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ABSTRACT

Redistribution of Migrated Refrigerant
A study of Migration Related Losses in a Domestic Refrigerator

Johan Nordenberg
Electrolux AB

Stockholm, Sweden

The aim of this project was to examine the redistribution of migrated refrigerant in a domestic
refrigerator. It has been carried out by three kinds of measurements, using an infrared camera,
thermocouples and pressure transducers.

The infrared films were used to make animations of the refilling and migration events.
A method was discovered, to determine the refrigerant front in the evaporator during refilling,
by fitting thermocouples to the evaporator. The refilling time for two different kinds of
evaporators was determined, and the evaporator cycling losses were hereby estimated.
The cycle was plotted in h,logp-diagrams at different times, and animations were made of
such diagrams.

The results together with some results from previous work by Erik Björk, indicates that some
improvements could be made to the evaporator, by the outlet and the accumulator. There are
also proposals to change the vertical ducts on the evaporators.
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1. INTRODUCTION

1.1 Background
It is a well-known fact that refrigerating machines with on/off regulation has a lower
efficiency than steady state machines. This is caused by so called cycling losses.

“Efficient evaporators for refrigerators and freezers” is a PhD project at the Royal Institute of
Technology in Stockholm, which is sponsored by Electrolux and Energimyndigheten.
Previously in the project, there has been a study of a specially made evaporator with a glass
front to be able to see the refrigerant flow in the ducts. During these tests, it has been
observed that after compressor start a large amount of the refrigerant in the evaporator is
sucked out as liquid slugs. Liquid leaving the evaporator is not only hazardous to the
compressor, it also lowers the cooling capacity of the evaporator. If the refrigerant remained
until it evaporated, it would increase the cooling capacity. It was also observed that the
evaporator was almost emptied of refrigerant after compressor start and that the refilling took
a long time.

1.2 This master thesis
The aim of this project was to continue the examination, to learn in what way the refrigerant
leaves the evaporator at compressor start and to study the redistribution. The time to refill the
evaporator was to be examined, as well as an estimation of the efficiency losses related to
that. The goal was to find some ways of shortening the refilling time and minimise the related
losses.

The work has been carried out as a sub project to the PhD project “Efficient evaporators for
refrigerators and freezers”.
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2. CYCLING LOSSES

The cycling losses are results of irregularities that come from the compressor on-off
regulation. The cycling losses vary with dimensions and type of system, but the loss in COP 2

can be as large as 10–18% compared to a continuously running system [Janssen et al.].
Coulter and Bullard compared the cycling refrigerator to a modelled “quasi-steady” machine
and found that it was 5-25% less efficient.

The losses can be divided into three different categories:

• Migration; the refrigerant moves through the capillary tube towards the evaporator, during
compressor off-cycle

• Refrigerant sorption in the compressor oil

• Compressor losses, such as high currents at start moment and the build-up of the pressure
difference between condenser and evaporator

Some of the terms used in the following discussion, needs to be defined:
Power penalty [W] is the difference between power demand at steady state and cycling
conditions.
Capacity loss [W] is the difference between cooling capacity at steady state and cycling
conditions.
Total cycling loss [W] is the sum of power penalty and capacity loss.

It is very difficult to describe all the appearing phenomena’s, since the cooling cycle is
dynamic and many events are connected to each other. Therefore we begin with an
explanation of the main events and then go on to study the different phenomena’s and their
related losses. But first of all, a short explanation of the system regulation, which is of great
importance to the cycling losses.

2.1 Regulation with capillary tubes
The domestic refrigerators that are of interest to us have a capillary tube as expansion device.
The mass flow of the refrigerant through the capillary tube is self-regulating; if there is too
much liquid refrigerant in the condenser, this results in a smaller condensing area of the
condenser, and thus the pressure increases. The higher pressure in the condenser increases the
mass flow through the capillary tube, and the system reaches a new equilibrium. If on the
other hand, there is little or no sub-cooled refrigerant in the condenser, gas is pushed through
the capillary tube. Since the gas has much lower density than the liquid, the mass flow is
decreased and refrigerant can once again be accumulated in the condenser. If there is liquid
that is very little sub cooled, flash gas is formed in the capillary tube. The gas bubbles create a
large pressure drop over the capillary tube and refrigerant accumulates in the condenser until
equilibrium is reached [Dossat].

