
International Journal of Heat and Mass Transfer 47 (2004) 2283–2292

www.elsevier.com/locate/ijhmt
Enhanced heat transfer due to curvature-induced
lateral vortices in laminar flows in sinusoidal

corrugated-plate channels

H.M. Metwally a, R.M. Manglik b,*

a FLUENT Inc., Evanston, IL 60201, USA
b Thermal-Fluids and Thermal Processing Laboratory, University of Cincinnati, Cincinnati, OH 45221-0072, USA

Received 10 June 2003; received in revised form 4 November 2003
Abstract

Laminar periodically developed forced convection in sinusoidal corrugated-plate channels with uniform wall tem-

perature, and single-phase constant property flows is considered. Numerical solutions are obtained using the control-

volume finite-difference method for a wide range of channel corrugation aspect ratios (06 c6 1), and flow rates

(106Re6 1000) of viscous liquids (Pr ¼ 5, 35, and 150). The flow field is found to be strongly influenced by c and Re,

and it displays two distinct regimes: a low Re or c undisturbed laminar-flow regime, and a high Re or c swirl-flow

regime. In the no-swirl regime, the flow behavior is very similar to that in fully developed straight-duct flows with no

cross-stream disturbance. In the swirl regime, flow separation and reattachment in the corrugation troughs generates

transverse vortex cells that grow spatially with Re and c, and the transition to this regime also depends on Re and c. The
mixing produced by these self-sustained transverse vortices is found to significantly enhance the heat transfer,

depending upon c, Re, and Pr, with a relatively small friction factor penalty. The consequent exchanger compactness

and heat transfer enhancement effectiveness (j=f ) is up to 5.5 times that for parallel-plate channels.

� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Theoretical or experimental results for laminar flow

heat transfer in complex and enhanced duct geometries

are essential for the design and application of compact

heat exchangers [1–3]. Of particular interest for a wide

spectrum of usage in food, pharmaceutical, and chemi-

cal processing is the plate heat exchanger (PHE) [4–6].

The corrugation patterns on the plate-surfaces of PHEs

essentially promote enhanced heat transfer in their inter-

plate channels, thereby facilitating small approach

temperature operation with a more compact heat ex-

changer. This is particularly beneficial for processing
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thermally degradable fluids such as food products,

pharmaceutical media, and personal care and biochem-

ical products [5,6].

The most widely used plate-surface pattern in a PHE

consists of chevron type corrugations that have a sinu-

soidal profile [7–9], as shown in Fig. 1. With the chevron

inclination (or half included) angle in the range

0� < b < 90�, cross-corrugated channels with multiple

metal-to-metal inter-plate point contacts are obtained

[6–9]. The case with b ¼ 0� yields a set of parallel dou-

ble-sine-shaped ducts [10] as shown in Fig. 1(b). How-

ever, when the chevron inclination angle b ¼ 90� in these

corrugations, in-phase sinusoidal wavy-plate channels

are obtained in the inter-plate flow passages. The peaks

and valleys in the top and bottom-plates in this config-

uration lie on the same longitudinal plane (Fig. 1), with

plate spacing equal to twice the waviness amplitude.

Also, because the plate spacing 2a is much smaller than

the plate width w, the flow passages can essentially be

modeled as two-dimensional wavy-parallel-plate channels,
ed.
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Nomenclature

a amplitude of wall waviness

Br Brinkman number

cp specific heat

f Isothermal Fanning friction factor, Eqs. (8)

and (10)

h heat transfer coefficient

j Colburn factor

k thermal conductivity

_m mass flow rate

Nu Nusselt number, Eqs. (9) and (12b)

p pressure

Pe Peclet number

Pr Prandtl number

q00w wall heat flux

s developed length of one-wave module of

corrugated-plate, Eq. (11)

Re Reynolds number (qum4a=l)
T temperature

DTlm log-mean temperature difference, Eq. (12c)

u, v velocity components in the x, y directions

w plate width

x, y axial and lateral Cartesian coordinates

a thermal diffusivity

b included angle in chevron-plate corrugations

c wall corrugation aspect ratio (4a=k)
k corrugation half-wave length

l dynamic viscosity

m kinematic viscosity

q density

sw wall shear stress

Subscripts

m bulk or mean value, or period-averaged va-

lue

x local value at a given x location

w at the wall or wall conditions

Fig. 1. The flow channel geometry: (a) a typical chevron-plate

with sinusoidal corrugations, and (b) inter-plate flow passages.
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and this geometry is considered in the present study. The

severity of wall waviness is described by its aspect ratio

c ð¼ 4a=kÞ, where c ¼ 0 represents a flat parallel-plate

channel.

