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Abstract Energy efficiency is one of the most important objectives in today’s engineering systems. This paper introduces
anew type of energy-saving refrigerating system based on functional and performance studies, computer-aided 3-D modeling,
computational fluid dynamic analysis, and the prototype testing. The main advantages of this energy-saving regenerative
system include: higher performance efficiency due to less frictional force, simplified mechanical system, less vibration due to
its symmetrical structure design, less frictional losses between free piston and cylinder, and cost-saving in mechanism due to
low tolerance requirement manufacturing of the system components.
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1. Introduction

The efficient and energy-saving refrigerating systems are
being designed and developed in these years and more re-
searches have been done to improve its performance and
accelerate the implementation of energy efficiency[l1,2].
With recent research and development in energy field, the
impact of refrigerating energy consumption and its rela-
tionship with energy-saving system implement is one aspect
of importance in industrial and engineering systems[3,4].
The concept of energy-saving engineering systems is directly
connected with the rational utilization of energy, both at a
local and global level [5]. It can be extended and applied to
industrial, commercial and residential refrigeration systems
[6]. There are many applications of refrigerating systems
including gas liquefaction, compressed air purification,
gasoline production in oil refineries, tempering of steel and
cutlery in metal work, and temperature controls in food
transportation [7, 8]. Particular importance was given to the
design and development of more efficient refrigerating
equipments, implementation of heat recovery and thermal
accumulation, and optimizing the thermal and mechanical
efficiencies of refrigerating systems [9, 10].

2. Cyclic Analysis on New System

This paper introduces a new type of energy-saving re-
generative refrigerating system based on 3-D modeling,
computer-aided analysis, computational simulation, and
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prototype testing. The prototype and simplified energy-
saving mechanism are depicted in Figs. 1 and 2. The func-
tioning cycle of this system is indicated by P-V diagram in
Fig. 3. The new mechanism design makes this refrigerating
system more simplified. Compared with Solvay refrigerating
system, the middle fluctuating cavity Vme (V’me) is more
simple and compact due to less components in this refriger-
ating system. The manufacturing cost is low due to low
tolerance requirement for most components in this new
system. In addition, partial compressive work in the middle
fluctuating chamber can be retrieved and converted to the
useful motive work, compared with Solvay system that no
energy can be retrieved from middle chamber in which the
total compressive work has been exchanged to the heat being
discharged to the air. Moreover, the working efficiency of
this new system is improved since the refrigerating capacity
can be output through two ends in cylinder. Also the vibra-
tion and shock are reduced because of its symmetrical
structure design. The phase angle of various functional
curves can be easily adjusted by selecting proper parameters
in this system, such as width of inlet and outlet of free piston,
and size of small hole in the middle fixed plate. Because
there is no need to adjust the tension of elastic ring in order to
change the phase angle of functional curves in this new
machine, the frictional losses are significantly reduced.
Referring Fig. 2, there are two compressive cylinders Ve
(V’c) and two expansive cylinders Ve (V’e) that are sym-
metrically arranged in this new system. Also there are two
free pistons F (F’), one fixed plate G with a small hole, and
two middle fluctuation chamber Vme (V’me). Due to its
symmetrical setup, we only analyze the functioning cycle on
the right side, namely Vc, Ve and Vme, H and F. The initial
condition of this refrigerating machine is indicated in Fig.2.
To simplify the cyclic analysis, the steady working condition
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is assumed at its initial stage of the cycle: piston H is at the
bottom position in the compressive cylinder and free piston F
is at the right end in expansive cylinder. Because some gas
with high pressure (P=Ph) enters Vmc through a small hole
in final period of last working cycle, gas with low pressure
(P=P1]) in Vmc is mixed with high pressure gas. The mixed
pressure in Vme is Pwa. When H begins to move upward in
Ve, gas in Vme is assumed not flowing into V’mc because
the moving speed of the piston is fast and the diameter of
hole is small. Since the left side pressure of F is higher than
right side pressure of F (Pmc = Pwa >Pe), F does not move,
Pe reaches to Ph, and Ve increases from zero to V2 as H
continuously moves up. This process is shown by curve 1-2
in Fig.3. Then gas in Vmc flows into V’mec. In this period,
pressure at the left and right sides of F is same and F moves
to the left with no change of speed. When angle of crank a
nears 180°, Ve increases from V2 to V3 and the process is
indicated by line 2-3. In the earlier stage that H moves
downwards in V¢, F does not move because gas in V’mc is
assumed not entering Vme. Pe reduces from P3 to P4 with its
corresponding process of 3-4. As H continuously moves
downwards in Ve, gas in V’mc flows into Vme through
small hole and F moves to the right end in the expansive
cylinder with constant speed. This process is 4-1 and the full
functioning cycle consists of all above processes.

