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ABSTRACT

Direct numerical simulations (DNS) are performed to inves-
tigate the temporal response of turbulent channel flows to an
abrupt change in the streamwise pressure gradient. The ini-
tial conditions correspond to statistically stationary pure Cou-
ette and mixed Poiseuille-Couette flows at Re; = 590, with
both smooth-smooth and rough-smooth wall configurations. A
time-dependent control volume approach is used to extract the
friction on the rough surface. Results show that wall rough-
ness significantly alters the transient adjustment following the
pressure gradient change, relative to smooth-wall cases, lead-
ing to a faster evolution towards the final state. In addition,
favourable pressure gradient transients are more monotonic
overall, whereas adverse pressure gradient cases display an ir-
regular response. The adjustment dynamics is examined in the
inner and outer regions. In the logarithmic region, roughness
suppresses much of the history dependence. Time histories of
the velocity at the inflection point and of the shear stress at the
bottom wall are used to capture the general rate of adjustment
of the transient flow.

INTRODUCTION
Unsteady flow conditions are frequently encountered in both
engineering applications and natural systems, where changes
in driving forces such as pressure gradients or wall motion
can provoke complex transient responses in turbulent wall-
bounded flows. Numerous studies have been conducted on
periodic unsteady flows. Scotti and Piomelli (2001) studied
how a turbulent channel flow responds when a periodic (pulsat-
ing) fluctuating component adds to the pressure gradient, and
demonstrated that the response of turbulence to periodic forc-
ing is governed by the ratio between the oscillation frequency
and the characteristic relaxation time of the eddies. They iden-
tified a frozen turbulence regime at high frequencies, where
the turbulent stresses are unable to track the rapid changes in
the mean strain rate, leading to a decoupling of the inner and
outer layer responses.

Beyond periodic flows, the structural evolution of turbu-
lence during temporal acceleration has been investigated to un-

derstand how the flow reaches a new equilibrium. Kharghani
and PasandidehFard (2022) studied temporal flow acceleration
over a flat plate with non-zero pressure gradient, and demon-
strated that under such transients, the suppression of turbu-
lence in favorable pressure gradients (FPG) and its enhance-
ment in adverse pressure gradients (APG) is not a uniform
process across all velocity components. Their work high-
lights a wall-first adjustment mechanism where the near wall
region reaches a quasi-steady state faster than the outer flow.
The response to a step-change transient was studied by Chung
(2005), who identified a distinct two-stage relaxation process:
the mean velocity profile responds almost immediately to the
new pressure gradient condition, while the turbulent fluctua-
tions, particularly the Reynolds shear stress, exhibit a signifi-
cant temporal lag. This study demonstrated that the memory of
the initial state is maintained longer in the outer region of the
flow, as the structural reorganisation of the large-scale eddies is
a much slower process than the near-wall viscous adjustment.
A related smooth-wall DNS study by He & Seddighi (2013)
showed that, following a rapid increase in flow rate, the tran-
sient channel flow evolves through distinct pre-transition, tran-
sition and fully turbulent stages rather than adjusting monoton-
ically from one equilibrium state to another.

The presence of wall roughness significantly alters these
dynamics. Seddighi et al. (2011a) observed that unlike
smooth-wall cases, where the turbulence reorganisation is de-
layed, wall roughness acts to accelerate the transition between
equilibrium states. Specifically, they found that the enhanced
mixing and higher levels of turbulent production near the wall
in rough-surface configurations reset the flow more quickly
than in smooth-wall equivalents. A more detailed analysis was
later provided by Seddighi et al. (2015) for a channel with a
pyramid-roughened wall, where the boundary layer over the
rough wall was shown to develop faster than over a smooth
wall, and the near-wall turbulence adjusted much earlier than
the core flow. Their results indicated that the transient over the
rough wall proceeds through a process resembling roughness-
induced transition, involving the formation and breakdown of
strong hairpin vortices and streaks, with the direct effect of
roughness largely confined to the region close to the wall.
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Bottom wall Top wall II Steady state  Notation

Rough Smooth Up Rough Smooth Ur Initial Final Initial Final

v 0 V440 0 -1 Cge PCse FPGsg,
v 0 v +40 -1 0 PCg+ Cgt FPGssy
v 0 V440 0 —1 Cpgr PCrse FPGrsy
v 0 V440 —1 0 PG Cpst FPGrsy
0 v 40 -1 0 PCy Cg APGss,
v 0 V40 0 —1 Gy PG APGgs,
v 0 V40 —1 0 PGy Cps- APGrs,

Table 1: Flow setups: wall conditions, wall velocities,
pressure forcing, steady states and the corresponding
nomenclature.

