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Abstract - In the thermochemical water splitting process by Cu-ClI cycle, oxygen gas is produced by a thermolysis process in a three-
phase reactor involving molten salt, solid reactant and gaseous oxygen. A precise knowledge of the hydrodynamic and heat transfer
analyses are required for the design and scale-up of the multiphase thermolysis reactor. In the experimental studies of the scale up
analysis, there are some difficulties and challenges in using the actual materials of the thermolysis reactor products (i.e. molten salt CuCl
and oxygen gas). In this paper, alternative materials are defined, by using dimensional analyses, to simulate the hydrodynamic and heat
transfer behaviors of the actual materials. It has been found that these alternative materials are liquid water at 22°C and helium gas at
90°C. The alternative materials provide safe environment for the experimental runs as well as lower operation temperature. Furthermore,
these materials are characterized by the availability and low costs. This paper represents a unique tool for testing the hydrodynamic and
heat transfer behaviors in a simulated environment prior to the adaption into the thermolysis reactor of the Cu-Cl cycle.
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1. Introduction

Copper-chlorine (Cu-Cl) cycle was identified as one of the promising lower temperature cycles (Lewis et al., 2003;
Serban et al., 2004). The Cu—Cl cycle includes three chemical reactions to decompose water into hydrogen and oxygen. Two
of the chemical reactions are thermal and one is an electrochemical reaction. The three reaction steps of the Cu-Cl cycle (Fig.
1) are [1, 2, 3, 4];

2CuCl (a) + 2HCI (g) - 2CucCl, (a) + H, (g) 100°C step(1)
2CuCl, (s) + H,0 (g) < Cu,0Cl, (s) + 2HCL(g)  375°C step (2)
Cu,0Cl, (s) » 2CuCl (1) + 2 0, (g) 530°C step (3)

where a, s, [ and g denote to aqueous, solid, liquid and gas respectively.
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Fig. 1: Three reaction steps of the Cu-Cl cycle [4].

In the oxygen production step of the Cu-Cl cycle (step 3), a solid copper oxychloride (Cu2OCl,), is decomposed thermally
into oxygen gas (O,) and molten cuprous chloride (CuCl). The solid Cu,OCI; is fed to the oxygen production reactor
(thermolysis reactor) from the CuCl, hydrolysis reaction (step 2) that operates at a temperature range of 350-450°C. The
materials leaving the thermolysis reactor are oxygen gas (which is evolved over a temperature range of 450 to 530°C) and
molten CuCl. In the thermolysis reactor, the decomposition of Cu,OCI; to oxygen and molten CuCl is an endothermic
reaction requiring a reaction heat of 129.2 kJ/mol and a temperature of 530°C, which is the highest temperature in the Cu-Cl
cycle. Thus, heat must be added to increase the temperature of the bulk inside the reactor. The total amount of heat required
is the sum of reaction heat and the heat required to raise the reactant temperature from 375°C (average temperature of solid
particles from the hydrolysis reaction) to 530°C [2].

There are many studies in the literature about hydrogen production copper-chlorine (Cu-Cl) cycle. Ikeda and Kaye [5]
have investigated the thermochemical properties of Cu,OClI; by developing a method that uses a stoichiometric amounts of
CuO and CuCl; instead of Cu,OClI, because of its commercial unavailability. Trevani et al. [6] have also examined the
thermochemical properties of Cu,OCl, by using an easy scalable method to produce pure samples of copper oxychloride
with larger amounts. Zamfirescu et al. [7] have investigated the thermo physical properties of copper compounds in the Cu-
Cl cycle such as; Cu,OCl,, CuO, CuCl; and CuCl. Since there is no previous available data related to the thermal conductivity
and dynamic viscosity of molten CuCl, they have used estimations to evaluate these properties.

Marin [1] has studied experimentally and theoretically the scale-up of the CuO*CuCl, decomposition reactor. He has
determined the endothermic reaction rate of the decomposition process, and solved numerically, the conservation and
chemical reaction equations for a suddenly immersed particle in a viscous medium. Abdulrahman et al. [8], have studied the
scale up of the oxygen reactor in the Cu-ClI cycle from the perspective of material balance for different hydrogen production
rates and different residence times. They have investigated in details the factors that influence the size of the oxygen reactor,
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such as; solid particles characteristics (size, shape and concentration), oxygen bubbles, reactor heating rate and fouling.
Abdulrahman [9, 2, 3], has investigated the thermal scale up analyses of the oxygen continuous stirred tank reactor (CSTR),
by using indirect heat transfer methods, such as; a half pipe jacket [2], and an internal helical tube [3].

