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Abstract Wind tunnel measurements of turbulent
boundary layers over three-dimensional rough surfaces
have been carried out to determine the critical roughness
height beyond which the roughness affects the turbulence
characteristics of the entire boundary layer. Experiments
were performed on three types of surfaces, consisting of an
urban type surface with square random height elements, a
diamond-pattern wire mesh and a sand-paper type grit. The
measurements were carried out over a momentum thick-
ness Reynolds number (Rey) range of 1,300-28,000 using
two-component Laser Doppler anemometry (LDA) and
hot-wire anemometry (HWA). A wide range of the ratio of
roughness element height 4 to boundary layer thickness
was covered (0.04 < /5 <0.40). The results confirm that
the mean profiles for all the surfaces collapse well in
velocity defect form up to surprisingly large values of 4/6,
perhaps as large as 0.2, but with a somewhat larger outer
layer wake strength than for smooth-wall flows, as previ-
ously found. At lower h/d, at least up to 0.15, the Reynolds
stresses for all surfaces show good agreement throughout
the boundary layer, collapsing with smooth-wall results
outside the near-wall region. With increasing //d, however,
the turbulence above the near-wall region is gradually
modified until the entire flow is affected. Quadrant analysis
confirms that changes in the rough-wall boundary layers
certainly exist but are confined to the near-wall region at
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low h/d; for h/d beyond about 0.2 the quadrant events show
that the structural changes extend throughout much of the
boundary layer. Taken together, the data suggest that above
hlé =~ 0.15, the details of the roughness have a weak effect on
how quickly (with rising 4/0) the turbulence structure in the
outer flow ceases to conform to the classical boundary layer
behaviour. The present results provide support for Town-
send’s wall similarity hypothesis at low 4/6 and also suggest
that a single critical roughness height beyond which it fails
does not exist. For fully rough flows, the data also confirm that
mean flow and turbulence quantities are essentially indepen-
dent of Rey; all the Reynolds stresses match those of smooth-
wall flows at very high Re,. Nonetheless, there is a noticeable
increase in stress contributions from strong sweep events in
the near-wall region, even at quite low 4/9.

1 Introduction

Turbulent flows over smooth surfaces have been studied
extensively for a long time, both experimentally and the-
oretically. The importance of the wall layer was convinc-
ingly demonstrated experimentally by Kline et al. (1967).
Despite its significant importance in industrial applications,
much less is known for flows over rough surfaces. Surface
roughness is a defining feature of many of the high Rey-
nolds number flows found in engineering. In fact, the
higher the Reynolds number, the more likely are significant
effects of roughness, since the size of the roughness ele-
ments becomes increasingly large compared to the near-
surface viscous length appropriate for smooth-wall flows.
As a result, turbulent boundary layers over the hulls of
ships and submarines, within turbo-machinery, and over
the surface of the earth are all cases for which the smooth-
wall idealization rarely applies. Unfortunately, the impact
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of surface roughness is not entirely understood, and a
number of important fundamental questions have not yet
received a satisfactory answer. For this reason, wall-
bounded shear flows with roughness have been the focus of
a large body of research. Reviews of much of this work are
given by Raupach et al. (1991) and Jiménez (2004). The
conclusion of both reviews based on a majority of both the
experimental and computational evidence is that the flow
structure is unaffected by surface roughness in the outer
region of the shear layer. This supports the wall similarity
hypothesis of Townsend (1976), which states that the tur-
bulence structure is unaffected by the surface condition at a
sufficient distance from the wall. This distance is generally
thought to be 3-5 roughness heights (#) from the wall
(Raupach et al. 1991; Flack et al. 2005). The underlying
assumptions of Townsend’s hypothesis are that the Rey-
nolds number is sufficiently high and that 4 is small
compared to the boundary layer thickness.

Since Raupach et al.s (1991) review, the concept of wall
similarity has come into question. Experimental studies of
rough-wall boundary layers by Krogstad et al. (1992),
Krogstad and Antonia (1999), Tachie et al. (2000),
Keirsbulck et al. (2002) and Volino et al. (2009) have all
observed significant changes to the Reynolds stresses that
extend well into the outer layer for flows over (three-
dimensional) woven mesh and transverse (two-dimensional)
bar roughness. Numerical simulations of turbulent channel
flow by Leonardi et al. (2003) and Bhaganagar et al. (2004)
also show that roughness effects can be observed in the outer
layer. However, the experimental studies of Kunkel and
Marusic (2006) and Flack et al. (2005) provide support for
wall similarity in rough-wall boundary layers in terms of
both the mean flow and the Reynolds stresses. The work of
the former is notable because of the extremely high Reynolds
number and large separation of scales in the turbulent
boundary layers that were studied.

Jiménez (2004) emphasized the obvious point that the
conflicting views regarding the validity of the wall simi-
larity hypothesis may be due to the effect of the relative
roughness, //d, on the flow (where ¢ is the boundary layer
thickness). He concluded that if the roughness height is
small compared to the boundary layer thickness (/6 < 1/50),
the effect of the roughness should be confined to the inner
layer and wall similarity will hold. If, on the other hand, the
roughness height is large compared to the boundary layer
thickness (/9 > 1/50), roughness effects on the turbulence
may extend across the entire boundary layer, and the
concept of wall similarity will be invalid. But some of
the work mentioned above contradicts this conclusion in
one respect or another.

There is thus considerable current debate about the
structure of rough-wall flows and exactly how and under
what circumstances the roughness effects extend
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throughout the flow. Even if one accepts that provided A/
0 < 0.02, say, Townsend’s hypothesis is valid, it has never
been determined just how large h/0 must be before it
becomes untenable, as it eventually must. And does the
critical value of /0, (h/d). say, depend on the geometrical
characteristics of the roughness? Furthermore, once (4/0)..
has been exceeded, how does the structure of the boundary
layer differ from that of the more ‘classical’ (smooth or
‘small-roughness’) flow and to what extent do the differ-
ences depend on the topology of the roughness? Of course,
once h/é becomes of O(1), one could consider the flow
(initially) simply as a free stream over a collection of bluff
bodies and one then certainly expects at least some features
of the flow structure to depend on the specific surface
topology. But as the flow develops over a longer and longer
fetch of the same roughness, the boundary layer grows, so
that /6 gradually falls and eventually (presumably) the
classical situation will emerge. Does the particular /6 at
which this first happens depend on the flow history prior to
the start of the rough surface?

