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Turbulent Convection over Rough Surfaces
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A light scattering experiment of turbulent convection in water is carried out in a convection cell
rough upper and lower surfaces. The vertical heat flux is found to be increased by,20% when the
Rayleigh number becomes larger than a transition value. The experiment reveals that the mai
of the surface roughness is to increase the emission of large thermal plumes, which travel ve
through the central region. These extra thermal plumes enhance the heat transport, and they
responsible for the anisotropic behavior of velocity fluctuations at the cell center.

PACS numbers: 47.27.Te, 05.40.+j, 42.25.–p,
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Turbulent Rayleigh-Bénard convection has attrac
much attention in recent years [1]. Intermittent bur
of thermal plumes from the thermal boundary layers a
the coherent large-scale circulation, which modifies
boundary layers via its shear, are found to coexist i
closed convection cell [1]. These two salient features
turbulent convection are directly related to the transp
of heat and momentum across the cell, and have b
adopted in several theoretical models [1–3] to expl
the observed scaling laws in the heat flux and tempe
ture statistics [2,4]. The theoretical calculations arrive
similar conclusions for the temperature field, but have d
ferent assumptions and predictions for the velocity fi
near the boundary. Direct measurements of the velo
field under different boundary conditions, therefore, b
come important to determine the relative contributions
the thermal plumes and the large-scale circulation to
heat transport in turbulent convection [5–7]. In contr
to many previous convection experiments, which we
conducted in a closed cell with smooth upper and low
surfaces, we report in this Letter a light scattering study
turbulent convection in a cell with rough upper and low
surfaces. Previous studies of smooth-wall and rough-w
boundary layers in wind tunnels and other open syste
have shown that a comparative study of turbulence
der different boundary conditions can greatly benefit o
understanding of the structure of the turbulent bound
layers [8]. The study of turbulent convection over rou
surfaces is also relevant to many practical application
engineering, geography, and meteorology. An exampl
convection in the atmosphere and oceans, where the
derlying surfaces are almost always rough.

Our experiment was conducted in a vertical cylindric
cell filled with water. Two identical cells, one has smoo
upper and lower surfaces (“smooth cell”) and the oth
has rough upper and lower surfaces (“rough cell”), we
made for comparison. The smooth upper and lower pla
were made of brass. The rough surfaces were made
0031-9007y96y76(6)y908(4)$06.00
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identical brass plates but had woven V-shaped groo
on them. The grooves had a vertex angle of 90±, and
their spacing was such that a square lattice of pyram
was formed on the surface. The height of the pyram
(the roughness heighth) was 3.175 mm and their spacin
s  6.35 mm. Both the smooth and rough surfaces we
electroplated with a thin layer of gold. There was a fillin
stem on the upper plate, and a vertical laser beam co
pass through the stem and enter the central region of
cell. The sidewall of the cell was a cylindrical ring mad
of transparent Plexiglas to admit the incident light a
transmit the scattered light. Two cylindrical rings wit
the same inner diameter of 20 cm but with two differe
heights of 20 and 40 cm were used, respectively,
extend the accessible range of the Rayleigh number.
corresponding aspect ratiossA  diameteryheightd are 1.0
and 0.5. The temperature of the upper plate was regula
by passing cold water through the cooling chamber fitt
on the top of the plate. The lower plate was heat
uniformly with an electric heating film attached to th
backside of the plate. The temperature differenceDT
between the two plates was measured by two thermis
embedded in the two plates. The vertical heat flux acr
the cell was determined from the power required to ke
the lower plate at a constant temperature. In the therm
measurements, the cell was well insulated to prevent h
leakage. The control parameter in the experiment is
Rayleigh number Ra, which is proportional toDT and to
the cube of the cell heightL.

