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ABSTRACT 
 

The present study covers modelling of the amount of refrigerant and of the pressure drop in a 
rectangular copper microchannels evaporator. The evaporator has been tested in a test rig simulating 
a small-capacity heat pump and all the modelled parameters are compared to the measured ones. All 
the calculations are performed using EES software program [4]. 

 
The void fraction was calculated in order to predict the amount of refrigerant in the evaporator. 

The choice of the model for the calculation of the void fraction has a big influence on the prediction 
of the amount. The void fraction was predicted, using several available correlations, out of which 
the Hughmark, UI ACRC1 and CISE models seem to give the best approximation. The mass of 
refrigerant was calculated out of these data and compared to the experimental results. The pressure 
drop was determined, using the Friedel, Pierre and Granryd’s adjustment of Pierre2 models. 
Afterwards results were compared to the experimentally measured pressure drop. Granryd’s model 
seems to give the closest approximation.  

 
Comparisons of the predicted results with the measured ones are presented in figures and 

analysed. Conclusions regarding the models tested for determination of the void fraction and 
pressure drop in the present application and probably other applications with rectangular 
microchannels are drawn.   

 
1. INTRODUCTION 

 
During the last years there has been an increasing tendency towards the use of natural 

refrigerants in all possible applications. Hydrocarbons have proved to have many advantages in 
their use as a refrigerant. Their flammability appears to be the main problem when used in closed or 
inhabited spaces. The IEC&ISO standards include a safety standard for household refrigerators 
(IEC 60335-2-24) that allows the use of flammable refrigerants in quantities of up to 150 grams. 
This standard can be applied to household heat pumps as well. The system that contains up to 150 
grams of refrigerant requires small internal volumes of heat exchangers, compressors and pipes in 
the system. Evaporators and condensers with small-diameters channels fulfil these requirements. 
Therefore, in order to predict the performance of such heat exchangers in refrigeration/heat pump 
units experimental and theoretical investigations of the heat transfer and pressure drop 
characteristics are required. Prediction of the amount of refrigerant and pressure drop is complicated 
when two-phase flow is investigated. 

 
Several models for prediction of void fraction and pressure drop in two-phase flow have been 

proposed. The simplest to use is the homogeneous flow model. The best-known model for two-
phase two-component flow was developed by Lockhart and Martinelli (1949). In their paper they 

                                                 
1 The University of Illinois Air Conditioning and Refrigeration Center research group – has developed a model for void 
fraction prediction, called here UI ACRC model.  
2 Granryd has used Pierre’s model, adjusting the friction factor for the type of heat exchanger used in present study as 
evaporator. 
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first introduced a correlating parameter, now named the Lockhart-Martinelli parameter, and a two-
phase multiplier using liquid flow as a basis. Hughmark (1962), based on Bankoff’s (1960) work, 
used a mass-flux approach and developed an empirical correlation for calculating liquid hold-up, 
discussing it for both vertical upward and horizontal flows. Slip ratio approach was considered in 
their work by Zivi (1964), Smith (1969), Chisholm(1972) and others. Premoli et al. (1971) 
developed a model to predict the density of two-phase mixtures under adiabatic conditions, which 
includes a correlation for void fraction prediction. This correlation is known as the CISE correlation 
and considers both mass-flux and slip ratio dependencies. Graham et al. (1998) and Yashar et al. 
(1998) from the University of Illinois Air Conditioning and Refrigeration Center (UI ACRC) 
research group, found a correlation for void fraction calculations for evaporation and condensation 
in all tubes of 4 to 9 mm diameters. Wilson et al. (2000) from the same university have adjusted this 
correlation for rectangular tubes. Rice (1987) classified void fraction prediction approaches and 
applied them to refrigerant charge prediction. Few investigations have been made on the charge 
amount, distribution and reduction issue.  

