
Title Evaluation of defrost options for secondary coolants in multi-temperature indirect transport 

refrigeration part I: experimental results

Authors(s) Finn, Donal, Cabello-Portoles, Andreas, Smyth, Shane, Brophy, B.

Publication date 2008

Publication information Finn, Donal, Andreas Cabello-Portoles, Shane Smyth, and B. Brophy. “Evaluation of Defrost 

Options for Secondary Coolants in Multi-Temperature Indirect Transport Refrigeration Part I: 

Experimental Results.” The International Institute of Refrigeration, 2008.

Conference details 8th IIR Gustav Lorentzen Conference on Natural Working Fluids, Copenhagen, 2008

Publisher The International Institute of Refrigeration

Item record/more 

information

http://hdl.handle.net/10197/4690

Downloaded 2023-04-27T09:43:47Z

The UCD community has made this article openly available. Please share how this access

benefits you. Your story matters! (@ucd_oa)

© Some rights reserved. For more information

https://twitter.com/intent/tweet?via=ucd_oa&text=Evaluation+of+defrost+options+for+sec...&url=http%3A%2F%2Fhdl.handle.net%2F10197%2F4690


8th IIR Gustav Lorentzen Conference on Natural Working Fluids, Copenhagen, 2008 

 
EVALUATION OF DEFROST OPTIONS FOR SECONDARY COOLANTS  
IN MULTI-TEMPERATURE INDIRECT TRANSPORT REFRIGERATION   

PART I: EXPERIMENTAL RESULTS 
 

D.P. FINN(a), A. CABELLO-PORTOLES(b), S. SMYTH(a) and B. BROPHY(a) 
(a) School of Electronic, Electrical & Mechanical Engr, University College Dublin, Dublin, Ireland  

 (b) Escuela Técnica Superior de Ingenieros Industriales, Universidad Politécnica de Valencia, Spain 
t: +353 1 716 1947 e: donal.finn@ucd.ie 

 
ABSTRACT 

 
This paper examines defrost performance issues associated with a finned-tube air chiller, utilised as a heat 
exchanger in an indirect multi-temperature transport refrigeration system, where a glycol antifreeze mixture 
is deployed as a secondary working fluid. Two approaches to defrost are examined: a direct electric defrost 
mode which effects defrost by localised resistance heating of the secondary working fluid; and a hot gas 
primary circuit, that indirectly heats the secondary working fluid by means of a primary to secondary heat 
exchanger. Investigation into the different defrost modes were carried out for chamber set point conditions of 
-20, -12, 0oC, for a number of defrost rated inputs between 0.5 and 3.9 kW. For a unit mass of frost, the 
duration of defrost was found to be inversely proportional to defrost energy input, however this relation was 
found to be non-linear. Defrost efficiency was found to decrease with defrost energy input, whereas the 
required specific total energy for defrost was found to increase with defrost energy input. 
 

1.   INTRODUCTION 
 
Refrigerated transport refrigerated vehicles are being increasingly used as an essential component in the food 
distribution chain (Chopko 2003). To date, transport refrigeration systems have utilised direct expansion 
(DX) systems as the favoured approach to climate control for goods transportation. A critical element of DX 
systems is the defrost process, which typically exploits hot gas bypass to achieve defrost (Donnellan 2005). 
Recently, there has been increased interest in the possibility of utilising indirect refrigeration in transport 
distribution systems, driven by amongst other issues, environmental concerns about the significant primary 
refrigerant charges required in DX systems. Indirect refrigeration systems utilise an environmentally benign 
secondary working fluid, typically single phase; in conjunction with independent multiple chillers, where 
heat is exchanged with a compact direct expansion primary refrigeration circuit. As with DX systems, 
defrosting of chillers is a key issue in indirect system design and it is the subject matter of the current paper.  