The design and scale-up of the thermolysis reactor must be studied from different perspectives, such as; kinetics,
hydrodynamics, mass and heat transfer. In order to scale up the thermolysis reactor from the perspectives of the
hydrodynamics and heat transfer, it is necessary to conduct some of the experimental works to describe the hydrodynamic
and thermal behaviors. Experimentally, there are some challenges in using the actual products of the thermolysis reactor (O
and CuCl) at the operating conditions of the thermolysis reactor. The challenges are; 1) the cuprous chloride (CuCl) has a
high melting temperature of 430°C, 2) the colour of CuCl after melting is non-transparent dark grey, which makes it difficult
to see oxygen bubbles inside it, 3) the cuprous chloride molten salt is very corrosive, 4) Oxygen gas is a strong oxidizing
agent which will quickly combust materials, and 5) high temperature process.

It is apparent that a need exists for a technique whereby the types of the materials and the operating temperature are
replaced with others that can be treated easily and safely in the experiments. Also, the alternative materials must simulate
the industrial conditions of the thermolysis reactor from the perspectives of hydrodynamics and heat transfer. The present
paper is directed toward providing such a technique by providing a method and a system for the proper and safe run of the
hydrodynamic and heat transfer experiments in the studies of the thermolysis reactor scale up. This paper investigates a
commercially practicable setup for the experiments of a difficult-to-handle setup by providing alternative materials that have
similar hydrodynamic and heat transfer behaviours of the actual products in the thermolysis reactor.

2. Material Simulation of the Oxygen Reactor
2.1. Dimensional Analyses

In the studies of the thermolysis reactor, the interested particular physical quantity, in heat transfer studies is the
volumetric heat transfer coefficient (Uy). This means that the “dependent variable™ in the studies of the heat transfer in the
thermolysis reactor is (Uy). The first step in dimensional analysis is to specify the independent parameters [10] that have
significant effect on the value of (Uy,). A total of 13 parameters (n = 13) are involved in the problem of Uy,. These parameters
include gas and liquid properties (e.g., density, dynamic viscosity, surface tension, thermal conductivity, and specific heat),
reactor geometry (e.g., reactor height and diameter), and flow conditions (e.g., superficial gas velocity). The functional
equation of the volumetric heat transfer coefficient in terms of the complete independent parameters can be written as;

UV = f(pll pgl Uy, :ugl g, UgSl Cp,l' Cp,gr klr kg DRI HR)I (1)

where p is the density, u is the dynamic viscosity, o is the surface tension, Uy, is the superficial gas velocity, C, is the
specific heat, k is the thermal conductivity, Dz and Hy are the reactor diameter and height respectively, and the subscripts [
and g denotes to the liquid and gas respectively. The set of parameters in the right side of Eq. (1) is complete and independent.
By using Buckingham’s pi theorem, Eq. (1) can be converted in terms of dimensionless groups to;

Pg Hg kg Cpg HR>
Nu =f<—,—,—,—,Re,We,Pr,— 2
4 pr otk Gy PR Dy )

Since the objective of this dimensional analysis is to choose alternative materials for the actual thermolysis reactor
materials, then, the dimensions of the reactor (e.g. H; and Dy ) can be fixed in the dimensional analysis and the materials
properties are changed. Thus, the number of parameters that actually vary from case to case will be 11, not 13, and the

dimensionless group that can be omitted from Eq. (2) is ?. In this case Eq. (2) will be;
R
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The functional equation (Eqg. (3)) can be written as;

c d o\ f
Pg)a (“g)b <kg> (Cp,g> Re;
Nu, =C (— =) =] =] Rep¢|(—] (Pn)9, (4)
Y P H ky Cpi Yo\we :
where C,a, b, c,d, e, f and g are constants that can be determined from experiments. From Eq. (4), it can be seen that Nu,,

depends on both hydrodynamic and heat transfer parameters. For hydrodynamic studies, the effect of heat transfer
parameters, such as kg, k;, Cp, 4, Cp; and Uy, are neglected. By repeating the same procedure of dimensional analysis of Nu,,

on gas holdup (a,) and flow regime transition Reynolds number (Reg_tmns), they can be calculated as;

d
Pg\* (Hg\® Ref
a =C(—) (—) (Re)¢ |—) , (%)
g P Hi : We,
d
Pg\* (Hg\’ Ref
Regosrans = € (22) (52) (Red* (35 ) ©

where the constant C and the exponents a, b, ¢ and d have different values in Eq. (4), (5) and (6) and;

pg Ug—trans DR

Reg—trans - iy )

From Eq. (5) and (6), it can be seen that these equations have the same form of Eq. (4) when omitting heat transfer
dimensionless groups (’;—9 i”—g Pr;, and UV>. In the thermolysis reactor, in order to find alternative materials that have similar
1 pl

effects of the actual materials for heat transfer and hydrodynamic studies, each dimensionless group in Eq. (4) for heat
transfer and Eq. (5) and (6) for hydrodynamic, must have the same value for both the actual and alternative materials, except
Re; which is adjustable by Uy;.

