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ABSTRACT
DNS has been performed to investigate near-wall be-

haviour of turbulence for a rapid ’turbulent-to-turbulent’
transient flow in a channel with a smooth top surface and
a rough bottom surface made of close-packed pyramids.
The transient flow is studied following a rapid change in
flow rate from Re = 2800 to Re = 7400. The equivalent
roughness heights normalised by the wall units, k+s , of the
initial and final flows are, respectively, 14.5 and 41. The
results show that near-wall behaviour of turbulence in the
early stages of the transient process for the rough wall dif-
fers significantly from that over the smooth-wall. The early
transient process over the rough-wall is in the form of a sin-
gle cycle of birth, evolution and eventually breakdown of
strong primary counter-rotating hairpin structures in the re-
gion very close to the roughness crests. Similar to that in a
steady flow, the direct effect of roughness in a transient flow
is confined to a region up to approximately three times of
roughness height above the crest. Though the transient pro-
cess starts from an initially fully-developed turbulent flow,
the early transient process exhibits a roughness-induced
laminar-turbulent transition. Various statistical quantities,
including the three components of r.m.s. of velocity fluctu-
ations and also turbulent shear stress, confirm the visualisa-
tion results.

INTRODUCTION
Unsteady flows, in which the bulk velocity of a wall-

bounded flow or the free-stream velocity of a boundary-
layer flow vary with time, are encountered in many en-
gineering applications. Previous studies of non-periodic
transient flows over smooth-surfaces include Greenblatt &
Moss (1999); He & Jackson (2000); Greenblatt & Moss
(2004); Chung (2005); He et al. (2008, 2011); Seddighi
et al. (2011); Jung & Chung (2012). It has been estab-
lished that in a temporally-accelerating flow over smooth
surfaces, the unsteady flow behaviour is largely associated
with the response of turbulence. Initially, there is a short
period when turbulence is effectively ”frozen”. This is fol-

lowed by the response of turbulence, first in the streamwise
component in the near-wall region. Later, the streamwise
turbulent energy is redistributed into the other two compo-
nents. The response of the turbulence then propagates into
the core of the flow with progressively longer delays.

Recent Direct Numerical Simulation (DNS) of tran-
sient channel flow with wholly smooth wall surfaces (He
& Seddighi, 2013; Seddighi et al., 2014) have shown that,
following a flow acceleration of an initially steady turbu-
lent flow, turbulence exhibits a process of transition that
resembles laminar-turbulent bypass transition, rather than
progressively evolving from the initial turbulent structure to
a new one. The detailed studies of He & Seddighi (2013)
and Seddighi et al. (2014) for rapid and slow accelerations,
respectively, have shown that the overall behaviour of the
transition over a smooth wall largely depends on the initial
and final flow conditions. The acceleration rate, however,
may significantly alter the transition onset. The transient
flow undergoes three distinct phases: (i) pre-transition, the
flow is laminar-like and the pre-existing turbulent structures
are modulated, resulting in elongated streaks leading to a
strong and continuous increase in the streamwise fluctuat-
ing velocity, but little change in the other two components;
(ii) the flow then undergoes transition with isolated turbu-
lent spots being generated and then spreading and merging
with each other; (iii) the turbulent spots eventually cover
the entire surface of the wall and the flow is fully turbulent.
More recently, He & Seddighi (2015) systematically var-
ied the initial and final Reynolds numbers of the near-step
transition flows. It was shown that, for all conditions, the
transient flow is characterised by laminar-turbulent transi-
tion, which exhibits itself clearly in the flow statistics. This
is despite the fact that when final-to-initial Reynolds num-
ber ratio is low (such as 1.1), the flow does not exhibit ei-
ther elongated streaks or isolated turbulent spots, both of
which are present when the final-to-initial Reynolds num-
ber ratio is high. The time developing boundary layer in the
pre-transition phase follows closely the Stokes solution for
a transient laminar boundary layer.

All of the above studies were for smooth-wall surfaces
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and this is despite the fact that most engineering applica-
tions involve rough surfaces. Roughness has the potential
to induce an enhanced laminar-turbulent transition that can
significantly increase the friction factor. Aeronautical appli-
cations are important examples of external flows in which
roughness can induce a laminar-turbulent transition (known
as roughness-induced transition), leading to a significant in-
fluence on aerodynamic performance and heat transfer. In
experimental studies with compact 3D roughness, the mea-
surements are often necessarily limited to the region above
the roughness crests (e.g. Hong et al. 2012). The present pa-
per reports on a DNS study of turbulence in a transient flow
in a channel with a bottom wall having distributed rough-
ness elements with height of 0.05δ , where δ is the channel
half-height.

