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Abstract 

The thermochemical copper-chlorine (Cu-Cl) cycle is a promising method to produce hydrogen with 
nuclear energy. In this paper, the fluid flow and heat transfer processes are examined for a packed 
bed chemical reactor in the Cu-Cl cycle. The heat transfer rate is predicted by a heat-momentum 
analogy for external flow over a particle, using the friction factor and Reynolds number. The Nusselt 
number correlation compares well against three prior methods to predict the Nusselt number in a 
packed bed (for various combinations of the void fraction, Reynolds and Prandtl numbers). The 
analysis is extended to minimize the entropy generation due to heat transfer and fluid flow 
irreversibilities in the packed bed reactor. 

Nomenclature 
 
A area [m2] 
D diameter [m] 
f friction factor 
F force [N] 
h heat transfer coefficient [W/m2K] 
k thermal conductivity [W/mK] 
L bed depth [m] 
N number 
p pressure [Pa] 
q heat transfer rate [W] 
r radius [m] 
S0 cross-sectional area of empty bed [m2] 
sp surface area of one particle [m2] 
T temperature [k] 
vp volume of one particle [m3] 
V velocity [m/s] 
 
Greek 
𝜀 void fraction 
Φ sphericity 
μ viscosity [Pa-s] 
ρ density [kg/m3] 
 
Subscripts 
D drag 
H hydraulic 
i inertial 
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p particle 
s surface 
sp sphere 
v viscous 
∞ superficial 
 

1. Introduction 

Nuclear thermochemical hydrogen production offers a promising alternative to carbon-based 
methods of hydrogen production, by splitting water into hydrogen and oxygen by a series of 
thermally driven chemical reactions. The U.S. Argonne National Laboratory has identified the 
copper-chlorine (Cu-Cl) cycle as the most viable for temperatures under 600°C due to its several 
advantages; including potentially lower capital costs, and promising engineering feasibility, when 
compared to other nuclear thermochemical processes [1]. It consists of four main steps to split steam 
into hydrogen and oxygen; all of the other copper-chlorine compounds in the cycle are recycled, 
providing a sustainable option for hydrogen generation. It does not use fossil fuels or emit carbon 
dioxide gas, thereby offering a promising alternative to conventional hydrogen production 
techniques. Thermochemical hydrogen production can reduce fossil fuel dependence, particularly if 
the cycle can be coupled with a nuclear power source [2]. 

A solid-gas reaction with CuCl2 for steam hydrolysis is one of the key steps in the Cu-Cl cycle. The 
efficiency of the hydrolysis reactor is an important factor in the effectiveness of the overall 
hydrogen production. Several different reactor types can be used, including packed and fluidized 
beds or spray reactors, each offering various advantages and disadvantages which can be integrated 
into different Cu-Cl cycle designs. The focus of this paper is a packed bed reactor which offers an 
effective and relatively simple method to expose a large total surface area of solid CuCl2 particles to 
steam. In a packed bed reactor, large temperature gradients can be a serious concern, as they lead to 
non-uniformities of chemical reactions. A packed bed reactor design is commonly used if very high 
conversion rates are required. 

The parameters affecting a packed bed’s efficiency include, but are not limited to, particle size, 
shape, roughness, surface area, temperature, pressure and fluid velocity. Many of these factors will 
have an opposite effect on the heat transfer and fluid flow characteristics within the system. For 
example, increasing the flow rate will also increase the rate of heat transfer between the bed material 
and the fluid; however, this will increase the losses within the system from fluid friction and thermal 
irreversibilities [3]. Designing the system to minimize the entropy generation within the packed bed 
is an effective method to optimize these variables to operate at higher system efficiencies.  

