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Abstract This paper presents an experimental study on the transitionfrom smooth
to rough walls, and back to the smooth one, in turbulent closed-conduit flows. These
transitions cause a shift on flow velocity profiles that changes their parameters when
compared to the flow over a smooth wall. Different water flow rates were imposed
in a closed conduit of rectangular cross section, where rough elements consisting of
cavities of d- and k-type were positioned covering a part of the bottom wall of the test
section. Reynolds numbers based on the channel half-heightwere moderate, varying
between 7800 and 9600, and the regime upstream of the rough elements was hydrauli-
cally smooth. Experimental data for this specific case remain scarce and the involved
physics rests to be understood. The flow field was measured by low frequency PIV
(particle image velocimetry) and by flow visualization, thelatter using a continuous
0.1 W laser, a high-speed camera, and scripts written by the authors. From the instan-
taneous fields measured with PIV, the mean velocities, fluctuations, shear stresses and
turbulence production were computed. The results show the presence of oscillations
in Reynolds stress and turbulence production, that are higher for the k-type roughness
and were not shown in previous experimental works. From the high-speed movies,
the angular velocities and frequencies of vortices in the cavities were computed, and
the occurrence of fluid ejection from the cavities to upper layers of the flow was ob-
served. A relation between the angular velocities of inner-cavities vortices and the
oscillations in Reynolds stress and turbulence productionis proposed.
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Nomenclature

Roman symbols

B constant
d diameter (m)
dh hydraulic diameter (m)
f Darcy friction factor
f frequency (Hz)
h channel half height (m)
H channel height (m)
k height of rough elements (m)
L wavelength (m)
lv viscous length (m)
N number of image pairs
P turbulence production term (m2/s3)
Q volumetric flow rate (m3/h)
Re Reynolds number based on the boundary-layer thickness
Redh Reynolds number based on the hydraulic diameter
t time (s)
u longitudinal component of the velocity (m/s)
u∗ shear velocity (m/s)
v vertical component of the velocity (m/s)
vt tangential velocity (m/s)
w distance between rough elements (m)
x horizontal coordinate (m)
y vertical coordinate (m)

Greek symbols

δ boundary-layer thickness (m)
∆ displacement
κ von Kármán constant
λ ratio between the projected frontal and parallel areas
µ dynamic viscosity (Pa.s)
ν kinematic viscosity (m2/s)
Ω angular velocity (rad/s)
ρ specific mass (kg/m3)
τ shear stress (N/m2)
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Subscripts

0 relative to the smooth surface
0 relative to the origin of the vertical coordinate
bla relative to Blasius correlation
d relative to the displaced coordinate system
dh relative to the hydraulic diameter
s sand equivalent
v relative to the viscous layer

Superscripts

+ normalized by the viscous lengthlv or by the shear velocityu∗
averaged in time

′ fluctuation

1 Introduction

Turbulent flows over smooth and rough walls are encountered in both nature and in-
dustry. In many cases, there are transitions from walls withsmall rough elements to
walls with larger rough elements, and vice versa. One typical example is the transi-
tion that the wind suffers when it blows over a surface that changes abruptly from a
relatively smooth boundary, such as the ocean and flat lands,to a rougher one, such
as forests and cities. In industry, it is common that pipes change their internal sur-
face from a smooth steel wall to a rough corrugated wall, suchas the flexible pipes
employed in petroleum pipelines. Some typical problems andapplications in engi-
neering concern the increase of pressure losses and heat transfer in corrugated pipes,
the increase in pressure and stress fluctuations caused by vortex shedding from rough
walls, and also, in some cases, the drag reduction caused by some specific arrange-
ments of rough elements [1–3].

A turbulent boundary layer over a flat wall has different regions: an external layer,
far from the wall, where the flow is dominated by inertia and pressure gradients and
the length scale is the boundary-layer thicknessδ ; a viscous layer, that exists very
close to the wall if the surface is smooth enough, where the flow is dominated by vis-
cous effects and the length scale is the viscous lengthlv = ν/u∗, ν being the kinematic
viscosity andu∗ the shear velocity; an overlap layer between the external and viscous
ones, whose velocity profile is logarithmic; and a buffer layer, matching the viscous
and overlap layers. The turbulent boundary layer is in hydraulic smooth regime when
the rough elements of the wall are smaller than some units of the viscous length, and
it is in the transition or rough regimes otherwise.

The transition from a smooth to a rough wall, and from a rough to a smooth wall,
changes the structure of the flow. In the case of fully-developed boundary layers, such
as channel and pipe flows, it is common to describe the effect of roughness based on
the deviations of mean velocities from the smooth wall case.The first studies on the
effects caused by rough walls on turbulent flows were probably the ones made by
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Hagen [4] and Darcy [5], in the case of channel flows in fully rough regime. The con-
cept of smooth and rough regimes was not established at the time Hagen and Darcy
did their work; therefore, they did not describe the flow in terms of deviation from
a smooth wall, and were mainly interested in pressure lossescaused by rough walls.
Later, Nikuradse [6] performed exhaustive experiments with rough pipes in order to
determine the effects of closed spaced rough elements, for which he employed sand,
on turbulent pipe flows. Nikuradse compared the flows in roughand smooth pipes,
observed that the flows in hydraulic rough and transitional regimes were deviations
from the smooth regime, and proposed to describe the velocity profiles of transitional
and rough regimes by subtracting a deviation function from the smooth profile. Dis-
regarding the external layer,

u+ =
1
κ

lny++B−∆B (1)

whereu+ = u/u∗, u is the flow mean velocity,y+ = y/lv, κ = 0.41 is the von Ḱarmán
constant,B= 5.0 is the constant corresponding to hydraulic smooth profiles, and∆B
is the deviation or roughness function. Without the last term on its RHS, Eq. 1 is valid
for the smooth regime. For the developed rough regime, Nikuradse [6] found