METHODOLOGY
The DNS is performed using an in-house code (Sed-

dighi, 2011; He & Seddighi, 2013). The governing equa-
tions are written in dimensionless form, normalised using
δ for length, Uc(centreline laminar Poiseuille velocity) for
velocity, and ρU2

c for pressure:

∂u∗i
∂ t∗

+u∗j
∂u∗i
∂x∗j

=−∂ p∗

∂x∗i
+

1
Rec

∂ 2u∗i
∂x∗j ∂x∗j

+Π (1)

∂u∗i
∂x∗i

= 0 (2)

The Reynolds number is defined as Rec =
δUc

ν . How-
ever, for ease of explanation of the results, unless otherwise
stated, the time presented in this paper is rescaled using the
bulk velocity of the initial flow (Ub0) as the characteristic
velocity. The pressure gradient is split into two components,
namely Π and ∂ p∗

∂x∗i
. The former is the spatially-uniform,

time-mean component of the streamwise pressure gradient
required to balance the resistance due to friction and form
drag (i.e. the value that would be needed to maintain a con-
stant mass flow rate). In an unsteady flow it also provides an
additional force to maintain the acceleration. The ∂ p∗

∂x∗i
com-

ponent is a fluctuating component that varies both spatially
and with time due to turbulence and flow heterogeneity.

A second order finite difference method is used to dis-
cretise the spatial derivatives of the governing equations
on a rectangular grid. An explicit 3rd order Runge-Kutta
scheme and an implicit second order Crank-Nicholson
scheme are incorporated into the fractional-step method
(Orlandi, 2001). The Poisson equation for the pressure is
solved by an efficient 2-D FFT. The equations are solved in
a domain of 9.6δ , 2δ , 4.5δ , with a mesh of 1024× 240×
720 in the streamwise (x), wall-normal (y), and spanwise
(z) directions, respectively. The roughness is treated using
a revised version of an immersed boundary technique de-
scribed by Fadlun et al. (2000). The Message-Passing In-
terface (MPI) is used to parallelize the code, which has been
extensively validated for steady channel flow results against
commonly-used databases.

(a) (b)

(c)

Figure 1: (a) Rough-wall roughness structure; (b)
Geometric parameters for roughness pyramid: kt =
0.05(δ ), λ = d = 0.3(δ ), α ≈ 18.4◦; (c) x-z plane
view of one wavelength of roughness.

RESULTS AND DISCUSSION
The channel has a smooth top surface and a close-

packed pyramid-roughened bottom surface (Figure 1). The
slope angle of the lateral edge of the pyramid with the hori-
zontal plane is α ≈ 18.4◦ and the height of the roughness is
kt
δ = 0.05, where kt is the peak-to-trough roughness height.
The flow is initially steady and is in the transitionally rough
regime; the flow rate is then rapidly increased to a much
higher level, leading to near fully-rough flow once steady
conditions are reached. The initial and final Reynolds num-
bers of the transient flow are Re0 = 2800 and Re1 = 7400 re-
spectively, where Re= δUb

ν , with Ub the bulk velocity and ν
the fluid kinematic viscosity. The corresponding equivalent
heights (k+s ) are approximately 14.5 and 41, respectively.

Figure 2 shows three-dimensional iso-surface plots of
negative pressure and λ2 at several instants of the tran-
sient flow. For clarity, only 1/4 of the streamwise and
1/5 of the spanwise extent of the simulated domain is
shown. The time (t*) is normalised by δ and Ub. Here,
λ2 is the second largest eigenvalue of the symmetric tensor
S2 +Ω2 where S and Ω are the symmetric and antisymmet-
ric parts of the velocity gradient tensor, ∆u. The negative
iso-surface of λ2 is used to identify vortex cores (Jeong &
Hussain, 1995). All visualised quantities are normalized by
wall units of the initial flow. Soon after the commence-
ment of the transient (t*=0.09), a region of strong vortex
(shown by λ2 iso-surface) develops around the roughness
crest, extending along the spanwise ridge line. Later, a
well-organised, roughness-induced, strong, head-up hair-
pin structure is generated around each roughness element.
These vortices, which are similar to each other in both size
and strength over all elements in the flow domain, then con-
vect downstream and subsequently evolve. Later (t*=0.2),
the vortex is split into two parts. One part remains at the
location of its birth (that is at the crest of the roughness
element) throughout the rest of the transient process (see
later instants). The second part is convected downstream
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Figure 2: Flow structures in iso-surface plots; 3-D
plots of pressure and λ2, coloured by blue (p/ρu2