The flow paths taken by the fluid through a packed bed are very complex and irregular. This makes 
it difficult to obtain exact solutions and precise representations of the fluid motion. The radial fluid 
velocity is significant because the irregularity of the packing material causes highly variable flow 
paths and large differences between local and average velocities [4]. Typical methods to predict the 
pressure drop through a packed bed rely on the experimental correlation developed by Ergun [5], or 
other similar correlations. Most extensions of the Ergun equation use a similar approach [4], but 
including additional parameters [6]. This includes effects of the vessel walls [4] to extend the 
correlation to other systems. Other correlations [7] extend the flow regimes and flow conditions, by 
developing correlations over a wider range and lower limit of Reynolds numbers, than with previous 
studies. 
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In this paper, the fluid motion through a packed bed is considered with different flow rates and 
particle geometries. Friction factors from the Ergun equation are used to predict the Nusselt number. 
A new model of the Reynolds analogy that relates the momentum and energy equations is presented. 
Experimentally determined Nusselt numbers are compared with the analytical predictions and close 
agreement is achieved. The predictions are further compared with three different predictive methods 
from the archival literature [8, 9, 10]. Current techniques to represent the entropy generation are 
extended to predict the entropy generation in a packed bed. A correlation to determine the operating 
conditions that minimize the entropy production is presented via the entropy generation number. 
This technique utilizes the Nusselt number based on the friction factor and Reynolds numbers, 
thereby having the potential to represent a wide variety of packed bed configurations and operating 
conditions.  

2. Formulation of Fluid Flow and Heat Transfer 

In the section, analytical techniques to predict the fluid flow and heat transfer characteristics through 
a packed bed reactor are presented. Assuming that the drag force (FD) is equivalent to the sum of 
viscous (Fv) and inertial forces (Fi) [11], 

 𝐹𝐷
𝐴𝑠

=
𝐹𝑣
𝐴𝑠

+
𝐹𝑖
𝐴𝑠

 (1) 

where the viscous and inertial forces are represented by 𝐹𝑣
𝐴𝑆

= 𝑘1  𝜇 𝑉∞
𝑟𝐻

 and 𝐹𝑖
𝐴𝑠

= 𝑘2𝜌𝑉∞2. The 
Reynolds number for a packed bed, Rep, can be expressed as [11, 12], 

 
𝑅𝑒𝑝 =

𝜌𝑉∞𝐷𝑝
𝜇 (1 − 𝜀)

 (2) 

As expressed by Ergun [11], applying experimentally correlated values for k1 and k2 of 150/36 and 
1.75/6, substituting the above equations into Eq. (1), and after manipulation, the friction factor can 
be expressed as 

 
𝑓𝑝 =

150
𝑅𝑒𝑝

+ 1.75 (3) 

which, for a packed bed, is defined as follows, 

 
𝑓𝑝 =

∆𝑝 𝐷𝑝
𝐿𝜌𝑉𝑠2

�
𝜀3

1 − 𝜀
�   (4) 

The Ergun equation is valid for flows with a Reynolds number from 1 to 1,000. 

The Reynolds analogy offers a convenient relationship between fluid friction and heat transfer 
within a packed bed. To represent the flow in the tiny conduits within a packed bed, the bulk mean 
properties for wall friction and heat transfer can be expressed as follows [13],  

 � 𝑑(𝑢/𝑉)
𝑑(𝑦/𝐿𝑐)�

𝑦=0
=
𝑓
2
𝜌𝑉𝐿𝑐
𝜇

=
𝑓
2
𝑅𝑒 (5) 
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 �𝑑(𝑇 − 𝑇𝑠)/(𝑇∞ − 𝑇𝑠)
𝑑(𝑦/𝐿𝑐) �

𝑦=0
=
ℎ 𝐿𝑐
𝑘

= 𝑁𝑢 (6) 

If the momentum and heat diffusivities match, i.e. 𝑃𝑟 ≈ 1, than so too will the normalized velocity 
and temperature profiles. Thus, the derivatives of the profiles, at the surface, Eqs. (5) and (6), will 
coincide, allowing for the following expression relating fluid friction and heat transfer in a packed 
bed, 𝑓

2
𝑅𝑒 ≈ 𝑁𝑢. The Prandtl number is 0.71, assumed close to 1, leading to the following relation, 

 
𝑁𝑢 =

1
2
𝑅𝑒𝑝𝑓𝑝 𝑃𝑟 (7) 

In the above formulation, the Nusselt number predictions vary with friction factor, Reynolds and 
Prandtl numbers. 