∆B=
1
κ

lnk+s −3.5 (2)

wherek+s = ks/lv andks is the mean size of the grains of sand on the tube internal
surface. Inserting Eq. 2 in Eq. 1, we obtain an equation frequently used for developed
rough regimes:

u+ =
1
κ

ln

(

y
y0

)

(3)

In Eq. 3,y0 = ks/33. Because Nikuradse [6] presented exhaustive data for rough
pipe flows, it is common to relate the actual height of rough elements of a given wall,
k, to the equivalent one in the Nikuradses’case,ks, which is usually called effective,
standard, or sand-like roughness. For that, it is necessaryto compare Eq. 1 applied
to the actual and Nikuradse’s cases, i.e., using the obtained constants for the actual
wall and the values obtained by Nikuradse [6]. In principle,this procedure can be
applied for uniformly distributed rough elements with regular geometries and typical
height much smaller than the pipe diameter or the boundary-layer thickness. In these
cases, the height of rough elements and the sand-like roughness are expected to be
proportional. However, the behavior is different whether the elements distribution
over the wall is dense or sparse.

Schlichting [7] studied the effects of the distribution of regular rough elements
over the wall for relatively sparse distributions. He defined the solidityλ as the ratio
between the projected frontal area of rough elements and theprojected area parallel to
the wall. He found thatks/k∼ λ for the sparse case. It was proposed the existence of a
sparse case forλ ≤ 0.15 , where the standard roughness increases withλ , and a dense
case forλ > 0.15, where the standard roughness decreases withλ . The behavior of
the dense case can be explained by the sheltering caused by rough elements on each
other [8].
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Perry et al. [9] presented experiments on the development ofa turbulent boundary
layer over rough walls. The experiments were performed withboth zero and adverse
pressure gradients, and two different arrangements of rough elements. The authors
observed that one of the arrangements, consisting of sparsedistributed rough ele-
ments, followed the Schlichting-Clauser deviation function [7,10,11], with the ef-
fective roughness being proportional to the height of roughelements. This arrange-
ment is usually named k-type, because the friction is proportional to the heightk of
rough elements. For the other arrangement, consisting of densely distributed rough
elements, Perry et al. [9] observed that the effective roughness was not proportional
to the height of rough elements. Instead, the effective roughness varied with the thick-
ness of the boundary layer. This arrangement is usually named d-type, once the fric-
tion is proportional to the boundary-layer thicknessδ .

Many studies have been devoted to turbulent flows over rough walls, and to the
transition from smooth to rough regimes [12–21]. Today, we know that the changes
caused by rough elements have not an universal behavior and depend strongly on the
type of rough elements present on the wall. It is usual to distinguish between two
main types of arrangements: the k- and d- types. In general terms, in the k-type the
effective roughness is directly proportional to the heightof each element, while in
the d-type the effective roughness is proportional to the boundary-layer thickness [8].
In the case of square rough elements positioned transverse to the flow, the d-type oc-
curs, usually, when the distance between each rough elementis equal or lesser than
the element height, and the k-type occurs when the distance between each rough el-
ement is greater than the element height [14,18]. The commonexplanation for these
differences is based on vortex shedding: in the k-type roughness, vortices with char-
acteristic size given by the element height are frequently shed and diffused into the
main flow, whereas in the d-type stable vortices are maintained in the cavities between
rough elements, with ejections of fluid into the main flow occurring only occasionally.

Djenidi et al. [14] experimentally investigated boundary layers over smooth and
d-type rough walls. The experiments were performed in a 2-m-long water tunnel with
a 260 mm× 260 mm cross section. For the tests with the d-type roughness, a wall
with 20 rough elements, 5 mm in height and 5 mm in length each, was positioned at
the test section. The mean velocities and fluctuations for flows over smooth and d-
type rough walls were measured by a two-component LDA (laserDoppler anemom-
etry) device. In addition, in order to observe the structureof the flow in the cavities,
they made flow visualizations in the rough case. Djenidi et al. [14] observed that the
turbulent stresses, specially the shear components, and the normal component of the
mean velocity are stronger over the rough wall. The authors also observed that the
flow in the cavities has a vortical and quasi-steady structure, with ejections of fluid
occurring from time to time. They noted that these ejectionsintensify momentum
transfers in the rough case, which explain the increase in the turbulent stresses and
normal mean velocities over the rough wall.

Sutardi and Ching [16] presented an experimental study on the perturbation of a
turbulent boundary layer in smooth regime by one single rough element. The rough
element consisted of a 2D cavity on a flat plate, and three different geometries were
investigated: square, semicircular and triangular grooves with lengthw to heightk ra-
tio equal to one. The experiments were performed in a 20-m-long wind tunnel, with
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a 0.91 m× 0.91 m cross section, and the flow was measured by hot-wire anemome-
ters. The authors found that the perturbations caused by thesquare groove are more
significant than with the other geometries, that the bursting frequency on the grooved
wall is higher than on the smooth wall, and that thexy component of the Reynolds
stress increases over the groove and has a large relaxation distance, i.e., it does not
reach the smooth value just downstream of the groove.

Leonardi et al. [18] numerically investigated channel flowswith d- and k- type
rough walls. The authors performed DNS (direct numerical simulation) for Reynolds
numbers based on the channel half height between 2800 and 12000, for ratios be-
tween the lengthw and the heightk of cavities within 0.5 ≤ w/k ≤ 59, and for
ratios between the height of rough elements and the channel half height h within
0.1≤ k/h≤ 0.2. Leonardi et al. [18] found that the behavior of d- and k- type rough-
ness is given by the flow field near the rough wall, and not by theouter scales (δ
or h). They proposed that the pressure drag is higher than the frictional drag for the
k-type, and that the inverse is true for the d-type.

