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Abstract: The copper-chlorine cycle for hydrogen production is based on thermochemical water
decomposition. Heat recovery within the cycle is necessary for high efficiency, and significant heat recovery
can be achieved by cooling and solidifying the molten salt exiting the oxygen reactor step of the cycle. Heat
can be recovered from the molten salt by breaking the molten stream into smaller dispersed droplets. A
predictive model is developed here for direct contact heat recovery process from molten salt using various
gases such as nitrogen, helium, argon and air. As CuCl may react with water vapor in the presence of
oxygen, inert gases are considered as alternative coolants for the direct contact heat recovery process. It is
observed that heat transfer is better for helium than the other gases considered.
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1 Introduction

Hydrogen is considered a clean energy carrier if it
is produced from clean energy sources [1-3]. Much
of the hydrogen produced today is from fossil
fuels, based on reforming or gasification processes
[4, 5]. Thermochemical water decomposition
cycles provide alternative and potentially more
efficient methods to produce hydrogen from water
[6].

A thermochemical water decomposition cycle
decomposes water into hydrogen and oxygen using
heat or, in a hybrid thermochemical cycle, a
combination of heat and electricity. All the
chemicals are used in a closed cycle so the net
material outputs are oxygen and hydrogen.

Several thermochemical water decomposition
cycles have been proposed and examined,
including a solar energy-based two-step
thermochemical cycle for hydrogen production
based on a SnO,/SnO redox reaction [7], a
thermochemical cycle based on a Zn/ZnO redox
reaction [8], a solar energy-based sulfur-iodine
cycle for decomposing sulfuric acid [9], and a
sulfur-iodine cycle for hydrogen production using
nuclear energy [10].

Energy and economic assessments of an
industrial plant for hydrogen production by a
sulfur-iodine thermochemical cycle were presented
by Liberatore et al. [11]. The energy efficiency of
the thermochemical cycle based on the higher heat
value was found to be 34% and, if electricity
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production is accounted for, including the
efficiency of the solar plants, the total heat-to-
hydrogen efficiency was found to be 21%. Recent
advances in thermochemical cycles for hydrogen
production, using non-fossil energy sources such as
nuclear or solar, have been reported [12, 13].

Lewis et al. investigated various
thermochemical cycles for hydrogen production
and showed the copper-chlorine cycle to be
chemically viable in terms of engineering factors
and efficient [12]. The potential of the copper-
chlorine cycle is in large part due to its lower
temperature requirement for heat compared to most
other thermochemical cycles. Heat recovery is
important with such cycles for high efficiency

The objective of this paper is to improve
understanding and assist efforts to design efficient
and practical heat recovery systems for the Cu-ClI
cycle. A predictive model is presented for direct
contact heat recovery from molten salt CuCl using
such gases as nitrogen, helium, argon and air.

2 Thermochemical Cycle

The copper-chlorine (Cu-Cl) cycle decomposes
water into hydrogen and oxygen, through
intermediate copper chloride compounds, in a
closed loop that recycles all chemicals. Variations
of the Cu-ClI cycle exist, based on the number of
the main chemical reactions: three step, four step,
and five step. These variations, all of which utilize
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CuCl molten salt, have been compared in terms of
major features [14]. Canadian advances in nuclear-
based hydrogen production by the Cu-Cl cycle
have been reported [15-18]. An analysis of a solar
plant coupled with a Cu-Cl plant to produce

hydrogen at three locations in Canada
demonstrated the feasibility of the solar
thermochemical Cu-Cl cycle for large-scale

hydrogen production [19].

A schematic of a four step cycle is shown in
Fig. 1. CuCI/HCI electrolysis (step 1) involves
oxidation of copper(l) chloride (CuCl) in an
electrochemical reaction, in the presence of
hydrochloric acid (HCI), to produce hydrogen (H,)
and copper(ll) chloride (CuCl,). Drying (step 2) is
where agueous CuCl, exiting the electrolysis cell is
dried to produce solid CuCl, particles. These
particles enter hydrolysis (step 3) and are reacted
with superheated steam to produce copper
oxychloride solid (Cu,OCl,) and hydrochloric gas
(HCI). Oxygen production (step 4) involves the
decomposition of copper oxychloride particles into
molten CuCl and O, gas.
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Fig. 1. Schematic of four step copper-chlorine
cycle for hydrogen production via thermochemical
water decomposition.

Heat recovery within the copper-chlorine cycle
is important for efficiency and viability. Pinch
analysis was used to determine the maximum
recoverable heat within the Cu-Cl cycle, and the
location in the cycle where recovered heat can be
used efficiently [20]. It was shown that 88% of the
heat recovery can be achieved by cooling and
solidifying molten copper(l) chloride (CuCl) exiting
the oxygen reactor, and that it is advantageous to
use the recovered heat in hydrolysis.