2.2 What happens at start and stop? A brief explanation
Let us begin with a system working at steady state, with a pressure difference between
evaporator and condenser. When the compressor is stopped, there is nothing to keep that
pressure difference, since there is an open connection between condenser and evaporator (the
capillary tube). The pressures are therefore equalised by pushing refrigerant through the
capillary tube, first in liquid phase but later also in gas phase. The pressure in the condenser is
hereby lowered, slowly approaching the saturation pressure in the evaporator. During this
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process, the pressure in the condenser goes below its saturation pressure at the present
temperature. Then refrigerant starts to evaporate in the condenser, which increases the amount
of gas transported to the evaporator. This movement of refrigerant from condenser to
evaporator is called refrigerant migration and has several negative effects, as we will see.
Another thing that happens during the compressor off-period, is that some refrigerant is
dissolved in the compressor oil.

When the compressor starts, most of the refrigerant is in the evaporator in liquid phase as a
result of the refrigerant migration. Some of this refrigerant is sucked out as liquid slugs, and
some is evaporated and leaves in gas phase. Some of the refrigerant passing the compressor at
this time dissolves in the compressor oil. In this stage, there is a large mass flow out of the
evaporator. At the same time the mass flow into the evaporator is small; gas is flowing
through the capillary tube. The result of this is that the refrigerant leaves the evaporator until
it is more or less starved, and a large superheat is achieved. The refrigerant that is sucked out
starts to condense, but until there is a liquid seal at the condenser outlet gas is flowing through
the capillary tube. When there is liquid at the condenser outlet, the evaporator is fed with
refrigerant and the actual refilling can begin. A refrigerant front is then moving along the
evaporator ducts. When the temperature of the compressor increases, the dissolved refrigerant
evaporates and can be redistributed over the system, which is important for the refilling. After
the refilling of the evaporator, there is equilibrium between the mass flows through the
compressor and the capillary tube and the system approaches steady state conditions.

2.3 Migration
The migration of refrigerant during compressor off-period has more than one negative
influence on the system performance; heat is inserted into the cabinet, and the refrigerant has
to be redistributed during on-period. The amount of refrigerant that migrates is strongly
depending on the system and total amount of refrigerant. But the fact that a large part can
migrate is shown by results from Rubas and Bullard, where 164g of the total 326g migrates.
Other results show that migration is affected by the ambient temperature, increased migration
at lower ambient temperature [Krause, Bullard].

2.3.1 Heat inserted into the cabinet
The most obvious loss from migration is that warm refrigerant enters the evaporator, and heat
is inserted to the cooled space. This migration can take place in two ways, liquid and gas
migration. Both of these transports heat into the cabinet. The heat supplied by gas migration is
much larger since the gas condenses in the evaporator. This way, the latent heat of the gas is
transferred to the inside of the cabinet. Although heat is transferred to the evaporator by the
refrigerant, its temperature seldom raises above the air temperature in the cabinet. Therefore
no actual heat transfer from the evaporator to the air appears [Coulter, Bullard] , i.e. the
evaporator does not heat the cabinet air. Still, the penalty from the inserted heat can be seen as
a shorter compressor off-period since the mean temperature in the cabinet is higher and the air
temperature is therefore raised faster.

2.3.2 Redistribution of refrigerant
The largest part of the migration related losses, comes from the redistribution of refrigerant, in
the beginning of compressor on-period.  In some cases with short compressor on-periods, the
refrigerant is not completely redistributed, which results in an evaporator with a large
superheat, i.e. lower efficiency for the system [Janssen et al.].  The actual refilling of the
empty evaporator begins when there is liquid at the condenser outlet. Before that, during the
first 10-30 seconds only gas is flowing through the capillary tube [Krause, Bullard].
Except from the low mass flow to the evaporator, the gas also has a high enthalpy and thereby
no cooling capacity is achieved.
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The thermal mass of the components, like condenser and evaporator influences the refilling
time, but according to Coulter and Bullard, the evaporator is the only component playing a
significant role in capacity losses.

2.4 Refrigerant sorption in compressor oil
Refrigerant is dissolved into the oil during compressor off-period. In some cases, some more
is dissolved just after compressor start [Philipp et al.]. During compressor on-period, the
increase in compressor temperature and the stirring of the oil makes the refrigerant evaporate
and leave the oil. So the amount of refrigerant that is dissolved in the compressor sump oil is
varying during the cycle and thereby also the amount that is available for “cooling purposes”
[Rubas & Bullard]. Krause and Bullard explain the events as: two-phase flow out of
evaporator – refrigerant dissolves in compressor oil; superheated vapour leaving evaporator –
refrigerant leaving compressor oil. The power penalty from the sorption is observed as a
longer refilling time of the evaporator.

