
[
[∇u + (∇u)T ] − 2

3
(∇ · u)I

]
(3)

A forcing term (Bf = [B f,x , 0, 0]T ) was added to the streamwise momentum
equation. The forcing term remains constant throughout the domain and it is governed
by Eq.4.

B f , x =
{
Ay, i f |y/H | > 0.8

0, i f |y/H | ≤ 0.8
(4)

Direct numerical simulations are performed with the spectral/hp element solver
Nektar++ [1]. A velocity correction schemewas employedwhere the velocity system
and the pressure are typically decoupled. Spatial discretization is based on the spectral
element method in the y, z—plane combined with a Fourier decomposition in the
x-direction. The time integration is treated using a second-order accurate mixed
implicit-explicit (IMEX) scheme [11]. The simulation domain is discretized with
a regular, structured quadrilateral mesh combined with eighth-order polynomials.
This solver package has been used in many studies pertaining to fluid mechanics
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Table 1 A summary of simulation conditions

Sr.
Nr.

Case Reb Reτ B f Δx+ Δy+
min-

Δy+
max

Δz+

1 Bf50Re41 4190 256 B f , x 8.0 0.15–2.5 5.8

2 Bf0Re41 4190 259 0 8.1 0.15–2.5 5.9

3 Bf100Re45 4565 266 B f , x 8.3 0.15–2.7 6.1

4 Bf0Re45 4565 279 0 8.7 0.15–2.7 6.4

5 Bf150Re50 5000 310 B f , x 9.7 0.15–3.1 7.1

6 Bf0Re50 5000 302 0 9.4 0.20–3.0 6.9

7 Bf200Re44 4490 337 B f , x 10.5 0.20–3.3 7.7

8 Bf0Re44 4490 275 0 8.6 0.20–2.7 6.3

[8, 27]. The continuous Galerkin was selected for projection and advection was
handled explicitly. The y,z- plane is discretized with 21 × 27 quadrilateral elements.
ThemodifiedLegendre basiswas usedwith eightmodes (maximumpolynomial order
is 7). The streamwise direction contains 384 homogeneous modes. The streamwise
mesh resolution normalized by the friction velocity (Δx+ = Δxuτ /ν) is kept below
10.5, and the dimensionless spanwise mesh resolution was below 7.7 in every case.
The mesh was refined near to the wall and it has a maximum dimensionless spanwise
mesh resolution 6.7 at the center and0.4 at thewall. Table1 shows the used resolutions
for individual case. Spectral accuracy is one of the added advantage of usingNektar++
combined with high order nature of the code. The earlier work with OpenFOAMwas
having only second order of accuracy and finite volume implementation.

In the present study, eight distinct cases have been simulated, four of which
include a varying body force and the remaining four are reference cases simulated
without body forces, butwith the sameReynolds numbers. These cases are selected to
resemble a buoyancy-aidedflow.Table1 shows the parameters for all simulated cases.
The bulk Reynolds number is defined as Reb = ubH/ν, where ν is the kinematic
viscosity and ub is the bulk velocity. The body force, B f follows a profile given by
Eq.4 and Fig. 2.

3 Results and Discussion

Direct numerical simulationswere conducted for all eight casesmentioned in Table1.
Few important results are discussed here along with a code verification study. In this
section, any generic quantity (say φ) is averaged in time as well as in streamwise and
spanwise, and φ shows the same while fluctuating part is shown as φ′.
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Fig. 3 Verification of the present DNS code with Lee andMoser [16]; a: mean streamwise velocity
profile, b: root mean square fluctuations of velocity

3.1 Verification of the Code

The incompressible channel flow at a friction Reynolds number of 182 and a bulk
Reynolds number of 2857 is verified with the well known incompressible channel
flow DNS data of Lee andMoser [16] (acronym as LM180). The corresponding sim-
ulations were performed with the Nektar++ code. Figure3 shows the wall-normal
profiles for the mean velocity and the root mean square velocity fluctuations normal-
ized with the bulk velocity (ub). A very good agreement can be observed from Fig. 3
for the incompressible flow case.

The present study takes the advantage of the spectral analysis. Therefore, a ver-
ification study was also performed for the spectra as shown in Fig. 4 for y+ = 30.
The spectra is time-averaged and obtained by fast Fourier transform of the velocity
fluctuations. The comparison is made between the classical DNS data of Moser et al.
[17] (acronym as MKM) and a recent data from Vreman and Kuerten [26]. A good
agreement can be seen for all three component of the velocity fluctuations.

