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ABSTRACT

Forced convection heat transfer in laminar and tran-
sitional flow in a communicating channels geometry is in-
vestigated experimentally. The instationary temperature
fields were visualized by means of real time holographic in-
terferometry. The test section is a parallel plate duct with
near adiabatic top and bottom walls and a series of heated
plates positioned in the central plane of the duct with uni-
form heat flux imposed on the plates. The working fluid
is air. In hydrodynamically fully developed flow conditi-
ons, the temperature fields on a heated plate — periodicity
element — were visualized and filmed using high speed ci-
nematography with film velocities up to 600 picture frames
per second. The experiments verified the oscillatory nature
of the fluid flow and heat transfer phenomena. Two repre-
sentative regimes, Re = 366, corresponding to the situation
of the onset of oscillations and Re = 593.5, for which os-
cillations are intensive, are discussed.

INTRODUCTION

In order to improve the performance of compact heat
exchangers, high-power-density electronic equipment etc.,
the heat transfer surfaces are frequently equipped with fins,
and the analysis of their performance has been the subject
of many research efforts [1]. These devices usually ope-
rate at low or moderate Reynolds numbers. The overall
heat transfer and pressure drop performances of the com-
plex geometries used in compact heat exchangers have been
treated in numerous publications [2]. The data available in
the literature provide the design engineers with the neces-
sary information for the solution of practical problems, but
a need for good insight on a physical level into the funda-
mental physical phenomena bringing the augmentation of
heat transfer — in order to effectively exploit these effects
— is still present.

The geometry investigated in this work is presented
schematically in figure 1, and it is a heat transfer surface
periodically interrupted in the streamwise direction as in
the rectangular plate-fin, offset-fin, offset strip-fin and the
louvered fin configurations [2].
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The experimental channel is a parallel plate duct with
rectangular cross section (height-h + a + h = 0.025 m,
width w = 0.15 m and other dimensions indicated in figure
1) with the characteristic nondimensional parameters: (i)
separation between the channels a/(h/2) = 1, (ii) periodi-
city length L/(h/2) = 8 and (iii) the groove width 1/(h/2)
= 3. The model fins are represented with a succession of
parallel plate segments — they can analogously be viewed
as a perjodically interrupted surface — situated in the me-
dial plane of the parallel plate duct. The working fluid is
air, and the direction of air flow is indicated in figure 1
and figure 2. The top and bottom plates are near adia-
batic and the thermal boundary conditions on the heated
plates are characterized by uniform heat flux. The experi-
mental arrangement consists of ten heated plates, thus at
sufficient downstream distance a special form of fully deve-
loped flow regime is established with periodically repeating
flow patterns. The measurements described in this paper
were performed on the ninth heated segment.

There are many publications dealing with heat trans-
fer and fluid flow on a single flat plate, two flat plates
and plate arrays in different arrangements and on groo-
ved geometries, also related to the communicating chan-
nels. Here, some of the references related to the subject

‘of the paper will be discussed briefly. Cur and Sparrow

(1979) [3] measured the developing and fully developed
heat transfer coefficients along a periodically interrupted
surface and investigated the influence of plate thickness on
the heat transfer augmentation. They used the naphtha-
lene sublimation technique for mass transfer experiments,

L =40mm
| =15mm
h=10mm
a=5mm

Fig. 1 Schematic of the investigated geometry



and mass transfer results were then converted into heat
transfer values using the analogy between the two proces-
ses. Kurosaki et al. (1988) [4] experimentally studied heat
transfer from parallel louvered fins by means of laser holo-
graphic interferometry and visualized isotherms for various
louver arrangements. The results of the experiments indi-
cated that the performance of heat exchangers may signifi-
cantly be improved by choosing appropriate arrangements
of louvers. The instationary character of the heat trans-
fer process was not considered. Shiina et al. (1988) [5]
experimentally analysed the effect of spacers positioned in
the central plane of a rectangular channel on the forced
convective heat transfer. They measured local heat trans-
fer coefficients and static pressure drop distributions. Wall
temperature measurements were obtained by thermocou-
ples. Mochizuki and Yagi (1980) [6] visualized and mea-
sured the instationary flow patterns and the frequencies of
vortex shedding on a series of staggered arrays for a wide
range of Reynolds numbers. However, most of the experi-
mental data in the above references is confined to the time
average heat transfer analysis.

