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Heat Transfer in a Channel with Dimples
and Protrusions on Opposite Walls
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Local and spatially averaged Nusselt-number data are presented for the dimpled surface of a channel, both with
and without protrusions (with the same shapes as the dimples) on the opposite wall. Channel aspect ratio is 16,
ratio of channel height to dimple print diameter is 0.5, Reynolds numbers based on channel height ranges from
5 £ £ 103 to 3:5 £ £ 104 , and ratio of channel inlet stagnation temperature to wall temperature ranges from 0.73 to
0.94. Because of the added vortical, secondary � ow structures and � ow unsteadiness induced by the protrusions,
local and spatially averaged Nusselt numbers are augmented considerably and have greater Reynolds-number
dependence, compared to a channel with a smooth top wall and dimples on one opposite wall. Nusselt-number
variations are also observed as the location of the array of protrusions is changed with respect to the dimples. Form
drag and channel friction factors are augmented, and thermal performance factors are then generally lower when
protrusions are employed, compared to a channel with a smooth top surface and a dimpled bottom surface.

Nomenclature
D = dimple print diameter
f = channel friction factor
f0 = baseline friction factor in channel measured with

smooth top and bottom channel surfaces
H = channel height
k = thermal conductivity
Nu = Nusselt number based on channel hydraulic diameter
Nu0 = baseline Nusselt number based on channel hydraulic

diameter and measured with smooth top
and bottom channel surfaces

ReDh = Reynolds number based on bulk mean channel velocity
and channel hydraulic diameter

ReH = Reynolds number based on bulk mean channel
velocity and channel height

Toi = spatially averaged stagnation temperature at test
section inlet

Tw = surface temperature
X = streamwise coordinate measured from upstream edge

of test surface
Z = spanwise coordinate measured from spanwise

centerline of test surface

Superscripts

= spanwise averaged or streamwise averaged
D = globally averaged over a surface area

I. Introduction

M UCH attention is devoted to the developmentof heat transfer
augmentation devices for internal passages. Rib turbulators,

arrays of pin � ns, and, more recently, passage surfaces with arrays
of dimples are employed for this purpose. This is because improve-
ments in augmentation levels are useful in a variety of practical
applications, including macro- and microscale heat exchangers,
electronics cooling, combustion chamber liners, and passages for
internalcoolingof turbineairfoilsin gas turbineengines.The present
paper is focused on the use of dimples on one surface of a channel
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with anaspect ratio of 16.Here, localand globalsurfaceheat transfer
are augmentedcompared to a smooth surface by the reattachmentof
the shear layer, which forms across the top of each dimple, as well
as the vortex structures and vortical � uid shed from each individ-
ual dimple indentation, which then advect over the � at surface just
downstream.1 In contrast,pressuredrops and friction factors are not
increased appreciably (compared to a channel with all smooth sur-
faces) because no form drag is produced by objects protruding into
the � ow.2 The use of dimples on the surfaces of internal passages
is thus advantageous because 1) high heat transfer augmentations
are obtained,1 2) pressure drops are relatively small,2 3) manufac-
turing dimpled surfaces is easier than manufacturing surfaces with
other types of augmentation devices, and 4) their use does not add
signi� cant extra material and weight to surfaces.

Early surface heat transferstudies fromRussia employ � ows over
� at walls with regular arrays of sphericalpits,3 � ows in annular pas-
sages with a staggered array of concave dimples on the interior
cylindrical surface,4 � ows in single hemispherical cavities,5;6 � ows
in diffuser and convergent channels each with a single hemispheri-
cal cavity,7 and � ows in a narrow channel with spherically shaped
dimples placed in relative positionson two opposite surfaces.8 Heat
transfer augmentations as high as 150%, compared to smooth sur-
faces, are reported, sometimes with appreciable pressure losses.4

More recently, Chyu et al.9 presented data on the in� uences of
Reynolds number on local heat transfer coef� cient distributionson
surfaces imprinted with staggered arrays of two different shapes of
concavities. In some cases enhancement of the overall heat trans-
fer rate is about 2.5 times smooth surface values over a range of
Reynolds numbers, and pressure losses are about half the values
produced by conventional rib turbulators. Lin et al.10 present com-
putationalsimulationresultsof the � ow structures,� ow streamlines,
temperature distributions,and resulting surface heat transfer distri-
butions for the same geometries and � ow conditions.Moon et al.11

give data that illustrate the effects of channel height on heat transfer
and pressure losses on a surface with a staggered pattern of dim-
ples. According to the investigators, improvements in heat transfer
intensi� cationand pressurelosses remain at approximatelyconstant
levels over the ranges of Reynolds number and channel height in-
vestigated. Mahmood et al.1 describe the mechanisms responsible
for local and spatially averaged heat transfer augmentations on � at
channel surfaces with an array of dimples on one wall. Included are
the important in� uences of the ratio of inlet stagnation temperature
to surface temperature,which gives additional surface heat transfer
augmentation as its magnitude decreases.

Of interest in the present paper are the use of protrusions on the
channelwall placed oppositeto the dimpledsurfaceand their effects
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in further augmenting dimple surface heat transfer levels. The pro-
trusions aid this process as continuity causes greater quantities of
� uid to be ejected from each dimple.2 Because the mixing in the
� ow is also increased, this occurs with greater turbulence transport
levels.2 The issue that is then considered is the amount of addi-
tional heat transfer augmentationproduced, in comparison with the
increase in channel friction factors resulting from protrusion form
drag. To address this, local and spatially averaged Nusselt-number
data and thermal performance factors are presented for the dimpled
surface of a channel, both with and without protrusions (with the
same shapes as the dimples) on the opposite wall. Channel aspect
ratio is 16, ratio of channel height to dimple print diameter is 0.5,
Reynolds numbers based on channel height ranges from 5 £ 103 to
3:5 £ 104 , and ratio of channel inlet stagnation temperature to wall
temperature ranges from 0.73 to 0.94.

