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Abstract

Single-phase air flow periodically developed at constant property (Pr=0.7), laminar forced
convection in two-dimensional sinusoidal corrugated-plate channels, which are maintained at
uniform wall temperature are considered. The governing differential equations for continuity,
momentum, and energy equations are solved computationally using finite-volume technique, where
the pressure term is handled by the SIMPLE algorithm. The computational grid is non-orthogonal
and non-uniform, and it is generated algebraically. All the dependent variables are stored in a non-
staggered manner. For the two-dimensional problem, numerical solutions are obtained for a wide
range of channel corrugation aspect ratios (0.25 <y < 1.0), plate spacing ratio (0.25 < ¢ < 1.5), and
flow rates (10 <Re < 1000). The flow field is found to be strongly influenced by vy, € and Re, and it
displays two distinct regimes: a low Re or v, € undisturbed laminar-flow regime, and a high Re or vy,
¢ 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, v and ¢, and the transition to this regime also depends on Re, € and y. The mixing
produced by these self-sustained transverse vortices is found to significantly enhance the heat
transfer, depending upon Re, y and &, with a relatively small friction factor penalty.
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Nomenclature:
Symbol Description
a Amplitude of wall waviness, Figure 2(b1)
a;, a Transformation coefficients
2
Br Brinkman number (2 V%, /K AT)
Cp Specific heat
dn Hydraulic diameter ( =2S)
f Fanning friction factor based on projected flat-plate surface area,
Eq. (16)
H Fin height, Figure 2(b1)
k Thermal conductivity
] Colburn factor (= Nu/Re Pr/ 3)
J Jacobean of transformation
L Pitch of fin waviness, Figure 2(b)
Nu Nusselt number based on projected flat-plate surface area, Eq.
(14)
Pe Peclet number ( = Re .Pr)
Pr Prandt]l number (= p cp/k)
q" Wall heat flux
Re Hydraulic-diameter-based Reynolds number ( = uy, dp, /v)
S Fin spacing, Figure 2(b1)
S, Source terms, Eq. (4)
T Temperature
u,v Contravariant velocities
u, v Axial and lateral velocity components
X,y Cartesian coordinates

Greek symbols

o Flow cross-section aspect ratio (= S/H)
€ Channel spacing ratio (= S/2a)

¢ , @ Dependent variables (= U, V , and T, respectively)
r Dimensionless coefficient, Egs. (4)-(5)
Y Cchannel corrugation ratio (=2a/L)

v Dynamics viscosity

p Density

Tw Wall shear stress

&M Dimensionless body-fitted coordinates
Subscripts

b Bulk or mixed-mean value

1 Inlet conditions

m Mean or average value

Yo

Unit

m?/s
kg/m
N/m?
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0 Outlet conditions
W Wall conditions
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]. Often
geometrically modified fins are incorporated, which, besides increasing the surface area density of
the exchanger, also improve the convection heat transfer coefficient. Some examples of such
enhanced surface compact cores include offset-strip fins, louvered fins, perforated fins, and
corrugated or wavy fins [2-7]. Of these, sinusoidal wavy channels are particularly attractive for
their simplicity of manufacture, potential for enhanced thermal-hydraulic performance, and ease of
usage in both plate-fin and tube-fin type exchangers. Of particular interest for a wide spectrum of
usage in food, pharmaceutical, and chemical processing is the plate heat exchanger (PHE) [8-10].
The corrugation patterns on the plate-surfaces of PHEs essentially promote enhanced heat transfer
in their interpolate channels, thereby facilitating small approach temperature operation with a more
compact heat exchanger. This is particularly beneficial for processing thermally degradable fluids
such as food products, pharmaceutical media, personal care and biochemical products [9,10].

Typical sinusoidal wavy plate-fins are depicted in Figurel(c), and their geometric attributes
are described by the waviness amplitude A, pitch L, inter-fin spacing S, and fin height H, as shown
in Figure2(al). Their dimensionless representation is given by the corrugation aspect ratio vy
(=2A/L), fin spacing ratio € (= S/2A), and flow cross-section aspect ratio o (= 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 [11-16], corrugated tube-fin cores [17-19], wavy-plate
oxygenators [20-22], and corrugated inter-plate channels in plate-and-frame heat exchangers [23—
27]. 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 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-dimensional
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 Figure 2(al)).

