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The refrigerant distribution in a brazed plate heat exchanger evaporator with distributor has been stud-
ied with a thermographic camera working under different conditions of inlet vapor quality, superheat,
and water temperature drop. The thermographies have shown a clear uneven thermal distribution except
when superheat is null. In most of the cases, they show that a great part of the liquid accumulates at
the end channels of the evaporator. The degradation of the evaporator performance is higher when the

Keywords: water temperature drop has a similar or higher value than the superheat. On the other hand, when the

Brazed plate heat exchanger superheat is significantly higher than the water temperature drop, the evaporator performance is very

Evaporator similar to situations in which there is an even distribution of the refrigerant. The registered evaporation

g;ﬁffi_gefant maldistribution temperatures are much lower for the case of 13 K of water temperature drop, highlighting the impor-
ciency

tance of the influence of this parameter on the evaporator performance. This research is described in
two parts, Part A (present paper) including the description of the experimental campaign, the obtained
experimental results and the results discussion and Part B including an analysis of the degradation of the
evaporation temperature due to the refrigerant maldistribution as well as a deeper analysis of the reg-
istered temperatures and of the causes for the great degradation observed when the water temperature
drop is increased.
© 2021 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

Mauvaise distribution du frigorigene dans les évaporateurs d’échangeurs de
chaleur a plaques

Mots-clés: Echangeur 3 plaques brasées; Evaporateur; Mauvaise distribution du frigorigéne; Rendement

1. Introduction

Refrigerant maldistribution in evaporators is a well-known
problem that could reduce significantly the performance of this
component affecting negatively the global system efficiency, there-
fore it has been studied in the Literature for different heat ex-
changers typologies.

* Corresponding author.
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Some research has been dedicated to the characterization of
the two-phase flow distribution when the flow is divided is sev-
eral parts. For instance, (Vist and Pettersen, 2004) investigated the
vapor quality distribution in heat exchanger manifolds, conclud-
ing that thermal performance can be significantly degraded due
to liquid/vapor maldistribution. From their observations, vapor is
taken out in the first channels when the inlet quality was low
(x = 0.11) but distributes evenly in the first channels when qual-
ity is increased. However, no mention about the superheat in the
evaporator during the measurements was made.

The refrigerant maldistribution can be very different depend-
ing on the flow pattern developed at the distributor. Flow visual-
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Nomenclature

BPHE Brazed Plate Heat Exchanger
dTw Water temperature drop across the evaporator (K)
m Mass flowrate (kg s—1)

PHE Plate Heat Exchanger

SH Superheat (K)

T Temperature (°C)

Tevap Evaporation temperature (°C)
Teond Condensation temperature (°C)
X Vapor quality (-)

Subscripts

in inlet

w water

ref refrigerant

ization in microchannels before entering the evaporator channels
recognized two patterns: churn and separated flow. As it is com-
mented in (Zou and Hrnjak, 2013) churn flow occurs when liquid
and vapor phase are homogeneously mixed, whereas in separated
flow, the different layers of vapor and liquid are perfectly sepa-
rated. (Madanan et al., 2018) investigated the two-phase flow dis-
tribution of an air/water mixture from a U-type manifold into six
and eight parallel horizontal mini-channels. The vapor phase distri-
bution resulted to be dependent on the flow regime. A monotonic
decrease was observed in case of slug flow and six channels, while
oscillations occurred for the experiments with eight channels and
plug flow.

In order to reduce the penalty of this problem in fin and tube
evaporators some strategies have been employed following one of
these two approaches:

1 Separating liquid and vapor and then distributing each one sep-
arately.

2 Generating a churn flow with a very good mixing of both
phases and then introducing a distributor with a high pressure
drop, avoiding in that way that the distribution could be al-
tered by the different pressure drop generated along the differ-
ent evaporator channels/circuits, due to differences in the inlet
vapor quality.

Given the technological difficulties of approach 1, approach 2
is the most common solution adopted nowadays in the distribu-
tors in fin and tube heat exchangers (Fay, 2011) but also some de-
velopments can be found in the Literature following approach 1
(Hoesel, 1936).