II. Experimental Apparatus and Procedures
A. Channel for Heat Transfer Measurements

A schematic of the facility used for heat transfer measurements
is shown in Fig. 1. The air used within the facility is circulated in
a closed loop. One of two circuits is employed, depending upon
the Reynolds number and � ow rate requirements in the test section.
For Reynolds numbers ReH less than 2 £ 104 , a 102-mm pipe is
connected to the intake of an ILG Industries 10P-type centrifugal
blower. For higher Reynolds numbers a 203-mm pipe is employed
with a New York Blower Co. 7.5 HP, size 1808 pressure blower. In
each case the air mass � ow rate from the test section is measured
(upstream of which ever blower is employed) using an American
Society of Mechanical Engineers (ASME) standard ori� ce plate
and Validyne M10 digital pressuremanometer. The blower then ex-
its into a series of two plenums (0.9 m square and 0.75 m square). A
Bonnevillecross� ow heatexchangeris locatedbetween two of these
plenums and is cooled with liquid nitrogen at � ow rate appropriate
to give the desired air temperature at the exit of the heat exchanger.
As the air exits the heat exchanger,it enters the secondplenum, from
which the air passes into a rectangularbell mouth inlet, followed by
a honeycomb,two screens,and a two-dimensional19.5 to 1 contrac-
tion ratio nozzle. This nozzles leads to a rectangular cross section,
411 mm by 25.4 mm inlet duct, which is 1219 mm in length. This
is equivalent to 25.4 hydraulicdiameters (where hydraulicdiameter

Fig. 1 Experimental facility for heat transfer measurements.

is 47.8 mm). A trip is employed on the bottom surface of the inlet
duct, just upstream of the test section, which follows with the same
cross-sectiondimensions.Test-sectionaspect ratio is then about 16.
The test-section duct exits to a 0.60-m square plenum, which is
followed by two pipes, each containing an ori� ce plate, mentioned
earlier. The bottom surface of the test section is dimpled, and either
a smooth surface or a surface with protrusionscan be employed on
the top wall.

All exterior surfaces of the facility (between the heat exchanger
and test section) are insulated with Styrofoam (k D 0:024 W/mK)
or two to three layers of 2.54 cm thick, Elastomer Products black
neoprene foam insulation ( k D 0:038 W/mK) to minimize heat
losses. Calibratedcopper-constantanthermocouplesare located be-
tween the three layers of insulation located beneath the test sec-
tion to determine conduction losses. Between the � rst layer and
the 3.2-mm-thick acrylic, dimpled test surface is a custom-made
Electro� lm etched-foil heater (encapsulated between two thin lay-
ers ofKapton) to providea constantheat-� ux boundaryconditionon
the test surface. The acrylic surface contains 24 copper-constantan
thermocouples and is adjacent to the airstream. Each of these ther-
mocouples is located 0.0508 cm just below this surface to pro-
vide measurements of local surface temperatures, after correction
for thermal contact resistance and temperature drop through the
0.0508 cm thicknessof acrylic.Acrylic is chosen becauseof its low
thermal conductivity(k D 0:16 W/mK at 20±C) to minimize stream-
wise and spanwise conduction along the test surface and thus min-
imize “smearing” of spatially varying temperature gradients along
the test surface. Acrylic also works well for infrared imaging be-
cause, when painted � at black, its surface emissivity ranges from
0.80 to 0.90.

B. Test Surface Geometry Details

Figures 2a–2d present the geometric details of the test surface,
including dimple and protrusion geometries. A total of 13 rows of
dimples are employed in the streamwise direction, and nine rows
are employed in the spanwise direction in a staggered array on the
bottomwall. The same arrangement is employed for the protrusions
on the top surface(exceptthat theprotrusionsprotrudeinto the � ow).
The protrusions are positioned with respect to the dimples in two
differentways. With con� guration1, or the full offset con� guration,
the protrusions and dimples are misaligned with each other with a
streamwisedistancebetweencentersof 4.11 cm. With con� guration
2, no offset is employed,and the protrusionsand dimples are exactly
aligned with each other. Also identi� ed in Fig. 2a is the test-section
coordinate system employed for the study.

C. Local Nusselt-Number Measurement

The power to the foil heater is controlled and regulated using
a variac power supply. Energy balances, performed on the heated
test surface, then allow determination of local magnitudes of the
convective heat � ux. To determine this surface heat � ux (used to
calculate heat transfer coef� cients), the convective power provided
by the etchedfoil heater is dividedby the total area of the test surface
(� at portionsand dimples). Thus, local heat transfercoef� cients and
local Nusselt numbers can be considered to be based on the same
area.The mixed-meantemperatureof theair enteringthe test section
is measured using � ve calibrated copper-constantanthermocouples
spread across its cross section.Energy balances are then used to de-
termine the local mixed mean temperature through the test section.
All measurements are obtained when the test facility is at steady
state, achieved when each of the temperatures from the 24 thermo-
couples (on the test surface) vary by less than 0.1±C over a 10-min
period.

Spatially resolved temperature distributions along the dimpled
test surface are determined using infrared imaging in conjunction
with thermocouples,energy balances,digital image processing,and
in situ calibrationprocedures.To accomplishthis, the infraredradia-
tion emitted by the heated interiorsurface of the channel is captured
using a VideoTherm 340 Infrared Imaging Camera, which operates
at infrared wave lengths from 8 to 14 ¹m. Temperatures,measured
using the calibrated, copper-constantan thermocouples distributed
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a) Overall geometry of dimpled test surface or dimpled top wall, includ-
ing coordinate system

b) Individual dimple/protrusion geometry

c) Con� guration 1 arrangement with dimples and protrusions mis-
aligned with full offset between centers

d) Con� guration 2 arrangement with dimples and protrusions aligned
with no offset between centers

Fig. 2 Detail of test section surfaces.

along the test surface adjacent to the � ow, are used to perform the
in situ calibrations simultaneously as the radiation contours from
surface temperature variations are recorded.

