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Abstract

Experiments are performed to study effects of hydrodynamic conditions on the enhancement of heat transfer for sin-
gle phase flow. These experiments have been conducted for a wide range of Reynolds numbers, (0 < Re < 7500) in order
to obtain the different regimes from steady laminar to turbulent. A two-dimensional corrugated test section which has
been instrumented with thermocouples can be heated by electrical cartridges. The local temperature measurements are
used to evaluate the local and global heat transfer coefficient of the wavy heat exchanger. As expected, the heat transfer
is always higher than those in rectangular channel; it is essentially due to the mixing induced by the recirculation in the

wake of the corrugations.
© 2005 Elsevier Ltd. All rights reserved.

1. Introduction

The optimal design of heat exchangers is required to
increase energy savings. The way to improve the global
performances of plate heat exchangers is to find efficient
heat transfer surfaces which do not induce much pres-
sure loss. Using corrugated plates is a suitable method
to increase the compactness which is needed for automo-
tive, space and aeronautic devices. Besides, the wavy
geometries are known to enhance the heat transfer by
breaking and destabilizing the thermal boundary layer.
So, corrugated surfaces serve as turbulence promoters
to increase the local heat and mass transfer. For exam-
ple, corrugated plates are broadly used in food indus-
tries where the two main restrictions are (i) to avoid
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the burnout of the fluid because of the heterogeneity
of the heat transfer to the wall and (ii) to allow a good
mixing of the fluid. The literature is rich in numerical
or experimental studies.

In 80s, Sparrow et al. [1], having worked with water,
studied the effects of the rounding of the corrugation on
the heat transfer enhancement for a wide range of Rey-
nolds numbers (2000 < Re < 33000) and for 4 < Pr<11.
For given flow parameters, they showed that the rounding
induces a decrease of the Nusselt numbers. In the same
way, and as expected, their visualization results show
how smoothing the sharpness of corrugation is the best
way to decrease the size of separated flow region. For sharp
geometries, they proposed the following relation:

Nu = 0.491 - R . p03 (1)

Snyder et al. [2] pointed out the increasing rate of
heat transfer, in laminar and transitional flow regimes
for 250 < Re < 10000 and for air or water flow. Com-
paring parallel plates performances with corrugated
ones, they found that Nusselt numbers can be multiplied
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Nomenclature
Ar ratio of the area of the plate to its projected Re Reynolds number, Re = %?h
one S wall velocity gradient (s~
Dy, hydraulic diameter (m) S’ plate’s surface (m?)
e thickness of the channel (m) Tin, Tou» Tp, T inlet, outlet, wall and bulk temper-
f friction factor ature (°C)
h convective  heat  transfer  coefficient o density (kg m ™)
(Wm 2K A thermal conductivity (W m~!' K™ ')
L channel length (m) I dynamic viscosity (Pa s)
Nu Nusselt number, Nu = % @ local heat flux density (W m?)
)4 pitch of the corrugation (m) 0 global power supply (W)
Pr Prandtl number, Pr = “/&
by a nine factor for the air flow and by a 14 factor for f=exp (i) (6)
the water flow. For Re > 250, they correlated their re- 20°

sults using relation (2):

(Re - Pr"* +1000)

Nu=4+292-1n 300 )

For steady laminar flow, Nishimura et al. [3] showed
that there was not significant enhancement of heat trans-
fer compared to flat plates. Nevertheless, for turbulent
flows, the use of corrugated plates brings a better heat
exchange and a better mixing.

Following the pioneering work of Savostin and
Thikonov [4], Stasiek et al. [5,6] used a new and original
true-colour image processing of liquid crystal experi-
mental technique to the study of temperature field and
heat transfer coefficient. Their fluid of work was the
air and their experimental set-up allowed Reynolds
numbers ranging from 500 to 10*. For several undula-
tion angles, they compared the experimental values of
average Nussel number, local Nusselt number and fric-
tion factor. They observed that the Nusselt average val-
ues increase by about 80% for undulation angles ranging
from 20° to 70° whereas the friction coefficient increases
by 3 times. They also investigated the distribution of
local heat transfer and localised classic high values near-
by the top of corrugation and weak values nearby the
bottom of corrugation. Their experiments gave the fol-
lowing correlation for the Nusselt number:

Nu ~ Re*? (3)

The dependence of the Nusselt number with the angle is
given by this relation

Nu =~ exp (Sg") (4)
Besides, they proposed a relation for the friction factor:
f = Re? (5)

Finally the dependence of the friction factor with the
angle is given by this relation

More recently, Béreiziat et al. [7,8] have determined the
different flow regimes between corrugated plates using
the polarographic method and a laser velocimeter. The
different regimes are given in Table 1. These results are
in good agreement with those obtained by Hugonnot
et al. [9].