 
For several years already   a number of investigations on the topic of   heat pump running on 

hydrocarbons are under way at the Royal Institute of Technology, Stockholm. Högström (1999) 
[20] has investigated heat pump with propane as a refrigerant and Pelletier (1998) [21] made his 
study on propane as refrigerant in residential heat pumps. Currently a project on the subject of 
charge minimisation in residential heat pumps working on propane is running at the Division of 
Applied Thermodynamics and Refrigeration. A test facility representing a domestic heat pump 
having heating capacity of 5 kW has been constructed. Experimental and theoretical investigations 
are made for different types of heat exchangers, with the aim of minimization of system’s internal 
volume. Samoteeva et al. [6] and Fernando et al. [5] reported previously achieved results using 
brazed plate heat exchangers as evaporator and condenser. The current paper presents a theoretical 
investigation of the amount of refrigerant and pressure drop in rectangular copper microchannel 
heat exchangers used as evaporator and condenser. Calculated parameters are compared to the 
measured ones and the most appropriate correlations for this type of heat exchangers are 
determined. Results are discussed and on their basis recommendations and planning of future 
investigations are made. 

 
2. METHODS 

 
2.1 Theoretical considerations  

It was assumed that the evaporator is divided into two parts according to the type of flow: boiling 
part, where evaporation takes place and refrigerant is present in two phases and superheating part, 
where refrigerant is in gas phase only. Using one-phase flow correlations, and assuming initial 
conditions for the temperatures at inlet/outlet, the area used for superheating was calculated. From 
this, the boiling area was determined. Then, the void fraction for two-phase flow was predicted 
using different prediction models (described below), and finally, the amount of refrigerant in the 
evaporator was calculated using these data.  

Pressure drop has been predicted considering all three components: gravitational, momentum 
and frictional gradients.  

 
Two-phase flow is one of the most complex fields of fluid dynamics. Even more difficult is to 

predict characteristic parameters in non-adiabatic (heated or cooled) two-phase flows due to the 
quality change causing changes in the flow regime. Important physical parameters that determine 
the flow regime (flow pattern) are: surface tension and gravity (for vertical channels).  An attempt 
to define the flow regimes in microchannels has been made by  Hewitt and Roberts. According to 
their flow regime map for vertical upflow in a tube [3], the regime of the two-phase flow in the 
studied channels is in the region between churn and annular flow, but closer to annular. 
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Many void fraction and pressure drop correlations have been developed for round tubes of 
different diameters and only few investigations of the void fraction and pressure drop in rectangular 
channels were made. The goal of the present study is to determine which of the existing models that 
works well and give close predictions for round tubes of different diameters can be used for upward 
vertical flow in rectangular microchannels.  

 
The evaporator was built out of two sections consisting of total of 120 rectangular copper 

microchannels. Each tube has cross section dimensions of 0.6x6 mm and the refrigerant mass flux 
was in the range of 20 to 48 kg/m2s, changing for different conditions. Calculations were made for 
the same conditions as the experimental test series. Test series were done at four different 
evaporation temperatures –16, -8, 0 and +5 0C, at different optimal charges for each temperature 
condition. The superheat was kept at about 5 degrees. The water outlet temperature from the 
condenser was fixed at 40 0C. The same initial conditions were used for the calculations. 

 
2.2 Void fraction prediction 

By definition, void fraction is the time-averaged fraction of the cross-sectional area or volume 
occupied by the gas phase in two-phase media. Precise prediction of the void fraction is important 
for calculation of the amount of refrigerant in evaporator. Therefore the model that is used for 
prediction should be carefully chosen. Depending on the model used, the accuracy of the void 
fraction prediction can vary from 2 to 15%, giving a variation in the calculated amount of 
refrigerant of up to 70%. One of the factors that influence this accuracy of prediction is the vapour 
quality that changes along the tube. For present study it was assumed that the heat flux is constant 
and the quality varies linearly with a 0,01 step from the inlet value until x=1 along the boiling part 
of the channel. The void fraction value was integrated along the channel. For void fraction 
prediction in the current work several models were used. These are homogeneous flow, Chisholm 
slip-ratio based, Lockhart-Martinelli, CISE (Premoli et al.), UI ACRC and Hughmark models.  

