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Enhanced Heat Transport in Turbulent Convection over a Rough Surface
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A novel convection experiment is conducted in a cell with rough upper and lower surfaces. The heat
transport across the rough cell is found to be increased by more than 76%. Flow visualization and near-
wall temperature measurements reveal new dynamics for the emission of thermal plumes. The discovery
of the enhanced heat transport has important applications in engineering and atmospheric convection.
[S0031-9007(98)06763-5]

PACS numbers: 47.27.Te, 05.60.+w, 44.25.+f, 47.27.Nz

Turbulent flows over a rough surface are ubiquitousmyriad of applications in engineering, geography, and
in nature. An example is convection in the atmospheraneteorology.
and oceans, where the underlying surfaces are almost The experiment is conducted in a cylindrical cell
always rough. The study of turbulence over a rougHfilled with water. Details about the apparatus have been
surface is of fundamental interest for understanding thelescribed elsewhere [7], and here we mention only some
structure and dynamics of turbulent boundary layers and ikey points. The rough upper and lower surfaces are made
also relevant to many practical applications, ranging fronfrom identical brass plates and have wov€rshaped
effective heat transfer for a reentry vehicle to turbulentgrooves on them. The grooves have a vertex angle df 90
drag reduction of a commercial aircraft. Our currentand their spacing is such that a square lattice of pyramids
knowledge about the roughness effect on turbulent flowss formed on the surface. The height of the pyramids is
comes largely from experiments in wind tunnels and othek = 9.0 mm and their spacing k. The sidewall of the
open systems [1], where the disturbance flow produced bgell is a cylindrical ring made of transparent Plexiglas.
a rough wall is confined in the near-wall region and isTwo cylindrical rings with the same inner diameter of
quickly discharged to the downstream. Because of thes20 cm but having different heights of 20 and 40 cm,
reasons the surface roughness usually does not perturespectively, are used. The corresponding aspect ratios
the turbulent bulk region very much, and its effect can(A = diametefheighd are 1.0 and 0.5. The upper plate
often be described by rescaling the relevant parameteis cooled by passing cold water through a cooling chamber
with the surface roughness heighf2]. This situation is fitted on the top of the plate. The lower plate is heated
changed completely for flows in a closed cell, in which theuniformly with an electric heating film attached on the
disturbances produced by the boundaries are inevitablgack side of the plate. The temperature differetk®
mixed into the turbulent bulk region. between the two plates is measured by two thermistors

Turbulent Rayleigh-Bénard convection is an example ofmbedded in the two plates. A small movable temperature
such a closed system, which has attracted much attentiggrobe is installed inside the cell in order to measure
in recent years [3]. Intermittent bursts of thermal plumeghe local temperaturd(z) of the convecting fluid near
from the thermal boundary layers and the coherent largethe central axis of the cell as a function of distance
scale circulation, which modifies the boundary layer viafrom the upper (cold) plate. The control parameter in the
its shear, are found to coexist in the convection cellexperiment is the Rayleigh number Raa gh’AT /(vk),
These salient features are directly related to the heatvhereg is the gravitational acceleration, is the height
transport across the cell, and have been adopted in severdl the cell, @, v, and « are, respectively, the thermal
theoretical models [3—5] to explain the observed scalingxpansion coefficient, the kinematic viscosity, and the
laws in the heat flux and temperature statistics [4,6]. Inthermal diffusivity of the fluid. In the rough cellg; is
this Letter, we describe a novel convection experiment irmeasured from the base of the grooves.
a closed cell with rough upper and lower surfaces. Itis Figure 1 shows the measured Nusselt number Nu (the
found that wherk becomes much larger than the thermalnormalized heat flux) as a function of Ra in the rough
boundary layer thicknes$, the heat transport across (circles) and smooth (triangles) cells. The vertical heat
the rough cell is increased by more than 76%. Flowflux across the cell is determined from the power required
visualization and near-wall temperature measurement® keep the lower plate at a constant temperature. In these
reveal that the large-scale circulation interacts with theneasurements, the cell was well insulated to prevent heat
surface roughness and produces more thermal plumdsakage. The measured Nu(Ra) in the smooth cells is well
from the tip of the rough elements. The striking effectdescribed by the power law N& 0.17R&? (lower solid
of the surface roughness provides new insights intdine). The exponenp = 0.29, which agrees well with
the nature of convective turbulence, and also has arevious measurements [4,8,9]. The measured heat flux
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FIG. 1. Measured Nusselt number Nu as a function of Ra 29 ;
in the smooth (triangles) and rough (circles) cells. The solid
symbols are obtained in the cells with= 0.5, and the open M n
symbols are obtained in the cells with= 1.0. The solid lines —~ 2B | flied ﬁ,,r_'.jq . -‘l. \f, M-{. .Ix | [AUATE
are the power law fits. LW L 'J'. L r\ Rl F\"!IJ”""’}, AR
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in the rough cells can also be described by a power law z=0.6mm
with the same exponerg, but the amplitude is changed 26 : , . i e
from 0.17 to 0.30 (upper solid line) [10]. This amounts g = WL 3
to a 76% increase in the heat transport. In a recent time (s)