The flow behavior as well as convective heat transfer

and/or mass transport in corrugated-plate channels of

different geometrical attributes have been addressed in
several studies. The various applications considered in

this work include wavy-plate-fin cores [11–15], and

dialysis devices and membrane oxygenators [16–20].

Much of this literature, though, deals either with

channels where the corrugated walls form converging-

diverging flow passages, or in-phase parallel wall cor-

rugations with quite large inter-plate spacing (> twice

amplitude of waviness) and/or the walls have sharp

corrugations. More recently, attempts have been made

to model flows in the cross-corrugated channels of PHEs

[6,21,22] for a limited set of duct geometry and flow

conditions. The wall waviness has been generally found

to promote swirl or vortex flows that result in significant

heat and mass transfer enhancement.

Few studies have investigated laminar flow heat

transfer in parallel-plate channels with in-phase sinu-

soidal corrugated walls of the type illustrated in Fig. 1

(b ¼ 90� case). Rush et al. [15], Nishimura et al. [18], and

Asako et al. [23] have considered the sinusoidal wall

geometry, where the plate separation of the wavy

channel is quite large. It has been suggested [15,19] that

early transition to turbulence might occur at rather

moderate Reynolds numbers (<1000). This may perhaps

be due to the larger plate spacing (> 2a) and a finite

duct cross-section aspect ratio [24], and it contradicts

other results. The experimental data for inter-plate

spacing ¼ 2a as well as the more severe case of cross-

corrugated PHE channels suggest steady albeit re-

circulating or swirl flows for Re � 1000 [7–9,24–26]. In

fact, in some other instances of swirl (curved tube Dean

flows, helical channel swirl flows, etc.), the flow has been

found to be essentially three-dimensional but steady
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Fig. 2. Parallel-plate channel with in-phase sinusoidal wall

waviness: (a) physical domain, and (b) typical grid description

in the one-period computational domain.
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with a delayed transition [27–30]. This is further estab-

lished in the limited set of finite element numerical

analysis results of Ektesabi et al. [31] for laminar steady-

flow behavior in sinusoidal wavy-plate channels with

plate separation in the range 0:667a� 4a. The flow field

is essentially found to be characterized by the onset of

lateral vortices in wall corrugation valleys with increas-

ing Re, which give rise to substantially higher friction

factors than those in flat parallel-plate ducts. However,

the heat transfer behavior of viscous liquid flows in such

channels and the associated enhancement requires an

extended parametric treatment for their effective usage,

and this is addressed in this paper.

The objective of this study is to investigate the lam-

inar steady flow and convective heat transfer charac-

teristics of viscous liquids in sinusoidal corrugated

parallel-plate channels formed in chevron-plate PHE

passages where b ¼ 90�. The walls are considered to be

at uniform temperature, a condition usually encountered

in steam heating or refrigerant evaporation cooling of

single-phase viscous liquids. Numerical solutions are

obtained to study the effects of channel geometry, de-

scribed by the corrugation aspect ratio range 06 c6 1:0,
flow Reynolds number (106Re6 1000), and fluid Pra-

ndtl number (Pr ¼ 5, 35, and 150) on the flow fields,

local wall shear stresses, temperature distributions, local

variations in the wall heat fluxes, and the concomitant

friction factors, Nusselt numbers, and the relative heat

transfer enhancement.
2. Problem formulation and numerical solution

For the sinusoidally corrugated parallel-plate channel

geometry and reference coordinate system described in

Fig. 2(a), constant property, periodically developed,

steady laminar flows of viscous Newtonian fluids with

heat transfer are considered.With in-phase wall waviness,

the plate separation in the channel is twice the amplitude

of the sinusoidal corrugation, i.e., valleys of the top-plate

and peaks of the bottom-plate coincide on the mid-plane.

This plate gap appropriately models the inter-plate

channels in a PHEwith chevron-plates where b ¼ 90� (see
Fig. 1). The duct walls are maintained at a constant

temperature (T or UWT boundary condition), and axial

conduction (Pe � 1) and viscous dissipation (Br � 1) are

neglected. Furthermore, in ducts with periodically vary-

ing flow cross-section or wall geometry in the streamwise

direction, the concept of periodically developed flow, as

treated by Patankar et al. [32] for example, is applicable.

