ISSN 1 746-7233, England, UK
World Journal of Modelling and Simulation
Vol. 5 (2009) No. 3, pp. 232-240

A computerized analytical model for evaluating hydrocarbon fluids as natural
alternative refrigerants∗
Mohamed M. El-Awad†
Mechanical Engineering Department, Faculty of Engineering, University of Khartoum, 13314, Sudan
(Received December 19 2008, Accepted June 20 2009)
Abstract. This paper describes a computer-based analytical model for evaluating the performance of natural
hydrocarbon fluids as alternative refrigerants in vapour-compression refrigeration systems. To model the compression process that takes place in the superheated region, the model determines the compressor’s discharge
temperature from the entropy-temperature relationship. In this respect, the model departs from the common
practice of representing this process by the polytropic relationship which introduces significant errors particularly in the proximity of the saturated-vapour line. The paper demonstrates the improved accuracy of
the present compression model compared to the polytropic model and verifies the self-supported, computerbased analytical model of the closed cycle by comparing its estimates for the key cycle parameters with those
obtained from the published literature for R134a, R290, R600, and R600a.
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1

Introduction

There is an increasing interest in natural hydrocarbon fluids (HCs) as alternative refrigerants for vapourcompression refrigeration systems because of their benign effect on the environment. The performance of
single HC refrigerants, such as butane and propane, as well as HC blends in the form of liquefied petroleum gas
(LPG), has been evaluated and compared with that of conventional synthetic refrigerants both experimentally
and theoretically[4, 5, 8, 9] . Apart from having zero ozone-layer depletion potential and almost zero globalwarming potential, HC refrigerants are known to have superior heat-transfer and hydrodynamic characteristics.
Considering the additional initial costs that the use of HC refrigerants incurs in order to ensure their safety and
compatibility with existing systems, their energy efficiency is crucial for public acceptability[9] . Theoretical
analytical models have been used to optimize the performance of the system’s components and improve the
overall efficiency of the whole system[5, 8] . However, theoretical analyses, which are not computer-based,
adopt severe simplifying assumptions in their theoretical basis, which jeopardise their accuracy. With the
availability of powerful personal computers nowadays, analytical models can be more realistic, thus giving
accurate estimates, by avoiding unnecessary simplifications.
Accurate estimations of the system’s coefficient of performance (COP) require proper modelling of the
compression process that determines the amount of work input. Since the process occurs in the superheated
region, the refrigerant’s properties depend on both temperature and pressure. Some theoretical studies avoided
the complications involved in the analysis of this process by modelling the compression process by a simple
polytropic relationship (P v k = C). The calculation of both the compressor work-input and discharge temperature could be easily performed with this model using the single property k. This paper shows that the
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polytropic model introduces significant errors in estimating the compressor work input and discharge temperature. On the other hand, other theoretical studies strived to accurately determine the refrigerants properties
by using property-dedicated software packages such as REFPROP[1] . Although such packages allow the user
to accurately determine the properties at various points in the cycle, they cannot calculate overall performance
parameters of a complete system, such as the COP, which can only be obtained from the properties at a few
points in the cycle[5] .
The present paper describes a self-supported, computer-based analytical model that uses adjusted idealgas property relations to give more accurate estimates of the performance of conventional and HC refrigerants.
The paper describes the theoretical formulation of the model and the main aspects of its computer implementation. In particular, the paper discusses the methods adopted to improve the accuracy of modelling the compression process which determines the system’s COP. The paper shows that using the entropy-temperature
relationship to determine the compressor’s discharge temperature yields more accurate estimates than those
of the frequently used polytropic model. The paper also assesses the accuracy of the methods used to obtain
the refrigerants properties in the superheated region. The computer model is then verified against relevant theoretical data obtained from the open literature for ideal cycles involving R134a and three HC refrigerants[2, 9] .

2

The polytropic model for the compression process

Fig. 1 shows a line diagram and a T-s diagram of the vapour-compression refrigeration system and its
ideal cycle. The refrigerant enters the compressor where it is compressed to the condenser pressure. Discharged from the compressor, the refrigerant enters the condenser where it rejects heat to the surroundings.
The refrigerant is sub-cooled before entering the expansion valve where it undergoes an adiabatic expansion
process. After the expansion process, the saturated refrigerant passes through the evaporator where it absorbs
heat from the refrigerated space to vaporize. More heat is absorbed before entering the compressor so that the
refrigerant becomes superheated at the compressor inlet.