In our earlier paper (Castro 2007), it was shown that the
classical two-parameter profile can be used to collapse mean
velocity data up to surprisingly large values of h/6—at least
0.2—for a wide range of typical three-dimensional roughness
types. There was evidence, however, that the turbulence
characteristics changed for rather lower values. Flack et al.
(2007) examined the effect of increasing roughness height on
the outer layer turbulent statistics in fully developed turbulent
boundary layers on two types of three-dimensional rough
surfaces. They concluded that not only the mean flow but also
the turbulence remained essentially unaffected by the rough-
ness. However, the highest value of //6 obtained in their study
was only 0.052 which although higher than Jiménez’s crite-
rion is still quite small.

The purpose of the present paper is to address the issues
discussed above, particularly those concerning the turbu-
lence characteristics and how they are affected by increasing
h/d. We describe experiments on a number of rough surfaces
and i) examine the roughness effects on the mean flow and
turbulence throughout the boundary layer, ii) identify to what
extent these are different in both the near-wall region and the
outer flow from those typical of classical smooth-wall flows,
iii) determine (h/0),, iv) ascertain whether this value depends
on the nature of the 3D roughness, and (v) identify what are
the most significant structural differences throughout the
boundary layer once h/6 > (h/d). and how these subse-
quently vary with increasing //0.

In the following section, we summarize major features
of the classical mean flow scaling and discuss the crucial
issue of determining wall stress, before describing the
experimental methodology in Sect. 3. Basic mean flow and
turbulence data are presented and discussed in Sects. 4 and
5, respectively. Further, structural data from quadrant
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analysis are discussed in Sect. 6 before conclusions are
summarized in Sect. 7.

2 Mean flow scaling

In classical turbulence theory, the turbulent boundary layer
is considered to consist of an inner and outer layer which
only interacts in a limited sense. This has led to a tradition
of regarding the surface geometry as a boundary condition
which only affects the velocity distribution in the rough-
ness region (often called the roughness sublayer). This
layer extends only a few roughness heights away from the
wall (e.g. Rotta 1962). The effect of surface roughness on
the boundary layer mean velocity profile is classically
expressed using a roughness function AU, which modifies
the usual smooth-wall formulation, as expressed below for
the fully rough case,

+_U_1 + + Y
Ut == nly—d)" +B - AU +w(5) (1)
where u, is the friction velocity (y/7,/p), B = 5.2 and
K = 0.41, as determined for smooth-wall surfaces, w(3) is
the outer layer wake function, and d is the zero plane
displacement. Meteorologists have always used a log law
of the form

U+:11n<yd>. (2)

K Yo

For a smooth wall, d would be zero and for a rough wall,
with y measured from the bottom of the roughness ele-
ments, d can be interpreted as the effective height of
momentum extraction (i.e. where the surface drag is ‘seen’
to act by the flow aloft, Jackson 1981) and is always less
than 4. y, is the roughness length and is typically 0.1% but
this depends significantly on the roughness geometry. For
fully rough surfaces (i.e. where viscous effects do not
contribute noticeably to the surface drag), Castro (2007)
argued that this is the more appropriate form of the log law,
since it contains no viscous length scale (v/u;), and such
flows are essentially independent of Rey, the momentum
thickness Reynolds number, being dependent instead (in
principle at least) on 0/y,,.

The assumption of an outer layer unaffected by the wall
condition implies that the velocity defect function

U —U = —%m((ygd)) +% {2—w<(y;d)>] (3)

must be the same for rough and smooth walls. U, is the
free-stream velocity (reached at y — d = 9) and w(0) = 0,

w(l) =2 and [;° wd(@) = 1 provide the normalization
conditions for the wake function. I1 is the wake strength

parameter. The similarity in the mean velocity in the outer
layer can therefore be assessed using velocity-defect scal-
ing and, as mentioned above, it was shown earlier that
mean velocity profiles remain self-similar to surprisingly
large values of h/d, whatever the nature of the (three-
dimensional) surface topology (Castro 2007), although IT
rises slowly with decreasing 0/y,,.

Assessing the similarity of both mean flow and turbu-
lence profiles requires determination of the wall-shear stress
(to obtain u,). This is not easy even for smooth walls, but is
much more difficult on rough ones, except in fully devel-
oped internal flows where the total surface stress is related
directly to the (easily measurable) axial pressure gradient.
In boundary layers, the wall stress is typically deduced from
either near-wall measurements of the turbulence shear
stress, —uv, where lower case quantities refer as usual to the
instantaneous fluctuating components of velocity, or the
evaluation of velocity profiles in terms of a Clauser chart, or
an equivalent full profile formulation. The latter requires
assumptions about the form of the wake profile, and it has
been pointed out that the Clauser chart method could, at
least for smooth walls, potentially mask subtle Reynolds
number-dependent behaviour (Wei et al. 2005). Connelly
et al. (2006) determined u, for their rough surfaces by using
a procedure based on the modified Clauser chart method
proposed by Perry and Li (1990), with values confirmed
using the total stress method, which assumes a constant
stress region equal to the wall shear stress that exists in the
overlap and inner region of the boundary layer. The results
from the modified Clauser chart and the total stress methods
agreed to within 5% for their rough surfaces. In the present
study, the total stress method was employed to determine
uy; for these fully rough surfaces, this amounts to using the
measured (average) value of —uv in the inertial sublayer.
There are inevitable uncertainties, not least in that, for some
surfaces, measurements have suggested that this underes-
timates the wall stress (see Cheng and Castro 2002), but this
was deemed better than the much more uncertain approach
of trying to deduce all the unknowns from the mean velocity
profile alone. The most widely used approach for deter-
mining both d (and then y,) is first to obtain the value of u,
independently—e.g. from the uv profile as in the present
work or, ideally, from accurate surface drag balance data.
This u, can then be used as the required slope to fit the mean
velocity data to the usual logarithmic law, choosing the d
that yields the best fit. This was the method used in the
present work.