 
The homogeneous flow model’s main assumption is that both phases of the two-phase flow are 

mixed and have the same velocity so that the flow behaves as one-phase. A general equation for the 
void fraction is deduced from a mass balance and the continuity equation and is of the form: 
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The term lg uu  is called slip ratio (S) and, as in homogeneous flow the velocities of both phases 
are the same, S=1.  

 
Chisholm’s slip-ratio model uses the same equation of the void fraction as described previously, 

determining the slip ratio as: 
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Generally, slip-ratio based models were investigated by many investigators and several 
correlations for the slip ratio exist. Chisholm’s correlation has been included as it is the one that 
predicts void fractions closest to the experimental values. 

 
The Lockhart-Martinelli model [10] is based on their research on pressure drop in adiabatic 

two-phase flow in pipes. They introduced a new parameter now called the Lockhart-Martinelli 
parameter (Xtt). Xtt squared is defined as the ratio of the liquid pressure drop to the gas pressure 
drop. The Lockhart-Martinelli parameter for turbulent-turbulent flow can be calculated as: 

Zero Leakage − Minimum Charge, IIR/ IIF, Stockholm, 2002 



1,05,09,01
























 −=

g

l

l

g
tt x

xX
µ
µ

ρ
ρ

             (3) 

It is found that the void fraction can be represented as a function of Xtt in the following way [3]: 
For Xtt≤10: 

378,08,0 )1( −+= ttXα                  (4a) 
and for Xtt>10: 

ttXln157.0823.0 −=α .              (4b) 

The CISE model was developed by Premoli et al. (1970) in the work on prediction of the density 
of two phase flow under adiabatic conditions. This model takes into account the slip ratio, which 
depends also on mass-flux. The void fraction is calculated as described previously in the 
homogeneous model, but the slip ratio is a function of quality, liquid and gas densities, the 
Reynolds number (mass flux dependent) and the Weber number. Detailed description of the method 
is available in the references [2, 7] 

 
UI ACRC (The University of Illinois Air Conditioning and Refrigeration Center) has developed 

a void fraction relation for evaporation in all tubes of the form [8]: 
( ) 321.0/11 −++= FtX ttα ,               (5) 

where Xtt is the Lockhart-Martinelli parameter and Ft is a Froude number modified by Hurlburt 
and Newell (1997): 
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The modified Froude number includes the tube diameter. Wilson et al. (2000) [8] have applied 
this method for flattened tubes of different sizes and have replaced the diameter term with the 
channel height. All the void fraction data were curve fit to the form: 

[ ]ntt FtXa )/1(1 ++=α ,                    (7) 
and the values of a and n were tabulated in dependence of the channel height. 
 
Hughmark’s method [11] is one of the most complex ways of calculating the void fraction due 

to its iteratively determined coefficient. This correlation for void fraction is empirical and based on 
the use of Bankoff’s flow coefficient K [12]. The void fraction is given by: 
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K is dependent on the correlating parameter Z (tabulated) and Z is a function of α-weighted Re 
number, Froude number and the liquid volume fraction. This is the reason of iterations in 
determining the value of K. Hughmark’s model was originally developed for two-phase flow of air-
liquid mixture at pressures close to atmospheric, moving vertically upwards, but it has shown good 
results for horizontal flow as well. A detailed description of the method is available in reference [3].  

 
2.3 Pressure drop prediction 

In two-phase flow in a straight tube total pressure drop is a sum of three components, 
gravitational (or static) pressure drop, momentum pressure drop and frictional pressure drop: 

frmomgrtot pppp ∆+∆+∆=∆ .               (9) 
The component that has most influence on the total pressure drop in tubes is the frictional 

pressure drop. Gravitational and momentum pressure drops are relatively small and sometimes can 
be ignored. In the present investigation these components were included.  
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Frictional pressure drop in two-phase flow can be predicted in two main ways: using a two-phase 

multiplier for the one-phase pressure drop or using friction factors developed for two phase flow. 
One of the frequently used models based on two-phase multiplier is Friedel’s correlation for the 
frictional two-phase pressure gradient. A special friction factor to be used in two-phase frictional 
pressure drop calculations was suggested by Pierre (1957) after investigating the evaporation of oil-
free refrigerants (R12 and R22) in horizontal tubes [9].  