2.5 Compressor losses
The fact that the compressor is started again and again results in a loss, since it has large
currents at start. Energy is also consumed to build up the pressure difference between
condenser and evaporator, at the beginning of every compressor start. The cycling compressor
has a lower average temperature than a steady state machine, and maybe that results in
mechanical losses since the viscosity of the oil is higher. Especially at low ambient
temperatures, which results in short compressor on-times, the compressor never reaches the
higher temperatures. [Krause, Bullard].
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3. MEASUREMENTS

Three different kinds of measurements were carried out to survey the refrigeration cycle.
An infrared camera was used together with thermocouples, followed by an examination of
two unaffected refrigerators fitted with only thermocouples. Finally, a cabinet was fitted with
pressure transducers together with thermocouples. A small evaporator (65 ⋅ 45 cm) was
examined in these three tests, and in the thermocouple test, a large evaporator (110 ⋅ 45 cm)
was also evaluated. The placement of the thermocouples on the small evaporator was the
same during the three tests, and all measurements were made with a scanning interval of two
seconds. The thermocouple placement can be seen in appendix A and B.

3.1 Infrared camera
To visualise the refrigerant flow for the small evaporator in an ER8893C cabinet during start
and stop sequences, an infrared camera was used. The idea was to record films of the
condenser and evaporator separately, but during same conditions. After synchronising the
start and stop sequences, pictures from the two films could be put side by side (see figure 3.1).
Some unexpected problems occurred, like the fact that the length of the compressor cycles
were not equally long on the evaporator and the condenser recordings. This is probably a
result of the modifications of the cabinet. The cycle length varied between 16 min 24 seconds
and 17 min 4 seconds for the different film sessions (see appendix C).

The temperature of the ambient air was 25°C during these tests and thermostat was set to
minimum, to keep the cycles as short as possible. Thermocouples were fitted as can be seen in
appendix A. To each film there is an Excel sheet with the measurements from the
thermocouples.

3.1.1 Modifications
The cabinet that was used for these tests was modified in some ways to facilitate the
measurements and filming. The evaporator was painted dull black and the camera was
inserted through a hole in the door, see figure 3.2. The hole was covered with foam plastic
during condenser filming. Since the hole could not be as well insulated when having a camera
objective looking trough it, the heat leakage varied between the different tests. The condenser
was also modified, it was painted dull black paint to decrease the amount of reflections from

Figure 3.1 Still pictures from the infrared films, 5 minutes after compressor start. From the
left: evaporator, the whole condenser and a close up of the lower part of the condenser.
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other heat sources. The usual placement of a domestic refrigerator is against a wall; the
system is optimised for those conditions. Because of the condenser filming, the cabinet could
not be placed against a wall, but the system should still behave like a normal domestic
refrigerator. Therefore, a condenser cover was made of thin plastic film, usually used for food
storage. Four pieces were overlapping each other, each 45 cm wide. In the end of compressor
off period, some light reflections could be seen in the plastic, but when the condenser
temperature was higher, no such phenomena’s could be observed.

3.1.2 The IR-camera
The camera that was used was a Thermovision
400 with a 40mm lens and the films were
recorded on a mini-DV camera. Different
settings for the temperature sensitivity were
used for the different films and all settings
can be seen in appendix C.

3.2 Thermocouples
The second part of the investigations was made on unaffected standard evaporators which
were only fitted with thermocouples. This was made for three different reasons. One reason
was to have reference measurements for comparing the other experimental results. The other
purpose was to see how long time it takes for the refrigerant to redistribute after the
compressor starts and through that estimate a potential of possible energy savings for these
evaporators. Finally, it was an attempt to see the differences between refrigerant refilling for
two different types of evaporators. The two types investigated were one standard cabinet with
small evaporator (ER8893C) and one Low Energy Refrigerator-cabinet (ER8218C). Both
were fitted with thermocouples in the positions as can be seen in appendix A and appendix B.
Only one set of measurements were made for the large evaporator, with the thermostat set to
medium, while for the small evaporator measurements were made at three different thermostat
settings: min, medium and ¾. The reason for setting the thermostat to 3/4 instead of
maximum, was to keep the cycle length relatively short. The temperature of the ambient air
was 25°C during all measurements.

