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Abstract: Thermal energy storage systems are used mainly in buildings and industrial processes. In 
this study, solar energy storage by using a circular conduit filled with porous media that is saturated 
by a non-Newtonian fluid at constant heat flux was represented. 

The fully developed region was studied by solving the equations analytically, the non-
Newtonian fluid parameters used in this model are carboxymethyl cellulose (CMC) properties. In 
addition, graphite was used as porous media. The heat flux data for Amman city was used in the 
equations in this study. 

The effect of Porosity and particle diameter and pressure on the performance of the model were 
discussed and sketched. As a result, the temperature of storage filled with CMC fluid is better than 
water in porous media. It is found that the power index of the fluid, porosity, particle diameter, 
pressure drop, and conduit radius effect inversely the temperature in energy storage.  

In January, the temperature variation in conduit at the same conditions reach for CMC-1 to 35 ℃ 
for n = 0.724 and to 85 ℃ for n = 0.7182 and to 190 ℃ for n = 0.7122. 

CMC-2 has a higher consistency index at the same concentration which means higher 
viscosity and less power index than CMC-1 so the temperature variation in conduit reaches 50 ℃ 
for n = 0.599 and 200 ℃ for n = 0.57. The stored energy of CMC-1 for n = 0.724, n = 0.7182, and       
n = 0.7122 is approximately 120 kJ, 300 kJ, and more than 600 kJ respectively, and the stored energy 
of CMC-2 n = 0.599 and n = 0.57 is 200 kJ and approach to 800 kJ at the same conditions and 
conduit.  
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Abbreviations: A: Constant = ቂି௄
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; CMC: Carboxymethyl cellulose; FDM: Finite-

difference methods; 𝐶௣௙
: Specific heat of the fluid at constant pressure, 𝐽 ⁄ ሺ𝐾𝑔. 𝐾ሻ ; 𝐶௧ : The 

tortuosity factor given by Christopher and Middleman which equal 25/12; ℎ : Convective heat 
transfer coefficient, 𝑊 ⁄ ሺ𝑚ଶ. 𝐾ሻ; H: Consistency index, 𝑃𝑎 . 𝑆௡; 𝐾: Permeability of porous media, 

𝑚ଶ ; 𝐾∗ : Modified permeability, 𝑚ଵା௡ ; 𝑘 : Thermal conductivity, 𝑊/ሺ𝑚. 𝐾ሻ ; 𝑘௙ : Thermal 

conductivity of fluid, 𝑊/ሺ𝑚. 𝐾ሻ ; 𝑘௦ : Thermal conductivity of solid, 𝑊/ሺ𝑚. 𝐾ሻ ; 𝑘௘௙௙ : Effective 
thermal conductivity, 𝑊/ሺ𝑚. 𝐾ሻ; 𝑚ሶ : Mass flow rate, 𝑘𝑔 𝑠⁄ ; 𝑛: Power law index; Nu: Nusselt number; 
Nu஽ : Local Nusselt number; Nu௠ : Mean Nusselt number; 𝑃𝑟 : Prandtl number; ∆𝑃 𝐿⁄ : Pressure 
gradient, 𝑃𝑎 / 𝑚; 𝑄 : Amount of heat stored, Joule; 𝑞′′ : Heat flux per unit area, 𝑊 𝑚ଶ⁄ ; 𝑄 : The 
amount of heat stored, J; 𝑟: Radius of the conduit, 𝑚; 𝑟∗: Dimensionless radius of the conduit, 𝑚; 𝑅: 
Outer radius of the conduit, 𝑚; 𝑅𝑒஽ : Reynolds number based on Darcy velocity; 𝑅𝑒௄ : Reynolds 
number based on Permeability; 𝑇 : Temperature, 𝐾 ; 𝑇௘ : Temperature at the entrance, 𝐾 ; 𝑇௪ : 
Temperature at the wall of the conduit, 𝐾 ; 𝑇௠ : The mean temperature, 𝐾 ; 𝑇∗ : Dimensionless 
temperature; 𝑢: Velocity in z-direction, 𝑚/𝑠; 𝑢஽: Darcy velocity, 𝑚/𝑠; 𝑢௠: The mean velocity, 𝑚/𝑠; 
𝑧: Length of conduit, 𝑚; 𝑧∗ : Dimensionless length; 𝜇: Dynamic viscosity, 𝑃𝑎. 𝑠; 𝜇௘௙௙ : Effective 

viscosity, 𝑃𝑎 . 𝑆௡; 𝜀: Porosity of porous media; 𝛼௘௙௙: Effective thermal diffusivity, 𝑚ଶ/𝑠; 𝜌௙: Fluid 

density, 𝑘𝑔 𝑚ଷ⁄ ; 𝜌௦: Solid density, 𝑘𝑔 𝑚ଷ⁄ ; 𝜈: Kinematic viscosity, 𝑚ଶ 𝑠⁄ ; 𝜐: The velocity at radial (r) 
direction, 𝑚/𝑠 

