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Abstract

Laminar forced convection in air (Pr ¼ 0:7) in two-dimensional wavy-plate-fin channels with sinusoidal wall cor-

rugations is numerically simulated. Constant property, periodically developed flow in uniform wall temperature plate

channels is considered. Velocity and temperature fields, isothermal Fanning friction factor, and Colburn factor are

presented for different flow rates (106Re6 1000), wall-corrugation severity (0:1256 c6 0:5), and fin spacing

(0:16 e6 3:0). Lateral vortices or re-circulation cells develop in the wavy-wall troughs as the axial flow gets separated

downstream of the wall-corrugation peaks and re-attaches upstream of the subsequent wall peak, and their strength and

coverage is a function of Re, c, and e. As the plate separation e decreases, however, viscous forces dominate and dampen

the swirl; with very large e, the impact of wall waviness diminishes and the core fluid flows largely undisturbed. The

surface waviness-induced periodic disruption and thinning of boundary layers along with lateral swirl mixing produce

high local heat fluxes near the wall peak regions. The overall heat transfer coefficient increases many fold compared to

that in flat-plate channels with relatively small increases in the concomitant pressure drop penalty. The optimum (j=f )
enhancement is obtained in the swirl flow regime (Re > 100) with c > 0 and 1:06 e6 1:2.
� 2003 Elsevier Ltd. All rights reserved.
1. Introduction

Extended or finned surfaces are widely used in com-

pact heat exchangers to enhance heat transfer and re-

duce their size [1–3]. Often geometrically modified fins

are incorporated, which, besides increasing the surface

area density of the exchanger, also improve the con-

vection heat transfer coefficient. Some examples of such

enhanced surface compact cores include offset-strip fins,

louvered fins, perorated fins, and corrugated or wavy

fins [1–6]. Of these, wavy fins are particularly attractive

for their simplicity of manufacture, potential for en-

hanced thermal–hydraulic performance, and ease of

usage in both plate-fin and tube-fin type exchangers.
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Typical sinusoidal wavy plate-fins are depicted in Fig.

1(a), and their geometric attributes are described by the

waviness amplitude A, pitch L, inter-fin spacing S, and
fin height H , as shown in Fig. 1(b). Their dimensionless

representation is given by the corrugation aspect ratio c
(¼ 2A=L), fin spacing ratio e (¼ S=2A), and flow cross-

section aspect ratio a (¼ S=H ).

Several investigations have addressed the issue of

forced convective heat and/or mass transport in wavy or

corrugated-wall channels used in a variety of different

applications. These include wavy plate-fin channels

[7–12], corrugated tube-fin cores [13–15], wavy-plate

oxygenators [16–18], and corrugated inter-plate chan-

nels in plate-and-frame heat exchangers [19–23]. The

surface corrugations in these devices have consisted of

triangular, sinusoidal, and trapezoidal profiles, and the

flow behavior has been studied both experimentally and

computationally. It has generally been observed that

wall corrugations induce a steady vortex or swirl in low
ed.
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Nomenclature

A amplitude of wall waviness, Fig. 1(b) (mm)

Ah projected or equivalent flat-plate heat

transfer surface area (m2)

B dimensionless pressure gradient, Eq. (4)

Br Brinkman number (¼ qmu2m=kDT )
cp specific heat (J/kgK)

dh hydraulic diameter (¼ 2S) (mm)

f Fanning friction factor based on projected

flat-plate surface area, Eq. (10)

H Fin height, Fig. 1(b) (mm)

k thermal conductivity (W/mK)

j Colburn factor (¼Nu=RePr1=3)
L pitch of fin waviness, Fig. 1(b) (mm)

Nu Nusselt number based on projected flat-

plate surface area, Eq. (11)

Pe Peclet number (¼Re � Pr)
Pr Prandtl number (¼ lcp=k)
P dimensionless local pressure, Eq. (4)

p pressure (Pa)

p� local pressure (Pa)

Re hydraulic-diameter-based Reynolds number

(¼ umdh=m¼ 2ReS)
ReS plate-spacing based Reynolds number

(¼ umS=m)
S fin spacing, Fig. 1(b) (mm)