This is accomplishedas the camera views the test surface through
a custom-made, zinc-selenide window (which transmits infrared
wavelengths between 6 and 17 ¹m) located on the top wall of the
test section. Re� ection and radiation from surrounding laboratory
sources are minimized using an opaque shield, which covers the
camera lens and the zinc-selenide window. Frost buildup on the
outside of the window is eliminated using a small heated airstream.
The window is located just above the tenth to thirteenth rows of
dimples downstream from the leading edge of the test surface. Five
to six thermocouple junction locations are usually present in the
infrared � eld viewed by the camera. The exact spatial locationsand
pixel locationsof these thermocouplejunctionsand the coordinates
of a 12.7 by 12.7-cm � eld of view are known from calibrationmaps
obtained prior to measurements.During this procedure, the camera
is focused and rigidly mounted and oriented relative to the test sur-
face in the same way as when radiation contoursare recorded.With
these data, gray scale values at pixel locations within videotaped
images from the infrared imaging camera are readily converted to
temperatures.

Images from the infrared camera are recorded as 8-bit gray scale
images on commercial videotapeusing a PanasonicAG-1960 video
recorder.Images are then digitizedusingNIH Image v1.60software,
operated on a Power Macintosh 7500 PC computer. Subsequent
software is used to convert each of 256 possible gray scale values
to temperature at each pixel location using calibration data. This
software then determinesvalues of local Nusselt-numbers.Thermal
conductivity in the Nusselt number is based on the average of the
local wall temperatureand the temperatureof the air at the upstream
inlet. Nusselt-number length scale is channel hydraulic diameter.
Contour plots of local surface temperature and Nusselt number are
prepared using DeltaGraph v4.0 software. Each individual image
covers a 300 by 300 pixel area. Sargent et al.12 and Hedlund and
Ligrani13 provide additional details on the infrared imaging and
measurement procedures.

The time-averaged data presented are obtained from a time av-
erage of 40 instantaneous data sets over a time period of 40 s. To
check the effects of not employing protrusionson the zinc-selenide
window(locatedon the top wall so that the infraredcamera can view
the test surface), surface Nusselt-numberdistributionsare obtained
both with and without extra protrusions taped to the window. No
differencesare apparent in the vicinity of the tenth row of dimples.
Only very small differences are apparent (and only for some � ow
conditions) near the next two rows of dimples located downstream.
These are addressed in additional detail later in the paper.

To further check the repeatability and consistency of the results,
infrared images from three different regions on the test surface (all
located over the tenth, eleventh, and twelfth rows of dimples) are
measured. Each of these regions covers the exact same area, which
is the same as the center-to-centerdistance between four adjoining
dimples in the tenth and twelfth rows. Results are identical for over-
lapping regions and repeatable well within uncertainty magnitudes
when considered at similar locations with respect to different dim-
ples. This indicates appropriate � ow uniformity and periodicity in
the test section, as well as correct test surface operation.

D. Uncertainty Estimates

Uncertainty estimates are based on 95% con� dence levels and
determined using procedures described by Moffat.14 Uncertainty
of temperatures measured with thermocouples is §0:15±C. Spatial
and temperature resolutionsachieved with the infrared imaging are
about 0.52 mm and 0:8±C, respectively.This magnitude of temper-
ature resolution is caused by uncertainty in determining the exact
locationsof thermocoupleswith respect to pixel values used for the
in situ calibration. Local Nusselt-number uncertainty is then about
§6:8% for Toi=Tw D 0:78. CorrespondingNusselt-numberratio un-
certaintyis about§0:19 (for a ratioof 2.00) or §9:6%. SuchNu=Nu0

uncertainties then increase as Toi=Tw becomes larger. Reynolds-
number uncertainty is about §1:7% for ReH of 10:2 £103.
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Fig. 3 Comparison of baseline Nusselt numbers with correlations for
channel � ow and pipe � ow.

III. Experimental Results and Discussion
A. Baseline Nusselt Numbers

Baseline Nusselt numbers Nu0 are measured with a smooth test
surfacereplacingthe dimpledtest surface,alsowith H=D D 0:5, and
the same Reynolds numbers as employed in the dimpled channel.
Other than the test surface,all geometriccharacteristicsof the chan-
nel are the same as when a dimpled test surface is installed. These
baseline values are used to normalize dimpled test surface values
and are thus used as a basis of comparison to dimpled test surface
values. All baselinemeasurements are made with thermally and hy-
draulicallyfully developedchannel� ow, at a ratio of inlet stagnation
temperature to wall temperature Toi=Tw of 0.92–0.94. The variation
of baselineNu0 values (based on hydraulicdiameter) with Reynolds
number ReDh is shown in Fig. 3. Values are in rough agreementwith
the correlation for circular tubes from Kays and Crawford15 and
the Petukhov–Popov correlation for rectangular cross-section duct
� ows16 for ReDh < 2 £ 104. Measured values are then lower than
these correlations at higher Reynolds numbers, as expected. This
is because the correlations are for internal passages with heating
around the entire circumference, whereas the rectangular passage
in the present experiment is heated only on one � at surface.

