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ABSTRACT

A comparison between the turbulent flows in a smooth
and two different rough wall channels is reported. It is
demonstrated that even though the outer layer may appear
to be unaffected by the surface conditions, since the mean
velocity defect profiles are very similar, modifications to the
turbulent stresses as far out as y/h & 0.3 are found. Closer
to the wall the contributions from the fourth quadrant are
found to be much more dominant in the rough cases than
over the smooth wall, confirming earlier findings that sur-
face roughness tends to stimulate sweep type of motions. A
velocity dependent effective angle method for the calibra-
tion of yaw-response of hot-wire X-probes at low velocities
is presented. Comparisons with DNS (Moser et al., 1999)
show that this approach significantly improves estimates of
Reynolds stresses at low velocities compared to the conven-
tional method assuming a fixed effective angle.

INTRODUCTION

Flows over rough surfaces play an important role in
industry. Very few industrial processes are found in hy-
draulically smooth pipes. Townsend’s (1976) similarity hy-
pothesis propose that, outside the roughness sublayer (~ 5
times the roughness height, k) the flow is independent of
wall roughness at sufficiently high Re = Uch/v (based on
centreline velocity U, channel half height h and the kine-
matic viscosity, ). An implication of this hypothesis is that
outside the roughness sublayer the Reynolds stresses nor-
malized by the friction velocity, u,, are unaffected by the
roughness. Krogstad et al. (1992) and later Krogstad and
Antonia (1999), have questioned this assumption on the ba-
sis of differences observed in measurements over smooth and
rough wall boundary layers. In a boundary layer, u. is de-
duced from the velocity measurements, which may contain
considerable uncertainty. The present results are therefore
obtained in a channel flow, where 1, may be extracted more
accurately from the measured longitudinal static pressure
gradient or the known shear stress distribution.

The present study investigates the effects of surface
roughness on the Reynolds stresses over two different rough-
ness geometries for 12000 < Re < 70000. Here only mea-
surements for Re ~ 12000 are shown. Measurements for
the smooth wall channel are compared with DNS of Moser
et al. (1999). Results from their Re ~ 12400 simulation
suggest that this is sufficiently high to be free from most
low- Re-number effects.

EXPERIMENTAL DETAILS

The experiments were performed in an open return wind

tunnel with a working section consisting of two parallel
plates which form a 2-D rectangular channel. The test sec-
tion is 5 m long, with an inlet area of 1.35 m x 0.10 m.
Reference measurements were first made in the smooth case.
In the case of the first rough surface, the roof and floor were
covered with square bars 1.7 x 1.7 mm spanning the width of
the section. This corresponds to a ratic between the rough-
ness height, k, and channel half height, h, of 0.034. The
centreline spacing was 8 times the width of the bars, making
it a k-type roughness. According to Furuya et al. (1976) this
roughness spacing creates the largest effect on the mean ve-
locity profile. The second rough surface consisted of 1.5 mm
thick perforated plates covering both roof and floor. The
perforation consisted of 10 X 10 mm square holes arrayed in
a squared pattern with a centre spacing of 12 mm giving an
openness ratio of about 83 percent.

The measurements were taken at a bulk velocity of
about U = 4 m/s for all three flows. Mean velocity and
Reynolds stress data (u—*‘_z, 2, w2, —yFyu+, uFtwT, where
u, v and w are fluctuations in the streamwise, wall nor-
mal and spanwise directions respectively and superscript +
denotes normalization with u,) were obtained using pur-
pose made 2.5 um diameter single-, X- and UW-wire probes
(where X-wire probes are used for measurements of u and
v and UW-wire probes are used for measurements of u and
w). As expected for two-dimensional flows utw™ was very
close to zero and will not be presented. For all cases about
900 000 data were acquired to a PC. The filter frequency of
the low-pass filter was adjusted for each surface after spec-
tral investigation to closely match the highest Kolmogorov
frequency in the flow. The flow along the roof and floor were
both tripped at the inlet by a 3 mm diameter rod followed
by a 12 cm strip of No. 40 grit sandpaper, both spanning
the width of the section.

