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Abstract 

Chest freezers generally use R600a or R134a as working fluids. 

When using R600a, the minimum cabin temperature is only -

10oC, whereas when using R134a, it can reach -25oC. The 

purpose of this study is to calculate the evaporator length of a 
chest freezer that uses R290 as a refrigerant so that its cabin 

temperature can reach below 35 oC, lower than the cabin 

temperature of a typical chest freezer. Calculation of the 

evaporator pipe length is done using the forced convection heat 

transfer equation to calculate the heat transfer coefficient inside 

the evaporator pipe and natural heat transfer to calculate the heat 

transfer coefficient outside the evaporator pipe.  Based on the 

calculations, the chest freezer has a compressor capacity of 200 

W, an evaporator length of 3.57 m, and a diameter of 3/8 inch or 

9.52 mm. The test results show that the temperature of the chest 

freezer cabin can reach -36oC in the 36th minute with a cooling 

capacity of 289 W, while the input power and COP are 198 watts 
and 1.46, respectively. Compared to R134a, the use of R290 is 

more advantageous. In addition to lower cabin temperatures, it is 

also much more environmentally friendly, because the GWP 

(global warming potential) value of R134a is much higher than 

that of R290. It means that the use of R290 as a working fluid in 

the chest freezer will significantly reduce emissions of gases that 

cause global warming. 
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1. Introduction 

A chest freezer is designed to store food products at freezing 

temperatures. The refrigeration system in the chest freezer uses a 

vapor compression cycle, which has four main components, 

namely the compressor, condenser, expansion valve, and 

evaporator[1][3]. To produce the desired design temperature, the 

capacity of the four components must match. If not, then the 

desired cold temperature is not achieved and the cooling capacity 

is also not optimal.  

To produce very low temperatures, namely below 30oC in the 

chest freezer cabin, the refrigerant used must have a normal 

boiling-point temperature (NBP) below -30oC[4]. Nowadays chest 

freezers on the market use R134a and R600a. However, because 
both NBPs are above -30oC, as a result, the temperature of the 

chest freezer cabin cannot reach -30oC, because the temperatures 

of NBP R134a and R600a are -26.1oC and -11.8oC[5], [6], 

respectively. Several refrigerants that have NBP temperatures 

below 30oC are HCFC (hydrochlorocarbon), namely R22, HFCs 

(hydrofluorocarbon),i.e., R404A, R410A and R407C, and HC 

(hydrocarbon), namely R290[5], [7], [8]. Some of the refrigerants 

mentioned have been banned for use, namely R22, and will be 

banned in the near future, i.e., R404A, R410A and 407C[9][12]. 

Therefore, the best refrigerant alternative for very low temperature 

chest freezers (below 30oC) is R290. This working fluid is 
environmentally friendly, because it has a GWP value of only 3 

and an ODP (ozone depletion potential) value of zero, and it can 

be self-produced in Indonesia from natural gas refineries. 

However, one of the drawbacks of R290 is its flammability, which 

is at a concentration of 2.1% to 9.5% by volume or approximately 

38 gr/m3 to 172 gr/m3[13], [14].The filling mass of R290 forsmall-

capacity chest freezers is generally no more than 150 gr. If the 

freezer is placed in a room with a size of (3x4) m2, with a height 

of about 3.5 m, then if there is a total leakage of R290, the 

maximum concentration in the room is only 3.6 gr/m3.This means 

that the minimum concentration is not reached, in other words, the 
potential for fire will not occur. The characteristics of the working 

fluid mentioned above are shown in Table 1. The table shows that 

the GWP values of HCFCs and HFCs are still very high, above 

one thousand, while R290 only has a GWP value of 3[15][18].  