1. Introduction 

The development of efficient energy storage systems is crucial because the ongoing progressive 
shift away from traditional baseload energy sources and renewables gain a greater foothold in the 
energy system. Solar energy is the cheapest form of renewable energy, as well as the cleanest, 
delivering exceptional benefits for both the planet and for businesses. Yet, in order to maximize the 
return on solar requires an efficient way to store that energy and flexibility for its future use. 

The thermal energy storage method which uses the absorption and discharge effects of heat 
caused by the temperature change of materials is called sensible heat thermal energy storage (SHTES). 

Thermal energy conservation and management is a key issue for energy savings in any field 
with intensive thermal demands. 

The storage of sensible heat is one of the best-known and most widespread technologies, with 
the domestic hot water tank as an example. The storage medium may be a liquid such as water or 
thermo-oil, or a solid such as concrete or the ground. Thermal energy is stored solely through a 
change of temperature of the storage medium. The capacity of a storage system is defined by the 
specific heat capacity and the mass of the medium used [1]. Porous materials are of considerable 
scientific and technological interest for energy storage and conversion [2]. Porous material can 
improve the efficiency of solar thermal energy storage systems. Because it has a high dispersal so 
that enhances the heat convection. Another benefit for using porous media is the irregular movement 
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of the flow around the beads or through pores which mixes the fluid more effectively. 
Dhifaoui et al. (2007) [3] studied the storage of thermal energy in a porous bed in a vertical 

channel, filled with glass beads, heated on one of the vertical walls by a constant heat flux. As a 
result, the decreases in discharge time led to increase in the system efficiency (the ratio of the stored 
energy over the energy given) for a fixed channel width and a fixed charge duration and increases in 
the volume of storage. A parametric study to investigate the effect of the bed dimensions, fluid flow 
rate, particle material and diameter on the thermal behavior of the packed bed up to 550 ℃ was 
performed by Hänchen et al. (2007) [4]. 

The behavior of non-Newtonian fluid as flow and heat transfer inside a saturated porous media 
have been investigated for centuries in order to improve the heat transfer rate, because of their wide 
applications in medicine, mechanical, industrial, chemical, and civil engineering, such as combustion 
technology, fuel cells, vehicle's radiator, heat exchanger in building, oil and gas flow in reservoirs, 
Solar energy collections etc. [5]. 

Wu and Zhao (2011) [6] established an experimental study of using porous materials such as 
metal foams and expanded graphite to enhance the heat transfer capability of PCMs in high- 
temperature thermal energy storage system. NaNO3 was selected with 99% purity as the PCM for the 
experimental investigation. 

The result has been reached that the heat transfer rate can be enhanced through the addition of the 
porous materials by 2.5 times compared to that of pure NaNO3 in the heating process from 250–300 ℃. 

Chamkha et al. (2014) [7] analyzed the effect of uniform lateral mass flux on non-Darcy natural 
convection of non-Newtonian fluid along a vertical cone embedded in a porous medium filled with a 
nanofluid. Dimensional governing equations are transformed into a non-similar form and then solved 
numerically by Keller box finite-difference method. 

The effect of power-law index parameter n on the dimensionless velocity, temperature and, 
volume fraction profiles are displayed. The result that has been reached as the power-law index n is 
increased, both the volume fraction and temperature profiles are increased, but the slip velocity at the 
cone surface is decreased. Also, the non-Newtonian fluid with a higher power-law index has a 
greater thermal boundary layer thickness and a greater volume fraction boundary layer thickness. 

In this study a theoretical model is built and solved analytically in order to describe the non-
Newtonian fluid, (CMC), and Graphite as porous media. 

Graphite with highly advanced properties can be applied in various fields, such as thermal 
transfer devices, electrical transfer devices and electrochemical super capacitors. 

The higher thermal conductivity leads to a shorter time to charge or discharge. Graphite has 
high thermal conductivity so the time used for heat transfer inside the material will be very short, 
which means better system performance and that way improving the efficiency of thermal energy 
storage systems [8]. 