For the determination of u,, two different methods have
been used: (i) Measurement of the static pressure gradient
in the streamwise direction, dP/dz. (ii) Calculation of u,
from a least squares fit of —uv to the estimated outer layer
total shear stress. For measurements of dP/dx the test sec-
tion is fitted with pressure taps with 20 cm spacing along
the centreline. Additional taps are fitted off centre for rough
two-dimensionality checks. For the rough cases the sidewalls
were also fitted with pressure taps to eliminate disturbances
from the roughness elements. In fully developed channel flow
the total shear stress, T:;ml =1- % = %ly]% —utvtisa
straight line. A collapse of the measured shear stress outside
of the region affected by viscosity onto this line is then a ver-
ification of the estimated u,. For the higher Re investigated
the pressure drop was sufficient to obtain reliable estimates
of ur. ur from the pressure drop and the shear stress profiles
for these Re differed by less than 1 % for all surfaces. For the
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lower Re the pressure drop was only of the order of 2-10 Pa
for the 4 m length of the channel used for pressure measure-
ments, thus causing higher measurement uncertainties. In
the smooth case u, from the pressure gradient had to be
adjusted by up to 8 % to ensure that the mean velocity pro-
file agreed with results from DNS. This method compared to
within 1 % with u-, calculated from the shear stress profiles.
For single- and UW-wire measurements the confirmation of
ur was done by inspecting the mean velocity profiles. In the
rough cases u, was calculated entirely from the shear stress
profiles. Because of the shift in the mean velocity profile,
another method had to be used in the rough cases for the
confirmation of u, for single- and UW-wire measurements.
Results from the smooth case showed complete collapse of
the u*2 profiles in the outer layer (y/h > 0.2) measured
with single-; X- and UW-wire at similar Re. In the rough
cases the collapse of the ut? profiles in the outer layer could
then be used to estimate u, for the single- and UW-wire
measurements.

The present study is part of a project comparing wind
tunnel experiments with results from DNS. To match the
low Reynolds numbers from the DNS it was necessary to
decrease the flow speeds in the wind tunnel to a centreline ve-
locity of 2 m/s. Preliminary results {(Bakken and Krogstad,
2001) showed significant deviations in v+2 and w+? in the
measured smooth wall data at low velocities compared with
DNS at the same Re. This led to an investigation of calibra-
tion procedures for the X-wire probes. Three methods for
calibrating the yaw response are compared. (i) A yaw cali-
bration is performed using a constant velocity to determine
an average single effective angle. Such an approach is given
by Bradshaw (1971, p.121). This method has been used con-
sistently by our group and was the basis for the preliminary
results. (ii) A velocity dependent effective angle is deter-
mined for the full range of velocities in the experiment. (iii)
A full velocity vs. yaw-angle calibration using the method
of Osterlund (1999). Tt was found that the choice of method
particularly affected the estimates of w.

RESULTS AND DISCUSSION

Calibration procedures

For the investigation of calibration procedures precise
measurements of velocity and yaw-response of hot-wires had
to be performed for velocities down to 0.5 m/s. Normally
the velocity and yaw-response calibration of hot-wires are
performed using a pitottube as reference at the centreline of
the channel where the turbulence intensity is about 2-3 %.
The wind tunnel cannot run at stable centreline velocities
below 2 m/s and the use of pitottubes at such velocities
is related to large measurement uncertainties. A specially
designed calibration jet was therefore used for these calibra-
tions. The round jet produces a flat-topped velocity profile
with low turbulence intensity. The calibration rig was posi-
tioned on top of the channel and adjusted in angles so that
the jet flow was coaxial to the channel flow. The travers-
ing system can traverse the probes between the calibration
rig and the channel flow, so the probes are never moved or
disconnected between calibration and measurement.

