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ABSTRACT 
A theoretical model for prediction of the amount of refrigerant in condenser and evaporator 
of a 5kW capacity heat pump is developed. Condenser and evaporator of the experimental 
test rig are SWEP Brazed Plate Heat Exchangers (BPHE). Plate heat exchangers are widely 
used in refrigeration and heat pump applications today. However, the mechanisms of boiling 
and condensation in BPHE represent a difficult issue, for which only few models are 
developed and presented in published literature.  
The model presented in this article is developed using the Engineering Equation Solver (EES) 
software program (Alvarado, Klein). Input values for the calculations are the inlet/outlet 
temperature, mass flow rate and pressure readings taken on the test facility.  
For modelling, evaporator is conventionally divided in two parts: boiling part and 
superheating part, for which heat transfer calculations are performed in order to find the 
respective heat transfer areas. For the boiling part of evaporator, void fraction is predicted 
and mass of liquid and vapour in the whole evaporator is calculated.  
Condenser is divided in desuperheating, condensing and subcooling parts and heat transfer 
calculations are performed in order to define heat transfer areas for each of them. In the 
condensing part, a film thickness based on the Nusselt theory is assumed and, afterwards, 
total mass of liquid and vapour in the whole condenser is calculated.  
The obtained results are compared to the measured amount of refrigerant in evaporator and 
condenser and interpreted.  
 
INTRODUCTION 
The use of heat pumps for domestic purposes is steadily increasing, especially in Northern 
Europe. The choice of refrigerant for heat pumps is on one hand a technical/scientific 
problem and on the other hand an environmental and political question. As an alternative to 
the conventional CFCs and HCFCs, the use of natural working fluids is taken. Of the natural 
working fluids the hydrocarbons are mostly welcome from the technical point of view since 
their use does not require an entire new technology. However, flammability of hydrocarbon is 
a major risk associated with using them as refrigerants. This risk can be reduced by 
minimisation of refrigerant charge.  
At the Royal Institute of Technology a three-year project, sponsored by the Swedish 
Government, is running investigating the possibilities of reducing the charge of small size 
heat pumps/refrigeration equipment. One goal of the project is to design a heat pump with a 
charge of less than 150 grams of propane, having a heating capacity of 5 kW or more. The 
project development is teamwork and presently consists of two parts: experimental and 
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theoretical. Experimental results are presented in the Part I of the paper, while theoretical 
here, as follows. 
 
1. EXPERIMENTAL TEST RIG 
Test rig has been built, consisting of evaporator, condenser (both SWEP Brazed Plate Heat 
Exchangers), compressor (Copeland) and thermostatic expansion valve (Danfoss), figure 1.  
Measurements were taken at different charges and refrigerant from the different system 
components was drained separately. The measured values of evaporator inlet/outlet 
temperatures, condenser inlet/outlet temperatures, water and ethylene glycol mass flows and 
pressures in evaporator/condenser were used as input parameters in the developing of the 
theoretical model. Predicted amount of refrigerant was compared to experimentally measured 
amount of propane in evaporator/condenser. 
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Figure 1. Experimental test rig 
 
 
2. PREDICTION METHOD 
BPHE are widely used nowadays in refrigeration and heat pump systems due to their good 
heat transfer characteristics and relatively small size. Unfortunately, in published literature 
the information regarding heat transfer and pressure drop in two-phase flow in plate heat 
exchangers is quite limited, and this complicates predicting.  
 
2.1. Evaporator 
The main goal of this calculation is to define the amount of refrigerant in evaporator 
according to theoretical prediction and to find out how well it correlates with experimentally 
measured amount of refrigerant.  
Conventionally, evaporator was divided into two parts: boiling part and superheating part. In 
order to define which part of the heat transfer area is used for boiling and which is used for 
superheating, heat transfer calculations for at least one of these parts had to be performed. 
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Performing calculations for one-phase flow region was expected to give more precise results 
than for two-phase flow, so the superheat region, where refrigerant is only in vapour phase, 
was taken as a reference. Knowing the heat transfer areas used for boiling and superheating 
of the refrigerant, the corresponding volumes can be easily determined (design parameters of 
heat exchanger are known). In order to define the volume and, respective, the mass of the 
liquid and vapour in the boiling part of evaporator, void fraction has to be predicted. For this 
purpose the classical Lochart-Martinelli, bubble formation and CISE models were used, the 
last one appearing to bring better agreement with experimental results. 
Heat flux for superheating part of the evaporator is defined as: 

( )vevoutevevrsh hhmQ ,,, * −= . 
On the other side, it can be defined as: 

shshshsh AUQ ϑ**= ; 
from two of these equations heat transfer area for superheating region can be found. The 
logarithmic mean temperature difference for superheating part is defined as: 
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where  shr ,α  and shgl ,α  are calculated using the following type of equation for Nusselt 
number for one phase flow: 
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The coefficients used in this equation depend on the type of heat exchanger and can be 
provided by the supplier. Knowing all these parameters, the heat transfer area for 
superheating part of the evaporator was defined and, consecutively, the heat transfer area for 
boiling part could be easily calculated, as the total heat transfer area is known from the 
producer data. 
 