experiment, we have shown [7] that the effect of the sun‘acgIG 2(color). Typical time series measurements of tempera-
roughness on the heat transport depends on the length ratige fluctuations near the upper (cold) plate in the smooth (red
k/8. Whenk < 6 (in low Ra region), the rough elements curve) and rough (blue curve) cells. The distancén the
on the surface are buried beneath the thermal boundargugh cell is measured from the bottom of the groove.
layer, and hence the effect of the roughness is small. In
the opposite limit of large Ra, whede> &, the surface in the rough cell. From the flow visualization (see
roughness can strongly affect temperature fluctuations ne&ig. 3), we find that near the upper rough surface many
the surface and thereby alter the heat transport. In ouhermal plumes are carried away horizontally by the large-
working range of Ra¢ is of the order of 1 mm, which is scale circulation. Therefore, moving the temperature
much smaller thatt. The enhanced heat transport shownprobe farther away from the boundary will reduce the
in Fig. 1 cannot be explained simply by an increase in th@robability of detecting the thermal plumes. Nevertheless,
contact area of the rough surface, because the contact arbeere are still some energetic thermal plumes, as shown
is increased only by a factor af2. in Fig. 2(a), which can penetrate vertically into the bulk
To find out the real cause of the enhanced heategion. In contrastto Figs. 2(a) and 2(b), Fig. 2(c) shows
transport, we measure temperature fluctuations of ththat temperature fluctuations inside the boundary layer are
convecting fluid near the upper plate. Figure 2 showseduced in the rough cell.
typical time series measurements of the local temperature An important question one might ask is where do the
T in the smooth (red curve) and rough (blue curve) cellsthermal plumes come from? Are they detached from the
The measurements were made at=Rd.5 X 10°, and “valley” inside the grooves or from the tip of the pyra-
the corresponding value @fis 1.5 mm. The temperature mids? To answer this question, we use a photographic
probe was placed at a distangeaway from the bottom technique which allows simultaneous visualization of the
of the groove. The values af arez = 24 mm (outside temperature and velocity fields near the upper rough sur-
the rough surface)z = 7 mm (inside the groove but face. Small thermochromic liquid crystal (TLC) spheres
outside the thermal boundary layer), and= 0.6 mm  of diameter~15 um are suspended in the convecting
(inside the thermal boundary layer). In Fig. 2 the coldfluid at a low concentration. These particles are pur-
fluctuations are seen superposed on an average base lichased from Hallcrest (R29C4W) and have been used pre-
The downward going spikes are associated with coldiiously to visualize the temperature field in different flow
thermal plumes detached from the upper boundary layesystems [9,11]. A 3-mm-thick, vertical sheet of white
and they are carried through the temperature probe by tHeght is shone through the central region of the convection
large-scale circulation. Figure 2(b) clearly shows that thecell. The orientation of the light sheet is adjusted such
emission of the (cold) thermal plumes is greatly enhancethat it coincides with the rotation plane of the large-scale
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FIG. 3. (a) Sketch of the flow field near the rough surface. (b) (color) A typical streak image of the TLC spheres taken near
the cold rough surface at Ra 2.6 X 10°. The cold eruptions are red-brown; green and blue regions are warmer. The displayed
region is approximately 6.3 cm by 3.8 cm.