3 Experimental arrangements

The experiments were conducted in a nominally zero-
pressure gradient boundary layer within a blow-down wind
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tunnel at the University of Southampton. The tunnel has a
working section about 4.5 m in length and 0.9 m x 0.6 m in
area, with a tunnel velocity range of 0-30 ms~'. The free-
stream turbulence intensity in the tunnel is &~0.25%. The
floor was completely covered with three different types of
roughness. The first surface was an urban type roughness
which comprised 5-mm-square cuboids having five dif-
ferent heights chosen from a normal distribution with a
mean and standard deviation of 5 and 1.5 mm, respec-
tively. These elements were arranged in a staggered pat-
tern, and the size of the repeating unit of this surface was
40 by 40 mm (giving 16 elements in each such unit). This
ensured that the total element volume, as a percentage of
the product of the repeating unit area and the mean element
height, was identical to the surfaces used by Cheng and
Castro (2002), hereafter denoted by CC. This work there-
fore compliments the earlier study reported in the latter,
where full details of the surface which here we call the
‘block’ roughness, can be found. Figure 1 shows a sche-
matic plan view and a 3D view of a single ‘repeating unit’
of this block roughness. The vertical profile locations are
indicated by dots. Because of the spatially inhomogeneous
nature of the flow in the roughness sublayer, to obtain
representative spatially averaged turbulence properties
within this layer, it is in principle necessary to average a
sufficiently large number of individual point measure-
ments. CC therefore took 64 profiles over a single repeating
unit, at the locations indicated by the dots in Fig. 1. In the
current work, only one location was chosen (labelled
‘measurement location’ in Fig. 1). The selection of this
location was made using the data of CC by comparing the
Reynolds-stress profiles obtained by spatially averaging all
64 vertical profiles with each of the individual profiles. The
location at which an individual profile most closely mat-
ched the spatially averaged profile was chosen to be the

measurement location for the current experiments. This
avoided the necessity of obtaining multiple profiles within
the roughness sublayer.

The second surface consisted of a regular diamond-
patterned wire mesh, not too dissimilar to that used by
Krogstad and Antonia (1999) (although theirs was square-
patterned) and identical to that used in the more recent
channel experiments of Birch and Morrison (2010). The
mesh wavelength was 28.6 and 9.7 mm in the spanwise and
axial directions, respectively, with a total mesh depth of
about 4 mm (Fig. 2a). Vertical profile data were obtained
along a line above the geometrical centre of the diamond.
The third surface was a grit-type roughness, again identical
with a surface used by Birch and Morrison (2010); this was
a 16-gauge industrial open-type silicon carbide abrasive
sheet with a sparse and isotropic grit pattern having a
highly non-Gaussian distribution (Fig. 2b). The total grit
depth was about 2 mm from the base of the grit particles.
For both these surfaces, measurements did not extend much
into the roughness sublayer, and profile fits were limited to
the region above that layer (and, of course) below the outer
wake region.

In every case, the roughness was mounted on 10-mm-
thick baseboards which were placed on the floor of the
working section. A leading edge ramp some 200 mm long
was positioned at the front of the first roughness board to
sweep the thin contraction-exit boundary layer up to the top
of these baseboards. Some experiments were also con-
ducted on the smooth bottom surface of the working sec-
tion, for reference purposes. Mean and fluctuating
velocities, denoted as (U, V) and (u, v) respectively, were
measured using standard crossed-hot-wire anemometry
(HWA) and Laser Doppler anemometry (LDA). For the
HWA, signals from University of Newcastle (NSW)
bridges were filtered and digitized via a 16-bit A/D

Fig. 1 Schematic plan view Flow
and 3D view of a single
repeating unit of the block
surface. Dimensions in mm, 5 v
with element heights indicated o 10 20 30 40
on the plan view o = = r
. . - . . . - - Y
L
( - - - - - - -
A 32 5 68 5
- - - L] - - - -
measurement z
location > 3 < N 2 2
20
5 a6 32 68 | |
30 68 32 5 5
L] L] . . . L] L] .
40
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Fig. 2 Mesh roughness (a),
with a total depth of 4 mm, and
grit roughness (b), with a total
depth of 2 mm. The images are
from laser profilometer scans,
from Birch and Morrison (2010)

converter (IOTEech ADC488/8SA), which was operated
using virtual instruments (VI) written in LabView (from
National Instruments) mounted on a PC. The VI package
was developed and maintained by the EnFlo laboratory at
the University of Surrey.

Hot-wire probes were gold-plated tungsten wires with
an active length of about 1 mm, and the X-wires were
nominally +60° to the mean flow direction, to minimize
errors arising from the finite yaw response. These have
been shown to be significant with standard 45° wires (e.g.
Perry et al. 1987; Krogstad et al. 1992). Yaw calibrations
using the effective cosine law (typically over probe yaw
angles up to £30°) were performed in the free stream
against a standard Pitot-static tube using a micromanome-
ter whose output was passed to the same A/D system.
Corrections were also made to the near-wall turbulence
stress measurements to account for the high-turbulence
intensities (using Tutu and Chevray’s 1975, results).
Sampling rates were typically between 5 and 10 kHz, with
sampling times of 60—120 s. The probes were mounted on a
2D traverse system, driven by the same software that
obtained the probe data (whether HWA or LDA).

As a check on the adequacy of the hot-wire data, addi-
tional measurements were also made using LDA. The data
were obtained using a two-component (Dantec Burstware)
system operated with an argon-ion laser run at 2 W. A fibre
optic probe containing a 300-mm focal length lens was
located outside the wind tunnel. A beam expander was
mounted on this probe to allow measurements to be taken
at the centreline of the wind tunnel. The Burst Spectrum
Analysers were run in coincidence mode, and typically,
40,000-60,000 validated bursts were recorded during
sampling times of 60-180 s and sampling rates up to
1 kHz. Transit time weighting was used on all statistical
averaging to minimize bias errors. As demonstrated later,
mean and turbulence profile data obtained from these two
techniques agreed very well.