B. Spatially Resolved Nusselt Numbers and Flow Structure
with a Smooth Top Wall

Figure 4 presents spatially resolved Nusselt numbers measured
on the dimpled test surface placed on one wall of the H=D D 0:5
channel. The opposite channel wall is smooth, Reynolds number
ReH for the measurements is 10:2 £ 103, and Toi=Tw D 0:94. Flow
direction for the � gure is from top to bottom in the direction of
increasing X=D. The image shows a Nusselt-number distribution
along dimples in the tenth to twelfth rows from the beginningof the
test surface.As mentioned, these particulardata are obtained from a
time averageof 40 instantaneousdata sets over a time period of 40 s.

The circular concave depressions of the dimples are positioned
at the same locations as the circular Nu=Nu0 contours in Fig. 4.
Lower Nusselt-number ratios are located over the upstream halves
of the depressions. Local Nusselt-number ratios are then higher in
the downstreamhalves. The highest values are then locatednear the
downstream rims of each dimple, both slightly within each depres-
sion, and on the � at surface just downstream of each dimple. Most
local values in the concave cavities are higher than values measured
a smooth channel at the same Reynolds number and temperature
ratio, which is consistentwith the results presented by Kesarev and
Kozlov5 and Schukin et al.7

The high Nu=Nu0 region is spread over a region that is approx-
imately parallel to the downstream edge of the dimple, over Z=D
from 0:3 to C0:3 and over X=D from 9.1 to 9.7. Three � ngers
from this region then extend downwards in the positive X=D direc-

Fig. 4 Local, time-averaged Nusselt-number ratios along the ninth to
twelfth dimple rows for ReH = 10:2 £ £ 103, Toi/Tw = 0:94, and a smooth
top channel surface.

tion, two of which are located near the spanwise edges of adjoining
dimples. These two � ngers continue to extend downwards in the
CX=D direction until they connect with high Nu=Nu0 regions lo-
cated on the � at surfaces just downstream of the adjacent dimples.
With this arrangement regions of high Nu=Nu0 are interconnected
downstreamof and to the sidesof most all dimples in the streamwise
and spanwise adjacent rows.

Accordingto Mahmoodet al.,1 theseregionsof high localNu=Nu0

are the result of collectionsof vortex pairs and vortical � uid, which
are shed periodically from each dimple. This periodicity takes the
form of a repeated cycle of events, where each cycle consists of
inrush of � uid to each dimple, followed by out� ow and vortex shed-
ding.From visualizationsof � ow structureat H=D D 0:5,1 the � ow,
which is shed from each dimple, is primarily in the form of three
distinctupwash regions.Eachof these regionsleads to and is then lo-
cated between the vortices, which make up a vortex pair. The most
prominent of each of these vortex pairs is associated with an up-
wash region in the streamwise-normalplane located approximately
along the centerlineof each dimple. The two other vortex pairs and
associated upwash regions are located near the diagonal-spanwise
edges of each dimple or just downstream of these locations. The
heat transfer augmentations,present near downstream rims of dim-
ples as well as on � at surfacesdownstreamof and between dimples,
are then present mostly from 1) the strong secondary � uid motions
of these vortex pairs near the surface, 2) the periodicity and un-
steadinessof this vortical � uid, 3) the reattachmentof the separated
shear layer, which advects across the opening of each dimple, and
4) augmented turbulence transport.

C. Spatially Resolved Nusselt Numbers and Flow Structure
with Protrusions on Top Wall

When protrusionsare added to the top wall, compared to a chan-
nel with a smooth top wall, the secondary � ows that are present
in the channel are present in stronger magnitudes over much larger
portions of the channel cross sections.2 The turbulence intensities
and the mixing associated with them are also higher at much lower
Reynolds numbers. The obstructionsproduced by the top wall pro-
trusions, and the resulting effects of continuity, cause the � ow to be
forced from the dimples on the opposite wall in a similar fashion as
then no protrusions are present. However, with the protrusions this
occurswith more violenceand over greatervolumes.The associated
vortex structuresand packetsof vortical � uid shed from the dimples
then contain stronger secondary � ows and are more unsteadiness,2

and as a result, local heat transfer augmentations are even higher.
This is illustrated by the results in Fig. 5, which shows local

Nusselt-number ratio distributions along dimples from the middle
of the tenth to the middle of the thirteenth dimple rows (as counted
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Fig. 5 Local, time-averaged Nusselt-number ratios along the tenth to
thirteenth dimple rows for ReH = 10:6 £ £ 103, Toi/Tw = 0:92, and con� g-
uration 1 (nonaligned) protrusions on the channel top surface. Nu/Nu0
scale given in Fig. 4.

Fig. 6 Local, time-averaged Nusselt-number ratios along the tenth to
thirteenth dimple rows for ReH = 10:4 £ £ 103 Toi/Tw = 0:93, and con� gu-
ration 2 (aligned) protrusions on the channel top surface. Nu/Nu0 scale
given in Fig. 4.

from the front of the test surface). Channel height, dimple size,
channel aspect ratio, Reynolds number, and temperature ratio are
the same as for the results presented in Fig. 4. The only difference
is that protrusionsare employed on the top wall (to obtain the Fig. 5
results) in a con� guration1 arrangement,which means that the dim-
ples and protrusionsare arrangedwith a “full-offset”so that they are
out of phasewith each other (Fig. 2c). Comparing the results in Figs.
4 and 5 shows that qualitative Nu=Nu0 patterns have some similar-
ity; however, quantitativemagnitudes are signi� cantly higher in the
latter � gure. In particular, the belts of locally higher Nu=Nu0 extend
further inside the downstreamrims of the dimples when protrusions
are employed. In addition, Nu=Nu0 values decrease slightly on the
upstreamhalvesof the dimple cavitieswith the protrusions.In some
cases regions of locally higher Nu=Nu0, measured with protrusions,
are slightlybroaderdownstreamof dimple row 10 (X=D D 8:2–8:8/
than those downstream of dimple row 11 (X=D D 9:0–9:5/. This is
because of the absence of protrusions on the zinc-selenidewindow
over the measurement area and indicates that the protrusionsaffect
the � ow in their immediate streamwise vicinity. The same Nu=Nu0

scales are used for all of the data in Figs. 4–8.
As the relative positions of the dimples and protrusions are

changed, the structural characteristics, intensities, and distribu-
tions of the vortical structures produced by the dimples are altered
further.2 Figure 6 shows that this results in additional alterations to
localNusselt-numberratiomagnitudes.Thesedataareobtainedwith
the protrusions in a con� guration 2 arrangement, in which the dim-
ples and protrusions are exactly aligned with each other (Fig. 2d).
Otherwise, channel geometry, Reynolds number, temperature ratio
(as well as the Nu=Nu0 scale used to present the data) are the same as
for the preceding � gure. Qualitative similarity of Nu=Nu0 patterns

