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Study of heat and mass transfer in a chemical
moving bed reactor for gasification of carbon
using an external radiative source
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Abstract—A theoretical model of a chemical moving bed reactor for gasifying carbon with CO, using an
external radiative source (concentrated solar radiation) is proposed. It permits the determination of the
temperature profile for gas and solid and the concentration profile in the gas as a function of control
parameters: gas flow rate, warm surface temperature, diameter of particles. Comparison of model results
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with experiment gives satisfactory agreement.

1. INTRODUCTION

VaRrioUs technical approaches use coal for conversion
to gaseous and liquid fuels. The energy necessary to
drive endothermic coal gasification reactions can be
supplied by partial coal combustion, by preheating
the reactant gas, or from an external radiative source,
such as the sun.

The use of high-temperature solar energy to drive
the endothermic reactions associated with coal and
other carbonaceous materials for gasification has been
studied by several investigators [1-5].

Recently, a moving bed reactor, shown in Fig. 1, for
gasifying coconut charcoal (it is nearly pure carbon:
1.5+0.5 wt% H with a low ash content of 1.2 wt%)
with CO, was studied experimentally [6]. Experiments
were carried out on a vertical solar furnace located at
the C.N.R.S. Laboratory in Odeillo, France.

These tests were made with incident solar intensities
¢, of 290-690 kW m™?2, temperatures T, of 900-
1200°C, gas flow rates F¢o, of 1-11 1 min~' and par-
ticles with a diameter of 0.32 cm.

The performance of the reactor was defined on the
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Fic. 1. Reactor used for solar gasification. As the packed bed was consumed it was pushed toward the
focal plane.
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NOMENCLATURE
A (particle surface area)/(unit bed volume)  Greek symbols
[m~1 e bed void fraction
C mass fraction of CO, in the gas mixture n thermochemical efficiency of the process
¢ heat capacity [J kg~ ' K] 0 gas temperature [K]
d particle diameter [m] A thermal conductivity [Wm 'K ]
D diffusion coefficient of CO, in the gas u viscosity [Nsm™?]
[m?s~ '] 0 density [kgm 7
Dy diameter of the cylinder containing the g Stefan—Boltzmann constant
porous medium [m) [Wm~2K ™4
Feo, CO; flow rate at the entry of the reactor b incident radiative flux [Wm™ 7.
[ms~']
h particle—fluid heat transfer coefficient Dimensionless variables
Wm K™ '] Nu  Nusselt number, Ad/i
AH  molar enthalpy of reaction {Jmol '] Pr Prandtl number, uc,/A
K extinction coefficient [m™'] Re Reynolds number, v,dp/u
ky mass transfer coefficient [ms™ '] Se Schmidt number, u/pD
L length of the packed bed [m] Sh Sherwood number, k,d/D
M molar density [kg mol™'] X*  dimensionless axial coordinate, x/d.
P pressure inside the reactor [Pa]
g, radiation flux density in the solid Subscripts
T temperature of the solid [K] a ambient conditions
v fluid velocity [ms™'] C carbon
vV volume of the packed bed [m?] cal calculated value
v, solid velocity [ms~'] meas measured value
X axial coordinate (positive in the flow p particle
direction) [m] s solid, superficial
X degree of advancement of reaction. 0 reference value.

basis of the amount of solar energy stored (efficiency
of the process, ) and the fraction of reactant gas
consumed. The efficiency can be determined from the
fuel value (heat of combustion) of the product gas
(AH,), the heat of combustion of the fuel gasified
(AHg) and the solar energy (AH,) used during gasi-
fication as follows:

AH,—AH,
;7=< *’Aﬁ F)xlOO.

s

In the above tests, the maximum of the fraction of
reactant gas (CO,) consumed was found to be 98%
for Feg,=4 1 min~! and T,=1150°C, and the
maximum efficiency was found to be 50% for Feo,

=821min~'and T, = 950°C.

A major parameter in the study of transfer in this
reactor is the overall rate of gasification, which is
determined by a chemical, mass transport or mixed
control, depending on experimental conditions.