 
2.   BACKGROUND 

 
To date most work on defrost has been associated with DX systems. Furthermore, studies dealing with frost 
removal appear to be significantly fewer than those dealing with frost formation. Niederer notes that only 
15% to 25% of the heat required to defrost is actually carried out by the frost melt. Furthermore, it is noted 
that for a defrosting case where 11.57 kg of condensate was removed using a power source rated at 13.35 
kW, that 4331 kJ were required to remove the frost, whereas 28040 kJ were actually required to accomplish 
the defrost over a  35 minute period (Niederer 1976). Cole notes that the energy required to melt 9.1 kg of 
frost on a coil weighting 66.9 kg was 4783 kJ, where R22 was used in a hot gas bypass defrost system. 
Defrost efficiency was estimated to be 76%, where the heating of the metal in the evaporator requires 1116 
kJ or approximately 24% of the total energy supplied, where no other losses were assumed with the defrost 
process (Cole 1989). Krakow describes a mathematical model for hot gas and electric defrosting in a direct 
expansion evaporator, which was validated against experimental data. A hot gas refrigerant with a flow rate 
of 0.023 kg/s at 60°C and 689.5 kPa (equivalent to defrost heating rate of 4.39 kW) was used to defrost 1.5 
kg of frost from an initial temperature of -6.7 °C. It was found that approximately 42% of the energy 
supplied was used to melt the frost, while 40% was transferred to the meltwater, 14% was stored in the coils 
and 4% was transferred to air. The complete defrost took 280 seconds (Krakow 1992).   
 



8th IIR Gustav Lorentzen Conference on Natural Working Fluids, Copenhagen, 2008 

The current paper examines the experimental performance of two defrost modes associated with a finned-
tube air chiller, utilised as a heat exchanger in an indirect multi-temperature transport refrigeration system, 
and that uses an aqueous glycol mixture as a secondary refrigerant is examined. Two approaches to defrost 
are considered; a direct electric defrost mode which effects defrost by localised resistance heating of the 
secondary working fluid; and a hot gas primary circuit, that indirectly heats the secondary working fluid by 
means of a primary to secondary heat exchanger.   
 

3.  EXPERIMENTAL TEST PROGRAMME  
 

3.1 Experimental Test Facility 
The experimental test rig utilised in this work is shown in Figure 1. The test rig was designed to emulate a 
standard multi-temperature transport refrigeration system and is described in detail elsewhere (Smyth 2007). 
It consists of independent indirect and direct expansion refrigeration systems for chilling two insulated cold 
room chambers (2m x 3m x 2.5m). The primary refrigerant utilised is R-404A. The secondary system 
consists of two cross flow heat exchanger chiller units, each with a rated cooling capacity of 3kW at -20˚C, 
both of which are supplied with a 50% aqueous ethylene glycol mixture by means of variable speed 
circulation pumps. The secondary circuit exchanges heat with the primary system by an intermediate heat 
exchanger, which also acts as the evaporator for the primary circuit. The compressor-condenser unit consists 
of a 6kW inverter controlled hermetic scroll compressor which is coupled with a shell-and-tube water cooled 
condenser. Chamber air temperature set point is achieved using controlled 6kW resistance heaters which 
provide a balanced load. Measurement of temperatures, volume flow rates and pressures is via type T 
thermocouples, turbine volume flow meters and piezoelectric pressure transducers respectively. The primary 
refrigerant mass-flow rate is recorded using a Coriolis meter. Electrical supply to all major components is 
monitored by electrical wattmeters. All measurements are recorded using LABVIEW. All test are carried out 
with reference to ATP transport refrigeration standards (ATP 2003), which involves chamber set-point 
testing at -20˚C, -10˚C and -0˚C.  
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Figure 1.  Experimental Test Facility with Dual Defrost Modes 