After checking the physical properties of many liquids and gases, it was found that the alternative materials that can be
used in the experiments instead of CuCl molten salt at 530°C and oxygen gas at 530°C are liquid water at 22°C and helium
gas at 90°C respectively. The advantages of these materials are the availability and the safe usage in the lab. The experimental
and CFD analyses of the thermal hydraulics of liquid water at 22°C and helium gas at 90°C have been investigated in details
by Abdulrahman [11-16].

2.2. Properties of Actual and Experimental Materials

Table 1 indicates the physical properties of both the actual and experimental fluids. The value of the surface tension of
molten CuCl in contact with air is equal to 0.092 N/m at the melting temperature of CuCl (450°C) [17]. Since the surface
tension decreases approximately linearly with temperature and is equal to zero at the critical temperature of the liquid, a
linear function of CuCl surface tension with temperature can be derived as follows;

Ocuct = 0.115 — 5.076 X 1075 T (®)
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The predicted value of the critical temperature that is used in deriving Eq. (8) with 50% accuracy is equal to 2435 K [18,
7]. There is no change in the value of the surface tension of pure liquid light water (H20) in the presence of the non-polar
(i.e. non-interacting) helium gas in comparison to air or other relatively inert gases. At the atmospheric pressure, helium has
a quite low solubility in water (8.53 mL/L at 21.7 °C or 0.00152 g/L at 20°C). Therefore, helium gas is not able to induce
measurable surface tension changes in the polar liquid water of more than 0.1 mN/m under STP, which is by the way, the
repeatability and reproducibility of most simple tensiometers or pendant drop devices [19].

Table 1: Physical properties of the actual and experimental materials.

Actual Materials Experimental Materials
; CuCl molten salt | Oxygen gas Water Helium gas
Ph I P t
ysical Froperty (T=530°C) (T=530°C) | (T=22°C) (T=90°C)
Density (p) 3692 [7] 0.4857 997.8 [20] 0.1344
Dynamic viscosity (1) 0.002045 [7] 4.25E-05 [21] | 0.000975 [22] | 2.267E-05 [23]
Specific heat (C,) 650.85 [7] 1047.25 [24] | 4180.6 [25] 5193 [24]
Thermal conductivity (k) 0.2[7] 0.0605 [21] 0.6 [26] 0.1687 [23]
Surface tension (o) 0.0867 - 0.0724 [27] -

3. Results and Discussion

Table 2 shows the values of each dimensionless group of Eq. (4) for both the actual and experimental fluids in addition
to the percentage of error that is calculated for each dimensionless group. From Table 2, it can be shown that the maximum
percentage error that is produced from using water liquid at 22°C and helium gas at 90°C instead of molten CuCl and oxygen
gas at 530°C is coming from the specific heat and is equal to 22.8%.

Table 2: Dimensionless groups of the actual and experimental materials and the percentage of error.

Dimensionless Group Actual Materials Experimental Materials | Error%

Z—g 0.0001315 0.000135 2.66
L

Z—g 0.02078 0.023 10.68
l

C

29 1.609 1.242 22.8

Cp,l

kg

T 0.302 0.28 7.285
L

Pr; 6.66 6.779 1.786

R 2

W—e’ 76473868 (D = 1m) | 76085070 (Dg = 1m) 0.508
€

4. Conclusions
This paper seeks to provide a solution to the problems and challenges associated with the use of the actual materials in

the thermolysis reactor by selecting alternative materials. The materials have to be suitable for use in the lab and must give
similar effects of the actual materials in the hydrodynamic and heat transfer studies. By using dimensional analysis of
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Buckingham pi theorem, it was found that the alternative materials that can be used in the experiments instead of CuCl
molten salt at 530°C and oxygen gas at 530°C are liquid water at 22°C and helium gas at 90°C respectively. The
of these materials are the availability and the safe usage in the lab, in addition to the low temperature of the experimental

run.
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