A gravimetric analysis has determined a control
of the reaction process by mass transport (diffusion
through the gas film around a solid particle) for tem-
peratures above 1000°C.

In addition to this work, a theoretical model of
the functioning of the moving bed reactor with mass
transport control is presented here.

2. HEAT AND MASS TRANSFER EQUATIONS

The reactor is assumed to be composed of a stacking
of identical non-porous carbon grains regularly dis-
tributed in a drum. Its section is large enough that its
sides may be considered as adiabatic ; the flow is one-
dimensional and the physical properties are the same
for all points located in the same section.

Compared to other exchange modes (conduction,
radiation and convection), viscous friction and press-
ure drops are considered as negligible. The flow is
assumed to be steady and the gas flow rate constant.
Heat and mass transfer equations are [6] :

for the gas
aCc 0 oC
P ox = x (PD 51;)+“<' M
060 0 ,100— ] 2
Pty = ax\Fax ) T o0 @
for the solid
v,
—psa +0a, =0 (3)
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or o PPl 6T
PsCpsls 3 ox 6x

In these equations, the terms o, g4, 6, and o,
represent mass or heat production in the control
volume. They may be expressed as

6
q:(x) tor
Ox

@

A
—Zhyp(C—C)

O =
A
Og = ;h(TS—B)

A
- Tj;pkg(c_ Cs)

g, =

oT=——~—h(T ~0)—— AHkgp(C C).

In this case, the contact surface ratio may be written
as

6(1—¢)
I

The assumption of the existence of mass transport
control around a grain allows the condition C; = C,,
where C, is determined by the chemical equilibrium
reaction [7]. The thermal gradient is in the particle
external boundary layer, where T is considered to be
equal to 7' [8].

To simplify the study, the porous bed is assumed
to be a gray optically thick medium characterized by
extinction coefficient K and emissivity ¢,. The radi-
ative flux density is given by [9]

1667 5_T
3K Ox

160T> oT 2+
K ox
The set of equations (1)—(4) may be written as

aC 8 ac\ 6(1—¢)
P”a-a(f’Da)Jf od

0 9 6(1—¢)
Pl = (i ax)+

A=

qr(x) = -
therefore

0g:(x) _
ox

16672 0°T
3K ox?

kep(C,—C) (5)

WT-6)  (6)

v, 6
Ps 5; = Epkg(cs - C) (7)
oT P 0T | 16672 (0TV
Pelrls 5 = 6x o |T K \Gx
16673 3°T 6
ek —h(T 0+ = AHkgp(C -C). 8

These equations are fitted with the following bound-
ary conditions :

atx=0:T=T,,0=6,=0,C=1,0,=0
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—_ —_—

at x=L:grad, 6§ =0; grad, T=0; grad, C=0.

The numerical solution requires a certain dimen-
sionless form of these equations and boundary con-
ditions. Assuming that

the set of equations (5)—(8) can be written as

Re Sc ac i} oc
5 PP = bF(”D"aF)
1-
+ & )ShpD(C -C) (9)
RePr 060% __f_ Aﬁ
e oxt oxt\Toxt
+6~(1—£_—8)Nui(T+—6+) (10)
dv, ShD
piggr =6p— (C:=C) (11)
] T+3\oT*
* N Rl + __p+
DG [(A B+ )ax+] 6 NuAB(T* —6")
6AH ShDBp aT*
_——fo—.—(Cs—C)+pscpsvsBdm (12)

where B = K/165 T3 and the following boundary con-
ditions apply :

0
atXt=0: Tr=1; 0*==2; C=1; v,=0
T,
L 6T+ a0+ ac
+ =t =0 —— = — =
at Xt == =Lt oo =0; r =05 5o =0,

3. PARAMETERS

Heat and mass transfer coefficients 4 and &, are
unknown functions of the flow rate. Empirical cor-
relations which are used to evaluate them are related
to Nusselt and Sherwood numbers. Gunn {10] pro-
posed the following correlations:

for0.35 <& < 1 and Re < 10°
Ny = (7—10e+5e%) (1 +0.7 Re"2 mi’?)
+(1.33—2.4e+1.26%) Re®" m{?
where
Nr=Nu when my=Pr
and
Ny =Sh when m;= Sc.