3.  Formulation of Entropy Generation Minimization for a Packed Bed 

The entropy generation minimization can be expressed as [14], 

 
�̇�𝑔𝑒𝑛 =

𝑞2

𝑇∞𝑇𝑠
1

ℎ 𝐴𝑠
 +

𝐹𝐷𝑉∞
𝑇∞

   (8) 

where the first and second terms on the right-hand-side of Eq. (8) represent the entropy generation 
due to heat transfer and fluid flow. The definition of the drag coefficient can be rearranged for FD, 

 
𝐶𝐷 =

𝐹𝐷/(𝐴𝑠)
𝜌𝑉∞2/2

 (9) 

where 𝐶𝐷 = 𝑓𝑝/4. The surface area (As) is represented by the product of the number of particles 
(Np) and surface area of a single particle (sp), i.e. 𝐴𝑠 = 𝑁𝑝 𝑠𝑝. The number of particles can be 
calculated from the volume ratio of total solids to a single particle, as follows, 

 
𝑁𝑝 =

𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑜𝑙𝑖𝑑𝑠
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑜𝑛𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒

=
𝑆0𝐿 (1 − 𝜀)

𝑣𝑝
 (10) 

The volume of a single particle can be determined from the ratio of the particle surface area to 
volume, as follows, 𝑠𝑝

𝑣𝑝
= 6

Φ𝐷𝑝
. The variable Φ represents the sphericity Φ = 𝑠𝑠𝑝

𝑠𝑝
, where ssp and sp are 

the surface areas of a sphere and particle, respectively (with the same hydraulic diameter). The 
sphere surface area is determined by 𝑠𝑠𝑝 = 𝜋𝐷𝑝2. The heat transfer coefficient (h) is determined from 
the definition of the Nusselt number. 

 
𝑁𝑢 =

ℎ𝐷�
𝑘

=
1
2
𝑅𝑒𝑝𝑓𝑝𝑃𝑟 (11) 

Eq. (11) can be rearranged to predict h, which is dependent on the friction factor, in addition to the 
Reynolds number of the flow, where, 𝐷� = 𝑁𝑝𝐷𝑝. The hydraulic radius is calculated from the ratio of 
the perimeter to the area of the flow channels. It can be shown that the hydraulic radius for a packed 
bed can be further simplified to get the following definition, 
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𝑟𝐻 =

𝑝𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠
𝑐𝑟𝑜𝑠𝑠 𝑠𝑒𝑐𝑡𝑖𝑜𝑛𝑎𝑙 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑓𝑙𝑜𝑤 𝑐ℎ𝑎𝑛𝑛𝑒𝑙𝑠

=
𝑆0𝐿𝜀
𝐴𝑠

=
𝜀𝑣𝑝

(1 − 𝜀)𝑠𝑝
 (12) 

Substituting Eqs. (8) – (12) into Eq. (1), the following expression for the entropy generation rate 
within a packed bed can be obtained. 

 
�̇�𝑔𝑒𝑛 =

48 𝜇 𝑞2 𝑆0 Φ (1− 𝜀)2

𝜋 𝑇∞𝑇𝑠 𝐴𝑠 𝑘 Pr𝜌 𝑉∞ 𝐷𝑝3𝑓𝑝 
+

2 𝑉∞3 𝜌 𝐴𝑠  𝑓𝑝
𝑇∞

 (13) 

In this equation, the first and second terms on the right side of the equality represent the entropy 
generation from heat transfer and fluid flow, respectively.  

