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Abstract: Problem statement: This study theoretically investigated applying heat pipe as a heat 
exchanger in the condenser of vapor compression refrigeration system for sustainable well-being. Split-

type air conditioner for residential propose was considered. To reduce pressure drop and recover heat 
from the condensing process of the refrigeration cycle, this investigation tried to use Closed Loop 
Oscillating Heat Pipe (CLOHP) instead of the conventional condenser in split-type air conditioner. 
Approach: The system was single stage with reciprocating compressor which operated at steady state. 
The refrigerating capacity was 12,500 Btu h−1 and refrigerant was R22. The vapor compression 
refrigeration system was simulated to determine effect of mass flow rate of refrigerant on various 
parameters; such as refrigerating capacity, compressor power, heat rejection of condenser and 
Coefficient of Performance. Results: It was found that, at the normal operating and 3,663 W of the 
cooling load, mass flow rate of refrigerant, compressor power, heat rejection of condenser and 
Coefficient of Performance were 0.031 kg sec−1, 1,174 W, 4,837 W and 3.1, respectively. In addition, 
an increase in evaporating temperature or a decrease in condensing temperature results in increase of 
refrigerating capacity. CLOHP heat exchanger was simulated to predict optimum sizing on the basis of 
thermo-economical method. It was found that the optimum sizing of CLOHP heat exchanger with 
R123 as working fluid were; 0.1 m of evaporator section Length (Le), 0.1 m of condenser section 
Length (Lc), 2.03 mm of inner Diameter (Di) and 218 turns of number of turn (N). The optimum sizing 
when water was used as working fluids were 0.1 m of Le, 0.1 m of Lc, 2.03 mm of Di and 176 of N.  
Finally, the optimum sizing when ethanol was used as working fluids were 0.1 m of Le, 0.1 m of Lc, 
2.03 mm of Di and 243 of N. Moreover, net saving of R123, water and ethanol systems at the optimum 
size were 9,095, 9,117 and 9,082 USD, respectively. Conclusion: The optimum AHE, N, Le, Lc and Di 
are 0.45 m2, 176 turns, 0.1, 0.1 and 0.00203 m, respectively. 
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INTRODUCTION 
 

 Refrigeration is the process of moving heat from 
one location to another by means of refrigerant in a 
closed refrigeration cycle. The refrigeration is 
developed and applied to use in various purposes such 
as food industry, chemical industry and air conditioning 
for sustainable well-being. The air conditioning is 
commonly used in a wide range for residence, building, 
office and hotel. The most of air conditioner types for 
this purpose call “split type” that is divided to two parts 
are fan coil unit and condensing unit which the fan coil 
unit is located inside the room and another one is 
located outside the room. The split type air conditioner 
based on the vapor compression refrigeration is shown 

in Fig 1. It was considered with two disadvantages. 
Firstly, when refrigerant flows inside small tube in the 
condenser, large pressure drop which is proportional to 
compressor power can be obtained. 
 Whenever, the system operated with high 
compressor power, the COP decreases. Secondly, since 
the refrigerant has to condenses after passing through 
condenser, large amount of wasted heat losses to 
surrounding occurs in this process. To reduce pressure 
drop and recover heat from the condensing process, this 
investigation tries to apply Closed Loop Oscillating Heat 
Pipes (CLOHP) instead of the conventional condenser in 
split-type air conditioner as shown in Fig. 2. The 
CLOHP is heat transfer device with very high thermal 
conductivity, high thermal response and can operate at 
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low temperature difference. Many researchers study the 
effect of working fluid types and flow rate on thermal 
effectiveness on CLOHP for air-conditioning. It is 
found from the study that, the thermal effectiveness 
decreases when the working fluid changes from R134a to 
MP39 or increase the mass flow rate of cooling fluid 
(Kammuang-Lue et al., 2006). The CLOHP with 
check valves (CLOHPCV hereafter) has been applied 
for reducing relative humidity in drying system and it 
can reduce relative humidity and achieve energy thrift 
(Meena et al., 2007). Heat rejected from a split-type 
residential air conditioner was recovered for clothes 
drying in residential buildings. The results indicated 
that the system was effective for its reasonably short 
drying duration and high energy use efficiency during 
air conditioning seasons (Shiming and Han, 2004). 
From the previous literatures it can be seen that, there 
are no substantial studies on applying the CLOHP as a 
condenser in the refrigeration system to reduce pressure 
drop  and  recover   heat  from  the  condensing process.  
 

