


Surface roughness is well 
known to increase surface 
drag and increase mixing.


Question:

How does it affect the 
turbulent motion?






➘  The strength of the wake in a rough wall boundary layer 
is increased, no measurable effects in channel flows


➘ Boundary layer: 

Streamwise normal stress affected near the wall, but not in 
the outer layer.

Significant effects sometimes observed in the wall-normal 
normal stress and shear stress in the outer layer


➘ Channel flow: 

Small effects on the stresses in the outer layer, some effects 
on higher order moments.
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Outer layer similarity implies that the wake strength should be the same for both 
cases.


Hence there should be only two new unknowns in the rough wall law of the 
wall: 



ε and uτ


But what if the wake strength is NOT the same (as suggested by many experiments)....?
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Exp. Krogstad&Antonia (1999)
 DNS Lee et al. (2010), Exp. Schulz&Flack (2007)
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Note: An error in Π will also lead to an error in the estimate 
of the von Karman constant, κ, in a fitting procedure.....
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Rough wall channel flow, diffusor & ZPG boundary layer




Roughness height:

k/h=0.034

Roughness pitch:

p/k=8


Exp: Hot-wire anemometry, L=5m, 2h=0.1m, 

Reτ=600-6000, Reb=6000-56000, k+=20-200.


DNS: Finite difference method, periodic boundaries, (Lx,Ly,Lz)=(6.28h,2h,πh)

24 elements on each surface, Reτ=400 , Reb=4200, k+=13.4
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Figure 4. Streamwise Reynolds normal stress profiles.
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Figure 5. Wall-normal Reynolds normal stress profiles.

exhibit prograde rotation, which is clockwise in figure 7. Superimposed on the vectors
in figure 7 are contours of signed swirl strength. Hairpin packets typically appear
as a line of vortices, inclined at about 10◦–15◦ to the wall. In the three-dimensional
rough-wall case (figure 7a) a field has been chosen which shows the end of a mature
hairpin packet on the left (x/δ < 0.6) with another hairpin packet extending nearly
the entire width of the image (0 < x/δ < 1.9). Such packets did not appear in every
instantaneous field, but they were very common for both the three-dimensional rough-
and smooth-wall cases, as shown in Volino et al. (2007). Similar packets were also
observed in the two-dimensional rough-wall case, but they were also accompanied by
larger scale events, as shown in figure 7(b). Figure 7(b) shows large-scale eruptions of
fluid extending to the edge of the boundary layer. Events extending this far into the
outer part of the boundary layer were very rare in the smooth- and three-dimensional
rough-wall cases, but they were fairly common in the two-dimensional rough-wall
case, appearing in roughly 10 % of the instantaneous velocity fields.

The large-scale events are believed to originate on the wall at the bars. In the
various studies listed above with close-packed three-dimensional roughness, large
contiguous open spaces between the roughness elements were not present, so recovery
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Figure 6. Reynolds shear stress profiles.
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Figure 7. Typical instantaneous velocity field in xy-plane with prograde swirl (red shading)
and retrograde swirl (blue shading) superimposed, (a) three-dimensional rough wall and (b)
two-dimensional rough wall.



       Boundary conditions

–  inflow condition : the inflow generation method by Lund et al. (1998)

–  outflow condition : convective boundary condition

–  no-slip boundary condition at the wall

–  far-field boundary condition : u=U∞, ∂v/∂y=0, ∂w/∂y=0

–  periodic boundary condition in the spanwise direction
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Figure 12. Mean velocity profiles. Present DNS: - - -, smooth wall; —, rod roughness at
location II; – .. –, rod roughness at location IV. Krogstad & Antonia (1999): !, smooth wall;
", rod roughness.

6.1. Mean velocity

The mean streamwise velocity profiles for smooth and rough walls are shown in
figure 12. The experimental data of Krogstad & Antonia (1999) are included for
comparison. The general mean velocity shift (!U+) is clearly shown and is estimated
to be 9.86. Krogstad & Antonia (1999) suggested that for k-type roughness, !U+

and k+ are related by a logarithmic function of the form !U+ = (1/κ) ln k+ + 1.2. If
we use this formula, the predicted roughness function is !U+ = 9.73, which is slightly
smaller than the value obtained in the present DNS. This difference may be due to
the different rod roughness employed: the present work uses square rods with a pitch
to height ratio of λ/k = 8, where as Krogstad & Antonia (1999) used circular rods
with λ/k = 4. The two results can be compared in terms of the effective sand-grain
roughness height ks , which can be calculated from !U+ = (1/κ) ln k+

s − 3.2 (Raupach
et al. 1991). According to this relation, the present rod roughness is k+

s =211.5.
The ratio ks/k is 6.39, which is similar to that of Krogstad & Antonia (1999). The
velocity-defect profiles, displayed in figure 12(b), show very good agreement between
the present DNS results and the experimental data of Krogstad & Antonia (1999).
In the outer layer, the velocity-defect profiles of the smooth and rough walls collapse
well and show good surface similarity.