To calculate the effective thermal conductivity of
the packed bed, the following correlation is used [11] :
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Parameters f and ¢ depend on the geometric charac-
teristics of the porous medium; f is a function of the
particles’ arrangement and varies between 0.9 and 1—
0.9 corresponds to a close arrangement and 1 to a
loose one. ¢ is given as

e—0.26

¢ =d,+(¢, “‘bz)(“().z%") for 0.26 < & < 0.476

¢ = ¢, for e > 0476
¢ = ¢, for ¢ < 0.26.

The values of ¢, and ¢, are shown in Fig. 2 as a
function of 4,/4.
The reaction studied is the gasification of carbon

C+CO,=2CO0.
The enthalpy of this reaction is expressed as [12]
AH(T) = 173.14x 10 +12.58T~19.86 x 10~°T*
+5.77x107°T3-9.07 x 10°T~" J mol ™.

Boudouard [13] calculated the equilibrium molar
fractions at atmospheric pressure by using the
relationship

Xeos _ 14

21000 log-
T 8 Xcom)

The other physical properties of the solid and the
gas are given in the Appendix.

4. NUMERICAL METHOD

The set of differential equations (9)—(12) and the
boundary conditions chosen are solved by using the

finmte-difference method proposed by Patankar [14],
which consists of dividing the reactor into many con-
trol volumes the thickness of which is Ax. Those equa-
tions are integrated, and their discretization, for T for
instance, is of the form

al, =a, T, +a T, ,+b

with a tridiagonal matrix, which allows a gain in time
of calculations and place in computer memory. A
direct method (Thomas’s method [14]) allows the
formulation of the final solution to the above set
of algebraic equations. The term b, which really
expresses heat and mass source terms, may gen-
erally be linearized as a function of T; according to the
methods presented in ref. [14].
For calculations, Ax is chosen as 0.04.

5. BEHAVIOUR OF THE MODEL

The numerical solution is made by using the par-
ameters 0, = 300 K, p = 1.013 x 10° Pa, Cy = 41 mol
m Y d=0003m,¢=045 K=1200m~ ', \*¥ =0.5
Wm 'K "

This has allowed the determination of temperature
distributions and gas composition.

Figure 3 shows the temperature distributions for
the gas and the solid. 1t is noted that there are two
temperature zones : the first corresponds to the heat-
ing of gas by the porous medium exposed to the exter-
nal radiative source (concentrated solar radiation),
and the second to an equilibrium thermal zone
between solid and gas.

In the solid, the temperature gradient is very high
because the effective thermal conductivity is low.

Figure 4 shows molar fractions of CO and CO,
profiles in the gas— X, Xco,—as well as equilibrium
molar fractions— X¢oeq» Xco,sq—Ccalculated at the
temperature of the reaction, ie. the surface tem-
perature of the solid particles. The ‘direct’ reaction
zone is located at a small distance from the warm
front of the reactor. In this zone, CO is loaded into
the gas. In zones neighbouring the warm front (at a
distance of a few particle diameters), the entering gas
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FiG. 3. Temperature distributions for gas and solid along the reactor: ¥, =0.06 m s~!, T, = 1400 K,

L* =

has a concentration of CO that becomes greater than
the equilibrium concentration. The reverse reaction

2CO0-C+CO,

adjusts the equilibrium concentration, but this reac-
tion has a null rate in the absence of catalysers in the
temperature range considered [15]. This is the reason
why the temperature distribution obtained beyond the
‘direct’ reaction zone is horizontal.

The advancement degree of the reaction (equal to
the conversion factor of the reactant, CO,) is defined
as the ratio of CO, moles consumed at a distance X+
into the reactor to the number of moles entering at
X* = 0 in order to characterize the behaviour of the
formation of the gas during the reaction and along

1X4

16.

the reactor

Co—C+
X=——
C,
where
pC
Ct = .
Juco2

Its behaviour is shown in Fig. 3.
As for the behaviour of the speed of the packed
bed, this is shown in Fig. 6.

