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Abstract 

These days researchers are very much interested in superfleous heat recovery, so that 

optimum amount of heat energy can be utilized and wastage of heat energy could be reduced 

to some extent. This waste heat can be restored by sensible heat storage with using rock bed 

heat regenerator. For analysis purpose,two set of partial differential equations had been 

developed by energy balance equation for rock bed heat regenerator.In this paper,these 

equations are solved by MATLAB and operational parameters of the rock bed are optimised 

in order to produce effective charging (storage of energy) using superflevou gas after 

filtration. 
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1. Introduction 

In the  present scenario, the industries 

are doing research in waste heat recovery 

for utilizing the availability of heat 

efficiently. Superfluous heat include the 

exhaust gases from various furnaces due to 

combustion of fuel, heated products during 

industrial processes, and heat transfer from 

hot equipment surfaces.  Various studies 

have evaluated that 25 to 50% of industrial 

energy consumed is ultimately discharged 

as waste heat. Waste heat recovery 

consists of capturing and reusing the waste 

heat in industrial processes for heating or 

for generating mechanical or electrical 

work. 

The superfluous heat can be stored by 

various processes, such as sensible heat 

storage, latent heat storage and chemical 

reaction storage, so it can be used later for 

another useful work i.e. space heating in 

cold areas, crop drying in agriculture field 

and for performing endothermic chemical 

reactions in industrial field. For sensible 

heat storage most suitable storage unit is 

the rock bed heat regenerator which 

consists of rocks with some porosity. The 

hot gases will pass through this rock bed 

from one side and transfer heat to the 

rocks. Thus rocks get heated and stored 

heat energy of hot gas. Stored heat energy 

can be extracted by supplying cold air 

from counter direction. 

The heat transfer from and to the rock 

is mathematically based on differential 

equations; for solidas well as other for gas. 

Schuman gave the first analytical solution 

for the couple of these two differential 

equations in1929 [1].In 1940 Hawley 

found the heat transfer coefficient h by 

using Schuman’s results [2]. M. Riaz 

analysed a model including axial 

conduction of bed and proposed a simple 

and equivalent means for estimating the 

dynamic thermal storage performance [3]. 

Coutier and Farber presented a theoretical 

model for calculating volumetric 

convective heat transfer coefficient and 

optimum values of operational parameter 

for packed  bed. 1982 [4].  

Important parameters of rock bed heat 

regenerator are dimension of rock bed, 

mass flow rate of gas per unit of cross 

section area and diameter of rock particle. 
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These operational parameters should be 

optimized for getting maximum heat 

storage with minimum pump work. In 

thisstudy we solve the set of differential 

equation with the help of a computer 

program in MATLAB and optimize the 

parameter of rock bed for storing heat 

from an exhaust gas of industry.   

1. Mathematical modelling: 

Aregenerator can be treated as a 

problem of heat transfer in which heat 

transfers from flowing fluid to the 

solidrocks placed inside the regenerator 

during charging and from solid to fluid 

during discharging. in view of the fact that 

the temperature inside the regenerator is 

varying continuously with time as the hot 

fluid passing through it and a temperature 

gradient exists in it. Therefore 

temperatures of the solid and fluid inside 

the regenerator is a dependent variable of 

time and distance. The differential 

equations for relating the temperature of 

solid and fluid with time and distance for 

this analysis are taken from group [5]. 

With the assumption of no loss from the 

surface of regenerator the energy equations 

considering intraparticle conduction and 

dispersion effect are: 

 

For gas: 

𝑘𝑔,𝑒𝑓𝑓 ×
𝜕2𝑇𝑔

𝜕𝑥2
− 𝑐𝑝𝑔 × 𝜌𝑔 × 𝑣𝑔 ×

𝜕𝑇𝑔

𝜕𝑥
+ ℎ ×

𝑎𝑠
𝜀
× (𝑇𝑠 − 𝑇𝑔) = 𝑐𝑝𝑔 × 𝜌𝑔 ×

𝜕𝑇𝑔

𝜕𝑡
 

For solid: 

𝜌𝑠 × 𝑐𝑝𝑠 × (1 − 𝜀) ×
𝜕𝑇𝑔

𝜕𝑡
= ℎ × 𝑎𝑠 × (𝑇𝑔 − 𝑇𝑠) 

Initial and boundary conditions: 

At t = 0   Tg = Tg0 & Ts = Ts0  0≤x≤L 

At x = 0  𝑘𝑔,𝑒𝑓𝑓 ×
𝜕𝑇𝑔

𝜕𝑥
= 𝑐𝑝𝑔 × 𝑣𝑔 × 𝜀 × (𝑇𝑔 − 𝑇𝑔0) t>0 

At x = L  
𝜕𝑇𝑔

𝜕𝑥
= 0  t>0 

The pressure drop inside across the regenerator due to porous medium is calculated by [6]: 

𝑃 =
𝐿𝑏𝐺

2

𝜌𝑔𝑑𝑝
[{(1.75) ×

(1 − 𝜀)

𝜀3
+ (150) ×

(1 − 𝜀)

𝜀3
×

𝜇

𝐺𝑑𝑝
}] 

 

The heat transfer coefficient between fluid 

and solid is calculated by [4]: 

ℎ𝑣 = 700 × (
𝐺

𝑑𝑝
)
0.76

 

Air velocity of fluid inside the regenerator 

is calculated by: 

𝑣 =
𝐺

𝜌𝑔(1 − 𝜀)
 

 

Specific area is calculated by: 
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𝑎𝑠 =
6(1 − 𝜀)

𝑑𝑝
 

2. System modelling 

In this analysis, we consider the 

exhaust gas from industry after filtration at 

constant temperature 650C is utilising to 

charge a rock bed regenerator, assuming 

the properties of gases same as air. 

