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ABSTRACT

It is proposed to use ceramic high temperature heat
exchanger as a sulfuric acid decomposer for hydrogen
production within the sulfur iodine thermo-chemical cycle. The
decomposer is manufactured using fused ceramic layers that
allow creation of channels with dimensions below one
millimeter. A three-dimensional computational model is
developed to investigate the fluid flow, heat transfer, stresses
and chemical reactions in the decomposer. Fluid, thermal and
chemical reaction analyses are performed using FLUENT
software. Temperature distribution in the solid is imported to
ANSYS software and used together with pressure as the load
for stress analysis. Results of this research can be used as a
basis for investigation optimal design of the decomposer that
can provide maximum chemical decomposition performance
while maintaining stresses within design limits.

Keywords: heat transfer, heat exchanger, stress analysis,
ceramic material, silicon carbide

NOMENCLATURE

A pre-exponential factor

Co specific heat at constant pressure, J-kg*-K™*

D;, diffusion coefficient for species i in the mixture,
" m?sect

M molecular weight, g-mol™

R universal gas constant, j-mol™*.K™*

P; net rate of production of species i by chemical
reaction, kg-m>sec™

PM overall factor of safety performance measure

i rate of reaction of species i by addition from

dispersed phase, kg-m=.sec™

T static temperature, K

Xi mass concentration of species i

fse; average factor of safety for each element i.

fsn; factor of safety for each of the eight nodes associated

with element i.
m mass flow rate, kg-s™
p static pressure, Pa
Suc compressive strength, MPa
Sut tensile strength, MPa
t time, s
u velocity vector, m-s™
Vi volume of element i.
w; length coordinate i (x, y, z), m
¢ mole fraction
u dynamic viscosity, kg-m™.s™
p density, kg-m™

INTRODUCTION

Hydrogen can be an attractive energy carrier if it can be
produced cleanly and in a cost-effective manner. Nuclear
energy can be used as a source of energy for high temperature
processes (up to 1000°C) for production of hydrogen. The
Sulfur lodine Cycle [1] is a baseline candidate thermo-chemical
process. It consists of the following three chemical reactions
which yield the dissociation of water:
1,+S0,+2H,0—2HI+H,SO, (120°C mln) (1)

H,S0O4 —H,0+S0,+%:0, (850°C min.) (2
2HI—H,+1, (450°C min.) 3)

The whole process takes in water and high-temperature
heat, and releases hydrogen and oxygen (Figure 1). All
reactions are in fluid interactions. All reagents are to be
recycled; there are no effluents. Each of the chemical reactions
in this process was demonstrated in the laboratory [2]. Japan
Atomic Energy Research Institute developed a demonstration
of the sulfur-iodine cycle [3],[4]. Decomposition of sulfuric
acid and hydrogen iodide involve aggressive chemical
environments. Hence, the material candidates for the sulfur—
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iodine cycle hydrogen plant should be chosen carefully to
accommodate corrosion problems as well.

One of the important and critical parts of the plant is the
high temperature heat exchanger for Sl (Sulfuric Acid)
Processes - Preheater & Decomposer. The processes in the part
of the plant are shown schematically in Figure 2, [5]. The SI
decomposer is used as part of the plant for hydrogen
production. To understand the SI decomposer, a three-
dimensional conjugate heat transfer, chemical and fluid flow
numerical model was developed in this paper.

The main purpose of the article is to develop a numerical
model that can perform design optimization of a Sl heat
exchanger and decomposer. A preliminary parametric study of
the heat exchanger and decomposed design is conducted to
explore effects of varying design parameters on the rate of
chemical decomposition and stresses.
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Figure 1. Sulfur-lodine Thermo Chemical Water Splitting Cycle
(8]
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Figure 2. Process Design [5]

SHELL AND PLATE HEAT EXCHANGER AND
DECOMPOSER

The design of the shell, plate heat exchanger and
decomposer was developed by Ceramatec Inc. (Salt Lake City,

USA) and is shown in the Figure 3, [12]. The hot helium from
nuclear reactor (T=975°C) is used to heat the Sl feed
components (H,0, H,SO,, SOs) to get appropriate condition for
the SI decomposition reaction (T>850°C).
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Figure 3. Shell and plate heat exchanger and decomposer [12]

This paper addresses the analysis of Decomposer 1 (Figure
2). Decomposer 1 is chosen because of its complex nature
when comparing to Preheater and Decomposer 2 due to the
presence of chemical reactions. The assembly of Decomposer 1
is shown in the Figure 4. The layers of Decomposer 1 are
shown in the Figure 5.
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Figure 4. Schematic of Decomposer i__éssér_flbly [12]
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Figure 3 Layers of Decomposér 1[12]

Development of single channel model

Preliminary CFD analysis showed that mass flow rate in all
channels can be almost uniform with proper design of channel
manifolds. Therefore, because of the complexity of the overall
model, a single channel model is developed. This model
includes only half of an internal channel, Figure 6. Such
geometry is suitable for the parametric investigation. The
original dimensions for the geometry (basis case) are:

hgp =0.85mm; hyr =0.3mm; hg, = 0.424mm;
W, =0.635mm; W, =0.381mm; L =52.324mm.
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Figure 6. Sketch of the single channel geometry

Geometry and mesh files are created using mesh generator
Gambit version 2.0.4. An example of the mesh for the base case
is shown in the Figure 7. The mesh has refinements near to
interfaces between liquid and solid volumes. Studies are
performed to investigate dependence of calculated parameters
(pressure, temperature, velocities) on mesh coarseness. Several
mesh densities are chosen for this investigation. The current
mesh (Figure 7) is found to be suitable.