Fig. 1. A line diagram of the vapour-compression refrigeration system and T-s diagram of its cycle

The system’s coefficient of performance (COP) is defined as:
COP = q/w

(1)

where, q is the evaporator’s refrigeration effect and w is the compressor’s specific work input. The compression process, which determines the compression work and, consequently, the COP, is usually treated as
adiabatic and reversible, i.e. an isentropic process. Adopting the constant-specific heat method, the following
relationship applies for an ideal gas undergoing such a process[10] :
P2 v2k = P1 v1k

(2)

where, k is the ratio of specific heats Cp/Cv. Eq. (2), which can be expressed as P v k = C, represents a
polytropic process with k as the polytropic index. Substituting for T by (P v/R) in Eq. (2) and rearranging,
the compressor’s discharge temperature (T2 ) can be obtained from:
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T2 = T1 × (P2 /P1 )

k−1
k

(3)

In computer-based models, the value of k is calculated by obtaining Cp from the following ideal-gas relationship which takes into consideration the variation of Cp with temperature:
Cp(T ) = a + bT + cT 2 + dT 3

(4)

where, the coefficients a, b, c and d are gas-dependent[6, 10] . For an ideal gas the specific heat at constant
volume Cv is related to Cp by the following relationship:
Cv = Cp − R

(5)

Since T2 is not known a priori, the specific-heat ratio (k) is initially evaluated at T1 only. The accuracy of
the method can then be improved by finding the value of k2 at the calculated value of T2 and then recalculating
T2 by using the average value of k given by 1/2(k1 +k2 ). Once T2 is determined, the polytropic model obtains
the ideal compression work (w) from the following relation:
ω = −kR(T2 − T1 )/(k − 1)

(6)

To assess the accuracy of the polytropic model, it was used to determine the compressor’s discharge
temperature and work-input after an isentropic expansion of refrigerant R134a from a suction pressure of 0.2
MPa to a discharge pressure of 1.4 MPa. The suction temperature (at point 1 on Fig. 1 (b)) was varied to
give increasing degrees of superheat from 0◦ C to 100◦ C. The correct values of T2 and ω were obtained by
interpolation from the tabulated values of entropy in the superheated-region[10] . In applying the polytropic
model, the first estimate of T2 was used to obtain the value of k2 and the average value (k = 1/2(k1 + k2 ))
was then used to obtain the second estimate of T2 . Similarly, the second estimate was used to obtain a new
value for k2 , which was then used to obtain the third estimate of T2 .
Fig. 2 shows the percentage errors involved in the estimates of the polytropic model compared to the
correct values. As the figure shows, the polytropic model performed poorly at low suction superheats. The
error of the model’s first estimate of T2 was as large as 15% near the saturation line, but decreased continuously
as the DS increased. The second and third estimates of the model decreased, rather than increased, its accuracy
throughout the range of DS considered. This should be attributed to the deterioration of the accuracy of Eq.
(4) in determining the specific heat at point 3, which lies at the higher pressure.

Fig. 2. Error in the compressor’s discharge temperature and work input at various suction superheats

Fig. 2 (b) shows the percentage errors involved in the model’s estimate of the compression work. Here
also, the model introduced large errors (≈ 15%) at low values of the suction superheat, but the error continuously decreased as the suction superheat was increased. However, it should be noted that, by using Eq. (6), the
polytropic model failed to predict the compression work at the highest DS region even though it successfully
predicted the temperature in this region.
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3

An alternative model for the compression process

By adopting the constant specific-heat method of analysis, the accuracy of the polytropic model deteriorates when the change in temperature is large even for ideal gases. With real vapours, determining the specific
heats from Eq. (4) adds another limitation to the model since the equation is bound to be inaccurate in the
proximity of the saturated-vapour line, especially at high pressures and near the critical point. Yet, another
source of inaccuracy comes from the model’s determination of the compression work from Eq. (6). These
limitations are the main considerations in developing the present method.
3.1

Determining the discharge temperature

The present method determines the discharge temperature (T2 ) from the known value of the entropy
(note that for the ideal compression process s2 = s1 ). With hand-calculations, T2 is easily determined from
the superheated-region property tables. However, for computer-based models equations can be programmed
much easier than tables. Therefore, the present computerised method uses the entropy-temperature relationship
to determine s1 from the known value of T1 . The entropy at point 2 on Fig. 1 (b) is related to that at point 3,
which lies on the same pressure, as follows[10] :
s2 = s3 + Cpavr ln(T2 /T3 )