In fin and tube heat exchangers, the problem of maldistribu-
tion of refrigerant is coupled with the problem of the maldistribu-
tion of air flow, leading frequently to an important deterioration
of performance. A number of research studies have been dedicated
to reduce this problem by either active flow control of the refrig-
erant flow through each refrigerant circuit (Kim et al. 2009), or
by alternative designs of the refrigerant circuit (Bach et al., 2014;
Bahman and Groll, 2017).

In microchannel heat exchangers, some use flow remedies to
prevent separated flow along the inlet header (Jiang et al., 2010),
and (Taras et al., 2010), or developing special nozzles to create a
homogenous mist flow (Hrnjak, 2004). For this kind of heat ex-
changers, some solutions following approach 1 can also be found
in the Literature, e.g. (Elbel and Hrnjak, 2004) proposed an im-
provement for achieving better refrigerant distribution based on
this approach. The solution consisted of separating the liquid
phase from the vapor phase after the expansion valve. In this
way, only liquid is flowing to the microchannel heat exchanger
while the vapor phase is being bypassed. Thermography pictures
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showed clearly a more uniformly distributed superheat with this
flash gas removal system. Furthermore, better system performance
was observed when using the separation device. Tuo and Hrn-
jak, (2013) revisited the refrigerant maldistribution problem in mi-
crochannel evaporators and highlighted the important effect of the
pressure drop along the channels on the maldistribution.

Also active methods can be applied to improve the distribution.
(Tingaud et al, 2013) showed that by using ultrasounds in the inlet
manifold it is possible to significantly improve the distribution of
a two-phase flow among vertical channels.

In Plate Heat Exchangers (PHE), the precise determination of
the real refrigerant mass flowrate in each refrigerant channel is
very difficult. Some research has been done in one phase flow in
PHE. (Bassiouny and Martin, 1984a, 1984b) presented early studies
on the influence of plate arrangements on flow distribution, their
results indicated that the manifold diameter and number of chan-
nels have great influence in maldistribution. (Bobbili et al., 2006)
analyzed experimentally the influence of the maldistribution in the
thermal performance in PHE working in single-phase. (Thonon and
Mercier, 1996) observed that Z-type plate arrangement have more
tendency to suffer maldistribution. Regarding Brazed Plate Heat Ex-
changers (BPHE) not so many works can be found in the Literature.
Among them it should be mentioned the one performed recently
by (Li and Hrnjak, 2019) analyzing maldistribution in single phase
flow.

Regarding two phase flow maldistribution in BPHEs, although
the problem is well known (Jensen et al., 2015), and some solu-
tions have been adopted by the main manufacturers in order to
achieve a better refrigerant distribution, see for instance (SWEP,
n.d.) where a system that feeds homogenously with refrigerant all
channels has been developed, or the introduction of what is called
equalancer distributor (Stenhede and Alfa Laval AB, 2008), from the
practical point of view, there is not a definitive solution for this
problem.

As mentioned before, infrared thermography has been used in
order to study this phenomenon mainly in air to refrigerant heat
exchangers, because its relatively easy access to the frontal area.
(Bowers et al., 2010), or (Longo, 2010a, 2010b) used thermogra-
phy in microchannel heat exchangers to visualize the two-phase
flow region for different outlet vapor qualities and superheats of 5
and 10 K and to outline a methodology to quantify both refrigerant
maldistribution and effective usage of the heat exchanger respec-
tively.

In the present paper, the refrigerant maldistribution problem in
a BPHE evaporator with a distributor is going to be analyzed as a
function of the operating parameters: evaporator inlet vapor qual-
ity, evaporator superheat and water temperature drop across the
evaporator, covering a wide range of their typical variation. This is
the first time, that the refrigerant maldistribution has been studied
systematically in a BPHE, and in such a large scope.

Part A includes the description of the experimental campaign,
the obtained experimental results, and the results discussion. Part
B includes an analysis of the degradation of the evaporation tem-
perature due to the refrigerant maldistribution as well as of the
influence of the other operating conditions, and additionally, a
deeper analysis of the registered temperatures and of the causes
for the great degradation observed when the water temperature
drop is increased.