Mohammed & Mohammed, (2009) [9] studied Rheological Properties for two types of CMC 
at 30 ℃. This study used this information. Parameters for (CMC) like power index and consistency 
coefficient were used from this study are shown in Table 1. 
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Table 1. Rheological Properties of two types of CMC [9]. 

 CMC-1 CMC-2 

Concentration 

(g/l) 

n H (Pa.sn) n H (Pa.sn) 

40 0.724 0.176 0.599 1.952 

50 0.7182 0.346 0.57 7.277 

60 0.7122 0.679 -- -- 

The properties of Graphite were used in calculations of this study are shown in Table 2.  

Table 2. Properties of graphite are used in analytical calculation [10,11]. 

Thermal conductivity (W/m K) 25–470 

Heat capacity (J/g K) 0.7 

Average particles or pore diameter (mm) 350 

Density (kg/m3) 2260 

The properties of CMC were used in calculations of this study are shown in Table 3. 

Table 3. Properties of CMC are used in analytical calculation. 

Thermal conductivity (W/m K) 0.7 

Heat capacity (J/g K) 4.400 

Density (kg/m3) 1020 

Survey points 
The forced convection problem inside a saturated porous media is studied under the effects of 

constant surface heat flux, Darcy model as momentum equation is depicted.  
In this study, a theoretical model is built and solved analytically in order to describe the non-

Newtonian fluid, (CMC), and Graphite as porous media. Also, the effects of some (power index, 
porosity…. etc.) parameters on temperature variation were studied to show the differences between 
water and non-Newtonian fluid in energy storage. The study is shows that the temperature and 
energy storage in winter in Amman city  

2. Mathematical modeling and analysis  

2.1. Nusselt number calculations 

Consider the steady two-dimensional forced convection flow of incompressible non-Newtonian 
fluid moving in circular conduit saturated with porous media is shown in Figure 1: 
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Figure 1. Physical model and coordinate system. 

The flow is said to be fully developed when the normalized temperature profile remains 
unchanged and the velocity profile is fully developed and remains unchanged.  

Considering steady state, incompressible, laminar, forced fluid flow, and all the physical 
properties of the fluid are isotropic and homogeneous. The governing equations were written as 
follow:   

The continuity equation: 

𝜕𝑢
𝜕𝑧

൅
1
𝑟

𝜕ሺ𝜐𝑟ሻ
𝜕𝑟

ൌ 0     (1)

The momentum equation in z direction: 

𝑢஽ ൌ ൤
െ𝐾

𝜇
൬

𝜕𝑝
𝜕𝑧

൰൨

ଵ
௡

 (2)

where 𝑢஽ is Darcy velocity  
The momentum equation in r direction: 

𝜐௡ ൌ
െ𝐾

𝜇
൬

𝜕𝑝
𝜕𝑟

൰ (3)

The averaged velocity profile remains unchanged when the flow is fully developed, and thus: 
 𝜕𝑢 𝜕𝑧⁄ ൌ 0,  𝑢 ൌ 𝑢஽. 
The energy equation: 

𝑢ሺ𝜕𝑇 𝜕𝑧ሻ⁄ ൌ 𝛼௘௙௙ ቆ
𝜕ଶ𝑇
𝜕𝑟ଶ ൅

1
𝑟

𝜕𝑇
𝜕𝑟

ቇ (4)

where K is permeability, p is the fluid pressure, μ is the dynamic viscosity, T is the fluid temperature 

and 𝛼௘௙௙ is the effective thermal diffusivity (m2/s) which equals 𝛼௘௙௙ ൌ
௞೐೑೑

൫ఘ஼೛൯
೑

, where 𝑘௘௙௙ ൌ 𝜀𝑘௙ ൅

ሺ1 െ 𝜀ሻ𝑘௦, 𝑘௙ is thermal conductivity of the fluid and 𝑘௦ is thermal conductivity of the solid and 𝜀 is 
porosity of the porous media. 
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It can be integrated with respect to these boundary conditions: 

At  𝑟 ൌ 0 → డ்

డ௥
ൌ 0    

 𝑟 ൌ 𝑅 → 𝑞′′ ൌ 𝑘 డ்

డ௥
 

(5)

Temperature profile in the fully developed region are presented by Oosthuizen & Naylor, 1999a [12]: 

𝜕
𝜕𝑧

൤
𝑇௪ሺ𝑧ሻ െ 𝑇ሺ𝑧ሻ
𝑇௪ሺ𝑧ሻ െ 𝑇௖ሺ𝑧ሻ

൨ ൌ 0 (6)

Substitute temperature profile and Darcy velocity into energy equation:  
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𝜕𝑝
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൨