Fig. 7 Local, time-averaged Nusselt-number ratios along the tenth to
thirteenth dimple rows for ReH = 3:5 £ £ 104 , Toi/Tw = 0:94, and con� gu-
ration 2 (aligned) protrusions on the channel top surface. Nu/Nu0 scale
given in Fig. 4.

with results in the preceding two � gures is apparent. However, the
highest Nu=Nu0 magnitudes in Fig. 6 (obtained with aligned pro-
trusions) are slightly lower than the highest magnitudes in Fig. 5
(obtained with full offset protrusions). Three vertical stripes of lo-
cally higher Nu=Nu0 are present, which emanate downstream (and
downwards) from each dimple in the tenth row in Fig. 6. These are
located at X=D from 8.25 to 9.0 and at Z=D from C0:35 to C1:35
and at Z=D from 1:35 to 0:35. These are qualitativelysimilar to
Nu=Nu0 variationspresent downstream of the tenth row of dimples
in Fig. 4. There, stripesof locallyhigherNu=Nu0 are positionedover
the same X=D and Z=D ranges as the ones in Fig. 6. In both cases
these stripes are caused by the three pairs of vortices, which advect
along the � at surface downstream of the dimples.

Figure 7 shows thechangesto localNu=Nu0 distributionswhenall
geometryand � ow conditionsare the same as the ones used to obtain
the results in Fig. 6, except the Reynolds number ReH is increased
from10:4 £ 103 to 3:5 £ 104 . Similar qualitativevariationsare again
present; however, local Nu=Nu0 magnitudes are signi� cantly lower.
The same Nu=Nu0 scale is again employed. Comparing the results
in Figs. 6 and 7 indicates that differences are especially apparent
in the downstream portions of the dimple cavities and on the � at
surfaces downstream of the dimple cavities. This indicates that ad-
vectionof heatby the bulk� ow and the turbulencetransportfrom the
three-dimensionalunsteady secondary � ows produced by the dim-
ples and protrusionschangesigni� cantlyas the bulk � uid velocityin
the channel is altered. Smaller alterations to quantitativeand quali-
tative Nu=Nu0 distributions are observed in the upstream halves of
the dimple cavities as ReH varies. The dimple-protrusion channel
arrangement thus produces Nu=Nu0 values with larger Reynolds-
number dependence than if a smooth top wall is employed opposite
to the dimpled surface.1 This is related to the roughness character
of the protrusions, especially the mixing and form drag produced
by each protrusion element.

The Nusselt-number ratio distributions in Figs. 6 and 8 are for
Toi=Tw of 0.93 and 0.78, respectively. The Reynolds numbers for
these two data sets are 10:4 £ 103 to 13:2 £ 103 , respectively,which
means that values are about the same. Comparing the two contour
plots shows that, as the ratio of inlet stagnation temperature to wall
temperature decreases, the coolest parts of the test surface, which
correspondto the highest valuesof Nu=Nu0 , intensify,broaden,and
extendfartheraway from the downstreamrims of the dimples.These
are especially evident to the sides of each dimple and downstream
of each dimple in Fig. 8. This becomes more signi� cant as the
temperatureratio Toi=Tw decreasesbecausevortexpairs and vortical
� uid in the channel bring larger amounts of colder � uid from the
central parts of the channel to regionsnear the dimpledsurface.This
process is aided by variable property in� uences and buoyancy.

D. Spatially Averaged Nusselt Numbers

Spanwise-averaged and streamwise-averaged Nusselt numbers
are presented in Figs. 9 and 10, respectively. These data are
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Fig. 8 Local, time-averaged Nusselt-number ratios along the tenth to
thirteenth dimple rows for ReH = 13:2 £ £ 103, Toi/Tw = 0:78, and con� g-
uration 2 (aligned) protrusions on the channel top surface. Nu/Nu0 scale
given in Fig. 4.

Fig. 9 Spanwise-averagedNusselt-numberratiosas dependentonX/D
for different Reynolds numbers ReH and temperature ratios Toi/Tw .

Fig. 10 Streamwise-averaged Nusselt-number ratios as dependent on
Z/D fordifferent ReynoldsnumbersReH andtemperature ratios,Toi/Tw.
Symbols identi� ed in Fig. 9.

presented for different Reynolds numbers, temperature ratios, and
protrusion-wallpositions.Also included is a data set measured with
a smooth, undimpled top wall for ReH D 10:2 £ 103 and Toi=Tw of
0.94. To obtain the data presented in Fig. 9, local Nu=Nu0 values
at a constant X=D location are averaged to determine spanwise-
averaged Nu=Nu0 magnitudes at that X=D location. To obtain the
data given in Fig. 10, local Nu=Nu0 are averaged at constant Z=D
locations to obtain streamwise-averagedNu=Nu0 at the same Z=D
locations.In eachcase,spatialaveragesareobtainedovera rectangu-
lar area from the center to centerof adjacentdimples in the tenth and
twelfth rows to give spatial averages representativeof one complete
period of dimple surface geometry. This particular period extends
over X=D from 8.00 to 9.52 and over Z=D from C0:81 to 0:81.

