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ABSTRACT

The present work details the numerical simulation of forced pulsating convective flow in a parallel-plate
channel with two porous-block-attached strip heat sources at the bottom wall. The analysis is based on
the use of unsteady Navier-Stokes equation in the fluid region, the transient Darcy-Brinkman-Forchhei-
mer flow model in the porous region, and the energy equation on the thermal field. Both the mixing
enhanced convection caused by porous block and the oscillatory enhanced convection caused by pulsa-
tion flow are examined. This study details the effects of variations in the Darcy number, pulsating fre-
quency and amplitude, porous blockage ratio, to illustrate important fundamental and practical
results. The results show that the periodic alteration in the structure of recirculation flows, caused by
both porous block and flow pulsating, has a direct impact on the flow and thermal characteristics near
the heat source region. In addition, it is shown that specific choices in certain governing parameters, such
as the size or permeability of porous block, and the frequency and amplitude of external pulsation can
produce profound enhanced heat transfer on the cooling of heat sources. The cycle-average local surface
temperature distribution of heater for pulsating-flow case with porous block is more uniform than that
for pure steady-flow case. The method combining flow pulsation with finite-size fiber-porous heat sink

can be considered as an augment heat transfer tool for cooling electronic devices.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

The rapid development in the design of electronic packages for
modern high-speed computers has led to the demand for new and
reliable methods of chip cooling. As stated by Mahalingam and
Berg [1], the averaged dissipating heat flux can be up to 25 W/
cm? for high-speed electronic components. However, the conven-
tional natural or forced convection cooling methods are only capa-
ble of removing small heat fluxes per unit temperature difference,
about 0.001 W/cm? °C by natural convection to air, 0.01 W/cm? °C
by forced convection to air, and 0.1 W/cm? °C by forced convection
to liquid [2]. In response to these demands, different highly effec-
tive cooling techniques have been used in the past to obtain heat
transfer enhancement with a minimum of frictional losses, includ-
ing a variety of passive or active cooling techniques. Among the
heat transfer enhancement schemes, one of the promising tech-
niques is the use of a porous medium subjected to flow pulsation.
The porous medium has emerged as an effective passive cooling
enhancer due to its large surface area to volume ratio and intense
mixing of fluid flow. The forced pulsation of incoming fluid at the
entrance of channel is another active augmenting method due to
the hydrodynamic instability in a shear layer, which substantially
increases lateral, large-scale flow mixing and hence augments
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the convective thermal transport in the direction normal to the
heated surface.

The problem of convective heat transfer in fluid-saturated por-
ous media has been a major topic for various studies during the
past decades due to its relevance in a wide range of application
such as thermal insulation engineering, water movements, water
movements in geothermal reservoirs, nuclear waste repository,
heat pipe, grain storage, etc. Extensive studies have been con-
ducted on the steady forced convection flow through a channel
fully or partially filled with a porous material as a heat sink for heat
transfer augmentation. Koh and Colony [3] analyzed the cooling
effectiveness for a porous material in a cooling passage. Kaviany
[4] dealt with convective heat transfer from a steady laminar flow
through a porous channel bounded by two isothermal parallel
plates. Huang and Vafai [5] simulated steady forced convection
problem in an isothermal parallel-plate channel with porous-block
array. Angirasa [6] numerical reported forced convection in a chan-
nel filled with metallic fibrous materials. Their results showed that
porous substrate substantially enhance the thermal performance
in a channel. Recently, the forced convection heat transfer in a
fully/partially porous channel with discrete heated sources or
blocks was of special interest due to its applications on the micro-
electronic cooling. Hadim and Bethancourt [7] investigated forced
convection in fully/partially porous channel containing discrete
heat sources on the bottom wall. A significant increase in heat
transfer rate was observed, as the Darcy number was decrease,
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Nomenclature

A oscillating amplitude of axial inlet velocity

Cp specific heat at constant pressure (J/kg K)

Da Darcy number, K/R?

f dimensional forcing frequency (Hz)

F function used in expressing inertia terms

h convective heat transfer coefficient (W/m? K)

H, height of porous block (m)

] unit vector oriented along the pore velocity vector,
Vp/IVsl

k thermal conductivity (W/m K)

K permeability of the porous medium (m?)

L length of channel upstream from the first porous block
(m)

Lo length of channel downstream from the second porous
block (m)

Le total length of channel (m)

Nup, cycle-space average Nusselt number, Eq. (22)

Nuy cycle-averaged local Nusselt number, Eq. (21)

Ny ¢ local instantaneous Nusselt number, Eq. (20)

P pressure (N/m?)

Pe Pelect number, uoR/a

Pr Prandtl number, v/o

q" uniform heat flux from each heat source (W/m?)

R height of channel (m)

Rc heat capacity ratio, (pCp)/(pCp)¢

RCeft effective heat capacity ratio, (0Cp)i/(0Cp)s

Re Reynolds number, uoR/v

S spacing between heat sources or porous blocks (m)

St dimensionless pulsating frequency, Strouhal number,
fR/uo

t time (s)

T temperature (K)

T, dimensionless cycle-average local temperature

Up cycle-averaged velocity of the inlet flow (m/s)

inlet pulsating velocity (m/s)
Xx-component velocity (m/s)
y-component velocity (m/s)

velocity vector (m/s)

width of heat source or porous block (m)
X,y Cartesian coordinates (m)

sS<s==x

Greek symbols

o thermal diffusivity (m?/s)
Oeff effective thermal diffusivity, Ker/p¢Cp (m?/s)
8 boundary layer thickness (m)

porosity of the porous medium

™

Jeff effective thermal conductivity ratio, keg/ke
u dynamic viscosity (kg/ms)
v kinematic viscosity (m?/s)
13 vorticity (1/s)
P density (kg/m?)
T oscillatory period for a cycle
1) stream function (m?/s)
10} angular velocity (1/s)
Superscript
dimensionless quantity
Subscripts
eff effective
f fluid
i inlet
p porous
S nonpulsating component
X local
Symbol
() volume-averaged quantity

especially at the leading edge of each heat source. Angirasa and
Peterson [8] numerically studied forced convection heat transfer
augmentation in a channel with a localized heat source using metal
fibrous material. They concluded that thinner fibers and high
porosity media enhance heat transfer because of better distribu-
tion flow and mixing. Fu et al. [9] investigated heat transfer from
a spherical-bead porous-block-mounted heated wall in a channel
flow. They reported that for the blocked ratio H, = 0.5 the thermal
performances are enhanced by higher porosity and porous particle
diameter. However, the result is opposite for H, = 1. Huang et al.
[10] analyzed forced convective heat transfer from multiple heated
blocks in a channel by porous covers and found that the recircula-
tion caused by porous-covering block will significantly augment
the heat transfer rate on both top and right faces of second and
subsequent blocks.