This makes use of the periodicity characteristics of the

velocity components, and essentially confines the flow-

field analysis to a single corrugation module (2k) in the

streamwise direction. The temperature field likewise,

when normalized by the local bulk fluid temperature, has

periodicity characteristics as well.
Thus, for the two-dimensional convection in the

wavy channel, the governing equations for mass,

momentum, and energy conservation can be expressed

as
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These are subject to the following no slip, uniform wall

temperature, and periodicity boundary conditions,

respectively:

u ¼ v ¼ 0; @y ¼ a sinðpx=kÞ and
y ¼ 2aþ a sinðpx=kÞ ð4aÞ

T ¼ Tw; @y ¼ a sinðpx=kÞ and
y ¼ 2aþ a sinðpx=kÞ ð4bÞ

uðxÞ ¼ uðxþ 2kÞ; vðxÞ ¼ vðxþ 2kÞ; and

ðT=TmÞðxÞ ¼ ðT=TmÞðxþ 2kÞ ð4cÞ
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Fig. 3. Typical (x� y) mesh-refinement results to establish the

relative grid insensitivity and accuracy of computations.
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From the periodically developed velocity distribu-

tion, on the basis of the velocity component tangential

to the boundary and its derivative normal to the

boundary (or the normalized gradient: (o/=onÞ ¼
r/ � n̂Þ, the local wall shear stress can then be calculated

from

sw;x ¼ �l½1þ ðpc=2Þ2 cos2ðpx=kÞ��1ðou=oyÞjw ð5Þ

Likewise, the local wall heat flux is given by

q00w;x ¼ �k½1þ ðpc=2Þ2 cos2ðpx=kÞ��1=2ðoT=oyÞjw ð6Þ

The average flow velocity um and the bulk-mean tem-

perature Tm are, respectively, obtained from their stan-

dard definitions as

um ¼ ð1=2aÞ
Z 2a

0

udy and Tm ¼ ð1=2aumÞ
Z 2a

0

uT dy

ð7a;bÞ

Given the local velocity field, wall shear stress, tem-

perature distribution, and wall heat flux, the local fric-

tion factor and Nusselt number are, respectively, given

by

fx ¼ ½2sw;x=ðqu2mÞ� ð8Þ

Nux ¼ ðhx4a=kÞ ¼ ½4aq00w;x=kðTw � TmÞ� ð9Þ

Correspondingly, the period-integrated overall friction

factor is determined from a force balance over the (2k)–
flow module of Fig. 2(a). This yields

f ¼ ð2sw;m=qu2mÞ ¼ ð1=kqu2mÞ
Z
s
sw;x ds ð10Þ

Here, though the local wall shear stress is integrated

over the actual wavy length s of the plate channel given

by

s ¼
Z 2k

0

½1þ ðpc=2Þ2 cos2ðpx=kÞ�1=2 dx ð11Þ

the friction factor is represented in terms of the pro-

jected unit-width plate-surface area (¼ 4k), i.e., it is

based on the surface area of the equivalent flat-plate

channel. Similarly, in order to calculate the period-

averaged overall Nusselt number, based on the projected

heat transfer surface area, the energy balance over the

(2k)–duct length is invoked to yield the average wall heat

flux

q00w;m ¼ ð1=kÞ
Z
s
q00w;x ds ¼ ð _mcp=4kÞðTm;xþ2k � Tm;xÞ ð12aÞ

Thus, from the rate equation based on the log-mean

temperature difference, the overall Nusselt number is

obtained as

Nu ¼ ðq00w;m4a=kDTlmÞ ð12bÞ
where

DTlm ¼ ðTw � Tm;xÞ � ðTw � Tm;xþ2kÞ
ln½ðTw � Tm;xÞ=ðTw � Tm;xþ2kÞ�

ð12cÞ

Equations (1)–(3) were solved numerically by using

standard finite-difference methods that employ control-

volume-based discretization techniques along with a

pressure-correction algorithm. For the computations, a

non-orthogonal grid as shown in Fig. 2(b) represented

the flow domain for the periodic module of axial length

(2k). Solutions were obtained with the (x� y) mesh

ranging from 120 · 41 (c6 0:25) to 120 · 81 (c ¼ 1:0).
These grid sizes were fixed by establishing grid inde-

