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Abstract

A heterogeneous mathematical model is used to simulate a cascade of multi-stage
fixed bed membrane reactors (MSFBMR) for the decomposition of ammonia. The
numerical results show that a single fixed bed membrane reactor (FBMR) exhibits a poor
performance and limited by the kinetics to give 29.49% exit ammonia conversion,
whereas efficient seven multi-stage beds achieve 100% ammonia conversion. An
effective hydrogen permeation zone has been identified by a critical point. It is observed
that the locus of the total inter-stage heating load assumes a maximum inflection point.
The results show that the multi-stage fixed bed membrane reactors configuration has
many benefits and can the future generation of reactors for production of hydrogen.

Keywords: Ammonia decomposition, hydrogen, membrane reactor, modeling, multi-
stage reactors.

Introduction

In recent years the demand for ultra-clean hydrogen is increased significantly to
power polymer electrolyte membrane (PEM) fuel cells. [1, 2]. Conventional steam
reformers produce hydrogen with a high level of traces of impurities not suitable for the
PEM. Today, hydrogen perm-selective composite membranes produce high quality
of hydrogen. Moreover, they play animportant role in displacement of thermodynamic
equilibriums [3-6] and enhancement of the reactors performance. Further improvements
are still needed for best design and operation.

Decomposition of ammonia is an attractive process for pure hydrogen production.
The reaction gives only hydrogen and nitrogen. The reaction has received much attention
for on-site (local) hydrogen production. Several theoretical studies have been published
on ammonia decomposition. However, these studies have been largely directed toward
the removal of ammonia traces as a pollutant [6-8]. The chemical engineering literature
contains limited theoretical and modeling studies for hydrogen production by ammonia
decomposition at the level of experimental bench scale reactors [9]. In fact, more
modeling and simulation studies for different reactors configurations for ammonia
decomposition are needed.

Surprisingly, theoretical studies of multi-stage fixed bed membrane reactors
(MSFBMR) for the decomposition of ammonia are scarce. In this study, the mathematical
modeling and numerical simulation approach has been implemented to investigate
application potential of multi-stage membrane reactors for production of ultra-clean
hydrogen. The benefits that can be gained by these reactors configurations are explored.
Moreover, deeper insight understanding of the process might be gained. Furthermore,
the effect of the key parameters on the performance of the MSFBMR are considered.
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Rate of reaction

The decomposition of ammonia is represented by the
following reaction:

1 3

NH; [ —Ny+ ZH,  [AH3 =546 kJ /mol] (1)

The rate of reaction rate is given by the Temkin [10-12]:

) a 3 l-a
Ry, :5.131x10‘4exp[—19656‘27j *’%’3 -K*f, ffz 2)
T .fHZ fNH3

Where f is the fugacity of component i. The equilibrium
reaction constant is by the following equation:

logK =2.6899+2001.6xT" +1.848863x107T" - 2691122 logT - 5.519265x10°T  (4)

Where T is the absolute temperature (K).

The mathematical modeling of the FBMR

A rigorous two-dimensional heterogeneous model is
formulated for ammonia decomposition. A schematic diagram
for two multi-stage fixed bed membrane reactors is presented
in Figure 1. The following assumptions are used to develop
the mathematical model:

Steady state conditions.

The reactor operates under isothermal conditions.
The membrane has exclusive selectivity for hydrogen.
An isothermal catalyst pellet.

Negligible axial dispersion.

Cylindrical symmetry.

Spherical catalyst pellet with symmetric geometry.
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Figure 1. Schematic representation: (a) single fixed bed membrane reactor
(FBMRY); (b)multi-stage fixed bed membrane reactors (MSFBMR).

Tube side

The material balance equation for component i on the

tube side is given as:

6C,l _Dj,glla{r ac;:|+(15|)7/i ’7RN113

v Ay, ron| " on A u, (5)
0<r <R , i=1-3

Where C is the concentration of component i, A_ is
x-sectional area of the bed, u, is the axial velocity, e, is porosity
of the bed, D effective diffusivity coefficient of component i,
g, is the generalized stiochiometric coefficient of component i
(negative for reactants) and h is the effectiveness factor.
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The effective diffusivity coefficient is calculated using:

D, =— a-Y)
2. (Y/D;) g
=l
J#i

Fuller, Schettler and Giddings correlation is used for the binary
diffusivity (DU.) :

b 10°T 7 \/1+71
' P[(ZV)ZBNZVX/T M, M, ®)

Where T is temperature, P is pressure, v is the atomic
diffusion volume and M is the molecular weight.

Ceramic support

The component mass balance equations for the ceramic
support is given by:
Dls, o { ace

2
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Where e, is porosity of the ceramic support and d is the
membrane thickness.

