
Introduction

It is important to reduce dependency on fossil fuels and look for 
promising alternatives. As energy demands are going to 
increase due to industrialization, population growth and 
betterment of life standards, the new technologies must be 
expandable. The upcoming energy sources needs to be 
environment friendly, i.e., energy sources should be green and 
cost effective. Considering these factors, hydrogen energy 
economy is going to be a game changer, offering a clean and 
green source of energy. Amongst different hydrogen production 
methods, steam reforming and water electrolysis are proven 
and used extensively for the production of hydrogen today. 
Thermochemical cycles have definite advantage over the 
electrochemical process because they do not involve 
conversion of heat into electricity. The IS cycle, a closed-loop 
thermochemical water splitting process, is of particular 
interest because unlike contemporary methods, it can produce 
hydrogen efficiently in being coupled with nuclear/solar energy 
source.

Following reactions are involved in IS process:

I + SO  + 2H O → 2HI + H SO   (Bunsen reaction)        (1)2 2 2 2 4

H SO  ⇌ H O + SO  + 0.5O                               (2)2 4 2 2 2

2HI ⇌ H  + I            (3)2 2

 In Bunsen reaction (first reaction), H O reacts with I  and 2 2

SO  to produce HI and H SO . In the second reaction, 2 2 4

decomposition of H SO  to O , SO  and H O takes place, and SO  2 4 2 2 2 2

is recycled back to the Bunsen reaction. In the third reaction, 
decomposition of HI to H  and I  occurs. H  is collected as the 2 2 2

product and I  is recycled back to the Bunsen section. The 2

overall reaction is decomposition of H O into H  and O  [1]. 2 2 2

However, the IS process has got several challenges.

 The decomposition of HI to hydrogen is an equilibrium 
limited reaction with a very low conversion [2], leading to 
reduction in overall thermal efficiency of the process. In order 
to address this, ongoing research is focussed on development 
of membrane reactor [3]. In this work, CFD simulations of 
packed bed membrane reactor for HI decomposition using 
molten salt heating have been carried out. The molten salt is an 
effective technique to couple membrane reactor heating 
requirement with solar/nuclear energy. In this work, molten 
nitrate salt has been considered as the heating medium. Fig.1 
shows the schematic of molten salt heated packed bed 
membrane reactor setup.

 In this work, to the best of authors’ knowledge, 
simulation studies on molten salt heated tantalum membrane-
based reactor for application in IS thermochemical process are 
being reported for the first time.

Computational Approach

Momentum Transport

 For packed bed membrane reactor Brinkman equation 
(Eq. (1)) was used.
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HI mole fraction profile inside the membrane 
reactor at different outlet pressures
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The hydraulic permeability (κ) of the porous medium is defined 
by Eq. (2).

To model momentum transport for molten salt flow in the 
jacket, Navier-Stokes equation was used.

Energy Transport

 Eq. (3) is the energy transport equation used in the 
modelling. This equation has been used for simulation of both 
membrane reactor and molten salt heating domain. The 
equation accounts for both convective and conductive 
transport of the heat as well as heat generation due to 
reaction.

For molten salt heating, Q is taken as zero.

Species Transport

 For species transport, Maxwell-Stefan diffusion and 
convection equation (Eq. (4)) was used for HI, H  and I .2 2

Reaction Kinetics

 Langmuir-Hinshelwood type rate equation, as proposed 
by Oosawa et al [4] was used for carrying out the simulations. 
The simulations are carried out using the membrane 
permeability reported in literature [5]. The relevant 
expressions are given by Eqs. (5) – (8).

The equilibrium constant, K  for the decomposition of HI was p

obtained by the free energy values (∆G ~ 12 kJ/mol) given in 
the JANAF [6], by means of the following equation:

 The physical properties for all the species like heat 
capacity, viscosity, density and thermal conductivity were 
calculated using equations reported in our previous work [7].  
All these physical properties were taken to be temperature and 
pressure dependent.

Boundary Conditions

 Fig.2 shows the computational domain with boundary 
conditions. A membrane reactor with single membrane tube 
has been considered for simulations.