2. Experimental set-up test matrix

In order to proceed with evaporator characterization, a test
bench for the characterization of water to water heat pumps was
used. The test bench was able to control the water mass flowrate
through the evaporator and the condenser in such a way that it
allows maintaining a constant water temperature drop at a con-
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Fig. 1. System layout and refrigerant cycle
Table 1 and hence the vapor quality at the evaporator inlet. Its operation
Components of the heat pump system principle is shown in Fig. 1 (down); in steady state conditions, the
Component Type Size liquid receiver must be in saturated conditions, this fact produces
Compressor Scroll (2900 rpm) 20.6 m3h-1 that changm_g the pressure drop introduced by thg thrott!mg valve,
Condenser BPHE Counter-flow 3.5 m2 the system is able to control the amount of refrigerant inside the
Evaporator BPHE Counter-flow 6 m?2 liquid receiver and the heat pump subcooling. Between the liquid
'é‘q‘”d _rece“’elr . i Ex6 331 W receiver and the evaporator there is an electronic expansion valve
Xpansion valve ectronic EX- K . . .
Throttling valve  Electronic EX-5 39 KW which allows the control of superheat. Therefore, this experimental

stant inlet water temperature in both heat exchangers. The design
and control of the heat pump allows to fix the subcooling and
superheat independently. Table 1 shows the characteristics of the
main components of the test bench. The system was operated with
propane as refrigerant. The charge was about 5 kg, but we should
point out that it was just a laboratory prototype not designed for
minimum charge at all.

The layout of the heat pump is shown in Fig. 1 (dash lines of
the circuit are not active for normal operation). Between the con-
denser and the liquid receiver there is a throttling valve, this valve
allows the control of the subcooling at the outlet of the condenser
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set up allows a stable control of the vapor quality at the evaporator
inlet (subcooling at a condensing temperature) and the superheat
at the evaporator outlet.

The system topology shown in Fig. 1 allows working in stable
conditions at superheats higher than 5 K. In order to work in sat-
urated conditions at the outlet of the evaporator, the circuit of the
heat pump has to be modified in such a way that the liquid re-
ceiver is placed at the outlet of the evaporator, the throttling valve
is then deactivated and the expansion valve controls subcooling in-
stead of superheat. This configuration is able to fix the superheat at
0 K, while the only active control inside the heat pump is related
with the subcooling and hence the evaporator inlet vapor quality.

The green box in Fig. 1 indicates the BPHE evaporator. The
main characteristics of the evaporator are 120 plates, capacity of
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Table 2
Instrumentation used in the test rig
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Model Relative accuracy ~ Absolute accuracy
Pressure P 1151 Smart GP7 Rosemount 0.12 % of Span 0.03 bar

P 1151 Smart GP8 Rosemount 0.15 % of Span 0.08 bar

P 3051 TG3 Rosemount 0.14 % of Span 0.04 bar
Temperature RTD Class 1/10 DIN - 0.06 K
Mass Flow Coriolis SITRANS F C MASS 2100 0.3 % of Reading
Thermography Camera FLIR P640 0.3% 1K

R290 out

R290 in

Water in

Thermographies are

taken from this side

Water out

Fig. 2. Picture of a frontal view of the evaporator and a transversal view with the location of the inlet/outlet ports

40 kW at the nominal point, a horizontal port distance and verti-
cal port distance of around 50 mm and 500 mm respectively, and
approximately a 6 m2 heat transfer area. The evaporator has ori-
fices at the inlet of each refrigerant channel in order to minimize
the refrigerant maldistribution.

Fig. 1 (up) also shows all the instrumentation used in the test
unit. There is a water loop in the condenser and in the evaporator,
each water loop has a temperature sensor at the inlet and outlet of
the water side and have a Coriolis mass flow meter to measure the
water mass flowrate. The water pumps of each circuit are equipped
with an inverter which adjusts the water mass flowrate in such a
way that the water temperature drop can be kept constant. More
detailed information about this system can be found in (Hervas-
Blasco et al., 2019).