Concerning the numerical works interested by the
study of flow between corrugated plates, we can quote
the work of Wang et al. [10]. These authors observed
oscillating flow patterns for Reynolds numbers around
180. Their results are in good agreement with the exper-
imental results of Béreiziat [7]. In steady regime, heat
performances of corrugated and flat plates are similar.
On the other hand, for transitional regime, they showed
an increase in a factor 2.5 of the heat transfer coeflicient.

Candel [11] reminds us that the transition from lami-
nar regime to turbulent regime occurs by step. So, within
the flow, small amplitude instability waves progressively
appear. These waves, (also called Tollmien—Schlichting
waves) are distorted by the flow and induce vorticity
which is amplified. Blancher et al. [12], using a Galerkin
spectral analysis, studied the effect of these instabilities
on convective heat transfer in wavy channel. Their results
show that the instabilities start for Re = 90. The solution
of the energy equation with Galerkin analysis lead to
several conclusions:

Table 1

Flow Regimes inside corrugated plates

Reynolds Regime Note

20 < Re Laminar

20 < Re <100 Laminar Stabilized recirculation

100 < Re < 200 Transitional  Instable recirculation

200 < Re <2000  Transitional  Vortices (Von Karmann
instabilities)

Re > 2000 Turbulent
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e The first one is the increase of the heat transfer
(about +80% compared to the straight geometry) just
after the stagnation point.

e The second is that in unsteady flow, high vorticity
gradient’s region induces high heat transfer
coefficients.

e Another conclusion is that maximum amplitude of
heat transfer occurs around the stagnation zones.

Analog conclusions are reported in the works of
Sawyers et al. [13]. These authors show that heat trans-
fer inside corrugated channel (2D and 3D) is enhanced
because of the recirculation zones behind the
undulations.

For wavy channels, linear stability of 2D steady flow
has been investigated by Cho et al. [14]. They found a
critical Reynolds number value equal to about 80 for
the 2D configuration, which is in good agreement with
the previous studies.

Using a genetic algorithm, Fabbri [15] made an inter-
esting optimization study of corrugated channels. He
showed that the corrugated wall enhance the heat trans-
fer when Prandtl and Reynolds numbers are not too low.

Niceno et al. [16] numerically (covolume method)
studied a fluid of which the Prandtl number is equal to
0.7 (i.e. air like fluid) in sinusoidal wall configuration
and arc-shapped channel. Concerning the sinusoidal
geometry, they found a transition Reynolds number be-
tween 175 and 200. For equal or superior Reynolds
numbers, they noticed an increase in the heat transfer.
For lower values, the increase of heat transfer does not
justify the use of corrugated plates.

Studying heat transfer in sinusoidal wavy passages
for Reynolds numbers ranging from 200 to 800. Rush
et al. [17] found that there is a significant heat transfer
enhancement for the laminar flow. They showed that
the location of the onset of the heat transfer enhance-
ment along the channel is a function of Reynolds num-
ber. This location moves towards the entrance of the
channel as the Reynolds number increases.

Finally, the numerical investigation of Wang et al.
[18] on forced convection in a wavy channel reveals a
heat transfer enhancement with the Reynolds number
but also with the amplitude of the wavelength. They
showed that this enhancement corresponds not only to
large amplitude wavelength ratios but also to Reynolds
number high enough.

Many studies on the general performance of these
plates can be found in the literature but there is still
a lack of knowledge on the local structure of the flow
and on its links to the transfer efficiency. The present
work deals with the local study of the local tempera-
ture distribution at the wall and its link with the local
flow structure. The heat transfer coefficient for a New-
tonian fluid flow will also be considered, as well as the
global heat transfer performances.

2. Experimental set-up
2.1. Test loop

Fig. 1 shows a schematic representation of the exper-
imental loop used. Liquid water is conveyed in the loop
by a centrifugal pump which is part of a thermoregula-
tion machine. This thermoregulation machine can supply
until 12 kW, this allows us to keep the inlet temperature
of the fluid at a given value. The temperatures can range
from 5 °C to 95 °C. A by-pass is placed in parallel to the
thermoregulation machine to control the flow rate from 0
to 1073 m® s7!. A tank is used to supply water to the loop
or to drain it outside the loop. An electromagnetic flow-
meter is placed upstream from the test section. Two
thermocouples (model T) and a differential pressure
transducer are placed between the inlet and the outlet
of the test section. A co-current heat exchanger, linked
to a cooling system, is placed at the outlet of the test sec-
tion for reducing the temperature of the fluid.