 
 
Fig. 1: The conventional vapor compression system 
  
 

 
 
Fig. 2: The heat pipe condenser for vapor compression 

system 

Therefore, this study aims to investigate the 
mathematical model to predict the optimum sizing of 
the closed loop pulsating heat pipe condenser instead of 
the conventional condenser in the refrigeration system. 
Our optimization technique will be on the basis of a 
thermo-economical method or P1-P2 method 
(Soylemez, 2000; Soylemez, 2003; Soylemez, 2004). 
 

MATERIALS AND METHODS 
 
Mathematical model: 
The conventional refrigeration model: A schematic 
diagram of the conventional vapor compression 
refrigeration system is shown in Fig. 1 and its operating 
cycle is shown in Fig. 3. The system consists of the four 
major components are compressor, condenser, 
expansion device or capillary tube and evaporator. The 
mathematical model of each component can be 
described as follow. 
 
Compressor model: The compressor model is obtained 
by Chan and Yu (2002) as in Eq. 1 to compute the 
compressor power input and as in Eq. 2 for the 
refrigerant mass flow rate. The work input to the 
refrigerant during the compression process can be 
calculate from Eq. 3. The isentropic efficiency of the 
compressor was given by Eq. 4 and the compressor 
efficiency can be calculated from Eq. 5: 
 

ref in
comp

isen c

m w
W

η η
=
ɺ

ɺ  (1) 

 
Where: 

compWɺ = Compressor power input (W) 

refmɺ  = Refrigerant mass flow rate (kg sec−1) 

win = Work of compression process  (J sec−1) 
ηisen = Isentropic efficiency of compressor 
ηc = Efficiency of compressor 
 

 
 
Fig. 3: The P-h diagram of the conventional vapor 

compression refrigeration system 
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Where: 
VP = Volume of compressor (m3 sec−1) 
ηv = Volumetric efficiency of compressor 
v1 = Specific volume at compressor inlet (m3 kg−1) 
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where, CR is compression ratio: 
 

c vη 1.1η=  (5) 

 
Capillary tube model: The capillary tube model 
employed the equation from ASHRAE (1997) 
handbook. The Buckingham-Pi theorem was applied to 
determine the physical factors and fluid properties that 
affect capillary tube flow. This results in a group of 
eight dimensionless Pi terms. The capillary tube is 
assumed to be adiabatic and refrigerant in entering state 
can be subcooled or a mixture of liquid and vapor. The 
procedure for determining π8 may be found in 
ASHRAE (1997): 
 

ref ,cap 8 cap fm π d µ=ɺ  (6) 

 

Where: 

ref ,capmɺ  = Refrigerant mass flow rate out from 

capillary tube (kg sec−1) 
π8 = A group of eight dimensionless Pi terms 
dcap = Diameter of capillary tube  (m) 
µf = Liquid viscosity of refrigerant (Pa⋅s) 
 
 Equation 6 is used to compute the refrigerant mass 
flow rate to compare with the value obtained from Eq. 2 
until agreement within a specified tolerance is achieved 
as shown in Fig 4. 
 
Evaporator model: In this study, the refrigerating 
capacity is equal to the cooling load in the air 
conditioning room. In this case, the refrigerating 
capacity is 3,663 watt (12,500 Btu h−1) or a result of 
calculation based on Eq. 7: 
 

e ref 1 6Q m (h h )= −ɺ ɺ  (7) 

Where: 

eQɺ  = Refrigerating capacity (W) 

h1 = Enthalpy at compressor inlet (J kg−1) 
h6 = Enthalpy at evaporator inlet (J kg−1) 
 
Condenser model: The heat rejection in the condenser 
can be calculated from Eq. 8 and 9: 

c ref 2 5Q m (h h )= −ɺ ɺ  (8) 

 