τ0 =

−1.2) and red ( λ2
(uτ0/δ )2 = −1.1), respectively; for

clarity, data are shown for part of the computational
domain (1/4 and 1/5 in streamwise and spanwise di-
rections, respectively).

and plays a major role in the transition. The lower parts of
this new vortex traverse alongside the two trough lines, and
the upper necklace part located behind the roughness crest
goes downstream along the ridge line. At t*=0.25, a typical
primary hairpin vortex has emerged, with two counter rotat-
ing legs alongside the ridge lines and the head in the rough-
ness wake (around the trough). This vortex has travelled
half of the roughness wavelength (x/λ = 0.5, where λ is
the roughness wavelength) by this instant. At this stage, the
vortices are still very close to the surface. By t*∼0.4, the
head of the quasi-streamwise primary vortex has reached
the crest of the successive roughness element, and starts to
move away from the wall. It is also seen that the region of

Figure 3: Streamwise fluctuating velocity (contour
shaded) and wall-normal velocity (contour line) for a
plane at y = −0.2kt below the crest of the roughness
element, at several instants during the transient flow;
only part of the computational domain is shown; neg-
ative wall-normal velocity values are represented by
dashed lines.

the strong hairpin vortices is associated with the low pres-
sure region (shown by blue structures). From about t*=0.8,
a significant burst of the primary hairpins is observed and
the vortices are replaced by more random and smaller vorti-
cal structures. By t*∼4, there are no strong structures iden-
tified near the roughness and the flow in the roughness sub-
layer has effectively reached the final flow condition.

The existence of standing and hairpin vortices, and
the evolution and breakdown of the latter in the transient
flow bears a strong qualitative resemblance to those of the
roughness-induced laminar-turbulent transition described
by Acarlar & Smith (1987) for low-speed Blasius boundary
layer and De Tullio et al. (2013) for supersonic boundary
layer for an isolated roughness element. This is particularly
interesting considering that in the present case i) the initial
flow is a turbulent flow in the transitionally rough regime
(k+s ∼15); and ii) the transient process occurs over the sur-
face which is entirely covered by close-packed distributed
roughness elements in both the streamwise and spanwise
directions.

Figure 3 shows the development of streamwise fluctu-
ating and normal velocities for a plane at y = −0.2kt be-
low the crest of the roughness element. Here the stream-
wise fluctuating velocity is u” = u− 〈u〉, where u is the
instantaneous streamwise velocity and 〈u〉 is the velocity
averaged spatially (in both streamwise and spanwise direc-
tions) as well as over the number of repeated runs. It is seen
that at the very early stage of the transient flow (t*=0.09),
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the forward side of the element is the locus of the posi-
tive wall-normal velocity, whereas the lee-side is the re-
gion with the negative values. At t*=0.25, strong positive
streamwise velocity fluctuations are seen along the troughs
of the roughness elements, forming high-speed streaks in
these regions. At this time, patches of strong negative ve-
locity are also formed within the primary vortices. At a
later time (t*=0.4), such patches are connected, forming
negative velocity streaks. This instant corresponds to the
time when the heads of the primary vortices move away
from the wall (see figure 2). This creates a situation where
all the primary vortices sit on top of the negative streaks,
which is a typical scenario identified in bypass transition
(Jacobs & Durbin, 2001). In fact the positive and nega-
tive streaks are themselves supporting evidence of the ex-
istence of a strong counter-rotating vortex (Alfonsi, 2006).
At t*=0.8, the elongated negative and positive streaks have
become more wavy-like structures, and start to break up.
At later instants the well-organised elongated streaks have
disappeared.

Figure 4 shows the development of the friction coeffi-
cient for the transient flow. Also shown are the results of He
& Seddighi (2013) for a channel with smooth top and bot-
tom walls (’smooth-case’). It is seen that the development
of the friction coefficient for the smooth wall is consistent
with the results of (He & Seddighi, 2013), exhibiting a by-
pass transition behaviour. A large undershoot, until t*∼8,
exhibited by the smooth wall is characteristic of the flow
in the pre-transition stage during which the flow exhibits a
trend of a laminar friction factor (He & Seddighi, 2015).
The friction factor for the rough wall, however, shows a
trend that is significantly different from that of the smooth
wall. The development shows neither a large undershoot
in the initial stages, nor a long delay (t*∼16) before reach-
ing the corresponding final flow value. This behaviour is
not a surprise noting that strong hairpin vortices are gen-
erated very early in time (t*∼0.25), and the transition is
completed by t*∼4. The variation of C f is largely domi-
nated by the relaxation of the mean velocity profile which
causes a continual reduction from its initial peak value re-
sulting from the sudden increase in flow rate. The effect
of the primary vortex generated at t*∼0.25 is reflected as
a kink in the variation of C f (see the inset). In the period
of 0.25 < t∗ < 0.8, the profile shows an oscillatory varia-
tion with several further kinks. The period corresponds to
the time during which the primary vortices are pumping up
from the wall, whilst convecting downstream the flow. The
vortices remain in y

kt
< 1 until the transition time (t*∼0.8),

when the major breakup of the primary vortices has started
to occur.