For Momentum Transport:

● Outlet pressure of membrane reactor: p0

● Inlet feed velocity to membrane reactor: u0

● At wall: No slip condition

● Inlet velocity of molten salt: 0.0005 m/s

● Outlet pressure of molten salt: 1 atm

For Energy Transport:

● Inlet feed temperature to membrane reactor: 523 K

● At outlet of membrane reactor: kÑT = 0, q.n = ρCpT u t

● At molten salt wall: Q  = U A (T -T)w 2

● Inlet temperature of molten salt: T1

For Species Transport:

● Inlet mole fraction of HI, x : 0.9510

● At outlet of the membrane reactor: Di.∇ci = 0, N .n = cu.ni i

● Flux of hydrogen at membrane wall: Pe p x2

Validation of model

 Since there is no relevant experimental data available in 
literature for the reactor geometry and conditions which have 
been used in the simulations of this work, an attempt was 
made to model a packed bed tubular reactor for steam 
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Fig.1: Schematic of molten salt heated packed bed membrane reactor setup.

MR: Membrane Reactor
PH: Pre-heater
PG: Pressure gauge
FM: Flow meter
J: Molten salt heating jacket
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reforming of methanol using COMSOL Multiphysics by adopting 
the computational approach used for modeling of membrane 
reactor for HI decomposition in this study. The experimental 
data for steam reforming of methanol for packed bed tubular 
reactor has been reported in the literature [8]. The modeling of 
steam reforming of methanol was carried out to see the effect 
of ratio of weight of catalyst to methanol feed flow rate on the 
conversion. The results obtained by modeling were close to the 
values obtained through experiments. Table 1 shows the 
experimental and simulation results for the steam reforming of 
methanol (where X  is the conversion obtained by simulations sim

and X  is the conversion reported in literature). The match exp

between the experimental and simulation results for this case 
validates the computational approach which is then used for 
modeling of membrane reactor for HI decomposition in this 
work.

Results and Discussion

 The computational approach validated with the reported 
experimental data of steam reforming of methanol was used to 
perform parametric analysis for HI decomposition reaction in 
molten salt heated single-tube membrane reactor. This section 
presents the results of this parametric analysis.

Effect of outlet pressure of reactor

 Fig.3 shows the effect of pressure on conversion of HI 
inside the membrane reactor. It is observed that as the outlet 
pressure increases from 0.3 bar to 3 bar, the conversion of HI 
decomposition increases from 55% to 83%. It may be noted 
that the ceramic support tube on which metal is coated to 
fabricate the membrane can tolerate pressure up to 5 bar. As 
the pressure increases, the partial pressure of hydrogen 
increases due to increase in overall pressure leading to 
increase in driving force across the membrane for hydrogen 
transport. This increase in driving force leads to increase in flux 
of membrane as shown in Fig.4. The hydrogen flux increases 

-7 2 -6 2from 3.15 x 10  kg/m .s to 4 x 10  kg/m .s as pressure is 
increased from 0.3 bar to 3 bar. Due to increase in hydrogen 
separation from the reaction mixture owing to permeation 
through the membrane, the HI decomposition reaction is 
pushed forward to a greater extent, leading to increased 
conversion.

 Fig.5 shows the effect of pressure on the average mole 
fraction of HI inside the membrane reactor. It is observed that 
the average mole fraction of HI decreases from 0.59 to 0.38 
with increase in pressure from 0.3 bar to 3 bar. As the pressure 
increases, the flux through membrane increases which leads 
to increase in decomposition of HI and reduction of average 
mole fraction of HI.
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Fig.2: Computational domain with boundary conditions (dashed line 
show the axis of symmetry).

Ratio of catalyst 
mass to feed 

flow rate 

X sim X exp Deviation (%)

35 0.959 0.89 7.7

40 0.967 0.9 7.4

45 0.972 0.92 5.6

50 0.976 0.94 3.8

55 0.979 0.95 3.1

Table 1: Validation of numerical simulations.
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Fig.4: Effect of pressure on average flux of hydrogen (u  = 0.0005 0

m/s, T  = 500K, T = 823K, x  = 0.95, ε = 0.3).f 1 10

Fig.5: Effect of pressure on average mole fraction of HI in reactor  
(u  = 0.0005 m/s, T  = 500K, T = 823K, x  = 0.95, ε = 0.3).0 f 1 10

Pressure (Pa)

Pressure (Pa)