Where: 

cQɺ  = Heat rejection in condenser (W) 

h2 = Enthalpy at compressor exit (J kg−1) 
h5 = Enthalpy at condenser exit (J kg−1) 
 

c e compQ Q W= +ɺ ɺ ɺ  (9) 

 
The heat pipe condenser model: The heat pipe 
condenser will be designed firstly by the the total 
internal resistance principle and, then, by thermo-
economical method. This method, is widely used to 
determine the optimum sizing of the heat exchanger to 
recover heat. Original results are presented by 
Soylemez  (2000; 2003; 2004). The net savings 
function for waste heat recovery from a heat pipe 
condenser can be written by Eq. 10: 
 

1 E 2S PC HQ P (Fist cos t)= −ɺ  (10) 

 

Where: 
S = Savings gained from waste heat recovery (USD) 
P1 = Ratio of life cycle energy cost saving to first year 

energy cost saving 
P2 = Ratio of life cycle expenditures incurred   

because of additional capital investment to   
initial investment 

CE = Cost of energy recovered by heat pipe heat 
exchanger (baht W⋅h−1) 

H = Annual time of operation (h year−1) 

Qɺ  = Heat recovered by heat pipe heat exchanger (W) 

 
 if i = d, the economic parameter, P1 can be 
evaluated in Eq. 11. However, if i ≠ d, the value of P1 
can be calculated by Eq. 12:  
 

1
TN

P
1 i

=
+

 (11) 

 
Where: 
NT = Technical life of heat pipe heat exchanger (year)  
I = Energy price rate 
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where, D is interest rate. 
 The cost of energy recovered by heat pipe 
condenser, CE can be defined as follow: 
 

1 6

E
diesel

Pr ice of diesel (Baht L )(3.6 10 )
C

(HHV)(ρ )

− ×=  (13) 

 
Where: 
HHV = High heating value of diesel (J kg−1) 
ρdiesel = Density of diesel  (kg m−3) 
 
 H and Qɺ  are the annual time of operation and the 
heat recovered by CLOHP, respectively. In this study, 
Qɺ  is assumed and equal to cQɺ  as: 
 

c eQ Q qA= =ɺ ɺ ɺ  (14) 

 
 Where qɺ and Ae are heat flux and the evaporator 
section area of CLOHP are presented by Khandekar et al. 
(2003) and can be calculated from Eq. 15 and 16:  
 

0.48 0.47 0.27 1.43 27
liqq 0.54{exp(β)} Ka Pr Ja N−=ɺ  (15) 

 
Where: 
β = Inclination angle from horizontal axis of heat 

pipe heat exchanger (rad) 
Ka  = Karman number  
Pr  = Prandtl number 
Ja = Jakob number 
N = Number of turn of CLOHP 
 

e i eA 2πD L N=  (16) 
 
Where: 
Di = Inner diameter of heat pipe (m) 
Le = Evaporator section length of CLOHP (m) 
 
 When Eq. 15 and 16 are substituted in (14) and Qɺ  
is calculated from condenser model, therefore, the N can 
be computed   in Eq. 17: 
 

0.48 0.47 0.27 1.43
i e liq

Q
N

(2πD L )[0.54{exp(β)} Ka Pr Ja ]
=

ɺ

 (17) 

 
 P2 in the Eq. 10 is the economic factor and defined 
in Eq. 18:  

T
2 1 s v

NP 1 P M R (1 d)−= + − +  (18)  

 
Where: 
Ms = Ratio of annual maintenance and operation cost 

into first original cost  
Rv = Ratio of resale value into first original cost 
 
  The first cost depended on three factors i.e., tube 
cost, Working Fluid (WF) cost and cost of casing. They 
are presented in Eq. 19-21: 
 

tTube cos t (Tube price / meter) (2L N )= ×  (19) 

 
3

i tWF cos t (WFprice / m ) (0.5πD L N )= ×  (20) 

 
Cost of casing (Caseprice / turn) (N)= ×  (21) 

 
Where: 
Lt = Total length of heat pipe (m) = Le+La+Lc 
La = Adiabatic section length of heat pipe (m) 
Lc = Condenser section length of heat pipe (m) 
 