The free-stream velocity was varied between 5 and
20ms~! and, for each profile, was measured using a Pitot-
static tube mounted at the same axial location; the same
probe was used for the hot-wire calibrations. Any profile
which showed a hot-wire free-stream velocity drift of more
than 1% was rejected. For all the test cases, the mean
velocity profiles were obtained at various locations down-
stream of the leading edge of the roughness. This led to
wide ranges of momentum thickness Reynolds number
(1,300 < Rey < 28,000) and roughness element height
to boundary layer thicknesses (0.04 < h/6 < 0.40). The
boundary layer thickness at each of the measurement
locations was defined as the height at which the velocity
was 99% of the free-stream velocity, U.,.

4 The mean flow

The mean velocity profiles in wall coordinates for the three
rough surfaces at Rey ~ 11,000 are shown in Fig. 3.
Smooth wall results from Fernholz and Finley (1996)
are shown for comparison. The data for the block and
mesh surface were obtained using LDA, whereas for the
grit surface data, HWA was used. The relative roughness
heights at the measurement locations were h/d = 0.043,
0.035 and 0.033 for the block, mesh and grit surfaces,
respectively. The results for Krogstad and Antonia’s (1999)
mesh surface and CC’s staggered array of uniform cubes,
both obtained using HWA, are included in the figure. All
the rough surfaces display the usual linear log region,
shifted below the smooth profile by the roughness function
AU™, indicating an increased momentum deficit on these
surfaces. The roughness function can be expressed as
AU" = A +1In(Re.) where Re, = y,u./v (by equating the
log-law part of Eq. 1 with Eq. 3) and the legend contents in
Fig. 3 are listed in order of decreasing 0/y,, equivalent to
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Fig. 3 Mean velocity profiles. (a) (b)
a for RE() ~ 11,000, viscous 30 Ti‘:ogtgéfl: 20 | 4 KA, 0.021 M/
scaling; b y, scaling. The o Grit, 0032 . o Grit, 0032 K-
. ~ 25 F 5 Mesh, 0035 - & Mesh, 0.035 e

legends include values of //4 for O Urban Random, 0.043 15 [ @ Urban Random, 0.043 w
each case and, from top to a0k« 009 50P000000 x CC, 0.09 SghsS”
bottom, are in order of . °°o°°1 PP, . ,{;*;2&&/
decreasing 0/y, and thus S 15t _ °o°°°°°:‘§éé// = 10f
increasing roughness Reynolds ooooo&"‘f N d}io‘
number, Re; = y,u./v. Dashed 10¢ S °°;5§{&§
lines show the usual log law, st ‘{‘A@ﬁx ” 5 e
with the lower line in (a) shifted - e
by AU* = 10.5 0 A A 0

10 100 1000 10000 1 10 100 1000 10000

(y-d)* (y-d)ly,
Table 1 Salient parameters for the data shown in Fig. 3 Figure 4b emphasizes the expected collapse indepen-
Surface Symbol /o Oy, Re. N dent of Rey for, in this case, mesh surface data. All of
these have h/6 = 0.06 except for the first (Rey = 954),

Grit < 0.033 1483 353 83 0.027 for which h/6 = 0.18. For this case, measurements could
KA mesh A 0021 673 89 105 0083  not be made deep into the log-law region (which CC
Mesh A 0.035 438 127 114  0.095 showed extends all the way down to the top of the
Random blocks [ 0.066 498 13.0 11.5 0066  roughness elements provided spatially averaged data are
CC cubes x 0.047 334 199 126 0.047 used); the figure shows the lower limit of the data and the

KA refers to Krogstad and Antonia (1999) and CC to Cheng and
Castro (2002)

increasing Re, and AU™. Table 1 lists the salient parameters
for these particular cases. As expected, a trend of increasing
AU* with increasing roughness Reynolds number (and
decreasing 6/y,) is observed. Note that the parameters 6/y, and
AU donot vary monotonically with 4/8, so the latter is only a
crude measure of the ‘strength’ of the roughness. Figure 3b
shows the data plotted using the more appropriate y, scaling,
and Table 1 includes the values of y,/h for each case. Again,
note that these do not vary monotonically with the controlling
parameter 0/y,, which emphasizes the extent to which the
specific roughness geometry determines y,/h. Note also that,
in conformity with Castro (2007), this figure suggests a small
increase in the strength of the wake with decreasing 0/y, : I
(proportional to the maximum difference between the log law
and the wake profile) is noticeably larger for the CC data than
for the grit data.

Despite the small differences in the wake component,
data plotted in defect form show reasonably good collapse,
as demonstrated in Fig. 4a, which shows the data of Fig. 3
(Rey ~ 11,000). Clauser’s scaling parameter A = 6" U, /u.,
where 0 is the displacement thickness, is used to nor-
malize the wall distance as this is more appropriate than the
boundary layer thickness. Krogstad and Antonia’s (1999)
mesh data are included and are largely indistinguishable
from the present results. To demonstrate the level of
agreement between LDA and HWA, the block surface data
obtained using the latter are also included. Recall that all
these data are for Rey ~ 11,000, but very similar results
were found over a wide range of Rey.
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top of the roughness in this case (#/6 = 0.18). The results
are also independent of 60/y,, the parameter which controls
the surface friction, Cy, defined in the usual way. Very
similar data were obtained over the other two surfaces,
even extending to rather higher 4/9, as shown in Fig. 4c
for the block surface roughness, where collapse is good
up to at east /6 = 0.18. However, the highest A/d data in
Fig. 4c does show a noticeable (upward) shift from the
regular deficit profile. This is not surprising; there is little
reason to suppose that when there is hardly any classical
inner region, the outer region should conform to the usual
profile.