ଵ
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Rewrite Eq 7 by assuming the left term in constant (A):  

𝑟
𝐴

𝛼௘௙௙
ൌ

𝜕
𝜕𝑟

൬𝑟
𝜕𝑇
𝜕𝑟

൰ (8)

Integration of Eq 8 twice with respect of the boundary conditions and substitute 
డ்

డ௥
ൌ  ௤′′

௞
 at 𝑟 ൌ 𝑅 

because the model is subjected by constant heat flux gives:  

𝑇 ൌ 𝑇௪ ൅
2𝑞′′

𝑅 𝑘
ቆ

𝑟ଶ

4
െ

𝑅ଶ

4
ቇ (9)

Now to find Nusselt number we should find mean temperature 𝑇௠ to substitute it in the heat transfer 
coefficient: 

ℎ ൌ
𝑞′′

𝑇௪ െ 𝑇௠
 (10)

The Nusselt number is defined in terms of the difference between the wall and the mean 
Temperatures ሺ𝑇௪ െ 𝑇௠ሻ .The mean temperature, can be found as: [12] 

𝑇௠ ൌ
2

𝑢௠𝑅ଶ න 𝑢𝑇 𝑟 𝑑𝑟
ோ

଴
 (11)

Substitution Eq 9 into 11 and the result is integrated over the interval ሾ0, 𝑅 ሿ. 
Finally, mean temperature represented as follows: 

𝑇௠ ൌ 𝑇௪ െ
𝑞′′

4𝑘
𝑅 (12)

Substitute Eq 12 into 10 to get: 

ℎ ൌ
4𝑘
𝑅

 (13)
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Now Nusselt number is founded by substitute Eq 13 in Nusselt number equation ቀℎ஽

௞
ቁ , 

where 𝐷 ൌ 2𝑅. Noted that the heat flux is concentrated over the upper half side, so because of that, 
the result of Nusselt number from the upper wall to the center can be evaluated as: [13] 

𝑁𝑢 ൌ  4 

2.1.1 Solutions validation  

In the entrance region or developing region where the boundary layer develops and reaches the 
tube center, the developing in velocity profile is then essentially fully developed before the heat 
transfer take place, and because of the presence of porous media, the velocity profile is not changing 
with z along the conduit which means there is only a thermal entrance region. 

The energy equation is written in dimensionless form and solved numerically in case of constant 
surface heat flux. 

The velocity in 𝑟—𝑑𝑖𝑟𝑒𝑐𝑡𝑖𝑜𝑛 was neglected; i.e., 𝜐 = 0, and there is no heat transfer in 𝑟 
direction at the center; i.e., 𝜕𝑇/𝜕𝑟 = 0 𝑎𝑡 𝑟 = 0. The diffusion of heat in axial direction will be 
neglected compared to that in the radial direction. 

We can rewrite energy Eq 4 after substitute effective thermal diffusivity as: 

𝑢
𝜕𝑇
𝜕𝑧

ൌ
𝜈

𝑃𝑟
ቆ

𝜕ଶ𝑇
𝜕𝑟ଶ ൅

1
𝑟

𝜕𝑇
𝜕𝑟

ቇ (14)

The initial point of the conduit has no heat transfer so the temperature is uniform and constant 
and can be presented as; 𝑇 ൌ 𝑇௘ at z = 0. 

The following dimensionless variables are used in case of constant heat flux at the wall:  

𝑇∗ ൌ
𝑇 െ 𝑇௘

𝑞′′𝐷/𝑘
 𝑢∗ ൌ

𝑢
𝑢஽

 𝑧∗ ൌ
𝑧
𝐷

 

(15)

𝑟∗ ൌ
𝑟
𝐷

   

where 𝑇∗  is dimensionless temperature,  𝑇௘  is the temperature at the entrance point,  𝑢∗   is 
dimensionless velocity,  𝑢஽  is the Darcy velocity in the conduit, 𝐷 ൌ 2𝑅 is the diameter of the 
conduit,  𝑧∗  is the dimensionless length and 𝑟∗ is the dimensionless radius of the conduit. 
By combining dimensionless variables (15) and energy Eq 14, the energy equation can be written as: 

𝑢∗ 𝜕𝑇∗

𝜕𝑧∗ ൌ
1

𝑃𝑟 𝑅𝑒
ቆ

𝜕ଶ𝑇∗

𝜕𝑟∗ଶ ൅
1
𝑟∗

𝜕𝑇∗

𝜕𝑟∗ ቇ (16)

We can eliminate dimensionless velocity 𝑢∗  because the velocity through porous media is 
constant and here is Darcy velocity which means 𝑢 ൌ 𝑢஽ (i.e., 𝑢∗ ൌ 1). 

