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Abstract. The study of packed beds as heat regeneratoes difterent thermal conditions is the main
objective of the present work. A three equation eladas used to study the thermal behavior of the
system. For the thermal interaction between thil fand the packed bed, two local thermal non-
equilibrium equations were used. The velocity fieléhs calculated with the Darcy-Brinkman-
Forchheimer extended momentum equation. Steadyuastkady heating as well as radial porosity
variation were considered in the model. The FiNitlume Method was employed to solve the above
mentioned set of Partial Differential Equations B&P Numerical results were compared with both
our own experimental data and previous resultsrtegdy peers. Computational errors were typically
in the range of 2 to 12%, depending on the conutimposed to the model.
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INTRODUCTION

Packed Bed Heat Regenerators (PBHR) and Heat Exchange®s @ri=used to recover
energy from combustion gases. Their implementatiay reduce fuel burning rate levels up
to 50% and, as a result, decrease the emissionllotgnts. Among the advantages of using
HES, we can mention their capability of handling gaae temperatures between 1000 to
1300°C to increase the comburent temperature ov@@3Consequently, an overall thermal
efficiency of 30 to 40% can be obtained. However, HES more susceptible to damage
under abrasive or corrosive flow and their sizeslamger than those of PBHR for the same
applications. Besides, PBHR can be used at temperasiriegh as 1370°C, with an overall
thermal efficiency from 75 to 95%Béillargeon et al., 1998 These relative advantages have
made PBHRs suitable for some industrial applicatidaspite the fact that they are in general
more expensive than HES.

The up-to-date designing tools for PBHR are not deexloenough to find optimal
configurations and operation conditions. Moreo\®BHR thermal optimization were faced
by experimental Nijemeisland, 2001; Mejia et al., 2004nalytical (Whitaker, 1972 and
numerical approximationd_¢gtenberg and Dixon, 199&reyvenstein, 2002; Greyvenstein
and van Antwerpen, 20D5Latter approximations have shown several advastayer the
others ones, due to the possibility to probe anydkof configurations and operation
conditions, without wasting time, energy resources$ ran materials, with a higher precision
compared with experimental results. Mathematical eteodused in numerical analysis,
requires enough comprehension of the transportgrhena associated to PBHR. This permit
a good estimation of PBHR behavior associated to abgenditions.

The aim of the present work is to show the implemerisof the Finite Volume Method
(FVM) for the numerical study of PBHR. Various operatioonditions and physical
configurations were studied. Validation of numerioegults was made through comparison
with our experimental data amdevious results reported by peefdie steps to implement the
FVM for the solution of PBHR governing equations arespnted. Porosity variation in radial
direction was into account in the mathematical mddehulation. Steady and unsteady heat
transfer conditions were considered in the numeanalysis.

1 SIMULATION OF PACKED BEDS

Many systems use packed beds to improve their tipeah conditions Some examples
includes chemical reactors, air compressors addattyers and heat regenerators. Numerical
simulations of packed beds have been developethédesign and develop of this type of
devices. Two kind of numerical approximations areduso study packed beds behavior:
geometry model simulation of packed elements amdysomedia estimatiomong the first
both 2D and 3D models of packed elements are dewtlopestimate pressure, velocity,
temperature and concentration fields in fluids despacked bedd ¢gtenberg and Dixon,
1998; Nijemeisland, 2001; Calis et al., 2001; Nietalet2004. Besides, interaction between
packed elements and heat and mass transport ptoagdseen estimated. Results from these
simulations have shown that packed elements desiggt noonduces to reduce fluid flow
resistance and maximize heat transfer area.

Commercial codes like Fluent, Ansys and CHXeikx and Dixon, 1996; Toki 2000;
Romkes et al. 2003; Landman and Greyvenstein, 20@4e been used to show its
proficiency to describe characteristic transporémmena of packed bed under almost any
situation. High computational effort during preprsgei.e. geometric model preparation,
mesh grid design, boundary conditions implementgtiand elevated solution times and
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computational resources (i.e. high memory and msmeload), are the principal drawbacks
of commercial Computational Fluid Dynamics (CFD) siatigns of packed beds.