5.1. Conduction—radiation interaction
If conduction transfers are characterized by a con-
ductivity A¥, radiative transfers may also be charac-
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FiG. 4. General profiles along the reactor: ¥, = 0.06 m s~!, T, = 1400 K, L* = 16; molar fractions of
CO profile: X0 ; equilibrium molar fractions of CO profile : Xcooq-
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FIG. 6. Velocity of solid profile along the reactor: V, = 0.06 ms™', T, = 1400 K, L* = 16.
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FiG. 7. Effect of the radiative transfer on the temperature distributions: ¥, = 0.06 m s™ ', 7, = 1400 K,
Lt =16.
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terized by a radiative conductivity

B 16673

& 3K

where K (m~!) is the extinction coefficient per unit
medium volume. The interaction between these modes
of transfer is evaluated by defining a parameter that
is a function of the two conductivities, expressed as
[16]

4 1
T34
and known as the Stark number ; a value of N = 1.66
is found when the average control parameters are
vo=0.00dms~ ', d =0.003m, T, = 1100K, 2* = 0.5
Wm 'K 'and K= 1000 m~".

Doornink and Hering [17] showed that for N < §,
radiation heat transfer compared to conduction can-
not be neglected. This has required the coupling of
these two energy exchange modes in the current
model.

Shown in Figs. 7 and 8 are the temperature and
advancement degree profiles along the reactor in the
case of pure conduction (the term (dq,/0x) is equal to
zero in the solid energy equation) and those given by
the model.

It is noted that the temperatures and the advance-
ment degree obtained by the model are higher than
those given by pure conduction.

The influence of effective thermal conductivity A
and of extinction coefficient K on the advancement
degree is shown in Figs. 9 and 10.

5.2. Effect of control parameters
The control parameters chosen are : the warm sur-
face temperature (exposed to incident radiation in

2021
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FiG. 9. Effect of the effective conductivity on the degree of
advancement of reaction: ¥, =0.06 m s~', T, = 1400 K,
L+ = 16.

X+ =0) T,, the flow rate of entering gas in the reactor
v, and the solid particle diameter d.

An increase in the first parameter increases the
advancement degree of the reaction, as is shown in
Fig. 11 by the T, distribution for different values of
flow rate.

An increase in the flow rate leads to a decrease in
temperatures and transformation rate, and the effect
of v, on the latter is graphically represented in Fig.
12.

A decrease in the particle diameter has the effect of
increasing the contact surface rate 4 and therefore of
increasing temperatures and transformation rates ; see
Fig. 13.

The thermochemical efficiency # is defined as the

l X
0.8
0.7‘{ conductton + radiation
0.6 .

conduction
05
0.4
] L L J i
9 1 2 3 ¢ s X+

FiG. 8. Effect of the radiative transfer on the degree of advancement of reaction: V, = 0.06 m s~

s

T,=1400K, L* = 16.

HMT 32:11-8
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Fi16. 10. Effect of the extinction coefficient on the degree of advancement of reaction: ¥, = 0.06 m s~ ',
T, = 1400 K, L* = 16.

i X
wd
0.7 Voz=0.04 ms™
Vaz0.06 ms™
06 -
05 -
04
0.3
H 13 i { i i i —
800 900 1000 MO0 1200 1300 1400 Tol K}

Fic. 11. Effect of the temperature of the warm surface on the degree of advancement of reaction for
different velocities of the gas at the entry of the packed bed: L* = 16.
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FiG. 12. Effect of the velocity of the gas at the entry of the  FiG. 13. Effect of the particle diameter on the degree of
packed bed on the degree of advancement of reaction for  advancement of reaction: V,=0.06 m s~ !, T, = 1400 K,
different temperatures of the warm surface: L* = 16. LY =16.
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ratio of the variation of density flux of gas chemical
enthalpy per unit surface area in the reactor to the
incident radiative density flux