 
Friedel’s correlation for the frictional two-phase pressure gradient is written in terms of the two-

phase multiplier, which is defined as: 
( )

l
l dldp

dldp
)/(

/ lg2

−
−

=φ ,               (10) 

where (-dp/dl)lg is the frictional pressure gradient in two-phase flow and (-dp/dl)l is the frictional 
pressure gradient in single phase liquid flow as if it would flow at the same mass flow rate as the 
two phase flow. Out of this definition, the two-phase flow pressure drop can be calculated, using 
Friedel’s two phase multiplier [2]: 
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The Pierre model was developed to calculate frictional pressure drop in horizontal two-phase 

flow as follows: 

h
mm D

LGfp ν2lg =∆ ,              (18) 

where fm is the friction factor, which in case of oil-free refrigerant is determined as: 
For : 1Re* 1 >−

fK
25.025.0 Re0185.0 −= fm Kf              (19a) 

and in presence of oil for : 2Re* 1 >−
fK

25.025.0 Re053.0 −= fm Kf .           (19b) 
Here Kf is the Pierre’s boiling number, .  )/(LgxrK f ∆=
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The mean specific volume, vm  is determined as and x''
mmm vxv = m, the mean vapour fraction is 

determined by Pierre as . However, in our calculation we are far outside the range 
of application for the formula and therefore, the mean arithmetic value of inlet-outlet vapour 
qualities was used for the evaluation. 

2/14/14.4 −= Ldxm

 
Granryd (1985) has investigated frictional pressure drop specifically for this type of heat 

exchangers. Results in terms of pressure drop were correlated by using a modified Pierre model 
resulting in equation  

hm DLGfp /*** ''2 ν=∆ 3              (20) 
with fm=0.083. 
 

3. RESULTS AND DISCUSSION 
 

Modelling of the void fraction, amount of refrigerant in the evaporator and pressure drop was 
performed using input data in the same range as measured in order to make the final comparison 
possible. The real void fraction was calculated using measured data and plotted together with all the 
predicted void fractions for comparison. Predicted and measured values of the mass of refrigerant in 
the evaporator and of the pressure drop are plotted against evaporation temperature according to 
investigated conditions. 

 
3.1 Void fraction and amount of refrigerant in evaporator 

The void fraction was predicted using the methods described above and the amount of refrigerant 
in evaporator was determined from this prediction. Figure 1 shows how the void fraction in the 
boiling part of the evaporator depends on the evaporation temperature, using different models of 
predicting void fraction and figure 2 presents the mass of refrigerant plotted against the evaporation 
temperatures. 

 
As can be seen from the graphs, the use of the Hughmark model for void fraction prediction 

gives results that are close to the experimentally determined values of the void fraction and of the 
amount of refrigerant in the evaporator tubes. High precision of the method (up to 5% max 
deviation) is achieved by the iterative calculations of the correlating parameter Z, which is 
dependent on void fraction. The void fraction correlation contains the flow coefficient defined by 
Bankoff (correction coefficient to the homogeneous flow model), which, in turn, is a function of the 
correlating parameter Z.  

 
The UI ACRC model was also applied to the present study, first using the values for a and n 

proposed by Wilson et al. [8] for the channel height of 0.974 mm, which was closest to the value 
investigated in the present study – 0.6 mm. Instead of the hydraulic diameter, channel height was 
used in the model, as recommended. As a result, the void fraction was overpredicted by about 5% 
and the amount of refrigerant was underpredicted by 17 to 22% (see fig.1 and 2). Then the values of 
a and n were adjusted (curve fit) for the channel height used in the present study - 0.6 mm. As can 
be seen from fig. 1 to 3, the correlation then predicts the void fraction with a deviation of max 2% 
and the amount of refrigerant in the evaporator with a high precision (max 5% deviation). 

 
The CISE correlation has proven to give good results in many applications, predicting well the 

void fraction. It is recommended for use by many authors [2,3,7] as giving fairly good prediction. It 
has proven to work well even when predicting the amount of refrigerant in brazed plate heat 
exchangers [6]. 