2.2. Test sections

The test section consists of two opposite corrugated
plates. The shape is made with a series of semi-circles
(R;=10mm and R, =2 mm) which are connected by
straight segments. Fig. 2 describes the shape and the
dimensions of the geometry. The main goal for using
such geometry is to keep a nearly constant hydraulic
diameter. The whole of corrugated plate is made of eight
undulations (the width is equal to 100 mm). Gradeck
and Lebouché [19,20] and Béreiziat [7] have studied a
geometry which only differs from our own one from a
scale factor of 2.5. Table 2 gives the characteristic
dimensions of each of the two geometries.

For the two test sections, the equivalent hydraulic
diameter is given by:

2-e
=4 (7)
Ay is the ratio between the developed area of the plate
and that projected.

In our cases, this ratio is equal to 1.21. The mean dis-
tance between the plates is of about 8 mm and the
hydraulic diameter is equal to 13.2 mm. A first test sec-
tion is made of PMMA and allows flow visualizations. A
second test section made of stainless steel can be heated
with inserted electrical cartridges (Fig. 3). These heat
sources can supply a maximal heat flux of about
62.5 W/em?. Nine embedded thermocouples allow mea-
surement of the temperature evolution on a pitch of a
corrugation (Fig. 3).

Dy

2.3. Operating conditions and data reduction

All the experiences have been made with deminera-
lised water. At a fixed flow rate and a fixed inlet
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Pressure sensor

Thermocouple

Thermoregulator

Fig. 1. Schematic of the experimental loop.

Fig. 2. Shape and dimensions of the geometry.

Table 2
Characteristic dimensions of the geometries

Gradeck/Béreiziat geometry Our geometry

e =8 mm
p =26 mm

e =20 mm
p =65mm

temperature, the application of a constant voltage to the
electrical heating cartridges inserted in the bottom plate
leads to an increase of the mean temperature of the
plate. This temperature increases and finally reaches a
constant value at thermal equilibrium. To avoid heat
losses and to allow a better homogenization of the plate
temperature, the bottom plate is insulated with glass
wool. The real power density transmitted to the fluid is
checked by an energy balance (Figs. 4 and 5). By assum-
ing that the power density at the wall is constant on one
corrugation and that the axial conduction in the plate is

neglected, the local heat flux can be defined as ¢ = %,
where S’ is the overall plate surface. Thus, the heat
transfer coefficient is given by the following relation:
5

" T - T ) ®
x is the abscissa along the plate, Tp(x) is the local tem-
perature of the wall and 7.(x) the local mean tempera-
ture of the fluid. We will consider that the variation of
the mean temperature of the fluid between the inlet
and the outlet of the system is linear.

Touth'
L

Too(x) = = x+ T )

Thermocouples

Electrical cartridges

Control thermocouples

Fig. 3. Location of the thermocouples and the electrical
cartridges along one corrugation.
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Fig. 4. Energy balance—variation of the inlet (73, ~ 29 °C) and
outlet temperatures.
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Fig. 5. Energy balance—variation of the inlet (7}, ~ 70 °C) and
outlet temperatures.

The local Nusselt numbers can finally be estimated from
the measurement of the local temperature.

h(x) . Dh

Nu(x) = 7

(10)

3. Experimental results
3.1. Temperatures

Let us consider the influence of the forced convection
on the temperature profiles. Several temperature profiles
have been measured along the fifth corrugation (where
the thermocouples have been inserted). On Figs. 6 and
7, one can observe the evolution of the local temperature
at the wall over an undulation for one heating power
density (56.9 kW m™2), two inlet temperatures (27 °C
and 70 °C) and several flow rates. As expected, the value
of the temperatures behind the top of the corrugation
(where reverse flow takes place) are higher than those
on the top. The difference between the weak and strong

7 =0.5kg/s M T T

m
m 033 ke/s @ A
70 b m =022Kg/sO e g T e
w Olkges A el A,
m =0.05kgs[] K b
65 | m =001ke/sa Q=56.9 kW.m \
i Ty=29 C kY
60 | "r' . Y -

Temperature C

1 2 3 4 5 6 7 8 9
‘Thermocouples position

Fig. 6. Variation of the temperature’s profiles for different flow
rates (T, = 29 °C).

Q=56.9 kW.m2
Tw=70 C |

85

Temperature C
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75 ..

