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Abstract— Efficiencies of cryogenic systems are very low when compared with systems operating at higher temperatures. Efforts are 

required to improve the operating efficiency of cryogenic systems and thereby reduce the input power requirements. A large amount of 

power is lost along cryogenic systems due to chilldown process.  The present work aims to improve the chill down characteristics along a 

spherical bed regenerator. The effect of porosity in a spherical bed generator is studied. Numerical simulations were conducted on a 

stainless steel spherical bed regenerator having porosities 0.4 and 0.5. The flow rate and other boundary conditions were kept constant for 

both the geometries. The CFD model was validated with the experiment data. Appreciable improvement in chill down was found with 

decrease in porosity. 

Index Terms— CFD analysis, Porosity, Spherical bed regenerator, cryogenic regenerator, effectiveness, liquid nitrogen 

——————————      —————————— 

1 INTRODUCTION                                                                     

he efficiency of regenerative type cryocoolers depends on 
the performance of regenerative heat exchanger to a large 
extent. A regenerative heat exchanger is a sort of heat ex-

changer where heat from the hot fluid is intermittently stored 
in a thermal storage medium before it is transferred to the cold 
fluid [3]. These heat exchangers are made up of materials with 
high volumetric heat capacity and low thermal conductivity. 
Compact heat exchangers are characterized by a high heat 
transfer surface area per unit volume of the exchanger. Im-
proved performance of compact cryogenic regenerative heat 
exchanger necessitates very good heat transfer between the 
fluid and the matrix with a low pressure drop [5]. However to 
improve the heat transfer, one normally has to pay with high-
er pressure drop [2]. Another parameter which influences the 
thermal efficiency is the longitudinal thermal conduction in 
the matrix, which should be small as possible. A complete 
three dimensional modeling and analysis of the matrix is es-
sential for getting a deeper understanding of the principles 
behind the fluid flow and heat transfer in a regenerative heat 
exchanger. The present work involves the numerical analysis 
of fluid flow and heat transfer characteristics of a compact 
regenerative heat exchanger for cryogenic applications. Stud-
ies were conducted with a stainless steel spherical bed regen-
erator with two different matrix porosities (i) porosity of 0.4 
(ii) porosity of 0.5. The change in porosities was obtained by 
changing the diameter of spherical balls. The widely used 
commercial CFD-package Ansys FLUENT is used as tool for 

the analysis. The CFD calculations are done to evaluate the 
chill down along the spherical bed regenerator and also to 
study the effect of porosity on chill down. Also the CFD model 
is validated with experiment results.    

 

2 MODELING AND GOVERNING EQUATIONS 

2.1 Geometry 

The regenerator considered for the present analysis is a spher-
ical bed regenerator having l/d ratio of 4.43 and a wall thick-
ness of 1.2mm. Stainless steel balls were used as regenerator 
matrix. Two different cases were simulated with porosities 0.4 
and 0.5. The porosity is varied by changing the diameter of 
spherical balls so that d/D ratio was kept 0.1947 and 0.2805. 
Where d is the diameter of ball and D is the inner diameter of 
regenerator wall.  

 

 

Fig. 2.1 Schematic of experimental setup 
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Fig. 2.2 Actual regenerator with porosity 0.6 

Figure 2.1 shows the schematic diagram of experiment setup 
used [15]. The cryogen used for analysis is liquid nitrogen. 
Liquid nitrogen at 77K is allowed to pass through the regener-
ator. Initially regenerator is at ambient temperature. Figure 2.2 
indicates the actual regenerator with porosity 0.6 and ratio of 
diameters 0.3319. The experiment results are discussed in our 
previous work [15]. In the present analysis mass flow rate of 
3.33kg/s alone is considered for evaluating the CFD model. 

 
 

2.2 3D Modeling 

The regenerators with porosity values of 0.4 and 0.5 were 
modeled in ANSYS design modeler. Meshing of the geometry 
is done by using Ansys Mesh software. Meshing is done with 
relevance centre as fine and smoothing of high is provided. 
Tetrahedral meshes were used in meshing. Orthogonal quality 
of above 0.82 was maintained for both the cases. Fig. 2.3 indi-
cates the 3D model of the regenerator and Fig. 2.4 shows the 
meshed geometry for porosity 0.4.  

 

2.3 Boundary Conditions 

The inlet boundary condition is specified as mass flow inlet 
and fluid temperature at inlet is assumed to as 77K. Saturated 
liquid nitrogen is chosen as working fluid. The outlet bounda-
ry condition is taken as the pressure outlet and it is assumed 
to be at ambient condition. The wall heat flux is taken as zero 
in the assumption that the regenerator is perfectly insulated. 
The turbulent intensity and hydraulic diameters were speci-
fied as 5% and 0.0113m respectively. The flow is assumed to 
be unsteady and fluid as incompressible, so pressure based 
solver is used for the numerical analysis. The SIMPLE (SIM-
PLE-Consistent) algorithm is used as the solution method. 
This algorithm is essentially a guess-and-correct procedure for 
the calculation of pressure on the staggered grid arrangement.  
To initiate the SIMPLE calculation process a pressure field is 
guessed and the discretized momentum equations are solved 
using the guessed pressure field to yield the velocity compo-
nents. The correct pressure is obtained by adding a pressure 
correction factor to the guessed pressure field. To avoid the 
divergence problem a suitable under relaxation factor is con-
sidered during the iterative process. 