Several configurations for heat recovery from
molten CuCl, based on industrial processes for
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molten materials, have been investigated [21]. Two
heat exchanger types were recommended: direct
contact and indirect contact. Indirect contact heat
recovery was analyzed elsewhere [22], with a
counter-current air flow considered. The axial
growth of the solid layer was presented, along with
variations in the coolant and wall temperatures.
Analytical and experimental investigation of direct
contact heat recovery have been reported [23, 24],
using air as a coolant. As CuCl may react with water
vapor in the presence of oxygen, inert gases can be
considered as potential coolants.

A predictive model is developed here for direct
contact heat recovery from molten salt CuCl using
such gases as nitrogen, helium, argon and air, to aid
efforts to design efficient and practical heat recovery
systems for the Cu-Cl cycle.

3 Direct Contact Heat Recovery

The acceleration and velocity of a freely-falling
droplet is determined with Newton’s second law
as:

ma (G) = mag (1-71) -

1
%ndngCsz, @
where m, is the mass of the droplet, v is the
droplet velocity, g is the gravitational acceleration,
py is the ambient gas density, p, is the droplet
density, d is the droplet diameter, and Cp is the
drag coefficient. The drag coefficient can be
determined with the following correlation for Re <
3x10° [25]:

Cp
24

- 0.687

4 0.42
1+ 4.25 x 10*Re~116

Here, Re is the Reynolds number, defined as
Re = vd /vy, where v, is the kinematic viscosity
of the ambient gas.
Equation (1) is solved assuming a constant drag
coefficient and for an initial condition v(t) = 0:
v(t) =

_Pg
v.tanh (g—(l ,,Z)t)

Ve

®3)

where v, is the terminal velocity at which the
weight of the droplet is balanced by the upward
buoyancy and drag forces. That is,
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4gd -
v, = 49d (pa — Pg) (4)
3CD Pg

Equation (3) is integrated over time to find the
vertical position as a function of time:

7 g(1-7)e
y(t) ( In cosh

g(1-2) vt

Heat transfer from a droplet occurs by three main
mechanisms: convection, mass transfer, and
radiative heat transfer. The convective heat transfer
rate from the droplet can be expressed as:

Q)

q c = hcA(Td,s - TOO): (6)
where A is the droplet surface area, T, ; and T, are
the droplet surface and ambient gas temperatures,
respectively, and h, is the convection heat transfer
coefficient, expressible as:

=Nukg

he = ==,

(7)

where Nu is the Nusselt number, and k, is the
thermal conductivity of the ambient gas. Various
correlations have been proposed for the average
Nusselt number for flow over a sphere. The
following comprehensive correlation is used here
[26]:

Nu = 1
2+[04Re%+OD6Reﬂ1%ﬁ4(%?fl (8)

where Pr is the Prandtl number. This correlation is
valid for 3.5 <Re < 80,000 and 0.7 < Pr < 380,
and fluid properties are evaluated at the free-
stream temperature, T,,, except for u, which is
evaluated at the surface temperature T5.

The heat transfer rate due to mass transfer is
given by [27]:
dm = LhmA(pv,s - pv,OO): (9)
where L is the latent heat of phase change
(evaporation or sublimation), p, ¢ and p,, ., are the
vapor density at the droplet surface and away from
the surface, respectively, and h,, is the mass
transfer coefficient, expressed as:

_ Sh Dy,

P = 22, (10)
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where Sh is the Sherwood number, and Dy is the
vapor-gas mass diffusivity. The Sherwood number
is calculated using the Ranz-Marshall equation
[28]:

L
Sh =2+ 0.6Re’Sc3 (11)
where Sc is the Schmidt number, defined as:
Sc=iglpgDvg
The radiation heat transfer rate from the droplet
surface is:
G, = edA(Tfs — T, (12)
where ¢ is the emissivity of the surface and o is the
Stefan-Boltzmann constant (5.67 x 10°° W/m?.K*).
Two models may be used for the droplet
temperature: non-mixing and complete-mixing
[29]. The non-mixing model assumes no internal
motion in the droplet and the energy equation is
reduced to that for transient heat conduction. A
one-dimensional model can be used assuming the
droplet shape to be constant and spherical. The
one-dimensional  transient heat  conduction
equation in a spherical droplet is expressed as [30]:

oY 4 2ha (1)
kdar)+ r \ar/'’

where the initial and boundary conditions are:

ar _ 2
PdCpd 5 = ;( (13)

T(r,0)=T; (14)
o,
orl—o (15)
aT L )
_ded a_ =dq. + dm + qr (16)
Tlr=pR

Here, q., 4,,, and g, represent heat transfer due to

convection, mass transfer, and radiation,
respectively. The solution to Eg. (13), for
convection boundary conditions, is:
r= 17

o 1, .
S Cuexp(=3iF0) = sin Gur), (1T

where Fo is the Fourier number defined as:
Fo=atlry’, and T* and r* are the dimensionless
temperature and spatial coordinates, respectively,
defined as:

o TT

TT-T, (18)
=l (19)
" TR
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Here, T; is the initial temperature, T, is the
ambient temperature, and R is the droplet radius.