Approximation to packed beds behavior through poroadia models improves the use of
computational resources during numerical simulatiom porous media approximation
packed elements geometry is not modeled. Last tondieduces excessive preprocessing
and solution times. Instead of model the geoméhiey packed elements’ fluid flow resistance
is incorporated by porous distribution and souteesis associated with drag effects.

The porous distribution describes empty space betwegcked elements. Porosity
distribution has the property to influence velociigd temperature fieldd\Mhitaker, 1972;
Tobis, 2000; du Toit, 2002 The porosity distribution is function of the siand shape of the
elements inside the contain&everal works were developed to find mathematicadiets for
describing packed beds porosity distribution asction of size and shape of elements
(Nandakumar, 1999; Alazmi and Vafai, 2000; Sahimi, 2@QR0Toit, 2002; Jiang, 2002but
just a few of them had been applied extensiyislyeller, 199).

Mass, momentum and energy balances in PBHT condupartial differential equations
based on control volume models. Sources terms Hikehheimer and DarcyN{eld and
Bejan, 1999 are included into the momentum equation to canrsidertial drag and draining
through porous media effects, respectively. Vishesar stress is considered by a diffusivity
viscous term named Brinkman term.

Heat transfer forced convection in PBHR would be studigdneans of two different
models: Local Thermal Equilibrium (LTE) and Locah&éfmal Non Equilibrium (LTNE)
(Vafai, 2003. The first one accounts thermal equilibrium betvgmcked elements and
combustion gases (both gases and elements hawarie temperature). This simplification
produces an energy equation in terms of gaseslanterts temperature. LTNE conduces to
one energy equations for gases and one for elemante non equilibrium between both
phases is accepted. PBHR currently used in indusipplications has high Darcy numbers
(Mejia, 2004. High Darcy numbers implies the rejection of eduilim between packed bed
phases (gases and elements), assuming valid the lofdéiel which conduces to two energy
equation for predicting temperature fields.

NOMENCLATURE X axial coordinate [m]

A area [ y transversal coordinate [m]

a packed bed specific area fin b, c porosity model coefficients

B momentum source term n normal vector to surface

c specific heat at constant pressure [J/kg-K]

C Forchheimer coefficient GREEK SYMBOLS

d diameter [m] a thermal diffusivity [n¥/s]

f friction factor £ porosity or empty space fraction

F convective mass flux per unit area [kg/s] 4 dynamic viscosity [kg/m-s]

D diffusion conductance [W/K] 0 density [kg/m]

h convective heat transfer coefficient [WHi]

k thermal conductivity [W/mK] SUBINDICES

P pressure [Pa] e,w,n,s sides of integral control volume

T temperature [K or °C] eff referenced to effective property

t time [s] o f referenced to fluid phase

u velocity component direction [m/s] fs referenced to fluid-solid interaction

v velocity componeny direction [m/s] fw referenced to fluid-wall interaction

v volume [n] p referenced to solids or packed particles
S referenced to solid phase
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2 MATHEMATICAL MODEL

The governing equations for porous media include dbntinuity ), momentum %)-(3)
and energy balance)¢(7). Its solution conduces to prediction of velocifyressure and
temperature fields of gases and elements into pladled regenerator. The continuity,
momentum and energy equation in 2D cartesian comieknare as follows\{eld and Bejan,
1999; Vafai, 2002

o(eu) |, d(ev) _
Py + oy 0 Q)
d0(euu) | d(evu)\ _ i d(su) i d(su) . 6_P .
’0( 0x T dy )_“ax( 6x)+ﬂay( 6y) gax Bxu (2
o(euv)  0(evv)\ _ i d(ev) i d(ev) _6(£P) .
( ox T dy )_ ax(ax)+”ay(ay) ay Byu 3)

The momentum balance equation is an extended fationl of Darcy-Brinkman-
Forchheimer Klejia, 2003. The source terms effects as well porosity distidn are
considered to enhance mathematical model capabiltor describing PBHRs physical
behavior. Source ternB (4) andBy (5), for both momentum equations are as shown below.
The first term on the right side is related to Braetfect (viscous shear) while the second one
is the Forchheimer term (fluid’s inertia).