6.2. Reynolds stresses

The Reynolds stresses normalized by u2
τ are compared in figure 13 for the smooth

and rough walls. The experimental data of Krogstad & Antonia (1999) are also
included for comparison. In this figure, a dashed vertical line is used to mark the
boundary between the outer layer (y > 5k) and the roughness sublayer (y < 5k). In
the plots of the streamwise normal stress 〈u+2〉 (figure 13a), the peak in the roughness
sublayer is considerably weaker in the rough-wall case compared to the smooth-wall
case owing to the blockage effect of the rod roughness, especially near the leading
edge (location IV). In the outer layer, however, 〈u+2〉 for the rough wall case becomes
greater than that of the smooth wall case. These trends are in good agreement with
the experimental data of Krogstad & Antonia (1999). The wall-normal stresses 〈v+2〉
(figure 13b), by contrast, are higher in the rough- than in the smooth-wall case in
both the roughness sublayer and the outer layer, although the increase of 〈v+2〉 in
the outer layer is smaller than that observed by Krogstad & Antonia (1999). The
spanwise normal stresses 〈w+2〉 and Reynolds shear stresses 〈−u+v+〉 (figures 13c
and 13d respectively) exhibit a similar increase in the outer layer. Near the leading
edge (location IV), the near-wall peaks of 〈v+2〉, 〈w+2〉 and 〈−u+v+〉 are significantly



• The inlet boundary was located far upstream of the first rod. 

• From the 3rd rod, Cf and Cp variations show similar periodic patterns, 
but asymptotic solution not reached. 
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Figure 4. Variations of (a) boundary layer thickness, (b) displacement thickness,
(c) momentum thickness and (d) shape parameter in the downstream direction.

streamwise direction is very small. In the present DNS, y ′ = y − ε is defined as the
distance from the virtual origin.

Figure 4 shows the variations of the boundary layer thickness, displacement thick-
ness, momentum thickness, and shape parameter after the roughness step change
along the streamwise direction. The boundary layer thickness (δ) increases almost
linearly along the streamwise direction for both the rough and smooth walls, with
the rough wall showing a larger rate of increase. The integral length scales (δ∗ and
θ) of the rough wall are also larger than those of the smooth wall. The shape factor
(H ) of the rough wall increases significantly near the step change and converges on
moving downstream. The increase of the displacement thickness is more pronounced
for the rough wall and the converged shape factor of the rough wall is larger than
that of the smooth wall. These different growth rates with outer length scales after
the roughness step change along the streamwise direction may show the existence of
a self-preserving form in the outer layer.

4. Self-preservation of the rough-wall turbulent boundary layer
In order to simulate a spatially developing rough-wall TBL, an abrupt surface

roughness change is necessary. In contrast to fully developed rough-wall channel flow,
the rough-wall boundary layer varies along the streamwise direction. The direct gen-
eration of a turbulent inflow that realistically reflects various surface roughness condi-
tions is impossible. Accordingly, the inflow condition of a smooth wall is provided at
the initial stage and then a roughness step change is imposed at some position down-
stream (80θin in the present work), where a fully developed smooth boundary layer is
obtained. Figure 5 shows contour plots in the (x, y)-plane of the velocity and pressure
fluctuations in the step change region. The velocity and pressure fluctuations are



Simulation of the turbulent boundary layer over a rod-roughened wall 139

y′/δ
0 0.25 0.50 0.75 1.00

y′/δ
0 0.25 0.50 0.75 1.00

0

1

2

3

4

5 (c)

0

0.3

0.6

0.9

1.2
(d)

!
–

u
+
v

+
"

/u
τ+

0

0.5

1.0

1.5

2.0

y > 5ky > 5k

y > 5k y > 5k

(b)

0

2

4

6

Smooth
Rough (II)
Rough (IV)

(a)

!
u

+
2
"

/u
τ+

!
w

+
2
"

/u
τ+

!
v

+
2
"

/u
τ+

Figure 13. Reynolds stresses in the outer coordinates, normalized by u2
τ . Symbols as

figure 12.

higher for the rough wall than for the smooth wall. The present results are in good
agreement with the experimental data of Krogstad & Antonia (1999). Consistent with
the findings of these experiments, our results indicate that the introduction of surface
roughness affects the turbulent Reynolds stresses outside the roughness sublayer.

As outlined above (figure 12b), the velocity-defect form for the smooth and rough
walls shows good similarity in the outer layer. Similar results are obtained for
other outer variables, such as the displacement thickness and momentum thickness.
However, the Reynolds stress profiles normalized by the friction velocity do not show
good similarity between the rough- and smooth-wall cases. Jimenez (2004) suggested
that δ/k must be larger than 40 before wall similarity can be expected. However,
δ/k used in this study is about 8 ∼ 22. Schultz & Flack (2005) proposed that ks

is a better representative length scale than k for comparing roughness effects with
different roughness geometrical characteristics, and that the extent of the roughness
sublayer is 5ks rather than 5k. They conjectured that the turbulence structure will
be changed when the extent of the roughness sublayer is larger than the inner layer
itself (5ks > 0.2δ). In the present DNS study, 5k is equal to about 0.25δ and 5ks

to about 1.59δ, which is larger than their criterion. However, the above criterion
should be further investigated to see whether it can be applied to all flow types and
roughness types generally. For example, a DNS study by Ashrafian et al. (2004) of
turbulent channel flow with the same two-dimensional rod-roughened wall used the
roughness height of h/k = 29.4 and 5ks = 0.82h, where h is the channel half-width.
They are slightly smaller than the present roughness height but still much higher than
the criterion of Jimenez (2004) and Schultz & Flack (2005). Despite this, however,
Ashrafian et al. (2004) reported the existence of wall similarity between the flows
over smooth and rough walls, indicative of a very weak interaction between the
inner and outer layers. These findings thus indicate that the above criterion is not
universal to all flow types (e.g. channel flow and boundary layer) and the lack of wall
similarity is not only due to the large roughness height but also the characteristics of
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