As it was mentioned previously, void fraction was predicted in several ways, such as using 
Lochart-Martinelli method, prediction of bubble formation and CISE correlation. The CISE 
model (Whalley, 1997) was proposed by Premoly, Francesco and Prina in 1970 for 
evaluation of the density of two-phase mixture.  It is presented below for evaluation of the 

                                                           
1 Thermal resistance through the plate material is small comparing to other resistances, therefore it was not 
taken into consideration in calculations. 
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void fraction in boiling part of evaporator, as it showed better agreement with experimental 
results. 
Void fraction in boiling part of evaporator:  
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The amount of refrigerant in evaporator is determined after finding the volumes that are 
occupied by superheated vapour and each phase in boiling region and phase densities. 
Volumes occupied by vapour/liquid in boiling region are defined knowing void fraction and 
total volume of boiling part in evaporator. 
 
2.2. Condenser 
As for the case of evaporator, the amount of refrigerant in condenser is predicted and 
compared to experimentally measured values. Due to the fact that measured temperatures of 
refrigerant at the outlet and water at the inlet had close values and it was difficult to define 
real subcooling in the condenser, it was assumed that for small charges there was no 
subcooling and then it increased linearly with charge. For calculations, condenser was 
divided into three parts: desuperheating region (considered until the wall temperature is 
getting at least half degree lower than condensing temperature, and condensation starts), 
condensation region and subcooling region. In order to get more accurate results, heat 
transfer calculations for desuperheating and subcooling parts of the condenser were 
performed. In similar way as for the evaporator, heat transfer areas for subcooling and 
desuperheating parts of the condenser were defined. In order to calculate the amount of 
refrigerant in condensation part of the evaporator, the film thickness was determined, based 
on the Nusselt theory (shear forces were not taken into account). In this way, after 
determining the volumes occupied by each phase in condenser and knowing the 
corresponding densities, the total amount of refrigerant in condenser was predicted. 
 
 
3. RESULTS 
Several tests were made with different charges and amount of refrigerant in different 
component parts of heat pump system was measured. Fernando, Samoteeva, and Palm 
describe this in details in accompanying paper named “Charge distribution in a 5kW heat 
pump using propane as working fluid. Part I: Experimental investigation”. In theoretical 
prediction model values of experimental data set where the superheat was kept constant are 
used.   
 
3.1. Evaporator 
Figure 2 shows area distribution with measured amount of refrigerant in the system. It can be 
seen that distribution of the heat transfer area in evaporator is not changing with the increase 
of charge. It shows that the evaporation (and superheat) area does not depend on the total 
charge in the system (but on superheat only as, for example in the point corresponding to the 
amount of refrigerant 0.053 kg, where superheat was about 2-3 degrees higher than for the 
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rest of cases. The area used for superheating is higher than for the cases where superheat was 
more or less constant). 
 

Figure 2. Area distribution in evaporator with total charge
 

As pattern in fig.2 clearly shows, the heat transfer area used for superheating, occupies about 18-
20 % of total heat transfer area in evaporator, area used for boiling – 73-75%. The left 7-8% of 
the heat transfer area is assumed to be inactive for evaporation and is occupied by the liquid 
refrigerant that is collecting at the bottom of the heat exchanger (placed vertically). Liquid is 
collecting there because refrigerant inlet is placed higher than the bottom of the heat exchanger 
and this is not allowing a part of the refrigerant to exit the evaporator. As a result, a pool of liquid 
is formed.  
 
In fig.3 mass distribution in evaporator with total charge in the system is shown and 
experimentally measured values of the amount of refrigerant in evaporator are also presented for 
comparison reasons. It can be seen that in the superheating region the amount of refrigerant is 
very low, about 4-5%, in boiling – 54-56% and in liquid pool at the bottom of the heat exchanger 
– 40-42% of total calculated amount of refrigerant in evaporator. Despite of the fact that the heat 
transfer area of the formed liquid pool is small, the amount of refrigerant collected at the bottom 
of the evaporator is essentially influencing the total mass of refrigerant in evaporator. Therefore 
in order to minimise the charge in the system some other types of heat exchangers with no 
refrigerant stocking in its parts should be considered for future investigation. 
 
The theoretical model, however, was not accurate enough to predict the amount of refrigerant in 
evaporator close to the measured values. As it is shown in fig.4, in average, the amount of 
refrigerant is underpredicted by 35-40%. It can be explained by the fact that CISE correlation was 
developed to be used for adiabatic two-phase flow in straight tubes and channels, and for the 
BPHE type of channels and non-adiabatic flow it gives error. The model overpredicts the void 
fraction, which results in bigger than real volume that vapour occupies in boiling part of heat 
exchanger, and, correspondingly lower mass. 
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Figure 3. Mass distribution with total charge 
 
 
 

Figure 4. Theoretical mass versus 
experimental mass of refrigerant in 
evaporator

As it was mentioned previously, Lochart-Martinelli void fraction prediction and bubble 
growth methods were investigated as well, but the overprediction of the void fraction in both 
cases was higher than by CISE model.  
 
