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Abstract

The maldistribution of the refrigerant mass flowrate among the different channels of a brazed
plate heat exchanger evaporator with distributor, has been studied with a thermographic camera
working under different conditions of inlet vapor quality, superheat, and water temperature drop.
Part A of this work includes the description of the experimental campaign and a full discussion
of the obtained results. This paper (part B) presents, first an evaluation of the penalty caused by
the refrigerant maldistribution on the evaporator performance, and the effect of the operation
conditions on that penalty; second, a data reduction methodology, which allows the quantification
of the maldistribution based on a series of simple assumptions and the flow conservation
equations. Finally, given that it has been found that the water temperature drop across the
evaporator has a strong influence on the performance penalty due to refrigerant maldistribution,
the water temperature evolution is analyzed in detailed and the reasons for its great influence are
explained and commented. On this regard, it is concluded that the penalty of the maldistribution
on the evaporation performance strongly depends on the availability of the secondary fluid in the
channels where most of the refrigerant liquid is concentrated. The described data reduction
methodology, based on the analysis of the thermographies and the measured evaporator
performance, is suitable to give an estimate of the maldistribution which seems reasonable and

consistent with the observed data.
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Constant in the Chisholm expression for the
pressure drop across thin plates. Value 0.61
Coefficient of performance (-)

Theoretical Carnot cycle coefficient of
performance (-)

Specific heat [J/(kg K)]

Water temperature drop (K)

Position along the evaporator [0-L] (m)
Water mass Flow (kg s)

Refrigerant mass flowrate (kg s™)
Superheat (K)

Temperature (°C)

Evaporation temperature (°C)
Condensation temperature (°C)
Minimum temperature registered in the
thermography (°C)

Vapor quality (-)

Carnot efficiency (-)

Channel ratio between the number of
channels of part | of the evaporator and the
total number of channels (-)

Refrigerant mass flow ratio between the
mass flowrate passing through part | of the
evaporator and total refrigerant mass
flowrate (-)

Maldistribution index = ratio in between the
actual refrigerant mass flowrate through part
Il of the evaporator and the one that would
correspond to an even distribution of the
refrigerant

inlet
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water

vapor
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1. Introduction

The use of brazed plate heat exchangers (BPHES) as evaporators has hugely increased in the past
years because of their high compactness and effectiveness. The most important problem
degrading BPHE performance as evaporators is the maldistribution of the refrigerant mass
flowrate among the channels. In the Part A of this work, an extensive experimental campaign
about the dependence of refrigerant maldistribution on the operating conditions, based on
thermographies, and performance testing, has been presented and the corresponding results

analyzed in detail.

Most of the studies in the Literature about the problem of the maldistribution of the refrigerant
mass flowrate among the different refrigerant channels have been carried out in micro channel
evaporators (Brix et al., 2010, 2009; Gong et al., 2008; Karn et al., 2011; Stevanovic et al., 2012),
or in fin and tube evaporators (Bach et al., 2013; Choi et al., 2003; Mader et al., 2015) showing
that the maldistribution in the air side has even a higher impact on the system performance than
the maldistribution in the refrigerant side and reporting estimations of the COP degradation

ranging from 5% to 40% depending on the evaporator and conditions analyzed.

Regarding maldistribution in BPHEs, the studies are more scarce, but some recent studies brought
new information. (Li and Hrnjak, 2018) developed a validated model for single-phase flow
distribution in PHEs, showing that plates with higher length-to-width ratios are less affected by
maldistribution. Two-phase flow maldistribution in BPHES was addressed by a few studies. (Jin
and Hrnjak, 2017) investigated the in-channel distribution of R245fa experimentally but the
detailed influence on the system performance was not addressed in this work. (Mancini et al.,
2019) presented a model of BPHE working as evaporator, which is able to simulate the mass
flowrate in each channel and estimate the influence on the evaporator performance, but the
presented results are limited to specific working conditions and based on a hypothetical linear

distribution of the vapor inlet quality which is not justified experimentally.