Amon (1988) [7] and Amon and Mikié (1989) [8], (1990)
[9] numerically investigated flow patterns and heat transfer
enhancement in self sustained oscillatory flows in periodi-
cally grooved channels (a geometry essentially analogous
to the one treated in this work — in the communicating
channels the bottom wall of the grooved geometry is remo-
ved and communication between the channels is allowed)
and in communicating channels with base geometries corre-
sponding to the nondimensional periodicity length L/(h/2)
= 5, groove width 1/(h/2) = 3 and the separation between
the channels a/(k/2) = 1 and 1.68 (applying the definiti-
ons of a and h used in this paper). The thermal boundary
conditions were given by adiabatic plane surfaces in the
grooved channel and the communicating channels geome-
try and with uniform heat flux on the grooved surface and
on the heated plates. Flow patterns and velocity fields were
presented for the fully developed flow situation and heat
transfer was investigated for thermally fully developed do-
mains. An increase of heat transfer of factor 3 was found
for the same power dissipation in supercritical communica-
ting channel flows compared with results obtained for flat
channels. They found that oscillatory flows are optimal
regarding pumping power.

The objective of the present work is the visualization
and the qualitative analysis of the'instationary tempera-
ture fields in the communicating channels geometry. This
was achieved by means of real time holographic interfero-
metry. The isotherms were visualized using the infinite
fringe field arrangement and were recorded by high speed
cinematography with film velocities up to 600 picture fra-
mes per second. Thus elements of the instationary pheno-
menon were registered, providing insight into the complex
physical process of heat transfer in communcating chan-
nels. Also, pressure drop data on the test section is pre-
sented.
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THE EXPERIMENTAL SETUP

The experimental setup used in the heat transfer ana-
lysis in the communicating channels geometry is presented
schematically in figure 2. The experimental channel con-
sists of the entry section, the test section itself and the exit
section, and it is positioned horizontally. The entry sec-
tion is a 0.3 m long, 0.15 m wide (its width corresponds
to the length transilluminated by laser light) and 0.025 m
high parallel plate duct with a screen at the entrance of the
section. The working fluid, air, enters the channel through
a funnel-shaped entrance to reduce effects of entrance drag.
The direction of air flow is indicated by arrows.

DC SUPPLY

X TAPS
l B vz SCREEN
SURE TRANDUCER
VOLTMETER

Fig. 2 Schematic of the experimental setup

The test section is 0.5 m long — its cross section
is identical to that of the entry section — with a pair of
grooves along the top and bottom plates which carry the
side windows. The viewing window, the length of it mat-
ching the diameter of the expanded laser beam (78 mm),
supports two of the ten heated plates positioned in the me-
dial plane of the test duct. It is manufactured of glass to
avoid influence of the window material on the interfero-
metric image. Precisely bored holes accept the supporting
sticks of the heated plates. By using glass plates with vary-
ing positions of the supporting holes, the distance between
the plates can be varied. Outside of the viewing region the
copper plates are carried by plexiglass holders. Here, the
distance between the plates can be varied by varying the
dimensions of the intermediate elements also manufactured
of plexiglass. The test section can accept ten heated copper
plates. The plane of the test section can precisely be defi-
ned by a three point adjustment. The temperature of the
top wall of the test section is monitored by 17 nickelchrom-
constanten thermocouples to provide additional reference
temperature values, apart from the measurements on the
heated plates.

The exit section is 0.3 m long, and it carries a blower
operating in suction mode and creating the air flow. The
flow velocity is varied by changing the dc supply voltage
of the blower. Four pressure taps of 0.0001 m in diameter
are located in each of the flanges between the entry and
the test sections and between the test section and exit sec-



tion. They allow for pressure drop measurements on the
test section. A pressure transducer Seira Series 239, cali-
brated by a Betz manometer was used for pressure drop
measurements on the test section.