The � rst three data sets listed in the legend of Fig. 9, and given in
Figs.9 and10, are obtainedwith a smoothtop wall and with topwalls
with protrusions arranged in con� gurations 1 and 2. With con� gu-
ration 1 or full offset con� guration, the dimples and protrusionsare
misaligned,and with con� guration2 no offset is employed,and dim-
ples and protrusionsare exactlyalignedwith each other.These three
sets are all for about the same Reynoldsnumber (ReH D 10:2 £ 103 –

10:6 £ 103) and temperature ratio (Toi=Tw D 0:92–0:94). In each
case, low Nusselt-numberratios correspondwith upstream portions
of the dimple cavities, and the highest ratios are from locationsnear
the side rims or near the downstream edges of the dimples. The
most important differences between the three data sets are signi� -
cantly higher Nu=Nu0 at most all values of X=D and Z=D when the
protrusions are employed. However, in spite of these differences,
the peaks and valleys of the Nu=Nu0 distributionsroughly cover the
same ranges of locations. Differences in locations and shapes of
Nu=Nu0 in these regions are caused by the actions of the protrusions
in in� uencing the development of secondary � ows from different
dimples. Pressure distributions in the � ow are altered signi� cantly
as the protrusionsare added or their locationsare changed.This then
alters the emergence and development of the vortical mixing � uid
from dimples as it enhances heat transfer near downstream edges
and spanwise edges of dimples. The largest changes to Nu=Nu0 dis-
tributionsfrom such phenomenaare apparent in Fig. 9 at X=D from
8.2 to 9.2.

The next data set in Figs. 9 and 10 is measured at a Reynolds
number ReH of 3:5 £ 104 with protrusionson the top wall arranged
in con� guration 2 with Toi=Tw D 0:94. When compared to the data

Fig. 11 Globally averaged Nusselt-number ratios as dependent on
Reynolds number ReH for approximately constant temperature ratio,
Toi/Tw .
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set obtained with similar geometry and � ow parameters, but at a
lowerReH of 10:4 £ 103 , it is evidentthat spatiallyaveragedNu=Nu0

decrease signi� cantly at each spatial locationas ReH increases from
10:4 £ 103 to 3:5 £ 104. Differences are most apparent at locations
near local maxima in Nu=Nu0 distributions. Variations with X=D
and Z=D are also somewhat smaller overall when ReH D 3:5 £ 104

than when ReH D 10:4 £ 103 .
Spatially averaged Nu=Nu0 distributions for two temperature ra-

tios (Toi=Tw of 0.93 and 0.78) at constant ReH (of 10:4 £ 103 and
13:2 £ 103) with the same con� guration 2 protrusion top wall ar-
rangement are now compared. Figures 9 and 10 show that the spa-
tially averaged values increase signi� cantly at all X=D and Z=D
locations as Toi=Tw decreases. Such changes near Nu=Nu0 local
maxima are mostly because of higher Nu=Nu0 values just down-
stream of dimples or near diagonal positions of the dimples where
unsteady vortical motions have the most pronounced effects. Here,
variable property effects and buoyancy augment the actions of the
vortices in advecting different sized packets of cold mainstream
� uid to regions near the hot walls.

E. Globally Averaged Nusselt Numbers and Friction Factors

Globally averaged Nu =Nu0 are determined by averaging local
Nusselt number ratios over a measurement area corresponding to
one completepattern of dimple test surface.This is the same portion

a) Ratios alone

b) Ratios normalized by lowest measured Nusselt-number ratio

Fig. 12 Globally averaged Nusselt-number ratios as dependent on
Toi/Tw, for approximately constant Reynolds number ReH .

of the test surface used to obtained the spatially averaged Nusselt-
number data.

Figure 11 gives distributions of globally averaged data vs ReH

at a constant temperature ratio of 0.92–0.94. Data obtained with a
smooth top wall, and with two different arrangements of the pro-
trusion top wall (con� gurations 1 and 2), are included. Globally
averaged values increase very slightly (and are nearly constant)
with ReH when a smooth top wall is employed. Nu =Nu0 are higher
when protrusions are employed on the top wall for ReH <4£104

and about the same for ReH > 4 £ 104. Nu =Nu0 measured with
protrusions on the top wall thus generally decrease as Reynolds

a) (Nu /Nu0 )/(f /f0)1=3 values based on total area of the test surface (� at
regions and indented dimple regions)

b) (Nu /Nu0)/(f /f0 )1=3 values based on a � at, rectangular projected
area

c) (Nu /Nu0 )/(f /f0)1=3 valuesbasedona � at, rectangularprojected area

Fig. 13 Performance parameter magnitudes as dependent on
Reynolds number ReH for approximately constant temperature ratio
Toi/Tw: £ £ , 60± V-shaped broken rib;18 +, 60± broken rib;18 , delta-
shaped forward aligned rib;18 and ¡¡ , wedge-shaped continuous rib.18

Other symbols are identi� ed in Fig. 11.
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number increases, changing about 20% as ReH ranges from
5 £ 103 to 4 £ 104. Thus, the dimple-protrusion surface arrange-
ment givesNu =Nu0 with greaterReynolds-numberdependencethan
the dimple-smoothsurface arrangement,as mentioned.Nu =Nu0 are
slightly higher with con� guration 1 protrusions than with con� gu-
ration 2 protrusionswhen compared at the same ReH , providedReH

is less than 4 £ 104 .
Figure 12a presents globally averaged Nu =Nu0 distributions as

dependent upon Toi=Tw for approximatelyconstant Reynolds num-
ber. The Nu0 values used for normalization are measured at Toi=Tw

of 0.92–0.94. Notice that ratios from Mahmood et al.1 for a smooth
top wall are lower than ratios measured with the con� guration 2
protrusion top wall, when compared at the same Toi=Tw . As Toi=Tw

decreases over the range shown, Nu =Nu0 values increase by about
28% when a smooth top wall is employed and by about 18% when
a protrusion top wall is used.