 
The experimental facility was adapted to incorporate both electric and hot gas defrost modes as shown in 
Figure 1. Electric defrost utilises direct heating of the antifreeze mixture by means of an inline immersion 
heater that heats the glycol at controllable rates between 0 and 3 kW. Three electric ratings of 0.5, 1.5 and 
3.0 kW were considered in this work. For the hot gas defrost method, the input defrost heating rate was 
controlled by means of the inverter driven compressor, which set compressor speed settings to between 30 
and 70 Hz. The defrost heat was supplied to the antifreeze mixture via the intermediate plate heat exchanger 
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and was calculated on the basis of energy balances, to within ± 3% experimental error, on both the primary 
and secondary sides. This resulted in three defrost heat rate input settings of 1.5 (30Hz), 2.6 (50Hz) and 3.9 
(70Hz) kW. Defrost heat inputs less than 1.5 kW (30Hz) were not possible due to compressor operational 
limitations.  
 
3.2 Test Procedure and Matrix  
The experiments carried out are summarised in Table 1, which shows the chamber set-point temperatures 
and measured variables for each test. All tests commenced with a temperature pull down procedure from a 
laboratory ambient condition of 18oC. Once the required set point was reached, the chiller heat exchanger 
was actively frosted, using a 3kW humidification device. Humidification was carried out for a 30 minute 
period for all tests, with the chillers continuing to operate normally. Next defrost was activated, using either 
the electric or hot gas mode. During defrost, the chiller fans were switched off, until all the frost on the 
chiller was melted, when defrost was considered to be complete. At the end of each test, the frost melt water 
was collected and weighed.   
 
 

Table 1.  Test Matrix 
 

 

Test Defrost 
Method 

Defrost Rating 
(kW) (Freq) 

Chamber 
Setpoint 

(°C) 

T_room 
(°C) 

T_i_eg  
(°C) 

T_o_eg  
(°C) 

T_heater 
(°C) 

m_frost 
(kg) 

1 Electric 0.5 -20 -14.67 -33.29 -25.75 -17.98 3.21 
2 Electric 1.5 -20 -11.15 -30.83 -25.15 -18.99 2.03 
3 Electric 2.5 -20 -13.55 -34.46 -27.56 -16.83 2.65 
4 Hot gas 1.5 (30 Hz) -20 -9.94 -33.62 -28.19 -9.22 4.64 
5 Hot gas 2.6 (50 Hz) -20 -7.15 -33 -26.89 -12.97 2.96 
6 Hot gas 3.9 (70 Hz) -20 -13.03 -28.71 -24.61 -12.69 2.75 
7 Electric 1.5 -12 -7.67 -25.34 -19.41 -17.66 2.65 
8 Electric 1.5 -0 -1.23 -15.56 -15.85 -6.32 1.59 
9 Electric 1.5 -20 -7.09 -30.31 -23.92 -17.52 2.49 

 
4 RESULTS 

 
Considering Table 1, the testing regime facilitated a number of important issues to be examined as follows:  

1.  Electric Defrost Mode: Comparison of different defrost rates (Experiments 1, 2 and 3).  
2.  Hot Gas Defrost Mode: Comparison of different defrost rates (Experiments 4, 5 and 6). 
3.  Comparison of Defrost Mode: Electric and hot gas defrost mode (Experiments 3 and 5). 
4.  Analysis of effect of different initial conditions on defrost performance (Experiments 2, 7 and 8). 
5.  Analysis of effect of defrost circuit on defrost performance (Experiments 2 and 9). 

Each of these points is considered in Sections 4.1 to 4.5, respectively. 
 