Regarding the refrigerant circuit, two RTDs are placed in each
inlet and outlet of both heat exchangers. Three pressure transduc-
ers are installed in the refrigerant side, at the compressor inlet and
outlet and in the liquid receiver. This last pressure sensor consti-
tutes a way to verify the subcooling value. The mass flowrate in
the refrigerant side is determined by means of a heat balance be-
tween the water side and the refrigerant side. The relative and ab-
solute accuracy of each device are shown in Table 2.

To investigate the refrigerant distribution, the temperature of
the evaporator side was measured using a FLIR P640 infrared cam-
era. The accuracy of the camera is shown in Table 2, it should be
pointed out that although the estimation of the exact temperature
has 1 K uncertainty, the sensibility of the camera is of 30 mK. The
IR camera was set to a measuring range of -40 to 120°C.

Fig. 2 shows a picture of the evaporator installed in the system
and a frontal view with the location of the refrigerant and water
inlet/outlet ports. As it can be seen in the picture, the transversal
side of the evaporator was covered with a non-reflective painting
in order avoid any possible dispersion derived from undesired en-
vironmental radiation reflections. As can be seen, the infrared ther-
mographies were taken of the side of the BPHE closer to the water
inlet and outlet ports.

With this experimental setup and considering the possible fac-
tors having an influence in the refrigerant distribution, the refrig-
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erant distribution in the evaporator was investigated for an evapo-
rator outlet superheat (SH) ranging from 0 K to 15 K, an evapora-
tor inlet quality (x) from around O to 0.3, and two different values
of the water temperature drop across the evaporator(dTw) 5 and
13 K.

With the available experimental setup it was not possible to
reach full liquid conditions at the inlet of the evaporator (x = 0).
Of course, one could assume that in those conditions the distri-
bution would be, if not completely even, very close to it, since the
refrigerant liquid velocity is very low and so that the pressure drop
along the port and distributor would also be low. Anyhow, we were
able to perform, as indicated, a series of tests with low values of
the inlet vapor quality, all close to 0.06.

The test matrix for the inlet vapor quality and the superheat
is represented in Figure 3. Since the application of the heat pump
unit was heat recovery from low temperature waste heat, water
inlet temperature was always kept at 20°C. The testing campaign
consisted of the repetition of the indicated matrix for two different
values of the water temperature drop (dTw) across the evaporator:
5 and 13 K. The decision of taking 13 K, a value in between 10
and 15, was because we only wanted to have two levels for this
parameter (5 and 13) and we wanted to cover a range similar to
the one selected for the superheat (0-15). Nevertheless, as it will
be described later on, we also performed some tests with a finer
variation of this parameter in order to check the linearity of its
effect on the evaporation temperature.

3. Experimental results

Table 3 and Table 4 show the corresponding IR thermographies
for a water temperature drop across the evaporator of 5 K and 13 K
respectively. The maximum temperature of the thermography scale
is set to 20 °C since the water inlet temperature is always kept at
that temperature, while the minimum is set to 5°C for the case of
dTw = 5 and to -5°C for dTw = 13, what gives an adequate scale
to distinguish the different regions for each case.

The values shown in the different columns represent different
superheats and the values shown in the different rows represent
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Table 3
Thermographies for dTw= 5 K with variation of inlet quality and superheat. Thermography scale 5°C/20°C