 
                                                 
3 Note: v’’ is used instead of vm. 
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Figure 1: Void fraction, measured and predicted by different models, 
  plotted against evaporation temperature 

 
In the present comparison it under predicts the amount of refrigerant in the evaporator tubes by 18-
20% (fig.2). The CISE correlation was developed for a wide range of conditions in vertical upward 
two-phase multi-component flows in adiabatic conditions and has no restrictions for the domain of 
application.  

 
The Lockhart.Martinelli model and Slip ratio-correlated model, using Chisholm’s (1972) 

parameter give rather big errors in predicting the amount of refrigerant in the studied evaporator. 
The Lockhart-Martinelli model does not take into account mass flux effects that have a big 
influence on the void fraction. Chisholm’s slip-ratio correlated model is a particularly simple one, 
recommended by Whalley [3] as giving reasonably accurate results for determination of the mean 
density of the two-phase flow. However, the accuracy when used for the tested rectangular 
microchannels is low. The predicted amount of refrigerant given by these two models differs from 
the experimentally defined values by up to 70%. 

  
Figure 2: Comparisons between predicted and 

experimental amounts of refrigerant in evaporator 
tubes. 

Figure 3: Predicted and experimental dependence  
of the amount of refrigerant in evaporator tubes on  
the evaporation temperature. 
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As known from previous investigations, the homogeneous correlation over predicts the void 
fraction (under predicting the amount of refrigerant) in gas-liquid upward flows. This was proved 
by the present investigation as well (fig.1-3), where the homogeneous flow model shows the biggest 
deviation of the predicted values from the experimentally measured data. This model represents a 
simplified way of calculating void fraction, but apparently it cannot be applied for even 
approximate predictions of void fraction in our case. A comparison with flow regime maps 
indicates that the flow in the channels is close to annular (or in transition from churn to annular) 
which indicates that the slip is substantial. In this simplified model, the influence of mass flux is not 
considered, which may be one cause of the big error. A model based on perfect annular flow was 
developed by Granryd. This model overpredictis the refrigerant charge by about 20 to 30%. These 
data are not included in the figures. 

 
3.2 Pressure drop  

The pressure drop was calculated using three correlations and the obtained results were 
compared to the experimentally determined values. Results are presented in figures 4 and 5. 

 
The Friedel correlation is recommended by Whalley [2] to be used in the range µl/µg<1000. Our 

working conditions for all investigated cases are within this range. According to the Heat 
Exchanger Design Handbook [7], for upward vertical flow in straight channels, the standard 
deviation from the experimental data should be expected to be in the range of 30% for single-
component flow. Whalley [2] describes Friedel’s correlation as the best generally available and 
generally applicable, noticing, however, that even the best empirical correlations developed for two-
phase flow pressure drop calculations, give errors of 40%. As can be seen from figs. 4 and 5, the 
deviation from the measured pressure drop is over 50%. It probably can be explained by the fact 
that this method does not work very well for the case of rectangular microchannels, depending on 
flow development. Another possible explanation can be that the flow pattern is closer to annular, as 
mentioned previously, and therefore a more precise prediction can be achieved using correlations 
developed specifically for vertical upward annular flow.   

 
The pressure drop, predicted by Friedel’s correlation does not change with the evaporation 

temperature, apart from the other models. The possible explanation of that can be the fact that the 
model is based on finding a two-phase multiplier based on liquid flow, and the liquid component of 
the flow in our case is laminar. This affects the change in the value of liquid friction factor, which 
does not vary as much as the value of two-phase multiplier, and final result for two-phase pressure 
drop does not show bigger variation with temperature.  

 
The Pierre correlation was developed for two-phase flow in horizontal channels, but it works for 

vertical flow as well. However, our domain of application is outside the boundaries defined by 
Pierre. The formula for the calculation of the friction factor in the presence of oil is recommended 
for use when Re*Kf

-1>2, while in our case Re*Kf
-1 is <<2, around 0,002.  The friction factor is out 

of range by the factor of 1000 on the base of Reynolds number. Then, as mentioned before, the 
definition of xm does not apply due to the factthat the geometry was far out of range.. Therefore, the 
mean arithmetic value for vapour quality was used. Nevertheless, even though our case is out of the 
range specified by Pierre, the prediction of the pressure drop shows a deviation of no more than 27 
to 50% (see fig 5). 