3.2.1 Irregularities and disturbances
Preliminary measurements showed that the system did not behave properly when the cabinet
was placed with the back against the wall. That probably depended on the facts that the walls
in the climate room are not plane, and because of draft from the air circulation in the room.
Therefore, the cabinet was placed in the middle of the room where the air is calm. A thick
frigolit plate was then mounted over the condenser. These arrangements resulted in the system
behaviour that usually appears when it is placed against a wall. It should also be mentioned

Figure 3.2 The IR-camera in
position for evaporator filming
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that the thermocouples are mounted on the surface at the back of the evaporator, and the air
temperature affects the measurements.

3.3 Pressure transducers
The aim of these measurements was to study how the pressure differences in the system is
building up in the beginning of the compressor on-period, and to find connections between
the pressures and the refilling events. The cabinet with small evaporator, the same as in the
thermocouple measurements was used (ER8893C). To survey the course of events, the cycle
was plotted in a h-logp diagram at different times. For this, pressures and temperatures at
certain positions were needed. During these tests, thermocouples were mounted in the same
positions as earlier, except for one that was moved from the condenser to the suction line, see
Appendix A. Because of the earlier placement of the thermocouples, the “inlet pressure” of
the evaporator was measured at position T1, which is actually some 15 cm from the real inlet.
Absolute pressure transducers were mounted on both sides of the compressor and the pressure
drop over the condenser was measured with a differential pressure transducer. On the low
pressure side, two differential pressures were measured, one over the evaporator and one over
the suction line with the heat exchanger as can be seen in fig3.3.

To connect the transducers, branches were welded at some positions of the tubing and
pressure taps were mounted on the evaporator (see figure 3.4). The positions of the welded
branches can be seen in appendix G. These modifications of the system resulted in a larger
inner volume, but since capillary tubes were used for the extensions, the system should not be
affected in a way that influences the results. A hole was drilled in the cabinet roof to let the
capillary tubes out to the pressure transducers. The heat leakage into the cabinet was also
increased, because of this.

Condenser

Evaporator

Suction line
heat exchanger

P1

P2

 ∆P
Suction

∆P
Cond

 ∆P
Evap

Figure 3.3 Placement of the pressure transducers. The expansion device
is actually a capillary tube going all the way from the condenser inside
the suction line, creating a suction line heat exchanger.
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Figure 3.4 The evaporator connections
for the pressure transducers. All
connections for pressure readings can
be seen in appendix G.
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4. EXPERIMENTAL RESULTS

4.1 Infra red filming
Using the infrared camera it was possible to see how the refrigerant front was moving through
the evaporator ducts. Figure 4.1 shows the refrigerant at three different positions. Behind the
refrigerant front, the cooling capacity is much higher than in the superheated area, which
results in a lower temperature.

4.1.1 Animations
First of all, the films gave a good general view and understanding of the system behaviour
and the refilling of the evaporator. To have easy access to these results, animations were made
of stills from the films. One that shows the first twelve minutes after start, until the evaporator
is completely refilled and another one that shows the first three minutes after the compressor
is turned off. Both these animations were made with stills taken every ten seconds. Each
animation shows the evaporator, the whole condenser, and a close-up of the lower part of the
condenser. Some stills from these animations are shown in appendix D and E.

4.1.2 Refrigerant front
Earlier observations, as well as the IR-films, show that the evaporator is emptied of
refrigerant at compressor start, and after that it takes some time to refill the evaporator. It is of
interest to study the “refrigerant front”, to see how fast the evaporator is refilled. But since the
used cabinet was affected in some ways, it was necessary to find connections between the
front in the films and the measured temperatures. In that way, the refrigerant front could be
observed simply by fitting thermocouples to an evaporator. But first we take a look at the
definition of “refrigerant front”. The flow through the evaporator is not a pure liquid flow ,
there is two-phase flow and superheated vapour. The different types of two-phase flow in a
vertical tube can be seen in figure 4.2. In the evaporators in question, it is likely to have flow
patterns between “slug flow” and superheated vapour if the tube is vertical, and between
stratified and superheated in a horizontal tube. The preferred is an annular flow, which has a
wet surface over the duct walls, and gas flow inside. This results in an effective evaporation at
the same time as the amount of refrigerant that is needed to fill up the evaporator is
minimised. So hereafter, refrigerant front means the front of the annular flow.  It is worth
noticing that the zone with drop flow has cooling effect, which results in a “pre-cooling” of
the observed refrigerant duct. This is a possible error in the following discussion. Another
error is the thermal mass dependence of the aluminium in the evaporator, that results in a
delay before the thermocouples and IR-camera can detect the refrigerant front.