3.2 Instantaneous and Mean Flow

The qualitative change of the flow field with increasing body forces is shown in
Fig. 5, where the instantaneous streamwise velocity, normalized by bulk velocity,
is depicted at one of the axial x-positions. With an increase in the body force, the
contours change their shape. Relaminarization can clearly be visualized in Fig. 5b,
corresponding to case Bf100Re45. With a stronger body force, a flow recovery can
be seen in Fig. 5c, d. Also, it can be noticed from Fig. 5d that the fluid close to the
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Fig. 4 Verification of the present DNS code with MKM and Vreman and Kuerten; a: Euu , b: Evv ,
and c: Eww at y+ = 30

wall, shows a higher velocity compared to the center in the recovered case which is
contrary to Fig. 5a.

The temporal and spatial averaged streamwise velocity profile (ux ) is shown in
Fig. 6a in physical coordinates as well as in semi-logarithmic wall coordinates. As
expected, the body force distorts the velocity profile. With a relatively low value
of the body force (case Bf50Re41), the core velocity decreases to compensate the
increased velocity near to the wall, as compared to the reference case. With further
increasing body force (case Bf100Re45), the velocity profile flattens out and flow
relaminarization was observed. The flow recovers as soon as the body force increases
further and the velocity profile shows its typical ‘M’-shape. The ‘M’-shape profile in
the channel flow is the effect of (strong)wall jets near eachwall. Long and strongwall
jets lead to an inflection point in the respective boundary layer and to a strong inviscid
instability that holds for laminar as well as turbulent flow. It results in a second strong
peak in the production of turbulent kinetic energy, which is discussed latter. The wall
normal gradient of the streamwise velocity also varies with an increase in the body
force as shown in Fig. 6b. The velocity gradient adjacent to the wall increases with
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Fig. 5 Pseudo-colour visualization of the instantaneous streamwise velocity ux , normalized by the
bulk velocity ub. a, b, c, d: Case 1,3,5, and 7 respectively

Fig. 6 Distribution of a: mean velocity profile, b: wall normal streamwise-velocity gradient

growing in body forces. Thus, positively affects the wall shear stress and thereby, the
frictionReynolds number (as can be seen inTable1).Due to the ‘M’-shape profile, the
mean shear rate increases close to thewall as a result of a local flow acceleration close
to the wall. This assists a turbulence recovery by positively affecting the turbulence
production. It can also be observe that the body force reduces the fluctuation until
flow laminarize. The strength of streaks is significantly reduced in case Bf100Re45
(laminarized) and case Bf150Re50 (partially recovered). This certainly breaks the
self-sustaining process and will result in elongated streaks in the near-wall region.
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Fig. 7 One-dimensional spectra of a: Euu , b: Evv , and c: Eww at y/H = 0.99. Dashed lines shows
the reference case

3.3 Spectral Analysis

The streamwise turbulence energy spectra are analyzed in this section to investi-
gate an inconsistent behavior due to the body force. Figure7 illustrates the one-
dimensional spectra for all three velocity components at y/H = 0.99 for both refer-
ence and body-force-influenced case. The reference case shows an expected behavior
with fluctuating energies (E) of all velocity components, which decreases monoton-
ically with an increase in streamwise wave number (kx ). An increase in the body
force attributes to a reduction in energy. Due to the turbulence recovery, a retrieval in
energy can also be seen at the lowwave numbers. Interestingly, the energy containing
range vanished out in the spectra of the streamwise velocity for the relaminarized
case (case Bf100Re45) as shown Fig. 7a. Also, the tail of the spectra at high wave
numbers is stretched out. Figure8 shows the spectra at y/H = 0.90 for both refer-
ence and body-force-influenced case. It also shows a similar behavior with a drastic
reduction in energy and a stretched tail in the dissipation range. Even after the recov-
ery, this tail remains in the spectra, however, in a shorter range. As mentioned earlier,
the recovery was contributed by the ‘M’ shape velocity profile which is associated
with the positive turbulent production.

The drastic reduction in the energy at low wave numbers associated with the

relaminarization can be explained by the ratio of production
(
Pk = −u′

i u
′
j
∂ui
∂x j

)
to

dissipation
(
εk = −ν ∂ui

∂x j

∂ui
∂x j

)
of turbulent kinetic energy and it is shown in Fig. 9.