The data given in Fig. 12a are again presented in Fig. 12b, af-
ter normalization using the Nu =Nu0 ratio at Toi=Tw D 0:92 0:94.
This arrangement is used to provide additional insight into the de-
pendenceof the Nu =Nu0 data on Toi=Tw . The two differentdata sets
in the � gure show about the same dependenceon Toi=Tw , both with
and without protrusions on the top wall.

Magnitudes of (Nu =Nu0/=. f= f0/
1=3 , the thermal performance

parameter,17 are given in Figs. 13a and 13b for the channel with the
smooth top wall and two different arrangements of the protrusion
top wall. Friction factor data used for this determinationare given in
Fig. 14. Normalized friction factors from a protrusion-dimplechan-
nel are much higher than values from a smooth-dimple channel. In
Fig. 13a heat transfer coef� cients used to deduce the Nusselt num-
bers are based on the total area of the test surface (� at regions and
indented dimple regions). In Fig. 13b heat transfer coef� cients are
presented,which are based on a � at, rectangularprojected area.The
difference in values based on these two different reference areas is
16.4%.

Data compared over the same Toi=Tw range (0.92–0.94) in
Fig. 13a show that the thermal performance parameter with the
smooth top wall are nearly constant as ReH changes, ranging from
1.55 to 1.60. As such, these values are slightly higher than val-
ues obtained with protrusions on the top wall, which range from
1.45 to about 1.55, and appear to increase slightly with Reynolds
number. The lower performance parameter values obtained with
protrusionson the top wall are caused by the large increases in f= f0

caused by protrusion form drag. Such behavior indicates slight dis-
advantageswhen protrusionsare employedon the top surface of the

Fig. 14 Normalized channel friction factors as dependent on Reynolds
number.

a)Values based on total area of the test surface (� at regions and indented
dimple regions)

b) Values based on a � at, rectangular projected area

Fig. 15 Performance parameter magnitudes as dependent on Toi/Tw
for approximately constant Reynolds number ReH . Symbols identi� ed
in Fig. 12.

dimpled channel. Using the protrusions is thus advantageous only
when Nu =Nu0 values are consideredalone, and relatively low pres-
sure drops and friction factor magnitudesare not requiredor are not
important in the intended application.

Figure. 13b shows that the performance parameters from the
dimple-smoothchannel and from the dimple-protrusionchannel lie
in the middle of the range of data for several rib turbulator arrange-
ments from Han et al.18 However, a different conclusion is reached
if the (Nu =Nu0 )/( f= f0) performanceparameters, shown in Fig. 13c,
are considered. In this case the present data are higher than all rib-
turbulator data sets from Han et al.18

Performance parameter magnitudes as dependent upon Toi=Tw ,
for approximately constant Reynolds number ReH , are presented
in Figs. 15a and 15b. Values in the � rst of these � gures are based
on total area of the test surface (� at regions and indented dimple
regions), whereas values in the second � gure are based on a � at,
rectangular projected area. Again, as for the preceding � gures, it
is evident that values with a smooth top surface are slightly higher
than values determined with protrusions on the top wall.

IV. Conclusions
Local and spatially averaged Nusselt-number data, and thermal

performance parameters, are presented for the dimpled surface of a
channel, both with and without protrusions(with the same shapesas
the dimples) on the opposite wall. Channel aspect ratio is 16, ratio
of channel height to dimple print diameter is 0.5, Reynolds numbers
based on channel height ranges from 5 £ 103 to 3:5 £ 104 , and ratio
of channel inlet stagnation temperature to wall temperature ranges
from 0.73 to 0.94.

The protrusions result in additional shedding of vortical, sec-
ondary � ow structures from the dimples, as well as increased � ow
unsteadiness.As a result, local,spanwise-averaged,andstreamwise-
averaged Nusselt numbers are augmented considerably, and have
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greater Reynolds-numberdependence,compared to a channel with
a smooth top wall and dimples on one opposite wall. Local and
spatially averaged Nusselt-number variations are also observed as
the location of the array of protrusions is changed with respect to
the dimples. Such changes are particularly apparent at locations
near local maxima in Nusselt-number ratio distributions, and near
downstream edges and spanwise edges of dimples. In the upstream
portionsof thedimplecavities,localNusselt-numberratiosdecrease
somewhat when protrusionsare added to the top surface. Important
alterations with Toi=Tw are also observed, principally because of
the added contributions of variable property effects and buoyancy.
As this temperature ratio decreases, parts of the test surface with
the highest values of Nu=Nu0 intensify, broaden, and extend farther
away from the downstream rims of the dimples.

GloballyaveragedNu =Nu0, measuredwith protrusionson the top
wall, generally decrease as Reynolds number increases, changing
about 20% as ReH ranges from 5 £ 103 to 4 £ 104. The dimple-
protrusion surface arrangement thus gives Nu =Nu0 with greater
Reynolds-number dependence than the dimple-smooth surface ar-
rangement. Nu =Nu0 magnitudes are also slightly higher when the
protrusionsand dimples are misaligned (con� guration1) than when
the protrusions and dimples are aligned (con� guration 2), when
compared at the same ReH (provided ReH < 4 £ 104 ).