Fig.3: Effect of pressure on conversion of HI (u  = 0.0005 m/s,             0

T  = 500K, T = 823K, x  = 0.95, ε = 0.3).f 1 10
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Fig.8: Effect of molten salt inlet temperature on average flux of H  2

(u  = 0.0005 m/s, T  = 500K, x  = 0.95, ε = 0.3, p  = 303975 Pa).0 f 10 0
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Fig.7: Effect of molten salt inlet temperature on HI conversion        
(u  = 0.0005 m/s, T  = 500K, x  = 0.95, ε = 0.3, p  = 303975 Pa).0 f 10 0

Fig.9: Effect of molten salt inlet temperature on H  generation rate 2

(u  = 0.0005 m/s, T  = 500K, x  = 0.95, ε = 0.3, p  = 303975 Pa).0 f 10 0

 Fig.6 shows the contours of mole fraction of HI inside the 
membrane reactor at different pressures. It is seen that at 
higher pressure, the mole fraction becomes constant after a 
small distance from the inlet. This shows reaction reaching 
equilibrium within a short distance from the inlet at higher 
pressures. At lower pressure, the mole fraction of hydrogen 
does not become constant in axial direction indicating reaction 
is taking place throughout the reactor. The mole fraction of HI 
was found to be lower close to the membrane wall of reactor. 
This is because hydrogen permeation is higher in this zone and 
hence conversion also increases which leads to increased 
decomposition of HI near the walls.

Effect of inlet temperature of molten salt

 Fig.7 shows the effect of inlet temperature of molten salt 
on the conversion of HI to hydrogen. It is observed that with 
increase in molten salt inlet temperature from 623 K to 823 K, 
the conversion of HI increases from 39 to 83%. With increase in 
temperature, rate of the reaction increases hence the 
conversion increases. It is also observed that beyond a certain 
point, the conversion becomes almost constant and does not 
change with temperature. This is because after a certain point, 
the membrane surface area is not sufficient to remove the 
increased amount of hydrogen from the reaction zone, leading 
to saturation in conversion. At the same time, density of gas 
mixture decreases with increases in temperature which lowers 
the residence time of gases. This is also corroborated from 
results shown in Fig.8 in which it can be observed that the 
hydrogen flux becomes almost constant after temperature of 
773 K. Hence, it can be concluded that increasing the 
temperature beyond 773 K is not useful for conversion 
enhancement.

 Fig.9 shows the effect of inlet temperature of molten salt 
on hydrogen generation rate inside the membrane reactor. It 
can be observed that it increases with increase in molten salt 
inlet temperature. In this case also, it can be seen that beyond 
773 K, the rate of increase in hydrogen generation rate 
decreases as conversion tends to stagnate due to reasons 
mentioned earlier.

 Fig.10 shows the contours of mole fraction of HI inside 
the membrane reactor at different inlet temperatures of 
molten salt. It is seen that at higher temperature (beyond 773 
K), the mole fraction becomes constant after a small distance 
from the inlet. This shows reaction reaching equilibrium within 
a short distance from the inlet at higher temperatures. At lower 
temperatures, the mole fraction of HI varies in axial direction 
throughout the reactor length indicating higher utilization of 
membrane reactor length. 

p  = 0.33 bar 0 p  = 0.66 bar 0 p  = 2 bar 0p  = 1 bar 0 p  = 3 bar 0

Fig.6: HI mole fraction profile inside the membrane reactor at different outlet pressures (u  = 0.0005 m/s, T  = 500K, T = 823K, x  = 0.95, ε = 0.3).0 f 1 10
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 Fig.11 shows the contours of temperature inside the 
membrane reactor and in the molten salt flow channel at 
different inlet temperatures of molten salt. It is seen that at all 
the values of molten salt inlet temperatures, the temperature 
inside the reactor becomes constant after a small distance 
from the inlet. Hence, it can be concluded that for the entire 
range of molten salt inlet temperatures, the temperature of the 
reactor remains uniform throughout. This is because this 
simulation is carried out at optimised feed velocity of 0.0005 
m/s, at which the residence time of reactant species is 
sufficient to allow effective heat transfer causing the 
temperature to become constant within a short distance from 
inlet.