S/ source terms, Eqs. (8a)–(8c)

T temperature (K)

U , V dimensionless axial and lateral velocity

components

u, v axial and lateral velocity components (m/s)

x, y Cartesian coordinates

Greek symbols

a flow cross-section aspect ratio (¼ S=H )

b global pressure gradient (Pa/m)

e channel spacing ratio (¼ S=2A)
/ dependent variables (¼U , V , and h,

respectively)

C dimensionless coefficient, Eq. (7)

c channel corrugation ratio (¼ 2A=L)
m dynamics viscosity (m2/s)

h dimensionless temperature, Eq. (5)

q density, (kg/m3)

x geometrical parameter, Eq. (2b)

n, g dimensionless body-fitted coordinates

Subscripts

b bulk or mixed-mean value

c pertaining to the cross-section area

i at inlet conditions

m mean or average value

o at outlet conditions

w at wall conditions
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Reynolds number flows in the trough regions of the

wavy wall. This results in flow mixing and boundary

layer disruption and thinning, thereby significantly

enhancing the heat and mass transfer. The majority of

computational models have considered a two-dimen-

sional characterization of the flow geometry, which is

valid when the fin height is much larger than the inter-fin

spacing (H � S or a ! 0; see Fig. 1(b)).

Nishmura et al. [16–18] have experimentally and

numerically studied laminar flow mass transfer

enhancement in two-dimensional wavy-plate channels

by varying the pitch, amplitude, and the channel spacing

in the range of 0:2156 e6 1:33 and c ¼ 0:25. Rush et al.

[11] have experimentally investigated the flow behavior

in wavy-plate channels with plate-spacing ratio e > 1:0
and rather slender wall waviness (0:1726 c6 0:208), in
an attempt to study the onset of flow mixing. In their

finite-volume numerical analysis, Asako and Faghri [8],

and Yang et al. [10] have considered periodically

developed steady laminar flow and heat transfer in

corrugated channels of a triangular profile with sharp

and rounded corners, and with walls maintained at a

constant temperature. Metwally and Manglik [21,22]
have considered periodically developed laminar flow and

heat transfer in wavy-plate channels with spacing ratio

e ¼ 1:0, and corrugation aspect ratios in the range of

0:256 c6 1:0. In these studies, the wall waviness is

found to induce steady flow re-circulation or lateral

vortices in the trough regions of the corrugated-plate

channel. The strength of these vortices increases with

Reynolds number and severity of wall waviness c,
leading to substantial heat transfer enhancement in

comparison with flows in a flat parallel-plate channel;

the associated friction loss also increases. As seen in the

triangular-profiled wavy channel results of Comini et al.

[15], this performance is also affected by the relative

inter-plate spacing. A detailed understanding of the

compound effects of wall-waviness aspect ratio c and

inter-plate spacing e on the swirl flow structure and its

impact on forced convection is addressed in this paper,

for the effective design and applications of sinusoidal

wavy-plate fins.

The influence of the sinusoidal wavy-surface plate-fin

geometry (c and e) on laminar airflow and convective

heat transfer in the inter-fin channels is computationally

investigated in this study. A two-dimensional flow



Fig. 1. Wavy-plate fins: (a) typical sinusoidally corrugated

plate fins, (b) geometrical description and a two-dimensional

representation of the inter-fin flow channel, and (c) typical non-

uniform and non-orthogonal grid in the computational domain.
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geometry (H � S, or a ! 0) is considered, and the role

of inter-fin spacing and severity of wall waviness in

promoting the wall-curvature-induced periodically

developed steady swirl flows is highlighted. With plate

surfaces maintained at a uniform temperature (UWT

condition) for the heat transfer problem, which is rep-

resentative of conditions in refrigeration-to-air or tur-

bulent liquid flow liquid-to-air exchangers, a wide range

of air (Pr ¼ 0:7) flow rates in the low Reynolds number

regime (106Re6 1000) are considered. The local veloc-

ity and temperature distributions are mapped, and the

parametric variations in the average isothermal Fanning

friction factor f and Colburn factor j results with c, e,
and Re are outlined along with an assessment of the

enhanced thermal–hydraulic performance.
2. Formulation and computational methodology