 
The use of Granryd’s empirically defined friction factor fm=0.083 in Pierre’s correlation and 

using the arithmetic mean value of the vapour quality instead of the formula defined by Pierre, 
gives only deviations of 15% in the low temperature region and deviates even less for higher  
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Figure 4: Comparison between predicted  
                and experimental pressure drops. 

Figure 5: Predicted and experimental pressure  
                drops, dependence on the evaporation  
                temperature. 

 
evaporation temperatures. These deviations can be explained by uneven width inside the channels 
(channel width can vary by 0.01 mm), which influences calculations and also by some uncertainties 
in the measurements. 
 

4. CONCLUSIONS 
 
Void fractions, amount of refrigerant and pressure drop in rectangular copper micro channel 

evaporator were predicted and comparisons to the corresponding experimental data were made. The 
closest prediction for the void fraction (amount of refrigerant) in the evaporator channels was 
achieved when using Hughmark, IU ACRC and CISE models. Hughmark and IU ACRC adjusted to 
our data model have an accuracy of up to 5% in predicting the amount of refrigerant in evaporator. 
CISE model and UI ACRC with original data are in the range of 20% deviation from experimental 
data. The Lockhart-Martinelli and the slip-dependent Chisholm models underpredict the amount of 
refrigerant in the evaporator by up to 70% and cannot be recommended for use in predicting void 
fractions in upward vertical flow in rectangular microchannels. The homogeneous model shows the 
highest error in prediction, as the flow has a slip and mass flux is not taken into account.  

 
From the pressure drop models that have been investigated, the Pierre model adjusted by 

Granryd for this specific type of heat exchanger shows the best approximation. The deviation is 
only about max 15% and part of the error can be caused by uneven channel dimensioning and 
uncertainties in measurements. The application here is far outside the range of application domain 
of the original Pierre model and its use for the present conditions give an underprediction of 27-
50%. The Friedel correlation has proven not to work well in the present study probably due to the 
laminar regime of the liquid component of the flow, as the pressure drop prediction is performed on 
the liquid basis. 

 
As a next step, the void fraction and pressure drop in the condenser, which is the same type of 

heat exchanger, are to be investigated. We are also planning to investigate void fraction, pressure 
drop and heat transfer coefficient in a one-channel test rig. It can contribute to increasing the 
accuracy of the prediction and to prove how close to reality our predictions and analysis are. 
Afterwards, the same type of work is planned to be done on the aluminium microchannel heat 
exchangers used as evaporator and condenser in the small capacity heat pump.  
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5. NOMENCLATURE 
 

Latin symbols       
Cf – one-phase friction factor  [-] v– specific volume  [m3/kg] 
Dh – hydraulic diameter  [m] We – Weber number  [-] 
E,F,H – coefficients  [-] Greek symbols  
Ft – Froude number  [-] α - void fraction  [-] 
fm – Pierre’s friction factor  [-] φ - two-phase multiplier  [-] 
G – mass flux  [kg/m2s] µ - viscosity   [Ns/m2] 
g – acceleration due to gravity  [m/s2] ρ - density   [kg/m3] 
K – Bankoff’s flow coefficient  [-] σ - surface tension  [N/m] 
Kf – Pierre’s boiling number [-] Subscripts  
L, l – channel length   [m] fr - frictional  
p – pressure  [Pa] g – gas phase  
r –latent heat of vaporization  [kJ/kg] gr - gravitational  
Re – Reynolds number  [-] l – liquid phase  
S – slip ratio      [-] lg –liquid-gas (two phase)  
u – velocity   [m/s] m - mean  
x – vapour quality  [-] mom - momentum  
Xtt – Lockhart-Martinelli parameter  [-] tot - total  
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