pendence of the numerical solutions in a few test cases,

where there was less than one-percent change in the re-

sults with successive mesh refinement. For example, with

the more severe case of c ¼ 1:0 and Re ¼ 500 the change

in f when the grid was refined from 120 · 81 to 140 · 81
was less than 0.5%; similarly, the change from 120 · 81
to 120· 91 was less than 0.4%. Another typical set of

grid-refinement results are presented in Fig. 3. The

iteration convergence criterion for all computations,

represented by the relative magnitude of error

e ¼ jð/n � /n�1Þ=/nj ð13aÞ

was set, respectively for the velocity (eu, em), pressure (ep),
and temperature (eT ) fields, as

eV ¼
X

ðeu þ em þ epÞ6 10�4; and eT 6 10�6 ð13bÞ
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Also, the numerical integrations for the wall shear

stress, sinusoidal wall length, and wall heat flux were

performed using the trapezoidal rule, and second-order

accurate differencing schemes were employed to deter-

mine the wall derivatives of velocity and temperature.

Additional details of the numerical solutions and their

validation are given in Ref. [33].
γ = 0.5 Re = 250

 γ = 0.75 Re = 400

 γ = 1.0 Re = 800

(a) (b)

Fig. 4. Streamline distributions in steady laminar flows in

sinusoidal corrugated-plate channels: (a) effect of corrugation

severity with 0:256 c6 1:0 and Re ¼ 300, and (b) effect of flow

rate with c ¼ 0:5 and 106Re6 800.
3. Results and discussion

3.1. Flow distribution and friction factor

As seen in Fig. 4, variations in the pitch and ampli-

tude of the sinusoidal plate-surface corrugations (rep-

resented by c) and the flow rate (represented by Re) have

a significant effect on the dynamic behavior of the flow

field. The change in flow structure for a fixed flow rate

(Re ¼ 300) with varying severity of the corrugated-plate-

surface waviness is depicted in Fig. 4(a), and the strong

influence of the duct geometry on the stream function

distribution is evident. With increasing corrugation as-

pect ratio c (increasing amplitude a or decreasing pitch

k), fluid re-circulation or swirl flows are generated in the

corrugation troughs. The intensity and flow area cov-

erage of this counter-rotating lateral vortex grows with

c, which in turn lends to higher momentum transfer.

Increasing flow Re also produces a similar effect in a

channel with fixed corrugation geometry (c ¼ 0:5), as

displayed by the stream function distribution in Fig.

4(b), where the vortex cell is seen to grow with Re. With

both increasing c and Re, the flow separation point

preceding the onset of re-circulation moves upstream

toward the peak of the plate-surface corrugation, and

the concomitant flow re-attachment point moves further

downstream on the oblique face of the wavy wall. At

very low Reynolds number (Re6O[10]), or with small-

plate waviness (c < 0:375), on the other hand, the sur-

face geometry has no effect on the flow, and the fluid

moves undisturbed through the channel with no re-cir-

culation by simply ‘‘adopting’’ the wavy passage shape.

The variations in the normalized local wall shear

stress (sw;x=sw;m) with Re and c are graphed in Fig. 5. At

low flow rates (Re ¼ 10) in a channel with c ¼ 0:5, there
is very little change in the local shear stress along the

length of the duct; the small undulations seen in Fig. 5(a)

result from local core velocity variations as the flow

adapts to the wavy wall contours. As Re increases,

however, the shear stress distribution clearly reflects the

influence of the wavy-wall trough-region lateral vortex

and its streamwise growth. The profile shows a wall-

velocity gradient peak at the part of wall exposed to flow

acceleration (i.e., the side opposite the trough and flow

re-circulation therein). Also, the longitudinal size of the

re-circulation bubble can be estimated from the points of

separation and reattachment, or zero wall shear stress
locations. A similar behavior is observed in flows with a

fixed Re but increasing severity of plate-surface corru-

gation c in Fig. 5(b). The shear stress again increases

with c, has a local maximum value in the flow acceler-

ation region, and the flow separation and reattachment

points (upstream and downstream ends of the wall

trough) that encapsulate the lateral swirl.