(7)

where, Cpavr is an average specific heat between the points 2 and 3. Rearranging Eq. (7):
T2 = T3 × e(s2 −s3 )/Cpavr

(8)

Note that s2 has been substituted for by the entropy at the suction side (s1 ), which is supposedly known. Both
T3 and s3 can be determined from property data of the refrigerant under consideration at the given condenser
pressure. However, since T2 is not known in advance, and the value of Cp2 cannot be found, the discharge
temperature can be initially estimated by taking Cpavr as Cp3 :
0

T2 = T3 × e(s1 −s3 )/Cp3
0

(9)

0

where, T2 is the first estimate of T2 . The value of T2 is then used to determine Cp2 and use it to obtain a
corrected value of T2 from Eq. (8). Since the values of both s3 and Cp3 are obtained from the saturatedvapour data, given accurate estimates of s1 and Cp2 , this procedure is assured to converge to an accurate
estimate of T2 . The accuracy of obtaining s1 and Cp2 is the main concern for this model.
3.2

Calculating the compression work

The present method avoids the use of the polytropic relation, Eq. (6), and calculates the work from the
enthalpy difference over the compression process. Since the compression process is adiabatic, and neglecting
the minor effects of potential and kinetic-energy changes, the compressor’s isentropic work (ω) was obtained
from the first law of thermodynamics as follows:
ω = h2 − h1

(10)

By calculating ω from Eq. (10), this method did not assume constant-specific heats. However, the accuracy of
the method depends on that of evaluating the change in enthalpy across the compressor.

4

The refrigerants thermodynamic properties

The accuracy of implementing the present computerized model depends on the accuracy of calculating
the refrigerants properties involved, viz, Cp, entropy, enthalpy and specific volume. The present model does
not use external software for property evaluation. Instead, it relies on the property tables and relations obtained
from the open literature. This section describes how the refrigerant properties are evaluated.
WJMS email for subscription: info@wjms.org.uk
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Properties of saturated refrigerants

Properties of three synthetic refrigerants, R134a R12, and R22, and three hydrocarbons refrigerants,
propane (R290), n-Butane (R600) and i-Butane (R600a), as saturated liquid and saturated vapour, were extracted from ASHRAE Handbook[2] . For a given temperature, the refrigerant’s data includes the saturation
pressure and specific volumes, enthalpies, entropies, and specific heat (Cp) values as saturated liquid and saturated vapour. The data also includes the ratio of specific heats (k = Cp/Cv) for the saturated vapour. The
temperature ranges from −60◦ C to +90◦ C at a 10◦ C step for all refrigerants. To obtain a value at an intermediate temperature, MATLAB’s[3] interpolation function (interp1) is used. The saturated-liquid properties
were also used to approximate those in the sub-cooled region at the same temperature, e.g., h5 at point 5 on
Fig. 1 (b) is approximated by hf (T5 ), where hf is the saturated-liquid enthalpy.
4.2

Entropy of superheated refrigerants

Entropy at point 1 on Fig. 1 (b) is related to that at any point R, which lies on the same pressure, as
follows[6, 10] :
Z 1
Cp(T )dT
s1 = sR +
(11)
T
R
Since accurate values of entropy on the saturation line are available[2, 6, 10] , point 7 is used as the reference
point. In lieu of a more appropriate equation for Cp, the present model also uses Eq. (4) to determine the
specific-heat in this region. By substituting for Cp(T ) from Eq. (4) to evaluate the integral on the RHS of Eq.
(11), the equation becomes:
1

T3
T2
+d
s1 = s7 + a ln T + bT + c
2
3 7

(12)

To check the accuracy of entropy values obtained from Eq. (12), the calculated values for R134a were
compared with the tabulated values given by Sonntag et al[10] . Fig. 3 shows the percentage errors of Eq. (12)
for two selected pressures (0.2 and 1.4 MPa) and different degrees of superheat. The corresponding saturation
temperatures of −10◦ C and 50◦ C are typical to those met in the compression process of domestic refrigeration
systems. Fig. 3 shows that determining s1 from Eq. (12), is most accurate at low DS and low pressures than
at high DS and high pressures. The accuracy of the equation deteriorates rapidly as the degree of superheat
increases, especially at the higher pressure, where the errors approach 2%.