 

Table 1. Characteristics of various refrigerants [12], [15]–[17] 

Refrigerant NBP(oC) GWP ODP 

R134a -26.1 1300 0 

R404A -46.5 3922 0 

R410A -50.5 2088 0 

R407C -43.6 1530 0 

R22 -40.8 1810 0.055 

R600a -11.8 3 0 

R290 -42.1 3 0 

 
There are not many articles that discuss the design of long 

evaporator pipes in refrigeration systems, because generally, the 

refrigeration industries do not publish their research results. This 

is because the optimal length of the evaporator will produce 

optimal performances, so the secrecy of the maximum length of 

the evaporator pipe is the property of the manufacturer. Based on 

reference searches, the author obtained an article that discussed 

calculating the length of the evaporator in a refrigeration system 

[19][16]. For this reason, the method used in this study will follow 

the article, but by adding equations that are adjusted to the chest 

freezer to be designed. 
The purpose of this research is to design the length of the 

evaporator pipe in the chest freezer so that the cabin temperature 

can reach below -35oC, using R290 as the working fluid.Very low 

temperatures (below 30oC) are generally used to store seafood, ice 

cream and some types of vaccines[20]. The use of R290 as a 

substitute for R134a will reduce the potential for emissions of 

gases that cause global warming from the refrigeration sector 

because the GWP of R290 is much lower than R134a.According 

to Lebrun and Ziegler [21]the refrigeration sector contributes 

7.8%. Contribution to global warming can be direct, which is 

through refrigerant leakage, or indirect, which is from the input 
power source of the refrigeration system. The percentage of direct 

contribution is 37% and indirectly 63% [22]. 

In addition, because R290 can be produced in Indonesia, the 

use of R290 in the refrigeration system will reduce refrigerant 

imports, because currently all refrigerants (CFCs, HCFCs, and 

HFCs) used in Indonesia are still imported. 
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2. Materials and Methods 
This study uses a condensing unit with a compressor capacity 

of 200 W. Before calculating the length of the evaporator pipe, the 

first step is to determine the design data that will be used as a 

reference for calculations. The design data is shown in Table 2. 

Based on these data, the refrigeration cycle is plotted on the P-h 

(pressure-enthalpy) diagram R290, as shown in Fig. 1. Since the 

input power of the compressor (P) is known, based on Fig.1 it can 

be calculated the mass flow rate of the refrigerant in the system 

using Eq. (1).  

 

Table 2. The designdata of chest freezer 

No Parameter Designed 

1. Condensing temperature 40oC 

2. Evaporating temperature -40oC 

3. Degree of subcooling 5 K 

4. Degree of superheating 7 K 

5. Input power of compressor 200 W 

6. Isentropic efficiency  0.6 

 

𝑚̇ =  
𝑃

(ℎ2−ℎ1)
    (1) 

 

After the mass flow rate can be determined, using Fig. 1, the 

cooling capacity (Q) and COP are expressed by Eqs. (2) and (3), 

namely, 

 

𝑄 = 𝑚̇ ∙ (ℎ1 − ℎ3)   (2) 

 

𝐶𝑂𝑃 =
𝑄

𝑃
    (3) 

 

Where Qis cooling capacity, W. 𝑚̇ is mass flow rate of refrigerant, 
kg/s. h1is enthalpy at point 1, kJ/kg. h2isenthalpy at point 2, kJ/kg. 

h3isenthalpy at point 3, kJ/kg. Pisinput power of compressor, W 

 

 
 

Fig. 1. The chest freezer refrigeration cycle on the P-h diagram is 

based on design data 

 

In this study, the length of the evaporator pipe was calculated 

by calculating the heat transfer from the air in the cabin to the 

outer surface of the evaporator pipe, namely by Eq. (4)[23]. 

 

𝑄 =  
2π∙𝐿𝑒𝑣𝑎𝑝∙  (𝑇𝑜−𝑇𝑖)

(
1

𝑟𝑖∙ℎ𝑖
)+

ln (
𝑟𝑜
𝑟𝑖

)

𝑘
+((

1

𝑟𝑜∙ℎ𝑜
)

  (4) 

 
WhereQiscooling capacity, Eq. (1), Levap.islength of evaporator 

pipe, hi isheat transfer coefficient inside pipe, hois heat transfer 

coefficient outside pipe, riis radius of inside pipa, rois radius of 

outside pipe, Toistemperature of cabin before cooling, 

Tiistemperature of refrigerant inside pipe, kisconduction 

coefficient of pipe. 

 

To solve Eq. (4), the values of "hi" and "ho" must be known. 

The value of "hi" is calculated by the forced convection equation, 

as shown in Eq. (5)[4]. 

