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Abstract:

Forced convection heat transfer and flow in en annwlar channel filled with saturated
porous media fias been numerically studted. Wie temperature at the channel walls was csvrmed
constant. Besides the eneyqy equation, the generalized form of the momentum wuation
including the non-Darcian cffects suck as the variable porvsity, flow inertia, ard viscous
friction is considered, and vie finite difference method is used, To verify the numerical results
a comparison fas been dore unth ihe results obiained by Poulikpkos and Rgnken [6]. The
comparison. shows a very good agreement for the presented results and proves the validiy of
the model. Te results fiave been obtained numerically for sphure beads (3, 5 and 8 mm
diameter), 005 SDS0.125,01S R; S 08 end nondimensional pressure gradient B up to
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108 Ghe non-Darcian effects fave a sygnificant influznce on the velocisy profiles. Tiese
effects appear clearlyy in the regions near the walls and gives an increase v the magnicude of
the velacity and signifies the channeling effect, it has in turns a significant influesce on the
Sefavior of the temperature, thenmal entry lngeh and Musselt avwber across and ot tie
charnel wolls. The resuits give complete iformation about te flow structure and hear
transfer for the opressed rarges of pararcters. Afvo, uscful correlatons seporting tfie
dependence of the thermal entry length on the problen purameters [, D, Band %, Jwrere
repartad.

1. Introduction

Heat transfer in porous media Lias been the subject of numerous investigations
dus 10 increasing wterest in chemical catalytic reactors, building thermal
insulation, heat exchangers, petroleum reservoirs, geothermal operations, packed-
sphere beds, and many others. This increased use of porous media has made 1
essential to have a berter understanding of the associated uansport processes. Furst
to improve the performance of existing porous-media-related thermal systems, and
second to generale new idens and explore new avenues with respect 1o the use of
porous med:a in heat transfer applications.

The wansport of inomentum and thermal energy in Muid saturated porous
media with low porosities is comunonly described by Darcy's model. The main
lunitations of the Darcy flow model are that it is not appropriate for fast flows, it
does not sptisty the no-ship condition on 4 solid boundary and does not account for
the spatial vanation of the namix porosity. Certain porous matertals such as foam,
metals and fibrous media, usually have high porosity. In these media the
boundary and inertia effects not included in the Darcy's model may alter the low
and heat transfer characleristics. To this end, the Works of Valia and Tien [1],
Vafia ct al. (2], and Vafia [3) are releavant. The work of Vafia and Tien [1]
constiites  one of the first ticoretical attempts 10 aceount for boundary and inertia
effects in porous media forced coanvection.  To account for the effect of a solid
boundary, Kawiany [4] siudied the forced convection heal transfer in a porous
channel Lounded Ly isotherinal paralie! plates based on the Brinkman-extended
Darcy model, and Nakayama et al. [5] rreated the wall by a constant heat flux and
peripherally uniforn wall temperature.  Poulikakos and Renken (6] investigaicd
the effects of flow inertin, variable porasity, and solid boundary on foiced
conveciive flow through porous media berween paralle] plates or in circular pipes.
They found that the boundary and wnertn effects decrease the Nusselt number,
whereas the effect of flow channeling increases the Nussalt number. Furthermore,
Prusad et al. [7] have suggested that the effective thenmal conductivity should not
be the cne based on stagnant fluid conditions, but should include a contribution
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from convective motion. Sinilar concepts in forced convective heat ransfer in a
channel have been used by Cheng et all [B]. The impect of flow inemia i natwral
coavection problems has besn investigated by Poulkekos [9] and Bejan and
Poulikakos [10]. [n addition to the above, an analysis for the importasce and
relevance of non-Darcian e[Tects associated wiih the bugyancy dnven conwection
in open-ended cavities filled with Mud-saturated porous medien was dons by
Entefagh et al [I1]. The Vadable porosity close to an impermesble boundary
leads W a pumber of imponant effects such as flow maldittributwon and
channeling Channeling, which refers io the occurance of 8 maximum velocny n a
region close o an external boundary, has been reported by a mumber of
nvestigators such an Benenati and Brosilow [12]. They shaw a disunct porosuy
vanagon wn packed beds, Their resulis show a high porosity regran close to the
extemnsl boundiury. Chandrasekhara snd Vormeyper [13] wsed the measarements of
Benenatl and Brosidow [12] 1o solve numenzally for the velocity peafiie in
Isothermal packed beds