A reasonably sensitive check on the profile character is
provided by Clauser’s G parameter ((H — 1)/H/\/C;/2),
and this is plotted in Fig. 5 for the three different surfaces,
along with the CC data. Coles (1987) smooth-wall value is
6.2, and the data first appear to rise from values reasonably
consistent with that to a value around G = 7; G = 7.03 is
the value implied by the classical two-parameter profile
family with wake strength IT = 0.7 (see discussion in
Castro 2007). However, as h/0 increases, there seems to be
a trend of decreasing G and there is a hint that this starts
rather earlier for the random block roughness than it does
for either the mesh or the staggered cubes surface. 4 for the
random block surface has been taken (throughout this
paper) as the average block height; recognizing that the
surface drag is dominated relatively more by the higher
blocks, one could argue that a rather larger normalizing
height might be appropriate in that case and this would
reduce the 4/d at which the profile shape deviates from the
norm. A fall in G would imply a fall in II, but only on the
assumption that the classical wake profile is maintained.
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X Smooth,FF
2 KA, 0.021 I
o grit, 0.032 5
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(b) Fig. 5 The Clauser parameter as a function of y/d. The horizontal
— Smooth, FF ine i —
X 954,173 dashed line is G = 7.03
o 3400, 57.6
a 7710, 60.3
st o 11270,55.8 0016
+ o 15830, 59.2 L +  Bergstrom et al. (2005)
=) =N o Flack et al. (2007)
s 3 oy N o Urban Random
s 0.012 F N x  Mesh
41 i o x a4 Grit
Mesh data L <
C, 0.008 |
0 L SR coaan F
0.01 0.10 1.00 0.004
(c) 12 [
—— Smooth, FF 0.000 E— EE— e I
g 1 10 100 1000 10000
o 0.043,49.8
X 0.078,24.8 6/y,
8+ a 0.112,229
+S f 81‘5‘2 }82 Fig. 6 The variation of C; for all three surfaces. Lines refer to the
v o 0307.5.6 standard two-parameter family result, with wake strengths of IT =
2 0.55 and 0.7
4+ Block data
(2005) included. The classical two-parameter mean flow
result, formulated in terms of Cy vs. 0/y, (Castro 2007), is
0o oS 0 included for two values of Il. The scatter becomes rela-

(y-d)/A

Fig. 4 a Mean velocity defect profiles for Rey, = 11,000, all
surfaces. Legend and symbols as in Fig. 3 and Table 1. b mesh
deficit profiles data for #/6 ~ 0.06. Numbers in legend refer to values
of Rey and 0/y,. Vertical dashed and solid lines indicates lowest
measurement point and the top of the roughness, respectively, for the
Rey = 954 case. ¢ block deficit profiles for various h/d, 01y, (values
shown in legend)

However, the data (not shown) do not suggest any
noticeable fall in IT once #/6 > 0.2, say, and are in that
sense consistent with our earlier data (Castro 2007), so
we conclude that the profile shape does change—as sug-
gested by the /6 = 0.307 profile shown in Fig. 4c, for
example.

Figure 6 shows the C; variation for all surfaces, with the
(small A/6) data of Flack et al. (2007) and Bergstrom et al.

tively large at small values of 0/y,. This is partly because
of the greater difficulty in determining both u, and y, when
h/6 exceeds around 0.2. However, it is known that at such
large values of 4/, there are significant spanwise variations
in the boundary layer. These have been documented for
block-type rough surfaces by Reynolds et al. (2007) and, in
principle, would require full spanwise averaging of all
quantities before truly representative mean characteristics
would emerge.

Nonetheless, the data generally confirm the conclusion
in our earlier paper (Castro 2007) that mean flow univer-
sality occurs independently of the nature of the surface up
to quite large h/0—perhaps up to h/6 = 0.2 but certainly
significantly larger than the Jiménez (2004) criterion of just
a few percent. Beyond that point, there is some (albeit
weak) evidence that the (4/d). denoting departure from
universality may be dependent on the nature of the surface.
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Fig. 7 Turbulence Reynolds stresses for different surfaces at various
h/6. Numbers in the legend, which describes all three figures, refer to
the values of 4/6 and the corresponding 0/y,

The fact that mean flow universality extends up to
h/é =~ 0.2 does not necessarily imply that turbulence sta-
tistics will similarly be universal; it is these which are the
focus of this paper and which we now consider.

5 Reynolds stresses

Figure 7 shows selected normalized Reynolds stresses for all
surfaces at moderate h/6. (Rey lies between 6,900 and
12,600.) Our own smooth-wall data (obtained at Rey =
7,000) are used for comparison rather than the Fernholz and
Finley (1996) data because the smooth-wall normal vertical
stresses are very Reynolds number dependent. At (y — d)/

A = 0.04, for example, they reported values of V=118
and 1.56 at Rey = 5,000 and 58,000, respectively, compared
with Erm and Joubert’s (1991) value of 1.10 at Rey = 2,800.

The smooth-wall data in Fig. 7b (Rey = 7,000) have 12 =
14at (y —d)/A = 0.04.
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CC’s data are included in the figures and good collapse

in the ﬁ+ data is seen (Fig. 7a), in both inner and outer
regions of the boundary layer, for a factor of three range in
h/o—from 0.03 to 0.09. Similarity in the streamwise
Reynolds stress for rough and smooth walls in the outer
flow is well known, at least at low values of 4/J, having
been observed in a number of previous studies—e.g.
Raupach et al. (1991), Flack et al. (2005) and Schultz and
Flack (2007). On the other hand, Krogstad et al. (1992)
reported considerable (rough wall) modifications in the
inner layer and discernable differences even in the outer
layer. The reason for these differences, which do not
appear in the present data, is unclear. It is also worth
emphasizing that the mesh data show no sign of departure
from the usual inner layer behaviour, either in the defect
velocity (Fig. 4) or in the streamwise stress (Fig. 7a). This
is in distinct contrast to the data over the identical mesh but
in a channel flow, recently presented by Birch and Morri-
son (2010), with /6 = 0.078 where here ¢ is the channel
half-depth. However, they used a single hot wire parallel to
the surface. It is possible that, given the high-turbulence
intensities once (y —d)/A<0.1, the data were contami-
nated by the vertical fluctuating velocity component, which
would have the effect of increasing the mean axial velocity
and reducing the axial Reynolds stress, as seen in their
data. Our 120° cross wire and LDA probes avoid this dif-
ficulty. Note that the LDA data, included in the figure for
the particular mesh case shown, agree reasonably with the
corresponding HWA data, except in the very-near-wall
region where differences are not perhaps insignificant. The
reasons are not clear, other than the usual uncertainties in
u, and experimental errors in high-turbulence regions. If
the LDA near-wall —uv point had been used, rather than

the peak, to deduce u,, the LDA V2" data would generally

be rather closer to the HWA data, but the agreement in w2
would be less satisfactory.