 

ℎ𝑖 = 𝑧2 𝐺2∙  ∆𝑇

𝐷𝑖
   (5) 

 

Where  zis constant, 0,99 for R290[4], G ismass velocity, kg/s, 

Tisrefrigerant temp. difference with cabin, oC.Diis diameter of 

inner pipe, m 

 

Meanwhile, the heat transfer between the outer surface of the 

evaporator pipe and the cabin air is natural convection, as a result, 

the equation used to calculate "ho" is Eq.  (6)[23].  
 

𝑁𝑈𝑓 =
ℎ𝑜 .  𝐷

𝑘𝑓
= C(𝐺𝑟𝑓𝑃𝑟𝑓)𝑚 (6)    

 
Where GrfisGrashoff number at film temperature, Prf = Prandlt 

numberat film temperature 

 

The Pr value can be seen from the table of properties of the 

R290 refrigerant, while the Gr value is calculated by the equation,  

 

𝐺𝑟 =
𝑔.𝛽 .(𝑇𝑤−𝑇∞).𝐷3

𝑣2   (7) 

 

Where g = gravity, 9.8 m/s2.𝛽 = 
1

𝑇𝑓
 = coefficient of expansion 

volume, vis kinematic viscosity of refrigerant, m2/s 

 

By using Eqs. (4), (5), (6), and (7), the length of the evaporator 

can be calculated. Based on the length of this evaporator, it is 

installed into the chest freezer cabin.  

In collecting data, several instruments were used as shown in 

Table 3. Thermocouples are used to measure temperature at 

several locations, such as at the suction, discharge, condenser and 

evaporator inlets and outlets. Fig. 2 depicts thermocouples 

measuring the compressor suction and discharge temperatures, as 

well as the condenser temperature. The compressor is positioned 
at the bottom of the chest freezer while the suction and discharge 

pressure gauges are shown in Fig. 3. The figure also shows 

thermocouples to measure the evaporator temperature.Low-

pressure and high-pressure gauges are used to measure condensing 

and evaporating pressures. Based on the condensing and 

evaporating pressures, the condensing and evaporating 

temperatures can be determined.The input power consumed by the 

chest freezer is known by measuring the electric current and 

voltage in the system. 

 

Table 3. The accuracies of measuring instruments 

No. Instrument Accuracy 

1. Thermocouple K-type ± 0,1oC 

2. High pressure gauge ± 0,5 bar 

3. Low pressure gauge ± 0,1 bar 

4. Ampere meter ± 0,1 A 

5. Volt meter ± 1 V 

3. Results and Discussion 

3.1. Calculation Results 

The calculation of the length of the evaporator pipe 

iscarried out manually, using Eq. (4). The parameters in the 
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equation that are not yet known are the values of "hi" and "ho". To 

calculate the value of "hi", Eq. (5) is used, while the value of "ho" 
is calculated using Eqs. (6) and (7). Using design data in Table 2, 

the values of "hi" and "ho" are: 

 

ℎ𝑖= 31.178,76 J/m2.s.oC 

ℎ𝑜= 24.38 J/m2.s.oC 

 

By using a 3/8-inch diameter copper pipe, the inner and 

outer radius of the copper pipe are: 

 

𝑟𝑖 = 0,0043825 m 

𝑟𝑜 = 0,0047625 m 

 

The next step to calculate Eq. (4) is to determine the 

cooling capacity of the chest freezer. The amount of cooling 

capacity is calculated using Eq. (3). Based on the design data in 

Table 2, the COPcan be determined by depicting the refrigeration 

cycle of the chest freezer in the P-h diagram in Fig. 1. The COP is,  

 

COP = 1.21 

 
After the COP is known, and the input power is also 

known, the cooling capacity (Q) can be calculated by Eq. (3). As 

mentioned above, this research uses a compressor with an input 

power of 200 W. Furthermore, the cooling capacity is, 

 

Q = COP x P = 1.21 x 200 = 242 W 

 

By substituting the above values into Eq. (4), the length of 

the evaporator pipe is, 

 

Levap = 3.57 m 
 

After knowing the length of the evaporator pipe, the next 

step is to install it in the chest freezer cabin, as shown in Fig. 3. In 

the figure it can be seen that the pipe used is a copper pipe with a 

diameter of 3/8 inch or 9.52 mm. Because this is still a prototype, 

the position of the evaporator pipe is still outside the chest freezer 

wall. When optimal results have been obtained, the position of the 

evaporator pipe is installed inside the wall of the chest freezer and 

it will not be visible in the cabin. 