In summary, the maldistribution of refrigerant has been studied in a number of previous research
works, however, the experimental ones are usually limited to remark the existence of the
maldistribution, and to serve as contrast to validate some model aimed to assist the redesign the
evaporator to improve the distribution. The developed mathematical models are based on the
assumption of one-dimensional flow along the individual refrigerant channels, and on finding the
refrigerant flow rate per channel balancing the total pressure drop. However, they also need the
assumption of some additional hypothesis, usually about the vapor inlet quality, which clearly

conditions the solution.

After the presentation and comment of the results of the extensive experimental characterization
campaign carried out in part A, this paper presents for the first time, an in-depth analysis of the
influence of the refrigerant maldistribution on the evaporator performance, i.e. on the evaporation
temperature, and an analysis of the influence of the operating conditions on the refrigerant
maldistribution, all over a wide range of conditions. In addition, a new data reduction
methodology, based on a simplified model, and able to quantify the maldistribution from test data
and the thermography, is presented, and has been used to characterize the evaporator performance

as a function of the operating conditions.

2. Degradation of performance due to refrigerant maldistribution

As it has been described in Part A, the results of the experimental campaign show that the thermal
distribution is clearly not even, among the channels, and that the evaporation temperature is
affected by that maldistribution because a big portion of the liquid refrigerant seems to
concentrate in a reduced number of channels (approximately 33% in the studied evaporator).
However, it is clear that the evaporation temperature also depends on the operating conditions,
mainly on the parameters taken as independent in the study, which are the evaporator inlet quality,
the superheat, and the water temperature drop across the evaporator. In order to be able to isolate
the different effects affecting the evaporation temperature and evaluating which part of the

observed degradation is due to the refrigerant maldistribution among the channels, it is necessary



to compare the measured values with the values which could be attained with an even distribution
of the refrigerant. As this is not possible with a real BPHE evaporator, a detailed mathematical
model for BPHEs was used to generate those results. The employed BPHE model forms part of
the IMST-ART software (Corberan et al., 2002). A full description of its characteristics and

capabilities can be found in [www.imst-art.com].

The numerical method employed in the BPHE model is called SEWTLE (for Semi Explicit
method for Wall Temperature Linked Equations). For a complete description of the numerical
methodology see (Corberan et al., 2001). Dedicated empirically adjusted correlations are
employed for the evaporation and condensation, local heat transfer and pressure drop, coefficients

in BPHES (Garcia-Cascales et al., 2007)

The model has been validated in several studies and it is typically able to predict evaporation
temperature with a high accuracy +- 1K. The inputs to the model are, first all the geometrical
dimensions of the plates, the number of plates, the corrugation angle, the pitch, the plate thickness
and the ports dimensions, as well as the diameter of the distributor orifices; Then, the operating
conditions, which in this case were selected as: the measured refrigerant mass flow rate, the
superheat, the water inlet temperature, and the water temperature drop across the evaporator. The
model is able to estimate all the other corresponding outputs: the evaporation temperature, the
heat transferred, the water mass flow rate, and the detail of temperature, vapor quality and
pressure evolution all along the refrigerant and water channels, as well as the local heat transfer
coefficients and friction factors. The model assumes uniform refrigerant distribution in the
evaporator, so that the estimation of the evaporation temperature will serve as reference for the

operation of the evaporator free of refrigerant maldistribution.

Figures 1 and 2 show the comparison of the measured evaporation temperature with the value
estimated with the model with uniform distribution, for each test point, with the superheat in the
X-axis, for the cases of dTw=5 K and dTw=13 K, respectively. The values estimated with the
model are represented with empty symbols whereas the measured ones employ solid ones. In

order to improve the visibility, the experimental values have been drawn with joining lines. A
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grey color dotted line has been also included. This line represents the upper limit for the

evaporation temperature (Tevap Max) just taking into account that in countercurrent flow the

evaporation temperature must be lower than either the outlet water temperature (Two=Twi,-dTw)

or the inlet water temperature minus the superheat (Twin-SH).
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Figure 1. Measured vs. calculated evaporation temperature for the tests with water temperature drop (dTw) around 5K
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Figure 2. Measured vs. calculated evaporation temperature for the tests with water temperature drop (dTw) around
13K
As can be observed, the experimental values are in general much lower than the calculated ones.
The agreement between calculated and measured values is only good at null superheat. At those
conditions, however, it seems there is still a deviation, with lower evaporation temperatures in the
test points with the lowest inlet qualities, with a high deviation for dTw=13 K and inlet quality

x=0.07.