4.1 Electric Defrost Mode 
Figure 2 shows a time progression plot for the electric defrost mode based on a heat rate input of 1.5kW and 
2.5kW (Experiments 2 and 3). It is noted for both tests, that at the end of the 30 minute frosting process, the 
room temperature had increased from the setpoint of -20oC to approximately -13.5o ± 1.5oC. This is primarily 
due to two factors: first, sensible and latent gains to the air associated with the frosting process, and second, a 
progressive loss of cooling capacity as the chiller coil became progressively blocked with frost. However, 
given the relatively short frosting period (30 minutes), coupled with a mean glycol entry temperatures of  
-32.6 ± 1.8oC for all tests, the initial conditions for each test are considered to be reasonably similar. 
Considering the defrost progression itself, the process can be considered to consist of four stages as follows. 
First, an initial temperature transient is observed, where the glycol temperatures are inverted as the system 
moves from cooling mode to defrost mode. Second, the glycol temperature is observed to increase at a 
constant rate, which corresponds to the sensible heating of the glycol, the chiller metalwork and frost and any 
associated glycol circuit pipework. Third, once the frost-chiller interface reaches 0 ºC, defrost commences, 
where the heat transported by the ethylene glycol is absorbed, resulting in the melting of the frost. During 
this stage, the temperatures of the ethylene glycol is observed to remain almost constant. Fourth, towards the 
end of defrost, when most of the frost has been melted, the ethylene glycol temperature can be observed to 
gradually increase again until the final frost layers are melted. It is only after this point, that the temperature 



8th IIR Gustav Lorentzen Conference on Natural Working Fluids, Copenhagen, 2008 

of the glycol was observed to increase with the same slope as was observed the second stage of defrost (not 
shown in Figure 2), and defrosting is considered to be complete. For experiements 2 and 3, overall defrost 
times of 38 minutes and 29 minutes can be observed for a defrost input rate of 1.5kW and 2.5kW, 
respectively. The corresponding time for the 0.5 kW heat input was 87.5 minutes (not shown in Figure 2). 
Finally, it is noted that during defrost, the room temperature is observed to increase by approximately 5oC. 
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Figure 2.  Electric Defrost: 1.5kW and 2.5kW for -20oC coldroom set-point 

 

 
4.2 Hot Gas Defrost Mode 
Figure 3 shows the results for Experiments 4 and 5, where compressor frequencies of 30 and 50 Hz were 
utilised during the hot gas defrost process, with an associated defrost heating rate to the glycol circuit of 1.5 
and 2.6 kW, respectively.  A similar defrost process, consisting of four stages, as outlined in Section 4.1, can 
be seen for the hot gas defrost mode and similar observations apply. Overall, defrost times of 49 minutes and 
30 minutes are observed for defrost input rates of 1.5 and 2.6 kW, respectively. The corresponding time for 
the 3.9 kW defrost heat input was 22 minutes (not shown in Figure 3). 
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Figure 3.  Hot-Gas Defrost: 1.5kW and 2.6 kW for -20C coldroom set-point 

Table 2 shows the average temperatures and pressures associated with primary circuit for each hot gas 
experiment. During hot gas defrost mode, the primary refrigerant (R-404A) flows directly from the 
compressor outlet to the intermediate heat exchanger before exiting the heat exchanger to return the 
compressor again, bypassing the expansion valve and the condenser. Table 2 shows the various primary side 
temperatures and pressures associated with the hot gas cycle.  

Table 2.  R-404a Hot Gas Cycle: Pressures and temperatures data 

Test Hot Gas 
Experiment 

Compressor Inlet Compressor Outlet Heat Exchanger Outlet 
T (ºC) P (bar) T (ºC) P (bar) T (ºC) P (bar) 

4 Freq = 30 Hz -0.67 5.75 21.67 8.64 -0.29 5.78 
5 Freq = 50 Hz -5.33 3.49 38.14 7.55 -5.17 3.55 
6 Freq = 70 Hz -0.45 3.07 54.51 8.62 0.49 3.17 
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4.3 Comparison of Electrical and Hot Gas Defrost Modes 
Figure 4 compares the electric and hot gas modes with associated defrost heating rates of 2.5 and 2.6 kW, 
respectively (Experiments 3 and 5). Upon initiation of defrost, it can be observed that the glycol temperature 
inversion process occurs more slowly for the hot gas defrost mode. This is attributed to the longer secondary 
pipework circuit between the intermediate heat exchanger and the coldroom chiller, which results in an 
increased transportation time lag at the initiation of the defrost process. The smaller glycol circuit utilised for 
the electric defrost mode results in a steeper temperature evolution slope (defrost stage 2; as per Section 4.1), 
despite the smaller heat input associated with the electrical defrost mode.   
 