Initially the rock bed is at atmospheric 

temperature i.e. 200C and the dimensions 

of bed are 1.6 meter length with 0.8 meter 

diameter. The specific heat of solid 

particle is taken as 900 J/kg-K and 

porosity of the rock bed is assumed to be 

0.4. 

Equation (1) and (2) are solved 

simultaneously for mentioned boundary 

conditions with the help of a computer 

program in MATLAB for the system 

modelled above using relations described 

in previous section. 

3. corroboration of present work 

with previous work: 

The present analysis is validated by 

the previous workof group [7]. The 

operational parameters taken for validation 

are listed in table 1: 

Parameter Value 

Tg0 500 0C 

Ts0 20 0C 

G 0.225 kg/m2-s 

L 1.2 m 

Ε 0.4 

dp 0.02 m 

cps 1068 J/kg-K 

ρs 2680 kg/m3 

Table 1. Operating parameter considering 

for validation same as of previous work of 

group 

The temperature profiles of gas and rocks 

across the bed after 1200, 2400, 3000 and 

4800 sec, considering these parameters  

shown in Fig. 1 and graph for the same of 

previous work done by group is shown in 

Fig. 2. These figures clearly show that the 

temperature profiles present analysis is 

very close to  that of previous work. 

 

 

 

 

Fig.1. Thermal profile of solid and gas across rock bed after 1200s,2400s, 3000s and 4800s in 

present work. 
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Fig.2. Temperature profile of solid and gas across rock bed after 1200s, 3000s and 4800s in 

previous work of AldoSteinfeld et. al [2011]. 

4. Result and discussion: 

After solving the set of partial 

differential equation in MATLAB, 

temperature profile for gas and solid 

across the rock bed are obtained. From 

these profiles we are able to know the 

charging time of rock bed for different 

operating parameters. With variation in 

operating parameter pressure drop is also 

varying, therefore it is necessary to include 

pressure drop in the analysis for 

optimization of parameters. 

Fig.3, Fig.4, Fig.5 and Fig. 6 shows 

the temperature profile of rocks inside the 

bed after passing hot gas at 650C for 8 

hours, considering constant diameter of 

rock particle i.e. 0.02 m and varying the 

mass flow rate per unit cross section i.e. 

0.2, 0.225, 0.3 0 and 0.45 kg/m2-sec 

respectively. 

 

 

Fig. 3. Temperature profile of rock across rock bed for 8 hours at 0.2 kg/m2-sec mass flow 

rate and 0.02 m particle diameter.  
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Fig. 4. Temperature profile of rock across rock bed for 8 hours at 0.3 kg/m2-sec mass flow 

rate and 0.02 m particle diameter. 

 

Fig. 5. Temperature profile of rock across rock bed for 8 hours at 0.45 kg/m2-sec mass flow 

rate and 0.02 m particle diameter.

Fig.6 shows the trend of pressure 

drop and charging time with change in 

mass flow rate of hot gas. It has been  

cleared from figure that with increase in 

mass flow rate the charging time is 

decreased but pumping work is increas due 

to high pressure drop. Thus an optimum 

value of mass flow rate should be chosen 

for lesser charging time and low pressure 

drop.

 

Fig.7. Graph between mass flow rate of 

gas, pressure drop and charging time. 
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Fig.7 Graph between mass flow rate of 

gas, rock particle diameter and pressure 

drop. 

 

Fig. 7 shows the trends of pressure 

drop due to change in mass flow rate at 

constant particle diameter 0.02 m and due 

to varying the rock particle size at constant 

mass flow rate. Graph shows that at high 

mass flow rate pressure drop is also high 

and with increase in particle size, the 

pressure drop is decreasing. Hence there is 

an optimum value of mass flow rate and 

particle diameter for optimum pressure 

drop across the bed. 

 

5. Conclusion 

It can be concluded that the range 

of optimum diameter of rock particle for 

charging the rock bed with the help of 

exhaust gas at 650C is 0.02-0.025m for 

which the charging time and pumping is 

optimum. Similarly the range for optimum 

mass flow rate is 0.220-0.225 kg/m2-sec 

for efficient heat storage in this model. 

 

 

 

NomenclatureSymbolDescription 

Ac   Cross sectional area of rock  

  bed, m2 

as     Specific area, m2/m3 

cpg  Specific heat of air, J/kg-K 

cps Sp. heat of solid,J/kg-K 

Db Diameter of rock bed,m 

dp Particle diameter,m 

G  Mass velocity,kg/m2-s 

hp  Particle heat transfer  

  coefficient,W/m°C 

hv Volumetric heat transfer 

 coefficient,W/m3°C 

kg,eff Effective thermal 

 conductivity of air,W/m°C 

L Length of rock bed,m 

 

P Pressure drop across rock 

 bed,KPa 

Tg     Gas temperature,oC 

Tgo Gas initial temperature,oC 

Ts  Rock temperature,oC 

Tso  Rock initial temperature,oC 

vg Velocity of gas in rock  

 bed,m/s 

µ Dynamic viscosity of gas, 

 kg/m-s 

ρg Density of gas,kg/m3 

ρs Density of solid,kg/m3 

є Porosity of rock bed 
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