Nishmura et al. [20-22] 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 0.215 < ¢ < 1.33 and y = 0.25. Rush et al. [15] have
experimentally investigate the flow behavior in wavy-plate channels with plate-spacing ratio € > 1.0
and rather slender wall waviness (0.1726 < y < 0.208), in an attempt to study the onset of flow
mixing. In their finite-volume numerical analysis, Asako and Faghri [12], and Yang et al. [14] 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 [25-26] have considered periodically developed laminar flow
and heat transfer for Newtonian, power-law non-Newtonian, and Herschel-Bulkley fluids in wavy-
plate channels with spacing ratio € = 1.0, and corrugation aspect ratios in the range of 0.25 <y <
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 vy, leading to substantial heat transfer
enhancement in comparison with flow 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. [19], this
performance is also affected by the relative inter-plate spacing. A detailed understanding of the
compound effects of wall-waviness aspect ratio y and inter-plate spacing € on the swirl flow
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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 (y and €) on laminar airflow

and convective heat transfer in the inter-fin channels is computationally investigated in this study. A
two-dimensional flow 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 representative of conditions in refrigeration-to-air
or turbulent liquid flow liquid-to-air exchangers, a wide range of air (Pr = 0.7) flow rates in the low
Reynolds number regime (10 < Re < 1000) are considered. The local velocity and temperature
distributions are mapped, and the parametric variations in the average isothermal Fanning friction
factor f and Colburn factor j results with v, €, and Re are outlined along with an assessment of the
enhanced thermal-hydraulic performance.
Problem Formulation and Numerical Solution

For the sinusoidally corrugated parallel-plate channel geometry and reference coordinate
system described in Figure 2(al), constant property, periodically fully 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. 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. Thus, for the two-dimensional convection in the
wavy channel, the governing equations for mass, momentum, and energy conservation can be
expressed [29] as:

ou dv
—+—=0 )
ox ' 3y ()
Ju au 1 ap ’u 0’u
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The above equations can be written in a general transport equation as :- e ()

A(pug) , Apvg) _ 3 [m (%)} 9 h (@)} s,
ox dy ox ox dy

This equation serves as a starting point for computational procedure in (FVM) [Ferzinger et. al.
(1999)][32]. The continuity equation can be obtained if (=1, ['4=0 and S¢=0), by setting (d=u, v
and I'p=p, N-S equation can be obtain and energy equation can be obtained if (O=T and-l"-q,(:ﬁ)/pr ).
The two terms in the left of the general transport equation (Eq. 4) are convective terms, the first two
terms in the right side of general transport equation (Eq. 4) are diffusive terms and the last term is
the source term. For the general curvilinear coordinates system (&, m), the general transport
equation (Eq. 4) can be transformed to the following form:-

d al'y 0P _a,ly 0P
— — —)=Swew 5
af(PU 7 a§)+an( 7 on ) =S vpw &)

where (U, V) are the contravariant velocity components and Sngw =JS¢+Sn where Sy is the
source term due to non orthogonal characteristic of grid system which disappear under orthogonal
grid system. The transformation coefficients (a;, a,) are defined as:-
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a, = fxz +¢ Vz ©)
0 = nf . 773 ..........
and the transformation metrics are calculated as follows :
_ e \
£ =
—Xx
S, = J"
> .......... (7)
——
! J
X
— ¢
77)7 - J )

These are subject to the following no slip, uniform wall temperature, and periodicity boundary
conditions, respectively:

The velocity on the wall equal to
zero i.e. u=v=0 at y=a sin(nx/L) and y=2a+a sin(nx/L) ... (8)

The temperature on the wall equal to
T=T, at y=a sin(nx/L) and y=2a+a sin(nx/L) ... )

To attain the fully developed flow in the stream wise direction, the following periodic boundary
conditions are used for a wave of length 2 A,
u(x)=u(x+L) 3\

v(x)=u(x+L) | (10)
(T/Tw)(x)= (T/T,)(x+L)

Y

The flow and temperature field§ were studied under the assumption of a fully developed flow, From
the periodically a fully develgped velocity distribution, on the basis of the velocity component
tangential to the boundary and its derivative normal to the boundary (or the normalized gradient:
(0¢/0n)=V¢-i the local wall shear stress can then be calculated from

.. =—ull+(xLI) cos (xx/L)| ' @uidyy . 11

Likewise, the local wall heat flux is given by
” ) ’ -1/2
0. =—kl+(xLI2)’ cos’xx/L)| P @) (12)

The average flow velocity uy, and the bulk-mean temperature Ty, are, respectively, obtained from
their standard definitions as:

5
u, =— |udy
2a 3
........... (13)
2a
Tm = (Zaum) E')'I/tTdy

The overall Nusselt number is computed from the temperature field by applying the energy balance
over the one-period flow domain, and the log-mean temperature difference (LMTD) as
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m, cp(T, —T, )D
Nu = air p( b,out h,m) ke (14)
kA, (LMTD)

Where

T —-T —(T -T,.
LMTD = e (15)
ln[(Tw - Tb,out ) /(Tw - Tb,in )]

the average friction factor is given:
2Ap* D
favg = 2 L
pLu

m

where £ is the thermal conductivity of air. Reynolds number based on the hydraulic diameter, Dy, of
the channel as follows:

To determine the flow dynamic field, a simulation by a fluid dynamic calculation (C. F. D.)
has been used. Eq.(5) is discretizated according to the Patankar procedure [29]. The discretization in
finite volume employed uses an integral form of the general Eq.(5); the calculation domain is
subdivided in a set of small elementary control volumes (or cells) on which the integration is
applied. Finally this discretization produces an algebraic equation system. To obtain numerical
solutions, the governing differential 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
Figure (3), where the grid is uniform in the axial x or & direction, but non-uniform in the lateral y or
n direction. The latter non-uniform mesh distribution is controlled by the following function:

(1-a)(1—tanh[b(1 - y,)])
=ay, +—Mm————=—22 18
= tanh(b) (18)

0 <n <1 is controlled by the two constraints a and b that were set as a = 0.1 and b = 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
differencing scheme, and the source terms by central differencing. The SIMPLE algorithm was
applied to evaluate the coupling between the pressure and velocity [29].

The convergence criterion for all calculations, represented by the relative magnitude of the
error, was grouped, respectively by velocity fields, pressure and temperature by the following
relation:

Here y; has a uniform distribution in the range 0 < y; < 1, and the n distribution in the range

q)new B cI)old

(o= (19)

new

error = ‘

® represents the axial and transversal components of the velocity, pressure and temperature. The
computer program which is preparing and writing with FORTRAN 90 language in the present work
embodies subroutines for solving the equations U, V, P, and T receptively.

Validation of Numerical Results

The numerical results were first validated with analytical solutions for a parallel-plate flow
channel, which is obtained by setting the amplitude A = 0 in the simulation. The computed values
of f=24.0679/ Re and Nu = 7.654 were within 0.282 % & 1.4 % of the exact analytical results of
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24 and 7.541 respectively [30]. To determine the proper grid size required for numerical
simulation, grid refinement experiments were performed. As an illustrative example, for the case of
Re =250, vy =0.25, and € =1.0, the f and j results for five different mesh sizes are listed in Table 1.
It can be seen from the results that the values of the friction factor (f) and Colburn factor (j),
obtained at different grids, vary by less than 1 %, thus demonstrating the adequacy of the grid
adopted and the numerical accuracy of the method.

Results and Discussion

Numerical results for the velocity and temperature fields, isothermal Fanning friction factor,
Colburn factor, and their variation with flow Reynolds number in different wavy-plate channels (¢ =
0.25, 0.5, 0.75, 1.0, 1.5), and (y = 0.25, 0.5, 0.75, 1.0) are presented. The simulation results show
the change of flow pattern with flow rates and channel geometries. The influence of the flow
geometry on the local velocity and temperature distribution, and the nature of wavy-surface-induced
lateral vortex structure are delineated, along with an evaluation of the enhanced thermal-hydraulic
performance.

Velocity field and temperature distribution in a straight and typical wavy flow channel with
geometry parameter € = 1.0 and y = 0.5 at flow rate Re = 350 is shown in Figure 4(A). The velocity
streamlines distribution and isotherm map distribution in recirculation region are shown in
Figure 4(B) and (C) respectively. Lateral vortex is clearly seen in the wavy flow channel, and it is
one of the basic flow characteristic in wavy flow channel at high flow rate condition.

The onset, development, and growth of steady lateral vortices or re-circulation in the troughs
of wavy plate-fin channels with changing flow rates are depicted in Figure (5). Streamlines for
flows with Re = 10, 100, 500, and 1000 in three different wavy-fin geometries with e = 1.0, and y =
0.25, 0.5, 75, and 1.0 are graphed, and the strong influences of Re and severity of wall waviness y
are clearly evident. With increasing flow rates, wall-curvature- induced effects manifest in fluid
separation downstream of the wavy-surface peak, with reattachment upstream of the subsequent
peak, and the consequent development of re-circulating cells in the valley regions. This lateral
vortex is triggered at a lower flow rate in channels with more severe wall waviness (Re ~ 100 with y
= 0.5, as compared to Re > 100 with vy = 0.25; ¢ = 1.0 in both cases). Also, the extant of the lateral
swirl flow area coverage increases with Re and y. At very low flow rates (Re ~ 10), however,
viscous forces dominate to produce undisturbed streamline flows and swirl is not developed,
irrespective of the wall-corrugation aspect ratio y.