On the other hand, independently of the water temperature drop, both calculated and measured
values are almost coincident when the evaporation temperature is controlled by the superheat,
with an evaporation temperature very close to Twin-SH. When the superheat is very high, the
evaporation temperature is controlled by the large value of the superheat, and the fact that most
of the evaporator area is dedicated to superheating, makes that the refrigerant maldistribution,
although present does not produce a further penalty on the evaporation temperature. This is also

possible to be distinguished in the thermographies, where, at the highest superheats, the outlet of



part Il (see the division of the evaporator in part | and Il in Figure 4), which we assumed with a

high content of liquid refrigerant, is seen as superheated.

It is also interesting to note that for dTw=5 K, the cases with high quality inlet, 0.2 and 0.3, also
present a good agreement with the calculated results, clearly indicating a lower penalty due to the
maldistribution. However, at dTw=13 K this is only appreciable at inlet quality 0.3, which clearly
presents a penalty lower than for the other inlet qualities. Therefore, the penalty due to the

maldistribution depends on the inlet quality.

Figure 3 represents the difference between the calculated evaporating temperature with the
detailed model and the measured evaporating temperature, as a function of the inlet vapor quality
and superheat. This difference could be therefore seen as the penalty on the evaporation

temperature due to the refrigerant maldistribution.

Figure 3. Difference between the calculated evaporating temperature and the measured evaporating temperature, for
dTw =5 K (left). and dTw= 13 K (right), for different superheats and inlet vapor qualities.

In all the cases, the estimated temperature by the model is similar or higher than the measured
evaporating temperature. Figure 3 (left) shows that for water temperature drops of 5 K the
evaporating temperature is only significantly lower than the estimated one for the case in which
the superheat is around 5 K (3 to 7 K) and the vapor quality has values between 0.1 and 0.2.
Therefore, in this case, although the thermography pictures show an uneven distribution of the
refrigerant, it only has a significant impact in the evaporator performance for superheat values

around 5 K. In contrast, Figure 3 (right) shows that for water temperature drops of 13 K the



evaporator performance is significantly different from the expected behavior with even
distribution, and it shows a significant degradation of the evaporation temperature for all
conditions except for the left upper corner with the highest inlet quality and the lowest superheat.
The highest degradation occurs at superheats around 8 K (6 to 10) and vapor qualities between
0.12 and 0.22. Finally, it should be pointed out that, in practice, no degradation due to refrigerant
maldistribution is observed for the case of superheat 0 K consistently with the quite even

temperature distribution seen in the thermographies.

The penalty on the system performance due to a drop in the evaporation temperature can be

estimated through a simple procedure, considering the effect of the evaporation temperature drop

in the variation of the COP of the Carnot theoretical cycle COP, = TT_”T , in the following way:
ocop _ d (nc - COP.) =n. - COP, = COP
ar, _ dr, e vYre) =he e T = T, —T,
ACOP AT,
——-100 =—=--100 (1)
COP Tc—Te
Which is based on the assumption that the Carnot efficiency of the cycle, defined as n, = %,
C

remains approximately the same for small changes of the evaporation or condensation
temperatures. Applying equation 1, the penalty on COP due to maldistribution can be estimated,
leading to exactly the same representation of Figure 3 since the penalty on COP is mainly
proportional to the evaporation temperature difference AT,. Maximum COP degradation is 10%
at superheat 5 K and inlet quality 0.14 for the case of dTw =5 K, while it is 17% for the case of
dTw = 13 K at superheat 10 K and inlet quality 0.20, values which clearly represent a very high

degradation of the unit efficiency.