4.4 Influence of Coldroom Set-Point Temperature 
Figure 5 shows the evolution of glycol temperatures for Experiments 2, 7 and 8, which are for pull down  
chamber set-points of -20oC, -12oC and 0oC, respectively, for electric defrost mode. For all cases, the 
temperature evolution associated with sensible heating of the glycol, heat exchangers and circuit pipework is 
observed to be parallel (defrost stage 2), whereas the required defrost time decreases significantly with 
higher initial set-point temperatures (21, 35, 38 minutes for set-points of 0oC, -12oC and -20oC, respectively). 
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Figure 5.  Chamber Set-point Temperature 
 

 
4.5 Analysis of effect of different defrost circuits (Experiments 2 and 9) 
Figure 6 compares data taken from Experiments 2 and 9, aimed at examining the effect of glycol circuit 
volume on defrost performance. The short and long glycol circuits have volumes of 11.2 litres and 26.4 
litres, respectively, and both tests were carried out using the 1.5 kW electric defrost mode. Considering the 
short glycol circuit, it is observed that the slope associated with sensible heating of the glycol after initiation 
of defrost, is significantly steeper than the case of the long glycol circuit. Moreover, defrost commences at 
minute 17 and terminates at minute 28, whereas for the longer circuit, defrost commences at minute 26 and 
terminates at minute 38.    
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Figure 6.  Glycol temperatures and flow rates for a short and long circuit 
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5.  DISCUSSION 
A number of further performance parameters can be considered to provide insight into the overall defrost 
process. These include: (i) defrost time; the total time necessary to complete defrost, (ii) defrost energy; the 
total energy required for the defrost process, which is determined on the basis of the electrical power 
supplied, integrated over the defrost time, (iii) defrost efficiency; the relation between the defrost energy and 
the actual energy required to melt the frost. The latter value determined using the product of the enthalpy of 
fusion of the frost (332.8 kJ/kg) and the mass of frost melt water collected. Table 3 summarises these 
performance parameters for each of the nine experiments outlined in Table 1. 
 

Table 3.  Defrost time, defrost energy and defrost efficiency parameters 
 

Experiment Defrost 
Method 

Defrost (kW) 
(Freq) 

m_frost 
(kg) 

Time 
(min) 

Energy 
(kJ) 

Efficiency 
(%) 

1 Electric 0.5 3.21 87.5 2625 40.7 
2 Electric 1.5 2.03 38 3420 19.75 
3 Electric 2.5 2.65 29 4350 20.27 
4 Hot gas 1.5 (30Hz) 4.64 49 4410 35.02 
5 Hot gas 2.6 (50Hz) 2.96 29.75 4659 21.14 
6 Hot gas 3.9 (70Hz) 2.75 22 5161 17.73 
7 Electric 1.5 2.65 35 3150 28.0 
8 Electric 1.5 1.59 21 1890 28.0 
9 Electric 1.5 2.49 28 2520 32.88 