 

 
 

Fig. 2. Thermocouples to measure compressor suction and 

discharge temperatures as well as condenser temperature. 
 

 
 

Fig. 3. The position of the evaporator pipe in the chest freezer 

cabin.  

 

3.2. Performance Test 

This section will discuss the differences between designed data 

and measured results. The results of the cabin temperature test are 

presented in Fig. 4. The figure shows that the cabin temperature 

can reach -36oC in 36 minutes and is stable for up to 120 minutes. 

In the picture, it can be seen that from the time the chest freezer 

was operated up to 36 minutes, the cabin temperature dropped 
drastically. After that the cabin temperature stabilized around -

36oC. 

Cabin temperature depends on the evaporating temperature in 

the evaporator [4]. Based on the test, the evaporation temperature 

of the chest freezer is -38oC, as shown in Fig. 5.From the figure it 

can be seen that the designed evaporating temperature is slightly 

lower, which is 2oC, than the measured evaporating 

temperature.Because the evaporating temperature is -38oC, the 

minimum cabin temperature will be several degrees above the 

evaporating temperature.In this study, there was a difference of 

2oC between the evaporating temperature and the cabin 

temperature. Besides being affected by the length of the 
evaporator tube, the evaporating temperature is also strongly 

influenced by the length of the capillary tube.For this reason, 

further research by varying the length of the capillary tube to 

obtain an evaporating temperature of -40oC still needs to be 

carried out. 

From this research it can be seen that the replacement of 

R134a with R290 can be applied, it can even lower the cabin 

temperature. When using R134a, the minimum cabin temperature 

is only around -25oC, while using R290, the cabin temperature can 

reach around -36oC.In addition, the replacement of R134a with 

R290 will also reduce the contribution of the refrigeration sector 
to global warming, as has been reported by several researchers [7], 

[21]. 

 

 
Fig. 4. Results of measured temperature in the chest freezer cabin 
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Fig. 5. The evaporating temperatures: Designed versusMeasured 

results 

 

It has been mentioned above that the superheating designed 

temperature in this study is 7 K, as shown in Table 2. If the 

evaporator length calculation is accurate, the superheating test 

results are the same or slightly different from the design. 

However, if the superheating measured results are much lower 

than that of the design, the length of the evaporator pipe is shorter 

than the ideal length.Conversely, if the superheating measured 

results are higher than that of the designed, the length of the 

evaporator pipe that is designed is longer than the ideal length[4]. 
Fig. 6 shows that the superheating temperature measured 

results are lower than that of the designed, namely 7 K and 1.8 K, 

respectively.As previously explained, this is probably due to the 

length of the calculated evaporator pipe being shorter than the 

ideal length. For this reason, further research is needed by varying 

the length of the evaporator pipe in order to obtain optimal chest 

freezer performance. If the refrigeration system in the chest 

freezer works optimally, the designed temperature can be reached 

more quickly. 

 

 
Fig. 6. Superheating comparison: Designed versus Measured 

results 
 

For superheating, the main influencing factor is the evaporator 

dimension, while for subcooling, the main influencing parameter 

is the condenser dimension[4], [19]. This study uses a condensing 

unit, which consists of a compressor and a condenser, where the 

dimensions of the condenser have been designed according to the 

capacity of the compressor by the manufacturer. Therefore, the 

difference in design subcooling is not much different from the 

measurement results, which is only 0.1oC, as shown in Fig. 7. This 

means that the capacity of the condenser used is in accordance 

with the capacity of the installed compressor. 
In general, if the dimensions of the condenser are smaller 

than the ideal length, it will result in smaller 

subcooling.Conversely, if the condenser dimensions are larger 

than the ideal length, the subcooling will be higher. 

 

 

 
Fig. 7. Subcooling comparison: Designed versus Measures results 

 
Figure 8 shows a comparison of the designed input power with 

the measured. From the figure, it can be seen that the designed 

input power is slightly different from the measured, which is only 

2 W. This is one of the indicators that the evaporator pipe length 

calculation method in this study is relatively valid. If the length of 

the evaporator pipe that is designed is very different from the ideal 

length, it will produce a measured input power that is also very 

different from what was designed.This is because if the length of 

the evaporator is not suitable, it will cause the refrigerant charging 

mass to be incorrect too.The mass of charging the refrigerant in 

the refrigeration system affects the input power consumed by the 
compressor to circulate the refrigerant in the system [19]. 