circulation and along a groove on the rough surface. Thelume, which is sheared to the downstream by the
Bragg scattered light by the TLC spheres changes colamean flow.
from red to blue in a temperature range from°€9to Besides their effect on the detachment of the thermal
33°C. The temperature of the bulk fluid is adjusted suchboundary layer, the small eddies trapped inside the
that strong Bragg scattered light can be imaged from thgrooves also produce a strong mixing, which affects
side. A long exposure time of 0.5 s is used to obtain &he local temperature near the boundary. Figure 4(a)
streak image of the TLC spheres. compares the normalized mean temperature profiles in the
Figure 3(b) shows how a red-brown, mushroom shapedough cell (circles) and in the smooth cell (triangles).
thermal plume is erupted from the (upper) cold roughlt is seen that the measurefi(z) increases linearly
surface. It is seen that the large-scale motion in thevith z for small values ofz (the solid line). After it
near-wall region is well characterized by a simple sheareaches a maximum val#,, the measured'(z) remains
flow (from right to left). However, the mean flow is constant throughout the bulk region. The measurement
modulated by the rough surface, a situation very muchindicates that turbulent mixing creates on average an
like a steady flow passing over bluff obstacles on asothermal fluid in the bulk region and the temperature
wall [12]. The mean flow is forced to become divergentgradient across the rough cell is concentrated in the
from the surface when it meets with the upstream sideipper and lower thermal boundary layers, which follow
of a pyramid. On the downstream side of the pyramidthe contour of the rough surfaces. The thickness
an adverse pressure gradient region is formed insidef the boundary layer can be defined as a distance at
the groove. This adverse pressure gradient produces avhich the extrapolation of the linear part &fz) equals
eddy whose vorticity is opposite to that of the large-T,,. From Fig. 4(a) we find that the value @ near
scale circulation. The interaction between the upstrearthe bottom of the groove is 2.0 mm, whereas in the
divergent flow and the downstream backflow causesmooth cell§ = 1.5 mm. Another interesting feature
the thermal boundary layer to detach near the tip ofhown in Fig. 4(a) is that the mean temperature inside
the pyramid [see the sketch shown in Fig. 3(a)]. Thethe groove(z < k) is reduced by approximately 0°€
detached thermal boundary layer becomes a thermavhen compared with the smooth cell. This is caused by
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l ' I approximately the same form as that in the smooth cell,
but the value o is reduced from 1.5 to 0.85 mm [13]. It
101 8g82556608800000 o & is also found that temperature fluctuationg at 0.6 mm

| away from the tip (inside the thermal boundary layer) are

l stronger than those in the smooth cell. This is contrary

l to the situation shown in Fig. 2(c). From both the global
05 | i (visualization) and local temperature measurements, we
’ | conclude that the interaction between the horizontal shear
| flow and the rough surface creates a secondary flow
| 1 (eddies) in the groove region. This secondary flow
] (a) together with the large scale circulation enhance the
0.0 . L , ! detachment of the thermal boundary layer from the tip
0.2 , : , ‘ of the pyramids. The extra thermal plumes detached
(b) from the rough elements are responsible for the enhanced
s heat transport shown in Fig. 1. In the groove region,
a the secondary flow produces a strong eddy mixing effect,
2 which suppresses the emission of the thermal plumes deep
@g) inside the groove, and at the same time creates large
£ lo . temperature fluctuations outside the boundary layer.
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FIG. 4. Measured (a) mean temperature profile and (b) RMS
profile in the rough (circles) and smooth (triangles) cells at  *Email: ptong@osuunx.ucc.okstate.edu
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