The equation is subjected to the following dimensionless boundary conditions: 
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The initial condition: 
 

(17)

𝑇∗ ൌ 0  as     𝑧∗ ൌ 0 
The boundary conditions 
డ்∗

డ௥∗ ൌ 0   as 𝑟∗ ൌ 0 𝑎𝑛𝑑    
డ்∗

డ௥∗ ൌ 1      as    𝑟∗ ൌ 0.5 

The linear second-order differential Eq 16 concerning boundary conditions (17) was solved by finite 
difference method using MATLAB program.  

We can calculate local Nusselt number by substitute equation ℎ ൌ ௤ᇲᇲ

்ೢ ି ೎்
 in 𝑁𝑢 ൌ ௛஽

௞
 [14] and 

get: 

𝑁𝑢஽ ൌ
𝑞′′𝐷/𝑘

𝑇௪ െ 𝑇௖
 (18)

From Eq 15, the right term represents of 
ଵ

்∗  at wall of the conduit so Eq 18 can be written as follows: 

𝑁𝑢஽ ൌ
1

𝑇∗|௥∗ୀ଴.ହ
 (19)

where 𝑁𝑢஽ the local Nusselt number and the dimensionless temperature at constant heat flux at the 

wall is 𝑇∗|௥∗ୀ଴.ହ ൌ ்ೢ ି ೐்

௤′′஽/௞
. 

The Nusselt number is defined in terms of the difference between the wall and the mean 
temperatures (𝑇𝑤−𝑇𝑚). 
The mean temperature, 𝑇𝑚 can be found as: [12]  

𝑇௠ ൌ
2

𝑢௠𝑅ଶ න 𝑢𝑇 𝑟 𝑑𝑟
ோ

଴
 (20)

Temperature T can be obtained from dimensionless form Eq 15: 

𝑇 ൌ 𝑇∗ ቆ
𝑞′′𝐷

𝑘
ቇ ൅ 𝑇௘ (21)

Substitution Eq 21 into 22 and 𝑢 ൌ  𝑢௠ we get: 

𝑇௠ െ 𝑇௘

𝑞′′𝐷/𝑘
ൌ

2
𝑅ଶ න 𝑇∗ 𝑟 𝑑𝑟

ோ

଴
 (22)

The right-side term represents a non-dimensional mean temperature 𝑇∗
௠ . After substituting the 

dimensionless form, the result will be: 

𝑇∗
௠ ൌ 8 න 𝑇∗ 𝑟∗ 𝑑𝑟∗

௥∗

଴
 (23)

Equation 23 can be solved by MATLAB program and after that, we use the data of to find Nusselt 
number by this equation: 
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𝑁𝑢஽௠ ൌ
1

2ሺ𝑇௪
∗ െ 𝑇௠

∗ ሻ  (24)

The results of these equations have been shown in the Figures 2 and 3. 

 
(a) 

 

(b) 

Figure 2. (a) Mean Nusselt number along the conduit at different Reynold number. (b) 
Mean Nusselt number along the conduit at different Prandtl number. 

The Nusselt number starts from z* = 0 exponentially and decreases through developing region 
along entrance length and become constant along fully developed region; both the friction factor and 
the heat transfer coefficient remain constant in the fully developed region and there is no dependence 
on the Reynolds or the Prandtl numbers. 
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(a) 

 

(b) 

Figure 3. (a) Dimensionless temperature T* at different axial coordinate z* at different 
Reynold number. (b) Dimensionless temperature T* at different axial coordinate z* at 
different Prandtl number. 

Figure 3 represent the dimensionless temperature T* with axial direction z* at different 
Reynolds number (Re) and Prandtl number (Pr) respectively at selective values of the dimensionless 
radius, the temperature increases in the axial direction of the flow; this is due to continuous heating 
of the fluid in the entrance region. The figures show that increasing in Reynolds and Prandtl numbers 
lead to decreasing in temperature profile and this because of increasing in Re means increasing in 
inertia forces and increasing in heat transfer coefficient. Also, the increasing in Prandtl number are 
found to decrease non-Newtonian fluid temperatures and consequently enhance heat transfer rates. 
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2.2. Temperature variation and energy with axial direction calculations in fully developed region 

Temperature is not constant in the axial direction through the pipe flow. We can calculate the 
mean temperature variation in the axial direction by applying the energy balance equation lead to: 

𝑇௠ ൌ
2𝑞௪

′′

𝜌𝑢௠ 𝑐௣𝑅
൅ 𝑇௠௜ (25)

where 𝑢௠ the mean velocity of the fluid, 𝑐௣  is specific heat. Because the temperature gradient is 
independent of z in fully developed flow and thus the shape of the temperature profile does not 
change along the tube. 