3. Temperature evolution and maldistribution analysis
The answer to the questions arisen above is obviously that the maldistribution is strongly affecting
the heat exchange at the evaporator, by concentrating a large fraction of the liquid refrigerant in

a small portion of the channels, as it is concluded from the observation of the thermographies.



However, it is difficult to explain the reason why the effect on the penalty of the evaporation
temperature, and consequently on the unit COP, is so affected by the water temperature drop
across the evaporator. In order to analyze and try to quantify this influence a study of the water

temperature evolution was performed.

The observation and analysis of the thermographies indicated that it seems that there is a region,
in most of the cases at the end of the distributor, which concentrates if not all, a large fraction of
the liquid refrigerant, and that this region approximately corresponds to 1/3 of the channels.
Further analysis of the thermographies allowed us to find out that the lowest temperature of the
thermography is always found at the bottom of that region, exactly close to the outlet of the water
channels flowing into the bottom header. Furthermore, the thermography always captures with
high accuracy the lowest value of the temperature map, and that minimum temperature always
corresponds with the temperature at the mentioned point. Table 1 shows the value of the registered
minimum temperature of the thermography for each test point. If one compares these values with
the values of the evaporation temperature for each case (shown below the minimum temperature
in the table), it is easy to see that the evaporation temperature is always lower. For the cases with
dTw=5 K and low superheat the evaporation temperature is only slightly lower, with the difference
increasing with superheat. For the cases with dTw=13 K, the differences with the evaporation
temperatures are already large at superheat null but they are almost constant (about 1K) at higher

superheats.
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Table 1. Minimum temperature (Tmin) of the each thermography and the corresponding evaporation temperature

Tmin(°C) | dTw=5 K dT=13K

Tevap(°C) | SH (K) SH (K)

x(-) 0 5 10 15 0 5 10 15

0.04 145 13.2 12 11 11 0.1 -1 -1
1234 | 1034 | 9.0 4.61 4.04 -1.02 | -18 -1.88

0.14 16.6 11.1 10.4 10.4 8 -1.1 -1.1 0.5
12.81 | 837 7.39 4.61 5.97 202 | -246 |-1.88

0.2 16 12.4 12.7 9.2 9 2.5 -1.3 -1.5
1338 | 10.01 |8.17 4.8 6.2 1.5 245 | -231

03 15 14.1 134 10.7 9 5.4 4.4 0.5
1334 | 1271 |95 4.92 6.04 4.8 3.67 -0.46

If one assumes now that the minimum temperature registered at the thermographies could be
indicative of the water temperature, that minimum value would correspond, as it is also clear in
the thermographies, to the water outlet temperature (T, ;;) of the channels that concentrate most
of the liquid refrigerant (part Il of the evaporator). The low value of the water at the outlet being
then explained by the fact that the water circulating through the water channels of that part of the

evaporator are providing the heat for the evaporation of most of the liquid refrigerant.

Based on the observation of the thermographies and the measured variables, the following data
reduction methodology for the maldistribution quantification has been developed. When
maldistribution is present, the evaporator can be divided in two heat exchangers working in paralel
at the same evaporating temperature (see Figure 4 as an example); part Il where the refrigerant
reaches the evaporator outlet in two-phase, and part | where the refrigerant is clearly superheated

in a large fraction of the channel.
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Water Water
inlet inlet

Water Water
outlet outlet

Figure 4. Division of the evaporator in two parts, | and 11, based on the thermography results (left). Image of a brazed
plate heat exchanger from the side in which the thermography is taken (right).

