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ABSTRACT

This paper is concerned with heat transfer in forced convection in an asym-
metrically heated flat plate channel with grooves located on the heated
wall. The opposite plane wall is kept at ambient temperature. Both walls
are maintained at uniform temperature. The working fluid is air. The
thermal boundary layer develops along the test section under laminar flow
conditions. The aspect ratio of the grooves, w/h, is 4 : 1 and the ratio of
channel width to groove depth is 2 : 1. Experiments were performed for
different Reynolds numbers. Temperature fields and local Nusselt numbers
were measured by means of holographic interferometry. In the paper, the vi-
sualized temperature fields are analysed and the temperature distributions
are discussed. The distribution of the local Nusselt number is presented for
different Reynolds numbers. Average Nusselt numbers for groove-channcl
periods along the channel are evaluated and the influence of the grooves on
the heat transfer process is investigated.

Introduction

In order to improve the thermal performance of heak transfer devices, different techni-
ques of heat transfer augmentation are implemented in the design of heat transfer surfaces
{1, 2. In this study, the basic geometry, a parallel plate channel, has been modified by
introducing transversal grooves, in order to periodically interrupt the plane heat transfer
surface.

The investigated geometry and the physical situation are presented schematically in
Fig. 1. Heat transfer is analyzed experimentally ([3, 4]) in a parallel plate channel with
four transversal grooves on the heated wall. The grooves and the channel regions between
the grooves are w = 0.02 m long, the depth of the grooves is h = 0.005 m, corresponding
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Fig. 1 Schematic of the investigated geometry and the physical situation

to one half of the channel height. The walls of the test section are maintained at uniform
but different temperatures. The flow is fully developed with parabolic velocity profiles at
the entrance of the test section. The thermal boundary layer develops along the heated
wall of the test section and the influence of the grooves on the heat transfer process is
investigated. The two-dimensional temperature fields were visualized and reconstructed
using holographic interferometry, and local and average heat transfer data were obtained.

A geometry with grooves (or ribs) is frequently encountered in various engineering
applications like the cooling of reactor cores, biomedical applications, design of various
heat exchangers, cooling of electronic equipment, and so on. Heat transfer in the basic
geometry — parallel plate channels, rectangular and circular ducts —~ was reviewed and
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treated in detail in the literature [5]. Of practical interest is the experimental work of
Aung [6], who analysed heat transfer on a single cavity and the influence of the aspect
ratio of the cavity on the heat transfer by means of interferometry. The temperature pro-
files that he obtained, as well as the local heat transfer coefficients, show similar behaviour
as in the present analysis. Heat transfer and fluid flow in a periodically grooved geome-

try for fully developed flow and periodically repeating thermal conditions were treated in -
[7-9]. Especially possibilities of resonant heat transfer enhancement were analysed, and -

the experimental results confirmed the numerical predictions {10]. Trollheden and Sundén
{11] numerically investigated laminar flow in a symmetrically heated paraliel plate channel
with large cavities, a geometry similar to the one treated in this paper. The walls of the
channel were maintained at uniform temperature. The flow field was fully developed with
periodically repeating cycles and thermally fully developed regime — contrasted to the
thermally developing situation analysed in this paper. They have found that moderate
heat transfer augmentation was achieved with high pressure drop penalty in comparison
with values for a straight duct. Sundén and Trollheden [12] investigated the same geo-
metry with uniform heat flux imposed at the channel walls, and they found a decrease
in heat transfer compared to the flat plate channel. Lockett and Collins {13] investigated
heat transfer in turbulent flow over square and rounded rib-roughness elements using ho-
lographic interferometry. Heating was provided by electrical pad resistance heaters. The
authors were faced with severe refraction and beam crossing effects in the interferometric
investigation in some parts of the near wall region. These were overcome by extrapolation
to the wall, so that local surface heat transfer data could be obtained. In the present study,
accurate evaluation of local heat transfer coefficients was possible, as by the appropriate
selection of the spanwise dimension of the test section and of the location of the focusing
plane, no beam crossing effects were encountered, so that the parabolic approximation
allowed for the reconstruction of temperature fields with sufficient accuracy. The local
heat transfer distribution in the geometry investigated in {13} shows similar behaviour as
in this investigation,