Figure 4.1 Infra red pictures of the evaporator at three different times; 1, 3 and 5
minutes after compressor start. The temperatures are represented by colours in a
spectrum from blue to red with increasing temperatures.
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The next step was to compare the films where the estimated front reaches some thermocouple
position with the measured temperature and try to find a connection. Stills from the
evaporator film and temperature graph for thermocouple T6 can be seen in figure 4.3.
The result of this investigation was that the refrigerant front arrives at a position where the
temperature reaches the evaporation temperature. This makes sense, as the superheated
vapour always has a higher temperature, while the evaporation takes place at a constant
temperature. This knowledge will be used later as we will see.

Figure 4.2 The different flow patterns for
the refrigerant in a vertical tube.
Superheated vapour followed by drop flow
and then the annular flow that represents
the actual refrigerant front. In the
evaporator the patterns between slug flow
and superheated vapour are likely to be
found. [Picture from Collier, J.G.]
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Figure 4.3 Stills from the evaporator film taken with 20 seconds interval. Number
3 was chosen as the moment the refrigerant front arrives at position T6. The
corresponding times are also marked in the diagram.
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4.2 Thermocouples
These measurements were carried out for several reasons. Most important was to study the
refilling time for an evaporator that was not affected by changes of the cabinet. With the
method described above, the times that the refrigerant front arrived at the thermocouple
positions could be estimated. The liquid suction at compressor start was also studied.

4.2.1 Evaporator filling ratio
The evaluation of these results is based on a comparison with an evaporator working under
“ideal conditions”. In this case, the ideal evaporator is said to be completely filled with
refrigerant through the whole compressor on-period, which means no superheat. If we
introduce the term “filling ratio” meaning the part of the evaporator that is filled, then this
ideal evaporator has filling rate = 1 (see figure 4.4).

The next figure, 4.5, shows the expected behaviour of a cycling system. Before the refrigerant
has returned, the filling rate is zero, and then during the refilling time increases until the
evaporator is completely filled. During the rest of the compressor on-time, the evaporator
works like the ideal evaporator above.

There is a weak point in this discussion , namely the statement that there is no refrigerant in
the evaporator before it has started to refill. This is not true, since most of the refrigerant is in
the evaporator at compressor start. But the IR-films have shown, together with the
examinations on the evaporator with glass front done by Erik Björk, that the refrigerant leaves

Figure 4.5 Evaporator
during  cycling conditions.
The triangular area to the
left represents the part of
the evaporator that is not
used for evaporation but
superheat.

Figure 4.4 The ideal
evaporator is completely
filled with refrigerant
during the whole
compressor on-time.
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rapidly after start, and has a very limited cooling effect. In the following discussion, the
influence from that cooling effect is neglected. To convert the measured values to a filling
rate could be done in several ways. It was decided simply to regard the evaporator as a long
refrigerant duct, and to measure the distance between the thermocouple positions. So in this
case, the filling ratio is actually the distance that the refrigerant front has advanced, divided by
the total length of the evaporator duct. Since it could be of interest to compare the refilling
under different conditions, the compressor on-time is also normalised in the diagrams. That
means that the compressor is turned off at normalised compressor on-time = 1.
In this way the triangle seen to the left of the cycling system in figure 4.5, can be seen as the
cycling losses for the evaporator, which makes it easy to compare the different systems and
conditions.

The results from the thermocouple measurements were plotted in this way, and the diagram
for the small evaporator can be seen in figure 4.6. The area for the losses caused by superheat
(not completely refilled evaporator) is smaller for the case with thermostat set to maximum.
This makes sense since this increases the compressor on-time, and thereby the evaporator
works like an ideal evaporator for a longer time. For more information on the conditions for
the three measurements and the estimated losses, see appendix F.

The curves in figure 4.6 are based on values that were estimated from the temperature
diagrams. This might affect the result in some way.