A two-dimensional representation of the flow chan-

nel in a wavy-plate-fin core shown in Fig. 1(b) is con-

sidered, which is essentially obtained when the fin height

is much larger than the inter-fin or inter-plate spacing

(H � S; a ! 0). For ease of computational modeling,

the physical flow domain (x; y) is recast in generalized

dimensionless body-fitted coordinates (n; g) that are de-

fined as

n ¼ ðx=SÞ; g ¼ ½ðy=SÞ � ðA=SÞ sinð2pSn=LÞ� ð1Þ

which render the wavy channel into a flat parallel-plate

computational domain with unit inter-plate spacing.

The laminar airflow field (Pr ¼ 0:7) is characterized

by steady-state, constant property, periodically devel-

oped conditions, with negligible axial conduction

(Pe � 1) and viscous dissipation (Br � 1). While there

is some debate on whether steady-state conditions

would exist as Re ! 1000 [11,24], several studies

[16,18–21,25,26] have found substantial empirical evi-

dence to suggest that steady flows do indeed prevail in

most two-dimensional as well three-dimensional situa-

tions in wavy-wall channels to amply justify the present

analysis assumption. In the computational domain

(n; g), the dimensionless velocity components (U ; V ) are
given by

U ¼ ðu=umÞ; V ¼ ½ðv=umÞ � xU � ð2aÞ

where um is the mean axial velocity, and

x ¼ ð2pA=LÞ cosð2pSn=LÞ ð2bÞ

Also, for periodically developed flows, the pressure field

can be expressed as

pðx; yÞ ¼ ½p�ðx; yÞ � bx� ð3Þ

where b is the constant global pressure gradient, and p�

is the local pressure that exhibits periodicity, and their

respective dimensionless forms are

B ¼ ðbS=qu2mÞ; P ¼ ðp�=qu2mÞ ð4Þ

With the flow channel walls subjected to the uniform

wall temperature boundary condition, which typically

models the heat transfer condition in refrigerant-to-air

evaporators and condensers, a dimensionless tempera-

ture can be defined as

hðx; yÞ ¼ ½T ðx; yÞ � Tw�=½TbðxÞ � Tw� ð5Þ

Here TbðxÞ is the local bulk or mixed-mean temperature,

and hðx; yÞ explicitly satisfies the periodic boundary

condition over the one-period flow domain, x ¼ 0 and L
(Fig. 1(b)).
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The dimensionless form of the mass conservation

equation can therefore be expressed as

oU
on

þ oV
og

¼ 0 ð6Þ

and the momentum and energy transport equations can

be written in the following generalized form:
Table 1

Effect of grid refinement on f and j in a typical wavy-plate

channel with c ¼ 0:25, and e ¼ 1:0 for flow with Re ¼ 250

Mesh

size

Friction factor f
(% deviation)

Colburn factor j
(% deviation)

50· 25 0.13702 0.052139

60· 35 0.13879 (1.29%) 0.052737 (1.15%)

80· 45 0.13922 (0.31%) 0.053018 (0.53%)

100· 55 0.13988 (0.47% 0.053124 (0.20%)

120· 65 0.13997 (0.06%) 0.053167 (0.08%)

Re =

Re

Re = 400

Re = 50

Re =

Re = 10

Re = 100

Re =

γ = 0.25, ε =1.0 γ = 0.375

Fig. 2. Streamline distributions in wavy-plate channels with relative sp

Reynolds numbers.
U
o/
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o2/

on2

�
þ ð1þ x2Þ o
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�
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Here / ¼ U , V , and h, respectively, and C ¼ ð1=ReSÞ for
the momentum equations, and ½1=ðReSPrÞ� for the energy
equation. The expressions for the respective source

terms S/ are as follows:

SU ¼ � 1

ReS
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on
x
oU
og

� ��
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o
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� ��
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acing of e ¼ 1:0 but different corrugation aspect ratio c and flow
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Fig. 3. Isotherm maps for air (Pr ¼ 0:7) flows in wavy-plate channels with relative spacing of e ¼ 1:0 but different corrugation aspect

ratio c and flow Reynolds numbers.
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Also, U and V satisfy the no-slip and periodicity con-

ditions, and h satisfies the constant wall temperature and

periodicity conditions. The latter essentially requires

that

/ðU ; V ; hÞn¼0 ¼ /ðU ; V ; hÞn¼1 ð9Þ

Finally, given the flow distribution, the one-period-

length-averaged isothermal Fanning friction factor is

obtained from its usual definition as
f ¼ ½�ðdp=dxÞðdh=2qu2mÞ� ¼ ðBdh=2SÞ ð10Þ

The overall Nusselt number is computed from the tem-

perature field by applying the energy balance over the

one-period flow domain, and the log-mean temperature

difference (LMTD) as

Nu ¼ _mmcpðTb;o � Tb;iÞdh
kAhðLMTDÞ

¼ ðAc=AhÞðRePrÞ
�
�

Z L

0

dðTb � TwÞ=dn
ðTb � TwÞ

dx
�

ð11aÞ

where

TbðxÞ ¼
Z

jujT ðx; yÞdy
Z

jujdy
�� �

ð11bÞ

LMTD ¼ ðTw � Tb;oÞ � ðTw � Tb;iÞ
ln½ðTw � Tb;oÞ=ðTw � Tb;iÞ�

ð11cÞ

The results, however, are presented in terms of the

Colburn j factor (Nu=RePr1=3), in conformity with the

customary practice in the compact heat exchanger liter-

ature.
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Fig. 4. Effect of e on the streamline distribution on lateral swirl

generation in wavy-plate channels with c ¼ 0:25, and Re ¼ 150

and 600.
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Fig. 5. Effect of e and wall waviness-induced fluid re-circulation

on the temperature field in wavy-plate channels with c ¼ 0:25,

and air (Pr ¼ 0:7) flow Re ¼ 150 and 600.
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To obtain numerical solutions, the governing differ-

ential equations were discretized on a structured,

non-orthogonal grid using the finite-volume method. A

typical computational mesh for the flow geometry is

shown in Fig. 1(c), where the grid is uniform in the axial

x or n direction, but non-uniform in the lateral y or g
direction. The latter non-uniform mesh distribution is

controlled by the following function:

g ¼ ay1 þ ð1� aÞ 1� tanh½bð1� y1Þ�
tanhðbÞ ð12Þ

Here y1 has a uniform distribution in the range

06 y1 6 1, and the g distribution in the range 06 g6 1 is

controlled by the two constraints a and b that were set as
a ¼ 0:1 and b ¼ 2:0 in all simulations. This ensures a

denser mesh near the walls for properly treating the high

velocity and temperature gradients. Both the diffusion

and convection terms are treated by the power-law dif-

ferencing scheme, and the source terms by central dif-

ferencing. The SIMPLE algorithm was applied to

evaluate the coupling between the pressure and velocity

[27]. For the periodically developed flow condition, as
treated by Patankar et al. [28], the inlet–outlet period-

icity of the flow velocity components and temperature

field (normalized by the mean velocity and local bulk

fluid temperature, respectively) were essentially imposed

over a single corrugation module L in the streamwise

direction as given by Eq. (9). The local bulk-mean

temperature was obtained from Eq. (11b), with the

numerical integration performed by a second-order

accurate scheme. The mean velocity or flow Reynolds

number was an a priori input, and the pressure gradient

determined iteratively to satisfy the momentum conser-

vation equations. Extended details of the computational

methodology are given in Ref. [21,29].

The numerical results were first validated with ana-

lytical solutions for a parallel-plate flow channel, which

is obtained by setting the amplitude A ¼ 0 in the simu-

lation. The computed values of fRe ¼ 24:05 and

Nu ¼ 7:529 were within 0.2% of the exact analytical re-

sults of 24.0 and 7.541, respectively. To determine the

proper grid size required for numerical simulation, grid

refinement experiments were performed. As an illustra-

tive example, for the case of Re ¼ 250, c ¼ 0:25, and

e ¼ 1:0, the f and j results for five different mesh sizes
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Fig. 7. Isothermal Fanning friction factors for periodically

developed laminar airflows in sinusoidal wavy-plate channels.
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are listed in Table 1. It can be seen that the relative

errors with successive mesh refinement decrease to less

than 0.1%, and a 100· 55 grid is adequate for this case.

