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According to the volume-averaging method, a two-dimensional thermal non-equilibrium mathematical model was de-
veloped to simulate the coupled heat and mass transfer in porous media with strong adsorption, in which local fluid
and solid temperatures were dealt with separately. The temperature-dependent Langmuir isotherm was applied to de-
scribe the equilibrium characteristics of binary gas CO2 adsorbed by zeolite 13X. The adsorption-generated heat was
considered in the enerqy equation of the solid matrix. The coupling of two energy equations was made by considering
the interfacial heat transfer term. The adsorption feature of a packed bed filled with porous adsorbent and the effects of
bulk flow velocity, particle diameter, effective thermal conductivity of solids, and specific heat of adsorbent on product
concentration were investigated numerically. The numerical simulation shows that the heat transfer characteristic has
notable effects on the quantity of adsorption and the purity of the product. High adsorption efficiency can be achieved
by improving the adsorbent physical properties and reducing the temperature span of the pressure swing adsorption
process. Experimental data reported by other researchers validate the accuracy of the present model.

KEY WORDS: heat and mass transfer, non-equilibrium, porous media, pressure swing adsorption, carbon
dioxide

1. INTRODUCTION and masstransferprocessedn analysisof the adsorber
especiallyin somelarge-scald®SAequipmen{Steinbery
Pressureswing adsorption(PSA) technologybasedon 1992;Kikkinidesetal., 1993).
theadsorptiorcharacteristicef thecomponentfiasbeen Heatandmasstransferin porousmediahave beenin-
widely appliedto separategas mixtures. Recently the vestigatedfor several decadegNield and Bejan, 1999).
PSA processwith strongadsorptiorhasattractedspecial The local thermal equilibrium model (Cheng, 1978;
attentionin separatingcarbondioxide, one of the most Whitaker, 1986; Kim and Vafai, 1989; Reesand Vafai,
predominangreenhous@ases,from flue gas. This pro- 1999) and the local thermal non-equilibrium model
cessis characterizedy several uniquefeaturesFirst of (Quintardand Whitaker, 1993; Amiri and Vafai, 1998;
all, masstransferplaysanimportantrole in the periodic Kim et al. 2000) have beenusedin dealingwith heat
adsorptiomprocesainderarapidcycle condition.Second, transporin porousmedia.Theformeris relatively simple
the operatingtemperaturespancausedby absorptionor However it is valid only whenthetemperaturelifference
releaseof adsorption-generatelgeatis commonlymore betweensolid andfluid phasess very small The latteris
than10°C whichleadsto asignificantchangen adsorbed relatively comple, as heatexchangebetweensolid and
guantity Finally, heatandmasstransferarecoupledwith fluid phase$asto be consideredAccordingto the crite-
eachother Thereforejt is necessaryo considebothheat rion proposedy Kim andJang(2002),the thermalnon-

1091-028X/11/$35.00 (© 2011 by Begell House, Inc. 555



556

Zhang & Lui

NOMENCLATURE

B; Langmuir parameter (1/Pa) Greek Symbols
Ra Rayleigh number @ porosity of bed
Nu Nusselt number p density of fluid (kg/ni)
T temperature (K) Pp density of bed (kg/rt)
t time (s) Wy viscosity of fluid [kg/(m/s)]
C; mass fraction of speciesn the gas phase Ag thermal conductivity of coefficient
Cy specific heat of fluid [J/(kg/K)] [kg/(MVK)] fluid [W/(m/K)]
Cs specific heat of solid [J/(kg/K)] As thermal conductivity of heat
v velocity (m/s) transfer coefficient [W/(#s)]
U uniform velocity solid [W/(m/K)]
D, mass diffusivity (m/s)
dp particle diameter (m) Subscripts
F geometric function (m?/2) eff effective
H adsorption heat (J/kg) i species
hst solid-to-fluid heat transfer coefficient k species number

[W/(m2/K)] gmax,; Maximal adsorbed amount of
hmst  Solid-to-fluid mass transfer speciegg/kg)
hy volumetric solid-to-fluid q; adsorption quantity of species
hm.»  volumetric solid-to-fluid mass (ka/kg)
K permeability of porous media @
L length of adsorber (m) Superscript
P pressure (Pa) * equilibrium state

equilibrium modelshouldbe usedto describethe strong
adsorptiorprocesse the porouspaclkedbed.