Despite this growing body of work, the combined effect
of wall roughness and pressure gradient altered by an abrupt
changes in streamwise pressure gradient has not been sys-
tematically investigated in turbulent channel flows. In par-
ticular, the relaxation behaviour when transitioning between
shear-driven and mixed pressure- and shear-driven regimes,
under smooth and rough- wall conditions, remains poorly un-
derstood. In this study, we perform DNS to examine the
temporal evolution of turbulent channel flows subjected to an
abrupt step change in streamwise pressure gradient. Starting
from statistically stationary Couette and Poiseuille-Couette
base flows at Re; = 590, we investigate both smooth—smooth
and rough—smooth wall configurations.

NUMERICAL METHODOLOGY

The three-dimensional, incompressible Navier—Stokes
equations are solved in non-dimensional form, using the mean
channel half-height 6 and the reference velocity ugs (de-
fined later) as characteristic scales. A finite-difference code
is employed, operating on a staggered grid. Spatial deriva-
tives are approximated using a second-order central differ-
ence scheme, while time advancement is performed with a
second-order Adams—Bashforth method. Wall roughness is
resolved using an iterative embedded-boundary algorithm de-
scribed by Busse et al. (2015). The rough surface corre-
sponds to a grit-blasted topography (Thakkar ez al. 2017), with
k/6 = 1/6, where k is the mean peak-to-valley height. Peri-
odic boundary conditions are imposed in the streamwise x- and
spanwise y- directions. The computational domain is of size
(Lx/6,Ly/6,L;/8) = (5.63,2.815,2.324) in x, y, z, with grid
resolution of (864,432, 1024) points, respectively. The grid is
uniform in x and y, and stretched in the wall-normal z direction.
The corresponding grid spacings in wall units are Ax™ = 3.8,
Ayt = 3.8, while the minimum and maximum wall-normal
spacings are Azj'nin =0.7 and Az, = 2.9, respectively. Sim-
ulations have been performed at the friction Reynolds number
Rer =590.

Seven test cases are considered, beginning from statis-
tically stationary states corresponding to either pure Cou-
ette flow (C) or mixed Poiseuille-Couette flow (PC). For
the PC cases, the reference velocity is given by ur =
[—(8/p)(dP/dx)]'/? such that the dimensionless pressure-
gradient forcing term in the Navier-Stokes equations is given
by IT = —1 and the upper (top) wall velocity is specified as
Ur = +40. The pure shear driven (C) configurations have
IT = 0. For consistency with the PC cases, the same wall ve-
locity is specified, meaning that the reference velocity for the
C cases i8S uger = |Ur|/40. An abrupt change in the streamwise
pressure gradient, introduced via the forcing term IT, is used
to trigger the transient response. Transitions include both the

onset of a pressure gradient from an initially pure shear-driven
state (IT =0 — IT = —1) and the removal of pressure gradient
from a mixed flow condition (IT = —1 — IT = 0). In each case,
two wall configurations are considered: smooth—smooth (de-
noted gg) and rough-smooth (denoted gg). The top wall moves
either at a constant velocity Uy /us = +40, with the super-
script * indicating positive direction, or at Ur /ugs = —40,
with the superscript ~ indicating negative direction. Table 1
summarises the flow setups and introduces the nomenclature
adopted in this study (an eighth case APGgg,, is under way).

RESULTS

Figure 1 presents steady-state velocity profiles for the Couette
and mixed Poiseuille-Couette flows used as initial and final
conditions. Figure 1(a) shows the mean velocity profiles in
outer units. The smooth Couette case Cgg+ exhibits symme-
try about the channel centreline (z/d = 1), while the rough-
wall cases Cgrg+ and Cgg- exhibits reduced centreline velocity
due to enhanced drag on the rough surface. In the mixed flow
cases (PC), the imposed pressure gradient breaks the centreline
symmetry. The effect of roughness is visible in PCgg+, where
increased friction on the lower (rough) wall leads to further de-
viation from the smooth-wall profile. In contrast, reversing the
wall motion in PCgg- leads to reduced friction on the rough
wall, as the pressure gradient opposes the wall motion. Thus,
we define the FPG side as the wall experiencing higher friction
velocity, and the APG side as that with a lower friction veloc-
ity. The friction velocity at the rough wall is calculated from
the balance of the x- momentum equation of a control volume,