Figure 7. Mesh and computational area (163735 nodes 145800
cells)

Boundary and operation conditions
The boundaries of the calculation domain are shown in the
Figure 8.
Inlet conditions for He part:
M =2.8175-10"° kg/sec; T=1223.15°K (950°C).
Sl inlet for reacting flow:
M =6.296-10° kg/sec; T=974.9°K (701.75°C); Xso, = 0.8163;
Xso, =0 Xo, =0} Xgo, =0.1837

Sl inlet for non-reacting flow:
M =6.296-10° kg/sec; T=974.9°K (701.75°C); Xso, =0;

Xso, =0.6532; Xo, =0.1631; x50, =0.1837

Symimetry He outlet
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SI react.
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SI nonreact.
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Symmetry
Figure 8. Schematic of boundaries
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The boundary conditions on the top, bottom, left and right
sides are planes of symmetry. The thermal boundary conditions
for the front and back sides are adiabatic conditions. Inlet
velocity profiles are uniform and they were calculated by using
area, density and mass flow rate. For outflow conditions, the
pressure-outlet boundary conditions are used (pressure outlet
boundary conditions require the specification of a static (gauge)
pressure at the outlet boundary; all other flow quantities are
extrapolated from the interior). The operation pressure is 1.5
MPa.

Material properties

According to [6], the thermal conductivity of the SiC
depends from  temperature  significantly.  Polynomial
interpolation for the thermal conductivity of the SiC is used
according to the following:

Kgic =1.94777-10% -3.60612-10 T +3.30843-10*.T?

4
-1.46006-107 -T2 +2.47588.10 . 7* @
The density and specific heat of the SiC do not depend on the
temperature significantly. Therefore, the properties are assumed
as constant for the design temperature range properties for the
temperature range (973~1223°K):
psic=3130 kg/m®; Cpsic=1200 J/(kg-K).

The mixed gas properties for flow areas with and without
chemical reactions (see Figure 6) are calculated using Fluent
6.2.16 [9]. The mass fractions for the each component are
calculated using:

#iM;

i¢iMi
i=L

For density calculation of the mix, the “ideal gas” option is
used. For the calculation of molecular viscosity, specific heat,
and thermal conductivity of the mix, the “mixing gas” law is
used.

X = ®)

Method of solution

All calculations are performed using FLUENT software
version 6.2.16 [9]. The solution of the velocity field is
accomplished using the SIMPLE algorithm that results in a
faster convergence of the iterations. Conjugate heat transfer
(which includes conduction through the material and
convection through the fluids) is used in order to solve the
energy equation. No other thermal boundary conditions are
required for the problem since the solver calculates heat
transfer directly from the solution in the adjacent cells. In the
present study, a general curvilinear coordinate grid generation
system is used to discretize the computational domain into a
finite number of control volumes (Figure 7). The governing
equations for continuity, momentum and energy in the
computation domain can be expressed as follows:

2 (pu)=0 (6)

O (a2 [, 9| ap

v (pujuy )= v (,U aWiJ o, (7)
0 (1)l (20T

m(puiT)— w0 (Cp awij (8)

With proper control of the grid density, the computational
domain can be considered for four main regions. The first order
upwind numerical scheme is used to discretize the governing
equations. For the calculations of the base case geometry the
chemical reaction model is used.

Chemical reaction modeling
The governing equation for different species involved in
the reaction modeling can be written as follows:

0 X
Wj[pDi’mW;_leinJ_'—Pi—i_Si:O (9)
Sulfuric acid dissociates nearly completely into water and
sulfur trioxide above 350°C (see [7]), therefore for these
calculations the only sulphur trioxide decomposition reaction

model (2SO; — 2SO, +0,) was applied. The platinum

catalyst is used to enhance decomposition. The wall surface
reaction model is implemented to determine the mole fraction
of SOs, SO,, H,O and O,. The reaction rate was defined by
follows, [5]:

&
K=A,eRT (10)
For the platinum catalyst E, = 8.8034-10" J/kmol; A,=0.6218

Stress Analysis
In this model, the temperature distribution of the solid part was
imported to ANSYS [10] by using the FLUENT’s volume
mapping function, [9]. Thermal loads are used to calculate
stresses in the solid part of the model. A uniform pressure of
1.5 MPa is applied to all surfaces that are adjacent to fluid flow.
The heat exchanger material tensile strength varies with
temperature according the following equation, [6],

s, =(0.0142857)T +200  MPa (11)
Ultimate compressive strength is,
Sue =3 Syt (12)

Figure 9 shows the boundary conditions used in stress
analysis. A uniform mesh, Figure 10, is used to calculate
stresses. The mesh is chosen after mesh stability studies are
performed.