There is a reasonable collapse in all the uwv" data
(Fig. 7¢), at least within the likely experimental uncer-
tainties. However, the normal stress data shown in Fig. 7b
clearly do not collapse and all lie, to various extents, sig-
nificantly above the smooth-wall result at similar Rey, at
least within the inner region. The large outer layer differ-
ences noted by Krogstad et al. (1992) are not evident,
although there are perhaps small increases above the
smooth-wall profile. There is a suggestion that in the inner
region, the increases above the smooth-wall profile are
larger for larger h/d, a point to which we return later.
Fig. 7b includes the very-high-Reynolds number smooth-
wall data reported by Fernholz and Finley (1996)—for Rey
~ 58,000. Given the independence of the fully rough
profiles on Rey (see below), one could argue that, at least in
the outer flow, the data should be comparable with these
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high-Reynolds number smooth-wall results. There is little
discernable trend in the rough-wall data in the outer region,
and they all lie between the low- and high-Reynolds
number smooth-wall data. In the inner region, however, it
is clear that profiles from the largest 4/0 cases shown are
higher than both smooth-wall profiles.

Figure 8 shows typical A profiles at various values of
h/d for the grit surface. It presents data from the lowest and
highest A/6 sets and includes the smooth-wall profiles
reported by Fernholz & Finley at low and high Rej as well
as the present smooth-wall data. Within experimental
uncertainty, there is good collapse of all the mesh data for
this surface, with no trend between the low and high 4/
cases. It is perhaps again significant that, as for the mesh
data in Fig. 7b, the rough-wall results lie close to those
reported for smooth walls at very high Rey. It is worth
emphasizing that the rough-wall stress data are not
dependent on Reynolds number. There is a factor of two
variation in Rey in the data shown in Fig. 7b but this cannot
explain the small trend (which, as noted above, follows the
variation of #4/d); for example, both the grit data and the
block data have Re, values almost twice that of the mesh
data. Likewise, the grit data shown in Fig. 8 cover the
range 1,100 < Rey < 11,000 with no discernible trend in
the profiles. Careful scrutiny of our full set of profiles
reveals no obvious trends with Rey in any parameter, and it
seems that Rey is simply not a governing parameter (as
argued for the mean flow in Castro 2007). Neither, at least
for this range of 4/, is 0/y,. (Recall that the latter replaces
Rey as the parameter which determines the skin friction for
fully rough boundary layers, see Fig. 6.) For the grit sur-

— )

face, the degree of collapse for both u? and —uv" is at
—+

least as good as that seen for v (so the data are not shown

here), although for the two higher 4/0 cases, the peak w2t
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Fig. 8 Vertical normal stress profiles at various h/0 for the grit
surface. Numbers in the legend refer 0/y, and h/o. Solid line refers to
the present smooth-wall data at the Rey shown; dotted and dashed
lines refer to the Fernholz and Finley (1996) profiles at Rey ~ 5,000
and 55,000, respectively

in the inner region was noticeably lower than it was for
smaller 4/0 (see below). Note that for this (grit) surface, it
was not possible to obtain data for h/d greater than about
0.15, for that would have required measurements very near
the leading edge of the rough surface, where the boundary
layer is relatively thin and may not have recovered from
leading edge effects.

Block roughness data are shown in Fig. 9. Note first that
for small #/d (below about 6%), the u? and —uv data lie
close to the smooth wall results throughout the boundary
layer, as seen earlier, whereas the 12 data are similar to the
high-Rey smooth-wall profile. This is all consistent with
results for the other two surfaces for relatively low /0. As
h/o rises, however, although in the outer region the u2 still
collapse, there are significant falls in the peak values
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Fig. 9 Stress profiles at various //6 for the block surface. Numbers in
the legend refer 0/y, and h/o. Solid line refers to the present smooth-
wall data at Rey = 6960; dotted and dashed lines refer to the Fernholz
and Finley (1996) profiles at Rey ~ 5,000 and 55,000, respectively
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reached in the inner region, as mentioned above for the
grit data. Of course, for high A/0, it is less easy to
determine precise values of u,, but the trend in Fig. 9a is
obvious. On the other hand, in the inner region, there is

no clear trend in the v?> data shown in Fig. 9b. What
seems more clear, however, is that outer region data
become increasingly affected as h/d rises above about
0.2. This is particularly evident in the shear stress pro-
files (Fig. 9c). It is not surprising; for any given surface,
there must exist an (h/d). beyond which not only the
inner region but also the outer region must be affected by
the roughness, as argued earlier. Indeed, what is likely,
and indeed is suggested by these data, is that the turbu-
lence characteristics in the usual inner region change
entirely—in fact, the inner region must eventually dis-
appear, which has implications for the mean velocity
profile. Once h/d approaches (h/d)., there is usually
insufficient data in the near-wall region to identify a
genuine log-law region; given too the possible uncer-
tainty in the value of x, the von Karman constant, for
such surfaces (see Leonardi and Castro 2010, for a recent
discussion of this point), obtaining a unique set of
d,y,,u; and k by assuming the existence of a log-law
region is not possible. This is the major reason for the
scatter at low 0/y, in Fig. 6. Such flows should arguably
be considered as shear flows over groups of obstacles,
rather than genuine boundary layers in the classical
sense, as Jiménez (2004) implied.