The corresponding impact on the local convective temperature distribution in air (Pr = 0.7)
flows between uniform temperature plates is illustrated by the isotherm plots of Figure (6). With
the onset of trough-region recirculation, there is considerable thinning of the boundary layer and the
flow field exhibits regions of thermal mixing. Also, the increasing spatial coverage of the trough
vortices with Re and 7y results more uniform core region temperature distributions, and much
sharper wall temperature gradients.

That the inter-plate-fin spacing, represented by the dimensionless ¢ (= S/2a), significantly
influences the development of re-circulating flows in the wavy-wall valleys is seen from the stream
lines graphed in Figure (7). The flow fields at Re = 10, 100, 500, and 1000 in channels with y = 1.0,
and 0.25 < ¢ < 1.5 are depicted. With increasing Re and/or plate spacing ¢, 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 (¢ — 0.5), viscous effects
suppress swirl and undisturbed streamline flows prevail that follow the channel-wall contours. This
flow behavior, however, depends on both ¢ and Re for any given y.

Similarly, the air flow ( Pr = 0.7 ) temperature distribution reflects a fully developed duct
flow like condition when ¢ is small, as seen in Figure (8). With increasing ¢ or Re and the attendant
development of lateral vortices, on the other hand, the temperature field displays a periodicity that
is characterized by local regions of considerably thin thermal boundary layers, resulting in the local
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heat transfer performance enhancement. The temperature distribution in the channel core becomes
more uniform with the growth of swirl, and the overall convection heat transfer increases.

The effects of the duct geometry (as described by y) on the flow frictional losses are seen in
Figure (9), where results for the change in Fanning friction factor f with Re are graphed for y =
0.25, 0.375, 0.5, 0.75, and 1.0. The well-known result for flow in a flat parallel-plate channel
(f = 24/Re), which corresponds to fully developed laminar flow in the reference case of y= 0 is also
included. The increasing friction factor behavior with increasing severity of the plate corrugation
(y>0 — 1) is clearly evident. Also it can be seen that 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 7y case. As pointed out earlier, the increased friction
factor in this regime is predominantly due to the onset and growth of the lateral vortices in the
channel troughs that enhance fluid momentum transfer thereby increasing the wall shear stress. In
the low Reynolds number regime, however, where (f-Re) is constant, the increase in the frictional
loss with 7y is primarily due to the increased effective flow length or surface area. The interplay of
channel plate surface geometry and flow distribution, which is also reflected in the friction factor
results, clearly indicates that the flow can be categorized into two distinct regimes: an undisturbed
laminar flow regime, and a steady swirl-flow regime characterized by self-sustained transverse
vortices in the wall trough regions. This demarcation is graphically shown in the f-Re results of
Figure (9). A general critical Reynolds number, however, does not uniquely represent the transition
from one regime to the other, and it is different for each channel of different corrugation aspect ratio
Y.

That the transverse vortices induced in the troughs of the plate surface corrugations promote
enhanced convection in the flow cross section and increase the heat transfer coefficient is evident
from Figure (10). In this figure, the variation in Nusselt number with Reynolds number for airflow
(Pr = 0.7) and different corrugation aspect ratio () is presented. Relative to the performance of the
parallel-plate channel in fully developed laminar flow (Nu = 7.541), the heat transfer coefficient in
corrugated channels is enhanced several folds, depending upon y and Re. The largest increasing in
the period-averaged Nusselt number is obtained with high yand Re, where, for example, with y=
1.0 and Re = 1000 the Nusslet number is 5.335 times higher than that in a parallel-plate channel.
Furthermore, similar to the f~-Re behavior seen in Figure (9), the effect of swirl distribution
diminishes as Re and/or y decreases.