For a large variety of rough elements, Castro [22] showed that some mean flow
quantities, namely the friction coefficients and momentum and displacement thick-
nesses, are not significantly affected by the roughness type. Castro [22] did not present
the mean velocity profiles in the inner regions of the flow; therefore, it is difficult to
directly verify the changes caused by different roughness types in the mean flow.

Recently, many numerical studies using DNS and LES (large eddy simulation)
have been carried to understand the structure of turbulent flows over rough walls.
De Marchis [23] studied numerically the flow over rough wallsconsisting of 2D
and 3D elements using LES. The authors showed that disturbances of the mean flow
and turbulence fluctuations caused by the rough elements occur mainly the inner
layer, and that the coherent structures are smaller over rough walls when compared
to smooth ones. For the transitional regime, De Marchis [23]proposed a deviation
function to be used with a logarithmic profile, following thesame idea of the rough
regime given by Eqs. 1 and 2.

Lee [20] numerically investigated the transition of a turbulent boundary layer
from a smooth to a k-type rough surface. The author performedDNS, where the
roughness consisted of 2D rods aligned in the transversal direction, periodically dis-
tributed in the longitudinal direction, withw/k = 8, and positioned over the surface,
i.e., with a step change. Lee [20] showed that there are overshoots in mean veloci-
ties and second order moments at each rough element, and thatthese overshoots are
created either within the cavities or at the leading edges ofrough elements.

This paper presents an experimental investigation on the transition from smooth to
rough walls, and back to the smooth one, in turbulent closed-conduit flows. The flow
upstream of the rough surface is turbulent, fully developed, in hydraulically smooth
regime, and under moderate Reynolds numbers (ord(104), whereord stands for order
of magnitude). Experimental data for this specific case remain scarce and the involved
physics rests to be understood. Water flows were imposed in a transparent closed con-
duit of rectangular cross section, where two different rough walls were individually
positioned at the test section, one of d-type and the other ofk-type roughness. The
rough elements consisted of cavities machined on the top surface of one of the plates
that covered the entire bottom of the channel. The flow field was measured by low
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frequency PIV (particle image velocimetry) and by flow visualization, the latter us-
ing a continuous laser, a high-speed camera and scripts written by the authors. From
the instantaneous fields measured with PIV, the mean velocities, fluctuations, shear
stresses and turbulence production were computed. The results show the presence of
oscillations in Reynolds stress and turbulence production, that are higher for the k-
type roughness. These strong oscillations were not reported in previous experimental
studies and are shown here for the first time. From the high-speed movies, the angular
velocities and frequencies of vortices in the cavities werecomputed, and the occur-
rence of fluid ejection from the cavities to upper layers of the flow was observed. We
propose a relation between the angular velocities of inner-cavities vortices and the
oscillations in Reynolds stress and turbulence production.

2 Experimental setup

The experimental device consisted of a water reservoir, twocentrifugal pumps in
parallel, an electromagnetic flow meter, a flow straightener, a 5 m long channel of
rectangular cross section, a settling tank, and a return line. The channel was a closed
conduit of transparent material (plexiglass) with a 160 mm-wide by 50 mm-high cross
section. The test section was 1 m long and started at 3 m (40 hydraulic diameters)
downstream of the channel inlet, and the remaining 1 m section connected the test
section exit to the settling tank. The water flowed in a closedloop following the
above order of description. Figure 1 shows the layout of the experimental device.

The centrifugal pumps had their volute and rotor in brass in order to avoid corro-
sion particles in the water, as these can disturb the PIV (particle image velocimetry)
measurements. The flow rates were adjusted by a set of valves.The flow straight-
ener consisted of a divergent-convergent nozzle filled withglass spheres with a mean
diameter ofd = 3 mm, and its function was to homogenize the water flow.

Flat plates 6 mm thick made of PVC were inserted in the 3 m entrance length and
in the 1 m final length of the channel, covering the bottom and reducing the height to
44 mm. In the test section, a 1 m long and 6 mm thick plate with smooth and rough
regions was inserted, covering its entire bottom. The roughregion of the test section
plate consisted of cavities hollowed on the plate top surface; therefore, the top of each
rough element was at 6 mm from the channel bottom wall. Two different rough plates
were used: one, made of aluminum painted in black (electrostatic painting), consist-
ing of one single plate where the rough elements were machined on its top surface;
and another one consisting of a rough central section made ofblack polyoxymethy-
lene, where the rough elements were machined, mounted on flatPVC plates painted
in black. Each rough section consisted of 20 square rough elements aligned in a direc-
tion transverse to the water flow. The rough elements on the aluminum plate were 3
mm long and 2 mm high, and are referred here as k-type, whereasthe rough elements
on the polyoxymethylene plate where 2 mm long and 2 mm high andare referred
here as d-type. Figure 2 shows the variables and the coordinates systems adopted in
this work. The two rough sections can be seen in Fig. 3, which shows examples of
PIV images. The water temperature was between 22oC and 29oC in all tests.
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Fig. 1 Layout of the experimental device: (a) lateral view; (b) cross-section.

Fig. 2 Geometry of the rough plates and coordinates systems adopted in the present paper.

Two flow rates were used, 8 and 10 m3/h, corresponding to cross-section mean
velocities〈U〉 of 0.32 and 0.39 m/s, and to Reynolds numbersRe= 〈U〉δ/ν of 7.8 ·
103 and 9.6 · 103, respectively, whereδ is considered as the half-distance between
the surface of the PVC plates and the top wall of the channel. In the test section, the
regime was hydraulically smooth upstream of the rough elements in all the cases.