The low body force case (case Bf50Re41) shows a typical behavior observed at
low Reynolds numbers with a peak in the buffer layer. This peak vanishes dur-
ing the relaminarization due to negligible turbulence production. It leads to a
reduced energy density along with a vanished energy containing range observed
in Figs. 7 and 8. When the recovery starts in case Bf150Re50, two peaks appear in
the ratio (see Fig. 9). A strong peak is located between the center and the wall of the
channel while a weak peak is close to the wall. The strong peak is the result of the
interaction events of the Reynolds shear stress. These events shift towards the wall
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Fig. 8 One-dimensional spectra of a: Euu , b: Evv , and c: Eww at y/H = 0.90. Dashed lines shows
the reference case

Fig. 9 Distribution of the
ratio of production to
dissipation of turbulent
kinetic energy

in the recovery (case Bf200Re44) which results in the second peak much closer to
the wall. In this case, another peak with the same strength also appears at the usual
location (buffer layer) which is an outcome of sweep and ejection events which take
place in this region.

3.4 Computational Performance

In this section, we present strong scaling characteristics of the code without multi-
threading. The computational code used in this study, Nektar++, is based on the
spectral/ hp element framework. It is a tensor product based finite element package
programmed in C++. The code is parallelized by OpenMP and for this study, HDF5
format was employed for IO. Fourier modes was use in the homogeneous stream-
wise direction, which allow a pseudo-3D simulations and reduces the computational
effort compared to pure-3D simulation without loosing any generality. The simu-
lations were performed on Hazel Hen located at the High-Performance Computing
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Fig. 10 Comparison of strong scaling of the present solver without multi-threading for a given
ratio of number of cores to the number of partitions in the streamwise direction; a speedup b
parallel-efficiency

Center (HLRS) Stuttgart for a range of 120–7680 physical cores. To demonstrate the
computational performance, a strong scaling test was performed on Hazel Hen. For
this purpose, the testcase has a maximum polynomial order of 4 and 768 modes in
the streamwise direction. The degree of freedom for this testcase is approximately
60 Million. Typically, in our DNS, we have large number of Fourier modes in the
homogeneous direction and relatively few elements in the y, z-plane. Therefore, it is
more efficient to parallelize in the streamwise direction and this code allow us to do
so by specifying a separate flag by which a single core handles particular modes.

Figure10 illustrates the result from the strong scaling test. The curve shows the
scalingwhen the ratio of number of cores to the number of partitions in the streamwise
direction is constant (10 in this case). A very good scalability of the code can be seen
until 1920 computational cores with a parallel efficiency up to 100%. Interestingly,
there is a super-linear speed-up between 350 and 1920 cores. If we further double the
number of cores then our performance degrades (not shown here). It is due the fact
that for a given number of partitions, with the increase in the cores, the number of
elements per cores decreaseswhich creates an imbalancebetween computational time
and communication time. In the future, we intend to seek the answers for influence
of body force at higher Reynolds number, where the mesh resolution would be much
higher due to the requirement for resolving Kolmogorov scale. The future work will
require amesh size of approximately 800Million where it is expected to have a linear
scaling even at higher nodes.
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3.5 Conclusion

In this work, a systematic study of body-force-influenced flow in a channel has been
performed by means of direct numerical simulations. The DNS are performed with
a spectral/hp element method. A wall-normal varying body force was added to the
streamwise momentum equation to elucidate the effects on turbulence. The body
force influences the Reynolds numbers, therefore, additional simulations were also
performed at the same Reynolds number without body force. The body force pro-
file was motivated from the buoyancy force in supercritical fluids and have different
strengths which allowed to observed all three possible states in such flows, viz.,
laminarescent (i.e. precursor of relaminarization), relaminarizing and recovery. The
body force influences the mean velocity profile, thereby, affecting the gradient of the
mean velocity which ultimately modulates the turbulence production. Two peaks in
the ratio of production to dissipation of turbulent kinetic energywere observed during
the recovery as a result of interaction events. The streamwise spectrum of the stream-
wise velocity fluctuations depicted a drastic reduction in energy and a stretched tail in
the dissipation range along with a vanished energy containing range. This occurred
due to a negligible production which itself was the result of flow relaminarization.
The strong scaling of the computational code shows a good scalability even with a
low degree of freedom. In the future, we intend to usemuch higher degree of freedom
to analyze the flow at high Reynolds number.
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