SH=0 SH=5 SH=10 SH=15
Tevap=12.34°C

Tevap=10.34°C  Tevap=9.00°C  Tevap=4.61°C

20.0°C
0

x=0,06

Tevap=12.81°C  Tevap=8.37°C  Tevap=7.39°C  Tevap=4.61°C

o

Tevap=10.01°C  Tevap=8.80°C Tevap=4.81°C

x=0,20

Tevap=13.34°C

[l

Tevap=12.71°C  Tevap=9.50°C Tevap=4.92°C

6
Table 4

Thermographies for dTw= 13 K with variation of inlet quality and superheat. Thermography scale -5°C/20°C

x=0,30

SH=0 SH=5 SH=10 SH=15
Tevap=4.04 °C Tevap=-1.02 °C Tevap=-1.82 °C Tevap=-1.88 °C
200°C
x=0,06 e
2l _ 16
Tevap=5.97 °C Tevap=-2.46°C  Tevap=-1.88 °C 14
12
x=0,14 10
__ 8
Tevap= 6.20 °C Tevap=3.52°C Tevap=-2.45 °C Tevap=-2.31 °C
6
4
x=0,20 -
2

o

Tevap= 6.04 °C Tevap=4.81 °C Tevap=3.67 °C Tevap=-0.46 °C

e
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Fig. 3. Experimental test matrix for the inlet vapor quality x (-) and the superheat
SH (K)

different evaporator inlet qualities. It should be reminded that,
both refrigerant and water, flow from left to right at their respec-
tive distribution channels, top for the water, bottom for the refrig-
erant. The refrigerant flows upwards, and the water downwards in
countercurrent configuration. It should be noticed that the thermo-
graphies are taken of the side of the BPHE as indicated in Fig. 2,
and that both top and bottom correspond to the inlet and outlet
water distribution channels.

The measured evaporation temperature (Teyvap) is shown on the
top of each thermography.

The following observations can be made from the thermogra-
phy pictures presented in Table 3 and Table 4:

The thermographies correspond to the lateral of the evaporator,
where both water and refrigerant channels are brazed; therefore,
it is difficult to know the influence of each fluid temperature on
the registered temperatures. The temperature at the top is always
very close to the water inlet temperature, 20°C. The evaporation
temperatures at water temperature drop of 13 K are much lower
than at 5 K.

The temperature fields in the case of null superheat are very
different from the others, showing a much more uniform field,
and no apparent degradation because maldistribution. Moreover,
the evaporation temperatures with null superheat are much higher
than the ones corresponding to higher superheats. Additionally, the
evaporation temperatures at null superheat seem quite indepen-
dent of the refrigerant inlet quality, with the lower values corre-
sponding to the lower inlet qualities. This being explained by the
fact that lower qualities mean a higher amount of liquid refrigerant
to evaporate, therefore requiring lower evaporation temperatures.

At water temperature drop 13 K and the lowest inlet vapor
quality, the final channels (right hand side) seem to have a very
high temperature, possibly indicating a starvation of refrigerant.

The measured evaporation temperature is, very frequently, con-
siderably lower than the temperatures registered at the bottom of
each picture.

There are clearly marked areas with high temperatures, close to
the water inlet temperature. Those areas increase with superheat.
Both facts indicate that those are probably areas with a lot of vapor
in the refrigerant channels and therefore the heat transferred to
the water is very low. Those areas very probably correspond to dry
out areas where the vapor is superheated, therefore, the rest of the
areas should contain two-phase refrigerant flow, and it is where
basically the evaporation takes place.
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Figure 4. Hypothesized parts of the evaporator

The two-phase flow region is clearly not even, showing a longer
rise (with marked lower temperatures) at the right hand side. The
end of this area at the top is, mostly, very close to the inlet dis-
tributor channel for the water, indicating that the evaporation is
maybe not completed on those channels, and some refrigerant lig-
uid is probably arriving to the outlet. This is always the case when
the water temperature drop is 13 K for all the tested superheats
and inlet qualities. However, when the water temperature drop is
5 K, the same tall area (with marked lower temperatures) on the
right hand side is visible but it only seems to reach the top at low
superheats. At higher superheats the area is still distinguishable
but ends much before the top, indicating that all the refrigerant
liquid has evaporated and above there is only vapor getting super-
heated. As it can be observed, the portion of channels with this
pattern is approximately around 33%, globally.

The fact that this 33% of the channels is located at the right
hand side, and that this region seem to have difficulties in evap-
orating all the circulating refrigerant, seem to prove that the re-
frigerant is not evenly distributed among the refrigerant channels,
and that a good portion of the liquid refrigerant entering the evap-
orator is accumulating at the end of the distributor channel, at the
right hand side of the evaporator, and flooding those channels with
liquid refrigerant.