Figure 1 compares the measured Nusselt num
Nu(Ra) (the normalized heat flux) in the rough cells (op
circles) with that in the smooth cells (solid triangles
The measurements were conducted in the cells w
(a) A  0.5 and (b) A  1.0. The measured Nu(Ra
in both smooth cells is well described by the pow
law Nu  0.16Rab (solid lines). The scaling exponen
b  0.281 6 0.015, which agrees well with previous
measurements [4,5,9]. The measured heat flux in
© 1996 The American Physical Society
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FIG. 1. The measured Nusselt number Nu as a function o
in the smooth cells (solid triangles) and in the rough cells (o
circles) with (a) A  0.5 and (b) A  1.0. The solid lines
are the power law fits Nu 0.16Ra0.281 to the solid triangles,
and the dashed lines indicate the power law Nu 0.19Ra0.281

for the open circles.

rough cells is found to be the same as that in the smo
cells for small values of Ra. When Ra becomes lar
than a transition value Ra0, the measured Nu is increase
by ,20% as compared with that in the smooth cells.
is seen from Fig. 1 that the onset of the enhanced
transport occurs at Ra0 . 4 3 108 in the A  1.0 cell
and at Ra0 . 5 3 109 in the A  0.5 cell. It is notable
that in the (limited) range of Ras.Ra0d the rough-cell
data can also be described by a power law with the s
exponentb as that for the smooth cells, but the amplitu
is changed from 0.16 to 0.19 (dashed lines).

To judge the effect of the surface roughness on the
transport, it is necessary to compare the roughness h
h with the thermal boundary layer thicknessdthsRad.
When h is small compared withdth, the rough element
on the surface are buried beneath the thermal boun
layer, and hence the effect of the surface roughn
will be small (low Ra region). In the opposite lim
of large Ra, whereh . dth, the surface roughness wi
strongly affect temperature fluctuations near the surf
and thereby will alter the heat transport. The values
dth can be calculated from the measured Nu using
well-tested relationdth  Ly2Nu [7]. At the transition
Rayleigh number Ra0, we find dth . 2.4 mm for both
smooth cells. The corresponding length ratiodthyh .
0.8, which is close to unity. Figure 1 thus suppo
the above arguments for the onset of the enhanced
transport.

To further understand the mechanism for the enhan
heat transport in the rough cells, we measure the loca
locity y and its statistics in the central region using a
cently developed technique of incoherent cross-correla
spectroscopy [10]. The experimental setup and app
tus have been detailed elsewhere [10], and here we
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mention some key points. In the experiment (to be d
scribed below) a laser beam from an argon-ion laser
verses through the convecting fluid. The laser is und
multiline operation, and the beam consists of light with
wavelength range from 457.9 to 514.5 nm. The conve
ing fluid (distilled water) is seeded with neutrally buoya
polymer latex spheres (0.95mm in diameter), which scat-
ter light and follow the local flow. Two photomultipliers
are used to record the two strongest scattering intensit
Ibstd andIgstd, of the blue and green lights, respectivel
The velocity of the seed particles is determined by me
suring the time required for the particles to cross the la
beam with a known waist radiusr0. Experimentally, this
transit time is obtained from the intensity cross-correlati
function

gcstd 
kIbst0 1 tdIgst0dl

kIbl kIgl
 1 1 bGcstd , (1)

whereb s#1d is an instrumental constant. Because the
is no phase coherence betweenIbstd and Igstd, gcstd
is only sensitive to the scattering amplitude fluctuatio
produced by the seed particles moving in and out of
laser beam.

When the seed particles have a uniform velocityy in
the direction perpendicular to the laser beam,Gcstd in
Eq. (1) takes the form [10]

Gcstd 
1
N

e2sytyr0d2

, (2)

where N is the average number of the particles
the scattering volume. To get Eq. (2) we have a
sumed that the laser beam has a Gaussian profileIsrd 
I0 expf22sryr0d2g, with r being the radial distance from
the beam center andI0 the light intensity atr  0. For
turbulent flowsGcstd becomes

Gcstd 
1
N

Z `

2`
dyi

Z `

2`
dyj P2syi , yjde2sy2

i 1y
2
j dt2yr2

0 ,

(3)

whereP2syi , yjd is the probability density function (PDF
for the velocity componentsyi and yj in two different
directions, both orthogonal to the incident laser bea
Because of the radial symmetry of the laser beam,Gcstd
is only sensitive toy2

i 1 y
2
j . This feature is particularly

useful in studying the convective flow in the centr
region, where the mean velocity is zero [7] and th
velocity fluctuations can be directly measured.