More recently, due to the needs of high-performance high-
power electronic devices, there has been an increasing demand
to achieve higher heat transfer removal from the fully/partially
porous channel flow. One of such efforts has been given to explor-
ing the use of porous heat sink subjected to pulsation flow. Here, a
pulsating channel flow, i.e. an oscillating component superposed
on the mean flow in a confined passage, can enhance the axial
transfer of energy due to large oscillating temperature gradients
in the direction normal to the heated wall. Pulsating flow is fre-
quently encountered in natural system (human respiratory and
vascular system) and engineering system (exhaust and intake
manifolds of IC engines, regenerator, Stirling engine, etc.). The

related characteristics studies on pulsating confined flow heat
transfer can be found in Uchida [11], Siegel and Perlmutter [12]
and Kim et al. [13]. However, published studies on pulsating con-
vective flow passing through porous channel are scarce. Kim
et al. [14] simulated forced pulsating flow in a fully porous chan-
nel. The results showed that the effect of pulsation on heat transfer
between the channel wall and fluid is more pronounced in case of
small pulsating frequency and large pulsating amplitude. Khodad-
adi [15] analyzed a fully developed oscillatory flow through a por-
ous medium channel bounded by two impermeable parallel plates,
showing that the velocity profiles exhibit maxima next to the wall.
Paek et al. [16] performed an experimental study of pulsating flow
through a porous duct. It was indicated that the heat transport
from the porous material decreases as pulsating frequency de-
creases at given amplitude and is decreased when the pulsating
amplitude is large enough to cause a backward flow. Fu et al.
[17] conducted experimentally the heat transfer of a porous chan-
nel subjected to oscillating flow and found that the length-average
Nusselt number for oscillating flow is higher than that for steady
flow. Leong and Jin [18] treated experimentally the heat transfer
in oscillating flow through a channel filled with an aluminum foam
subjected a constant wall heat flux. Their results revealed that the
heat transfer in oscillating flow is significantly enhanced by
employing porous media in a plate channel. Most of these studies
are related to the aspect of forced-pulsation convection over the
full-porous system, however, little is known about external
forced pulsating convection fluid flow and heat transfer in the
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fluid/porous composite system. Guo et al. [19] investigated the
pulsating flow and heat transfer in a partially porous pipe and indi-
cated the maximum effective thermal diffusivity was gained by
pulsating flow through a pipe partially filled with porous medium
rather than the limiting case of no porous medium or the fully fill-
ing of porous medium. The purpose of the present study is to ex-
plore the effects of both the heat transfer enhancement factors
by external flow pulsation and finite-size fiber porous block on
the convective cooling of electronic devices.

This paper describes a numerical investigation on flow field and
heat transfer characteristics of two successive porous-block-
mounted heat sources subjected to pulsating channel flow. Exten-
sive time-dependent flow and temperature data are calculated and
averaged over a pulsating cycle in a periodic steady state. The basic
interaction phenomena between the porous substrate and the fluid
region, as well as the action of pulsation on the transport process
are scrutinized within this study. Furthermore, the influences of
various parameters governing the hydrodynamic and thermal
characteristics of the problem are examined to establish the basic
effects and provide practical results. In addition, the results are also
compared with those obtained for a steady nonpulsating nonpo-
rous-block flow. It is shown that specific choices of descriptive
parameters can exert a significant influence in the cooling of the
heat source.

2. Analysis and formulation

Consider a pulsating flow in a channel with two discrete heat
strip sources, as depicted in Fig. 1a. The channel height and total
length are R and L, respectively, and both channel walls are insu-
lated. Each heat source dissipates an equal and uniform heat flux q”
over its length W. The porous block, with height H, and width W,
mounted on each heat source is used as heat sink. The fluid enters
the channel at uniform temperature T; with a pulsating flow
U; = Uo[1 + Asin(wt)], where A and w are the pulsating amplitude
and frequency, respectively. The flow field is assumed to be unstea-
dy, two-dimensional, single phase, laminar, and incompressible.
The fluid properties are constant and the effect of gravity is ne-
glected. Besides, the thermophysical properties of the fluid and
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the effective properties of the porous medium are assumed to be
constant, and the porous medium is considered homogeneous, iso-
tropic, nondeformable, and in local thermal equilibrium with the
fluid. Possible channelling near the wall is neglected in the present
study because fibrous porous media are considered for which the
porosity and permeability are relatively constant even close to
the wall [20]. The effective viscosity of porous medium is equal
to the viscosity of the fluid.

With the above assumptions, the time-dependent governing
conservation equations for the present problem can then be sepa-
rately written for the porous and fluid regions. Treating the fluid-
saturated porous medium as a continuum, the local-volume aver-
ages of the conservation equations for mass, momentum, and en-
ergy in the porous region are [21]

V- (V) =0, (1)
1o )
1 Vg Vr F
=5 VO ()W) = ) = ) ), 2)

{06 S+ (G V) VDI | = V- K 91T

3)
The transient conservation equations for mass, momentum, and en-
ergy in the fluid region are

V.-v=0,
ﬂ+ V.VV = —lvp+ V2V,
ot Ps
oT
TV VT= o V°T.