_150(1-¢)? 175(1-¢)

Bx - nu SSdIZ, + p £3dp u (4)
_150(1-¢)? 1.75(1—¢)

By —H e3d} tp £3d, v ©)

The energy equations for elements) (@nd gases7] are deduced through LTNE
formulation, which as was mentioned above, is theecd consideration for packed beds that
are usually present in industrial heat regeneratius to the presence of higher Darcy
numbers. Because porostyis a function of direction perpendicular to thef (y direction),
its effect is considered through its inclusion itite mathematical model as is shown.

a sls Ks,e h S S
1-pXe=y. (C—” V(Ts)> — L (T~ Ty) (6)

d(psT Kfe hesargs
E_(‘;ft ) + V- (pfTeu) = V- (% V(Tf)> + fc—aflf (Ts — Tp) (7)

3 MODEL CONDITIONS

Well posed numerical problems need the definitibadequate boundary and initial conditions
for fluid flow and heat transfer as well as propevariation and mathematical and model
simplifications The fluid flow through the packed bed is definachinar and incompressible.
The first assumption is due lower Reynolds numbers which indicate that visdouses are
higher than the inertial ones into the flow. Theoimpressibility of the gases is valid because
the pressure gradient in the flow is small.

3.1 Boundary and initial conditions
Since time scale for heat transfer process is hitftes that for momentum transport, time
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dependent simulations are carry out just for enexguations. According to that, initial
conditions must be defined for packed elementsflds gases through all heat regenerator
domains before the start of the warming up procHegither heat transfer contact between
packed elements nor conduction into them are cersidMoreover heat transfer by radiation
between solids and gases is not included.

Both boundary and initial conditions must be definledhave a well mathematical
established problem (seeigure ). Constant velocity and temperature ate the inlet
boundary Boundary walls are employed and no slip velocitynditons and constant
temperature are defined on that. At the outlet baonthe flow is considered fully developed
for temperature and velocity fields, so temperatauné velocity gradients in normal direction
to boundary direction are properly defined. Moreotree fluid flow gases are exposed to
atmospheric condition and then atmospheric pressuefined at the outside boundary.
Finally, due to flow and heat transfer symmetryymetry condition is considered at the
core of packed bed, to reduce computation effort.

Twall
U=V=0 (no slip condition)

— [COCO00000000
, —— | OO000CO000CO0
» — | OO0OOCOTCO000
Tin OOOOOOQO OOOQ Paut = Paim
— L 000000000000
-—4LQQOOOQQQOOQO

Symmetry
condifion

Figure 1. System scheme simplification

3.2 Porosity distribution model

Despite constant properties conditions are congidinepacked elements and gases, the
porosity distribution in the direction perpendiaqul® the flow is included by means of
equation 8) (Bey and Eigenberger, 199Avhich introduces an absorbing sinusoidal type
profile for the porosity distribution as is suggestfor several authorsG(ese et al., 1998;
Nandakumaet al., 1999; Taylor et al., 2002

£ =g, [1 + b -exp (;—C:)] (8)

Porosity distribution dominates fluid flow in packedds. This variable is associated to
packed elements shape and size. Porosity profikssept a maximum value near to the wall
and converge to an average value next to packed(dureller, 199). Highervelocities at the
zone near the walhdicate the porosity profile effect on this arédamperature and heat flux
values are also associated to this geometricaltmlisibn.

4  FINITE VOLUME DISCRETIZATION

The Finite Volume Method (FVM) is used to solve tH&HR governing equations model
presented in the previous section. Volume integnatib equations 1)-(7) is applied over
mesh volumes presented fiigure 2 This process conduces to a set of linear equdtion
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each node in the mesh. In the present work the Catgugradient Squared Method (CGSM)
is applied to solve the system of linear equatiobtained by the FVM application. The
advantages of this method are associated with #nggoon of the physical balances (energy,
mass and momentum) compared with other numericdlodst

Pressure and velocity fields are coupled by me&rg&emi-Implicit Method for Pressure-
Linked Equations (SIMPLE)Rantakar and Spalding, 197Zhis means that a staggered grid
(see Figure 3 is used to avoid underestimation of pressure rigmrion in momentum
transport equations. The UPWIND discretization schesnesed for the momentum and
energy convection term evaluation. This schemethasadvantage of predicting fluid flow
direction, increasing the precision of the obtainedmerical values \(ersteeg and
Malalasekera, 1995The source terms in momentum (Darcy and Forchim@inmeffects 4)-
(5)) and energy equations (heat convection betwedd aold gases due tus (6)-(7)) are
linearized according t®@antakar (1980jules. Linearized terms are evaluated by an inplic
method; this means that numerical results for usloand temperature of last iteration are
used to determine the current state of pressulecityeand energy fields.