Fig. 4 shows a schematic with a fictitious division of the evap-
orator in two parts, the part on the right, which channels, as hy-
pothesized, could be flooded with liquid refrigerant, and the one
on the left, which channels have a higher vapor inlet quality and
shows a large superheating area on the top. The thermography cor-
responds to the case with 13 K water temperature drop, inlet qual-
ity 0.14 and superheat 5 K.

As can be observed in Table 3 and 4, this distribution of the
evaporator channels in two parts, which clearly seems to be corre-
lated with the maldistribution of refrigerant among the channels,
is not very influenced by the superheat. When the superheat in-
creases, the superheated region of all channels tend to increase,
but the distribution of channels is more or less the same.

The effect of the inlet quality on the maldistribution seems to
be even weaker on the observed thermal profiles, except at the
lowest inlet quality. At qualities close to 0.06, a more complex
maldistribution appears with the flooded channels moving towards
the center of the evaporator, and it seems, with a certain starvation
of refrigerant of the end channels at the right.
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Fig. 5. Thermographies for several tests of the case with inlet vapor quality about 0.2, superheat 10 K and dTw = 5 K. Thermography Scale: 10°C/20°C.

Table 5

Registered measurements at several tests of the case with inlet vapor quality about 0.2, superheat

10 K and dTw = 5 K.

Test 1 Test 2 Test 3 Test 4 Absolute uncertainty
dTw (K) 4.83 4.76 4.71 4,67 0.4
Tevap (°C) 9.26 8.80 8.78 8.72 0.2
Tcond (°C) 44.6 44.8 45.0 45.1 0.2
Xin (-) 0.195 0.199 0.200 0.198 0.003
SH (K) 10.6 11.0 10.4 10.3 0.4
Ref. mass flowrate (kg s=')  0.1017 0.1002 0.1000  0.0993 0.0004

A number of tested points were repeated, always showing the
same results. However, at inlet vapor quality about 0.2 and super-
heat 10 K for the case with water temperature drop of 5 K a cer-
tain variation of the maldistribution was observed, and therefore
the tests were repeated several times.

Fig. 5 shows the corresponding thermographies, and Table 5 the
values of the registered data. As can be observed, the values of the
operating conditions are very close to each other. However, as can
be seen in Fig. 5, it seems that for this case there are two pos-
sible distributions for the refrigerant among the channels. Tests 3
and 4 present the same maldistribution seen in most of the cases,
with refrigerant liquid accumulating at the end channels. However,
tests 1 and 2 show a more even distribution, with also some accu-
mulation at the end channels but of lower intensity. It should be
pointed out that the distribution of tests 3 and 4 are much simi-
lar than the other ones to the tests with the same conditions but
lower (5 K) or higher superheat (15 K), as can be seen in Table 3.
Anyhow, the influence of maldistribution at these conditions seems
to have very little effect on the evaporator performance, since, as
it can be seen in Table 5, the registered values of evaporation tem-
perature are very close to each other, with just slightly higher val-
ues for tests 1 and 2, which are consistent with a clearly better
refrigerant distribution. Tests number 1 to 4 were done trying to
approach the operating conditions in a different way each one. It
is obvious that the way to approach the test point had an influ-
ence on the distribution of the refrigerant. However, no correlation
between the way and the result was found. This phenomenon of
variation of the distribution was only observed at this point and,
interestingly, at the same conditions but with dTw = 13 K, with
very similar characteristics, although with a higher influence on
the resulting evaporation temperature.

These obsevations seem to indicate some kind of hysteresis
which we interpreted could be caused by how the refrigerant lig-
uid is actually distributed at the distribution header (at the bot-
tom of the heat exchanger) before changing the operation point,
meaning that when you change the operating conditions the new
distribution you get could depend on the initial distribution of the
liquid that was obtained in the previous test point. In any case, as
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mentioned above, the registered variation of the evaporation tem-
perature was always small, just the thermography appeared a bit
different.