The optimum (minimum) entropy generation (�̇�𝑔𝑒𝑛,𝑜𝑝𝑡) can be determined from the optimal 
Reynolds number (𝑅𝑒𝑝,𝑜𝑝𝑡) as follows, 

 �̇�𝑔𝑒𝑛,𝑜𝑝𝑡 =  �̇�𝑔𝑒𝑛(𝑅𝑒𝑝,𝑜𝑝𝑡) (14) 

where 𝑅𝑒𝑝,𝑜𝑝𝑡  can be determined from the following expression,  

 𝜕�̇�𝑔𝑒𝑛(𝑅𝑒𝑝,𝑜𝑝𝑡)
𝜕𝑅𝑒𝑝

= 0 (15) 

The entropy generation number (Ns) can be expressed as: 

 
𝑁𝑠 =

�̇�𝑔𝑒𝑛
�̇�𝑔𝑒𝑛,𝑜𝑝𝑡

 (16) 

This formulation can be used to optimize the flow conditions in a packed bed, by minimizing the 
entropy generation from fluid flow and heat transfer. 

4.  Results and Discussion 

In this section, the results of the entropy generation minimization formulation for a packed bed are 
presented and compared with experimental data. The experimental unit is illustrated in Fig. 1a. The 
system’s primary component is the cylindrical pressure vessel, which represents the packed bed 
reactor. Within the vessel, a support mesh is installed to hold the packed solids. Compressed air 
enters through the top and exits through the bottom of the vessel, to a maximum operating pressure 
of 2 atm (absolute). As illustrated in Fig. 1b, two pressure sensors are installed within the vessel, 
one near the top and one near the bottom to gather data of the pressure drop through the packed bed. 
The input pressure is acquired at the top of the reactor cylinder, while the output pressure is 
measured near the bottom of the vessel.  

The experiments gathered 1,000 samples for each of the various packing configurations. The void 
fraction is estimated from a water displacement measurement technique for the various particle 
sizes. Other experimental parameters are presented in Table 1. The measured pressure drop data, 
obtained for the various bed heights, are presented by the average values in the following analysis. 
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(a) 

 
Figure 1: Experimental packed bed reactor a) photograph and b) schematic 

 
 

Table 1: Packed bed parameters 
Packing 

size 
Packing 
material 

Bed heights 
[cm] 

Void 
fraction 

Reynolds 
number 

1 cm glass beads 10, 20, 30 0.38 14 - 138 
4 mm peas 10, 15 0.33 5 - 51 

 

As illustrated in Fig. 2, the predicted Nusselt number is compared with three published correlations 
that predict the Nusselt number of flow through a packed bed. The following functional form is 
assumed for Methods 2 and 3 – Nu = a +  b Ren Prm – where the coefficients and exponents can be 
correlated from various methods. 

centimeter and 
millimeter size 

particles 

micrometer size 
 

fluid inlet 

fluid outlet 

perforated plate 

inlet pressure 
 

outlet pressure sensor 

(b) 
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Figure 2: Predicted Nusselt number at various Reynolds numbers with (i) current method, (ii) [8], (iii) 

[9], and (iv) [10] 
 

• Method 1 - current method: Eq. 7. 

• Method 2 - Wakao et al. [8]:  

 𝑁𝑢 = 2 + 1.1𝑅𝑒𝑝0.6𝑃𝑟1/3  (17) 

• Method 3 - Kuwahara et al. [9]:  

 
𝑁𝑢 = �1 +

4(1 − 𝜀)
𝜀

� +
1
2

(1 − 𝜀)0.5𝑅𝑒𝑝𝑃𝑟1/3 (18) 

• Method 4 - Gunn [10]:  

 𝑁𝑢 = (7 − 10𝜀 + 5𝜀2)�1 + 0.7𝑅𝑒0.2 𝑃𝑟1/3�
+ (1.33 − 2.4𝜀 + 1.2𝜀2)𝑅𝑒0.7𝑃𝑟1/3 

(19) 