The objective of the present work is 1o anal ez an interesting problem wihach 15
of bath fundamental and practical mteresy, . 1t relates io several of the above
mentioned thermal engincening apphcations, aamely, the problem of forced
convection in an annulus channel filled with gwous material. The formuintion 15
general enough to include non-Darcy effects  As ueplied in this wotk, factors
leading to the breakdown of Darcian Mow e from merial forces, viscous
frcuen (Brankman fnenon] m die hquid phase ind vanable porosaty near the solid
boundary, It i3 worth nonng thal unlike the b drodynamic entry length, wiich
usually ghort in porous media channel fowr wvery linle i3 known about he
thermul entry length. One of the mawm goa's of tus uudy is 10 present delailed
results on the theonal enry region by using the general fiow model

2. Muthematical Formulation aml mumeris al soluiien

Figure | shows te physical sysiem and 1 e coordinaie emplaved o dewribe
the flow field It shows a porous Wayer (ir-dia) bounded by (wo concentric
cylindrical walls, The porows medium n o Topic, homogeneous and siveated
with an incompressible flund  Boak cylnders = kept ot constant temperntire Ty,
and tie Nuid a1 te mlet 10 the annubes porion - moithermat an Ty wiihs Ty # 1y

In dus study a saturated porous medwon cor ushing of packed sphicres i3 nsed 19
illustrate the results It will be meated a5 & oo tinuum with solrd and Ausd phases
mn local thermodynamic equilibmem, properties <[ the Duid and 1he porous medium
such as wviscosmity, thermal condwctivity, Umal expangion coefligiens wrud
cffective thermal diffusivity are constant  [ader these nssumpliong the energy
equaton can be wninon as;
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In order to study transport through high porosity media, the original madel of
Darcy is improved by including Uic boundary friction (viscous term) and inertia
effects. Under this condition the x-momentuin equation can be wrilten in tenns of
their macroscopic (physically) measurable properties of the flow as follows:

O0=-Up [dP/ax)tuir [8/dc(r duldn)-ouly-A ud (2)

[n the above equanions u, P, T, p, es, v e the velocity in the axial direction x,
the presswe, the tempecature, the fluid density, the effective thermal diffusivity
and the Juid dynamuc viscosity respectively, v and A are the permeability and the
inertia coefficient (Forschhemmer function) of the porous medium and are
dependent on the porosity ¢ and other geometrical parameters of the medium
When the porous medium is made of identical spherical beads with dinmetss d,
the permeability and the inertia coefficient ¥ and A can be estimated as follows
[14]):

y= d2 &3 /[175¢-¢)2) ()

A= 175(1-¢)! [d &2 )

In equation (2) the buoyarcy term has been neglected, since the present swdy
deals with forced convection in an annulus filled with porous medium The
second term of the right hand side of equation (2) accounts for the friction due to
macroscopic shear and was introdoced first by Brinkman [15]  The term
multiplied by A in equanon (2) was first introduced by Fuorschheimer in an
empirical manner for the special case of one dimensional flows through porous
media, m order lo account for incrtial effects [15]. The third tenn is responsible
for the porous strucrure. Note that by keeping the first and thurd terms on the night
hand side of equation (2) and neglecting the rest of them, the momentum equation
reduces (o lhat for the fwmiliar Darcian flow. On the other hand, when the
porasity & =1 and the permeability y —» <o, Equation (2) reduces 10 the
convecnonal momentum equation for pure fluid flow

The functional dependence of Uie porosity on the distance from the boundary
(wall) can be found from the experimental resuhis of Benenati and Brosilow [9]
These results can be represented very well by an exponential (unction of the
following form, which is used later by Vafia eral [2). Poulikakos and Renken (6],
and Mulandhar and Kulacki [ 16]:
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e=ge [I+bexp(-cv/d) (3)

Where y 15 the distance [rom Uie boundary wall, ge s the (iee strcam porosity,
and the empincal canstants b and ¢ are dependent on the particle diameer.