The structure of the heated copper plates is pre-
sented schematically in figure 3. Each plate is 144 mm
long, 25 mm wide and 5 mm thick, and it is manufactu-
red of two identical 2.5 mm thick halves. The sandwich
structure encloses the electric heater foil. Material was
removed from the contact surface of the copper plates to
provide room for the heater foil with the current supply
wires and for the thermocouple wires. In the outer surface
of the top and bottom plates, two constantan-manganin
0.1 mm diameter thermocouples were integrated — their
positions are indicated in figure 3 — and conducted along
the plate to leave it at the same location as the power sup-
ply wires. The thermocouples allow for accurate measure-
ments of plate temperatures giving reference temperature
values for the interpretation of interferometric images. The
sandwich structure was joined with glue. The desired tem-
perature of the heated plates was achieved by varying the
de supply voltage of the heater foil.

INSERT FOR POSITIONING
STICK

HEATER FOIL. [N
HEATER WIRES
INSERT FOR POSITIONING STICK THERMOCOUBLES
THERMOCOUPLES
L .

Fig. 3 Schematic of the heated copper plates

The temperature increase along the test section (Thy; -
Tin, figure 2) was measured by two batteries of nickelchrom-
constantan thermocouples. Each battery consists of five
thermocouples connected in series and distributed over the
cross sectional area, providing average temperature values
and yielding amplified emf for enhanced accuracy.

Air flow velocity profile measurements at the end of
the entry section at three different cross sectional locati-
ons were obtained by a Schiltknecht hot wire anemometer
thermo-air type 442. The anemometer measurements were
calibrated by a rotameter.

THE EXPERIMENTAL METHOD

In the analysis of the instationary heat transfer pro-
cess in the communicating channels geometry, the experi-
mental method of holographic interferometry was selected.
This method offers unique advantages in the study of high

speed heat transfer processes ([10], [11}, [12], [13]); withoy;
disturbing the investigated physical phenomenon it enabjeg
visualization and quantitative measurements of temper,
iure fields with high spatial and temporal resolutions,

The method of interferometry and holography in heat
transfer measurements has been treated in detail in the ).
terature ([14], [15], [16]). The optical setup used in the
experiments described in this paper is presented schemat;.
cally in figure 4, and it corresponds to the setup describeq
in the literature [15], with locations of the optical compo-
nents dictated by the investigated geometry and the length
of the experimental channel. Additional mirrors enhance
the degrees of freedom in the adjustment of the optical ar.
rangement in the range of the coherence length of the light
source.

A He-Ne laser with A = 632.8 nm, 30 mW power and
20 cm coherence length was used as light source and it
was positioned on the optical table together with the op-
tical components in order to keep the optical arrangement

—~—4t—~H LASER
SH - Shutter L - Imaginglens
M - Minor C - Camera
F -~ Fiter T - Optical table
BS - Beam spiitter RB - Referencebeam
BE - Beam expander OB - Objectbeam
P - Mirror with piezo elements 75 . Testsection
HP - Holographic plate EC - Experimentalchannel

Fig. 4 Schematic of the optical arrangement for hologra-
phic interferometry used in the investigation of
heat transfer in the communicating channel geo-
metry



as compact as possible. This was necessary in order to
compensate for the relatively low power of the laser light
source contrasted to the extremely short illumination times
needed for high speed cinematography.

In the experiments, the real-time method was used.
First the reference state of the process (experimental se-
tup at ambient temperature) was recorded on the holo-
graphic plate. The holographic plate was then developed,
bleached, dried and, after the processing, accurately repo-
sitioned into its original position using a precision plate
holder. Then the investigated phenomenon was activated
by the activation of the heaters in the heated copper plates
and the blower. The high speed recordings were obtained
with film velocities form 150 to 600 picture frames per se-
cond and the recording interval lasted approximately 5 s
per state, corresponding to a total of maximum 3000 pic-
ture frames per state. By using the real time technique, in
holographic interferometry high temporal resolutions can
be achieved, limited only by the sensitivity of the photo-
graphic material and the mechanical limitations of the film
transport velocity. '

The high speed films enable the evaluation of oscilla-
tory instationary temperature fields, while when observing
the interferograms with the naked eye, only a mildly un-
steady vibrating character of the image indicated towards
the instationary nature of the process.