as
)—M%T~sign(@ ) ¢))
B dz |y

where the overbar ~ indicates a time-average and angle brack-
ets (-) the average over wall-parallel planes (i.e. average over
x and y). ug, and ug, are the friction velocities on the bot-
tom and top walls, respectively, and the signs of d(u)/dz are
inferred using the global wall-normal coordinate z. Note that,
for simplicity, in the following figures, both the overbar and the
angle brackets are removed, i.e. () = u. In the cases where the
top wall is smooth and the bottom wall is rough, the friction
velocity on the rough wall can be deduced by substituting the
value of the imposed pressure gradient, calculating the known
ug, on the smooth top surface by differentiation of the velocity
profile, and rearranging equation 2 for the unknown u,.
Figure 1(b) shows the mean velocity profiles in wall units.
In fully smooth-wall cases, the near-wall region exhibits the
expected linear behaviour, while the presence of the adverse
pressure gradient introduces a modest downward shift in the
logarithmic region (see PCgs- APG). In all rough-smooth gg
cases, roughness on the lower wall increases surface friction
relative to a smooth wall, leading to a more pronounced down-
ward shift in the log-law region. This behaviour is consistent
with enhanced momentum transfer at the rough surface.
Starting from the statistically steady states described
above, an abrupt change in the streamwise pressure gradient is
imposed. The cases are classified as FPG or APG, according to
the definitions introduced earlier. Transitions from pure Cou-
ette flow to mixed Poiseuille-Couette flow II =0 — 1= —1)
are denoted by the subscript ¢;, whereas the reverse transi-
tions (IT = —1 — IT = 0) are denoted by ¢ (see table 1). Fig-
ure 2 (FPG cases) and figure 3 (APG cases) show the wall-
normal evolution of the mean velocity profiles at successive

sdP , . (d@
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time intervals of At = 108 /uge. Profiles are labelled from
10 to 50, with profile 0T representing the first state immedi-
ately after the abrupt change in pressure gradient. No averag-
ing over multiple ensembles nor smoothing data technique has
been used here for the transient data or in subsequent analyses.
In each panel, the initial and final statistically steady profiles
are also reported for reference, using the same colour code as
in figure 1. The top row of each figure block (figures 2 (a-d)
and 3 (a-d)) shows the velocity profiles in outer scaling. At
t = 07, all profiles collapse onto the initial steady state dis-
tribution. Thereafter, all cases show a non-uniform relaxation
process, with an early rapid adjustment followed by a slower
evolution towards the final statistically steady state. The rough
wall cases adjust more rapidly overall, reaching the final state
over a shorter time interval. This two-stage adjustment aligns
with the relaxation model proposed by Chung (2005) for step-
change transients. However, the significantly shorter interval
required for the rough-wall cases to reach equilibrium suggests
that roughness accelerates the second stage of this process.
The bottom row of each block (figures 2(e-h) and 3(e-
h)) shows the same data in wall units. During the transient,
however, the streamwise momentum balance is no longer in a
statistically steady state. Consequently, when estimating the
skin friction at the bottom wall, equation 2 must include the
unsteady term, which accounts for the bulk acceleration or de-
celeration of the flow. The appropriate integral x- momentum

balance is
J 26 — S dP ) . d<ﬁ>
E /0 <M>(Z,Z) dz— ZEE = Ugy Slgn( TZ B)
—u%T sign(@ ) .
T

dz
where the unsteady term is evaluated from the time series of
the bulk transport quantity Ty(t;) = % 2 8 (@) (z,1)dz. The
spatial integral is evaluated at each saved instant #; using the
trapezoidal rule in z, while the time derivative is obtained using
forward difference for snapshots k = 1..N — 1 and backward
difference for the last snapshot.

Including the unsteady term restores an exact balance
in the near-wall region for all flow configurations, as con-
firmed by the complete overlap of the profiles at all succes-
sive time instants in this region, and in agreement with the
inner-layer quasi-equilibrium state suggested by Scotti and Pi-
omelli (2001) and Kharghani and PasandidehFard (2022). Dif-
ferences emerge beyond the viscous sublayer, where the loga-
rithmic region displays distinct relaxation behaviour. To high-
light this, each figure includes an inset restricted to the log-law
region. Results indicate that, while the near-wall balance ad-
justs in a nearly universal manner, the logarithmic layer retains
a more explicit signature of the preceding equilibrium and of
the direction of the forcing change. In the smooth-wall cases,
the transient response appears history-dependent: depending
on the direction of the forcing transition I1=0 — IT = —1
and vice versa), the profiles may remain organised around ei-
ther the initial or the final equilibrium state. This asymme-
try is most evident under favourable pressure gradient condi-
tions. For F PGgg,, , the profiles are distributed around the final
equilibrium, indicating a comparatively rapid reorganisation of
the logarithmic layer towards the new state. By contrast, for
FPGgsg,,, the profiles remain centred around the initial mixed
Poiseuille-Couette state, showing that the logarithmic region
retains memory of the pre-transition organisation. The ob-
served directional asymmetry in the smooth-wall log layer is