Particle image velocimetry was used to acquire the instantaneous fields of the
flow, and all the measurements were made at the vertical symmetry plane of the chan-
nel. The employed light source was a dual cavity Nd:YAG Q-Switched laser, capable
to emit 2×130 mJ at a maximum pulse rate of 15 Hz with a wavelength of 532 nm.
The employed camera was a 7.4µm × 7.4 µm (px2) CCD (charge coupled device)
with a spatial resolution of 2048 px× 2048 px, capable to acquire pairs of images
at a maximum frequency of 10 Hz. When synchronized with the laser, the employed
camera acquires pairs of images at a maximum frequency of 4 Hz. For each rough-
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Fig. 3 PIV images for the flow over (a) k-type and (b) d-type rough elements.

ness type, two fields of view were used: the larger one was 70.4mm× 70.4 mm and
the other was 28.1 mm× 28.1 mm. For the computations, we used cross-correlations,
with an interrogation area of 16 px× 16 px and 50% of overlap for the larger field,
and with an interrogation area of 32 px× 32 px and 50% of overlap for the smaller
field. These correspond to 256 interrogation areas and a spatial resolution of 0.27 mm
for the larger field, and to 128 interrogation areas and a spatial resolution of 0.22 mm
for the smaller field.
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Because the longitudinal dimension of the total field of the camera was smaller
than that of the studied region, the camera was mounted on a 2Dtraveling system
and different test runs had to be made, for both roughness types and flow rates. The
traveling system consisted of two rails on which the laser head and the camera were
rigidly mounted, and it was controlled by the PIV software. It was able to displace
the camera and the laser head in the longitudinal and transverse directions with steps
of 5 mm. In order to measure the flow over the entire rough region, we displaced
longitudinally the camera and the laser head, allowing from10 to 15% of overlap
between consecutive fields. For the larger field, four test runs were performed for
each flow rate: one upstream of the rough elements, one in the transition from the
smooth to the rough wall, one in the transition from the roughto the smooth wall,
and one downstream of the rough elements. For the smaller field, seven test runs
were performed for each flow rate: one upstream of the rough elements, one in the
transition from the smooth to the rough wall, four over the rough wall, and one in the
transition from the rough to the smooth wall. Figure 4 shows an example of different
regions imaged by the PIV. Each test run acquired 3000 image pairs for the larger
field and 4000 image pairs for the smaller field, so that a totalof 80000 image pairs
were acquired. Figures 5a and 5b present, respectively, some examples of the mean
longitudinal velocity,u, and the meanxy component of the turbulent stress,ρu′v′,
as functions of the number of image pairsN, for the flow over the smooth wall at a
given longitudinal position. The vertical positions are shown in the key of the figures
andRe= 9.6 ·103. From Figs. 5a and 5b, we observe that convergence is achieved
with 1000 image pairs foru and 2000 image pairs forρu′v′. In order to guarantee
convergence, at least 3000 pairs of images for each test run were used for the PIV
computations.
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Fig. 4 Example of different regions imaged by PIV for the k-type roughness: (a) transition from smooth
to rough surface; (b) rough surface; (c) transition from rough to smooth surface

Hollow glass beads with a mean diameterd of 10 µm and specific gravity of
1.05 were employed as seeding particles. The power of the laser was fixed at 68%
of its maximum power to assure a good balance between the image contrasts and
undesirable reflections from the channel walls and plate surfaces. Figure 3 shows ex-
amples of images acquired by the PIV device under those conditions. Instantaneous
velocity fields were computed in fixed Cartesian grids by the PIV controller soft-
ware. The computations were performed with multi-pass, standard cross-correlation,
and signal-to-noise and median filters were used to identifyand replace erroneous
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Fig. 5 (a) Mean values of the longitudinal velocity,u, and (b) of thexy component of the turbulent stress,
ρu′v′, as functions of the number of image pairsN, respectively.Re= 9.6·103.

vectors. Numerical codes were written by the authors to post-process these fields in
order to compute, for example, the time-averaged velocities, velocity fluctuations,
spatio-temporal averaged profiles, shear velocities, stresses, and turbulence produc-
tion terms.

Flow visualization was used to measure the angular velocities of vortices in the
cavities. For this, we used a continuous diode laser and a high-speed camera. The
laser emitted at a wavelength of 532 nm, and its maximum powerwas 0.1 W. Hollow
glass beads with d = 10µm and specific gravity of 1.05 were employed as seeding
particles. We used a MotionPro X3 camera, of CMOS (Complementary Metal Oxide
Semiconductor) type, with a spatial resolution of 1280 px× 1024 px, and capable to
acquire images at a maximum frequency of 1000 Hz. In order to follow the particles
trapped in the cavities, we set the frequency to 300 Hz for thetests with the d-type
roughness and to 200 Hz for the tests with the k-type roughness. The images were
processed by Matlab scripts written by the authors using a PTV (particle tracking
velocimetry) approach. Figure 6 shows an example of image obtained for the k-type
rough plate.

Fig. 6 Flow visualization image obtained for the k-type rough plate. Re= 9.6·103.

Although the PIV processing has sub-pixel precision, the uncertainties of our
experimental results are higher. It is very difficult to determine accurately the uncer-
tainties of our measurements; however, we can estimate it. Given the equipment used,
the major source of errors was the image calibration procedure: in order to map the
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image pixels to mm, we used a scale with an uncertainty of approximately 0.5 mm.
With respect to the total fields, this gives an uncertainty ofless than 2% in all cases.
The other sources of spatial uncertainty, such as the cameras resolution, are smaller.
As both the PIV and PTV computed velocities, the time uncertainties are important in
order to estimate the errors. Time uncertainties are given by the PTU (programmable
timing unit) of the PIV device, which is of the order of the ns,and the clock of the
high-speed camera, which is of the order of theµs. With respect to the employed
frequencies and times, the errors are well below 0.1 %. We then estimate that the
uncertainty of computed velocities is of the order of 2 %.

3 Results

3.1 Smooth wall

The flow upstream of the rough surface was measured for both flow rates. The flow
data therefore correspond to a turbulent, fully developed channel flow. After the
experiments, the images were cross-correlated by the PIV controller software, and
the instantaneous velocity fields were determined. Using numerical codes written by
the authors, the instantaneous fields were time-averaged, the fluctuation fields were
computed and time-averaged, and, because the flow was fully developed, the time-
averaged fields were spatially averaged in the longitudinaldirection.