Equation (5) neglects the small oscillations of the porosity which are
considered 10 be secondary.  The emphasis here is on the decay of the porosity
from the external surface which has prinary effect.  The results will be illustrated
by using spherss 3, 5 and 8 mm in diameter. These sphere sizes are commonly
used in laboratory experimental bed to particle diameter ratios of 15, 10 and 6.5
respectively.  The constants chosen to represent the vanation of g , b, and ¢ are
similar to that used by Bencnati and Brosilow (9] and Chandrasckbara aud
Vortmeyer [10] They are e =037 ford=3,5, 8 mm , b =035, 043, 0.9 and c=
3,3,2 ford =3, 5, 8 mun respectively.

The boundary conditions imposed on the physical system are uniform with
respect to the axial coerdinate, the compulational domain thus comprises of one
half of the annulus over which the following boundary conditions are applicd:

T=Ty and u=0atboth the boundaries r=r, and r=r4
T=Tjn atthe inlet scction where x =x;,.

It is cenvenient to cast the govemning equations (1) and (2) in dunensionless
form by introducing the new nondimensional vanables

Usulluhy), R=tlg, X=(x- xn}/(rq.Pr), 8=(T-T)/ (T T
The resultant nondimensional governing equatoas (1) and (2} are writien as.
U ad/axX = IR, [2/8R(R 80 /aR)} (6)
U+C U2 = BC+Ca/R [8/8R(R AU/R)) (7
where C| = 001D/(l-e), B=-aP/3x [1p¥ pvl],
Ca = D2 g3/ [135(1-6)2]
and D s the sphere diameter to the channet outer radius (D=d /g )

The effect of the Nuid motion on the loeal heat flux at the chaunel walls can be
expressed by the conduchon relerenced Nussell number which is defined in the
dumeasionless forn as [6):
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Nuw= 3T |rmeyy . [r/ {Tw-Tm)) @
where the subscript w refers 1o cither i or o for the inner and outer walls of the

duct, Tq is the mixed mean fuid temperatuce defined in a manner simila to thal
for classical flud duct flows:

]
Tm= (gl puTdr) /o vio-m)

141
whese Va (n] wdr ) /(ep-53)

Finite difference equations are derived from equations (6) and (7] by
integration over finite area element, following the procedure developed by
Patankar [17] Since equation (7) pertains the forced convection, it can be solved
independently to get the velocity field, and wath this information in hand, the
temperature field can Le obtained from the energy equation (6). Both the first and
second order denivauves in (he momentum equation (7) were discretized by using
central difference formula€ [18].  The Forschheimer nonlinear term s linearized
by guessing initial valued of the velocity ficld at all the god pons, and the
nonlinenr tenn was writien as the product of the unknown velocity and the guessed
velocity. The difference algebraic cquauions are solved using the Gauss-
climination method [17]to yicld the velocity field. Once the velocity field have
been detcrmined, a  numerical soluiion for the energy cquation was carried out
based on the very powerful and convenient equation sotver maunly the TDMA,
[18). Aftec the detenrination of the temperature field, equations (8) for both the
two walls are integrated and the local Nusselt number at both the inner and outer
walls of the duct can be calculated. A variable grid for accurate resolution of the
important near-wall region is used in the Y-direction to cbtain the momentum
equation fiute difference form, A very fine grid size in the X direction near the
channel inlet and coarser downstream is used 1o capture the steep changes in the
temperature field near the entrance.