RESULTS AND DISCUSSION

Experimental Parameters

High speed recordings of the temperature fields in the
communicating channels geometry were obtained for a set
of operating parameters. Flow conditions in the experi-
ments were specified by the Reynolds number Re, which
has been defined as
1

Re = 3 1a ()

| 3]

Flow velocity measurements indicated appraximately para-
bolic velocity profiles at the beginning of the test section.
The selected channel aspect ratioh : w = 1: 15 allows for
a two dimensional flow approximation.

The thermal boundary conditions were defined by uni-
form heat flux on the heated plates and near adiabatic top
and botiom walls of the test section. Numerical calculati-
ons and interferometric visualizatibns of the temperature
fields of the heated plates from different viewing directions
have proved that good isothermal conditions were present
at the surface of each plate, which is significant for the ac-
curacy of the evaluation of interferometric images. Thus
essentially two dimensional temperature fields can be as-
sumed.

Experimental runs were performed for Reynolds num-
bers in the range from Re = 120 to Re = 600. The electric
power supported to the heaters was varied from 0.044 to
0.133 W/cm? (plate surface) — increasing with increasing
air flow velocities, in order to obtain sufficient number of
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interference fringes for the quantitative evaluation of the
interferograms. The high speed images were recorded on
the ninth plate (the leading edge of the tenth plate can be
seen in the pictures). The investigations of Cur and Spar-
row (3] have shown that at this downstream distance fully
developed regime is achieved. The interferograms presen-
ted in this paper were obtained using the infinite fringe
field alignment.

Experimental uncertainities

Flow velocity profiles were measured at three cross
sections of the channel upstream of the test section. The
measurements were taken by a hot wire anemometer ca-
librated by a rotameter. From the local measurements of
the flow velocities, the cross channel average flow velocity
Vm was determined with an estimated accuracy of 7%. The
errors connected to the pressure drop measurements were
estimated to 6%. The errors in temperature measurements
of the top wall and of the heated plates were estimated to
1.5 %. The uncertainities connected to the determination
of oscillatory frequencies were 3 %.

Visualized temperature flelds

In figure 5, the main heat transfer regions and the
characteristic elements of the phenomenon are presented
schematically. As the interferometric images, especially
due to the instationary nature of the process, contain huge
amounts of information, for the evaluation of images and
the data reduction procedure both from the aspect of heat
transfer and from the aspect of oscillations, it is essential
to recognize the most important heat transfer regions and
the elements of the image carrying the information on the
oscillatory nature of the flow.

Four main regions relevant for the heat transfer ana-
lysis can be recognized. In the (i) top channel region and
the (ii) bottom channel region the isotherins are basically
parallel with the channel direction, with waves of different
wavelength and amplitude travelling in the flow direction.

-
w
:
a3
[
28
s :

H PLATE 9
2 2 e
g2 ——
20
58
o =
2 ‘

(W} ' REDEVELOPING THERMAL

E BOUNDARY LAYER
,: {iv} VORTEX REGION
-

Fig. 5 Schematic of the characteristic regions and values
in the investigation of the influence of oscillations
on the heat transfer (interferogram recorded at Re
= 593.5, plate temperature T, = 79.6 °C).
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Fig. 8 Sequence of interferograms obtained by high speed
cinematography at time instants t = 0, t = 0.01
8,1=0.02s,t=003s1t=0045andt =005
s (from top to bottom) respectively, recording ve-
locity 400 picture frames per second, Re = 3686,
temperature of the heated plate T, = 70 °C. Ima-
ges were obtained the infinite fringe field alignment
and stipes correspond to isotherms ( AT / fringe
pair ca. 2.7 K ). The characteristic parameters
of the oscillatory hehaviour are indicated in the
figure.