The large evaporator was examined in the same way, with a few differences. One thing that
was obvious from these temperature measurements was that the temperatures at the outlet and
in the accumulator decreased immediately after compressor start, and were then close to the
evaporation temperature for the rest of the compressor on-period, see figure 4.7. This
indicates that the large evaporator keeps the refrigerant at start better than the small one. Also,
it seems as this evaporator did not refill completely during the compressor on-period, maybe
because of the very short compressor on-periods. Another possible reason is that the
conduction in the evaporator plate is pre-cooling the outlet, and making it impossible to see
when the refrigerant front arrives.

Figure 4.6 The refrigerant refilling plotted for the three different settings of the
thermostat. With the thermostat raise the system approaches the ideal evaporator.
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A refilling diagram was made for this evaporator as well, but since it was not possible to see
the refrigerant front near the outlet, this part was estimated with a dotted line, see figure 4.8.
As can be seen a large part of the evaporator is used for superheating. The conditions during
the measurements, and the estimated loss, are available in appendix F.
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Figure 4.7 The temperature measurements from the large evaporator
shows that lower ducts are the last to reach evaporation temperature.
Also, it can be seen that the temperatures near the outlet falls immediately
and stays near evaporation temperature. The placement of the
thermocouples can be seen in appendix B.
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Figure 4.8 The refrigerant refilling for the large evaporator. The dotted line at the
top is estimated, since the front could not be detected.
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4.2.2 The vertical duct
Some differences between the system behaviour at different thermostat settings were
observed, for the small evaporator. The time for the refrigerant front to move from position
T6 to T7 (see figure 4.9) increases with increasing average temperature in the cabinet. But
these results were in some aspects doubted. Both the results from the infrared camera and the
previous results from the glass front evaporator show that the refilling between T6 and T7 is
quite fast, while the part between T5 and T6 is slow. The interpretation of the results was
therefore that the slow part is actually between T5 and T6. Then why does the measured
temperatures indicate that it is not so? Probably the liquid in the vertical duct is quite close to
the position T6, and the pre-cooling from drop flow affects the results and make it look like
the front arrives early. The conclusion was that it is the section between T5 and T6 that is
slow to refill. Also, it seems like the vertical duct represent a larger resistance to the refilling
when the thermal load on the evaporator is higher (higher average temperature in the cabinet
air).

4.2.3 Liquid suction
Another thing that was done was to confirm that liquid slugs leave the evaporator when the
compressor starts. The temperatures of the compressor shell and the suction line during the
first two minutes after start were examined. If no refrigerant is vaporised in the compressor,
the shell temperature should start to rise pretty soon after start. But as we can se in figure 4.9,
there is no sign of the raise during the first minute. This and the fact that the temperature of
the suction line drops to approximately 2°C after start shows that liquid is leaving the
evaporator.

T5

T6

T7

Figure 4.9 Thermocouples T5
to T7. The slowest part to refill
is the vertical section between
T5 and T6.



Johan Nordenberg, October 2000

Redistribution of Migrated Refrigerant 18

4.3 Pressure transducers
The purpose of these measurements was mainly to study how the pressure difference between
condenser and evaporator is building up, and how long it takes. Using the measured
temperatures and pressures, the enthalpy in the corners of the refrigeration cycle could be
calculated and then the four corner points were then plotted in a h,p-diagram. The enthalpies
were calculated using Refprop. The cycle was then plotted in h,p-diagrams as in figure 4.11.

Positions before and after the compressor and before the capillary tube, comes directly from
the measured temperatures and pressures, while the inlet to the evaporator has been calculated
using heat balance over the suction line heat exchanger. It was assumed that the suction line
heat exchanger is ideal (no heat exchange with the ambient) and also that there is no heat
exchanged in it during the first ten seconds. Diagrams from different times can be seen in
appendix H.
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Figure 4.10 Temperature on compressor shell and suction line during the first
two minutes after start.
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An animation of such diagrams was also made to visualise the course of events. It is
important to notice that the plotted cycles have a limitation. They are based on measurements
at the positions needed to plot it, and what happens between these positions is not known. For
example, the first seconds after compressor start, there is superheated vapour at all four corner
positions in the cycle. Still, evaporation occurs in the evaporator, but since we do not know
the vapour quality at different positions, we can not observe this. Therefore, the cycle looks
like a gas cycle in the beginning, and then suddenly is converted to an ordinary refrigeration
cycle. But with this limitation in mind, it gives interesting information on the pressure build
up of the system. The evaporation pressure has also been converted to a saturation
temperature, which is shown together with the measured temperatures in figure 4.12. In
appendix I, two diagrams are showing the measured differential pressures, and the absolute
pressures in condenser and evaporator.
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Figure 4.11 The corners of the refrigeration cycle was plotted, and the cycle can
then be seen



Johan Nordenberg, October 2000

Redistribution of Migrated Refrigerant 20

The saturation temperature is always lower than the measured temperatures, but it is very
similar to the inlet temperature.