Figure 7 shows the mean velocity profiles for the two Reynoldsnumbers. The pro-
files are plotted in the traditional log-normal scales, withthe vertical distance from
the wall normalized by the viscous length,y+ = yu∗,0/ν , and the mean velocity nor-
malized by the shear velocity,u+ = u/u∗,0. The circles and the asterisks correspond
to Re= 7.8 ·103 andRe= 9.6 ·103, respectively, and the line corresponds to Eq. 1
with ∆B = 0. The graph was plotted iteratively because the shear velocity u∗,0 was
determined by fitting the experimental data in the logarithmic region (30< y+ < 130).

101 102 103

y+

5

10

15

20

25

u
+

Fig. 7 Mean velocity profiles over the smooth wall. The circles and the asterisks correspond toRe=
7.8·103 andRe= 9.6·103, respectively. The line corresponds to Eq. 1 with∆B= 0.
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Table 1 shows the shear velocityu∗,0, the law-of-the-wall constantB0, the vis-
cous lengthlv, the normalized element heightk+ = k/lv, the experimentally obtained
Darcy friction factor f0, and the Darcy friction factor from the Blasius correlation

fbla = 0.316Re−1/4
dh , whereRedh is the Reynolds Number based on the hydraulic di-

ameterdh and the cross-section mean velocity〈U〉, in the region upstream of the
rough elements, for each flow rate. The normalized element height k+ was computed
based on the viscous length over the smooth wall; therefore,the element height can be
compared with the thicknesses of the boundary-layer regions in the hydraulic smooth
regime. However, the investigated roughness consisted of cavities, so that the rela-
tion between the boundary-layer regions and the elements height is not a direct one.
In addition,k+ does not consider the longitudinal distances between elements, and
different arrangements of the same elements can lead to different behaviors.

The measurements showed that the flow in the test section upstream of the rough
surface corresponds to a fully-developed turbulent channel flow in hydraulic smooth
regime, and the Blasius correlation can be used to estimate flow in this region.

Table 1 Shear velocityu∗,0, law-of-the-wall constantB0, viscous lengthlv, normalized element heightk+,
experimentally determined Darcy friction factorf0 and Darcy friction factor from the Blasius correlation
fbla for each water flow rateQ, in the region upstream of the rough elements.

Q Type 〈U〉 Redh B0 u∗,0 lv k+ f0 fbla

m3/h · · · m/s · · · · · · m/s m · · · · · · · · ·

8 d 0.32 2.4×104 5.11 0.0184 4.9×10−5 41 0.0272 0.0253
10 d 0.39 3.1×104 5.06 0.0223 4.0×10−5 50 0.0256 0.0239
8 k 0.32 2.4×104 5.14 0.0185 4.8×10−5 42 0.0275 0.0253
10 k 0.39 3.1×104 5.02 0.0228 3.9×10−5 51 0.0267 0.0239

Figure 8a shows the mean profiles of thexycomponent of the turbulent stress over
the smooth wall in dimensionless form,y/H versus−ρu′v′/(ρu2

∗,0), while Fig. 8b
shows the profiles of thexy component of the viscous stress in dimensionless form,
y/H versusµ∂yu/(ρu2

∗,0). Two different flow conditions are presented, the circles
and the asterisks corresponding toRe= 7.8·103 andRe= 9.6·103, respectively. The
turbulent and viscous profiles correspond to expected profiles for fully-developed
channel flows [24].

3.2 Rough walls: spatial analysis

The flow over the rough elements was measured by PIV for both flow rates and rough-
ness types. Given the relative low frequency of acquisitionof image pairs, 4 Hz, and
the relative high spatial resolution, 2048 px× 2048 px, these data are used for an
spatial analysis of the flow. As with the flow over the smooth surface, the images
were cross-correlated by the PIV controller software, and the instantaneous velocity
fields were obtained. Using numerical codes written by the authors, the instantaneous
fields were then time-averaged, and the fluctuation fields were computed and time-
averaged. The time-averaged fields are shown next.
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Fig. 8 (a) Mean profiles of thexy component of the turbulent stress over the smooth wall normalized by
ρu2

∗,0. (b) Profiles of thexy component of the viscous stress over the smooth wall normalizedby ρu2
∗,0.

The circles and the asterisks correspond toRe= 7.8·103 andRe= 9.6·103, respectively.

Figure 9 shows the mean velocity profiles in the traditional log-normal scales
over the transition from the smooth wall to the rough surfaceand back to the smooth
wall, for both flow rates. The profiles were normalized byu∗,0 andν . The origin of
the vertical coordinatey is the vertical position of the smooth surface. Figures 9a and
9b correspond to d-type roughness and Figs. 9c and 9d to k-type roughness, and the
symbols used in the figures are explained in the key.

With the origin ofy at the top surface of rough elements, the mean velocities over
the d-type rough elements increase or remain the same in the lower part of the pro-
files when compared to the flow over the upstream smooth wall, and then decrease
over the smooth wall downstream of the rough elements to approximately the same
values existing upstream of the elements. The higher velocities found over the d-type
rough elements are due to stable inner-cavities vortices, which generate a positive
velocity aty= 0 over the cavities. The situation is different for the k-type roughness,
for which the mean velocities remain the same or decrease over the rough elements
when compared to the flow over the upstream and downstream smooth walls. Far
from the walls, in they+ > 100 region, the mean velocity profiles collapse: the per-
turbations caused by the rough elements do not reach the upper regions of the flow
within the longitudinal length of the rough plate. For the present smooth-rough and
rough-smooth transitions, the perturbations do not reach the external layer.