4 Copyright © 2006 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 06/29/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use



Whale re striction

Figure 10. Computation mesh for the stress analysis (63342
nodes 55200 cells)

A MATLAB code is created to calculate the distribution of
factor of safety using Coulomb-Mobhr failure criteria, [11]. The
program imports nodal principal stresses and temperatures as
well as element nodal connectivity data and volumes. It follows
these steps to calculate the factor of safety:

A. Substitute nodal temperature into equation (11) and
Equation (12) to calculate the material strength at each
node.

B. Substitute principal stresses into the appropriate Coulomb-
Mohr equation at each node.

C. Export factor of safety values for each node back to
ANSYS for plotting.

D. Calculate an average factor of safety for each element

using the following formula:
8

fsn j
j=1
fse; = ‘T (13)

E. Calculate an overall factor of safety performance measure
for the heat exchanger in the form of:

i fse; v;

PM =11 : (14)
Vi
2

RESULTS OF THE BASIC DESIGN
The flow calculations with sulfur trioxide decomposition
(2505 — 2SO0, +0,) for the one channel geometry with

platinum catalyst is performed. The calculation domain and
boundaries are shown in Figure 11. Figure 12 shows that SO3
mass concentration is reduced in the reacting flow channel. On
the other hand, Figure 13 and Figure 14 indicate that mass
concentrations of SO, and O, respectively increase along the
reacting flow direction. Mass concentrations of the reaction
products at the outlet of the reaction channel are:

Xso, =0.0033

Xo, =0.00083

According to the model, the decomposition rate of the
sulfur trioxide (SO3) is extremely small (0.515%). Most likely,
the reasons for such small decomposition are:

a) high activation energy for the catalyst;

b) short residence time of the reactant;

c) small area of the chemical reaction with catalyst;

d) relatively low temperature for the chemical reaction

(less than 850°C).
Therefore, it is necessary to vary parameters of the current
decomposer design to increase decomposition rate of the

chemical reaction.
Z

Y X
Helium Flow (He)

s

i

/

HO+SO0

Silicon Carbide {SiC)

/ 0 +50,+50+ 0
Mixed Gas Flow 7 / t O o
with Chemical Reactions d

A
P roduct Flow _,/ '\ Catalist (Platinum)

RO +350,+30+0;
Figure 11. Calculation domain and boundaries
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Figure 12. Mass fraction of SO;

Figure 15. First Principal stress distribution, Pa
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Figure 13. Mass fraction of SO,
Figure 16. Second Principal stress distribution, Pa
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Figure 15 through Figure 17 show the nodal solution for Figure 17. Third Principal stress distribution, Pa
the three principal stresses associated with the applied thermal
and pressure loads. Figure 18 shows that the resulting nodal
factor of safety is extremely high, as the decomposer does not
experience significant thermal gradient effects. Calculated
overall factor of safety PM (see 14) equals 182.4820.
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Figure 18. Factor of Safety Based on Coulomb-Mohr failure
criteria

PARAMETRIC STUDY OF THE SI DECOMPOSER
DESIGN

The calculations for different mass flow rates of mix flow
and channel length are performed. Figure 19 shows that
percentage decomposition of SO; increases significantly as the
mass flow rate of the reacting flow decreases. The result is
consistent with the general observation that the slower the flow,
the residence time of the reactant increases. The percentage
decomposition of SO; also depends on the channel length as
shown in Figure 20. According to this figure, the
decomposition rate increases linearly with the increase of the
channel length. Resulting stresses are of the same order as
those presented in the previous section when either parameter
is varied.

Percentage decomposition of SO3

* Basic design

v by by by by by oo BRI |
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Mass flow rate, kg/sec

Figure 19. Percentage decomposition of SOz versus different
mass flow rates in the reacting flow
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Figure 20. Percentage decomposition of SO3 versus channel
length
CONCLUSIONS
S| decomposer is an important part of the proposed
hydrogen production plant. The decomposer performs sulfur
trioxide decomposition (2SO; — 250, +0,). A three-

dimensional computational model for chemical reaction, fluid
flow, and heat transfer within a single channel, with platinum
catalyst, of the decomposer is developed. Resulting temperature
distribution within this model is imported to another finite
element analysis software and used along with pressure loads
to calculate stresses. For SOs, a decomposition rate of 0.515%
is achieved.

A parametric study is performed on the basic design.
Variation of mass flow rates in the reacting flow channel and
overall length of the decomposer are considered. Results show
that decomposition rates can be increased significantly with
reducing reactants mass flow rate and with increasing channel
length.
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