The associated initial and boundary conditions necessary to
complete the formulation of the problem are as follows. The unidi-
rectional, pulsating flow at the channel inlet is given

x=0 and O<y<R fort>0,

Ui = U1 +Asin2nft)], v=0,T=T; @

At the exit, the fully developed conditions are satisfied
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Fig. 1. (a) Schematic diagram of the problem and the corresponding coordinate systems and (b) a typical nonuniform grid system for the whole computational domain.
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ou ov oT

x=0 %=0 =0
forx=L;andO<y<Rfort>0 (8)
The no-slip conditions at the perfect-insulated channel walls are
u=0, v=0, or =0
dy

{O<X<Liandy=R

for t > 0. 9
x<Liand Li+W,<x<L, y=0 ~ ©)

At the wall of heat sources Lj<x <L+ W, and L+ Wy,+
Sp<x<Li—Lp,y=0,fort>0
o__a¢

’ oy N ke )
Along the fluid/porous interface, the continuities of the velocity,

pressure, stress, temperature, and heat flux are satisfied [5].
Introducing the stream function ¢ and vorticity { as

u=0, v=0 (10)

R =
and the following dimensionless variables:

X'=x/R, y'=y/R, u =u/u,, V' =v/u,,

W, =W,/R, H,=Hy/R (12a)
St=fR/u,, T =(T-T)/(@"R/ki), t" =tuo/R,

@' =@/uiR, " =R{/u;. (12b)

Then the above two sets of conservation equations are transformed
into one set of dimensionless stream function-vorticity formulation,
which is valid throughout the composite system, as follows:

oA A e e

6at*+u ax*%—v ay*fRevc +S,, (13)

Vi =-0, (14)
o oTt AT YRR

Regm+u g +v ay*_v.<Fevr>. (15)

The dimensionless parameters in Egs. (13)-(15) are Reynolds num-
ber Re, the heat capacity ratio Rc, the thermal conductivity ratio 4,
and the Pelect number Pe. S;, is the source term. Then, the dimen-
sionless parameters in the fluid region are

Ree = (pCp)e/(pCp)e =1, Rer = uoR/ve, Per
=UoR/oe, A =ke/ke=1, S,=0, e=1 (16)
And in the porous region the dimensionless parameters are

Reest = (PCp)esr/ (OCp)ss  Reer = UoR/Verr,

Peest = UoR/Otesr, et = Kerr /Kr, (17a)
2 F2 . . F2 | .ov| .oV

S — _ W — * —-u , 17b

"~ “RewDa" vba' ° Vba l o Wy | )

where the Darcy number, Da = K/R?, is related to the permeability
of the porous medium. ¢ denotes the porosity, F the inertia coeffi-
cient of porous medium, and k. the effective thermal conductivity
of fluid-saturated porous medium.

The corresponding dimensionless boundary conditions thus
become:

u*=1+Asin2nsStt"), v'=0, T'=0, ¢ =y, (=0

atx* =0, O0<y <1, t">0, (18a)
opr A oT
ax % % 0
atx =L, O<y' <1, tt>0 (18b)

2 ok

u=0, vv=0, ¢ =0, C*:—%y(i,
of" (0 (at insulated area)
y { —1/Je  (at heat source area)

at0<x" <L, y =0, t" >0, (18¢)

2 o« *

o =1, C*:,%y‘fz , ?; =0, u"=0, vi=0

at0<x* <Ly, y'=1 >0, (18d)

where St = fR/u, is the dimensionless pulsating frequency parame-
ter (Strouhal number), and along the fluid/porous interface

* _q* * _aF
up|g(x.y):0 = U |g(x.y):07 Vp|g(x.y):0 =V |g(x.y):07

v, oV}
Heit 5 =t : (19a)
0N g0 0N |gixy)—0

ouy  ovy ou;  ov;
palge ]| —mlgrs|| (19b)
Lon o Jlgy o on* O lgy)-o
Plgxy)=0 - f|g("=y>:0’

, oT:

keff % = kf i . (1 9C)

0N gy =0 0N |gxy)=0

For further insight into the effects of both flow pulsation and
porous block on the heat transfer rate at the heat source, the local
instantaneous Nusselt number along the surfaces of the heat
sources is evaluated as

h(x,t)R kegR 0Ty

Ny = ke ke(Ty—To) Oy

_ kerr Ty
ka\*/v ay* y*:0>

(20)
y=0
where T;, = (Tw — Ti)/(q"R/k¢) is the dimensionless heater surface
temperature. Then the corresponding local Nusselt number in a
time average over one cycle of pulsation is calculated as

T
Nule/ Nu, , dt. (21)
T Jo

The cycle-space averaged Nusselt number over a heat source is de-
fined as

1 T a4
N”m:rW_/o /0 Nuiy, dxd, (22)

where W is the overall exposed length of heat source. Noted that the
definition of Nusselt number based on the conductivity of the fluid
permits a direct comparison for a heat source with and without por-
ous block.

3. Numerical method and procedure

To obtain the solution of foregoing system of equations, the re-
gion of interest is overlaid with a variable grid system as shown in
Fig. 1b. Applying the first-order fully implicit scheme for the time
derivatives, the central differencing for the diffusion terms and the
second upwind differencing for the convective terms, the transient
finite-difference form of the vorticity transport, stream function
and the energy equations were derived by control-volume integra-
tion of these differential equations over discrete cells surrounding
any given grid point. The transient finite-difference equations were
solved by the extrapolated-Jacobi scheme. This iterative scheme is
based on a double cyclic routine, which translates into a sweep of
only half of the grid points at each iteration step [22]. In this work,
convergence was considered to have been achieved when the
absolute value of relative error on each mesh point between two
successive iterations was found to be less than 1075, In most cases,
steady periodic solutions were obtained after 15-45 cycles of
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Fig. 2. The results compared with other literatures: (a) and (b) streamlines and isotherms compared with Sung et al. [25], (c) and (d) space-averaged Nusselt number (Nuy,),
for the steady nonpulsating flow compared with Kim and Kang [26], and (e) and (f) profiles of time-dependent fluctuation of u* compared with Kim et al. [14] for St = 0.006

and 0.16, respectively.

pulsation. The time resolution was such that one pulsating period
was divided into 60 time steps during the early 5-10 cycles, and
into 120 time steps for later cycles. It should be noted that since
the size of time step is related to the frequency, the time step

was reduced until a further reduction did not significantly affect
the convergent results for different dimensionless pulsating fre-
quency parametric values. The time resolution used in this paper
is suitable for all frequencies in the investigating range, 0 < St < 2.
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Fig. 2 (continued)

In addition, the harmonic mean formulation suggested by Pat-
ankar [23] was used to handle abrupt variations in thermophysical
properties, such as the permeability, inertia factor, and thermal
conductivity, across the interface. This ensures the continuity of
the convective and diffusive fluxes across the porous/fluid
interface.