Christopher & Middleman, 1965 [15] developed a modified Blake-Kozeny equation for a 
power-law, non-Newtonian fluid with laminar flow through packed porous media and this equation 
is: 

𝑢 ൌ ቆ
𝐾∗

𝜇௘௙௙

∆𝑃
𝐿

ቇ

ଵ
௡

 (26)

where u is the Darcy's velocity; 𝐾∗ is modified permeability and known as: [16] 

𝐾∗ ൌ
1
𝐶௧

ቀ
𝑛𝜀

3𝑛 ൅ 1
ቁ

௡
൬

50𝐾
3𝜀

൰

௡ାଵ
ଶ

 (27)

𝐶௧ is the tortuosity factor given by Christopher and Middleman [15] and it is equal ሺ25 12⁄ ሻ, △ 𝑃/𝐿 
is the pressure gradient; and 𝜇௘௙௙ is effective viscosity and given as:  

𝜇௘௙௙ ൌ
𝐻
12

൬9 ൅
3
𝑛

൰
௡

ሺ150 𝐾𝜀ሻ
ሺଵି௡ሻ

ଶ  
(28)

where  𝜀  is the porosity, and  𝐾 ൌ ఌయௗమ

ଵହ଴ሺଵିఌሻమ. Note that 𝜇௘௙௙ does not have the units of viscosity 

but (Pa.sn). 
Heat flux at the wall 𝑞௪

′′  (W/m2) in equation was found as a function of time (t) (hour) for 
Amman city and the data from PVGIS website. It is taken as 4th order to give more accurate results. 
General equation of heat flux in Amman is given by the following: 

𝑞′′ሺ𝑡ሻ ൌ 𝐴𝑡ସ ൅ 𝐵𝑡ଷ ൅ 𝐶𝑡ଶ ൅ 𝐷𝑡 ൅ 𝐸 (29)

where 𝐴, 𝐵, 𝐶, 𝐷, and 𝐸 are constants and will be found for each month in the Table 4.  
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Table 4. Coefficients of variables in Eq 16 [17]. 

Month A B C D E 

January  0.359 −16.823 267.2 1640.7 3381.9 

February  0.378 −17.789 284.1 −1760.1 3678.3 

March 0.332 −15.635 247.6 −1495.2 3022.8 

April  0.366 −16.955 264.5 −1578.2 3162.4 

May  0.383 −19.265 332.7 −2275.8 5336.7 

June 0.411 −19.147 300.5 −1804.2 3612.1 

July 0.383 −17.975 282.8 −1690.1 3340.8 

August 0.455 −21.278 336.7 −2053.8 4221.5 

September 0.484 −22.357 349.2 −2098.4 4251.1 

October  0.489 −22.248 341.6 −2011.2 3982.3 

November 0.327 −14.467 209.8 −1087.5 1669.6 

December 0.437 −19.970 311.3 −1892.0 3879.1 

JRC Photovoltaic Geographical Information System (PVGIS) 

The amount of stored sensible heat in a material depends on its heat capacity (energy density) 
and the thermal diffusivity (rate at which the heat can be released and extracted) [18]. 

𝑄 ൌ  න 𝑚 𝐶௣ 𝑑𝑇 ൌ 𝑚 𝐶௣ ሺ

்೑

்೔

𝑇௙ െ 𝑇௜ሻ ൌ 𝑚 𝐶௣ ∆𝑇 (30)

where  𝑄 is the amount of heat stored,  𝑇௜ is the initial temperature, 𝑇௙ is the final temperature, m is 
the mass of heat storage medium, and 𝐶௣ is the specific heat. 

3. Results and dissections 

In this region, many figures represent the effect of porosity, pore diameter, and power-law index, 
for temperature variation through pipe. 

Figures 4 and 5 illustrate a comparison between CMC-1 and CMC-2 solutions and water in 
porous media. The porosity, pressure and pore diameter for both types and water conduit are constant. 