 
It can be observed that the mass of frost collected for each experiment varied considerably for each test. In 
order to normalise these results, two more performance parameters are introduced, namely the defrost 
reference energy and defrost reference time. The defrost reference energy is defined as the total energy 
required to melt the first kilogram of frost on the chiller and the defrost reference time is the time required 
for this to occur. For both of these definitions, it is assumed that the sensible energy absorbed by the glycol 
prior to active defrosting is independent of the mass of frost and therefore depends on the initial temperature 
set-point and glycol pipe work circuit. Figures 7 and 8 show the defrost reference energy and defrost 
reference time for Experiments 1 to 6 (T_glycol_inlet = -31.5 ± 2.8oC). 
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         Figure 8.  Defrost Reference Energy 
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For broadly similar initial conditions, both the electric and hot gas defrost mode can be observed to follow 
similar trends. Overall, the relative underperformance of the hot gas defrost mode is attributable to the larger 
glycol circuit associated with this defrost mode. It is noted that for low defrost power input rates, the time 
required to complete defrost increases significantly, however as defrost power is increased, the defrost time 
decreases slowly. Consequently, the best defrost efficiencies, in terms of defrost reference energy, are 
achieved with the lower defrost powers; although at these defrost inputs, a longer defrost time is required. In 
the cases of the study of the defrost performance with different initial conditions (Figure 5: Expts. 2, 7 and 
8), it is clear that the higher the initial temperatures are, the faster and more efficient the process is, since the 
less energy is required to heat the glycol. Table 4 summarises the results obtained for these cases: 

 
Table 4.    Defrost  Reference Energy and Reference Defrost Time for different initial conditions 

 

Experiment Defrost Rate  
(kW) 

T_i_eg_initial 
 (°C) 

T_o_eg_initial 
(°C) 

Reference 
Defrost Energy   

(kJ) 

Reference 
Defrost Time 

(min) 
2 1.5 -30.83 -25.15 3077.22 34.19 
7 1.5 -25.34 -19.41 2600.88 28.89 
8 1.5 -15.56 -15.85 1693.65 18.82 

 
 

Finally, for the two different circuits analysed (Expts. 2 and 9), similar conclusions are evident. The larger 
the volume of required glycol for the secondary circuit, the larger the required energy and consequently the 
slower and less efficient the defrost process. Table 5 summarises the findings for a short and long secondary 
working fluid circuit. 

 
Table 5.   Reference Defrost Energy and Reference Defrost Time for a small and large secondary circuit 

 

Experiment Defrost Rate 
(kW) Circuit Reference Defrost 

Energy (kJ) 

Reference 
Defrost Time 

(min) 
2 1.5 Long 3077.22 34.19 
9 1.5 Short 2024.13 22.49 

 
 

Figure 9 shows the final glycol temperatures at the end of the defrost process as a function of defrost heat 
input rate based on Experiments 1 to 6, all with a temperature pull down condition of -20oC. As it can be 
observed, with the exception of the first hot gas defrost (Expt.  4, frost mass = 4.64 kg), the tendency of the 
final temperatures is clear. The higher the defrost power is, the higher the final glycol temperature. In 
addition, the difference between the inlet and outlet temperatures increases with the power supplied. 
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Figure 9.  Final Glycol Temperatures 
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6. CONCLUSIONS 
 

This paper examined defrost performance issues associated with a 3kW finned-tube air chiller, 
utilised as a heat exchanger in an indirect multi-temperature transport refrigeration system, where a 
glycol antifreeze mixture is deployed as a secondary working fluid. Two approaches to defrost are 
examined; a direct electric defrost mode which effects defrost by localised resistance heating of the 
secondary working fluid, and a hot gas primary circuit, that indirectly heats the secondary working 
fluid by means of a primary to secondary heat exchanger. Defrost studies were carried out for set 
point conditions of -20, -12, 0oC, for a number defrost rated inputs between 0.5 and 3.9kW. For a 
unit mass of frost, the duration of defrost was found to be inversely proportional to defrost energy input, 
however this relation was found to be non-linear. Defrost efficiency was found to decrease with defrost 
energy input, whereas the required specific total energy for defrost was found to increase with defrost energy 
input. 
 

NOMENCLATURE 
         
Variables Description   Units    Subscripts 
m  mass    [kg]  eg  ethylene glycol 
P  defrost power   [kW]  heater  electric heater   
t   time     [s]  i  inlet  
T  temperature   [ºC]  melt_frost  to melt the frost 
          o   outlet 
        room    cold room 
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