3. Results and Discussion
3.1 Validation and Comparisun

The program developed for this study was vabidated . Since there was 1o
previous mvestigation of boundary and wnertial effects m an annulus g=omelry, o
comparison was done with the resuits obtained by Poulikakos and Renken [6] for
the case of the flow in a cylindrical channel filled with porous medium, including
the ¢ffccts of flow inenia, variable porosity, and Brinkman friction .
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Fig. 2 Temperature dismbution Fig. 3 Dependence of thenmal
actoss the circulas pipe. entry iength for the circular pipe
d=dmm, D=01, and B =107 onB. d=3inm, D=0 |
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Figs. (2) and (3) present the temperature dismbution across the channel widti
and dependence of the thermal entry length on the nondimensional pressure
gradient parameter B for the circular pipe configuration for sphere diamete; of
Jmm. The companson shows a very good agreement and proves the vatidity of the
model.

3.2 Flow Velocity Profile

The Variable porosiry <lose 1o an impermeable boundary leads (0 a number of
important effects such as flow maldisinbution and channeling The effect of the
different geometric parumelters of the described model on the channeling effect and
flow velocity is studied in order to give pood explanations for the vanaton of the
Nusselt number and temperature distribution across the channel and the eflect of
these parameters on the thermal entry region which will be obtained below

Fig. (4) shows the velocity dismribution for different values of D from 0 05 to
0.125 for sphere diameter of 3mm asd B= 107 The non-Darcian effects appear .
clearly only in the regions near the walls, which gives an mciease in the magnitude
of the velocity and sigmfies the channeling effect, This efleet increases with the
increase of D (the sphere diameter / the duct outer radiug), i.¢. with the imciease of
the permeability near the walls. Fig (5) pertaing the velocity distribution across
tic channe! half widih for different values of the nondunensional pressure gradient
B for d=hnm and D=0.1. Increasing the sphere dinmeter to the channel outer
radius ratio D and inceeasing the nondimensional pressure pendient B, yiclds an
overall increass in the flwd velocity, e faster flow in the duct, witli no other
significant qualitative difference,

Fig. (6) presents the dependence of the Mlow velocity across the channel half
width on the sphece dimmeter d for D= 0.1 and B= 105 Wil the increase of the
sphere diameter the velocily near the walls increases.  That is because of the
mnerensing permeability near (he walls winel increases the chinngling ¢lfeel.

Fig. (7) shows the flow velocity distnbation acrass the channe! half width far
different values of duct radius ravo R; (the radius of the inner cylindrical wall 1o
the radius of the annulus duct R = rrg), for sphere diameter d=3mim, D=0.1 and
B= 105 The change of the inner radius of the channel R, makes no change in the
chanacling effect near the duct walls, and also in the qualitative or quantitative
behavior of the velocity near thie duct walls, or i the core of the duct  Bur due to
the decrease of duct thickness with the increase of R, the mean (low velocity
LICTEases
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Fig. 4 Velocity distribution asroos Fig 5 Flow Velocuy distnbution
the annulus for differant values of acroos the annulus for different
D, d=3mn, Rj=04and B=107 values of B, d=3m and D= 0.1

0
v

Fig 6 Dependence of the flow Fig. 7 Flow Velocity distnibution
velocity distribution acroos the acroos the anulus for differem
annulus on the sphere diametes vaiues of R, d =3mm, D=0.1
forB= 103 =04 and D =0.1 and B= 105
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3.3 Thermal Entrance Length

Onz of the inain goais of this study 15 to present detailed information about the
thermel entry length. The thermal entrance length was defined as the distance
between the enwance of the annuius duct and the point at which the Nusselt
gumber became independent of the X location.