A four order degree Runge-Kutta method is used forstesnt solutionsGhapra and Canale,
2003. High order time steps (0,25 seconds) compared otiter methods (semi-implicit,
implicit, explicit, among others) were tested, baé tRunge-Kutta application presented a
better behavior during transient simulations. FVMplementation of the packed bed
mathematical model is presented in the next sextidfirst, steady state equations are
integrated by use of the SIMPLE method. Then, teamisstate integration is applied for the
analysis of energy transport phenomena.

4.1 Momentum equations discretization

Momentum equation irx andy directions are integrated through respective velsim
presented in Figure 2. In the x direction the iniéed momentum equation is as follows:

j[:X(PEUu)’f:y(,OéVUJdV j( [:X(eu)j+£/(#;;(éu)de
-J( gpjdv [(Bu)v

9)

And fory direction, the momentum equation is:

J ( ;X (psuv) + aay (pewv) jdv j( ( :X (gv)j + a"y( y:y (a,)DdV
-[ (eg;)jdv - [(B,v)jav

(10)
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Figure 2. Finite volume meshes used for numeridaliration of equations (1)-(7)

Application of divergence theorem over integrateunte conduces to equatiohlj for x
direction and equationl®) for y direction, in which volume integrals are transfednnto
surface integrals:

J (0, Cpeuu) + n, pevulpia= I[ﬂ Eﬁu:y(éu)j +n, Eﬁ,u:(éu)ndA

y (11)

~[n, dfeP)dA- [ (B,u)dv

J ((n, Cpew) + (n, Cpev)lia= I(nx [E'u;y (W)J +n, Eﬁ,u:y (év)deA

-[n, deP)an- [ (B,v)av

The balances of convective and diffusion momentansport inx direction through each
face ofthe volume showm Figure 2are presented iri8) and (L4):

[ ((n, Cpeuu) + (n, Cpevulia= (pauu), - (osuu),, + (pevu), - (oavu), (13

] {”x Eﬁﬂaax(w)j +n, Eﬁuaay(w)jjdh
(12 (e) (w2 i) +(ﬂ§y(eu)jn -(/J;y(w)l

Similar expressions are obtained for the convec{iM® and diffusion {6) momentum
transported iry direction:

(12)

(14)
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[ ((n, couv) + (n, CpewiA= (pauv), - (peuv), +(pewv), ~ (pewv). (15)

(nistiln g

0 0 0 0
— - _— + — — .
(12060 ~(n2 () +[ug )] ~[u2 (o)

Since density and viscosity are considered constthiver fluid domain they step out the
integrated terms and are evaluated at the centdrea$calar volume in the mesh. Besides,
porosity variates ity direction, so it is evaluated by a center difeeeacheme as follows.
Convective mass flux per unit aréaand diffusion condunctand®, are define to simplify
linear equation system assambly. For each balamextdn, previous variables are
defined as follows.

In X direction:
=D 0.=D, =4
F. = (psu), = (pe) , 22
. = (pau),, = (oe), , 22t 2+ uE (17)
Py = (oo, =(p), St Er YV
F, = (ped), = o), 120 Yo *
Iny direction:
DfDﬁﬁ DnanzAﬁy
F, = (peu), = (e, Lzul“
7. = (o), = (pe) , 19
F,=(om), = (oe),, 000

VvV, . +V .
Fs :(pev)s =(p£)|,3—1%

Finally, algebraic equationsl19)-(20) for each node in mesh are assembled after

introduction of terms(7) and (8) in equations13)-(14) and (5)-(16), respectively. The set
of algebraic linear equations is then solved t@awmbhumerical values of velocity and pressure

fields.
In x direction, the set of linear equations is as fefio

(19)
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and, iny direction the set of equations is as follows:

8,,Viy = X Al +[(P) 1~ (eP) s A +b (20)
where, for both (19) and (20):
Zanbunb = ai—l,Jui—l,J A, Uy Ty Ut a 4U
, =D, + maxF, 0)
a,,; =D, +ma><(0 Fe)
a, ., =D, +maxF, 0)
a, ., =D, +max0,-F,).
w1 T T 4 TAF =5
AF =F,-F, +F, -F,