When it comes to the connections between the system pressures and the refilling of the
evaporator, only one was found. At compressor start, the saturation temperature (evaporation
pressure) was lowered very fast. When refrigerant suddenly returned through the capillary
tube and evaporation began, the saturation temperature was immediately stabilised. In this
way, it is possible to detect the exact moment when refrigerant returns to the evaporator, see
figure 4.13. This is interesting since the temperature measurements involved a delay caused
by conduction in the aluminium plate.
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Figure 4.12
Evaporation pressure
converted into a
saturation
temperature.
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Figure 4.13 The saturation temperature (calculated from evaporation pressure)
and inlet temperature. When refrigerant returns, the drop in saturation
pressure is immediately stopped (moment marked with the dashed line).
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5. CONCLUSIONS AND DISCUSSION

This examination has confirmed that the small evaporator does not keep the refrigerant at
compressor start, and that the refilling time is very long. The large evaporator seems to have
some advantages when it comes to keeping the refrigerant at compressor start. On the other
hand, it is not completely refilled at the end of the compressor on-period.

These conclusions are based on the results from this project and also on the previous results
from the evaporator with glass front.

The results from the infrared films show that the vertical duct on the small evaporator is filled
up very slowly, and according to the thermocouple measurements, especially when there is a
large thermal load on the evaporator. The slow refilling in this duct can also be seen in the
evaporator with glass front and in that case, it can also be seen that the flow in the duct is not
annular but more like slug flow. One way to deal with this is to make a duct with a smaller
inner diameter. This would have two advantages. First, the volume to fill up with refrigerant
would be smaller, and thereby the refilling time should be shorter. Second, it would result in a
higher velocity of the flow, which would result in an annular flow. Since the annular flow has
a lower void fraction, this also increases the refilling speed. It is possible that a smaller inner
diameter results in a larger pressure drop, but if the annular flow is achieved, that must not be
the case. No calculation of the pressure drop has been made within this master thesis.

When it comes to the comparison between the large and the small evaporator, the knowledge
of the slow refilling of the vertical duct could be used. It is obvious that the large evaporator is
better on keeping the refrigerant at compressor start and the vertical duct before the outlet is
probably important to this. So the resistance in a rising tube can be useful if it is placed near
the outlet.

Another reason that the large evaporator keeps the refrigerant could be the different designs of
the accumulators. The large evaporator has an accumulator with two levels, while there is a
one level accumulator on the small evaporator. In the evaporator with glass front (small
evaporator), it has been observed that the liquid level sometimes starts to pendulate and the
liquid reaches the accumulator outlet. Liquid slugs are then leaving the accumulator. It is
possible that this phenomenon is avoided with the accumulator with two levels, but since
there is no glass front evaporator where this can be observed, this is pure speculation.

From the tests on the small evaporator it has been observed that the first part, with ducts
winding downwards, is rather quickly refilled. Since the upper part where the accumulators
are placed, is refilled late, this area of the evaporator has a low cooling capacity during a long
time. This can be seen in the IR-films; that part has a much higher temperature and therefore
less heat is transferred from the air to the plate. To achieve a high cooling capacity quicker

Figure 5.1 The two
different accumulators. At
the top; the model used for
the small evaporator. At
the bottom; the model with
two levels, used for the
large evaporator,.
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from a larger part of the evaporator, the ducts that are winding downwards could be placed
more centred to rapidly cool a large part of the plate.

The conclusions above have been summarised in two proposals of evaporator designs. The
first one, see figure 5.2, has the accumulators with two levels, which are placed at the bottom
of the evaporator. From the inlet to the outlet of the second accumulator the duct is always
going down; the only rising part is at the outlet were it helps keeping the refrigerant at
compressor start.

In the second variant, see figure 5.3, the ducts that are winding downwards have been centred.
Both accumulators are of the two level type. One of them is placed at the bottom and the
second one at the top. The only rising duct is between the accumulators. This would hopefully
result in an evaporator where the refrigerant is kept at start by the rising duct. If liquid passes
that part, the upper accumulator should separate the liquid from the gas so that no liquid
leaves the evaporator.