In our experiment a lens, which was placed at 90± with
respect to the incident direction, projected the scatte
laser beam in the convection cell onto a slit with a 1
magnification. Light passing through the slit fell on tw
photomultipliers (PM), which recorded the time-varyin
intensitiesIbstd and Igstd, respectively. The two PM’s
909



VOLUME 76, NUMBER 6 P H Y S I C A L R E V I E W L E T T E R S 5 FEBRUARY 1996

h
er
a

r
ns
in
n
d
c

g
It

a
el
b

er
th
s

am
re
a

n

,
he
e
lls
o

re
I
r

f-
(a
th
l
ig

c

s.

ne
re

-

r-
ugh

ics

Ra

st-
r

led

r
e

the
y

ls,
is
the
n
e
fits
were placed far behind the slit and mounted at a rig
angle on a cubic box with a beam splitter at its cent
The output signals from the two PM’s were fed to
digital correlator (ALV-5000), whose output givesgcstd.
Eachgcstd was measured for more than 20 min to ensu
that the time average has included all flow configuratio
This long-time averaging is essential in order to obta
an accurate rms velocity. Because the acceptance a
of the receiving optics was large enough, small amplitu
beam wandering in the convecting fluid would not affe
the measurement ofgcstd. The beam profileIsrd was
measured using a micrometer-driven translational sta
a small pinhole (5mm in diameter), and a photodiode.
is found that the measuredIsrd is indeed of a Gaussian
form with the beam radiusr0  48 6 3 mm.

Figure 2 shows the measuredGcstd in the rough
cells at various values of Ra, when the laser beam w
(a) horizontally and (b) vertically shone through the c
center. Note that the two beam orientations actually pro
different components of the local velocity. In the form
case (horizontal beam), the velocity components in
vertical direction and in one of the horizontal direction
are measured, whereas in the latter case (vertical be
only the horizontal components of the local velocity a
measured. It is seen from Fig. 2(b) that the function
form of Gcstd is well described by the Lorentzian functio
1yf1 1 sGtd2g (solid curve), and the decay rateG changes
with Ra. Plots ofGcstd at different Ra superimpose with
each other once the time axis is scaled byG. According
to Eq. (3), the velocity PDF,P2syi , yjd, can be obtained
by a simple Laplace inversion of the measuredGcstd. For
a LorentzianGcstd, we find the correspondingP2syi , yjd
is of the Gaussian form

P2syi , yjd 
1

y
2
0

e2sy2
i 1y

2
j dyy

2
0 , (4)

wherey0  r0G is the rms velocity. To obtain Eq. (4)
we have used the fact that velocity fluctuations in t
horizontal directions are isotropic. Gaussian-like v
locity PDF’s have also been found in the smooth ce
[11]. Figure 2(b) thus suggests that the statistics
velocity fluctuations in the horizontal directions a
not strongly influenced by the surface roughness.
contrast to horizontal velocity fluctuations, howeve
velocity fluctuations in the vertical direction are a
fected by the surface roughness. As shown in Fig. 2
when the laser beam is horizontally shone through
cell center, the measuredGcstd changes its functiona
form as Ra is increased. Near the transition Rayle
number Ra0 s.4 3 108d, the decay ofGcstd is slower
than a Lorentzian function. When Ra becomes mu
larger than Ra0, Gcstd approaches the Lorentzian form
(solid curve). This behavior is found in both rough cell

To characterize the decay of a non-LorentzianGcstd,
we measure its half-decay timeT1y2. For a Lorentzian
910
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FIG. 2. The measuredGcstd vs Gt in the rough cells when
the laser beam was (a) horizontally and (b) vertically sho
through the cell center. The experimental conditions a
(a) Ra 1.2 3 1010 (circles),1.2 3 109 (triangles), and3.4 3
108 (squares) all in theA  1.0 cell; (b) Ra 4.5 3 108

(triangles),2.5 3 109 (circles), in theA  1.0 cell, and Ra
7.0 3 1010 (squares) in theA  0.5 cell. The solid curves are
the Lorentzian function1yf1 1 sGtd2g.