‘Waves of short wavelength are often superimposed to the
long travelling waves in this region. A certain asymmetry
observable in the isotherm width in the top and bottom
channel regions is due to buoyancy effects. The (iii) re-
development of the thermal boundary layer can clearly be
observed in figure 5. The oscillatory effects in the top and
bottom channel régions have a noticable influence on the
thickness of the thermal boundary layer causing its suc-
cessive time varying comprimation and expansion along
the plate. This effect is especially pronounced on the lea-
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ding edge of the plate, originating from the intensive Vartey
movements in this region. The vortices developing 4 the
trailing edge of the plate — in the region between th, two
heated plates, (iv) vortex region in figure 5 — are Tespoy.

-sible for the oscillations of the temperature fields. Thejr

development on plate arrays and their nature wag tres,
ted in detail in [7], [8], [9]. By measuring the oscillation
frequencies of the isotherm extrema in the vortex region
it is possible to determine vortex frequencies, as th X
between the successive illuminations is known.

The flow velocity in the experiments was varied step-
wise.” At Re = 145.2 no oscillations are observable and
the temperature fields differ qualitatively only slightly from
those obtained at Re = 366 (presented in figure 6), as the
information on the oscillatory nature of the process js lost
in the stationary reproduction. The situation for Re —
145.2 corresponds to the state also described in [7], [g], 9
(low Reynolds numbers) where two counter rotating vor.
tices are aligned and confined into the inter-plate region
due to the strong viscous effects. No communication bet.
ween the channel flows is visible., Numerical calculations,
{71, (8], [9], show that flow velocity profiles in the channe]
regions are nearly parabolic as for the plane Poiseuille fiow
situation. At Re = 200 mild oscillations appear, which is
in good agreement with the results of the numerical simy-
lations [17].

In figure 6, a temporal sequence of interferograms re-
corded at Re == 366 is presented. At this Reynolds number
the oscillatory behaviour can be observed quite clearly, alt-
hough the oscillation amplitudes are low. To the chaunel
region isotherms, long, small amplitude waves travelling in
the flow direction are superimposed. Under the influence of
vortex development, the thermal boundary layer thickness
at the leading edge of the plate varies with time. In the vor-
tex region, oscillations of isotherm extrema at the trailing
edge of the plate are present together with the communi-
cation between top and bottom channels. The oscillatory
effects described above are becoming more intensive with
increasing Reynolds numbers.

¢ time

Figure 7 shows an interferogram recorded at Re =
493.4 with higher oscillation amplitudes and more prono-
unced weaviness of the isotherms in the top and bottom
main channel regions compared to the regime presented in
figure 6. ‘

In figure 8, a temporal sequence of interferograms for
Re = 593.5 is presented. The influence of oscillations on
the temperture fields is pronounced. In the top and bottom

Fig. 7 Interferogram recorded at Re = 493.4



channels short waves superimposed to long waves travelling
in flow direction are visible (the superposition is not clearly
recognizable in the stationary reproduction and characte-
ristic locations of two travelling maxima are indicated in
figure 8) as well as the compression and expansion of the

MAXIMUM OF THE
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Sequence of interferograms obtained by high speed
cinematography at time instants t = 0, t = 0.005
s, t =0.01s,t=0.015s,t=0.025 and t = 0.025
s (from top to bottom) respectively, recording ve-
locity 600 picture frames per second, Re = 593.5,
temperature of the heated plate T, = 79.6 °C,
infinite fringe field alignment. The characteristic

parameters of the oscillatory behaviour are indi-

cated in the figure. Arrows indicate the position
of two maxima propagating along the top channel
region.

thermal boundary layer around the plate and especially on
its leading edge. In the vortex region intensive oscillati-
ons of isotherm extrema at the irailing edge and intensive
communication between .top and bottom channel flows are
present, also indicated in figure 8. The mechanism of vor-
tex formation for this physical situation is discussed in de-
tail in [7], [8] and [9]. The two counter rotating vortices
between the plates are now in unstable configuration, and
are alternatively ejected from the inter-plate zone impro-
ving communication between the channels and the mixing
between vortex region flows and channel flows. The nu-
merical results [17] agree qualitatively very well with the
interferometric visualization. -

Oscillatory effects

In figure 9, the amplitude of isotherm extrema, de-
termined as indicated in the figure, at Re = 366 (regime
in figure 6) in the vortex region versus time is shown, ob-
tained by measuring the locations of isotherm extrema for
several periods of oscillations. The basic frequency at Re
= 366 is f = 60 1/s. .