Fig. (8) shows the dependence of the thermal entry length X+ on the
dimensionless presswe gradient B for D=0.1, R; =0.4 and several sphere
diameters, namely 3, 5 and 8 mm. A linear relation in the logarithmic graph
shows that with the incrzasing of the nondimensional pressure pradient B and the
sphere diameter d the thermal enuance length increases.  Figs. (4,5) show the
increasing of the flow velocity near the walls with the increase of hoth B and d,
this makes the boundary layer thickness thinner and leads 1o the increase of the
thermal entry length. These relations can be correlated as follows.

Xs=35023x 107 BO%l  for D=0, d=3mm
Xe= 40584 x 107 B0939?  for D=0.1, d=S5mn
X+= 6655 x107 B0 for D=0, d=8mm
Fig (9) presents the dependence of the thermal entry length on D.  Again, it can
be seen that a lincar behavior exists showing the increase of the entrance length
with the increase of both D and d. This relations were cortelated by the following,
X-= (7316 D2026  for B=105, d=3mm
Xe= 18018 02003 for B= 105, d=Smm
Xe = 39976 D2.136 for B=103, d=8mm
Fig. (10) presents the bLeliavior of the entry length with the change [ duct
radius ratio Rj (R; = ryrp) for D = 0.1, d=3min and a host of wondimensional
pressure gradient values B- The entrance length X* decreases with the in-rease of
R; and increases with the increase of B, With the increase of R (he flow velecity
near the wall does ret change, but the mean velocity of the flow increases. In
spite of this the thennal entry Jength decreases due to the decrease of the thickness
of the: porous flow arca (1 - 1;).  This i=ialion can be correlated by tie following:

Vs = 376 % 10°7 2-0.00716] R;+2435x 10°7 B + 0.0072




Mancsouha Sngingering JournaliMSI)

Xe enlry lenath

Fig. 8 Dependence of the thenmal
entry length on the parameter B
forRj=04and D=0.1

X+ enlry length
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Fig. 9 Dependence of the thermal
entry length on D for R{=04 and

B= 10°

Fg.10 Behavior of the thermat entry
length with the chauge of the duct
ratio R; ford=3mmand D=0.1
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3.4 Temperature Yariation

Figs (11)-(13) represent the nondimensional teinperature vaniation across the
duct half width at several downstream locations for D=0, 1, sphere diameters 3 and
5 wntm, and B= 105 and sphere diameter Imm and 8=100 respectively. The cooling
effect of the wall propagales faster i the duct with smaller sphere dinmeter and
for the smaller pressure gradient B, This result is comect from the physical
standpoint since decreasing B and the spliere diareter d yields stower Mow in the
duct (Figs. 5 and 6), and thncker thermal boundary layers which requires sharter
distances 10 develop as shown in Fig (8)

3.5 Nussclt Number Yariation

Figs (14) and (15) exemplily the vanation of the Nusselt muanber along the
thermal entry region at beth the inner and outer walls of the duct for a wide range
of nondimensional pressure pradient paramcler B. Decreasing B (slower flow)
yields smaller values of Nu throughout the thermal entry region. Flowover, it is
interesting to note that the various curves corresponding to different values of B up
thermal enwy region converpe foward a single value in the thermally fully
developed region.

Fig. (16) perains the vaziation of the Nusselt number along the thermal entry
region at both the inner and outer walls of the duct for sphere dimmeter of 3. 5 and
8§ mm. Decreasing the sphere diameter leads to slower fluid Qow which gives
thicker thermal boundary layers which in wms requires chotter distances to
develop. This gives lower values of Nusselt number at both the jnner and outer
duct walls,

Figs. (17) and (18) report the vacation of the values of the Nusselt number in
the thermal entry and the fully developed regions at both the inner and outer duct
walls for a wide range of inner radius ratio R; Increasing the radius ratio Ry, i.e.
decreasing the duct thicknese leads to fasier flow, winch in tums yields higher
values of the Nusselt number at both the inner and outer walls m ihe thermal entry
and the fully developed regions