The concomitant influence of the altered flow structure in wavy-plate ducts on the period-
averaged heat transfer coefficient is depicted in Figure (11), where the variations in the Colburn j
factors with Re, v, and ¢ are presented for air flows (Pr = 0.7). Included is the result for fully
developed laminar flow in a flat-plate channel given by Nu = 7.541 (j x Re = 8.493 and Pr=0.7)
for the constant wall temperature condition. 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 Y and ¢ in the Re > 100 regime. In the low flow rate (Re ~ O
[10]) regime, just as its frictional loss counterpart, j x Re 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 channel. Again, the combined interplay of 7y, ¢ and Re is similar to that
seen in the friction factor results.

Conclusions:

Laminar air flow (Pr = 0.7) and forced convection heat transfer in two-dimensional wavy
plate-fin channels has been computationally simulated. Constant property, and periodically
developed fluid flow and heat transfer are considered. The steady-state governing equations
(continuity, momentum, and energy equations) were solved using finite-volume technique, and the
SIMPLE algorithm was used to couple the pressure-velocity fields. Periodic boundary conditions
were applied to the solution domain, and the effects of thermal and hydraulic entry lengths were
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neglected. The 2-D simulations were conducted for flow channels with following geometric
parameters: 0.25 <y <1.0, and 0.25 <& < 1.5. The following conclusions can be drawn from the
results of the present work :

1. The computational results presented in this study provide a detailed understanding of the air
flow (Pr = 0.7) forced convection behavior in wavy plate- fin channels in the low Reynolds
number regime (10 < Re < 1000).

2. The results show that the wavy-wall curvature induces lateral vortices in the trough region,
which grow in magnitude and spatial flow coverage with increasing Re and ¢ or y.

3. The inter-plate separation, however, is critical for the development of this flow structure.
With small separation (¢ <0.5), viscous forces dominate and a streamline, fully developed
flow type behavior prevails.

4. With large inter-plate gap (¢ = 1.0), this effect diminishes and the boundary layer separation
gives rise to a vortex flow structure in the wall waviness valley region.

5. The recirculation is enveloped in the near-wall axial flow separation bubble, and its spatial
growth is governed by Re, y, and ¢.
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Table 1: Effect of grid refinement on f and j in a typical wavy-plate channel
With y = 0.25, and € =1.0 for flow with Re = 250
Friction factor Colburn factor
Grid size f J
Exn) Present Jiehai et al. deviation Present Jiehai et al. deviation
work [31] % work [31] %
50 x 25 0.13556 0.13702 0.065 0.052328 0.052139 0.36
60 x 35 0.13787 0.13879 0.660 0.052899 0.052737 0.30
80 x 45 0.13952 0.13922 0.210 0.053066 0.053018 0.90
100 x 55 0.14015 0.13988 0.190 0.053188 0.053124 0.12
120 x 65 0.14121 0.13997 0.880 0.053198 0.053167 0.05
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Figure(1) Surface geometries of plate- fin exchanger
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Figure (4) Velocity and temperature field in the straight flow channel (left) and wavy flow channel (¢ =
1.0 and y = 0.5) (right) at Re = 350, (A) overall velocity vector, (B) overall streamlines, and (C) overall
isotherm map.
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Figure (5) Streamline distributions for air (Pr = 0.7) flows in wavy-plate channels with relative spacing of € =
1.0 but different corrugation aspect ratio v (0.25. 0.5. 0.75 and 1.0) and flow Revnolds numbers.
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Figure (6) Isotherm maps for air (Pr = 0.7) flows in wavy-plate channels with relative spacing of € = 1.0 but
different corrugation aspect ratio y (0.25, 0.5, 0.75 and 1.0) and flow Reynolds numbers.
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Figure (7) Streamline distributions for air (Pr = 0.7) flows in wavy-plate channels with corrugation aspect
ratio y = 1.0 but different relative spacing of € (0.25, 0.5, 0.75 and 1.5) and flow Reynolds numbers.
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Figure (8) Isotherm maps for air (Pr = 0.7) flows in wavy-plate channels with corrugation aspect ratio
v = 1.0 but different relative spacing of € (0.25, 0.5, 0.75 and 1.5) and flow Reynolds numbers.
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Figure (9) Isothermal Fanning friction factors for periodically developed laminar airflows in
sinusoidal wavy-plate channels and channel spacing ratio € = 1.0
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Figure (10) Periodically developed laminar airflows ( Pr = 0.7) Nusselt numbers in
sinusoidally corrugated parallel-plate channels with uniform wall temperature and channel
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Figure (11) Colburn factors for periodically developed laminar airflows in sinusoidal wavy-
plate channels with constant wall temperature and channel spacing ratio € = 1.0
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