Results show that the yaw response of a hot-wire is rel-
atively stable for U > 6 m/s, but that the effective angle
decreases in an exponential manner with decreasing flow
speeds (Fig. 1). This means that the concept of a fixed
effective angle can be meaningful at relatively high veloci-
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Figure 1: Effective angles for the wires of a UW-wire.
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Figure 2: Test for the sensitivity of effective angles in 12 at
U ~ 2m/s. See Table 1 for symbols. Line: DNS, Re ~ 6500
(Moser et al., 1999)

ties, but that the choice of angle becomes very subjective at
low velocities. To check the importance of the choice of ef-
fective angle at low velocities, a test of the sensitivity of the
mean and fluctuating velocities to a variation in the effec-
tive included angle was performed for a centreline velocity of
2 m/s (Table 1 corresponding to Fig. 2, only v+2 is shown).
The three testcases defined in Table 1 gave no deviation in U
and 42, but substantial differences in v72, w2 and utvT.
Since u+? is not sensitive to a change in the effective angles,
the distributions of u+v+ are less sensitive than v*2. Using
the method of a fixed effective angle, the effective angles are
usually calculated at a velocity of ~ 60 % of the centreline
velocity to cover a wide range of velocities in the channel
flow. This corresponds to Case 3 (O) in Fig. 2. Case 2
(&) and Case 1 () use the effective angles at 90 % and
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100 % of the centreline velocity respectively. At y/h = 0.3
Cases 1,2 and 3 give a 7 %, 19 % and 44 % overshoot re-
spectively compared to DNS (Moser et al., 1999). It was
therefore decided not to use the method of a single effective
angle for low velocities. Snyder and Castro (1998) compared
results from LDV with results from hot-wire experiments us-
ing a fixed effective angle and a velocity dependent effective
angle showing promising results for the latter method. Lim-
itations in their commercial software made it necessary to
process the data using the effective angles appropriate to the
indicated mean velocity only. A method using an effective
angle dependent on the streamwise velocity on a sample-by-
sample basis seemed more appropriate and was implemented
here. The full velocity vs. yaw-angle calibration approach of
Osterlund (1999) and DNS of Moser et al. (1999) were used
as reference. Osterlund’s method uses two 2-dimensional
fifth order polynomials for the estimation of I and V', where
each polynomial uses both the sum and the difference of
the voltages from the two wires as variables. Results from
this method and the method of velocity dependent effective
angles for u¥? and v+2 with an X-wire in the smooth chan-
nel showed excellent results compared to DNS. Problems
with Osterlund’s method were encountered measuring wt?
in the smooth case and in the rough channel flow in general.
Osterlund used V-wire probes for measuring W, where the
two wires are placed at & 45° to the mean flow lying in the
same horizontal plane. The spanwise extension is then con-
siderable leading to poor spatial resolution approaching the
wall. This is more serious in.a rough case where the tur-
bulence intensity is much higher than in the smooth case.
A UW-probe similar to the one used for measuring u and
v, only rotated 90°, does not have the same problem with
spatial resolution in the spanwise direction, but the effect of
large g—; approaching the wall is a problem for this kind of
probe. Comparisons between the UW-, V-probe and DNS
were made in the smooth channel flow and the UW-probe
was found to give better results near the wall than the V-
probe. Since the full velocity vs. yaw-angle method uses the
sum and difference of the voltages from the two wires in the
two calibration functions, a large part of the samples close
to the wall must be discarded when using the UW-probe.
The velocity dependent effective angle method, using a cali-
bration function appropriate to each wire does not have this
problem. Both methods gave very similar results for w+2
outside y/h ~ 0.2 and compared very well with DNS (Moser
et al.,, 1999). A more important problem was encountered
with the full velocity vs. yaw-angle method in the rough
channel flow, since flow angles were substantially increased
compared to the smooth channel case. Samples in the re-
gion close to the wall fell outside of the calibration area even
though probes with included angles of 100° where used and
the calibration was performed for yaw-angles of £35°. The
yaw-angle calibration area was limited to +35° because at
larger flow angles the calibration curves bended back into the
region of calibration already spanned by points measured at
smaller angles. This means that there is no one-to-one cor-
respondence between the flow velocity and the voltage pair
measured. One could argue that using probes with larger in-
cluded angles would diminish this problem, but this would
result in a poorer sensitivity of the lateral stresses. OQut-
side y/h ~ 0.2 all samples fell within the calibration region
where the full velocity vs. yaw-angle method and the veloc-
ity dependent effective angle method gave almost identical
results.
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Figure 4: Mean velocity shift, AUT.