Similar grid-refinement experiments were carried out for

a few other cases, and the final grid sizes used in the

simulations typically ranged from 100 · 35 for c ¼ 0:25
and e ¼ 0:5, to 120· 115 for c ¼ 0:5 and e ¼ 3:0; more

details can be found in Ref. [29]. Furthermore, the

computed f Re results for 0:256 c6 0:5 are within

±1.2% of those previously reported for the specific case

of e ¼ 1:0, modeled for flow passages in chevron-plate

type plate-and-frame heat exchangers [21].
3. Results and discussion

Numerical results for the velocity and temperature

fields, isothermal Fanning friction factor, Colburn fac-

tor, and their variation with flow Reynolds number in

different wavy-plate channels (0:1256 c6 0:5, and

0:16 e6 3:0) are presented. The influence of the flow

geometry on the local velocity and temperature distri-

bution, and the nature of wavy-surface-induced lateral

vortex structure are delineated, along with an evaluation

of the enhanced thermal–hydraulic performance.

The onset, development, and growth of steady lateral

vortices or re-circulation in the troughs of wavy plate

channels with changing flow rates are depicted in Fig. 2.
Streamlines for flows with Re ¼ 10, 50, 100, and 400 in

three different wavy-fin geometries with e ¼ 1:0, and

c ¼ 0:25, 0.375, and 0.5 are graphed, and the strong

influences of Re and severity of wall waviness c are

clearly evident. With increasing flow rates, wall-curva-

ture-induced effects manifest in fluid separation down-

stream of the wavy-surface peak, its re-attachment

upstream of the subsequent peak, and the consequent

development and encompassing of re-circulating cells in

the wall-valley regions. This lateral vortex is triggered at

a much lower flow rate in channels with more severe wall

waviness (Re � 50 with c ¼ 0:5, as compared to

Re > 100 with c ¼ 0:25; e ¼ 1:0 in both cases), and the

extent of the lateral swirl flow area coverage increases

with Re and c. At very low flow rates (Re � 10), how-

ever, viscous forces dominate to produce undisturbed

streamline flows and swirl is not developed, irrespective

of the wall-corrugation severity c. The corresponding

impact on the local convective temperature distribution

in airflows (Pr ¼ 0:7) between uniform temperature

plates is illustrated by the isotherm plots of Fig. 3. With

the development of trough-region re-circulation, there is

considerable thinning of the boundary layer and the

flow field exhibits regions of thermal mixing. Also, the
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Fig. 8. Colburn factors for periodically developed laminar

airflows in sinusoidal wavy-plate channels with constant wall

temperature.
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increasing spatial coverage of the trough vortices with

Re and c results in more uniform core region tempera-

ture distributions, and much sharper wall temperature

gradients.

That the inter-plate-fin spacing, represented by the

dimensionless e (¼ S=2A), significantly influences the

development of flow re-circulation in the wavy-wall

valleys is seen from the streamlines graphed in Fig. 4.

The flow fields for Re ¼ 150 and 600 in channels with

c ¼ 0:25, and 0:56 e6 2:0 are depicted. With increasing

Re and/or plate spacing e, the lateral vortex in the

trough tends to grow and envelop much of the core flow

region, thereby promoting flow mixing and increased

momentum transport. As the plate separation decreases

(e ! 0:5), viscous effects suppress swirl and undisturbed

streamline flows prevail that follow the channel-wall

contours. This flow behavior, however, depends on both

e and Re for any given c. As seen in Fig. 4 for flows in a

c ¼ 0:25 channel, swirl sets in with e ¼ 1:0 and Re ¼ 600

but not Re ¼ 150; in the latter case, trough-region re-

circulation occurs only when e > 1:0. Similarly, the air-

flow (Pr ¼ 0:7) temperature distributions in Fig. 5 reflect

a fully developed duct flow like condition in cases where
e is small. With increasing e or Re and the attendant

development of lateral vortices, on the other hand, the

temperature field displays a periodicity that is charac-

terized by local regions of considerably thin thermal

boundary layers, resulting in the local heat transfer

performance enhancement. The temperature distribu-

tion in the core flow becomes more uniform with the

growth of swirl, and the overall convection heat transfer

increases.