The simplestandmostcommonlyappliedmasstrans-
fer modelis thelineardriving force (LDF) model,which
wasfirst proposedy GlueckaufandCoateg1947).The
LDF model was derived by assumingthat the driving
force of masstransferwithin a chromatographiprocess
takeson a simplelinear form betweenthe compositions
in equilibriumwith the bulk phase(Carta,1993; Hsuen,
2000)Veldsinket al. (1995)adoptecthe Fick modeland
the dusty-gas modelto the study masstransportprocess
accompanieavith the chemicalreactionin aporouscata-
lyst.

However, attentionhasnot beenfully paid to the ef-
fect of heattransferon masstransferfor studyingthe
couplingof heatand masstransferin porousmediasub-
jectedto chemicalreactionsor physical adsorptionSo,
a mathematicalmodel describingthe coupled process
of bulk adsorptionhas been establishedn this paper
Both the Forchheimerand Brinkman effects have been

taken into accountin the momentumequationThe ther

mal non-equilibriummodelhasbeenadoptedandtwo en-
ey equation$ave beencoupledwith theinterfacialheat
transferterm,in which the adsorption-generatdteathas
beenconsideredn the enegy equationof the solid ma-
trix. The temperature-dependebangmuirisothermhas
beenusedto describethe equilibrium characteristicof

CO; andNs, andthe masstransfercoeficient hasbeen
approximatedasthe externalmasstransfercoeficient of

the particle. The adsorptionfeaturesof the pacled bed
alsohave beeninvestigatednumerically

2. MATHEMATICAL MODELING
2.1 Problem Description

The schematiaiagramof the physicalmodelis shovn in
Fig. 1. The cylindrical bedwith a 257 mm diameterand
a lengthof 1000 mm wasfilled with a homogenousnd
isotropicsphericaladsorbensubjectedo a constantem-
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FIG. 1: Schematiadiagramof a pacled bedfilled with
zeolite13X

peratureboundarycondition. The fluid wasinjectedat a
constantrate with uniform velocity uy. Due to the sym-
metry of thepaclkedbed,only half of it wasconsideredn
the numericalsimulation

Thefollowing assumptiongremadein the modeling:

1. Idealgaslaw is applicable.

2. Thetemperaturef a particleis uniform.

. Naturalconvectionandradiationheattransferarene-
glected.

The physical propertiesof the gasphaseadsorbent
andcolumnwall areconstant.
5. Theheatcapacityof theadsorbedjasis neglected.

Under the above assumptionsthe governing equations
areobtainedasfollows:

1. For overallmassbalance:

d9p  Opu 10 (rpv) -~ Oa, _
ot " ox T or +pb; a0 W
2. For masshalanceor gasi (CO; or No):
depC; 0 10 0
% | on (puC;) + T or (rpvC;) — e
X (Db (93;) Cror (TDb 8r>+pb ot 0@

557
W o Wy
—4V.VV | =-V ViV - 2Ly
pf<at+ ) P+ Ueff K
Fo |5~
—pf\/—FVV 3)

The secondthird andfourth termson the righthandside
of Eq.(3) representheviscouseffect, frictional resistance
andinertial forcerespectiely.