Fig. 3. The errors in entropy calculations

It should be noted that the accuracy of Eq. (12) closer to the saturation line, rather than further in the superheated region, is due to the inclusion of s7 in the equation since s7 is obtained from the tabulated saturatedrefrigerant data. The contribution of the bracketed term in the equation, which is due to Eq. (4), increases at
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high degrees of superheat, thus reducing the accuracy. To improve the model’s accuracy, the following options,
which involve the specific heat at point 7, were considered:
s1 = s7 + Cp7 ln

T1
T7

s1 = s7 + 1/2(Cp7 + Cp1 ) ln

(13)
T1
T7

(14)

where, Cp1 is obtained from Eq. (4) and Cp7 from the tabulated values at the saturated-vapour line[10] . Fig.
3, which also shows the error in entropy values obtained by the two options, shows that Eq. (14) leads to a
significant improvement in accuracy which is within 0.3% for both pressures within the range of superheat
considered. The accuracy of Eq. (13) is also good at the low pressure with low degrees of superheat, but
deteriorates at the high pressure.
4.3

Enthalpy of superheated refrigerants

The enthalpy in the superheated region, e.g. for point 1 on Fig. 1 (b), can be obtained from the following
property relationship[6, 10] :
Z 1
h1 = h7 +
Cp(T )dT
(15)
7

where, point 7 is the saturation point at the same pressure. Substituting for Cp from Eq. (4) into Eq. (15) and
integrating gives:

1
T2
T3
T4
h1 = h7 + aT + b
+c
+d
(16)
2
3
4 7
As in the case on entropy calculations, the accuracy of Eq. (16) for R134a was tested at pressures of 0.2 MPa
and 1.4 MPa with different degrees of superheat. Fig. 4 shows the percentage errors of the values computed by
Eq. (16) compared to with the tabulated data for superheated vapours[10] . The figure shows that the accuracy
of the equation deteriorates with increasing degree of superheat. Taking Cp as Cp7 and also as the average
value of the specific heats at point 1 and point 7, Eq. (15) becomes:
h1 = h7 + Cp7 (T1 − T7 )

(17)

h1 = h7 + 1/2(Cp1 + Cp7 )(T1 − T7 )

(18)

where, values of Cp7 and Cp1 were obtained as described earlier. Fig. 4 shows that the average specific-heat
method (Eq. (18)) led to errors of less than 0.5% for both pressures.

Fig. 4. The errors in enthalpy calculations
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Specific volume of superheated refrigerants

The refrigerant’s specific volume is required by the calculation of the compressor volume displacement.
When the suction point approaches the saturation line, the values obtained by applying the ideal-gas equation
of state depart significantly from the actual values. The present model reduces the error by applying the SoaveRedlich-Kwong (SRK) equation of state[10] :
P =

Ru T
aα
−
ve − b ve(e
v + b)

(19)

where, Ru is the universal gas constant, ve is the molar specific volume, and T is the absolute temperature. The
constants a and b depend on the refrigerant’s pressure and temperature at the critical point and α is given by:
"
r !#2
T
α= 1+S 1−
(20)
Tc
where, Tc is the temperature at the critical point and S is a function of the acentric factor ω of the gas given
by:
S = 0.48508 + 1.55171ω − 0.15613ω 2 , ω = − log10 (P0.7 /Pc )

(21)

where, P0.7 is the saturation pressure corresponding to a temperature equal to 0.7 × Tc .
Eq. (19) leads to a third order non-linear equation in ve which requires a numerical solution. The model
solves the equation by using Newton-Raphson method[7] . Fig. 5 shows the error from the tabulated values[10]
of the values obtained by the ideal-gas equation of state and the SRK method for R134a at 0.2 MPa with
various temperatures. The figure shows that the accuracy of the values obtained by the SRK method is much
better than that of the corresponding idea-gas estimates. The method’s accuracy decreases slightly as the
saturation line is approached.

Fig. 5. Errors in the specific volume of R134a at 0.2 MPa by the ideal-gas and SRK equations

5

Accuracy of the alternative compression model

The accuracy of the present compression model in estimating the compressors’ discharge temperature
and work input was assessed by determining the final temperature and compression work after the isentropic
expansion for refrigerant R134a discussed in section 2. As with the polytropic model, the first estimate, which
was obtained from Eq. (9), was used to improve the model’s estimates of T2 and ω by replacing Cp3 with the
average value as expressed in Eq. (8). Fig. 6 shows the errors involved.
Fig. 6 (a) shows that the initial solution (Eq. (9)) introduced small errors in T2 calculations at low suction
superheat, but its error increased as the suction superheat increased approaching a maximum value of about
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Fig. 6. Error in compressor’s discharge temperature and work input at various suction superheats