The conversion of ammonia is given by:

The global orthogonal collocation technique [13] is used to
change the partial differential equations into ODEs which can
be integrated directly.
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Catalyst pellet

The material balance for component i in the catalyst pellet is
given by:

1 d,, R,,.(X,,T,P)

~ (AN )=y DAt

1’2 dl"( z) i (1—8) (12)
B.C:

r=0 N, =0

I"ZRP Xl- :le (13)

The component material balance equations in a dimensionless
form can be written as :

d°X, 24X, 1 (ﬁjzz_ Ry (| X \Ru(X,.T.P)
dot wdo (X,-y,)\do y'CD(,,. 7; (1-¢) (14)
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do (15)
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where o is the dimensionless coordinate and C is the total
concentration. The effective diffusion coefficient is given by :

1
D,=—¢D, 16
> (16)

Where ¢ is the intraparticle porosity and D, is bulk diffusion
coefficient of component i:

T 1.75 1
p-pl L | L
= (273) P (a7

The diffusion coefficient of component i (D°) at 0°C and 1 atm
is given by:

1-Xx?
D’ = :
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and X is given by:
X Djo/ Dy,
]/.— .
Xo=y-(r-X7) — (19)
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The effectiveness factor:
R,
["rR,, (X, T, P)dr

J-ORP 'R

n= (20)

,’;Hs(X”,T”,Ph)dr
Where X is the mole fraction vector.
Permeation side

On the permeation side the material balance for hydrogen
is given by [14]:

dF) [ 28.84x10° 1888.381)( =
i =[ 5d,, ]eXp(——T j(\/PHZ—\/Pfi) @1

Results and Discussion

Figure 2 compares the performance of three adiabatic
reactors configuration for ammonia decomposition. The fixed
bed membrane reactor (FBMR) at 40.0 bar, multi-stage fixed bed
reactor (MSFBR) with inter-stage heating at 1.0 bar and multi-
stage fixed bed membrane reactor (MSFBMR) with inter-stage
heating at 40.0 bar. A feed temperature of 600 °C is used for all
configurations and a maximum feed temperature (T ) is
considered to be 900°C [15, 16]. In the multi-stage configurations
each bed has a volume of 0.1 m3 As it can be seen, the
performance of the FBMR is strongly affected by the severe drop
of the temperature and limited by the kinetics due to the low
temperature and the result of that a low exit ammonia conversion
of 29.49% is attained. The MSFBMR configuration achieves 100%
ammonia conversion by six beds and a small final bed (Bed,) of a
volume of 0.011 m3. It is obvious that this configuration works
remarkably well beyond the thermodynamic equilibrium at 40
bar due to the imposed membrane. For fair comparison, the
same number of beds is used for the MSFBR configuration. The
exit final ammonia conversion achieved by this configuration is
92.37%. It can be seen also, that MSFBMR configuration is
superior to the MSFBR configuration with respect to ammonia
conversion in all beds. These results demonstrate the excellent
and promising performance of the MSFBMR configuration.

Equilibrium conversion (P=1.0 bar)
Equilibrium conversion (P=40.0 bar)
————— MSFBR (P=1.0 bar)

FBMR(P=40.0 bar)

MSFBMR(P=40.0 bar)

1.00 Seq
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0.60 -

0.40 —

NH, conversion (Z)
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Temperature (°C)

Figure 2. Comparison of different reactor configurations. MSFBR,
FBMR and MSFBMR.

Figure 3 shows the effect of the pressure on the exitammonia
conversion for the MSFBMR configuration. At a low pressure
each bed of the MSFBMR configuration works similar to a fixed
bed reactor due to virtually weak hydrogen permeation. It is
clearly shown that, the exit ammonia conversion decreases with
the increase of the pressure due to its negative influence on the
thermodynamic equilibrium to a critical inflection point beyond
which the role of the membrane comes to dominate and
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developing an effective permeation zone. Note that this critical
point needs to be identified to determine the critical minimum
operating pressure for the MSFBMR configuration.
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Figure 3. Exit NH3 conversion as a function of pressure.

Figure 4a shows the hydrogen molar flow rate in the reaction
and permeation sides for the MSFBMR configuration. As it can be
shown that the hydrogen permeation is high in the first bed and
decreases progressively to the last bed, this could be due to the
availability of the hydrogen in the reaction side. The cumulative
hydrogen flow rate in the permeation side is presented in Figure
4b. The result is consistent with the results shown in Figure 4a and
implies progressive increase in the cumulative hydrogen flow rate.
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Figure 4. MSFBMR configuration. (a) profiles of hydrogen flow rate in the
reaction and permeation sides; (b) cumulative H, permeation flow rate.

Figure 5a shows inter-stage heat load per heat exchanger
(QJ.) and cumulative inter-stage heat load (3Q). It is shown
clearly that the inter-stage heat load seems to decrease linearly
with the increase of the number of heat exchangers due to the
decrease of the mixture mass flow rate and the enthalpy as a