A nonuniform spatial grid system, which possesses a very fine
grid structure through the porous blocks as well as its immediate
surroundings and gradually becomes coarser toward the far field,
was employed to obtain accurate vorticity, streamline, and iso-
therm distribution. Fig. 1b depicts a nonuniform grid system for
the computational domain. A grid independence test showed that
there is only a very small difference (less than 1%) in the space-
time averaged Nusselt number among the solution for
(117 x 77), (127 x 95), (161 x 122), (178 x 143) and (226 x 161)
grid distributions. Therefore, a 178 x 143 grid system was adopted
for the present work. Also, particular attention was given to the

spatial mesh points in the boundary layer, since the boundary layer
thickness /R for the classical oscillatory flow on a flat plate can be
estimated as follows [24]:

5~ (2v/w)"*; 6/R ~1/(StRe)"/%. (23)

Thus the dimensionless boundary layer thickness becomes smaller
as St and/or Re increases. Spatial grids were clustered to resolve
the region of this thin boundary layer for high-frequent pulsation.

The mathematical model and the numerical scheme were
checked by comparing the results obtained from the present
numerical results with other relevant limiting cases available in
the literature. The relevant studies for our case correspond to the
problems: (1) a steady forced convection from a isolated heat
source in a channel with a porous block attached to the upper sur-
face wall vertically above the heating zone, (i.e., St =0, H, = 0.5,
W, = 1.0 for Re =500, Da =1 x 1072, F=0.55, £ =0.9, keg/k; =
1, Pr=0.72, L; =55, L] = 15); (2) a steady nonpulsating forced
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Fig. 3. Effects of the Darcy number on (a) streamlines (A¢* = 0.2 for 0 < ¢* < 1)
and (b) isotherms (AT* = 0.1 for 0 < AT" < 1) (c) local Nusselt number distribution
and (d) the heat transfer enhancement factor Nuy,/(Nuy),..cfor a steady nonpul-
sating flow.

non-s

flow in a channel with two heat solid blocks at uniform tempera-
ture, that is, Da — 0, and St =0 for Pr =0.7, H; = 0.25, S; = 1.0,
ks/ki — o0, L =50, L,=29.0 at Re=500 and 700 for
0.5 < Wy < 3; (3) a forced pulsating flow in a channel filled with
fluid-saturated porous media, that is, H, = 1, W}, — cc. The results
for the first case are within less than 1% agreement with the data
reported by Sung et al. [25] for both streamlines and isotherms,
as shown in Fig. 2a and b. For the second case, the results agree
to better than 2.1 percent with data provided by Kim and Kang
[26] for streamlines and space-averaged Nusselt number (Nuy),
of each solid block for the steady nonpulsating channel flow over
two heat blocks, as shown in Fig. 2c-d. The third validity was to
compare with the study of Kim et al. [14] for Da = 10"%, Re = 50,
Pr=0.7,F =0.057,¢ = 0.6,A = 0.75, St = 0.006 and 0.16. Compar-
isons between the profiles of normalized time-dependent fluctua-
tion u;_; = u; — u; of velocity u*, where u; is the total instantaneous
velocity and u; denotes the nonpulsating steady part, calculated in
Kim et al. [14] and the current analysis show discrepancies less
than 1.5%, as shown in Fig. 2e and f.

4. Results and discussion

The fixed input parameters that were used for cases were
Pr=0.7 (the air is used as the cooling fluid) L =5.0, L; =12,
W, =1, F=0.057, ¢= 0.6, Re = 250. In this study, emphasis is
placed on the effects of Darcy Number (1 x 107> <Da<
1 x 107?), pulsation frequency (0 < St < 2), the pulsation ampli-
tude (0.05 <A <0.9) and the porous-block aspect ratio (0.1 <
H, < 0.4) on the flow and heat transfer characteristics. To illustrate
the results of flow and temperature fields near the porous-block-
mounted strip heat sources clearly, only this region and its vicinity
are presented. However, it should be noted that the computational
domain included a much larger region than what is displayed in
the subsequent figures. Furthermore, for the sake of brevity, only
the main features and characteristics of some of the results are dis-
cussed and the corresponding figures are not presented.

4.1. Steady flow

For comparison purpose, the typical velocity and temperature
fields around the porous-block-mounted heat sources in the case
of a steady nonpulsating flow (St = 0) are displayed in the Fig. 3
for Re=250, H,=03, W, =10, S;=10, it =1, at Da=
1x1073, 5><]OR 1x 1074, 5><105 and3x105 respectively.
As can be seen from Fig. 3 that as Darcy number decreases from
1x107% to 1 x107*, the streamlines inside the porous blocks
move upward and a recirculation zone is gradually formed behind
each porous block. When Da is decreased further to 3 x 107, the
height of these recirculation regions becomes higher than that of
porous block. Besides, these large recirculations behind each por-
ous block are separated by a small vortices rotating in a direction
opposite to that of the larger recirculations. At the same time, a rel-
atively smaller vortex is created ahead of the first porous block,
and a weak eddy is generated on the smooth upper plate surface
corresponding to the flow-reattached region on the bottom plate.
The variation of these complicated flowfield within the channel
is the consolidated result of the following four effects: (1) a pene-
trating effect pertaining to the porous medium, (2) a blowing effect
caused by porous media displacing transversely the fluid from the
porous region into the fluid region, (3) a suction effect caused by
the pressure drop behind the porous blocks resulting in a reat-
tached flow, (4) the effects of boundary-layer separation. The inter-
actions of the recirculations, caused by the porous block, with the
core flow play a significant role in affecting the temperature field.
The temperature field corresponding to the above flow field is
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Fig. 4. Effects of the Darcy number on the variations of streamlines (Ap* = 0.2 for 0 < ¢* < 1) (a)—(c), isotherms (AT* = 0.1) (d)—(f), cycle-averaged Nusselt number (g), and

heat transfer enhancement factor (h) during a periodic-steady cycle.