7%. The figure clearly shows the advantage of the second and third iterations over the whole range of suction
superheat. While the error of the polytropic model in estimating T2 approached 15% close to the saturation
line, the maximum error of the present model was about 2.5% for the discharge temperature. Fig. 6 (b) shows
the errors in computing the isentropic work (ω) by Eq. (10) compared to the correct values obtained by
interpolation from the property tables of superheated R134a. The errors of the initial solution increased with
the suction superheat and approached a value of more than 20% at the highest value. However, the second
iteration reduced the error to less than 2% and the third iteration reduced it to less than 1% over the whole
range considered. Thus, the present model yields more accurate estimates for the COP and the compressor’s
discharge temperature than those of the polytropic model.

6

The computerized analytical model and its verification

The computer model developed for evaluating the performance of HC fluids as alternative refrigerants
for vapour-compression refrigeration systems extends the compression-process model described above by
accounting for the other processes in the refrigeration cycle. Coded in a MATLAB®[3] program, the model
calculates the following key parameters given the evaporator and condenser temperatures (or pressures) and
the cooling capacity (or compressor power):
(1) The evaporator and condenser pressures (or temperatures if pressures are specified).
(2) The refrigeration effect (q) and compressor’s specific work (ω).
(3) The specific volume at the compressor’s suction point and volume displacement.
(4) The compressor power (or cooling capacity if power is specified).
(5) The refrigerant’s mass flow rate and coefficient of performance.
(6) The compressor discharge temperature.
To verify the computer model, its computations were compared with the published data for ideal vapourcompression cycles involving R134a, propane (R290), i-Butane (R600a) and n-Butane (R600)[2, 9] . Tab. 1
shows the main parameters for a cycle without superheating between an evaporator temperature of −15◦ C
and condenser temperature of 30◦ C and a cooling capacity of 1.0 Kilowatt of refrigeration as reported by
Maclaine-cross and Leonardi[9] and ASHRAE[2] .
The figures on the table show that estimates of the present model for the first three parameters (the evaporator condenser pressures and the net refrigeration effect) agreed well with the reported data. These parameters,
however, were simply interpolated from the tabulated refrigerants’ data. The parameters calculated according
to the methods adopted in the present model are the compressor displacement, discharge temperature and COP.
The figures show that the volume displacement was also well estimated by the model. For the discharge temperature and COP, the values obtained by the model were consistently closer to those of Maclaine-cross and
Leonardi[9] than to those given by ASHRAE[2] . It is interesting to note that Maclaine-cross and Leonardi[9]
used REFPROP[1] to determine the refrigerants properties.
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Table 1. Ideal cycle between −15◦ C and 30◦ C without superheating.
Model

R134a

R290

R600a

R600

7

ASHRAE[2]
Maclaine[9]
Model
ASHRAE[2]
Maclaine[9]
Model
ASHRAE[2]
Maclaine[9]
Model
ASHRAE[2]
Maclaine[9]
Model

Evaporator
Condenser
Net refrig. effect Comp. displace- Comp. discharge
pressure (MPa) pressure (MPa)
(kJ/kg)
-ment (L/s)
temp. (◦ C)
0.1600
0.770
150.71
0.812
43
0.1639
0.770
148.1
0.820
36.6
0.1666
0.770
148.06
0.834
36.7
0.291
1.077
279.88
0.551
47
0.2915
1.079
277.90
0.550
36.2
0.2948
1.079
277.9
0.56
36.2
0.0890
0.407
262.84
1.533
45
0.0885
0.404
263.50
1.520
30
0.0899
0.404
263.74
1.555
28.03
0.056
0.283
292.01
2.274
45
−
−
−
−
−
0.0575
0.284
292.09
2.232
28.57

COP
4.42
4.63
4.59
4.74
4.54
4.53
4.55
4.67
4.66
4.68
−
4.76

Concluding remarks

In its present formulation, the model only analyses the thermodynamic performance of refrigerants. Natural HC refrigerants also have superior thermal and hydrodynamic properties compared to synthetic refrigerants; something that the model doesn’t take this into consideration. The model should also be extended to take
into account the effects of important practical factors that it presently ignores, such as the pressure drop and
temperature glide through the condenser and evaporator tubes. Another important extension that the model
needs is the ability to deal with HC mixtures as well as pure fluids. This would make it possible to consider
commercially available HC mixtures such as LPG which is easier to obtain than the pure HC refrigerants.
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