S

a,=a

i, -1J tq

4.2 Linearization of sources terms

Source terms4)-(7) and pressures are integrated over the scalameotaesh irFigure 2
Source terms are linearized as follows, keeping indnthat coefficient terms in linear
equations must be positives to satisfy the requergs for boundedness/drsteeg and
Malalasekera, 1995

x i, X0,

[(B,u)dv =B,u, ,aV =B, ,Ax=h,

(21)
[(Bv)av =By, av =By, ay=b
1-¢)? 1-£ . |.
b, =300 ( +350——U,,; |U; ;AX
1,J lu €2dp2 pfzdp |,J\] i,J
(22)
(1-¢) —e ol
b, ; =| 300u~——% YAV
dp dp

where u* and v* means last iteration values. The pressure gradrerioth momentum
equations is integrated as is presented®8), (Where pressure values are evaluated at scalar
mesh nodes, as is expected due to staggered grienmantation.
J e av = [rfeP)da= (PA), - (), =, , (R, -P,)
(23)
Ig dVv = In[qu dA (‘EPA) (gPA)s :(gl,JPI,J _gl,.]—lPI,J—l)

4.3 Energy equations integration for steady state

Steady state energy equatiot &nd {7) are integrated over scalar volumes presented in
Figure 2 Integration of energy equation for solids is @lofvs:

(24)

Applying the divergence theorem, the first volumegral term transforms into a surface one and
then Eq. @4) becomes:

Copyright © 2008 Asociacion Argentina de Mecénica Computacional http://www.amcaonline.org.ar



1610 C.NIETO

. g
® Ve

T (Koo hesage o ¢ _
J n-(TW)dA—jC—(I —17)av =0 (25)
A

Finally:

(SeriL) (S900) + (S
G ox J,\ C ox /, G dy /,

(26)
_(@a_TA) hfsafS(T,, T],) AV =0

C, dy Cs

The steady state energy equations for fluid phias&so integrated over the scalar
volume; the integrated equation is as follows:

- © (kpapy hysa |
J V- (pT;0)dV = J v‘( Feff VT)dV+ J YsYs (ps —TF)ay 27
Ve

Cp,f Co.f
ve ve Pf Pl

Applying the divergence theorem to control volumeegrals in Eq.47), it becomes in:

Keorf heoar .
fﬂ'-(pi-?}' )dA = j* (%VT)M + JM(TS—TJ )dV 29)
A Ve Ve

Cp.f Cp.f

Finally, integrated energy equation for fluid phas@acked bed is as follows:

uTrA) — uTA o+ vTr A vTr A A—] — — A—
(1), = (), + (o14), = o7y, = (L) - (FLIL40)

keorr 0T ki aT hegar, ) -
+(r.nA_) (f g ) s (s — 1)
Cf  9Y/, Cof V), Oy

(29)

5 RESULTS AND ANALYSIS

Results from numerical simulations of PBHR are presebtdow. A first validation of
results is made by reproduction of some literat@gorted results. Then an experimental
validation is carried out by comparison with valwdgained in a packed bank test device.
Finally several packed bed configurations are atalli geometric and operational conditions
selection are considered to analyze their effeats BBHR’s behavior.

5.1 Validation of numerical results

As first stage, numerical results obtained througitef volume solution for packed bed
governing equations are compared withprat and Lépez's (200Work. Values of pressure
loss and thermal efficiency are compared for d#fifér packed elements diameter, heat
regenerators length and cycle time regeneration.

These results are used to determine the adequitesige and time step effect over
numerical results. Results for different mesh dessitre used for governing equations
solution. Thermal efficiency and pressure loss eslare compared for different meshes. It is
obvious that an increase in mesh volumes conducasdecrease in relative errovgith the
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aim of improving the use of hardware resourcespikgethe simulation time small and the
accuracy of results high, a 60 by 60 volumes mes$elected as the best ofsmeFigure 3.
Results inFigure 4are for 95% thermal efficiency and thoseFigure 5are for pressure loss
through packed bed for different heat regeneratagitude and elements diameter. Both,
thermal efficiency and pressure loss results ptes@mmal discrepancyless than 1% for
thermal efficiency and 10% for pressure loss) with values reported by peeBBuprat and
Lépez, 200)L

The simulation time is in the 138 (steady stateitsmhs) to 600 seconds range (transient
state solutions) while the numerical error is 1,4f@6 thermal efficiency and 17 % for
pressure loss. The latter is considered as an &ddeperror if it is compared with traditional
results achieved by Ergun's equation which are 50&#.
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Figure 3. Analysis of solution mesh independemerrorAP, ¢ errorn.