L 1 L L L L L

70

Thermocouples positions

Fig. 7. Variation of the temperature’s profiles for different flow
rates (i, = 70 °C).

values can reach 15 °C. This is not negligible. Besides,
we can notice that the temperature profiles are lightly
asymmetric. This asymmetry depends on the direction
of the flow and is due to the gradual increase of the fluid
temperature and to the asymmetry of the flow field along
the corrugation. The preceding figures showed a strong
dependence of the temperature profiles with the imposed
flow rate. One can observe that with low values of the
flow rate, the difference of temperature between the
upper and the bottom of the corrugation is of about
of 20 °C whereas for the higher flow rates this tempera-
ture difference is only 10 °C. From these strong variation
of the temperature, over a 2 cm long undulation, we are
able to predict a high disparity of the Nusselt number
distribution.

3.2. Local heat transfer

Assuming the relations previously defined (Section
2.3), we can notice in Fig. 8 that the value of the local
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Fig. 8. Evolution of the heat transfer coefficient—T7;, = 70 °C
and 0 =56.9 kW m™2.

heat transfer coefficient can be three times greater on the
upper part of the corrugation than on the bottom part of
the corrugation. Indeed, at the top of the corrugation
and nearby the detachment zone of the dynamic bound-
ary layer where a new thermal boundary layer is nascent,
the heat transfer coefficient is strongly influenced
(18kWm>K™'>h>5kWm>K™') by the flow’s ef-
fects. In the bottom location this heat coefficient is only
lightly dependent on the flow rate. The values remain
around 3000 Wm 2 K~!. The corresponding Nusselt
numbers are given in Fig. 9.

Sawyers et al. [13], who made an analytical and
numerical study, noted that the enhancement of local
heat transfer is due to the presence of recirculation
zones. With a similar geometry (two-dimensional), Gra-
deck and Lebouché [19,20] have measured the evolution
of the wall shear stress on a pitch of a corrugation. Their
geometry is similar to our own one with a scale factor. If
we compare the evolution of wall shear stress and Nus-
selt number, we can noticed that there is a very good
agreement between the two experiments. This is an illus-
tration of the analogy between mass transfer and heat

400 T T T T T T T
350 B
300 - m 0lkys B 1
o m =022 ke/s ©
R =033 kg’
250 g~ A :
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Fig. 9. Evolution of the Nusselt number—7;, =70 °C and
0=569kWm >
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Fig. 10. Comparison between the evolution of the Nusselt
number and the wall shear stress S power of third (experiments
of Gradeck et al. [20]).

transfer known as Reynolds analogy! As expected by
the Reynolds analogy, we can notice that the Nusselt
number is proportional to the wall velocity gradient to
the power of third (Fig. 10).

Nu x S} (11)
3.3. Global heat transfer
On the basis of the local heat transfer results, we are

able to evaluate the average Nusselt number of the plate
heat exchanger.

) = > (12)
and
(Nu) :]lv > Nu(i) (13)

350 | Imposed wall heat flux=56.8 kW.m2 [ 1
Sparrow W
: Stasiek A A
300 - Dittus-boelter & 1
250 A ]
2 200 L 1
150 | a u .

0 005 01 015 02 025 03 035 04 045 05

Flowrate (Kg,s'w)

Fig. 11. Evolution of the average Nusselt number with the flow
rate.
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Table 3
Correlations of the Nusselt number

Nu=0.491 - Re*932. py03
Nu=0.023 - RS - P04
Nu < Ré3

Correlation of sparrow
Correlation of Dittus-Boelter
Correlation of Stasiek

Fig. 11 shows the evolution of average Nusselt number
and if we compare these results to the Dittus—Boelter
correlation used for straight pipes, we can noticed that
the corrugated plates strongly increase (of about 2 times)
the heat transfer. We compared our experimental evalu-
ation to the result of Sparrow [1] and Stasiek [5,6] (Table
3). Sparrow’s relation and Stasiek’s relation, whose
geometries were not exactly the same than ours, over-
estimates our values.

4. Concluding remarks

The temperatures measured along a corrugation are a
good signature of the general structure of the fluid flow.
Under forced convection, we observed a very heteroge-
neous temperature distribution along the undulation.
The study of the heat transfer coefficient shows a strong
sensibility to convective effects at the top of the corruga-
tion whereas in the bottom of the undulation, where the
flow is disorganized, the convective effects are negligible.
Finally we have pointed out a strong relation between
the wall velocity gradient and the Nusselt number. Further
investigations will be made on two-phase and boiling flow.
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