There is, however, an upper limit to the effect of e in
promoting swirl enhancement. With increasing e the

influence of wall waviness on the bulk flow and heat

transfer diminishes significantly, and this can be also

deduced from Fig. 6. Here the position of the axial flow

re-attachment points, demarking in effect the separated

wall-trough region that envelopes the lateral vortex, are

graphed for different e and c in typical swirl regime flows

with Re ¼ 600. For the same wall waviness c, the re-

attachment points move axially to the right with

increasing e thereby indicating growth of the separated

region. But after a critical e, they remain at the same

position as the size of the separated region remains

constant and is unaffected by further increase in the

inter-plate separation.

The variation of isothermal Fanning friction factors

with Re and the wavy-channel geometry (c and e) are

presented in Fig. 7. Results for channels with c ¼ 0:25
and 0.5, and 0:256 e6 1:5 are graphed, along with that

for a flat-plate channel (c ¼ 0, f Re ¼ 24, [30]). The

friction factor is seen to increase with the severity of wall

corrugation (c ¼ 0:25 ! 0:5), and Re. The onset and

steady spatial growth of periodically developed lateral

vortices in the trough regions of the wavy plate can be

deduced from the slope change in the f –Re plot. Two

distinct regimes can be identified: (i) swirl flow regime as

Re ! 1000 and/or c increases, and (ii) streamline flow

regime as c ! 0 and/or Re decreases. The greater mag-

nitude and extent of the wall-trough region re-circula-

tion when the plate separation is larger (e ¼ 0:5 ! 1:5),
which result in higher wall shear stress in the swirl re-

gime is also evident from the higher f values in Fig. 7.

This increase in f , however, is not uniform across

varying severity of wall waviness c. For example, while f
increases with e for all Re > 100 and c ¼ 0:25, with

c ¼ 0:5 it is seen to increase as e ¼ 0:5 ! 1:0 and then

decrease when e ¼ 1:5. In the viscous-forces dominated

no-swirl regime (Re � O [10]), on the other hand, (f Re)
is constant and decreases monotonically with increas-

ing e.
The concomitant influence of the altered flow struc-

ture in wavy-plate ducts on the period-averaged heat

transfer coefficient is depicted in Fig. 8, where the vari-

ations in the Colburn j factors with Re, c, and e are

presented for airflows (Pr ¼ 0:7). Included is the result

for fully developed laminar flow in a parallel flat-plate

channel given by Nu ¼ 7:541 (jRe ¼ 8:493 for Pr ¼ 0:7)
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for the constant wall temperature condition [30]. In the

presence of the wall-trough region lateral swirl and the

associated improvement in fluid convection, the overall

heat transfer coefficient is seen to enhance significantly

with increasing c and e in the Re > 100 regime. In the

low flow rate (Re � 0 [10]) regime, just as its frictional

loss counterpart, (jRe) is also constant and the heat

transfer enhancement is mainly due to the increased

effective surface area and larger residence time provided

by the corrugated plate channel. Again, the combined

interplay of e, c, and Re is similar to that seen in the

friction factor results, with effects of increasing/

decreasing e modulated by c and Re.
The somewhat complex effects of channel spacing e

on the flow frictional loss and heat transfer coefficient
are further highlighted in Fig. 9. The values for f and j
in different c channels, normalized by the corresponding

results with e ¼ 1:0 are graphed. In the no-swirl regime

(Re ¼ 10), the decreasing impact of the interactions be-

tween viscous and wall-curvature-induced forces in the

confined wavy-flow passages is evident in Fig. 9(a) from

the reduction in f with increasing e for all c. As would be

expected the greatest effect is seen in channels with more

severely corrugated (c ! 0:5) plates. The normalized

Colburn factor (j=je¼1:0) results also display a similar

behavior in Fig. 9(b). In the swirl regime (Re ¼ 600), on

the other hand, the trends are quite different and

f ðe < 1Þ6 f ðe ¼ 1Þ for all c; the corresponding j though
tends to be slightly higher for 0 < c < 0:125. When e > 1