 

 
Fig. 8. The input power comparison: Designed versus Measured 

results  

 

In a refrigeration system, cooling capacity is the most 

important parameter. Because the cooling capacity is a measure of 

how large the quantity of heat is drawn from inside the cabin or 

product by the evaporator.For the same compressor capacity, a 
good refrigeration system is a system that has a high cooling 

capacity.Figure 9 displays a comparison of the designed cooling 

capacity with the measured results. It can be seen that the designed 

cooling capacity is smaller than that of the measured. It means that 

the ability of the installed evaporator to produce cold temperatures 

faster in the cabin compared to the design.The difference between 

the designed cooling capacity and the measured one is 47 

W.When viewed from the cooling capacity side, the measured 

results are better than what was designed.This is because the 

measured evaporating temperature is higher than that of the 

design.In general, a higher evaporating temperature will result in a 
greater cooling capacity for the same condensing temperature [4], 

[24]. 

After knowing the input power and cooling capacity, the next 

step is to determine the COP of the refrigeration system. Fig. 10 

illustrates a comparison of the designed COP with the measured. It 

can be seen that the measured COP is slightly higher than 

designed, namely 1.46 compared to 1.21. In other words, the 

measured COP is 0.25 higher than that of the designed.  
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Fig. 9. The cooling capacity comparison: Designed versus 

Measured results 

 

The main factors that affect the COP of refrigeration systems 

are evaporating and condensing temperatures [24]. The higher the 

evaporating temperature, the higher the COP. Conversely, the 

lower the condensing temperature, the higher the COP. 

As explained in Fig. 5, the measured evaporating temperature 

of the chest freezer is higher than that of the designed, namely -

38oC and -40oC. This means that if the system has the same 
condensing temperature, the measured COP of the chest freezer 

will have a higher COP than what was designed. 

Another factor that affects COP is the condensing temperature 

[7], [24]. The evaporating temperature is determined based on the 

desired cabin temperature, while the condensing temperature is 

greatly influenced by the ambient temperature. 

In general, the condensing temperature is about 8oC to 12oC 

higher than the ambient temperature. The higher the ambient 

temperature, the lower the COP. In this design, it is assumed that 

the condensing temperature is 40oC because it is assumed that the 

ambient temperature is around 30oC.Whereas during the test, the 

ambient temperature was only around 26oC, so the condensing 
temperature was only 33.1oC, as shown in Figure 11. Because the 

designed condensing temperature is higher than that of the 

measured, the measured COP will be higher than that of the 

design. 

 

 
Fig. 10. The COP comparison: Designed versus Measured results  

 

Based on the comparison of the parameters discussed above, it 
can be seen that the difference in the measured results is not much 

different from the design.This means that the evaporator pipe 

length calculated by the method described above is relatively 

valid. To obtain more optimal results, further research is still 

needed. 

 

 
Fig. 11. The condensing temperature: Designed versus Measured 
results 

 

Replacing R134a with R290 in chest freezers, apart from being 

able to produce lower cabin temperatures, will also greatly reduce 

emissions of gases that cause the greenhouse effect from the 

refrigeration sector. This is because the GWPof R134a is much 

higher than that of R290, which is 1300 compared to 3, as shown 

in Table 1 [12], [15].The smaller the GWP value of the refrigerant 

used in the refrigeration system, the less emission of gases that 

cause global warming from the global refrigeration sector[21], 

[23]. 
 

4. Conclusions. 

Based on the test, it shows that the calculation method for 

determining the length of the evaporator pipe in the chest freezer 

using R290 as the working fluid is quite valid. This is indicated by 

the designed evaporating temperature which is almost the same as 

the test results, which is -38oC. One of the parameters that can be 

used as an initial indication for lowering the evaporating 

temperature which is measured to be the same as that designed is 

data on superheating. Based on superheating data, it shows that the 

pipe length used is shorter than the ideal length.For this reason, 

further research is still needed so that the performance of the 
refrigeration system can be further improved. 
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