A relatively sensitive test to assess the effect of the
surface on the Reynolds stresses is to plot the structural

parameter ﬁ/p which does not rely on sometimes
uncertain values of u,. This is done in Fig. 10 for a
location in the inner region defined by (y — d)/A = 0.04.
Recent LDA data for the CC case (Hayden, personal
communication) are included as are the low and high Rey
values reported by Fernholz and Finley (1996). There is
no evidence of any significant trend in the data for A/
below about 0.2, although the block surface data might
perhaps suggest the earliest rise above the smooth-wall
value, which would be consistent with the earlier change

in mean flow profile noted in Sect. 4. However, v_z/ﬁ
rises significantly with A/ larger than about 0.2. For low
values of the latter, one might expect 0/y, to be more
important than 4/0, and Fig. 10b shows the data plotted
against the former. (Note that large h/d corresponds to
small 6/y,.) However, above the inevitable scatter caused
by summation of errors in v2 and u?2, there is no apparent
trend for 60/y, > 20—30. Around 60/y, = 10, however,
there are large variations. Some of these are undoubtedly
due to the effects of initial conditions at small fetches. An
alternative set of CC experiments was undertaken with
the leading edge ramp rising to the top, rather than the

@ Springer

(a) os
- ° q ®
0.6 [
L a © °
N B Op [m] a@ Eee) o hd
:§ 04 g%ggD@”
: © Mesh
| A Grit
02 L O Block
o CC
L ® CC, high ramp
ol
0.0 0.1 0.2 0.3 0.4 0.5
h/o
(b) 08
0.6 I %o %
- o O e
|N: I < gﬂ)% o ad
R coRpgp 0 0, ,
e —_——_—_— o & _ _ _ _ A _______
02
0‘0- 1 1 L1111l 1 1 A | 1 1 11111
1 10 100 1000

oy,

Fig. 10 v2/u? at y/A = 0.04 as a function of A/9, (a), and 0/y,, (b).
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bottom, of the roughness elements; the data are included
in the figure, and it is clear that there are significant
differences for 0/y, = 10—20 (Fig. 10b). For these short
fetches and consequent very large 4/0, the latter is argu-
ably a more appropriate scaling parameter, because 0 is
very dependent on the shape of the mean velocity profile.
Figure 10a certainly shows a rather better collapse of the
data with 4/0 once this exceeds about 0.2 (0/y, < 15,
say). Very similar results are apparent in the outer layer;
the data do not differ much in form from those shown in

Fig. 10, although for //3<0.2v2/u? lies between the
low- and high-Reynolds number smooth-wall values. This
is illustrated in Fig. 11, which shows data at
(y —d)/A =0.15—i.e. around the central region of the
boundary layer (y/6 ~ 0.5). Comparison of Figs. 10a and
11 suggests that the rise above the smooth-wall value
begins rather later in the outer region, which is what one
would expect. Turbulence structural changes occur first
near the surface but extend gradually into the outer flow
as the relative roughness height increases. This is
explored further in the following section.
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6 Quadrant analysis

Quadrant analysis was first introduced over 40 years ago
and allows one to investigate the strongest Reynolds-stress-
producing events in turbulent flows. This method decom-
poses the mean Reynolds shear stress uv into four distinct
Reynolds-stress-producing events based on the quadrant
Q in the wuv plane in which they reside. These events
include outward interactions (Q1: u > 0, v > 0), ejections
(02: u <0, v > 0), inward interactions (Q3: u <0, v < 0)
and sweeps (Q4: u > 0, v < 0). This methodology has been
used extensively to study the Reynolds-stress-producing
events in turbulent boundary layers as well as turbulent
channel and pipe flows. One of the first major discoveries
(Wallace et al. 1972) was that in the wall region above
a smooth surface one ejections and sweeps represent the
dominant Reynolds-stress-producing events, with each
contributing nearly 70% to the total Reynolds stress at
y+ ~ 15, whereas inward and outward interactions each
yielded 20% contributions. Below y* ~ 15, the sweeps
and outward interactions were more dominant. It seems
that most of the Reynolds stress is generated by the large,
energetic motions (Wallace and Brodkey 1977).

Grass (1971) was perhaps the first to use the technique
for a rough-surface flow; he investigated intermittent
ejections and sweeps in rough-wall boundary layers using
hydrogen bubble visualization and found that the entrain-
ment of low momentum fluid trapped between the rough-
ness elements was much more violent than the entrainment
of the smooth-wall viscous sublayer fluid. Raupach (1981)
observed that sweeps accounted for most of the turbulent
stress near rough surfaces and that the relative magnitude
of the sweep component increased both with surface
roughness and with proximity to the surface, mirroring in

general terms what happens below y" & 15 above a
smooth surface. Likewise, Krogstad et al. (1992) observed
that contributions from sweeps are significantly greater
over a rough surface (wire mesh) than over a smooth sur-
face, particularly in the near-wall region. They also found
that strong ejections and sweeps occurred almost twice as
frequently in the presence of surface roughness.

In the present study, a quadrant analysis using the
method of Lu and Willmarth (1973) was performed. Using
the concept of a hyperbolic hole of size H, defined by
luvl = Hu'v' where primed quantities denote rms values, a
detector indicator function, /y(f), was defined so that

1 if uv|, > Hu'v
IQ(I) — {() | |Q_

otherwise
where Q denotes the quadrant of interest. The contribution
to wvt from a particular quadrant may be written as

(4)

(@), = % / wlp(t)dr. (5)
0

Detections were made using a range of values for the
threshold level H, although results are presented here only
for H = 2.5, corresponding to events which are associated
with uv > 6uv . All the data presented in this section were
acquired using HWA.