The coordinate system with origin at the smooth wall surface, y, is commonly
used in studies on boundary-layer transitions from smooth to rough walls [8]. The
use of this coordinate system close to the walls give the ideathat higher velocities are
obtained close to the walls; however, when the rough elements consist of cavities, the
distance to the wall changes because wall material was removed. In order to analyze
the evolution of mean velocities at the same distances from the walls, it is necessary
to use an effective origin for the wall. For that, we use a displaced vertical coordinate,
showed schematically in Fig. 2 and given by Eq. 4:

yd = y+∆y (4)
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Fig. 9 Mean velocity profiles in log-normal scales using they coordinate, for both flow rates and roughness
types, normalized byu∗,0 andν. The circles, triangles, asterisks and squares correspondto the flow over the
smooth wall upstream of the rough elements, over the transition from the smooth wall to the rough surface,
over the transition from the rough surface to the smooth wall,and over the smooth wall downstream of the
rough elements, respectively. The continuous line corresponds to a fit for the overlap layer of the smooth
wall profiles. (a)Re= 7.8·103 and d-type; (b)Re= 9.6·103 and d-type; (c)Re= 7.8·103 and k-type; (d)
Re= 9.6·103 and d-type.

where∆y is a distance below the smooth wall surface that correspondsto the ef-
fective position where the rough wall is. For fully-developed flows in rough regime,
Nikuradse [6] showed that the effective height of rough walls is y0 = k/33, so that
∆y= (k−y0) in Eq. 4. If the flow is not fully developed, another possibility is to use
the mean height weighted by the lengths and heights of elements,k, and∆y=

(

k−k
)

in Eq. 4.
Figure 10 shows the mean velocity profiles usingyd in the traditional log-normal

scales over the transition from the smooth wall to the rough surface and back to
the smooth wall, forRe= 9.6 · 103. The profiles were normalized byu∗,0 and ν .
Figures 10a and 10b correspond to d- and k-type roughness, respectively, with∆y=
(

k−k
)

, and Figs. 10c and 10d to d- and k-type roughness, respectively, with ∆y =
(k−y0). The symbols used in the figures are explained in the key. Using yd, the
mean velocities decrease over the rough elements when compared to the flow over the
upstream and downstream smooth walls, and in they+d > 100 region for∆y=

(

k−k
)

and y+d > 200 for ∆y = (k−y0) the mean velocity profiles collapse. Because the
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Fig. 10 Mean velocity profiles in log-normal scales using theyd coordinate, for both roughness types and
Re= 9.6 ·103, normalized byu∗,0 andν. The circles, triangles, asterisks and squares correspondto the
flow over the smooth wall upstream of the rough elements, over the transition from the smooth wall to
the rough surface, over the transition from the rough surface to the smooth wall, and over the smooth wall
downstream of the rough elements, respectively. The continuous line corresponds to a fit for the overlap
layer of the smooth wall profiles. (a) d-type andk; (b) k-type andk; (c) d-type andy0; (d) k-type andy0.

present case is a transition, the perturbations caused by the rough elements do not
reach the upper regions of the flow. Therefore, in theyd coordinate, the presence of
the rough elements always decrease the flow velocities closeto the wall.

Although the effective height proposed by Nikuradse [6] is for fully-developed
rough regimes, Figs. 10c and 10d show the smooth-rough transition from the perspec-
tive of a fully-rough regime. In a rough regime, the normalized log-normal profiles
are parallel and displaced by a distance∆B from the smooth profiles. In the present
case, the flow is undergoing a transition from smooth to roughsurfaces, and back to
a smooth surface. Figs. 10c and 10d show that the mean flow is highly perturbed by
the rough elements in they+d < 100 region and almost unperturbed in they+d > 200,
meaning that the disturbances due to the rough elements could not reach the external
layers of the flow.

Figure 11 shows the mean profiles of thexy component of the turbulent stress
normalized byρu2

∗,0 for Re= 9.6 · 103. Figure 11a corresponds to the d-type and
Fig. 11b to the k-type roughness, respectively, and the symbols used in the figures
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Fig. 11 Mean profiles of−ρu′v′ normalized byρu2
∗,0 for Re= 9.6 ·103. (a) d-type roughness; (b) k-type

roughness.

are explained in the key. In order to make the profiles smoother, they were spatially
averaged over a given longitudinal distance. For the d-type, the distances were of
5 rough elements in the transition from the smooth to the rough surfaces, 7 rough
elements for the flow over the rough surface, and 3 rough elements for the transition
from the rough to the smooth surfaces. For the k-type, the distances were of 3 rough
elements in the transition from the smooth to the rough surfaces, 4 rough elements for
the flow over the rough surface, and 1 rough element for the transition from the rough
to the smooth surfaces. The longitudinal distance over which the averages were taken
were such that, apart from the noise, variations were relatively small. The maximum
variation (considering ally positions, in each interval) ofρu′v′ around the averaged
values is between 2.0 % and 5.4 % for the d-type, and between 3.1 % and 6.4 % for
the k-type roughness. For eachy, the variation is computed as the standard deviation
divided by the square of the sample size.

In the longitudinal direction,−ρu′v′ increases near the bed as the flow goes from
the smooth to the rough surfaces for both roughness types. The longitudinal increase
in −ρu′v′ occurs in they+ < 200 region, and in the regiony+ > 250 the profiles
collapse. In addition, the mean values of−ρu′v′ are higher over the smooth surface
downstream of the rough elements than over the smooth surface upstream of the
rough elements. The increase of−ρu′v′ over the rough region and just downstream
of it is due to the interaction between vortices existing in the cavities and the flow
in the upper regions. The existence of inner-cavities vortices is shown in Subsection
3.3. Because the flow is undergoing a smooth-rough transition in a limited length,
the disturbances caused by the rough elements could not reach the external regions
(y+ > 250).