i t at

The experimental apparatus used in the heat transfer measurements and in the vi-
sualization of temperature fields is shown in Fig. 2. The experimental channel is in the
vertical position and it consists of the entry section, the test section and the exit section.
The entry section is 0.9 m long (y direction), 2h = 0.01 m high (x direction) and d = 0.22

m wide (z direction, corresponds to the direction and length of transillumination by laser

light) rectangular duct. The selected length of the entry section provides the fully develo-
ped velocity profiles at the entrance of the test section. The width to height ratio (22 : 1)
is needed to obtain the essentialiy two dimensional temperature distribution, significant
for an accurate reconstruction of temperature fields from interferograms, as the method
of holographic interferometry is characterized by averaging in the spanwise (transillumi-
nation) direction. The test section is 0.22 m long and both its walls, made of aluminium,
are provided with water channels. Circulating water from two constant temperature water

baths, in three parallel loops for each ch | wall, maintains wall temperatures constant

providing isothermal boundary conditions. The plane cold wall is kept at ambient tempe-
rature and the grooved wall is heated to a temperature which is AT above the value for
the cold wall. Glass windows allow for the transillumination of the investigated region.
The exit section is 0.3 m long, so that it removes possible downstream effects from the test
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section, and it carries the blower creating the air flow. The blower is operating in a suction
mode, and the flow velocity is varied by varying the Dc supply voltage of the blower.
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Fig. 2 Schematic of the experimental apparatus

Air inlet and outlet temperatures were measured by two batteries of nickelchrom-
constantan thermocouples at locations as indicated in Fig. 2. Flow velocity profile measu-
rements were taken by a Schiltknecht hot wire anemometer thermo air type 442 calibrated
by a rotameter. In the -pressure drop measurements, a pressure transducer Setra Series
239 calibrated by a Betz manometer was used. The pressure transducer was connected to
the four pressure taps in the flange between the entry and test sections and in the flange
between the test section and the exit section. The temperatures of the hot wall and of the
cold wall were monitored by 25 nickelchrom-constantan thermocouples providing reference
values for the interferometric measurements.
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easuring Technique

The method of holographic interferometry is widely accepted in the study of trans-
port phenomens [14-17] and it was used in the visualization of temperature fields in the
experiments described in this paper. Being a non-invasive method, it is well suited for
measurements in complex geometries. Thus qualitative information on the temperature
fields and — by evaluating the interferograms — also quantitative heat transfer data was
obtained without disturbing the investigated physical process.
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Fig. 3 Schematic of the optical setup for holographic interferometry

The optical setup used in the measurements (Fig. 3) corresponds to the basic optical
arrangement discussed in [14 and 15). The procedure of the reconstruction of temperature
profiles from interferograms is described in {17]. In the experiments, an Argon ionen laser
with A = 514.5 nm wavelength and 0.5 m coherence length served as light source. The
interferograms were recorded using the real time method (further details are given in {3 'and
4]) on photographic film, and the processed negatives were then analysed and measured by
a photometer. Since the test section is longer (0.22 m) than the diameter of the expanded
laser beam (0.078 m), temperature fields were recorded at three different heights of the
test section (indicated by I, II and III in Fig. 1) in different experimental runs.

Discussion of Results

Experimental Parameters

The thermal boundary conditions in heat transfer measurements in the grooved geo-
metry are isothermal (Tx for the heated wall and T¢ for the plane wall at Ti,). The
average temperature difference between hot and cold wall AT was evaluated by taking
average values of thermocouple readings, and it was maintained constant in the visualiza~
tion experiments at different test section heights. The results discussed in this paper were
obtained for AT = 43 K. Interferograms were recorded also for AT =~ 30 K and AT
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Fig. 4 Typical interferogram sets for vy, = 0 m/s, Re = 354, Re = 519 and Re = 1760
(from left to the right, respectively) recorded using the infinite fringe field arrangement.
The average temperature difference between the hot and the cold wall is AT =~ 30 K.
Fringes correspond to isotherms with AT /fringe pair & 3 K. Air flows from top to bottom
in the field of view.

60 K, and for the three temperature differences the same basic behaviour was observed.
Experimental runs were performed for Reynolds numbers in the range of 290 < Re < 2000.
The Reynolds number was based on the hydraulic diameter Dy, as the characteristic length,

Re = vy, Dy /v, (1)

From the measured velocity profiles, the average flow velocity across the channel v,, was
evaluated with an estimated uncertainity of 7%.