(@)

consistent with the different turbulence responses reported by
Seddighi et al. (2011b) for ramp-up and ramp-down transients.
Under adverse pressure gradient conditions, the smooth-wall
response is more dispersed: in APGygg,, the profiles are spread
around the final state, which itself remains close to the ini-
tial one, so that the transient behaviour is characterised by a
broader non-equilibrium distribution about neighbouring equi-
libria.

A different behaviour is observed when the bottom wall
is rough. In all rough-wall cases, the transient log-layer pro-
files evolve from the initial towards the final equilibrium, sug-
gesting that roughness reduces the persistence of the previ-
ous state and promotes a more direct reorganisation of the
overlap-layer momentum balance. Under FPG, both F PGgg,,
and FPGpgg,, exhibit a direct progression from the initial to
the final state, with the final equilibrium reached over fewer
intermediate states in both directions. Under APG, the same
tendency is preserved, although the relaxation becomes less
uniform. In APGgs,,, the profiles evolve towards the final
equilibrium but spread around it during the late stages of the
adjustment, whereas in APGgg,, the transition from the ini-
tial to the final state is smooth. This result aligns with the
work of Seddighi et al. (2011), confirming that roughness pro-
motes a more immediate coupling between the forcing change
and the structural response of the turbulence. Taken together,
these results suggest that the logarithmic layer is more history-
dependent for smooth walls, whereas roughness suppresses
much of this memory behaviour and leads to a more direct
transient adjustment towards the final equilibrium, even when
the APG cases remain more irregular. Moreover, although
the near-wall response is largely unaffected by the sign of
the forcing change once the unsteady term is included, the
logarithmic region responds differently under favourable and
adverse pressure gradients. The FPG cases display a more
monotonic relaxation towards the new equilibrium, whereas
the APG cases remain more scattered, indicating a more per-
sistent non-equilibrium state and a memory of the preceding
flow organisation. These results resemble the structural mech-
anisms identified by Kharghani and PasandidehFard (2022),
where favorable gradients suppress wall-normal fluctuations
to create a more ordered, streamwise-dominant state, while
adverse gradients enhance turbulent mixing and dispersion,
thereby prolonging the non-equilibrium adjustment.

To complement the spatial (wall-normal) evolution analy-
sis, an attempt was made to quantify the relaxation time asso-
ciated with the transient response of both the inner and the bulk
region of the flow by analysing the temporal evolution of repre-
sentative observables y(¢), taken here as either the bottom-wall
shear stress T, (t)/(puZ) or, for the outer-flow response, the
velocity at the inflection point u;(¢)/us. For each case, the
(raw) time history of the signal was first considered, and the
same quantity was then normalised using the corresponding
initial and final statistically steady values, yy and y.., accord-
ing to yu(f) = [y(t) — Yeo| /[0 — Yo]. This normalisation maps
the transient evolution onto a decay from unity to zero and
facilitates comparison between cases with different absolute
amplitudes. Figures 4 and 5 show the time histories of the ve-
locity at the inflection point u;(7)/uges and of the shear stress
at the bottom wall T, (t)/(puz,;), respectively, together with
the corresponding normalised signals. In each panel, a single
global exponential fitting curve is superposed to show the over-
all trend of the transient. The transient response of the outer
region, represented in figure 4, appears comparatively regular.
In both FPG and APG conditions, the normalised signals de-
cay monotonically and remain close to a straight line in semi-
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logarithmic form over a substantial portion of the evolution, in-
dicating that the bulk adjustment is reasonably well described
by a single dominant trend. A clear distinction nevertheless
emerges between smooth- and rough-wall cases. Under FPG
(see first column), the two smooth-wall transients display very
similar rates of adjustment despite the opposite direction of
the forcing change, whereas the rough-wall cases evolve more
rapidly towards the final state in both directions. The same
tendency is preserved under APG (see second column), where
the rough-wall cases again approach the new equilibrium more
quickly than the smooth-wall case, with only limited sensitiv-
ity to the direction of the transition. These observations sug-
gest that the transient response of the outer region is primar-
ily controlled by wall condition, with roughness promoting a
faster and more direct reorganisation of the mean profile.