ThepPermeabilitpf the porousbed(Ergun,1952)and
geometricfactor ' in the momentumequationare given
as(QuintardandWhitaker, 1993)

3d2
— % (4)
150 (1 — o)
1.75
T 1509372 ®)

The enegy conserationequationdor thefluid andsolid
matrix aregivenas

d[eCypTy] | O(CypuTy) 10 (rCypuTy)

ot ox r ar

0 oy 10 oTy

o (Af’effaﬁ o (“fveﬂ”ar)

+ hy (Ts — T¥) (6)
0[CappTs] 0 oT.\ 10 (. 0T,
ATy AT A

- gy,
— T, —T Hippp— 7
hy (T f)“"; e (7)
Themasdransferis describedy the LDF model,
9q; - *
pba - hm,,'u (Cz - Oi ) (8)

Thefluid andsolid effective thermalconductvities are
)

(10)

Afei = @Af

}\s,eff = (1 - (P) )\s

Thevolumetricsolid-to-fluidheatandmassransfercoef-
ficientsh, andh,, , are

hy = 6hst (1 — @) /dp (11)

3. For the Darcy—Forchheimer—Brinkman momentum

equation (Sozen and Kuzay, 1996):
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whereheattransfercoeficient hy is given by (Wakaoet
al.,1979)

heed
Nu= -2 =20+ 1.1Pr/’Re)"
A (13)
Cou pud
Pr=—"2Z Re =-—"2%
k % u

whereReynoldsnumberRe, coverstherangeupto 8500.
Masstransfercoeficient h,, < is givenby

D
Sh:—{gﬂgc:20+06S&BRé”
m 14
Se— M Re= PVOU (14)
prm |28

The temperature-dependebangmuirisotherm(Harlick
andTezel,2001)is usedto representhe gas—solidequi-
librium isotherm:

Gmax,i bzpcz*

15)
1+ > bkpC;:
k=1

qi =

where Qmax,i = Bl,i exp (BQ’iT) and b; = B3’i exp
(BuiT).

The parameteraluesusedin the simulationarelisted
in Table 1, in which the Langmuir parametergor CO,
andN, weremeasuredby the constanvolumemethodat
differentpressure$Suzuki,1990).

The initial and boundaryconditionsare given as fol-
lows:

1. Initial conditions(t = 0):

U=Up,V =0

Ty =T, = T,, = 330K

Cco, =0, Cn,=1.0

qco, =0, qn, = gy, (On, = 1.0)

Zhang& Lui
2. Boundaryconditions(t > 0):
r=0: UZUQ, VZO, CCOQZO‘].,
CN2 = 097 Tf = TQ = Tw = 330K
ou ov 9Cco
= O ) —_— = —_— = 2 = O
" or 0, or 0, or ’
oCn, aT, oTy
N R T
r—R: U=0, v—o, 26<0_g
or
oCn,
=00, T;=1T,="1T,=330K
or ’ f

3. RESULTS AND DISCUSSIONS

The numerical solution is obtainedby employing the
finite-volume method. The corvective flux term is dis-
cretizedby the second-ordecentraldifferencingscheme
thatis blendedwith the upwind differencingschemeus-
ing the deferred correction method. The SIMPLE al-
gorithm for pressure-elocity coupling is applied. The
sourceterm of the equationis linearizedin sucha way
thatensuresliagonadominancen thecorrespondinglis-
cretized equation(Ferzigerand Peric, 1999). The dis-
creteequationscannotbe solved independentiybecause
of the cross-couplingbetweenmassand enegy balance
equationsThereforetheiterative methodwasadoptedo
solve the temperatureand concentratiorfields. Corver-
gences checledin termsof themaximumchangg10~4)
for every variableduringtheiterationat eachtime incre-
ment.All computationshave beencarriedout for a half-
cylindrical reactorwith non-uniformgrid arrangements.
Differentgrid sizes suchasb50 x 25 100 x 50, 200 x 100,
400 x 200, and800 x 400 have beenusedin thedomain
of L x R. As the computationabhccurag by taking grid
sizesof 200 x 100, 400 x 200, and 800 x 400 are al-
mostthe samewe chosethegrid sizeof 200 x 100 in the
computations.