Effect of feed velocity

 Fig. 12 shows the effect of feed velocity on conversion of 
HI. As the feed velocity increases, conversion reduces. A 
conversion of ~83% is obtained at a feed velocity of 0.0005 
m/s. From this figure, it may be concluded that lower velocities 
increase the residence time and hence the conversion. So, it 
would be preferable to operate the reactor at a low feed rate, 
however, it will be at the cost of lower throughput.

Effect of flow direction of molten salt

 Fig.13 shows the conversion of HI decomposition inside 
the membrane reactor for co-current and counter-current flow 
of molten salt with respect to the feed flow. It is observed that a 
higher conversion of ~83% is achieved in co-current flow 

Fig.10: HI mole fraction profile inside the membrane reactor at different inlet temperatures of molten salt (u  = 0.0005 m/s, T  = 500K, x  = 0.95, 0 f 10

ε = 0.3, p  = 303975 Pa).0

Fig.11: Contours of temperature inside the membrane reactor at different inlet temperatures of molten salt (u = 0.0005 m/s, T  = 500K,             0 f

x  = 0.95, ε = 0.3, p  = 303975 Pa; the first scale corresponds to reaction mixture temperature and the second corresponds to molten salt 10 0

temperature).
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Fig.12: Effect of feed velocity on conversion of HI (T  = 773 K,            1

T  = 500K, x  = 0.95, ε = 0.3, p  = 303975 Pa). f 10 0

R&D in  CFD



compared to a conversion of ~73% in counter-current flow. This 
is because in co-current flow, there is a higher temperature 
near the inlet of the reactor (where concentration of HI is 
higher) which leads to enhanced reaction rate and conversion 
increases. This can also be seen in the curve (Fig.13(a)), in 
which the temperature of gas mixture remains higher at the 
inlet of the reactor, in case of co-current flow. For counter-
current flow, since the molten salt enters from opposite end, 
the HI in the feed remains at a lower temperature (as can be 
seen in curve in Fig.13(b)) which leads to a lower overall 
conversion. Similar trend can be seen in temperature contours 
shown in Fig.14. Fig.15 shows the mole fraction of HI inside the 
membrane reactor for both the flow patterns. It can be seen 
that in case of co-current flow the mole fraction of HI is lower 
inside the membrane reactor as compared to counter-current 
flow due to reasons already mentioned above.

Effect of outer radius of membrane tube

 Fig.16 shows that there is an increase in conversion as 
outer radius of membrane tube increases. The conversion 
increases from 64% to 83% on increasing membrane tube 
radius from 1.8 cm to 3.6 cm. This is because of increased 
membrane surface area and hence increase in hydrogen 

permeation due to increase in outer radius. As the targeted 
conversion is 80%, the optimum outer radius in this case will be 
3.6 cm.

Optimum parameters for molten salt heated 
membrane reactor

 A final simulation was carried out using packed bed 
configuration of a membrane reactor taking into account 
various considerations and results obtained as mentioned in 
previous sections, with following parameters:

● Feed velocity = 0.0005 m/s

● Molten salt inlet temperature = 773 K

● Outlet pressure = 3 bar

● Membrane tube outer radius = 3.6 cm

● Reactor length = 50 cm

● Feed temperature = 500 K

● Feed Composition: 95% HI

● Packed bed porosity = 0.3

12 BARC newsletter       July-August 2023

Fig.13: Effect of flow patterns on conversion of HI (T  = 773 K, T = 500K, x  = 0.95, ε = 0.3, p  = 303975 Pa, u  = 0.0005 m/s).1 f 10 0 0

(b) Counter-current flow

(a) Co-current flow
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The conversion obtained for simulation of this design was 83%.  
The contours of mole fractions of HI, H  and I  for this simulation 2 2

are shown in Fig.17. The hydrogen mole fraction first increases 
near the inlet and then decreases to become constant near the 
outlet. This is because near the inlet, hydrogen is produced due 
to HI decomposition and it permeates out from the membrane 
throughout the reactor length and its mole fraction decreases. 
The mole fraction of iodine increases along the reactor length 
as it is produced by reaction, with a higher mole fraction near 
the walls where hydrogen permeates out. It becomes constant 
near the outlet confirming that the entire reactor length as well 
the membrane surface area is sufficient to achieve the 
maximum conversion possible in this configuration.