The mean temperature variation with axial coordinate for CMC-1 and water at different heat 
flux are shown in Figure 4. It is clear that the performance of CMC is better than water at the same 
heat flux. When the concentration of CMC-1 solution is increased from 40 g/l to 50 g/l to 60 g/l the 
power index (n) is decreased from 0.724 to 0.7182 to 0.7182 respectively and the temperature 
variation about the end of conduit increases from 15 ℃ to 30 ℃ to 70 ℃  respectively at 200 𝑤/𝑚ଶ. 
But the maximum temperature variation of water is 40 ℃ at 800/𝑚ଶ.  
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(a) 

 
(b) 

 
(c) 

Figure 4. Temperature difference with Z coordinate at different n and q for CMC-1 
solution compared with water (a) 40 g/l (b) 50 g/l (c) 60 g/l. 
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(a) 

 

(b) 

Figure 5. Temperature difference with Z coordinate at different n and q for CMC-2 
solution compared with water (a) 40 g/l (b) 50 g/l. 

CMC-2 solution has a higher consistency index at the same concentration which means higher 
viscosity and less power index than CMC-1. So, Figure 5 shows that at the end of conduit the 
temperature variation at 200 𝑤/𝑚ଶ for 40 g/l (CMC-2) is 20 ℃ and for 50 g/l is 80 ℃. 

It can be observed that for the same type of solution when the power index is decreased, 
temperature variation is increased at the same conditions. The less the power index of fluid, the more 
the shear stress it has and the less shear strain, which means less velocity and the fluid gain more 
solar energy and heat.  

In Figures 4b,c and 5b the temperature is more than 100 ℃ so the system can be operated at 
pressures that allow this temperature to be achieved without boiling, the solution or the conditions 
(porosity, particle diameter…...etc.) can be changed to decrease temperature variation. 

Figure 6a,b show the effect of pressure on the temperature at different (n) for CMC-1 and 
CMC-2 respectively at constant porosity and pore diameter at 200𝑤/𝑚ଶ. It is clear as pressure is 
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decreased the temperature is increased and that due to the decreasing velocity of the fluid. The 
highest temperature variation reading at 40 kPa for all power index of CMC-1 and CMC-2. 

 

(a) 

 

(b) 

Figure 6. Temperature difference with Z coordinate at different n and pressure for (a) 
CMC-1 solution (b) CMC-2 solution at 200 W/m2. 
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(a) 

 

(b) 

Figure 7. Temperature difference with Z coordinate at different n and porosity for (a) 
CMC-1 solution; (b) CMC-2 solution at 200 W/m2. 

The effect of porosity on the temperature is shown in Figure 7, as shown the temperature 
increases with decreasing porosity and a small change in porosity make a large change in 
temperature. 

Three values of porosity were taken 0.3, 0.25, and 0.23. The temperature is doubled when the 
porosity increases 0.05. The temperature of CMC-1 reached to 120 ℃ at 𝑛 ൌ 0.7122 at 𝜀 ൌ 0.23 
and 150 ℃ for CMC-2 at 𝑛 ൌ 0.0.57 at the porosity. 
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(a) 

 
(b) 

Figure 8. Temperature difference with Z coordinate at different n and particles diameter 
for (a) CMC-1 solution (b) CMC-2 solution at 200 W/m2. 

Figure 8 represents the effect of increasing particles or pore diameter on the temperature, where 
the pressure and the porosity are constant 40 kPa and 0.25 respectively. As it is clear the size of 
particles affects inversely of temperature which means at 𝑑 ൌ  0.0003 m the temperature is the 
highest value of temperature, because of decreasing fluid velocity and the amounts of solar energy 
stored are increased. 
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(a) 

 

(b) 

Figure 9. Temperature difference with Z coordinate at different n and conduit radius r 
for (a) CMC-1 solution (b) CMC-2 solution at 200 w/m2. 

The radius of the conduit also affects the temperature of storage, Figure 9 shows this effect. It 
can be observed that the temperature of CMC-1 and 𝑛 ൌ 0.7122 is increased from 45 ℃ to 90 ℃ 
with decreasing the radius of the conduit to half. The other power index also behaves the same way.  

The temperature variation at different heat flux in Amman was found and calculated based on 
the data from PVGIS web site for all months. Figures 10 and 11 represent temperature during the day 
t (hr) at different heat flux for different months in Amman. 

The temperature variation just reaches to approximately 50 ℃ for 𝑛 ൌ 0.724 in summer Figure 10a 
but for 𝑛 ൌ 0.7182 and 𝑛 ൌ 0.7122 the temperature reach to more than 100 ℃ Figure 10b,c. 
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(a) 

 

(b) 

 

(c) 
Figure 10. Temperature variation (℃) during the day t (hr) at different heat flux for 
different months in Amman (a) CMC-1 at n = 0.724 (b) CMC-1 at n = 0.7182 (c) CMC-1 
at n = 0.7122. 