Discrete values of ¢, are positive roots of the
following transcendental equation which can be
found in Ref. [30]:

1-—{,cot(, =Bi (20)

The values of coefficients C,, are determined from:

Cn — 4(51:7’1(,1 _‘ (nCOS(n) (21)
28, —sin(24,)

The first six term of the series solution, Eqg.
(17), are used to approximate the temperature
profile in the droplet. The maximum error caused
by the six-term approximation is less than 7% for
Fo=0 and the accuracy improves with an
increase in the Fourier number.

The complete-mixing model assumes internal
motion of the droplet is sufficiently strong that
mixing is complete. The temperature profile in the
droplet is then essentially flat and resistance to heat
transfer exists only in the surrounding gas.
Assuming a uniform droplet temperature, the
temperature change rate can be described by the
heat balance between the droplet and the
surrounding gas:

dT,

mdcp,d % = _((Zc + (Zm + qr) (22)

These two models represent the bounds on the
droplet temperature. The actual temperature profile

of the droplet is expected to lie between these two
models.

4 Results and Discussion

Figure 2 illustrates the wvariation of the drag
coefficient versus flight time for various gases. The
drag coefficient varies with flight time because it is
a function of velocity. Helium has a kinematic
viscosity of about ten times higher than that of
nitrogen or argon. Therefore, the Reynolds number
in helium is lower and the drag coefficient is
higher than for the other gases examined. As
expected, the behavior with nitrogen is similar to
that for air.

Figure 3 shows the acceleration of a falling
droplet. Initially, the acceleration is equal to
gravitational acceleration, but it decreases with
flight time as drag force rises. The density of
helium is one order of magnitude smaller than that
of other gases, so the corresponding drag force is
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smaller and the droplet acceleration is greater in
helium.

Figure 4 shows the velocity of the droplet
versus the flight distance. The droplet initially has
no velocity and it accelerates as it moves
downward. As the droplet velocity increases with
the falling distance, the Reynolds number
increases. The droplet velocity is greater in helium.
Buoyancy has been shown to have a negligible
effect on the droplet velocity [24].

12
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.S 8 T —— Nitrogen
2 ! - = = Heli
E’ 6 _-‘ Helium
° 41 --=- Argon
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0 T ; T f T f T f T
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Fig. 2. Drag coefficient versus flight time.
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Fig. 3. Droplet acceleration versus flight time.
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Fig. 4. Velocity of the falling droplet versus flight
distance.

Figure 5 illustrates the variation in convection
heat transfer coefficient during the flight. The
velocity, Reynolds number, Nusselt number, and
the heat transfer coefficient all increase as the
droplet falls, except after the droplet reaches its
terminal velocity.

As the droplet accelerates, the Reynolds
number, and hence the convection heat transfer
coefficient, increases rapidly causing a significant
rise in the convection heat transfer rate. After, the
rate of convection heat transfer is dominated by the
temperature difference between the droplet surface
and the ambient gas, and decreases with the flight
time. However, the rate of radiation heat transfer
decreases as the droplet surface temperature drops
during flight. Mass transfer has been shown to
have a negligible effect on the total heat transfer
from the droplet [24].

Fig. 6 shows the surface temperature of the
droplet versus the flight time in various gases, for
an assumed ambient temperature of 21°C. The
initial temperature of the droplets is 504°C. As the
rate of heat transfer is greater in helium, the

variation of droplet temperature is more
significant.
5 CONCLUSIONS

Significant heat recovery can be achieved in the
copper-chlorine cycle of hydrogen production by
cooling and solidifying the CuCl molten salt
exiting the oxygen reactor of the cycle. Heat can be
recovered from the molten salt by breaking the
molten stream into smaller dispersed droplets. A
predictive analytical model is developed for a
direct contact system for heat recovery from
molten CuCl using various gases. As CuCl may
react with oxygen, various inert gases are
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considered. Higher accelerations and hence higher
heat transfer rates are observed for the droplets
falling in helium. Therefore, the rates of change in
droplet temperature are greater in helium than
other considered gases. The results can help
improve the efficiency the copper-chlorine cycle
for hydrogen production of by improving heat
recovery within the cycle.
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Nomenclature

A area, m?

Co drag coefficient

Cp specific heat at constant pressure, J/kg.K
Fo Fourier number

g gravitational acceleration, m/s’

h heat transfer coefficient, W/m%K

L latent heat of phase change, kJ/kg

m mass, kg

Nu Nusselt number

Pr Prandtl number

q heat transfer rate, W

R droplet radius, m

r radial coordinate, m

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

T temperature, °C

t time, s

v velocity, m/s

Greek Letters

€ emissivity

G positive roots of transcendental equation
Mo viscosity of fluid at the free-stream
temperature, Pa.s

Vg kinematic viscosity of gas, m*/s

P density, kg/m®

Py density of gas, kg/m®

o Stefan-Boltzmann constant (5.67 x 10°
W/m?.K%

Subscripts

c convection

d droplet

g gas

i initial

m mass transfer

r radiation

S surface

Superscripts

* non-dimensional
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