4. Con clusion

The forced convection Mow through an annular chanael filled waith  Muid
saturated porous malenal s mvestigaled This is acconplisbed by employing the
generalized equation of motion in porous inedia, which ncludes the non-Cavcian
effects, nameiy, the vanable porosity, flow inertia, and Brinkman wiscous fiiciion.
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Fig 11 Duneasioniess iemperature
desnbution across the annulug pipe
for Ry =04,d=3mm D=0 land
B= )03

N o2l

Fig 12 Dvmenaronless bemperare
disribation across the anmmilus prpe
:’"llin:“".d-!m D=0 and

h“‘-ﬂ'lld- o pre
B= jgb Jmm, D=0 1 anid
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i'*'i;. 14 Nussclt nimber variation with the horizontal
coorduwiaic m the thermal entry region at the inner
wall of the annular pipe for a host of B values.

Fig. 15 Nusselt nuinber variation with the hernzontl
coordinate in the thermal enity cegion at the outer
wail of the annular pipe for a host of B values.
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Fig 16 Nusselt qumber varintion in the thermal entry
region at both the e mud guber diel walls fo 1 = 0.4,
D=0 tand B = 109

Fig 17 Nussel number vanation in Fig 18 Nusselt number variation in
h‘“l"" regioa af the wmner Hwﬂﬂfﬂhﬂlﬁiﬂlﬂ'
duct wall for d= Jmm, D = 0.land duct wall for d=3mm, D =01 and
B= jo A= 109
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The non-Darcian effects appear clearly in the regions near the walls only, which

gives an increase in the magnitude of the velocity and signifies the channeling

effect. The velocity distribution across the channe! including the channeling effect

is the main driver for the behavior of the temperature, thernal entry length and
Nusselt number across and at the channel walls.

Increasing any of the bead diamcter d, the tatio of the bead diameter to the
channel outer radius D, or the nondimensional pressure gradient B increases the
permeability and the flow velocity in the duct and the channeling effect, which
makes the boundary layer thickness thinner and leads 10 an increase of the thermal,
entry length. The cooling effects of the wall propagated slower in the duct and
higher values of Nusselt number occur through out the duct inner ard outer walls,

Increasing the radius ratio R; makes no change in the channeling effects and the
velocity of the flow near the walls. [t increases only the mean velocity of the flow
in the duct, which io turns yields faster flow and increases the Nusselt number at
both the inner and outer walls in both the thermal entry region and the fully
developed region. Despite of trus, the thermal entry length decreases due (o the
decrease of the thickness of the annuwlus (cq - 1j).

Useful correlations reporting the dependence of the thermal entry length on the
problem parameterd (d, D, B and R; ) were also reported.

5. Nomenclature

A Forschheimer inertia coefficient of tie porous mediuim, equation 2
b,c constants, equation 5
B nondunensional pressure gradient , equation 7
CLC dimensionless coefficients, equation 7
sphere diameter, mm
D dimensionless sphere diametec=d/ r,
Nu Nusselt number, equation 8
Nuj, Nug  Nusselt number at the inner and outer walls
P Pressure, Pa
Pr Prandtl number = v /ate
r radial coordinate
I, Ip inner and cuter surface radii
R Dimensionless radial coerdinaie
R; radius ralio ry/ Iy
T Temperature, K
Tin Temperature at the inlet section X = Xj,

Tm average temperature, ¢quation 8
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wall
Field velocines in the x direction, my's
Mon-dimensronal feld velocitnes m the X direction
Axml coordinate
channel indet axnial distance.
dimensionless distances in the x axis
the thermal entry lengih
Effective thernmal diffusivity of dhe porous medium, m?/
Permeability of the porous layer, equation 2, m?
Porasity of the porous medim
free-strenm poromnty
Mon-dimenslonal iempemture = (T - TWT ~Tin)
Kinemntic viscoisity of the Oaid m3fs
Flusd densivy , k'’
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