Figure 12 shows the percentages of the total shear stress
provided by the strong (H = 2.5) Q2 ejection events and
Q4 sweep events. The data were obtained at the most
downstream fetch position for each roughness, so that the
values of 4/6 were small in each case. Data for the smooth
wall are also shown. Ejection events clearly dominate
sweeps throughout the boundary layer for the smooth wall
and also for the rough surfaces provided y/A > 0.025.
There is good agreement among all surfaces across almost
the entire boundary layer. However, noticeable differences
are observed in the near-wall region. Very near the smooth
wall, the contribution of strong Q2 events is more pro-
nounced than on the rough walls. The rise in the contri-
bution from strong Q2 ejection events on smooth walls was
also documented by Krogstad et al. (1992). On the rough
wall, in contrast, the strong Q4 events (Fig. 12b) are
enhanced for y/6 < 0.05. This is illustrated more clearly in
Fig. 12c, which shows the ratio of the contributions from
02 and Q4 for H = 2.5. It can be seen that the ratio is less
than unity for the mesh and block surfaces below about
y/A = 0.02 but greater than unity for the smooth wall. This
indicates that whilst strong ejection events play a relatively
larger role near a smooth wall, sweeps have a larger con-
tribution near rough walls. Such behaviour was also
observed by Raupach et al. (1981) and Krogstad et al.
(1992) and the latter speculated that it is probably a result
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contributions from Q2 and Q4 for H = 2.5

of the ‘less solid’ boundary condition for wall-normal flow

near the top of the roughness. The more recent results of
Krogstad and Antonia (1999) are included in the figure, and
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the present results for both the Q2 and Q4 events are in
good agreement with their mesh surface data. Flack et al.
(2005) also showed good agreement for both the Q2 and
Q4 contributions outside the near-wall region between their
smooth, sandpaper and mesh surfaces.

Once h/d rises above a few percent, differences in these
structural parameters become noticeable further away from
the wall. This is illustrated using the block surface data in
Fig. 13. As h/d increases the strong ejection events in the
near-wall region become increasingly suppressed, whilst
strong sweeps become more significant. The figure
includes data from Reynolds and Castro (2008) for a sur-
face comprising an array of staggered cubes (identical to
the CC surface), at #//6 = 0.074. These data have the same
overall behaviour of reductions in Q2 and increases in Q4
contributions near the wall, but significant differences from
the present data are evident below about y/A = 0.05.
However, this profile was obtained at a specific (x, z)
location (actually above the centre of a cube) and since the
roughness sublayer extended to around that value of y/A,
the results are very dependent on the specific location
chosen. Recall that in the present work, block roughness
profiles were deliberately obtained at a location where the
velocity and turbulence stresses, for example, happened to
be about the same as the full spatial averages.

Away from the wall, beyond about y/A = 0.07, there is
a reasonable collapse in all the rough-wall data with the
smooth wall results provided the roughness height does not
exceed about y/é6 = 0.13. It is clear that as A/J rises, the
near-wall changes increasingly encroach into the outer
region. Results for the mesh surface follow the trends of
both the grit and block roughnesses for equivalent h/d
values. It is difficult to discern any clear indication that the
nature of, for example, the sweep/ejection contributions to
the shear stress for any given h/0 are dependent on the
nature of the surface.

7 Final discussion and conclusions

The data presented in this paper show that zero-pressure
gradient rough-wall boundary layers are indistinguishable
from smooth-wall flows, independently of the nature of the
roughness provided that its height does not exceed about
15% of the boundary layer thickness. In particular, the
mean velocity profiles conform to the classical two-
parameter family, although the wake strength rises to val-
ues around 0.7 from the Coles smooth-wall value (0.62) so
that the Clauser parameter rises to about 7. This is con-
sistent with our earlier findings for an even wider range of
(3D) roughnesses (Castro 2007). Turbulence stresses are
also consistent with the highest Reynolds number smooth-
wall data available, both throughout the outer layer and in
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Reynolds and Castro (2008) for staggered cube roughness

the inner layer, down to the spatially inhomogeneous
region synonymous with the roughness sublayer. Likewise,
quadrant analysis suggests that the detailed structure of the
turbulence is unaffected in the outer layer by either the

nature of the roughness or its size, provided that A/ is
below about 15%. We argue that in view of all this, a
rough-wall boundary layer is equivalent in many ways to a
very-high-Reynolds number smooth-wall boundary layer,
except of course for the enhanced skin friction. For three-
dimensional roughness of any type, we suggest that the
critical roughness height below which Townsend’s hypoth-
esis remains valid is around (4/6), = 0.15.

In view of some extant data on two-dimensional (bar)
roughness, this conclusion may hold only for genuinely
three-dimensional roughness. Krogstad and Antonia (1999)
and, more recently, Schultz et al. (2010) have found that
2D bar roughness can lead to significant changes in outer
layer stresses even for quite small values of #/6—0.031 in
the latter case, for example. Schultz et al. showed that the
enhanced stresses were due to large-scale turbulent
motions emanating from the wall and argued that whilst for
3D roughness the largest scale motions generated by the
roughness itself have a size of O(#), 2D bars may produce
much larger scale motions. In the 3D case, our data, like
those of earlier authors, show structural changes within the
inner layer even for small roughness. These are typified by
stronger Q4 events, probably arising because the damping

of 12 provided by a rough wall is weaker than it is for a
smooth flow (Krogstad et al. 1999). However, these
structural changes do not appear to have a significant
influence on first- and second-moment data (i.e. mean
velocity and Reynolds stresses).

Note that much of this is in contrast to what is found in
2D channels, where the evidence is that neither quite large
3D roughness (Leonardi and Castro 2010) nor 2D bar
roughness (Krogstad et al. 2005) affects the outer layer
turbulence. This must be a result (partly at least) of the
much ‘harder’ outer boundary condition for internal flows.

Our data also display evidence that once h/0 exceeds
about 0.15, not only the mean flow profile but also the
turbulence begins to be affected in the outer layer. And
there are hints that the point at which this begins depends
somewhat on the nature of the roughness. Although the
evidence for this is weak, it does not seem unlikely since
eventually, as Jiménez (2004) pointed out, the flow
becomes essentially flow over a collection of obstacles,
rather than a boundary layer as usually understood. Cer-
tainly, by the time 4/6 = 0.3 changes extend throughout all
the outer layer and even the mean velocity profile is
noticeably affected. For such flows, the usual paradigms for
near-wall modelling (and scaling) are probably not appro-
priate, and the flow over any specific surface has to be
treated as an individual case, likely to be different in many
ways from other cases.
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