Flow chart of the conventional refrigeration 
simulation: From the previous equations, the flow 
chart to simulate various parameters of the conventional 
refrigeration system can be shown as in Fig. 4. The 
controlled parameters are fixed as follow: 
 
Tsup = 10°C 
Tsub = 0°C 
T1 = 5°C 

eQɺ  = 3663 W 

VP = 0.0000305 m3 sec−1 
Ncomp = 47.5 rps 
Lcap = 0.8 m 
Dcap = 0.001397 m 
Ncap = 2 
∆Pc = 68.95 kPa 
 
 Then, the condensing Temperature (Tc) is initially 
assumed to be slightly higher than the ambient 
temperature. Then, the evaporating temperature is 
calculated. Next, the program determines the 
refrigerant’s properties from R22’s subroutine. The 
refrigerant mass flow rate (refmɺ ) is calculated by 
compressor model and compare with the refrigerant 
mass flow rate ( ref ,capmɺ ) which is calculated from the 
capillary  tube model. If  they  do  not  agree  within  an 
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Fig. 4: The Flow chart of the conventional refrigeration 

simulation 
 
acceptable tolerance, the Tc, as well as the refrigerant 
mass flow rate will be re-iterated until the agreement 
between refmɺ and ref ,capmɺ is established. Finally, compPɺ , 

cQɺ and COP are calculated. 

 
Flow chart of the net saving simulation: Procedure of 
flow chart for the net saving simulation to predict 
optimum sizing of the closed loop pulsating heat pipe 
condenser by using thermo-economical method is 
shown in Fig. 5. The simulation program is started with 
the controlled and variable parameters as follow:  
 
Thi = T2 (Compressor outlet temperature) 
Tci = Coolant fluid temperature (water) ≈20°C 
La = 0.0030 m 

cQ Q=ɺ ɺ  = 4,837 W 

β = 1.57 rad 
H = 2,920 h year−1 
i = 0.04 
d = 0.016 
N = 10 years 

 
 
Fig. 5: Flow chart of the net saving simulation 
 
WF = R123, water, ethanol 
Le = 0.01 0.02 0.03… 0.1 m 
Lc = 0.1 0.11 0.12… 0.15 m 
Di = 0.00091, 0.00106, 0.00127, 0.0014, 0.0015, 

0.00163, 0.00178, 0.00191, 0.00203 m 
 
 Then, the evaporator section Length (Le), the 
condenser section Length (Lc), the inner Diameter (Di) 
and the WF are initially varied and the Ka, Pr and Ja are 
calculated. Since the heat rejection at the conventional 
condenser is obtained by simulation program in Fig. 4, 
therefore, the number of turn is determined by Eq. 17. 
Next, the heat flux ( )qɺ  and the evaporator section area 
of CLOHP (Ae) are calculated by Eq. 15 and 16 
respectively. 
 The net saving (S) will be calculated by Eq. 10 and 
then, the Le, Lc and Di will be changed to next value. 
Next, the S will be recalculated until they are 
acceptable. Finally, the optimum sizing of CLOHP is 
considered with the maximum net saving for the 
suitable refrigeration system. 
 

RESULTS  
 
Simulation result of the conventional refrigeration: 
The results of the conventional refrigeration system 
obtained  by the simulation procedure in Fig. 4  were  
Tc = 60°C,     refmɺ = 0.031   kg  sec−1,   T2 = 85°C, 

compPɺ = 1,174 W, cQɺ = 4,837 W and COP = 3.1. This 

cQɺ will be assumed to be equal to the Qɺ  in Eq. 10. 
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Fig. 6: The effect of heat exchanger area on the net 

saving at Q = 4,837 W of R123 
 

 
 
Fig. 7: Effect of heat exchanger area on the net saving 

at Q = 4,837 W of ethanol 

 
The effect of heat exchanger area on the net saving: 
The our in-situ experimental data of refrigerating 
capacity was 3,633 Watt. From this point, the heat 
rejection at condenser (cQɺ ) which was simulated from 

the procedure in Fig. 4 is 4,837 Watt. Therefore, the 
following section will be simulated according to this 
condition. The result of system with R123 is shown in 
Fig. 6. 
 Figure 6 shows the effect of heat exchanger area on 
the net saving at Q = 4,837 W of R123. The maximum 
of net saving is 9,095 USD, heat exchanger area is 
0.56 m2, the number of turn is 218  turns,  Le = 0.1  m,  
Lc = 0.1 m, Di = 0.00203 m, the heat pipe condenser 
should be designed at this parameters. The minimum 
heat exchanger area is found to be 0.56 m2, but the 
maximum of net saving is not necessarily exits at the 
minimum heat exchanger area.  