displayed in Fig. 3b. On the top interface of each porous block the
isotherms spread upward duo to the blowing effect, while on the
rear interfacial surface the isotherms are crowded upwind due to
the neighboring clockwise-rotating recirculation effect. The extent
of distortion for entire isotherms become more pronounced as

Darcy number decreases from 1 x 10~ to 3 x 107>, The relation-
ship between Nu, and Da is shown in Fig. 3c. For the case of steady
nonpulsating flow (St = 0) without porous block (Da — ~), a large
Nusselt number Nu, occurs at the leading edge of each heat source
where the thermal boundary layer begins to grow, and then
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Nusselt number declines toward the downstream edge due to
boundary layer growth. For the case of steady nonpulsating
(St = 0) flow with porous block, at larger value of Da(=1 x 107%)
Nu, is largest at the leading edge of each heat source and then de-
creases rapidly to a local minimum value. Near the trailing edge of
the heat source Nu, increases slightly. The reason is that as the flow
penetrates the porous block, a thermal boundary layer starts to de-
velop at the left corner of heater. Under the blowing effect caused
by porous matrix attached to heat source, the thickness of thermal
boundary layer grows up quickly. Downstream the heat source
face, the boundary-layer separation occurs, resulting in an increase
in the convective energy transport again due to the fluid mixing. In
addition, It is also seen that in Fig. 3c for the first heat source as Da
decreases from oo to 3 x 107>, the one-peak type curves of local
Nusselt number distribution, with which the peak value of Nuy ap-
pears at the leading edge of heat source one, decay gradually and
then transform to another one-peak one, with which the peak

value of Nu, appears at the trailing edge of heat source. For the sec-
ond heat source, the one-peak type curves of local Nusselt number
distribution decay gradually and then transform to two-peak type
one, with which the peak value of Nu, appears at the leading and
trailing edges of the heat source and a minimum Nu, at heater mid-
dle part where the larger and smaller vortices inside second porous
block meet. This can be explained by noting that at smaller value of
Da there are two thermal boundary layers starting to develop from
the leading and trailing edges of each heat source. Under the clock-
wise and counterclockwise recirculating actions caused by porous
matrix attached to source surface, both thermal-boundary-layer
thickness grows up quickly along the source surface and join to-
gether at around the meeting location of the larger and smaller
vortices (as shown in Fig. 3a). The heat transfer in the rear part
of heat source is higher due to increased convection aided by high-
er velocities in the recirculation eddy. Whereas the heat transfer at
around the location, where the larger and smaller vortices meet, is
lower due to an almost stagnant flowfield within that region. The
first source has smaller Nu, value at the leading edge than the sec-
ond source due to the impact of the core flow as it penetrates the
porous block with a relative small vortex shedding at the front part
of porous block and higher temperature gradient at the leading
edge of heat source.

4.2. Pulsating flow

The above-stated steady and stable flow field can be destabi-
lized by inducing pulsation, which leads to better flow mixing
and further enhanced thermal transport. The influence of external
forced pulsation on the flow and temperature fields is now inves-
tigated. Fig. 4a-f portraits the flow patterns and thermal fields over
one pulsating cycle at a periodic-steady state with six successive
phase angle of wt=0, n/3, 2n/3, =©, 4n/3, and 5m/3 for
Re =250, St=0.8, A=0.6, W, =10, H, =03, and e = 1.0 at
three different Darcy number Da=1x1023, 1x10* and
3 x 107°, respectively. In Fig. 5a the u* is plotted as a function of
time at a monitoring point (x = Li + W/2,y = H;,/2) for the case
with Da = 3 x 10, The x-component velocity u* exhibits a time-
asymptotic periodic-steady behavior after about 40 cycles of pulsa-
tion. Fig. 5b and ¢ show phase diagrams of u* vs. v* and u* vs. T* at
the same monitoring point. These phase diagrams display a simple
closed loop, which clearly indicate that the flow and thermal fields
are in a high time-periodic regime. The same well-closed loops are
also found for other cases of Darcy numbers. It can be seen from
Fig. 4c that for each porous block there are two recirculating cells,
one before porous block on the bottom wall and the other behind
porous block on the upper wall, shrinking and expanding cyclically
under the action of external forcing pulsation at smaller Darcy
number Da =3 x 107, Each instantaneous flow pattern is the
overall results of four competing effects - effects of penetrating,
blowing, suction and boundary layer separation as mentioned ear-
lier. This periodic alternation of flow structure contributes to the
bulk mixing of fluids in the porous-block region. The interaction
of recirculations, caused by both porous block and forced Pulsation,
with the core flow can augment significantly the heat transfer rate
from each heater face if the downstream recirculation zone on the
upper wall transversely extends to more closely to the bottom
wall. Fig. 4d-f shows the impact of pulsation on the thermal field.
Comparison of Fig. 4d-f with Fig. 3b indicates that the thermal field
under a pulsating flow presents a periodic oscillation of the ther-
mal boundary-layer thickness. The thermal boundary-layer thick-
ness descends during the acceleration phase of the cycle (wt =0
to m/2 and 37/2 to 27), and rises during the deceleration phase
of the cycle (wt = /2 to 3m/2). This is because when the flow
velocity is low, the ratio of fluid residence time over the heat
source plate to the heat diffusion time is high, allowing more heat
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to diffuse per unit volumetric flow. This results in higher flow tem-
peratures and less steep temperature gradient at the wall. The
depth of heat penetration into the fluid increases at those times.
When the flow velocity is high, decreasing that ratio leads to lower
flow temperatures and greater temperature gradients. In addition,
the downward transverse extension of upper recirculation zones
compresses the isotherms to the bottom wall, which further in-
creases the temperature gradients at the heater plate.