The time history of the shear stress is presented in fig-
ure 5. In general, it is more irregular and exhibits a stronger
case-to-case dependence. Under FPG (see first column), all
cases evolve monotonically towards the final state, but the nor-
malised representation reveals a more variable degree of align-
ment with the global exponential guide than for the velocity at
the inflection point (compare with figure 4(c)). In particular,
the smooth-wall transition F'PGgg,, shows a more evident cur-
vature, suggesting a less regular adjustment, whereas F'PGgg,
follows a more nearly single-stage decay. The rough-wall FPG
cases reach the final state more directly, although FPGgg,, re-
mains more dispersed than FPGgg,,. Under APG (see second
column), the shear stress response is again monotonic, but the
dependence on the direction of the forcing change becomes
more pronounced than in the outer-region signal: APGkgg,,
adjusts more rapidly, whereas APGgg,, and APGgg,, display
a slower evolution. The comparison between u;(f)/uef and
Ty, (1) / (Pu.) suggests that the outer-region response is com-
paratively regular and only weakly dependent on the direction
of the transition, while the shear stress signal retains a stronger
sensitivity to the forcing history and exhibits a less universal
transient behaviour. Overall, the wall-normal profiles reveal
how the flow reorganises in space, particularly in the logarith-
mic layer where history effects remain most evident, whereas
the scalar signals u; (1) /urer and Ty, (t) / (puZ,;) provide a more
compact indication of the rate of adjustment. Thus, both diag-
nostics support the same general picture: roughness promotes
a faster and more direct relaxation towards the final state, the
near-wall region adjusts in a more universal manner once the
unsteady term is accounted for, and the memory of the pre-
vious equilibrium is retained in the logarithmic region, espe-
cially over smooth walls.

CONCLUSIONS

DNS were conducted to investigate the transient response of
turbulent channel flow to an abrupt change in the imposed
streamwise pressure gradient, considering both smooth-
smooth and rough-smooth wall configurations at Re; = 590.
The analysis focused on transitions between pure Couette flow
and mixed Poiseuille-Couette flow and vice versa, under both
favourable and adverse pressure gradient conditions, with the
aim of assessing how roughness and pressure forcing/removal
influence the adjustment towards a new statistically steady
state. Results show that all cases undergo a non-uniform
relaxation process, characterised by an initial rapid departure
from the original equilibrium followed by a slower evolution
towards the final state. The rough-wall cases adjust more
rapidly, reaching the new equilibrium over a shorter time
interval than the corresponding smooth-wall cases. Once the

unsteady term is taken into account, the near-wall balance
is restored for all flow configurations, indicating that the
inner-layer response remains comparatively universal despite
the abrupt change in forcing. Clear differences emerge
farther from the wall. The wall-normal profile evolution
shows that the logarithmic region retains memory of the
preceding equilibrium and responds differently depending
on both wall condition and pressure gradient condition.
Under favourable pressure gradient conditions, the transient
behaviour is monotonic, but the smooth-wall cases display
a directional asymmetry. Under adverse pressure gradient
conditions, the response becomes scattered, so that the
departure from equilibrium is spread over a broader range of
intermediate states. Within this framework, roughness plays a
systematic role. In both FPG and APG cases, the rough-wall
configurations evolve more directly from the initial towards
the final equilibrium and reach the new state over a shorter
time interval than the corresponding smooth-wall cases. Time
histories of the velocity at the inflection point and of the
shear stress at the bottom wall support this interpretation. As
well as completing the APGgg,, case, the present findings
suggest several directions for future work, including the use of
ensemble averaging to obtain a more robust characterisation
of the relaxation processes and the extension to intermediate
conditions of both FPG and APG.
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Figure 1: Mean velocity profiles in outer units normalised using ur (a) and in wall units normalised using the friction
velocity at the bottom wall uq, (b) for all the statistically stationary states.
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Figure 2: Evolution of the mean velocity profiles normalised using ue¢ (first row) and in wall units normalised using the
friction velocity at the bottom wall u¢, (second row) for the FPG cases.
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Figure 3: Evolution of the mean velocity profiles normalised using ue¢ (first row) and in wall units normalised using the
friction velocity at the bottom wall u, (second row) for the APG cases.
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