Magnitudes of the thermal performance parameter (Nu =Nu0/=
. f= f0/

1=3, measured with protrusions on the top wall, range from
1.45 to about 1.55, and increase slightly with Reynolds number.
Like the Nu =Nu0 data, performanceparametermagnitudes increase
as the temperature ratio Toi=Tw decreases (for approximately con-
stant Reynolds number ReH ), both with and without protrusionson
the channel top wall. In both cases values with a smooth top surface
are slightly higher than values determined with protrusions on the
top wall becauseof the large friction factor increasescaused by pro-
trusion form drag.2 This means that using the protrusions is advan-
tageous only when Nu =Nu0 values and heat transfer augmentations
are consideredalone, and relatively low pressure drops and friction
factor magnitudes are not needed in the application of interest.

Acknowledgments
The work presented in this paper was performed as a part of the

AdvancedTurbine System TechnologyDevelopmentProject, spon-
sored both by the U.S. Department of Energy and Solar Turbines,
Inc. Hee-Koo Moon and Boris Glezer, both of Solar Turbines, Inc.,
are acknowledged for useful discussions on the research.

References
1Mahmood, G. I., Hill, M. L., Nelson, D. L., Ligrani, P. M., Moon, H.-K.,

and Glezer, B., “Local Heat Transfer and Flow Structure on and Above a
Dimpled Surface in a Channel,”Journalof Turbomachinery, Vol. 123,No. 1,
2001, pp. 115–123.

2Ligrani, P. M., Mahmood, G. I., Nelson, D. L., Harrison, J. L., and
Clayton, C. M., “Flow Structure and Local Nusselt Number Variations in
a Channel with Dimples and Protrusions on Opposite Walls,” International
Journal of Heat and Mass Transfer, Vol. 44, No. 23, 2001.

3Afanasyev, V. N., Chudnovsky,Y. P., Leontiev, A. I., and Roganov,P. S.,
“Turbulent Flow Friction and Heat Transfer Characteristics for Spherical
Cavities on a Flat Plate,” Experimental Thermal and Fluid Science, Vol. 7,
No. 1, 1993, pp. 1–8.

4Belen’kiy, M. Y., Gotovskiy, M. A., Lekakh, B. M., Fokin, B. S., and
Dolgushin, K. S., “Heat Transfer Augmentation Using Surfaces Formed by
a System of Spherical Cavities,” Heat Transfer Research, Vol. 25, No. 2,
1994, pp. 196–203.

5Kesarev, V. S., and Kozlov, A. P., “Convective Heat Transfer in Turbu-
lized Flow Past a Hemispherical Cavity,” Heat Transfer Research, Vol. 25,
No. 2, 1994, pp. 156–160.

6Terekhov, V. I., Kalinina, S. V., and Mshvidobadze, Y. M., “Flow Struc-
ture and Heat Transfer on a Surface with a Unit Hole Depression,” Russian
Journal of Engineering Thermophysics, Vol. 5, 1995, pp. 11–33.

7Schukin, A. V., Koslov, A. P., and Agachev, R. S., “Study and Appli-
cation of Hemispherical Cavities for Surface Heat Transfer Augmentation,”
American Society of Mechanical Engineers, Paper 95-GT-59, June 1995.

8Gortyshov, Y. F., Popov, I. A., Amirkhanov, R. D., and Gulitsky, K. E.,
“Studies of Hydrodynamics and Heat Exchange in Channels with Vari-
ous Types of Intensi� ers,” Proceedings of 11th International Heat Transfer
Congress, Vol. 6, Taylor and Francis, Philadelphia, PA, 1998, pp. 83–88.

9Chyu, M. K., Yu, Y., Ding, H., Downs, J. P., and Soechting, F. O., “Con-
cavity Enhanced Heat Transfer in an Internal Cooling Passage,” American
Society of Mechanical Engineers, Paper 97-GT-437, June 1997.

10Lin, Y.-L., Shih, T. I.-P., and Chyu, M. K., “Computations of Flow and
Heat Transfer in a Channelwith Rows of Hemispherical Cavities,” American
Society of Mechanical Engineers, Paper 99-GT-263, June 1999.

11Moon, H.-K., O’Connell, T., and Glezer, B., “Channel Height Effect
on Heat Transfer and Friction in a Dimpled Passage,” American Society of
Mechanical Engineers, Paper 99-GT-163, June 1999.

12Sargent, S. R., Hedlund, C. R., and Ligrani, P. M., “An Infrared Ther-
mography Imaging System for Convective Heat Transfer Measurements in
Complex Flows,” Measurement Science and Technology, Vol. 9, No. 12,
1998, pp. 1974–1981.

13Hedlund,C. R., and Ligrani, P. M., “Local Swirl Chamber Heat Transfer
and Flow Structure at Different Reynolds Numbers,” Journal of Turboma-
chinery, Vol. 122, No. 2, 2000, pp. 375–385.

14Moffat, R. J., “Describing the Uncertainties in Experimental Results,”
Experimental Thermal and Fluid Science, Vol. 1, No. 1, 1988, pp. 3–17.

15Kays, W. M., and Crawford, M. E., Convective Heat and Mass Transfer,
3rd ed., McGraw–Hill, New York, 1993.

16Han, J. C., Park, J. S., and Lei, C. K., “Heat Transfer Enhancement in
Channels with Turbulence Promoters,” Journal of Heat Transfer, Vol. 107,
No. 3, 1985, pp. 628–635.

17Gee, D. L., and Webb, R. L., “Forced Convection Heat Transfer in
Helically Rib-Roughened Tubes,” International Journal of Heat and Mass
Transfer, Vol. 23, No. 8, 1980, pp. 1127–1136.

18Han, J.-C., Huang, J. J., and Lee, C. P., “Augmented Heat Transfer in
Square Channels with Wedge-Shaped and Delta-Shaped Turbulence Pro-
moters,” Enhanced Heat Transfer, Vol. 1, No. 1, 1993, pp. 37–52.