Mean velocity

Rer = hur /v for the smooth channel experiment was
670. The mean velocity profile for this case was found to
match very closely the DNS data for Re, = 590 (Moser
et al., 1999) above y* =~ 10 (Fig. 3). Compared to the
smooth reference case, the rough wall profiles (Re; ro4s =
1230, Rer per f.plate = 940) exhibit a downward shift in
the log-law, AU, as expected from classical theory (e.g.
Townsend, 1976). AU was found to follow the character-
istic logarithmic dependency with respect to k¥, consistent
with a k-type behaviour (Fig. 4). It is evident from the
figure that the roughness effect from the rod roughness is
stronger than from the perforated plate. Calculations of the
equivalent sand roughness, k5, show that all Re considered
are in the fully rough regime (k¥ > 70). The error in ori-
gin, ¢, required in the case of a rough wall was determined
using the semi-logarithmic form of the velocity distribution.
Using the effective wall distance, y.ys = y + ¢, approximate
similarity between the smooth and the rough surface flows
is obtained in the velocity defect plot for both roughnesses
(Fig. 5). Similarity in the outer layer suggests that the sur-
face roughness effects are restricted to the inner wall layer.
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Figure 7: Normal stress w2+

Reynolds stresses

Reynolds stresses (ut2,v+2,w+2,utvt) are presented
in Figs. 6 - 9. Within experimental uncertainty all ut? pro-
files (Fig. 6) collapse onto a common curve outside y/h ~
0.1. This is consistent with Mazouz et al. (1998) for rod
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Figure 9: Shear stress utvt

roughness in a channel flow and Sabot et al. (1977) for rod
roughness in a pipe flow. Krogstad et al. (1992) found that
the ut? data over mesh roughness in a zero pressure gradient
boundary layer were consistently slightly higher than over a
smooth wall. This was attributed to the stronger wake in
the rough case. Here the wake was found to be the same
for all cases (Fig. 5). The collapse in w2 profiles (Fig. 7)
between the perforated plate and the smooth wall is very
good. For the rod roughness slightly higher values for wt?
are observed. This may be caused by higher uncertainty
in the estimation of u, for low Re with the UW-wire as ex-
plained above. The increase in w2 close to the wall appears
to be unphysical and caused by high g_;’ as suggested previ-
ously. The difference in y/h values for this increase between
the different surfaces is believed to be caused by increasing
turbulence intensity from the smooth wall to the perforated
plate to the rod roughness. Mazouz et al. (1998) found a
substantial decrease for w2 over the entire channel consis-
tent with the findings of Sabot et al. (1977) for pipe flows.
Both these investigations used considerably larger rods than
in this experiment. The vt?2 stresses (Fig. 8) for the perfo-
rated plate collapse onto the profile for the smooth channel
for y/h > 0.05. For the rods a decrease is observed for
y/h < 0.3, although never more than 10%. This applies to
all Re in the investigation. As for w+2, Mazouz et al. (1998)
also found a substantial decrease in v+2 over the entire chan-
nel consistent with the observations of Sabot et al. (1977) for
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a pipe. Krogstad et al. (1999) found large differences in the
level for v+2 related to the wall geometry. The distribution
of v+? for the rod roughness was also very different from the
other surfaces. Fig. 9 shows that for the shear stress, sim-
ilarity is observed for the perforated plate and the smooth
surface for y/h > 0.2, while for the rods the shear stress is
considerably reduced for y/h < 0.3. The latter is believed
to be a Reynolds number effect since the differences were
found to be smaller for higher Re, but the decrease in level
was always found to be present for y/h < 0.2. These results
are consistent with Labraga et al. (1997) (experiments done
under identical conditions as Mazouz et al., 1998) who found
only minor differences in —utv* for the rough and smooth
wall.