Figure 12 shows the mean profiles of the viscous stress normalized byρu2
∗,0 for

Re= 9.6·103. Figure 12a corresponds to the d-type and Fig. 12b to the k-type rough-
ness, and the symbols used in the figures are explained in the key. The longitudinal
positions of the profiles as well as the distances for the averages are the same as in
Fig. 11. For both roughness types,µdu/dy is lower over the rough surfaces than over
the smooth walls. The decrease in the viscous stress over therough wall is due to the
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Fig. 12 Mean profiles of the viscous stress normalized byρu2
∗,0 for Re= 9.6 ·103. (a) d-type roughness;

(b) k-type roughness.

lower gradients of mean velocities that are caused by the presence of recirculation
vortices in the cavities. The existence of inner-cavities vortices is shown in Subsec-
tion 3.3.

Figure 13 shows the maximum values of each vertical profile of−ρu′v′ along the
longitudinal direction normalized byρu2

∗,0. The dashed and continuous lines corre-
spond toRe= 7.8 ·103 andRe= 9.6 ·103, respectively, and Fig. 13a corresponds to
the d-type and Fig. 13b to the k-type roughness. The maximum values were obtained
from the local profiles of−ρu′v′, and they were filtered with a Gaussian filter in order
to eliminate noise.

In the transition from the smooth to the rough surfaces, and downstream of it,
the maximum values of−ρu′v′ increase with respect to the smooth wall values. The
increase of turbulent stresses over the rough surface is dueto the formation of vortices
in the cavities, and to the shedding of fluid from the cavitiesto the upper regions of the
flow. In addition, Fig. 13 shows the presence of oscillationsin the maximum values of
−ρu′v′, that are higher for the k-type roughness. With the exception of Lee [20], who
presented a numerical study using DNS, these oscillation were never discussed in
previous works and are experimentally shown here for the first time. In the case of Lee
[20], the rough elements were sparse (w/k = 8) and with step change, and he found
that there were overshoots in second order moments generated within the cavities or
at the leading edges of rough elements. In the present case, the rough elements are
more concentrated, so that the wavelength of oscillations is not the distance between
rough elements. Instead, the oscillations have a wavelength L within 5w and 7w, and,
as in the case of Lee [20], one possible explanation is the ejection of fluid from the
cavities. The investigation of the inner-cavities vortices, presented in Subsection 3.3,
corroborates the explanations based on the fluid ejection.

Figure 14 shows the maximum values of thexycomponent of the turbulence pro-
duction along the longitudinal direction. The dashed and continuous lines correspond
to Re= 7.8 · 103 andRe= 9.6 · 103, respectively, and Fig. 14a corresponds to the
d-type and Fig. 14b to the k-type roughness. Thexy component of the turbulence
production was computed as
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Fig. 13 Maximum values of−ρu′v′ along the longitudinal direction normalized byρu2
∗,0. (a) d-type and

(b) k-type rough elements. The dashed and continuous lines correspond toRe= 7.8·103 andRe= 9.6·103,
respectively.

P=−u′v′
∂u
∂y

(5)

The maximum values were obtained from the local profiles ofP, and they were fil-
tered with a Gaussian filter in order to eliminate noise. As with the turbulent stress,
the maximum values ofP increase with respect to the smooth wall values in the tran-
sition from the smooth to the rough surfaces, and downstreamof it. Also, oscillations
in P, that are higher for the k-type roughness, are present. The wavelength of the os-
cillations are the same as for−ρu′v′: 5w ≤ L ≤ 7w. The similar behavior betweenP
and−ρu′v′ indicates that the Reynolds stresses are dominant in the turbulence pro-
duction term in the region where the maxima occur. Because−ρu′v′ is the dominant
term, we propose that the oscillations in turbulence production are also due to the
ejection of fluid from the cavities.
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Fig. 14 Maximum values of thexy component of the turbulence production along the longitudinal direc-
tion. (a) d-type and (b) k-type rough elements. The dashed andcontinuous lines correspond toRe= 7.8·103

andRe= 9.6·103, respectively.

We note that the oscillations shown in Figs. 13 and 14 are present upstream of the
rough region. We do not have an explanation for this for the moment, and this can be
the subject of future investigations.

3.3 Rough walls: temporal analysis

The flow in the cavities consists basically of vortices whichare more or less stable
depending on the roughness geometry. The dynamics of some inner-cavities vortices
was investigated using high-speed flow visualization; therefore, the measurements
are used for a temporal analysis. The movies showed the presence of vortices that in-
termittently eject mass with a given frequency to the upper regions, exchanging then
mass with upper layers. From the high-speed movies, the angular velocities of in-
ner cavity vortices were computed with numerical codes written in the course of this
work. In the numerical code, some of the moving particles were identified and tracked
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along the images. Based on the circular trajectories of the tracked particles, the vor-
tices were identified, their angular velocities computed, and dominant frequencies
investigated.
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Fig. 15 Angular velocities of inner-cavities vortices as functionof time for Re= 9.6 ·103. (a) d-type; (b)
k-type.

Figure 15 shows the angular velocities of inner-cavities vortices along time for
Re= 9.6 · 103. The data presented in Fig. 15 was filtered with a Gaussian filter in
order to eliminate high frequency noise present in the measurements. Figure 15a
corresponds to the d-type and Fig. 15b to the k-type roughness. From the present
data, the mean angular velocities areΩ ≈ 130 rad/s andΩ ≈ 120 rad/s for the d-
and k-types, respectively, which correspond to mean tangential velocitiesvt = Ω/r
of 0.06 and 0.08 m/s, respectively, wherer is the distance from the tracked particle to
the center of the vortex. To investigate the dominant frequencies in the inner-cavities
vortices, a power spectrum analysis of the angular velocities was made based on
Hilbert transforms.