In orderto verify the presentmodel,numericalsimu-
lation wasperformedunderthe sameconditionsasthose
of the experimentconductedoy Hwanget al. (1995).As

TABLE 1: Parameter values in simulation of temperahowvn in Fig. 2, a comparisorof outlet CO, concentra-

ture-dependent Langmuir isotherm

Langmuir parameters CO, No
By (kg/kg) 2.2 0.28
By (1IT) -0.01 —0.01

Bs (1/atm) 500 60
B4 (1IT) —0.01 —0.02

tion was madebetweenthe numericalsolutionsand ex-
perimentaldata,in which agreemenbetweenthe theo-
retical calculationandexperimentalmeasurementanbe
obsered, which validatesthe presentmodelto someex-
tent.

The four main parameterdmpacting an adsorption
processsuchasbulk flow velocity, particlediameter ef-

Journal of Porous Media



Thermal Non-Equilibrium Modeling of Coupled Heat and Mass Transfer 559

=)
= 0.101
=)
g 0.254 ™ ~
- a\;o.oa-
® .20 =
S ~.,0.06
3 015
- 0.154 O 0]
g —— calculated g 1 x: g.; mi
0.104 : . = | =0.
o m experimental in referance g 0.02 LA w0 rile
‘E; © —<—V=0.8mls
= 0.00
= 0.054 004  em¥as
8 0 500 1000 1500 2000 2500 3000
& 0.00+ )
o time(s)
T
(3]

0 500 1000 1500 2000 2500 3000 )
. FIG. 4: Effect of bulk flow velocity on C@ concentra-
time(s) tion at the outlet

FIG. 2: Comparisorbetweenoutlet CO, concentrations

obtainedby the presentmodel and the experimentcon- 310
ductedby Hwangetal. (1995) X

2 308

2

. . .. . E 306

fective solid thermalconductvity, andspecificheatof ad- o
sorbentareanalyzedn thefollowing discussions. E oa

£ 304

. 2 302/ “a V=01 m/sw

3.1 Effect of Bulk Flow Velocity s —e-V=02m/s

=] —4A—V=04mis
The influences of the bulk flow velocity on the transport  © 3907 —y-V=0.8mis
and adsorption characteristics are shown in Figs. 3-6. In 0 500 1000 1500 2000 2500 3000
Fig. 3 it can be seen that the pressure drop in the packed time(s)

bed filled with adsorbent increases with the increase of
FIG. 5: Effect of bulk flow velocity on outlet fluid tem-

perature
700
600 M
/
—_ / ]
= 500 ) 340
o e o 335
400+ ' s |
8_ / % < 330
= - 3251
8 3001 4 §- g 320
/ 2 3201
S 2001 / Eg
»n . K] 8 3154
b y -a-V=01m/s
O 1004 o %’:',?, 3101 —e-V=02mis
= " S 5 305 —4-V=04mis
04 2 300 —¥-V=08mis
00 01 02 03 04 05 06 07 08 09 295 T T T y T y T
) 0 500 1000 1500 2000 2500 3000
velocity of the bulk flow (m/s) time(s)

FIG. 3: Effect of bulk flow velocity on the pressure drog-IG. 6: Effectof bulk flow velocity onaverageadsorbent
between the inlet and outlet temperature

Volume 14, Number 6, 2011



560

bulk flow velocity, which indicatesthat more enepy is
consumedFigure 4 shaws that the larger the bulk flow
velocity, the shorterthe adsorptiortime will be. Thusthe
transitionpoint of the breakthrouglturve appear®arliet
Therefore,increasingthe bulk flow velocity canchange
the capacityof pervolume adsorbentFigures5 and 6
demonstratehat the outlet fluid temperatureand aver-
ageadsorbentemperaturéncreasamorerapidly with the
increaseof bulk flow velocity in the upgoing stageof
curves. However, the maximumoutlet fluid temperature
decreasewith anincreasef thebulk flow velocity, while
thistendeng is inversedfor themaximumaverageadsor
benttemperatureThe reasondor thosephenomenaan
beexplainedastheincreasef theaverageadsorbentem-
peraturebeingdependenbvnthereleasaateof adsorption
heat the heattransferatebetweersolid andfluid andthe
heatcapacityof the solid adsorbentvhile the increaseof
bulk fluid temperaturelependson the heattransferrate
betweensolid andfluid andthe heatcapacityof fluid. If
the bulk flow velocity is higher the adsorptionrate will
increaseandadsorption-generatdteatwill releaseamore
quickly, which leadsto a quicker increasen the solid ad-
sorbentemperaturdleanwhile ahigherbulk flow veloc-
ity resultsin arelatively shortertime for fluid residence.
Thus heatexchangebetweenfluid and adsorbenis not
sufficient, whichleadsto alower outletfluid temperature.