906

Temperature flelds

A set of visualized temperature fields for AT ~ 30 K for v, = 0 m/s and three different
Reynolds numbers obtained by using the infinite fringe field technique is presented in Fig.
4, and it is a typical representative of the thermal behaviour of the system. The four
pictures are obtained by assembling interferograms recorded at the three different heights
(1, II and 11l in Fig. 1), and the temperature distributions originating from the different
experimental runs show very good agreement.
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Fig. 5 Typical reconstructed temperature profiles at cross sections a)y = 5.17 cm, b)
y = 6.13 em, ¢} y = 6.83 cm and d) y = 6.96 ¢m in the region of the first groove (diagram
left) and at cross sections a) y = 7.04 cm, b) y == 7.87 cm and c) y = 8.88 cm between the
first groove and the second groove (diagram right) for Re = 620 and AT = 43.8 K.
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Fig. 6 Typical reconstructed temperature profiles at cross sectionsa)y = 5.18 cm, b)

y = 6.16 cm, ¢) y = 6.78 cm and d) y = 6.96 em in the region of the first groove (diagram:
left) and at cross sections a) y = 7.22 cm, b) y = 7.79 cm and c) y = 8.41 cm between the

first groove and the second groove (diagram right) for Re = 1937 and AT = 43 K.

In Fig. 4, for the forced convection situation, two main heat transfer regions can be
recognized: (i) the main channel region and (ii) the region of the grooves. In the region:of
the grooves, temperature profiles are under the influence of the recirculating flow. Broad
widely spaced fringes can be observed. There is no significant influence of recirculation:in
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the channel part of the flow, and the temperature drop in this region is relatively high com-
pared with the temperature drop in the groove (which can be seen from the temperature
profiles). Downstream of the groove, along the heated wall, the fringe density increases,
indicating high heat transfer coefficients. The decreasing thickness of the thermal bound-
ary layer along the test section with increasing Reynolds numbers is clearly observable in
the three forced convection interferograms. The temperature gradients at the heated chan-
nel wall increase with the increase in Reynolds number, which is similar to the situation
in thermally developing duct flow with asymmetrical heating. The temperature gradient
decreases in the channel region along the test section. At intermediate and higher Reynolds
numbers (above Re = 600) a wide region of almost uniform temperature exists along the
plane wall — the temperature corresponds approximately to the inlet air temperature or
to the temperature of the plane wall. The visualized temperature fields agree qualitatively
with the results obtained by numerical simulations [6-11].
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Fig. 7 Alternative representation of temperature fields reconstructed from interferograms
at Re = 620 and AT = 43.8 K. Flow direction is from left to right.
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Fig. 8 Alternative representation of temperature fields reconstructed from interferograms
at Re = 1481 and AT = 43 K. Flow direction is from left to right.

The interferograms were evaluated by measuring locations of fringe minima and ma-
xima at individual cross sections of the test channel using a photometer. The evaluation
procedure which was described in {17} was used. Figures 5 and 6 show temperature profiles
evaluated from the interferograms at individual channel cross sections in the groove region



908

and in the main channel region for the low Reynolds number situation (Re = 620) and
for the high Reynolds number (Re = 1937) situation. The evaluated temperatures were
scaled by AT in order to obtain comparable results for the different experimental runs by
different values of T¢ = Ti, in the three channel heights.

In Figs. 5 and 6. left, temperature profiles at four different cross sections in the region
of the first groove are presented. The temperature profiles show a characteristic S shape,
similar to the results for a single cavity discussed by Aung [6]. The temperature gradient
at the heated wall is small near the beginning of the groove, it increases along the groove to
reach a maximum between the midpoint of the groove floor and the downstream wall, and
then it decreases towards the downstream wall of the groove. In the main channel region,
the temperature falls gradually for Re = 620 and abruptly for Re = 1937, to reach finally
to the temperature of the plane wall. Figures 5 and 6 right, show temperature profiles in
the region between the first and the second grooves, in the zone of the redeveloping thermal
boundary sublayer. The temperature gradient is high immediately downstream of the first
groove, and it gradually decreases towards the second groove. The temperature gradients
at the heated wall are significantly higher for Re = 1937. For the following grooves and
the ch | regions between the grooves, the temperature profiles are similar.