The effects of the duct geometry (as described by c)
on the flow frictional losses are seen in Fig. 6, where

results for the changes in the isothermal Fanning friction

factor f with Re are graphed for 0:256 c6 1:0. Also

included is the well-known result for flow in a flat par-

allel-plate channel (f ¼ 24=Re), which corresponds to

fully developed laminar flow in the reference case of

c ¼ 0. It is evident that higher frictional losses are in-

curred with increasing severity of the plate corrugation
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and (b) effect of channel wall waviness.
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(c > 0 ! 1). Also seen is the influence of the onset of

swirl flow in the troughs of the wall corrugation on f ,
which is depicted by the deviation from the log-linear

behavior of (f � Re) at higher Reynolds number in each

c case. As pointed out earlier, the increased friction

factor in this regime is predominantly due to the onset

and growth of lateral vortices in the channel troughs

that enhance fluid momentum transfer thereby increas-

ing the wall shear stress. In the low Reynolds number

regime, however, where (fRe) is constant, the increase in
the frictional loss with c is primarily due to the increased

effective flow length or surface area. For example, cor-

rugated-plates with c ¼ 0:5 have a 14% larger effective
length (or 28% higher surface area per unit width of the

plate pair) as compared to flat-plates.

The inter-play of channel-plate-surface geometry and

flow distribution, reflected in the wall shear stress dis-

tributions and friction factor results, clearly suggests

that the flow can be categorized into two distinct re-

gimes: (1) an undisturbed streamline flow regime, and

(2) a steady swirl-flow regime that is characterized by

self-sustained transverse vortices in the wall trough re-

gions. This demarcation is graphically shown in the

f � Re plots of Fig. 6. A general critical Reynolds

number, however, does not seem to uniquely represent

the transition from one regime to the other, and it is

different for each channel of different corrugation aspect

ratio c.

3.2. Temperature distribution and Nusselt number

The temperature distributions in Fig. 7 atypically

depict the enhanced laminar forced convection heat

transfer due to the wall corrugations and the swirl flows

they induce. The periodically developed temperature

fields under constant wall temperature (T or UWT)

conditions for a viscous liquid with Pr ¼ 35 are graphed.

With the growth of transverse vortices in the wall

troughs, which encompass much of the bulk flow field
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Fig. 7. Temperature distributions in steady laminar viscous li-
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with increasing c, the convective transport is enhanced

substantially, as seen from the isotherm maps of Fig.

7(a). There is considerable thinning of the thermal

boundary layer with higher wall temperature gradients

as c ¼ 0:25 ! 1:0. This behavior is also evident in Fig.

7(b), where the local wall temperature gradients are seen

to increase with flow rate (Re ¼ 10 ! 800) in the chan-

nel with c ¼ 0:5. Once again, the onset and growth of

swirl flows promotes a more uniform temperature field

with sharper wall gradients thereby enhancing the con-

vective heat transfer.

The influence of swirl on heat transfer is further seen

in Fig. 8, where the variation in the local wall heat flux,

normalized by its mean value over the one-period duct

length (q00w;x=q
00
w;m), virtually mimics the normalized local

wall shear stress behavior. As the swirl develops and

grows in the wall troughs of a channel with fixed

cð¼ 0:5Þ and increasing Re, large variations in (q00w;x=q
00
w;m)
are seen, with peak values at the wall exposed to flow

acceleration on the side opposite the re-circulation zone

(Fig. 8(a)). A relatively larger impact on the local heat

transfer enhancement is perhaps due to increasing duct

corrugation aspect ratio c as seen in Fig. 8(b), where

considerably higher local peak heat fluxes are obtained

as c ! 1; the level of deterioration in the re-circulation

region decreases somewhat and is more than offset by

the larger peak values. With low Re flows or less severe

corrugation (low c) channels, however, the local heat

flux remains virtually constant with small changes due

to local fluid acceleration caused by wall undulations.
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That the transverse vortices induced in the troughs of

the plate-surface corrugations promote enhanced con-

vection in the flow cross-section and increase the overall

or mean heat transfer coefficient is clearly evident from

Fig. 9. In this figure, the variation in Nusselt number

with Reynolds number for a highly viscous liquid

(Pr ¼ 150) and different corrugation aspect ratio c is

presented. Relative to the performance of the parallel-

plate channel in fully developed laminar flow with con-

stant wall temperature conditions (Nu ¼ 7:541), the heat
transfer coefficient in corrugated channels is enhanced

several folds, depending upon c and Re. The largest in-

crease in the period-averaged Nusselt number is ob-

tained with higher c and Re, or the swirl flow regime.

With c ¼ 1:0 and Re ¼ 1000, for example, Nu is 34 times

higher than that in a parallel-plate channel. Further-

more, similar to the f � Re behavior seen in Fig. 6, the

effect of swirl on Nu also diminishes as Re and/or c
decreases. The higher heat transfer coefficients in the

no-swirl regime are once again due to the larger surface

area of corrugated channels.