232  

AIMS Energy Volume 9, Issue 2, 213–237. 

The temperature variation of CMC-2, 𝑛 ൌ 0.599 in summer reach to 70 ℃ Figure 11a but reach 
to more than 200 ℃ for 𝑛 ൌ 0.57 Figure 11b. 

 

(a) 

 

(b) 

Figure 11. Temperature variation (℃) during the day t (hr.) at different heat flux for 
different months in Amman (a) CMC-2 at n= 0.599 (b) CMC-2 at n = 0.57. 

In January and December, the irradiance is at law value so the heating of the fluid as little as 
possible. Also, the time, which the temperature is higher as possible, is different between months 
because the solar noon is different. 

Figure 12 illustrate the capacity of the storage in January and December at specific conditions 
and parameters shown on figures. We can change the parameter to design the system at the wanted 
temperature. It’s clear from the picture that decreasing in power index led to increasing of the 
temperature. 
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(a) 

 

(b) 

Figure 12. Temperature variation (℃) during the day t (hr) in Amman in January for (a) 
(CMC-1) (b) (CMC-2). 

Figure 13 illustrate a comparison of stored energy between CMC-1 and CMC-2 solutions at 
different power index and the stored energy per unit mass with axial coordinate for CMC-1 at low 
heat flux 200 𝑤/𝑚ଶ. When concentration of CMC solution is increased the power index (n) is also 
decreased and stored energy increases at the same conditions in 2 m conduit with 𝑟 ൌ  0.03 𝑚, 
𝜀 = 0.25, d = 0.00035, and 𝑝 ൌ  50 kPa. the stored energy of CMC-1 for n = 0.724, n = 0.7182, and 
n = 0.7122 is approximately 120 kJ ,300 kJ, and more than 600 kJ respectively.  
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(a) 

 

(b) 

Figure 13. Energy stored at different power index for (a) CMC-1 (b) CMC-2. 

We can observe that for the same type of solution when the power index is decreased, 
temperature variation is increased at the same conditions. The less the power index of fluid, the more 
the shear stress it has and the less shear strain, which means less velocity and the fluid gain more 
solar energy and heat. 

The effect of porosity on the stored energy along the conduit is shown in Figure 14 as shown the 
stored energy increases with decreasing porosity and a small change in porosity make a large change 
in temperature. 
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Figure 14. Effect of porosity on energy stored at different heat flux for CMC-1. 

Figure 15 represents the effect of increasing particles or pore diameter on the energy stored in 
the conduit, the size of particles effect inversely of temperature that mean at d = 0.0003 m the 
temperature is the highest value of temperature, because of decreasing fluid velocity which leads to 
decrease the amounts of solar energy stored are increased and reached to more than 150 kJ/kg along 
the conduit. 

 

Figure 15. Effect of particle diameter on energy stored for CMC-2. 

Figure 16 shows the effect of pressure on the stored energy at different (n) for CMC-2 and. It is 
clear as pressure is decreased the stored energy is increased and that due to the decreasing velocity of 
the fluid. The stored energy is reached to 300 kJ/kg at 40 kPa for CMC with n = 0.57. 
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Figure 16. Effect of pressure on energy stored for CMC-2. 

5. Conclusions 

In this work, a model of non- Newtonian fluid—which is CMC- through graphite porous media 
was built and solved numerically and analytically, one can conclude that:  
1. Porous media enhance the stored energy inside energy storage, especially when using porous 

media with high thermal conductivity. 
2. The non-Newtonian fluid (CMC) shows the best temperature variation than water through 

porous media.  
3. The Nusselt number was calculated analytically and numerically and the result was 4. 
4. Effect of porosity: It is found that as porosity decreases the velocity of the fluid decreases, as a 

result, the temperature and energy along with the duct increases. 
5. Effect of power index: For the same fluid, the power index is affected by the viscosity because 

that increase in power index led to a decrease in temperature and energy along the duct at the 
same conditions. 

6. Effect of particle diameter: the size of particles affects inversely temperature and energy stored, 
because of decreasing fluid velocity, and the amounts of solar energy stored are increased. 

7. Effect of pressure: The temperature variation and energy stored are increased when pressure 
decreases. 

8. In winter the heat flux decreases but non-Newtonian fluid gives a good temperature variation 
for solar energy storage in Amman. 

The following are suggestions for further investigations: 
1. Study different types of porous media and non-Newtonian fluid for thermal energy storage. 
2. Applying this model experimentally and compare it with theoretical study. 
3. Study the non-Darcy flow by using Forchheimer equations for non-Newtonian fluid. 
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