Figure 5 shows the development of the turbulent shear
stress and r.m.s. of velocity fluctuations for the y-z plane
at x/λ = 0.49 at several instants. The streamwise veloc-
ity fluctuation (and similarly for the wall-normal and span-
wise components) used here is defined as u′ = u−u, where
u is the mean velocity averaged over the repeated runs as
well as the roughness elements in the streamwise and span-
wise directions. The normalisation of the visualised values
is based on the friction velocity for the rough wall at the
initial Reynolds number. At t*=0.25 (the first column from
the left), the locus of high turbulent region for all Reynolds
stress components is above the trough of the roughness el-
ement. This is the signature of the legs of strong primary
hairpins (see figure 2) when they form alongside the ridge
lines. Later, at t*=0.4, the high-value regions occur above
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Figure 4: Development of the skin friction coefficient,
C f , for the unsteady case; symbols show the smooth
wall results of He & Seddighi (2013).

Figure 5: Turbulent shear stress and r.m.s. of velocity
fluctuations during the transient flow for the y-z plane
at x/λ = 0.49.

the crest of the element. This instant corresponds to the time
when the primary hairpin is formed and has reached the
crest of the successive element (see figure 2). This shows
that, although vortices of various strengths are formed be-
hind each roughness element, the strong primary vortices
have the most striking impact on the near-wall turbulence
structure in the early stages of the transient flow. It is also
interesting that the distribution and values of u′rms

+0, v′rms
+0

and w′rms
+0 in the near-wall region are similar, indicating

that the Reynolds stress anisotropy is much reduced close to
the roughness element. At t*=1.5, the break-up of the pri-
mary hairpins has already started, but the traces of these and
other vortices that existed previously are shown as intense-
value regions. The organised intense-patches have disap-
peared at t*=4 (the plots in the last-right column), which
is consistent with figure 2, when the organised primary and
subsequent vortices have disappeared from the near-wall re-
gion.

To examine further the influence of the roughness on
the development of the turbulence structure, pre-multiplied
streamwise energy spectra of the fundamental wavelength
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Figure 6: Development of pre-multiplied spectra of the
fundamental wavelength (λ ) for 〈u′u′〉 in the stream-
wise direction.

are presented in Figure 6. The energy spectra of the stream-
wise normal stress, E11, are defined such that

〈u′u′〉=
∫ ∞

0
E11dk (3)

It has been found that (not shown) the main influ-
ence of roughness on the streamwise energy spectra dur-
ing the early stages of the transient flow is the presence of
spikes at wavenumber of kλ = 2π/λ = 20.94 (wavenum-
ber corresponding to the roughness wavelength, λ = 0.3)
and its multiples. Figure 6 shows development of the en-
ergy spectra associated with the fundamental wavelength
kx = kλ for the locations up to y

kt
= 5. An area of high

energy spectra is seen for the locations up to y
kt
∼ 1.5 dur-

ing 0.3 < t∗ < 0.8. This indicates that strong influence of
the fundamental wavelength is restricted up to y

kt
∼ 3 and

the effect lasts until t* ∼0.8 when the major breakdown of
the primary hairpin structures starts to occur.

The transport equations for the Reynolds stresses over
the smooth wall are as follows:

0 =−Ii j +Ci j +Pi j +Ti j +Di j +Πi jstrain +Πi jdi f f usion + εi j
(4)

The terms on the RHS are, respectively, inertia
(Ii j), advection (Ci j), turbulent production (Pi j), turbulent
transport rate (Ti j), viscous diffusion rate (Di j), pressure
velocity-gradient (strain term) (Πi jstrain ), pressure velocity-
gradient (diffusion term) (Πi jdi f f usion ) and turbulence dissipa-
tion rate (εi j). For turbulent-only quantities, Ii j, Pi j, Πi jstrain

and εi j are defined as

Ii j =
∂ 〈u′iu′j〉

∂ t

Pi j =−
(
〈u′iu′k〉

∂ 〈u j〉
∂xk

+ 〈u′ju′k〉
∂ 〈ui〉
∂xk

)