July-August 2023  BARC newsletter    13

Co-current 
(Average reactor 

temperature ~ 777 K)

Co-current 
Counter-current
(Average reactor 

temperature ~ 684 K)

Counter-current

Fig.14: Contours of temperature inside the membrane reactor for     
co-current and counter-current flow (T  = 773 K, T  = 500K, x  = 0.95, 1 f 10

ε = 0.3, p  = 303975 Pa, u  = 0.0005 m/s).0 0

Fig.15: HI mole fraction profile inside the membrane reactor for       
co-current and counter-current flow (T  = 773 K, T  = 500K, x  = 0.95, 1 f 10

ε = 0.3, p  = 303975 Pa, u  = 0.0005 m/s).0 0
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Fig.16: Effect of membrane tube radius on conversion of HI (T  = 773 K, 1

T  = 500K, x  = 0.95, ε = 0.3, p  = 3,03,975 Pa, u  = 0.0005 m/s).f 10 0 0

Fig.17: Contours of mole fraction of HI, H  and I  inside the membrane reactor at optimum parameters.2 2

R&D in  CFD



Conclusions 

 A CFD model of molten salt heated packed bed 
membrane reactor for HI decomposition is reported. The 
computational approach used in the model was validated with 
the literature data. Subsequently, the validated model was 
used for parametric analysis which provides important insights 
into the effect of various operating conditions on the 
performance of membrane reactor for HI decomposition 
reaction. The optimum molten salt inlet temperature was found 
to be ~773 K because as the temperature increases further, it 
has minimal effect on the conversion, while posing materials 
challenges. With increase in pressure, the conversion was 
found to increase. It was found that co-current flow of molten 
salt with respect to feed flow gives a higher conversion as 
compared to counter-current flow. The optimum parameters 
were found to be: feed velocity = 0.0005 m/s; molten salt inlet 
temperature = 773 K; outlet pressure = 3 bar; membrane tube 
outer radius = 3.6 cm; reactor length = 50 cm. A conversion of 
~83% was achieved with these parameters at a HI throughput 
of ~ 400 ml/min. It was found that membrane reactor 
enhanced the conversion at least by ~ 60% above & beyond 
that obtained in a conventional packed bed reactor. The CFD 
model embedding all the transport phenomena, reported in 
this study can be used as a virtual prototyping tool to screen 
potential design alternatives.
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A  area of reactor wall           (m
2
) 

Cp effective heat capacity of gas mixture          (J/mol.K) 

dp particle diameter             (m) 

Dij binary diffusivity                     (m
2
/s) 

Di             Diffusivity of ith  species                    (m2/s) 

ΔG   change in Gibbs free energy                (kJ/mol) 

k rate constant              (mol m- 3 Pa- 1 s- 1) 

kt effective thermal conductivity              (W/m.K) 

KI2 adsorption equilibrium constant of iodine                  (Pa
-1

) 

Kp equilibrium constant 

p pressure                        (Pa) 

p0 pressure at outlet of reactor                      (Pa) 

Pe permeance of membrane for hydrogen                (mol/m2.Pa.s) 

Q heat source                  (W/m
3
) 

Qw heat transferred to reaction zone through reactor wall           (W/m
3
) 

rHI rate of reaction                                (mol m-3 s-1) 

R universal gas constant             (J/mol.K) 

Ri source term due to reaction for species            (kg/m
2
.s) 

t  time                          (s) 

T temperature of gaseous mixture                       (K) 

Tf feed temperature                         (K) 

T1 molten salt inlet temperature                        (K) 

T2 temperature of molten salt                        (K) 

 velocity vector                       (m/s) 

u0 magnitude of x component of feed velocity                    (m/s) 

U overall heat transfer coefficient                        (W/m
2
. K) 

xj mole fraction of component j    (j=1 (HI), 2 (H2), 3 (I2)) 

xj0 mole fraction of component j at reactor inlet  (j=1 (HI), 2 (H2), 3 (I2)) 

u
→

Notations

k hydraulic permeability of porous medium           (m
2
) 

fe equilibrium conversion    (~0.21 at 700 K) 

wj mass fraction of component       j 

h viscosity of the gaseous mixture    (kg/m.s) 

e porosity of bed  

ρ effective density of gas mixture       (kg/m3) 

Symbols
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