Figure 16 presents the power spectrum of the angular velocities based on the non-
filtered data, forRe= 9.6 ·103. Figure 16a corresponds to the d-type and Fig. 16b to
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Fig. 16 Power spectrum of the angular velocities based on the non-filtered data, forRe= 9.6 · 103. (a)
d-type; (b) k-type.

the k-type roughness. Figure 16 shows the existence of a dominant frequencyf for
the inner-cavities vortices, around 100 Hz for the d-type and 50 Hz for the k-type
roughness, that are stronger for the k-type roughness. Based onvt , the vortices wave-
lengths are computed asL = vt/ f , corresponding to wavelengths of approximately
0.3w and 0.5w for the d- and k-types, respectively. We note that those wavelengths
are one tenth of the wavelengths of longitudinal oscillations of turbulent stress and
turbulence production observed in the upper layers.

Although a theoretical explanation for the factor 10 is not advanced in this paper,
we believe that there is a correlation between the angular velocities of the inner-
cavities vortices and the flow oscillations in the layers above the rough elements.
From the movies, we observed that fluid ejections from the cavities to the upper
layers of the flow occur at approximately every 10 turns of thevortices. However, the
number of turns cannot be precisely accessed from the particle tracking velocimetry
used in the visualization experiments, and the value 10 is a rough estimation from
the movie frames. Considering the mean tangential velocitiesvt , the frequencies of
ejection correspond to wavelengths of approximately 3wand 5w for the d- and k-type
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roughness, respectively, which are of the same order of the wavelengths observed in
the upper layers.

From an engineering point of view, the frequencies obtainedfrom the power spec-
trum of the angular velocities gave us an indication of how the inner cavity vortices
affect the upper regions of the flow, causing turbulent stress oscillations in the lon-
gitudinal direction above the cavities. Future investigations can focus on how the
frequencies of vortices and variations in drag are related,which may lead to the de-
velopment of drag reduction technologies.

4 Conclusions

This paper presented an experimental study on the transition from smooth to rough
walls, and back to the smooth one, in turbulent closed-conduit flows. Smooth plates
were inserted in the entrance length, a rough plate with smooth and rough sections
was inserted in the test section, and a smooth plat was inserted in the final length
of a closed conduit of rectangular cross section. Each roughsection consisted of 20
square rough elements aligned in a direction transverse to the water flow, and were of
d- or k-types. The experiments were performed at moderate Reynolds numbers (Re=
ord(104)), a case for which experimental data are scarce and the physics is not com-
pletely understood. The closed-conduit flow just upstream of the roughness transition
was fully developed and hydraulically smooth, and the flow field was measured by
low frequency PIV (particle image velocimetry) and by high-speed visualization.

The decorrelated instantaneous flow fields in the region above the rough elements
were measured with PIV, from which the mean velocities and fluctuations were de-
termined for both roughness types and flow rates. From these,thexy components of
viscous stress, Reynolds stress and turbulence productionwere computed, and the
flows over different smooth and rough regions were compared.

Considering the origin of the vertical coordinate at the topsurface of rough el-
ements, we showed that mean velocities over the d-type roughelements increase in
the lower part of the profiles when compared to the flow over theupstream smooth
wall, while over k-type roughness they decrease. The highervelocities found over the
d-type rough elements are due to stable inner-cavities vortices, that induce a non-zero
velocity at the origin. Considering the origin of the vertical coordinate as proposed by
Nikuradse [6] for fully-developed rough regimes, the mean velocities decrease over
the rough elements of both types when compared to the flow overthe upstream and
downstream smooth walls. For both coordinate systems, the perturbations caused by
the rough elements do not reach the upper regions of the flow within the longitudinal
length of the rough plate.

In the transition from the smooth to the rough surfaces, and downstream from it,
the maximum values of thexycomponents of turbulent stress and turbulence produc-
tion increase with respect to the upstream smooth wall values. We propose that this
increase is due to the presence of vortices in the cavities, that shed fluid from the cav-
ities to the upper regions of the flow. The results showed the presence of longitudinal
oscillations in Reynolds stress and turbulence production, that are higher for the k-
type roughness. The existence of longitudinal oscillations was experimentally shown
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for the first time in this paper. Their wavelength is between 5w and 7w for both flow
rates and roughness types, and we propose that they are related to the ejection of fluid
from the cavities.

A flow visualization device was conceived in the course of this work and con-
sisted basically of a continuous 0.1 W laser, a high-speed camera, and Matlab scripts
written by the authors. From the high-speed movies, fluid ejection from the cavities
to upper regions was observed, and the angular velocities ofinner-cavities vortices
was determined by image processing. The spectral analysis of the angular velocities
showed a dominant frequency for the inner-cavities vortices, that are stronger for
the k-type roughness. The dominant frequency is around 100 Hz for the d-type and
around 50 Hz for the k-type roughness, corresponding to wavelengths of 0.3w and
0.5 w, respectively, which are one tenth of the wavelengths of turbulent stress and
turbulence production oscillations observed in the upper layers.

The frequency of fluid ejection from the cavities to the upperlayers of the flow
could not be precisely determined, and, based on the movie frames, it was estimated
to be around 10 vortex turns. Considering the mean tangential velocitiesvt of inner-
cavities vortices, the frequency of ejection is associatedto wavelengths of approxi-
mately 3w and 5w for the d- and k-type roughness, respectively. These wavelengths
are of the same order of the wavelengths observed in the upperlayers. In this way,
based on fluid ejections from cavities, we propose a ratio of approximately 10 be-
tween the wavelengths of inner-cavities vortices and that of longitudinal oscillations
of upper layers.

Details of the flow within the cavities and its interaction with upper regions are
still open questions. We showed in this paper some characteristics of the inner cavity
vortices and how they affect the upper regions of the flow by using PTV and low
frequency PIV. The experiments showed for the first time the presence of longitu-
dinal oscillations in maximum Reynolds stresses, but thereare still some details to
be explained. For example, we note that the longitudinal oscillations in maximum
Reynolds stresses are present upstream of the rough region,and we do not have an
explanation for this for the moment. This can be the subject of future investigations
using different techniques, such as high frequency LDA (laser Doppler anemometry)
or high frequency PIV, to better understand the interactions between different regions
of the flow.
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