4. Evaporation temperature

Fig. 6 presents the measured evaporation temperature as a
function of the inlet vapor quality and superheat for the water
temperature drops (dTw) of 5 K (blue surface) and 13 K (green sur-
face) respectively. Two different views (left, and right) are shown
in order to allow a better understanding of the shape of the
surfaces. The surfaces are generated after applying a TPS (Thin
Plate Spline gridding) interpolation technique, basically consisting
in bending a surface in a way that it adapts to the experimental
points (Donato and Belongie, 2002). The measured points are indi-
cated as dots. It can be observed that the surface is very close to
all points but it is not forced to pass exactly through the experi-
mental points.

As it can be clearly distinguished in Fig. 6, the evaporation tem-
perature first depends on the water temperature drop across the
evaporator, with very much lower values at dTw = 13 K. The shape
of the surfaces is also different. Both have a trend to decrease
with superheat, with a sudden decrease from null superheat. At
dTw = 13 K, also the inlet vapor quality seems to have a strong ef-
fect with a decreasing trend as the quality is decreased. This trend
is not the same at dTw = 5 K, showing a valley shape with mini-
mum values at intermediate qualities.

In order to verify the variation of the evaporation temperature
with the water temperature drop, a set of additional tests were
performed for the conditions of X = 0.14 and superheats 5 K and
10 K. Fig. 7 presents the corresponding thermographies and the
evaporation temperature vs. the water temperature drop for su-
perheats 5 K and 10 K. First, it can be seen that the shape of
the thermographies is more or less the same, with a higher su-
perheated region logically at superheat 10. The distribution in two
evaporator parts, as described, is clearly present, with greatest dif-
ferences between them at the higher dTw. The evaporation tem-
perature decreases more or less monotonously with dTw, with a
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Fig. 7. Evolution of evaporating temperature as a function of the water temperature drop for superheats 5 K and 10 K, and 0.14 inlet vapor quality.

sharper drop at superheat around 7 K for SH = 5 K, and around
8 K for SH = 10 K. Therefore, it seems that the temperature drop of
the water across the evaporator has a clear influence on the evap-
oration temperature but has little effect on the refrigerant maldis-
tribution.

In order to better understand the influence of the operation
conditions on the evaporation temperature, Fig. 8 shows the evap-
oration temperature isoline-maps corresponding to the two tested
water temperature drops. The temperature scale is the same for
both cases, ranging from the lowest to the highest registered evap-
oration temperatures (-3.25 °C to 13.4 °C). Again, the first thing
to highlight is the great differences in evaporation temperatures
depending on the operating conditions and mainly on the water
temperature drop across the evaporator.

The minimum evaporation temperature at dTw = 13 K is -
3.25 °C and it is located approximately at an inlet vapor quality
of 0.15 and superheat 8 K. Minimum evaporation temperatures at
dTw = 5 K are find at the highest superheats with values around
5°C, but there is a local minimum around 9 °C located approxi-
mately at an inlet vapor quality of 0.15 and superheat 6 K. As it
can be observed in Fig. 8 (left) at dTw = 5 K, the evaporation tem-
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perature mainly depends on the superheat with a general trend
to decrease as the superheat increases. This effect is natural in
all evaporators since the superheat needs a temperature difference
between the water inlet temperature (20°C in this case) and the
evaporation temperature, at least higher than the required super-
heat. However, some effect of the vapor inlet quality is clearly seen
with lower values of the evaporation temperatures around vapor
qualities about 0.15. In contrast, The influence of vapor quality and
superheat at dTw = 13 K are both important with a very sudden
drop of evaporation temperature for superheats greater than 5 K
and vapor qualities lower than 0.3, forming a plateau with very
low evaporation temperatures.