Πi jstrain = 〈p′
∂u′i
∂x j
〉+ 〈p′

∂u′j
∂xi
〉

εi j =−2ν〈 ∂u′i
∂xk

∂u′j
∂xk
〉

Repeated indices indicate summation over 1,2,3. Fig-
ure 7 shows profiles of the above selected budget terms for

the streamwise Reynolds stress , 〈u
′u′〉

u4
τ0
/ν for several time in-

stants. Also shown in each frame are the corresponding val-
ues of each term at a time when the flow has reached the
final steady flow condition. The normalisation based on uτ0

rather than uτ enables the absolute response of the budget
terms to be seen. The earliest response occurs very close
to the roughness crest (the elevation relative to the rough-
ness height is shown at the top of the graph and y′+0 at the
bottom).

The production term is featured with several peaks
which appear and develop at various times during the tran-
sient period. At t*=0, the peak production is around y′+0 ≈
10 (or y

kt
∼ 0.5) as expected from typical behaviour in

steady shear flows (the peak is marked as ”1” in the plot).
This peak value remains more or less unchanged at t*=0.17,
and at the same time a second peak (marked as ”2”) is
formed below the crest of the roughness. This second peak
increases in magnitude and moves away from the wall with
time. A third peak (marked as ”3”) is formed around t*=0.4
around the crest of the roughness, increasing rapidly in am-
plitude but remaining largely unchanged in location. These
various peaking productions signify different stages of tur-
bulence development. The second peak production corre-
sponds to the formation and development of the primary
vortices. The location and timing of this peak production
follow closely the formation of the primary vortices and
their lift-up from the wall with time. The third peak in pro-
duction corresponds to a strong shear layer formed around
the roughness crest due to the increase in flow rate, and also
an increased turbulent shear stress associated with the for-
mation and movement of the vortices generated during the
early times (say, up to t*=1.5). Between t*=0.6 and 1.5,
the production significantly overshoots the steady values,
mostly due to the strong shear layer and the presence of
violent vortices during this period. After t*=0.8, the over-
shooting reduces, which corresponds to the time when the
large vortices are ejected from the wall, break down and are
replaced with turbulence structures that are commensurate
with the final steady flow.

In comparison with the flow over a smooth wall, the re-
sponse of the pressure-strain term occurs much earlier in the
rough wall case. This is no surprise as the 3D roughness ele-
ments impose an early interaction between the pressure and
velocity fields, and hence an earlier transfer of energy from
〈u′u′〉 to 〈v′v′〉 and 〈w′w′〉. Another point to note is that
the inertia makes a large positive contribution to the budget
balance at the early times (t*=0.25 to 0.8), but is negative
(with relatively smaller magnitude) at t*=1.5, indicating a
reduction in 〈u′u′〉.

CONCLUSIONS
Direct Numerical Simulation has been performed of a

transient flow in a channel consisting of a rough bottom wall
made of close-packed pyramid roughness and a smooth top
wall. The unsteady flow started from an initially statistically
steady turbulent flow with Re= 2800 and increased linearly,
within a very short time, to a final Reynolds number of
Re = 7400. The corresponding equivalent sand roughness
Reynolds numbers for the initial and final flows are respec-
tively k+s =14.5 and k+s =41.

The results show that near-wall behaviour of turbu-
lence during the early stages of transient flow over the rough
wall differ significantly from that over the smooth wall. The
early stages of the transient process for the rough wall are
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Figure 7: Development of several terms of the
Reynolds stress budget 〈u′u′〉 normalised with u4

τ/ν ,
for the rough wall at several instants.

dominated by a single cycle of birth, evolution and break-
down of strong primary counter-rotating hairpin structures.
Over each roughness element, a vortex is formed with its
head behind the roughness crest and its legs alongside the
ridge lines. Most of the strong hairpin structures lift up to
the upper layers and break down before t*∼4. In addition
to the generation of primary vortices, positive and nega-
tive streaks are produced and these break up at the same
time as the vortices break down. Soon after (t*∼4), the
flow near the wall has reached its new turbulence state and
the primary process of the transition is complete. Signif-
icant further time (t*∼27.2) is needed for the new turbu-
lence to propagate into the core of the channel flow. The
vortices generated around the close-packed roughness ele-
ments resemble closely the hairpin structures formed over
isolated roughness in the transition of a laminar boundary
layer (Acarlar & Smith, 1987). The flow over the upper,
smooth wall of the channel undergoes bypass transition that
is closely similar to that reported by He & Seddighi (2013)
for a wholly smooth channel. It is especially noteworthy
that the much earlier transition on the opposite rough wall
has no significant influence on the timing and process of the
transition on the smooth wall.
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