In order to gain a better overall understanding of the temperature distribution, an
alternative three dimensional representation was selected (Figs. 7 and 8). The values of
the temperature in the mesh points were obtained by interpolation between discrete values
obtained in the evaluation of interferometric fringes in the individual cross sections of the
channel. An inspection of the temperature fields shows higher temperature gradients at
the heated channel wall and also at the downstream wall of the groove for the higher
Reynolds number situation in Fig. 8.

The temperature values obtained from interferometric measurements were compared
with thermocouple readings, and the errors connected with the evaluation of temperature

profiles were usually below 3%, only in exceptional cases the deviation reached up to-

7%. More details about the accuracy of the reconstruction of temperature profiles from
interferograms are given in [18].

Nusselt Numbers

In Fig. 9, local Nusselt numbers Nd(y) along the heated wall (only on the verti-

cal sections) together with the mean Nusselt numbers Nﬁp for the three channel-groove*

periods visible in the interferograms, for Reynolds numbers of 620, 1076, 1481 and 1937
are presented. These results were obtained by averaging values from three experimental
runs, while in earlier reports {2 and 3] the local Nusselt numbers were evaluated from a
single experimental run. Also the mean Nusselt number for the thermally fully developed
flow situation for the basic geometry, the assymetrically heated parallel plate channel, Nup
which is 4 {5}, is indicated in the figure, and it can serve as reference value in the analysis
of heat transfer augmentation. The local Nusselt number is evaluated as

(dT/dx)w Dy

Nu(y) = Mo-To) '

@

where (dT/dx). is the temperature gradient at the grooved wall and the bulk temperature
T was taken as reference temperature. As the temperature of the cold wall corresponds to
the ambient temperature as well as to the temperature of the air streaming along this wall.
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Fig. 9 Local Nusselt number Nu(y) along the test section, mean Nusselt number over
channel-groove periods Nu,,, and mean Nusselt number for the thermally fully developed
situation for the asymmetrically heated parallel plate duct Nuo for a) Re = 620, b) Re =
1076, ¢) Re = 1481 and d) Re = 1937.

local Nusselt numbers were not evaluated for the cold wall. The mean Nusselt number for
a groove-channel period Nu, is evaluated as

i , Nu(y)dy
Nu, = 22000 3)
P AYp (

The integration is performed along the groove-channel periods, the first period begins with
the first groove (y = & cm) and ends at the end of the channel region (y = § cm) before
the second groove, the second period begins at the beginning of the second groove (y = 9
cm) and so on (also indicated in the diagrams). The length of the period Ay, is always 4
cm.

For all four flow velocities, the local Nusselt numbers show the same characteristic
behaviour. Immediately at the beginning of the first goove they abruptly fall to a fraction of
the attached flow value upstream of the groove. Along the groove they increase gradually,
reaching a maximum between the midpoint of the groove and the downstream wall. After
this maximum, the value of Nu(y) drops abruptly at y locations near the downstream wall.
Nu(y) values in the groove are lower than in the channel, due to the low velocities in this
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region [9]. At y locations in the channel region immediately downstream of the groove,
Nu(y) reaches a new peak (region of the redeveloping thermal sublayer) — a multiple of
the maximum value in the region of the groove. This peak is followed by a gradual decrease
of Nu(y) in the streamwise direction towards the next groove. The behaviour of Nu(y)
described above repeats along the test section for the following groove/chaannel sections.

Comparing the diagrams for the different Reynolds numbers, the absolute values of the
peaks both in the grooves and in the inter-groove regions are higher for higher Reynolds
numbers. At lower Reynolds numbers a nearly periodical trend is observable, while at
higher Reynolds numbers the intensities of the maxima gradually decrease with increasing
y coordinate. This behaviour can also be recognized in the interferograms presented in
Fig. 4.

The average Nusselt numbers along the three groove-channel periods Nu, decrease
along the channel (except for a small increase in the second period at Re = 1076 where
the values of Nu,, are very close), which can be explained by the thermally developing flow
situation. The absolute values of m,, increase with increasing Reynolds numbers, and
for the analysed four states they exceed the value of Nu, for the three analized Reynolds
numbers above 620.
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Fig. 10 Variation of the period average Nusselt number l'ﬁ,, with the Reynolds number
for the three investigated groove-channel periods )

Figure 10 shows the dependence of the period average Nusselt number Nu, for the
three investigated grocve-channel periods as function of the Reynolds number: The values
obtained for the four states in Fig 9. are entered into the plot. The decrease of the slope
with the increasing y distance along the test section can be observed.