Differences observed between the rod roughness exper-
iments of Mazouz et al. (1998), Sabot et al. (1977) and
this experiment suggest that the size of the roughness ele-
ments is an important parameter. The strong effect of this
type of roughness may imply that even in this study the
size of the roughness elements is too large to be considered
as simple perturbations to smooth channel flows. Results
from the present study suggest that 2-D and 3-D roughness
give different effects on the stresses. This is corroborated by
Krogstad et al. (1999) from investigations in boundary lay-
ers. Comparisons with the latter investigation also suggest
that the channel flow, where the turbulent flows at the two
opposing walls interact, tends to produce roughness effects
that differ in nature from that of the boundary layer.

QUADRANT ANALYSIS

After observing a high degree of similarity between the
flows over rough and smooth walls in the Reynolds stresses,
especially for the perforated plate, it can be of interest
to look for possible differences in the turbulent structures.
Quadrant analysis (see Lu and Wilmarth, 1973) has proven
to be a useful tool in assessing structural changes in tur-
bulence. In the  — v plane, the shear stress uv = const.
defines a hyperbola in two antisymmetric quadrants. Hence
a triggering function | uw | > Hu'v', where the prime de-
notes a r.m.s. value and H is a threshold level, excludes
shear stresses within a “hyperbolic hole”. The contribution
to uv from a particular quadrant, ¢, may then be written

T
(@) = Jim %/0 wo(t) Io(t) dt . (1)

T—oo

Here I (t) is the trigger function defined as

&)

=11 when | uv |g > Hu'v'
Q7 0 otherwise.

It is worth noticing that an instantaneous motion with a
large value of © and small v may contribute to (7@),, in the
same way as an event with small v and high v, although
the types of motion will be very different. Hence the quad-
rant method alone can not be used to uniquely distinguish
contributions from a particular type of motion.

The shear stress signal is characterised by strong in-
termittency, where the main contributions to the averaged
stresses come from large excursions in the second and fourth
quadrants. When all events are included (H = 0), Fig. 10
shows that @2 and Q4 both contribute between 60 and 80 %
of uv throughout most of the channel flow. The results from
the smooth surface compare very well with DNS (Moser et
al., 1999). The overshoot is compensated by small nega-
tive contributions from Q1 and @3 which are very similar
in magnitude (not shown). The distributions for the three
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Figure 11: Ratio between Q2 and Q4 contributions for H=0
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Figure 12: Ratio between Q2 and Q4 contributions for H=5