 

Porosity 0.4 

 

 
Porosity 0.5 

 
Fig. 2.3 Modeled sphere bed regenerator 

 

Fig. 2.4 Meshed geometry porosity 0.4 

3 ANALYSIS 

The analysis part is carried by using ANSYS 14.5.Multiphase 
mixture model is used for the analysis. A property of two 
phase nitrogen at the saturation temperature is given as the 
input conditions. Pressure based numerical solver is selected 
and the flow is considered to be turbulent and unsteady. Vis-
cous model used here is K-epsilon model. All the walls are 
considered as stationary. The problem is defined as an un-
steady problem. Hybrid initialization is used for the initializa-
tion. Temperature of 300K is patched to both solid and fluid 
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domain. The volume fraction of gaseous nitrogen is patched to 
1 initially, assuming that the interior is initially filled with gas-
eous nitrogen. The analysis is done at a time step of 1 second.  

 
The governing equations of the fluid flow are the mathe-

matical statements of the laws of conservation of mass, mo-
mentum (Newton’s Second law) and energy (First law of 
Thermodynamics). For the analysis of fluid flow, the fluid is 
regarded as a continuum. 

4 RESULTS AND DISCUSSIONS 

The simulation of the flow of liquid nitrogen through the re-
generator bed greatly facilitated the representation of temper-
ature, pressure and phase distribution along the regenerator 
bed. The temperature at position 3 along regenerator was con-
tinuously noted with surface monitors and results were com-
pared with experimental data.  

 
 

 

Fig. 4.1 Chill down comparison of experiment and 

simulation results for porosity 0.4 

 
 

 

Fig. 4.2 Chill down comparison of experiment and 

simulation results for porosity 0.5 

 

Figure 4.1 represents the chilldown along the regenerator with 
porosity 0.4. Here there is a rapid decrease in temperature till 
41s and chilldown occurred at 178s. Also figure 4.2 represents 

the temperature time profile for porosity 0.5 where the rapid 
drop in temperature was observed till 53s and chilldown was 
obtained at 218s. For comparison with experiment results 
chilldown temperature was assumed to be at 110K.This may 
be due to the heat in leak to the regenerator. In the experiment 
nitrile rubber was used as insulator and the minimum tem-
perature obtained was around 110K.  

 
The temperature, pressure and phase contours from the 

CFD analysis are presented below. 
 

 

(a). Contours of temperature for porosity 0.4 
 

 

(b) Contours of temperature for porosity 0.5 
 

Fig. 4.3 Sectional view of Regenerator (Temperature contour at 

10s) 

 
 

Figure 4.3 gives a representation of temperature distribu-
tion along the regenerator bed. It was noted that sphere 
packed bed with lower porosity values has low temperature 
gradient across the regenerator bed as noted in experiments. 
Temperature gradient exists within spheres along the regener-
ator bed. Chill down of sphere occur in stages. Materials have 
different specific heat capacities at different temperatures. The 
specific heat capacity and thermal conductivity decreases with 
drop in temperature. Packed spherical bed is the thermal mass 
for storage of heat energy. With increase in diameter, the ratio 
of thermal depth to diameter decreases. This is may be the 
reason for slower chilldown at higher porosities. This could 
contribute to the ineffectiveness of the regenerator. 

 
As we mentioned earlier, though lowering of porosity val-

ues could enhance the heat transfer characteristics it earns 
penalties in the form of pressure drop. This is best expressed 
in the Fig. 4.4. Low porosity regenerator beds are showing a 
drastic pressure drop along the regenerator length. 

  
The flow of working fluid along the regenerator bed is de-

picted in Fig.4.5. During initial conditions since the whole ma-
trix is at ambient conditions, while the working fluid enters 
the regenerator bed it will absorb the latent heat and undergo 
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phase change. This phenomenon of phase change has severe 
influence on the cold blow phase of the regenerator operation. 
The phase change of working fluid could deteriorate the 
thermal capacity of the working fluid. It will lead to ineffec-
tiveness in extraction of heat energy from regenerator matrix. 

 
 

 

(a) Porosity 0.4 
 

 

(b)  Porosity 0.5 

Fig. 4.4  Sectional view of Regenerator (Static pressure con-
tour at 10s). 

 
 
 

 

(a) Porosity 0.4 

(b) Porosity 0.5 

Fig. 4.5 Sectional view of Regenerator (Volume fraction of liq-

uid at 10s) 

5    CONCLUSION 

Computational fluid dynamic analysis was conducted to in-

vestigate the temperature distribution and flow along a cryo-

genic regenerator. The CFD model is validated with experi-

ment data.  The effect of porosity on heat transfer phenome-

non within the regenerator bed is clearly explained. The chill-

down time is found decreasing with decrease in porosity and 

this is due to the fact that with the increase in diameter of the 

ball matrix, the ratio of thermal depth to diameter goes down. 

The low porosity regenerator exhibited greater temperature 

gradient along the regenerator.  
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