AHP bt AHF
AH,

H,
100 = —
)" é

where H is a function of overall advancement degree
of the reaction at the exit of the gas, of v, and of the
difference of formation enthalpies of CO and CO,,
and is expressed as

Hy = vy X1 Co[2AHY(CO) — AHY(CO,)].
Hence
0o XL Co[2AHL(CO)— AHL(CO,)]
n= 5 .
The external incident radiation density ¢; may be cal-
culated by making a thermal balance at the warm

surface (X* = 0), where heat convection is neglected,
by using the expression

oT
4y = —A:(g)csowa(m—o:)

where a, is the overail absorptivity and ¢, the overali
emissivity.
The value of ¢, is given by Borodulya et al. [18] as

53 = 83.485
which is valid when the porosity is about 0.4.

A value of 7 = 27% is obtained for v, = 0.04 ms~",

T, =1400K,d = 0.003m, K = 1200m~ ', i* = 0.3 W
m 'K ' e =08 p, = 14kgm’and ¢ = 520kW
m -.
Infra-red emission and reflection loss on the
exposed surface of the reactor have been estimated to
be 37%, and those by sensible heat acquired by the
gas to be 7%.

Another characteristic quantity of this reactor, the
specific productivity, is defined as

Py = (1—¢)psVs..

The value of Pg is found to be equal to 165 kg h~!
m~ 2 of C for the conditions defined above.

5.3. Comparison with experimental results

The results of the model are compared with exper-
imental values published in ref. [6]. Table 1 shows that
satisfactory agreement is found between theoretical
and experimental results for temperatures of 950-
1200°C and flow rates of 1-8 I min~' for the following
values of the parameters: d=0.32 cm, &= 045,
Co=3384 molm 3 6,=300K, A*=03Wm™!
K4 k=1200 m~!, L=12 cm, Dy =4.7 cm and
p = 84000 Pa, ‘

6. CONCLUSION

A theoretical model of a chemical moving packed
bed reactor for gasifying carbon by using an external

2023

Table 1. Comparison of model results and experimental

results
quz Tocai Tomeas
(1min™") C) §Y) Xaal Xincas
2 1127 1129 0.84 0.84
33 1067 1065 0.79 0.80
33 1087 1090 0.80 0.81
4 1087 1083 0.82 0.81
4 1127 1129 0.83 0.83
6 947 1027 0.62 0.67
8.2 987 988 0.55 0.68

radiative heat source and with a mass transport con-
trol has been presented. It permits the determination
of gas and solid temperature distributions and con-
centration distributions in the gas along the reactor
as functions of various parameters, among which are
those of control (gas flow rate, warm surface tem-
perature, particle diameter). The effect of these par-
ameters on the degree of advancement of the reaction
is also studied.

Comparison of model results with those from
experiments published in ref. [6] gives satisfactory
agreement.
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APPENDIX: PHYSICO-CHEMICAL
PARAMETERS

Gas apparent density
p= %Zx,M,; P =po=p. = 1.03x10°Pa

where x, is the molar fraction of the component i of the gas
mixture and M, is its molar density.

Gas heat capacity per unit mass

= 3 CD D)

where c,,, is the heat capacity per unit of mass of the /
component of the gas mixture and C, is its mass {raction :

Com = Cn/M,. where the values of ¢, are [12}

o = 28.384+4.1x 10" *0—0.46 x 10°0~*Jmol 'K~
Cpco, = 44.149.03x 10729 —8.53x 10°0 " Jmol 'K~ .