Based on the whole set of thermographies with clear maldistribution, one can assume that part |
approximately occupies 2/3 of the channels and part Il the other 1/3 (see part A, Navarro-Peris et
al.). If additionally, one a ssumes that the water is quite evenly distributed among the channels it

is possible to evaluate the water mass flowrate flowing through the channels of part | and part Il:
My = My, =§'mw

. 1
My _p = (1_a)'mw =§'mw
Where « is the fraction of channels of part I, and correspondingly (1- ) is the fraction of channels

of part 11 (2/3 and 1/3, in this case as commented above).
The conservation of vapor and liquid at the inlet of the evaporator requires

Xin =B Xin1 + (L= B) " Xin—ns

where Xin represents the vapor quality at the inlet of the evaporator, Xini the quality at the inlet to

part 1, xin.n the quality at the inlet to part Il, and f the refrigerant mass flow ratio between the
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refrigerant mass flowrate passing through part | of the evaporator and the total refrigerant mass

flowrate.

mref_l
p=—T2

mref

Assuming now that the heat exchanged with the water at part Il of the evaporator is employed to
evaporate all the liquid refrigerant entering that part, and that the refrigerant is almost in saturated

conditions at the outlet of that part, the following heat balance equation can be stated:

1-a) "y, - Cp ’ (Twin - Two_ll) =1-p5) 'mref (= xipgp) - (hy — hy)

Finally, neglecting the pressure drop along the refrigerant channels, and employing the
Chisholm’s expression for pressure drop of thin plates (Chisholm, 1983) for the evaluation of the
pressure drop across the distributor orifice situated at the entrance of each refrigerant channel, the
system of equations can be closed by stating that the pressure drop through the orifice must be

equal for parts | and II:

Y 1 (B 1) 6 ter- 0 2w + 20

= G :5)2 [1 + (% - 1) (B xin—p " (1 = Xy + xin—nz)]

Where B is a constant that for thin plates has the value of 0.61 (Chisholm, 1983).

With this three equations and having as inputs the values from the experiments of the water outlet
temperature at part 11 (T,,, ;;) shown in Table 1, the evaporation temperature, and the value of a
from the thermographies, the values of Xin.i, Xin-u @and £ can be obtained for each experiment. The
values of Xini, Xin-u give an idea about the assimetry in the vapor quality distribution between the

two parts of the evaporator, while the value of % is a quantification of the maldistribution, that

we will call ‘maldistribution index, ¥’, since it is the ratio in between the actual refrigerant mass
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flowrate flowing through part Il of the evaporator and the one that would correspond to an even

distribution of the refrigerant:

mref_II Thref_”
wz(l_a)z Mref =1_ﬁ
Thref 1—-«a 1—a
1

A value of the maldistribution index 1 of 1 means even distribution.

Table 2 gives the results of those calculations for all test points of dTw=5 K and superheat around
5 K and for all the tests points of dTw=13 K, in which it is seen in the thermographies that the
low temperature region in part Il reaches the top of the evaporator, and therefore the adopted

assumptions are reasonable.

Table 2. Maldistribution characteristic parameters obtained for each test point.

dTw (K) | SH(K) B () Xin—1 (-) Xin (-) | Xin_p1 (-) Y ()

4.6 6.3 0.51 0.140 0.078 0.013 1.43
5.4 53 0.49 0.253 0.141 0.036 1.52
4.3 5.0 0.47 0.348 0.191 0.052 1.56
4.6 4.7 0.60 0.382 0.322 0.232 1.17
13.2 6.1 0.50 0.120 0.064 0.009 1.48
131 5.1 0.50 0.235 0.139 0.045 1.49
12.7 5.7 0.60 0.311 0.209 0.095 1.17
13.1 5.4 0.63 0.317 0.291 0.246 1.09
12.9 10.6 0.45 0.146 0.069 0.004 1.60
13.0 10.2 0.48 0.248 0.139 0.039 1.54
12.5 10.0 0.48 0.367 0.215 0.075 1.53
13.2 10.5 0.61 0.351 0.304 0.231 1.15
12.9 15.2 0.44 0.157 0.072 0.004 1.63
13.0 15.1 0.48 0.250 0.141 0.041 1.53
12.8 15.2 0.47 0.353 0.199 0.063 1.56
131 15.0 0.53 0.387 0.268 0.133 1.38