Figure 1. New energy-saving refrigerating system
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Figure 2. Simplified sketch of refrigerating system
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Figure 3. P-V diagram of cycle in expansive cavity

3. Computer-aided Modeling and
Simulations

The computer-aided modeling and numerical simulations
have been performed to verify the function of this new sys-
tem. Through the computational simulation, all functional
parameters can be found as follows:

Because the compressive piston H moves in sine law,

* %
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When compressive piston H moves up with crank angle
turning to /3,
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From equation (6), the solution of P =P (o) can be found
after relation between Ve and a being determined. Based on
the Newton’s second law, the differential equation of free
piston movement can be derived as follows:
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Combine equations (6) and (7):
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and Vc( f) can be found by equation (5).

By computer-aided simulation, Vc(a ) and P(a) can be
determined All the simulation results depicted in Figs 4, 5, 6,
7 and 8 show feasible and proper function of this en-
ergy-saving regenerative refrigerating system.
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Figure 4.

Refrigerating temperature vs. time
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Figure 5. Pressure ratio P/P, vs. crank angle o

The refrigerating temperature can reach down to 152°K
with refrigerating capacity of 385 Btu/hr. The working me-
dia is nitrogen and crank turning speed is 180 R/min. The
refrigerating temperature vs. time is shown in Fig. 4. The
other parametric function curves are also determined by
computer-aided modeling and numerical simulation. The
P/Pmax vs. a is indicated in Fig. 5. The indicator cards in
expansive chamber and full system are depicted in Fig. 6 and
7. The mass distributions such as Me in expansive chamber,

Mc in compressive chamber and Mk in clearance cavity are
presented in Fig. 8. From these figures, we can see that this
new regenerative refrigerating system works properly be-
cause the changes of refrigerating capacity vs. time, pressure
vs. crank angle o, volume vs. crank angle o, and mass dis-
tribution vs. crank angle o in this system meet design spec.
Also the enclosed area by cyclic curves in expansive cavity
shows that the indicator card is acceptable.
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Figure 6. Pressure ratio P/Pp. vs. volume ratio Ve/Vt in expansive cavity
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Figure 8. Mass ratio Mi/Mt vs. crank angle in compressive, expansive, and
clearance chambers
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4. Prototype Testing

The prototype of this new refrigerating system has being
tested with results shown in Table 1.

Table 1. Testing results of temperature vs. time
Time (min) Temperature (°k)

0 297

5 291

10 272

15 255

20 235

25 217

30 193

35 185

40 177

45 171

50 165

55 159

60 155

65 153

These testing data are closed to the results from computer-
aided modeling and numerical simulation which verifies the
feasibility and reliability of this new energy-saving refrig-
erating system.

5. Conclusions

The feasibility of this new energy-saving refrigerating
system has been verified on the basis of thermodynamic
study, computer-aided modeling and numerical analysis. The
reliable function of this new energy-saving system has also
been verified and proved through the prototype testing. The
main advantages of this new system include: simple and
compact system design, reduced vibration due to its sym-
metrical structure design, energy-saving due to improved
thermal and mechanical efficiency, cost-saving due to low
tolerance control in manufacturing of system components,
and improved refrigerating capacity due to its cooling ca-
pacity being output at both cylindrical ends.

Nomenclature

F, F’ = free piston

F; = frictional force between free piston and cylinder
G = fixed plate with a small hole on it

H, H’ = piston of compressor

L=Vk/Veo

Mc, M’c = mass in compressive chamber
Me, M’e = mass in expansive chamber

My, M’k = mass in clearance cavity

M, = total mass of gas in refrigerating system
N = Vcmax / Veo

Pc, P’c = pressure in compressive chamber
Pe, P’e = pressure in expansive chamber

Py, Py = high and low pressure

Pwa = mixed pressure in fluctuation chamber

Q=Tc/Te

R = gas constant

S = cross section area of free piston

Tc, Te, Tx = temperature in compressive, expansive
chambers and clearance cavity

V=Vc+ Ve

Ve, V’c = compressive chamber

Vemax = maximum value of Ve

Ve, V’e = expansive chamber

Veo = maximum value of Ve

Vx = volume of clearance

Vmce, V’mce = middle fluctuation chamber

Vt=Vc+ Ve + Vk

W=Tc/Tk

Ye = moving distance of free piston

Yo = maximum moving distance of free piston

m = mass of free piston

w = angular speed of crank

a, [ = crank turning angles in different time
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