surfaces are very similar for most of the channel. Very near
the wall y/h < 0.1, all contributions have a substantial rise
which occurs somewhat further out in the rough cases. This
is because the measurements in the rough cases were all
taken above the roughness elements. A decrease in @2 for
0.05 < y/h < 0.3 can be seen for both rough surfaces. Grass
(1971) argued that fluid trapped between the roughness ele-
ments as well as fluid from the viscous sublayer in the smooth
case form a reservoir of low momentum fluid for the ejection
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phase. The decrease in Q2 for the rough surfaces implies
that the roughness elements act as inhibitors in the ejection
phase compared to the smooth wall. This effect appears to
be independent of the roughness geometry. It is therefore
tempting to attribute this effect to small scale type motion.
The increase in @4 contribution over the rough surfaces is
much more pronounced in the same region. These effects
are even clearer in Fig. 11, where a = Q2/Q4 is plotted for
H=0. Notice that the wall region is enhanced by using a log-
arithmic abscissa. This ratio is the same for the three flows
above y/h & 0.3, but near the surface the Q4 events become
increasingly important in the rough cases, while Q2 events
dominate for the smooth surface. This trend becomes even
more obvious as the threshold level is increased (Fig. 12) For
H = 5 (which corresponds to contributions only from events
which are about 12 times stronger than uv), the Q2 events
are seen to dominate the entire flow field for the smooth wall,
while @4 becomes increasingly important for the rough sur-
face for y/h < 0.3. An interesting feature of these figures is
that although there is an important difference between the
—utvT distributions of the two rough surfaces for y/h < 0.3,
their Q4 and o distributions collapse completely for H = 0
for y/h > 0.07. Only for very strong events, H = 5, there
are differences between the two rough surfaces extending out
to y/h ~ 0.2, which is closer to the effects observed from the
utvt distributions. The main difference for H = 5 comes
from the Q2 contribution (not shown), which implies that
the rod roughness acts as a better inhibitor for very strong
ejections compared to the perforated plate. The observation
that the relative importance of sweep and ejection contribu-
tions are reversed in the rough wall flows compared with the
smooth wall flow is consistent with the findings of Song and
Eaton (2002) in a boundary layer with sand grain roughness
and with Krogstad and Antonia (1999) in a boundary layer
with rod roughness. These results corroborate the findings of
Krogstad and Antonia (1999) that the main effect of the sur-
face roughness is a reduction of the damping of v motions as
the wall is approached. Although the effect of roughness on
the Reynolds stresses seem to be limited, the quadrant anal-
ysis also confirms the speculations of Krogstad et al. (1992)
that surface roughness does not simply cause a modification
of the wall boundary conditon, but affects the turbulence
structure over a considerable part of the outer layer as well.

CONCLUSION

A new calibration method for X-wires using velocity de-
pendent effective angles is presented and validated against
DNS (Moser et al., 1999) and the state-of-the-art full ve-
locity vs. yaw-angle method of Osterlund (1999). Inves-
tigations at low velocities show that the effective angle is
extremely sensitive to the velocity at which the calibration
is performed and that lateral Reynolds stresses are extremely
sensitive to the choice of effective angle. The new approach
which lets the effective angle vary on a sample-to-sample ba-
sis significantly improves estimates of the Reynolds stresses
at low velocities compared with the method assuming a fixed
effective angle.

Measurements of five of the Reynolds stresses in a chan-
nel flow where the surfaces were roughened by means of
square transverse rods and perforated plates showed that
the stresses are affected beyond the immediate wall region
only for the rods. Although the mean velocity defect for the
rough walls and reference data taken in the same channel
under smooth wall conditions were found to be very sim-
ilar, differences in the stresses for the rods were found to

extend to almost 10 roughness heights. This is at variance
with conventional rough wall hypotheses which assume that
the roughness effect is primarily a modification in the wall
boundary condition which mainly affects the flow in the im-
mediate vicinity of the roughness elements.

A quadrant analysis showed that the sweep type events
are strongly affected by the roughness and the ejection type
events are affected to a lesser degree. This is consistent with
previous speculations (Krogstad et al., 1992) that a rough
wall primarily affects the turbulent structure by reducing the
damping of the wall perpendicular motion and breaking up
the streamwise vortices. The first effect mainly enhances the
intensity of the sweeps near the wall, while the second effect
reduces the streamwise length scales, making the flow more
isotropic. A comparison of the two rough surfaces showed
that despite important differences in the shear stress distri-
butions, the contributions to the different quadrants were
very similar, suggesting modifications of transport processes
compared to smooth wall flows common to rough surfaces.
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