The local Nusselt numbers obtained experimentally, agree well with the results of the
numerical investigations of Trollheden and Sundén {10}, which were obtained for slightly
different values of the Reynolds number and for the thermally fully developed regime. The
local Nusselt numbers were evaluated from the temperature gradient on the heated wall;
and the maximum deviations for the different experimental runs are around 10%. The
accuracy of the evaluation of the Nusselt numbers can be increased by using automatic
fringe analysis by means of digital image processing.

In Fig. 11, the variation of the overall Nusselt sumber Nu, evaluated from the outlet-
inlet temperature difference, is presented as function of the Reynolds number. The overall
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Fig. 11 Overall Nusselt number versus Reynolds number

Nusselt number was evaluated using the average heat transfer coefficient @y on the grooved
wall
Nu = -"i‘iigl‘-. (4)

ay is evaluated as he. T "
— MmCp dout = 4jn
= M Tow — Lia 5
&y An Ta = Te (5)
with Ay as the heat transfer area of the hot wall. The overall Nusselt number Nu increases
monotonuously with the increase of the Reynolds number. When compared with Nug, an

enhancement is achieved for Re > 450.

By introducing grooves into the basic geometry, the pressure drop increases up to a
factor of 6.5. It increases with increasing Reynolds number. More details on the pressure
drop n I ts are presented in [4].

Conclusions

The experimental results presented in this paper indicate that enhancement of heat
transfer in the grooved geometry is achieved, due to the periodical redevelopment of the
thermal boundary layer in the region behind the grooves, Heat transfer in the main channel
region is essentially uninfluenced by the recirculation in the groove and it contributes the
most significant part to the total heat transfer. In the region of the grooves, the heat
transfer is under the influence of the recirculating flow, and the temperature gradients
at the heated wall are small. Temperature profiles show a characteristic S shape. For
higher flow velocities the heat transfer is characterized by higher values of the local Nusselt
number along the test section. The value of the mean Nusselt number for a groove-channel
period Nu,, decreases along the channel due to the thermally developing flow. The values
in the third groove-channel period are above the value Nug, the mean Nusselt number
for the hydrodynamically and thermally fully developed flow in an asymmetrically heated
parallel plate channel, for three of the four investigated states for Re > 620. Increased
heat transfer is accompanied by higher pressure drops — compared to the geometry with a
smooth parallel flat plate channel — due to the increased skin friction in the redeveloping
boundary layer and the existence of recirculating flow regions in the groove.
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Future research should be concentrated on the comparison of experimental data and

numerical results, in order to obtain sufficient information to predict system behaviour. A
systematic analysis of the influence of groove dimensions and of the length of the region
between the grooves on the heat transfer would provide valuable data for design purposes.

Nomenclature
A heat transfer area, m?
¢,  specific heat at constant pressure, J/kgK
d width of the experimental channel, m
Dy hydraulic diameter, Dy =4 (2hd) /2 (2h +d), m
h groove depth and one half of channel height, m
k  thermal conductivity, W/mK
Nu Nusselt number, Nu = aDy /k
Ap pressure drop between entry and exit of the
test section, N/m?
Re Reynolds number, Re = v, Di /v
T  temperature, K
Ty fluid bulk temperature, Ty = (Tia + Tout)/2, K
AT average temperature difference between hot wall and cold wall, K
t scaled temperature, t = (T(x) - T¢) / (T - T¢)
Vm  cross channel average flow velocity, m/s
w  width of the grooves and of the inter-groove region, m
x axis of the cartesian coordinate system across the channel, m
y axis of the cartesian coordinate system in streamwise direction, m
z axis of the cartesian coordinate system in spanwise direction, m
a  heat transfer coefficient, W/m?K
A wavelength of laser light, m
v kinematic viscosity, m?/s
Subscripts
0 basic geometry, parallel plate channel
b mean.
C  cold wall
H  hot wall
in  channel inlet-
out channel outlet
p  period average -
w
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