Method 2 [8] is developed from a Reynolds analogy from a mass transfer correlation for closely 
packed beds, from published data for 3 < Re < 10,000 [15]. The data is corrected for axial fluid 
dispersion resulting in the following mass transfer correlation for a packed bed: Sh  = 2 + 1.1 Re0.6 

Sc1/3. Equation 17 is applicable to flows with a Reynolds number between 15 and 8,500. Method 3 is 
developed from two-dimensional numerical simulations of a packed bed. When developing Eq. (18), 
a series of simulations was conducted with varying void fractions, Reynolds and Prandtl numbers. 
The authors [9] reported the correlation is applicable for a wide range of Re and Pr numbers, as well 
as 0.2 < ε < 0.9. Method 4 is developed from four asymptotic solutions, one that bounds Nu for (i) 
particles with high and low Reynolds number and void fractions for particles, (ii) a single particle at 
low Re, and two experimentally developed correlations that bound Nu at low Re and Pr for (iii) a 
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single particle and (iv) a packed bed. The authors [10] developed a correlation that satisfies all four 
of the limiting relations, i.e., Method 4 (Eq. 19).  

 
(a) 

 

 
(b) 

 
Figure 3: Entropy generation at various Reynolds numbers with a) 1 cm and b) 4 mm particle diameters 
 

Variations between predictions from the different correlations can be expected, not only due to 
uncertainties, but also the different flow conditions, bed properties, and assumptions used to develop 
each of the methods. Unique to the present correlation, is can predict the Nusselt number as a 
function of friction factor and Reynolds numbers of a system. This allows the correlation to be used 
to predict the entropy generation in a packed bed, due to fluid flow and heat transfer irreversibilities.  
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As illustrated in Fig. 3, the entropy generation, predicted by Eq. 13, exhibits the expected trend 
required by the Second Law of Thermodynamics, wherein the total entropy generation of any 
process will always increase, i.e., �̇�𝑔𝑒𝑛 ≥ 0. A concave trend in the entropy generation is exhibited. 
For these plots, the fluid temperature (T∞) and reference surface temperature (𝑇�𝑠) are assumed to be 
325K, and 293K, respectively. The other conditions are the same as the experimental settings. 
Numerical values of 𝑅𝑒𝑝,𝑜𝑝𝑡 and  �̇�𝑔𝑒𝑛,𝑜𝑝𝑡 can be determined from Fig. 3, for these representative 
system parameters, which are taken to be 140 and 0.0000205 kJ/s-K for Dp = 1 cm and 25 and 
0.00004468 kJ/s-K for Dp = 4 mm, respectively. 

 

Figure 4: Entropy generation minimization with different particle diameters at various Reynolds 
numbers 

As illustrated in Fig. 4, the numerical values of �̇�𝑔𝑒𝑛,𝑜𝑝𝑡 and 𝑅𝑒𝑝,𝑜𝑝𝑡 can be used to develop a 
dimensionless plot of the entropy generation number. Differences in the packing material (Dp) and 
operating conditions collapse onto a single plot, i.e., Ns. These results indicate this is a useful 
method to improve packed bed designs by minimizing the entropy generation during operation. 

5. Conclusions 

In this paper, the fluid flow and heat transfer are investigated for a packed bed reactor by analyzing 
the entropy generation minimization. Different operating parameters were collapsed onto a single 
plot, predicted by the entropy generation number, thereby providing a method to compare a wide 
variety of designs, with a single parameter. A Reynolds analogy was used to predict the Nusselt 
number, which varies with Reynolds number and friction factor, connecting the fluid flow and heat 
transfer properties, and providing a tool for a second law analysis. The insights of this research 
provide a method to improve the design of packed bed reactors to achieve higher system efficiencies 
by reducing the entropy generation during operation. 
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