function the half-decay timeT1y2  1yG. With the
measuredr0 andG (or T1y2), we now plot the rms velocity
y0 s r0G  r0yT1y2d as a function of Ra. Figure 3 com
pares the measuredy0 for the vertical beam (solid circles)
with that for the horizontal beam (open squares) at diffe
ent Ra. The measurements were conducted in the ro
cells with (a)A  0.5 and (b)A  1.0. It is seen from
Fig. 3 that the convective flow changes its characterist
when Ra reaches the transition Rayleigh number Ra0. The
values of Ra0 found in Fig. 3 correspond well with those
obtained from the Nu measurements in Fig. 1. When
is below Ra0 (i.e., whenh , dth), velocity fluctuations in
different directions have the same rms velocity, sugge
ing that the flow in the central region is isotropic. Ou
previous experiment [11] in the smooth cells has revea
that in the hard turbulence regimesRa . 108d, velocity
fluctuations are isotropic and the measuredy0 (for both
beam orientations) obeys the power law2.2 3 1025Ra0.44

(cmysec) [solid line in Fig. 3(a)]. [If the Peclet numbe
Pe s y0hykd is chosen as a dimensionless velocity, th
power law becomes Pe 0.30Ra0.44.] Figure 3(a) shows
that the values ofy0 obtained in the rough cell coin-
cide with those in the smooth cell when Ra, Ra0. This
observation further supports our argument that when
roughness heighth is smaller than the thermal boundar
layer thicknessdth, the flow in the rough cell should be-
have the same as that in the smooth cell.

When Ra becomes larger than Ra0, the measuredy0

in the rough cells deviates from that in the smooth cel
and it also changes with the beam orientation. It
seen from Fig. 3 that the surface roughness affects
vertical velocity fluctuations (horizontal beam) more tha
the horizontal velocity fluctuations (vertical beam). Th
dashed lines in Fig. 3(a) are the attempted power law
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FIG. 3. The measuredy0 vs Ra for the vertical beam (solid
circles) and for the horizontal beam (open squares) in t
rough cells with (a)A  0.5 and (b)A  1.0. The solid line
in (a) represents the power law2.2 3 1025Ra0.44 obtained in
the smooth cell. The dashed lines in (a) are the attemp
power law fits1.4 3 1025Ra0.44 (long-dashed line) and3.0 3
1025Ra0.44 (short-dashed line). The dashed lines in (b) a
0.73 3 1026Ra0.61 (long-dashed line) and1.2 3 1026Ra0.61

(short-dashed line).

1.4 3 1025Ra0.44 (long-dashed line),3.0 3 1025Ra0.44

(short-dashed line), and those in Fig. 3(b) are0.73 3

1026Ra0.61 (long-dashed line) and1.2 3 1026Ra0.61

(short-dashed line). Note that the power law fits
Fig. 3 are different among themselves both in amplitu
and in exponent. Figure 3 thus indicates that veloc
fluctuations in the vertical direction parallel to gravity be
come substantially different from those in the horizont
directions, once the flow feels the surface roughness (i
when h . dth). This anisotropic behavior of velocity
fluctuations in the rough cells at large Ras. Ra0d is very
similar to that found in the smooth cells [11] at sma
Ra in the soft turbulence regime, in which the therm
plumes span the full height of the cell [5]. By comparin
Fig. 3 with Fig. 1, one finds that the anisotropic behavi
of velocity fluctuations in the central region is directl
related to the enhanced heat transport as shown in Fig

From the temperature and velocity measurements
the rough and smooth cells, we conclude that the m
effect of the surface roughness is to increase the emiss
of large thermal plumes from the interstices between t
roughness elements, and these large thermal plumes tr
vertically from the boundary into the cell center. Th
extra thermal plumes produced by the surface roughn
enhance the heat transport, and they are also respons
for the anisotropic behavior of velocity fluctuations in th
central region. Similar increase in intermittent burstin
of coherent structures is also found in the wind tunn
with rough walls [12,13]. Our experiment reveals that th
e
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influence of the surface roughness is not only confined
the near-wall region, but also extended into the cent
region of the cell. When the flow feels the surfac
roughness, the power law behavior of velocity fluctuatio
is changed considerably, even though the exponenb

for the normalized heat flux Nu remains unchanged.
appears that the scaling behavior of velocity fluctuatio
(and temperature fluctuations) in the central region is v
sensitive to the detail structure of turbulence, whereas
power law exponentb for Nu is not. The striking effects
of the surface roughness reported in this Letter prov
new insights into the roles of the thermal plumes play
in determining the heat transport in turbulent convectio
The discovery of the enhanced heat transport in the ro
cells also has important applications in engineering
more efficient heat transfer.
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