4.3. Effect of Darcy number Da

Comparison of the streamline variation in Fig. 4a-c shows that
as the Darcy number increases from 3 x 107 to 1 x 107>, the dis-
tortion of streamlines becomes less pronounced, the upper recircu-
lation behind each porous block becomes smaller and finally
disappears, and the upstream recirculation before each porous
block moves downstream at each time instant. This is due to the
smaller bulk frictional resistance that the flow encounters in the
porous region at larger values of Darcy number, which in turn
accelerates the core flow through the porous block and confines
the development of recirculation zones in the transverse direction.
The temperature fields are affected in a similar way. Comparison of
the isothermal variation in Fig. 4d-f shows that for smaller Darcy
number (Da =3 x 107°), the instantaneous thickness of thermal
boundary layer in the rear part of heat source becomes smaller be-
cause the transverse growth of upper recirculation zone pushes the

core flow to reattach the trailing edge of heat source. This results in
higher heat transport from the heat source to the core flow. Fig. 4g
shows the variation of cycle-averaged local Nusselt number Nu,
with Da. For the case of pulsation flow with porous block, the var-
iation tendency of Nu, vs. Da is the same as that in the stated-pre-
viously case of steady nonpulsation flow with porous block. For
smaller value of Da (= 3 x 107°), the larger heat transfer occurring
at the rear part of heat source surface is caused by the oscillating
reattachment of the core flow on the heat source surface, resulting
in smaller cycle-average temperature gradients.

In order to obtain an overall measure of heat transport charac-
teristics in the present study, the influence of both flow pulsation
and porous-block heat sink on the heat transfer enhancement fac-
tors Nupm/(Num)pons and (Nu),/(Num)ons» Which give the cycle-
space averaged Nusselt number Nu,, and steady space-averaged
Nusselt number (Nuy,), over a heat source normalized by the corre-
sponding steady nonpulsation nonporous-block value (Nuy) o0, iS
calculated. Fig. 4h exhibits the effect of Da on Nuy/(Nup),n.s and
(Num),/(Num)ons- Here, abscissa is expressed in log scale to show
clearly the effect of Da in the range of 0.1—1 x 107>, It is clear from
Fig. 4h that in the calculation range of Da, there exists a critical
Darcy number (about Da = 1 x 10~*) corresponding to the smallest
values of Nup/(Num)yons and (Nup)./(Num),ons» beyond or below
which both heat transfer enhancement factors increase. For the
case of steady flow with porous block, the heat transfer rate is en-
hanced ((Num),/(Nuy) >1) for the first heater at smaller

non-s
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and heat transfer enhancement factor (h) during a periodic-steady cycle.

Da(< 4 x107%) due to increased convection aided by higher
velocities in the recirculation eddy (see Fig. 3a). This enhanced
effect on the second heater is better than that on the first one.
For larger Da(> 8 x 107°), the heat transfer rate is lessened

((Num)s/(Num)pons < 1) for both heater due to the reduction of
the mass flow rate passing over the surface of heater comparing
with the case without porous block. For the case of pulsating flow
with porous block, the value of pulsating heat transfer enhance-
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Fig. 6 (continued)

ment factor Nup, /(Num),0n.¢ 1S higher than that of steady heat trans-
fer enhancement factor (Nuy,),/(Num),on.s due to the larger cycle-
space averaged temperature gradient near the heat source surface.
The second heater has larger value of Nu, /(Num),0n.s than the first
heater. For second heat source, when Da =2 x 10~°, the cycle-
space average Nusselt number of pulsating flow is about 1.20 times
that of nonpulsating flow and about 2.1 times that of nonpulsating
flow over nonporous-block heater. The higher cycle-space aver-
aged Nusselt number (Nup/(Num),o.s > 1) indicates that the por-
ous-block-mounted heat source subjected to pulsating flow has a
higher heat dissipation rate compared to steady flow.

4.4. Effect of the pulsating amplitude A

The influence of pulsating amplitude A on the flow and temper-
ature fields over a periodic-steady pulsating cycle is shown in Fig. 6
for Re =250, Da =3 x 107>, St = 0.8, W,=10,H,=03,5,=10,
and /g = 1.0 at A=0.2,0.6, and 0.8, respectively. Based on the

inlet pulsating velocity in Eq. (7), the smaller the pulsating ampli-
tude A is, the lower the flow deceleration becomes during the flow
pulsation reversal (wt = 7 to 27). This leads to the produce of the
weaker recirculation zones due to the stronger flow momentum
(as seen in Fig. 6a—c) and the larger thickness of temporal thermal
boundary layer due to the reattachment of the smaller amount of
core fluid to the rear part of the heat source surface (Fig. 6d-f).
Fig. 6g displays the effect of A on the variation of Nu,. It is seen that
for each heat source Nu, decreases with decreasing A due to the
larger oscillation temperature gradients near the heat source sur-
face. As expected, when A decreases, the gain in Nuy, /(Nup) .. de-
creases as displayed in Fig. 6h. The second heater has a larger heat
transfer enhancement factors Nuy, /(Num) pon-s and (Ntm),/(Ntm) non-s
than the first one. In addition, when the value of A is beyond about
0.53, for both heat sources the value of pulsating heat transfer
enhancement factor Nuy,/(Num),..s is larger than that of steady
nonpulsating heat transfer enhancement factor Nuy/(Num)on.s-
The Nu,, > (Nun), when A > 0.4 for heat source one, and when
A > 0.53 for heat source two.