Finally, it should be pointed out that the refrigerant mass
flowrate was not kept constant in this study because we wanted
to take into account the influence that the evaporation tempera-
ture has on the compressor mass flowrate. Therefore, all tests were
performed with the compressor running at fixed speed. Conden-
sation temperature was left to vary depending on the refrigerant
flowrate. In this way, the influence of the evaporation temperature
on the refrigerant mass flowrate is very close to the one occurring
during the actual operation of the system.
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Fig. 8. Measured evaporation temperature map in °C with isolines vs. superheat and inlet vapor quality, for dTw = 5 K (left), and dTw = 13 K (right).
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Fig. 9. Measured refrigerant mass flowrate (with the corresponding uncertainty
bars) vs. evaporation temperature

Fig. 9 shows the evaporation temperature results versus the cor-
responding refrigerant mass flowrate. As it can be observed, there
is a quite linear increasing dependence between the mass flowrate
and the evaporation temperature. This slope mainly corresponds
to the combined effect of the increase of refrigerant density at the
compressor suction, and the reduction of the pressure ratio, when
evaporation temperature increases. The scattering around the trend
line is mainly due to the variation of the compressor flowrate be-
cause of the variation of the condensation pressure and of the su-
perheat.

Fig. 9 demonstrates that if the evaporation temperature is low
in some conditions, it is not due to a variation of the refrigerant
mass flowrate since a decrease of the mass flowrate will lead to
an increase of the evaporation temperature. For the same reason,
it means that if the tests would have been performed at constant
refrigerant flowrate the observed degradation of the evaporation
temperature would have been greater.

The refrigerant mass flowrate was estimated from the heat bal-
ance at the condenser, and at the evaporator, as the average be-
tween both estimated values. Fig. 10 shows the comparison be-
tween both values including the corresponding error bars. As it can
be observed the estimated values from both heat exchangers agree
well.
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Fig. 10. Refrigerant mass flowrate estimated from the heat balance at the con-
denser vs. the refrigerant mass flowrate estimated from the heat balance at the
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5. Conclusions

The refrigerant distribution in a BPHE evaporator with distrib-
utor has been studied with a thermographic camera working un-
der different conditions of inlet vapor quality, superheat, and water
temperature drop. The thermographies have shown a clear uneven
thermal distribution except when superheat is null. The tempera-
ture field in the case of null superheat is quite uniform, and the
evaporation temperatures are much higher than in all other cases,
with little influence of the inlet quality.

The thermographies when there is a superheat, show that prob-
ably a great part of the liquid accumulates at the end channels of
the evaporator and most of the vapor remains in the first channels.
The distribution of channels, although with different shapes is the
following: approximately 2/3 of the channels seem to have little
refrigerant liquid, and hence a high inlet vapor quality, showing a
high temperature region on the top which probably corresponds
to a dry out area with superheating of the vapor; the other 1/3 of
the channels seem to be fed mostly by refrigerant liquid, rising al-
most up to the outlet distributor and clearly showing much lower
temperatures.
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This distribution of channels in two parts seems quite indepen-
dent of both superheat or inlet quality, with the exception of low
qualities, where a more complex distribution appears.

Some lack of repeatability of the results was detected at some
special operation conditions. The tests were repeated several times
at those points, showing that although the evaporation temper-
ature was not very affected, the distribution of the refrigerant
among the channels could adopt two different solutions, depend-
ing probably on how the test point was approached. That means
that it could exist some hysteresis in the way the liquid and vapor
refrigerant is distributed among the channels.

The registered evaporation temperatures are much lower for the
case of 13 K of water temperature drop across the evaporator, high-
lighting the importance of the influence of the water mass flowrate
on the evaporator performance. Therefore, it is clear that the tem-
perature drop of the water across the evaporator has an impor-
tant influence on the evaporation temperature, however it seems
to have little effect on the refrigerant maldistribution.

Based on the obtained results, it can be concluded that applica-
tions in which the evaporator works with water temperature drops
higher than usual, like waste heat recovery applications, can be es-
pecially affected by the problem of refrigerant maldistribution with
a considerable penalty on the evaporation temperature.

Part B of this study includes an analysis of the degradation of
the evaporation temperature due to the refrigerant maldistribution
as well as a deeper analysis of the registered temperatures and
of the causes for the great degradation observed when the water
temperature drop is increased.
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