3.2 Effect of Particle Diameter

Figures 7-10 display the effect of the particle diameter gf
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dropdecreasegreatlywith anincreaseof the particledi-
ameterlt is expectedthatthe permeabilityof the pacled
bedincreasesignificantlywhentheparticlediametebe-
comeslarger. This indicatesthat adoptingbigger adsor
bentparticlescansase moreenegy. Figure8 shaws that
the larger the particle diametey the higherthe CO, con-
centrationin the outflow will be. It is notedfrom Fig. 9
that the outlet fluid temperatur@ncreasesmore slowly,
asthe particle diameterincreaseswhile this tendeng is
inversedfor the averageadsorbentemperatureshovn in
Fig.10.1t is expectedhatwhenotherconditionsarefixed,
the heatand masstransfercoeficients decreasavith the
increaseof the particlediameterin the caseof largerpar
ticles,theincreasef averageadsorbentemperaturéeads
to alower equilibriumadsorptiomuantity Consequently
theadsorptiorperformancewill beslightly worse.

3.3 Effect of Effective Solid Thermal
Conductivity

As shavn in Fig. 11, the time it takes until the appear
anceof CO, in theoutflow is almostthesamefor different
curves.After that, however, the outlet CO, concentration
increasesandits increaserateis relatively slower when
As.eff 1S larger As shovn in Figs.12 and13, for boththe
outlet fluid temperatureand the averageadsorbentem-
peraturegheincreaseaatesarealsorelatively sloverwhen

As.ef IS larger. It can be explained as follows: when e

fective solid thermal conductivity, . is raised, more

adsorption heat is transferred to the surroundings, whi
makes the average adsorbent temperature increase n
slowly and the equilibrium adsorption quantity increas

561
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heatis larger it takes moretime until the appearancef
CGO;, in theoutflow, andtheoutletCO, concentrationgut-
let fluid temperatureand averageadsorbentemperature
increasamoreslowly. Thesephenomenaanbeexplained
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asfollows: whenthe sameamountof heatis absorbed,
highersolid specificheatmeandargerheatcapacityof the
adsorbentwvhich resultsin a smallertemperatureswing
Thus,accordingto the temperature-dependebangmuir
isotherm,the equilibrium adsorptionquantity increases.
Therefore,more gas mixturescan be separatedand the
purity of the productioncan be raisedby increasingthe
solid specificheat

4. CONCLUSIONS

A localthermalnon-equilibriummathematicainodelde-
scribing the coupledheatand masstransferin a porous
adsorbenbedwasestablishedThe modelwassolved by
the finite-volume methodand verified throughthe com-
parisonbetweersimulationresultsandexperimentadata
reportedby otherresearcherd heeffectsof thebulk flow
velocity, particle diameter effective solid thermal con-
ductivity andspecificheatof the adsorbentvereinvesti-
gatednumerically The computatiorresultsshow that(1)
increasinghe bulk flow velocity canenhancehe capac-
ity of pervolume adsorbentput worsenthe heattrans-
fer performanceand consumemore enegy; (2) increas-
ing the particle diametercan slightly worsenheatand
masstransferperformancebut flow resistancelecreases
significantly; (3) adsorptionperformancecanbe slightly
improved when the effective solid thermal conductvity
becomedarger; and (4) adsorptionperformancecan be
significantlyimproved whenthe solid specificheatis in-
creasedwhile enegy consumptionremainsalmostthe
sameThoseresultsmayprovide someusefulinformation
for operatinga PSAprocess.
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