result of hydrogen permeation as shown in Figure 5b.
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Figure 5. MSFBMR configuration. (a) inter-stage heating load and
cumulative heating load as a function of inter-stage heat exchanger
number; (b) mass flow rate and enthalpy of the mixture as a
function of inter-stage heat exchanger number.
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Figure 6 shows the cumulative hydrogen permeation flow
rate as a function of the number of beds for various feed
temperatures. Note that all the feed temperatures give almost the
same final total quantity of permeating hydrogen independent of
the number of beds used. The corresponding cumulative inter-
stage heating load is depicted in Figure 7. It is interesting to note
that the total inter-stage heating load at the T,.= 900 °C is the least
compared to other feed temperatures in spite of the fact that it
has the highest temperature drop per heat exchanger as clearly
shown in Figure 2 (T.= 600 °C). Also, in Figure 7 one can see that
the locus of the total inter-stage heating load assumes an
inflection point of maximum nature. This phenomenon might be
due to the complex interaction of the hydrogen permeation, heat
capacity, temperature drop and the number of beds. Figures. 8 a
and b might help us to have some understanding of this
phenomenon. Figure 8a shows that the mass flow rate decreases
along the heat exchangers due to separation of hydrogen. Also,
the mass flow rate decreases as the feed temperature increases
from 600°C to 900 °C. This is could be due to the fact that a high
feed temperature has a profound positive effect on the ammonia
decomposition kinetics and its thermodynamic equilibrium. At
the first heat exchanger the enthalpy of the mixture increases as
the feed temperature increases from 600°C to 900 °C as shown in
Figure 8 b. The result of an overall effect is that the heat load
increases as the feed temperature increases as shown in Figure 7.
However, this sequence of events does not remain after the first
heat exchanger. As the number of heat exchangers increases after
the first heat exchanger, the final exit enthalpy of the mixture
decreases as the feed temperature decreases opposing the trend
of the mass flow rate as shown in Figures 8 a and b. This is the
main reason for the formation of the maximum shown in Figure
7. The data for numerical simulation are listed in Table 1.
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Figure 7. MSFBMR configuration. Cumulative inter-stage heating
load as a function of the inter-stage heat exchanger number for
various feed temperatures.
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Figure 8. MSFBMR configuration. (a) mass flow rate as a function of
the inter-stage heat exchanger number for various feed
temperatures; (b) enthalpy of the mixture as a function of the
inter-stage heat exchanger number for various feed temperatures.

Table 1. Data for numerical simulation.

Feed composition Mol%
NH, 95.00
H, 3.00
N, 2.00
Reactor

Volume of the catalyst bed (m?) 0.1
Diameter of bed (m) 0.2
Membrane thickness (mm) 3.0
Diameter of catalyst pellet (m) 3.0x103
Void fraction 046
Pressure of sweep gas stream (atm) 1.0

Conclusions

Ammonia decomposition is an attractive carbon free single
step process for production of hydrogen. In this paper, the
conducted numerical simulation has shown that the multi-
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stage membrane reactors (MSFBMR) for ammonia
decomposition have significant advantages over the single
fixed bed membrane reactor (FBMR). Also, the MSFBMRs have
attractive potential application for efficient production of ultra-
clean hydrogen suitable for the PEM fuel cells. The results
suggested that the multi-sage configuration is suitable for the
on-site hydrogen production. The hydrogen membrane,
number of beds and the inter-stage heat exchangers strongly
influenced the performance of the MSFBMR. Since, the diffusion
limitations effect is shown to be confined to very small regions
in each bed a pseudo-homogeneous model can be utilized as
an initial trial model to extract some features of the process.
The results of this preliminary study might have fundamental
importance in designing of the MSFBMR for the ammonia
decomposition. Optimization of this process will be addressed
in the future research. To this end, the compelling merits of the
MSFBMR dedicate that intensive efforts still needed in academia
and industry levels.

Nomenclature

C total concentration, kmol/m?3

C, specific heat of component i, kj/kmol K

CJ . specific heat of the mixture at heat exchange j, ki/kg °C
d,, diameter of hydrogen membrane tube (m)

D. bulk diffusion coefficient of component i, m?/h

De diffusion coefficient of component i at 0 °C and 1 atm,
m?/h

De diffusion coefficient of component j in component i,
m2/h

D. effective diffusion coefficient of component i, m?/h
f  fugacity of component i

F.  molar flow rate of component i, kmol/h

Fo initial molar flow rate of component i, kmol/h

AH enthalpy change of reaction, kJ/kmol

hydrogen permeation rate, kmol/h m?

K equilibrium constant, kPa™

n'a}f;l.x mass flow rate of the mixture at heat exchange j, kg/h
N, molar flux of component i in r direction

N,., number of beds

P total pressure, kPa

P.  partial pressure of component i, kPa

Q heat load of heat exchanger j, kW

=

radial coordinate of spherical catalyst pellet, m
R gas constant, kJ/mol K

R, radius of spherical pellet, m

R, reaction rate of ammonia decomposition, kmol/h m?

T temperature, K

T, inlet temperature of heat exchanger j, °C

T. feed temperature, °C

V' reactor volume, m?

X, mole fraction of component i inside catalyst pellet
Y, mole fraction of component i

Z ammonia conversion

Greek letters

o kinetic parameter

Y, generalized stoichiometric coefficient of component i
thickness of hydrogen membrane, um

¢  packed bed void fraction

n effectiveness factor

A intraparticle porosity

¢, fugacity coefficient of component i

w dimensionless radial coordinate of spherical catalyst pellet

Superscript

b bulk

p permeation side

r reaction side
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