 
3.2. Condenser 
For the prediction of the amount of refrigerant in condenser, its heat transfer area was divided 
into three parts: desuperheating, condensing and subcooling. Refrigerant was assumed to be 
superheated (and cooled without condensation) until the wall temperature reached the value 
of at least half degree lower than condensing temperature, when condensation starts. 
However, for some cases there was no desuperheating region because the wall temperature 
even at the inlet was much lower than condensation temperature. It explains the lack of 
desuperheat area and mass component in some points of fig.5 and fig.6. 
 
In fig.5 area distribution in the condenser is shown. Due to the heat exchanger design, in 
condenser, as in the evaporator, some liquid is collected at the bottom, forming a pool. It can 
be seen that when desuperheating of the hot gas is taking place, heat transfer area in 
condenser is formed by four components: desuperheating region, condensing region, 
subcooling region and inactive liquid pool region below the outlet. For the case with no 
desuperheating, heat transfer area includes only three of them: condensing region, subcooling 
region and inactive liquid pool. Area that is assumed to be occupied by liquid pool practically 
is not influencing heat transfer and represents about 4% of the total heat transfer area. 
Condensing area is decreasing due to the influence of desuperheating and subcooling regions, 
from about 62 to 55% where desuperheating exists and from 85 to 80% where condensation 
starts at the refrigerant inlet. Area used for desuperheat of the refrigerant depends on the wall 
and condensation temperature differences and represents about 25 to 33% of total heat 
transfer area. The percentage of the heat transfer area used for desuperheating is quite high 
and is explained by the existence of the pitch point it water and condensation temperatures. 
At this point these temperatures have very close values and afterwards, water temperature is 
exceeding the condensation temperature. Subcooling area has stable increasing trend and 
changes from 0 to almost 20% of total heat transfer area, due to assumed increase of 
subcooling, as it was previously mentioned.   
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Figure 5. Heat transfer area distribution in 
condenser with total measured charge in the 
system 

 
 

 
Figure 6. Mass distribution in 
condenser with total measured charge 
in the system

Mass of refrigerant in condenser is distributed as it is shown in the fig.6. Mass of refrigerant in the 
desuperheating region (where exists) is not influencing very much the total amount of refrigerant in 
condenser. It represents 8 to 10 % of total calculated amount of refrigerant in condenser. Amount of 
refrigerant assumed to be collected at the bottom of condenser (pool) is constant for all cases and 
represents 13-22% of the total theoretically defined amount of refrigerant. Amount of refrigerant in 
the subcooling region is constantly increasing from 0 to 47 % due to assumed increase of 
subcooling temperature difference. The heat transfer area necessary to achieve given degree of 
subcooling is quite small, therefore the amount of the refrigerant in subcooling region in most of 
the cases is lower than the amount of refrigerant in the condensing region. Amount of refrigerant in 
the condensing part of condenser is decreasing due to the change of heat transfer areas in 
desuperheating and subcooling regions. 
 

Figure 7. Theoretical mass versus experimental mass of refrigerant in condenser 
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For the cases with desuperheating it decreases from 52 to 34 % and for cases with no 
desuperheating - from 46 to 39% as a percentage of total calculated amount of refrigerant. 
From the total amount of refrigerant in the condensing region around 35% represents the 
mass of vapour and 65%  - the mass of liquid.  
 
Total theoretical charge in condenser was calculated as a sum of amounts of refrigerant in all 
the condenser regions. In fig.7 the relation between theoretical and experimental amounts of 
refrigerant in condenser is shown. For some of the smaller total charges in the system, 
theoretically calculated amount has very small deviations from the measured amount of 
refrigerant. For higher charges the deviation is larger and represents 25 to 32%. 
 
4. CONCLUSIONS 
Theoretical models for prediction of the amount of refrigerant in evaporator and condenser 
of the small capacity heat pump system were developed. Brazed plate heat exchangers were 
used as evaporator and condenser. As a result, it was determined that theoretical calculations 
are underpredicting the real charge in evaporator by 35-40% and the amount of refrigerant in 
evaporator is not varying with the total charge in the system as long as superheat is kept 
constant.  In condenser for small charges theoretically calculated amount of refrigerant 
corresponds to the measured value, but for higher charges is underpredicted by 25-32%. The 
amount of refrigerant in condenser increases with the increase of total charge in the system. 
It is mainly due to increase of the amount of liquid refrigerant in subcooling part of the 
condenser. Condenser charge represents 40 to 60% and evaporator 20-25% of the total 
system charge. This fact has to be considered when taking decisions on where to start 
minimising the amount of refrigerant in the system.  
Brazed plate heat exchangers have big internal volume due to their design (as, for example, 
placement of the outlets that allows a part of refrigerant to be collected at the bottom), which 
is not benefice from the point of view of charge minimisation. Alternatively, heat exchangers 
with small internal volume on the refrigerant side have to be considered for future 
investigation. 
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