and depending upon c, (f =fe¼1:0) first increases with e
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and then decreases. With e ¼ 3:0, for example, f peaks

in c � 0:1 channels, and then decreases considerably

with increasing c. The degradation in f is most pro-

nounced in c ¼ 0:5 channels, where fe¼3:0 is even less

than fe¼0:5. This reduction is perhaps due to diminishing

wall curvature effects as the inter-plate spacing increases,

whereby the lateral vortex ceases to grow spatially and

the core flow remains relatively undisturbed. Likewise,

the Colburn factor ratio (j=je¼1:0) displays similar trends

as seen in Fig. 9(b).

A closer inspection of the thermal–hydraulic perfor-

mance reveals that the heat transfer coefficient is en-

hanced by up to 7.75 times that in a flat-plate channel,

whereas the associated pressure drop penalty is only 6.8

times higher in a typical wavy-plate channels with

c ¼ 0:375. This relative thermal advantage with different

c and e can be better depicted by the area goodness factor

[3,30], given by the following ratio:

ðj=f Þ ¼ ðNuPr�1=3=f ReÞ ð13Þ

which is a measure of the relative compactness of the

enhanced heat transfer surface. This is depicted in Fig.

10, where the wavy-fin (c ¼ 0:25, 0.375, and 0.5) per-

formance with 0:16 e6 3:0 is graphed for both the swirl-

flow (Re ¼ 600) and no-swirl (Re ¼ 10) regimes along

with the flat-fin (c ¼ 0) performance. The enhancement

in the swirl region is clearly evident for all values of c
and e > 0. The relative thermal–hydraulic performance

improves considerably with increasing c, and an opti-

mum is attained when 1:0 < e < 1:2. In the no-swirl

region (Re � 10), however, the relatively larger surface

area of the wavy fin does not produce any effective

enhancement, when compared with the performance of

plain flat fins.
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Fig. 10. Heat transfer enhancement in the swirl-flow (Re ¼ 600) and

basis, and the effect of plate separation.
4. Conclusions

Low Reynolds number, periodically developed air-

flow and heat transfer (Pr ¼ 0:7) in uniform-wall-tem-

perature, sinusoidal wavy-plate channels are modeled.

Numerical results for a wide range of steady laminar

flows (106Re6 1000) and duct-geometry variations

(0:1256 c6 0:5, and 0:16 e6 3:0) are presented. The

wavy-wall curvature induces lateral vortices in the

trough region, which grow in magnitude and spatial flow

coverage with increasing Re and/or c. The inter-plate

separation, however, is critical for the development of

this flow structure. With small separation (e6 0:5), vis-
cous forces dominate and a streamline, fully developed

duct flow type behavior prevails. With larger inter-plate

gap (eP 1:0), this effect diminishes and the boundary-

layer separation downstream of corrugation peaks gives

rise to a vortex flow structure in the valley region. The

re-circulation is enveloped in the near-wall axial flow

separation bubble, and its spatial growth is governed by

Re, c, and e. The consequent local fluid mixing and core-

flow acceleration results in enhanced convective heat

transfer, though the associated flow friction also in-

creases.

The (f � Re) and (j� Re) results suggest two dis-

tinct flow regimes: (1) a low-Re (Re ! 10) regime with

fully developed streamline flows, and (2) a high-Re
(Re ! 1000) regime that is characterized by lateral

vortices in the wall corrugation troughs. The heat

transfer performance in the swirl flow regime (Re � 600)

is found to be enhanced considerably for all c and

e > 0:25, when compared with the (j=f ) performance of

flat fins, and a peak performance is obtained with

1:0 < e < 1:2. In low flow rates (Re � 10), on the other
.5 2.0 2.5 3.0
ε

 = 10

γ = 0.25

γ = 0.50

0.375

0.375

0.50

25

Flat parallel-plate
channel ( γ = 0)

no-swirl flow (Re ¼ 10) regimes on a constant pumping power
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hand, a much larger fin waviness severity (c > 0:5) may

be required in order to achieve any significant

enhancement.
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