Moreover, the effect of fluid Prandtl number on the

temperature field is depicted by the isotherms graphed in

Fig. 10. Three different values of Pr (5, 35, and 150) are

considered, which are representative of most viscous

liquids encountered in thermal processing applications,

with Re ¼ 200 and c ¼ 1:0. The improved convective

behavior with increasing Pr is clearly evident, where
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Fig. 9. Viscous fluid (Pr ¼ 150) laminar flow Nusselt numbers

in sinusoidally corrugated parallel-plate channels with uniform

wall temperature.
higher temperature gradients at the wall are obtained.

With low Pr fluids the temperature distribution is rela-

tively more stratified, whereas at high Pr it tends to be

more uniform. This is also seen in Fig. 11, where higher

Nusselt numbers are obtained in higher Prandtl number

fluids. With a typical Re ¼ 700 flow rate, for example,

which corresponds to the periodically developed swirl

flow regime for c ¼ 0:5, Nu ðPr ¼ 35) is 99% higher than

Nu ðPr ¼ 5Þ. The corresponding enhancement in Nu for

Pr ¼ 150 over that for Pr ¼ 35 and the same flow rate is

77%. Another notable feature of the results in Figs. 9

and 11 is that the surface area enlargement in the non-

swirl regime has a relatively greater impact on enhancing

heat transfer, compared to its effect on flow frictional

loss (Fig. 6).
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Fig. 11. Effect of Prandtl number on variation of Nusselt

number with laminar flow Reynolds number in a wavy-plate

channel with c ¼ 0:5 and uniform wall temperature.
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Given that the improvements in heat transfer are also

accompanied by increases in the frictional losses, it is

necessary to evaluate the net enhancement obtained in

the wavy-plate channels. One way of assessing the rel-

ative thermal-hydraulic performance enhancement,

among many others [1–3,34] is to consider the area

goodness factor [34] given by

ðj=f Þ ¼ ðNu Pr�1=3=fReÞ ð14Þ

Here, jð¼ Nu=Re Pr1=3Þ is the Colburn factor, and the

measure seeks to evaluate the free-flow area (and hence

the frontal area) requirements of a compact heat ex-

changer. The results for this figure of merit are graphed

in Fig. 12 for 06 c6 1, where, it may be noted that,

c ¼ 0 represents a flat parallel-plate channel. The opti-

mum performance relative to the plate corrugation as-

pect ratio c is seen to be a function of Reynolds number.

Less severe waviness is seen to perform better with high

flow rates. On the other hand with very low flow rates

(Re � O[20] or less), the surface corrugations do not

offer any performance enhancement over a flat-plate

channel. For flow rates that generally correspond to the

swirl regime (Re > O[1 0 0]), considerable enhancement

is obtained and plate-surface corrugations with 0:3P
cP 0:6 provide the greatest advantage.
4. Conclusions

Numerical solutions for laminar (10 < Re < 1000),

incompressible, single-phase, periodically developed,

constant property, forced convection in sinusoidal cor-
rugated-plate channels maintained at uniform wall

temperature are obtained. Results for a wide range of

channel corrugation aspect ratio (0 < c < 1:0), and for

viscous liquids represented by three values of Prandtl

number (5, 35, and 150) are considered. The plate-sur-

face corrugations essentially generate transverse vortices

in their trough regions, and this re-circulation is seen to

grow with increasing c and Re. The inception and

growth of steady swirl and the concomitant periodic

disruption and thinning of the boundary layer promote

enhanced transport of heat as well as momentum. In this

swirl-flow dominated regime, depending upon c, Re, and
Pr, the heat transfer is found to be enhanced by up to 34

times that in a flat parallel-plate channel (Pr ¼ 150

fluid), whereas the corresponding friction factor penalty

is only 18 times higher. The optimum (j=f ) performance

is obtained for corrugation geometries in the range

0:36 c6 0:6. In the non-swirl flow regime, the enlarged

surface area of the corrugated-plate is solely responsible

for the enhancement, and the thermal benefits are sig-

nificantly less.

It maybe noted, however, that acquisition of con-

trolled and extended experimental data, which are not

available at present, would greatly help in corroborating

the computational observations in this study. Also, the

influence of temperature-dependent property variations

needs further investigation, and these are envisaged in

a continuation of this work.
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