700

600 +

w B al

o o o

o o o
I I I

200 +

Cycle regeneration time (s)

100 ~

0 T T T T ‘ ‘
0.00 0.20 0.40 0.60  0.80 1.00 1.20 1.40
Heat regenerator length (m)

Figure 4. Cycle regeneration time for 95 % theraffitiency and m =30 kg/s. Packed bed of spherels:=
1.5 mmuod, =5 mm,md, = 1.5 mm,® d, =5 mm. Duprat and L6pez, 2091

Model validation was also carried out by compari$@tween numerical and experimental
results. Temperatures measured in an experimeetdatal designed for the study of PBHR
(Agudelo et al, 2004were compared with computed values at differenatioos along the
PBHR length Figure 6show the numerical and experimental time tempegatuplution at three
longitudinal positions in the packed bed. Differendetween numerical results and experimental
values are associated to mathematical model sicgiidn and used measurement devices.
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1.66 m/s. Numerical simulation resul=- ; =x0.03 m, ¥=0.09 m,--- x=0.15 m. Experimental values:
0X; =0.03mP x, =0.09 m,] x3=0.15m.

5.2 Numerical characterization of PBHR

Since PBHR numerical model has been validated thraagierimental and literature
comparison, it is possible to analyze PBHR behavialeumifferent operational conditions.
Packed bed diameter and length as well as masedhldiameter of packed elements have been
changed to study their influences on PBHR behathicwugh thermal efficiency and pressures
loss evaluationln Figure 7PBHR diameter effect over pressure loss is plottechatked bed
regenerator diameter tends to increase the fllmtitg would be reduced as well the pressure
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loss for the same element diameter and mass flow.

On the other hand, PBHR length variatinoreases the thermal efficiency of systaing to
the extra heat transfer area. Despite of that, laghigressure loss is present in the PBHR and
then, more extra work must be done to move the cetitsugases through the packed bed.
Results for different PBHR lengths are plottedrigure 8andFigure 9 Moreover, is possible
to conclude from results that PBHR thermal inefficiemcrease at higher cycle regeneration
times.

In contrast, a decrease in packed elements diarmeteluces to higher heat transfer areas
and higher thermal efficiencies, as well highersptges loss and regeneration cycle times.
Higher pressure losses are due to an increase gotitact fluid area which increases the drag
force as well residence time for gases in the patdeetl The above mentioned effects are
plotted inFigure 10andFigure 11

PBHR use metallic and ceramic elements to recover wastegy. Metallic elements
produce shorter regeneration cycles, and moreti@arginto gases conditions which affect
overall regeneration process. In contrast, lessnthke diffusive materials like ceramics
conduce to more stable regeneration cycleskgpee 123
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Figure 7. Pressure loss variation as function ckpd bed diameter. Thermal efficiency 95 %. Velocit 66
m/s.
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6 CONCLUSIONS

In the present work the finite volume method was usedolve governing equation of

PBHR. From the numerical simulation and its validatibis possible conclude that:

0 Results obtained through finite volume applicatioavén shown agreement with
experimental and literature results used for itglation. Besides, the study of steady and
unsteady PBHR conditions was accurate enough to estdPBHR behavior under several
conditions and configurations.

0 Moreover, finite volume solution of PBHR improves gsmo time and computational
resources. Those results are important for desighogtimization process because bring
the opportunity of evaluating several operationdibons with appropriate computational
resources and with sufficient predicted accuracy.

o Porosity distribution is a geometric variable funaantal for the analysis of PBHR with
porous media governing equation models. The coraide of porosity variation through
the packed bed increase reliability of results eatdl by numerical analysis.

o Finally it is possible to conclude that heat andmeatum transfer process has an inverse
interaction, since as high thermal efficiencies aohieved due by increasing the heat
transfer area higher work also must be compensategher pressure losses.
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