In figure 10, the amplitude of the isotherm extrema
in the upper and lower vortex regions is presented for Re
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Fig. 9 Amplitude of isotherm extrema in the vortex re-
gion at Re = 366 versus time (recording velocity
400 picture frames per second).
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Fig. 10 Amplitudes of isotherm extrema in the vortex re-
gion versus time (Re = 593.5, recording velocity
600 picture frames per second).



= 593.5. The oscillatory character can clearly be recogni-
zed, characterized with maxima for the upper vortex and
minima for the lower vortex, and vice versa. The corre-
sponding main oscillatory frequency is { = 60 1/s.

Pressure drop

Figure 11 shows the ratio of the measured pressure
drop Ap and the calculated pressure drop for the basic
geomtery Apg, a parallel plate duct of height h and fully
developed flow. The pressure drop ratio decreases with in-
creasing Reynolds numbers. For Reynolds numbers above
300 it is nearly consiant and for a factor of ca. 4.7 above
the values obtained for the parallel plate duct.

A '
p7 \

’ AN

100 200 300 400 500 604,
Reynolds number, Re

Ry

Fig. 11 Pressure drop on the test section scaled by the
pressure drop on the basic geometry (parallel pla-
te duct of height h) versus Reynolds number.

Practical significance

The reduction of the size and weight and the increase
of the effectiveness of heat transfer equipment is a topic gai-
ning importance in modern heat {ransfer research. Results
obtained by numerical investigation [7], [8], [9] have shown
that in communicating channels geometries in the self su-
stained oscillatory flows significant heat transfer enhance-
ment can be achieved compared to the basic geometry, a
parallel plate duct. The experiments presented in the pa-
per verify the existence of the oscillatory effects in the heat
{ransfer process and provide insight into the basic pheno-
mena causing the enhancement, which is important for a
better exploitation of these effects. A systematic analysis
of heat transfer augmentation with corresponding pressure
drop data for a range of geometrical parameters (separa-
tion between the channels, periodicity length and groove
width) can provide valuable data for design purposes.

CONCLUSIONS

The visualization experiments described in the paper
qualitatively verify the results of previous numerical stu-
dies [7], [8], [9], but they are pot directly quantitatively
comparable because of the differing geometrical parame-
ters in the investigated configuration. One important topic
of future research is therefore the quantitative comparison
of the heat transfer data obtained by numerical techniques
and by the evaluation of the visualized temperature fields

obtained with interferometry, together with the measyre.
ment of overall effects of such enhanced heat transfer surfs.
ces on actual heat exchangers. The experiments presenteq
in the paper show that the self sustained flow oscillations
significantly influence the shape of the temperature fields,
The onset of oscillations was observed at Re = 200 which
agrees with the results of numerical simulations [17).

Heat transfer augmentation in communicating chan.
nel geometries is accompanied by increased pressure drops,
caused by increased skin friction due to the periodical re.
starting of the boundary layer and by the creation of the
separated flow regions. Pressure drop measurements have
shown that by allowing the communication between the
channels, the pressure drop increases (compared to the va-
lues for the basic geometry), but at higher Reynolds num.
bers the pressure drop increase remains constant for the
investigated range of Reynolds numbers.

NOMENCLATURE

a  —— thickness of the heated plate (figure 1), m

f  — oscillation frequency in the vortex region, 1/s

h  — channel height (figure 1), m

1 — distance between two heated plates (figure 1), m
L  — period length (figure 1), m

P — power supplied to the heater foil, W

Ap — pressure drop between entry and exit of the test

section, N/m?*
Be — Reynolds number
t  — time,s
T, — plate temperature, °C

Vm -~ cross-channel average flow velocity, m/s

w  — channel width, m

A — wavelength of laser light, m

v — kinematic viscosity, m?/s

Subscripts

in — refers to channel inlet

out -— refers to channel outlet

m -—— average value

p — refers to plate

0  — refers to basic geometry (parallel plate duct)
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