4.5. Effect of the pulsating frequency St

The effect of variations in the pulsating frequency or Strouhal
number is illustrated in Fig. 7 for Re =250, Da=3x 107>,
A=06, H, =03, W, =10, S, =1.0, and /e = 1, with St = 0.4,
1.2, and 2.0, respectively. The flow fields during a pulsating cycle
with a phase angle increment of 7/3 reveal that as St increases
from 0.4 to 1.2, the size of upper recirculation zone behind each
porous block reduces in the longitude direction (as shown in
Fig. 7a and b and Fig. 4c), and the vortex upstream each porous
block becomes stronger, which leads to fluid with slightly higher
velocity flows through the heat source surface. As St is increased
further to 2.0, the upper recirculation zone gradually disappears
at each time instant. Because of a decreasing downward motion
of core flow, the amount of the fluid reattaching to each heat
source plate reduces. As expected, the instantaneous thickness of
thermal boundary layers decreases with the increase of St from
0.4 to 1.2 (as shown in Fig. 7d and e), while slightly increases with
the increase of the St from 1.2 to 2.0 (Fig. 7e and f). The effect of St
on the cycle-averaged local Nusselt number distribution Nu, is
shown in Fig. 7g. It can be seen that an increase in St from 0.4 to
1.2 results in slight increase in Nuy, until an optimal St/heat trans-
fer rate (around St = 1.2) is reached and then decreases afterward.
There are two reasons for this trend: the first season is that
increasing Strouhal number causes heat penetrating distance into
the fluid and the oscillation of this depth during a cycle to decrease,
and the second is that the stronger oscillating interaction, caused
by recirculations between the core flow and the heat source sur-
face, convects more thermal energy away from the heater. The
increasing rate of heat transfer is up to maximum around at
St=1.2, and beyond this value it decreases to a fixed value due
to the reduction in the above-mentioned oscillating interaction be-
tween the core flow and the heat source surface. Again, as St in-
creases, the gain in Num/(Num),on.s gradually increases to a
maximum  Nuy,/(Num)pons = 141 for the first heater, and
Num/(Num)ons = 1.91 for the second heater around St ~ 1.2, as
displayed in Fig. 7h, and then decreases to a fixed value. The heat
transfer enhancement factor is insensitive to the changes in the
pulsating frequency when St > 1.6. For the first heater, the pulsat-
ing heat transfer enhancement factor Nuy/(Num),,,s i always
larger than steady heat transfer enhancement factor (Nup),/
(Nup,) For the second heater, Num/(Num)yons > (Ntm),/
(Num) pon.s ONly when St > 0.6. Also, the heater two has a larger heat
transfer enhancement factors Nuy, /(N pons @0d (Nt /(N)
than heater one in the estimated range of St.

non-s*

non-s
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4.6. Effect of the porous blockage ratio H,, 0.1 to 0.4 for Re =250, Da =3 x 10°, A= 0.6, St = 0.8, W, =10,
S, =10, and Jef =1. As can be seen in Fig. 8a-c that the

Fig. 8 presents the changes in Nuy, Nup/(Nupm),e..s and distortions for streamlines and isotherms (not shown) become
(Num)s/(Ntm) pon s as the porous block height Hj increases from more conspicuous in each time as the block height increases from
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0.2 to 0.4. The transverse size and strength of the upstream and
downstream recirculation zones for each porous block increase
with increasing H,,. This is due to the relative increase in the height
of the porous block, which in turn offers a higher degree of obstruc-
tion and a larger blowing action to the flow for larger values of Hy,.
This leads to a stronger suction effect caused by the pressure drop
behind the porous block resulting in a stronger reattached flow.
Meanwhile, the thermal field exhibits smaller instantaneous ther-
mal-boundary-layer thickness at each time instant for the larger
H;. As expected, Nu, increases with increasing Hj, from 0.15 to
0.4, as shown in Fig. 8d, due to the existing of larger temperature
gradient near the heater surface for the larger H,. Therefore, the
gain in Nup,/(Nup),...s 1S more substantial for larger H;, as shown
in Fig. 8e. Whereas as H; decreases from 0.15 to 0.1, Nu, increases
inversely due to the quite small blowing effect resulting in larger
transient temperature gradient near the heater surface. For the
steady nonpulsating flow, the increase trend of heat transfer
enhancement factor (Num);/(Nim)yons VS Hy is steeper than
that in the pulsating-flow case, especially in H; from 0.2 to 0.4.
In other words, when the value of Hj is less than 0.3, the heat

transfer enhancement factor of each heater Nup/(Num),on.s >
(Num)s/(Ntm)pons» While the value of Hj is larger than 0.3,
Num/(Num)pons < (Num)s/(Num)pons- This is due to the larger
cycle-space average temperature gradient existing in heater sur-
face for the steady flow than for the pulsating flow as H;, increases
from 0.3 to 0.4. Again, the heat source two is better in the enhanced
heat transfer than heat source one in the estimated range of Hy,.

4.7. The variations of cycle-average local surface temperature
distribution

The local surface temperature of the heater is more important
than the averaged surface temperature in the application of elec-
tronic cooling [27]. Fig. 9 shows the variations of cycle-average lo-
cal temperature distribution along heat source surfaces for various
values of Dg, A, St, and H,. As seen in Fig. 9, for the pure steady-flow
case, the surface temperature of heaters increases along flow direc-
tion and approaches a constant maximum value when the flow ap-
proaches the thermally developed region. However, for the steady-
flow or pulsating-flow case with porous block, the heater surface
temperature distribution curves are of convex shape due to the
boundary layer reattaching on the rear parts of heaters. The max-
imum temperature point occurs at the center section of each hea-
ter surface, where the thickness of the thermal boundary layer
approaches to maximum.

It can be seen from Fig. 9a (at Re =250, St=0.8, A=0.6,
W, =1.0,H; = 0.3, and /e = 1.0) that for steady flow with porous
block the maximum temperature moves from the rear part of hea-
ter surface to the front part of heater surface as Da decreases from
1x107% to 3x107°. The maximum temperature occurs at
Da =1 x 10~ Below and above this critical value, the maximum
temperature becomes fewer. At Da = 3 x 10~ the maximum tem-
perature of heater two is smaller than that of heater one due to lar-
ger convection heat transfer aided by the stronger downstream
recirculation eddy (see Fig. 3a). Comparison of the cycle-average
local surface temperature distribution T, of pulsating-flow case
with steady-flow case in Fig. 9a indicates that the cycle-average lo-
cal surface temperature distribution for pulsating-flow case with
porous block is more uniform than that for steady-flow case with
or without porous block. Namely, the temperature difference be-
tween the maximum and minimum temperatures on the surface
of heat sources for pure steady-flow case is higher than that for
pulsating-flow case with porous block. In addition, the maximum
temperatures T, at the heater surface is smaller for pulsating-flow
case with porous block than for steady-flow case with or without
porous block. This is because the larger cycle-space averaged tem-
perature gradient near the heater surface leads to more heat re-
moval, which low the global surface temperature level.