Gas viscosity [19]

-f
;§
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where x, is the molar fraction of the component j and ¢,; is
written as

i . M1 N2 1'47)2
o [ T ()]
Vug M,_ S AM,

u, and p, are the viscosities of components 7 and j at the
temperature 6, given by Sutherland’s relationship {20]

273+ C g1
3) = )] iy |
©(6) u‘(27-)[ 05 c ][273]

Ueol273) =16.6x 107 Nsm “:
teo(273) = 13.83% 10 “Nsm "’
Ceo=9793K: Ceo, = 23128 K

Thermal conductivity of the gas

j= ZI""' ‘
- Z‘ \d)u

=1

where 4, is given by Sutherland’s relationship

MG 0 ]
() =
A0 = 2 73’[ asC ][_m}

with £c5(273) = 0.022 W m ™' K ', 2,.(273) = 0.0144 W
m 'K ' Cq=5S158K and C. = 1334.7K,

Diffusion coefficient
Fuller et al.’s relationship {20] gives

0( 75
D=D,=

u 1 ] 2
YARA

where ¥, and V', are the diffusion volumes of i and j. Hence
Veo = 189x107°m’; Vg, = 269107 m’: p = | atm.
Heat capacity of the solid
The heat capacity per unit of mass of the solid is given by
Coy = Crm, M
where ¢, is the molar heal capacity of the solid the molar
density of which is M. Hence

Com = 0.109+39.04 x 10737 -1.48 > 10°T*
~ 1737 <10 "T Jmol" 'K '

ETUDE DU TRANSFERT DE CHALEUR ET DE MASSE DANS UN REACTEUR
CHIMIQUE A LIT MOBILE POUR LA GAZEIFICATION DU CHARBON EN UTILISANT
UNE SOURCE RADIANTE EXTERNE

Résumé—On propose un modéle théorique du réacteur chimique a lit mouvant pour la gazéification du

charbon avec du CO,, en utilisant une source radiante externe (rayonnement solaire concentre). Il permet

la détermination du profil de température du gaz et du solide, des profils de concentration dans le gaz en

fonction des paramétres opératoires: débit de gaz, température de la surface chaude, diamétre des particules.
La comparaison des résultats du modéle avec I'expérience donne un accord satisfaisant.

UNTERSUCHUNG DES WARME- UND STOFFTRANSPORTS IN EINEM CHEMISCHEN
FLIESSBETT-REAKTOR ZUR KOHLEVERGASUNG BEI VERWENDUNG EINER
EXTERNEN STRAHLUNGSQUELLE

Zusammenfassung—Es wird ein theoretisches Modell cines FlicBbett-Reaktors zur Kohlevergasung mit
CO, bei Verwendung einer externen Strahlungsquelle (konzentrierte Sonnenstrahlung) vorgeschlagen.
Es erméglicht die Bestimmung der Temperaturprofile im Gas und im Feststoff als Funktion folgender
Parameter: Gasvolumenstrom, Oberflichentemperatur und Partikeldurchmesser. Vergleiche zwischen
Modell und Experiment ergeben eine zufriedenstetlende Ubereinstimmung der Ergebnisse.



Solar powered gasification of carbon

HCCIENOBAHME TEINIO- U MACCOIIEPEHOCA B XUMHYECKOM PEAKTOPE C
ABIKYIIUMCSA CIOEM U1 FASHOHKALIUH YIJIA NMPH HUCTIOJB30BAHHM
BHEMHETO HCTOYHHUKA HU3ITYYEHHA

Amsoramms—TTIpennoxesa TOPETHYECKAS MOIETh XHMHAYECKOIO PEAKTOPa ¢ ABHKYIIHMCS CJIOEM A

rasEpExanEy  YrAS OpE  HAJMYHE YTUIEKHCJOrO rasa H  BHCUIHCrO HCTOYHMKE HM3JIYYCHHR

{xoHnECHTpOBaRHON! commeynoit speprun). Ma"nas MONENL NO3BOJIACT OHPEACTETS NPOQHNL TEMNEPATYD

IUIE 7238 K TBEPAOTO BEMIECTBA ¥ MpodHns KORICHTpAnnll ra3a Xak QyHKUHIC KOHTPONLHHX NapaMer-

POB: Pacxojia Ia3a, TEMIEPaTyYPhl HATPeToli MOBEPXHOCTH, OHAMETPA YacTHil. Pe3yIbTaThi YAOBICTBODH-
TENBHO COTJIACYBITCA C IKCIIEPHMEHTOM,

2025