Figure 5.2 Proposal to evaporator design. Accumulators with two
levels which are placed at the bottom of the evaporator. Rising duct
between accumulators and outlet helps keeping the refrigerant at
compressor start.
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Figure 5.3 Proposal to evaporator design. The accumulators are of the
two level type, one at the top and one at the bottom.  The rising tube is
between the accumulators. The ducts that are winding downwards are
centred to cool down a large area of the plate fast.
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Appendix A

Placement of thermocouples on small evaporator (cabinet model ER8893C)

During the measurements with pressure transducers, the thermocouple T15
was removed from the condenser and placed immediately after the heat
exchanger on the suction line.

T1

T3

T2

T4

T5

T6

T7

T9

T8

T10

T11

T15

T14

T13

T16
T20

T12 Suction line
T17 Air cabinet
T18 Air ambient
T19 Compressor shell
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Appendix B

Placement of thermocouples on large evaporator (cabinet model ER8218C)

In figure 4.7, the following notations are used:

Lowest duct meaning T8
Upper accumulator meaning T10
Outlet meaning T11

T15

T14

T13

T16 T20

T12 Suction line
T17 Air cabinet
T18 Air ambient
T19 Compressor shell

T1

T3

T2

T4

T5

T6

T7

T9

T8

T10

T11



Johan Nordenberg, October 2000

Redistribution of Migrated Refrigerant 

Appendix C

Settings for the infrared camera

Camera: Thermovision 400
Lens: 40 x 40°/0,19m

Evaporator Whole condenser Close-up condenser
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Appendix D

Stills from the infrared films – start sequence
Camera settings according to appendix C
Time to the right indicates time elapsed after compressor start [seconds]

Time = 0

Time = 30

Time = 60
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Time = 90

Time = 120

Time = 150

Time = 180
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Time = 300

Time = 270

Time = 240

Time = 210
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Time = 360

Time = 390

Time = 330

Time = 420
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Time = 450

Time = 480

Time = 510

Time = 540
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Appendix E

Stills from the infrared films – stop sequence

Camera settings according to appendix C
Time to the right indicates time elapsed after compressor stop [seconds]

Time = 60

Time = 30

Time = 0
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Time = 90

Time = 180

Time = 150

Time = 120
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Time = 240

Time = 210



Johan Nordenberg, October 2000

Redistribution of Migrated Refrigerant 

Appendix F

Conditions during the thermocouple measurements

Small evaporator

Thermostat Low medium 3/4

Ambient temp. 25°C 25°C 25°C

Average temp. 8,2°C 4,3°C 0°C
in cabinet

Cycle length 45min 32s 55min 34s 97min 52s

Compressor 12min 4s 22min 20s 57min 28s
on-period

refilling losses 30% 11% 4%
for evaporator

Large evaporator

Thermostat medium 

Ambient temp. 25°C

Average temp. 3,9°C
in cabinet

Cycle length 40min 2s

Compressor 8min 44s
on-period

refilling losses 42%
for evaporator

The “refilling losses for evaporator” above, corresponds to the triangular “loss area”
in the refilling diagrams in chapter 4.
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Appendix G

Pressure transducer fittings

P1

∆Pcond

∆Pevap ∆Psuction

P2
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Appendix H

h,logp-diagrams from pressure measurements
The number at the lower right corner indicates time elapsed after compressor stop
[seconds]
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Appendix J

Equipment used during the project

Domestic refrigerator Electrolux, model ER8893C
Domestic refrigerator Electrolux, model ER8218C
Data acquisition/switch unit: Hewlett Packard 34970A
Thermocouples type T (copper-constantan)
DV-camera: Sony Mini DV model DCR-TRV 900E
Infrared camera: Thermovision 400, Agema infrared systems
Pyro digital video 1394 DV
Pressure transducer Druck PDCR 2160 350 mbar, 2 pieces
Pressure transducer Druck PDCR 2160 700 mbar
Pressure transducer Druck PTX 510-I 0 to 16 bar
Pressure transducer Druck PTX 510-I -1 to 2,5 bar

Software:
Microsoft Excel 97 SR-2
Microsoft Word 97 SR-2
HP VEE 5.0
Visio Technical 5.0
Gamani GIF Movie Gear 3.0
NIST REFPROP 6.01
Isobutane diagrams, Excel programming by Joachim Claesson,

Dept. of Energy technology, Royal Institute of Technology Stockholm
Media Studio Pro 6.0 VE
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