The local surface temperature distribution uniformity of each
heater increases as pulsating amplitude A (at Re=250,
Da=3x107°, St=0.38, W, =10, H, =03, S; =10, and /Jefr =
1.0) or blockage ratio number Hj (at Re =250, Da = 3 x 1073,
A=0.6,5t=0.38, Wl’; =1.0, S; = 1.0, and /e = 1) increases, as seen
in Fig. 9b and d. The reason is due to smaller cycle-average ther-
mal-boundary-layer thickness as discussed previously. As seen in
Fig. 9c, the surface temperature distribution uniformity of each
heater slightly (for Re =250, Da=3 x 107, A= 0.6, H; =03,
W; =1.0, S; = 1.0, and Ze¢ = 1) increases as St increases from 0.4
to 1.2, whereas it decreases to a fixed uniform distribution as St in-
creases from 1.2 to 20.

4.8. Pressure drop calculation
When using both inducing pulsation and porous material for

augmenting heat transfer, an important factor to consider is the
penalty arising from increased pressure drop. In the stream func-
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tion-vorticity formulation, the pressure field is eliminated in
obtaining the solution. However, the pressure field can be recov-
ered from the converged stream function and vorticity fields. This
is done by integrating the pressure gradient along the upper chan-
nel wall. The temporal pressure gradient in a periodic steady state
is derived from the unsteady momentum equation using the no-
slip boundary conditions on the solid wall. The total temporal pres-
sure drop AP* along the upper channel wall is then obtained from

. L op* i L four §
AP _/0 o, 0 _—/0 {¥+ dx'. (24)

y=1

1a¢
Re oy~

The corresponding steady nonpulsating nonporous-block pressure
drop (AP")

non-s iS
Ly o

. t OP
(AP )non—s = /0 %

where pressure P* is nondimensionalized with respect to pu2. The
effects of Da, A, St, and H,, on the temporal pressure drop factor
AP /(AP"),ons» Which gives the overall pressure drop throughout
the entire channel length, normalized by the corresponding steady
nonpulsating nonporous-block value (AP*) . ., is presented in
Fig. 10, respectively. In Fig. 10(a), the amplitude of the temporal

N Ly 1 ai*
&= | Redy

y=1

dx’, (25)

=1
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Fig. 9. The variations of cycle-average local temperature distribution along heat source surfaces for various values of (a) Da, (b) A, (c) St, and (d) H,,.

pressure drop factor is less affected by a change in St (at Re = 250,
Da=3x10"° A=06,H, =03, W; =1.0,and S, = 1.0). However,
the magnitude of AP"/(AP"),,.., increases substantially as A (at
Re=250, Da=3x107, St=0.8, W, =10, H, =03, S, =1.0) or
H;, (at Re =250, Da =3 x 105, A=06, St=0.8, W, =10, and
S, =1.0) increases and or as Da (at Re =250, St=0.8, A=0.,
W, =10, H, =03, and S, = 1.0) decreases, as seen in Fig. 10b-d.
The reason is that as the flow approaches the smaller passage
formed by the porous block and the upper surface of the channel,
the fluid starts to accelerate, resulting in an increase in the pressure
drop. The temporal pressure recovery behind each porous block is
not complete due to the pressure loss in the recirculation zones.
An increase inH,, or decrease in Da provides larger bulk frictional
resistance that the flow encounters in the channel, resulting in a
significant increase in variations of temporal pressure drop. An in-
crease in A also leads to a larger pressure loss due to the formation
of larger recirculating zones in the channel as stated previously.
Therefore, the required pumping power to maintain a pulsating
flow increases as pulsation amplitude, Darcy number and porous
blockage ratio. The phase lead of temporal pressure gradient
AP*/(AP) s OVer the inlet pulsating velocity for all cases studied
here is around 7/2. This indicated that the flow pulsation consid-
ered in this study is in a higher frequency regime, compared to

the oscillating flow inside a smooth duct [24]. In this classical oscil-
lating flow, the phase leads of pressure drop over the inlet velocity
approaches 7/2 from zero as w increases.

5. Conclusion

In this study, the flow and thermal characteristics of pulsating
flow through a channel with two porous-block-mounted heat
sources in tandem are investigated. Findings indicate that for the
case of nonpulsating steady flow the heat transfer rate from strip
heaters could be enhanced by fiber porous-block heat sink, which
depends on the consolidated result of four interrelated effects
caused by porous block: penetrating, blowing, suction and bound-
ary layer separation. For the case of pulsating flow, the steady and
stable flow field is substantially destabilized by external pulsation
and exhibits a cyclic expanding and shrinking alteration of the vor-
tex structure. The phase diagrams also show that this unsteady
pulsating flow is highly periodic and well organized. The tempera-
ture field is significantly affected by such increased large-scale
flow mixing and presents a periodic oscillation of the thermal
boundary-layer thickness near the heater surface. The cycle-aver-
age local surface temperature distribution of each heater for
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Fig. 10. The variations of temporal pressure drop factor along the upper plate for various values of (a) Da, (b) A, (¢) St, and (d) H,,.

pulsating-flow case with porous block is more uniform than that
for pure steady-flow case. It is shown the heat transfer enhance-
ment factor Nuy,/(Nup),n.s Of the heaters increases with the pul-
sating amplitude. However, the effects of Darcy number, Strouhal
number and porous blockage ratio are not straightforward. There
exists a critical value for which the heat transfer enhancement fac-
tor is minimum (for Darcy and blockage ratio numbers) or maxi-
mum (for Strouhal number). Below and above this critical value,
the heat transfer enhancement factor drops off or goes up. Under
specific choices of descriptive parameters, the value of pulsating
heat transfer enhancement factor Nuy, /(Nun) .. is larger than that
of steady heat transfer enhancement factor (Nup),/(Ntim) pons-

The results of this investigation clearly demonstrate that the
strip heat source with fiber porous-block heat sink subjected to
forced pulsating channel is an effective method for cooling elec-
tronic devices. However, one must consider a tolerance limit in
view of increased pressure drop to determine the optimal ampli-
tude of external pulsation according to the porous blockage ratio
and porous material.
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