 Figure 7 shows the effect of heat exchanger area on 
the net saving at Q = 4,837 W of the system with 
ethanol as working fluid. The maximum of net saving is 
9,082 USD, heat exchanger area is 0.63 m2, the 
number of turn is 243 turns, Le = 0.1 m, Lc = 0.1 m, 
Di = 0.00203 m. The minimum heat exchanger area is 
0.63 m2. 
 Figure 8 shows the effect of heat exchanger area on 
the net saving, at Q = 4,837 W of the system with water 
as working fluid. The maximum of net saving is 9,117 
USD, heat exchanger area is 0.45 m2, the number of turn 
is 176 turns, Le = 0.1 m, Lc = 0.1 m, Di = 0.00203 m. The 
minimum heat exchanger area is 0.45 m2.  
 

DISCUSSION 
 
 Figure 6 shows the effect of heat exchanger area on 
the net saving in practical condition can be observed. At 
Q = 4,837 W of system with R123, it can be shown that 
the net saving decreases as the heat exchanger area 
increases. Therefore, in this case, when consider in Eq. 
10, it was found that the heat exchanger area increases, 
resulting in the higher increase in the first cost than 
that of waste heat recovery.  
 Figure 7 shows the effect of heat exchanger area on 
the net saving at Q = 4,837 W of the system with 
ethanol as working fluid. The trend is similar to those in 
Fig. 6 that is the net saving decreases as the heat 
exchanger area increases. It can be seen that the 
maximum of net saving of ethanol as a working fluid 
lower than those of R123 system.  
 Figure 8 shows the effect of heat exchanger area on 
the net saving, at Q = 4,837 W of the system with water 
as working fluid. The trend is similar to those in Fig. 6 
and 7. The net saving decreases as the heat exchanger 
area increases. When all working fluids are compared, 
it can be seen that the maximum of net saving can be 
obtained in case the system with water as a working 
fluid.  
 
The optimum sizing of the CLOHP condenser: 
When all working fluids are considered, it can be seen 
that the maximum net saving can be obtained in case 
the system with water as a working fluid. This is 
because, the water has higher Jacob number (Ja), 
resulting in the high heat flux (qɺ ). The CLOHP with 
the high heat flux has generally small heat exchanger 
area as shown in Eq. 14, therefore, it will has high net 
saving. For this study, the system with water as a 
working fluid is suitable and the optimum AHE, N, Le, Lc 
and Di are 0.45 m2, 176 turns, 0.1, 0.1 and 0.00203 m, 
respectively. 
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Fig. 8: Effect of heat exchanger area on the net saving 

at Q = 4,837 W of water 
 

CONCLUSION 
 
 The simulation program to determine the 
optimum CLOHP to be applied as a condenser in the 
conventional refrigeration system has been established. 
Results from the simulation program with the 
controlled parameter of Tc = 60°C,  refmɺ = 0.31 kg 

sec−1 are;  T2 = 85°C, compPɺ = 1,174 W, cQɺ = 4,837 W 

and COP = 3.1. For the simulation of net saving, it can 
be concluded that, as heat exchanger area increases, the 
net saving drastically decreases. The maximum net 
saving of all working fluids is determined at the 
minimum heat exchanger area. At the controlled Q of 
4,837 W, it can be seen that, the maximum of net 
saving occurs with the system with water as a working 
fluid as 9,117 USD. The optimum AHE, N, Le, Lc and Di 
are 0.45 m2, 176 turns, 0.1, 0.1 and 0.00203 m, 
respectively. The pressure drop that occurs in the 
CLOHP condenser will be our work in future. 
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