As can be seen in Table 2, the results indicate that the vapor quality at the entrance of part 11 is as
it had been speculated, quite low, indicating that this part is flooded with liquid refrigerant, except
for the highest inlet qualities where it seems there exists a better distribution. The maldistribution

index y is always considerably greater than 1, reaching a maximum of 1.63.
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Figure 5 shows the vapor quality at the entrance of part Il vs. the inlet vapor quality to the
evaporator, for the different series of test points considered, while Figure 6, shows the
maldistribution index results. As can be seen in Figure 5, the values of the vapor quality at the
inlet of part Il are below 0.05 for most of the cases, in agreement with the observation of the liquid
refrigerant accumulating in that part of the evaporator. However, when the vapor quality at the
inlet of the evaporator (X-axis) goes beyond 0.2 there is a clear increase, with the vapor quality
entering part 11, approaching then the diagonal in the graph, what indicates an even distribution
of the vapor quality. All series show more or less the same trend, so indicating a certain
independence on the other operating conditions: superheat SH, and water temperature drop dTw.
Figure 6 shows that the maldistribution index 1 is around 1.5 at vapor inlet qualities lower than
0.3, meaning that the refrigerant mass flowrate through part 1l of the evaporator is 50% higher
than the one it would circulate if there were even distribution of the refrigerant among the
channels. The maldistribution shows a clear trend to decrease for inlet vapor qualities above 0.2,

approaching even distribution for qualities above 0.3.
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Figure 5. Vapor quality at the entrance of part 1l vs. the evaporator inlet vapor quality.
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Figure 6. VValues of the maldistribution index v vs the vapor inlet quality

The fact that the distribution of refrigerant at high qualities is quite even is probably due, first the
fact that at high qualities there is a better distribution of the droplets in the distributor , as it has
been reported by other authors, e.g. (Vist and Pettersen, 2004), and second, to the corrector effect
of the distributor orifices that usually incorporate the evaporators at the inlet of the refrigerant
channels exactly with that purpose, and which is optimized for the typical inlet qualities in
evaporators (20 - 30%). However, it is important to point out that, as seen in the present study,
the orifices are not able to even the distribution in applications with low inlet qualities, at it is the

case of units with high subcooling.

The fact that the maldistribution estimated values are similar and quite independent of the water
temperature drop is an important result. Indeed, it was logical to expect that changes on the water
side should not affect the maldistribution of refrigerant. Still, it was clearly found that dTw has a
strong effect on the penalty of the maldistribution on the evaporator performance. In order to
investigate this, a comparison between the measured temperatures and the ones calculated with
the detailed model (IMST-ART) was performed again for some of the test points. For this, the
estimated values of the inlet conditions to the refrigerant and water channels of both, part | and

part I, obtained from the above described data reduction methodology, were employed as inputs
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to the detailed evaporator model to estimate the evolution of the fluids across Part | and Part 11
heat exchangers, considered as two independent evaporators working at the same evaporation
temperature. Figures 7, 8 and 9 show the calculated temperature evolution of the refrigerant,
water, and of the plate in between both, compared with the temperature registered at the
corresponding thermography along a vertical line drawn at the middle of part | and Part II,
respectively. Figure 7 shows the results for the test point with xiy=0.2 and null superheat, SH=0
K, for the two analyzed cases of water temperature drop across the evaporator, dTw=5 K (left)
and dTw=13 K (right). It should be reminded that for null superheat the thermograhies show a
good refrigerant distribution with similar behavior among all the channels regardless the water
temperature drop. Figure 8 shows the results for the test point with xi»=0.14, SH=5 K and dTw=>5
K for both parts of the evaporator | (left) and Il (right), while Figure 9 shows the results
corresponding to the test point with xi,=0.20, SH=15 K and dTw=13 K, again for both parts | and

VWster Wad Refrigerant

Water Wal = Refrigerant = Thermography

\

T harmography

Temperature (°C)
Temperature ("C)

L) L)

Figure 7. Comparison between the calculated temperature evolution and the one corresponding to the thermography
for the test point with xin=0.2, SH=0 K and dTw=5 K, (left), and dTw=13K(right).
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Figure 8. Comparison between the calculated temperature evolution and the one corresponding to the thermography
for the test point with xin=0.14, SH=5 K and dTw=5 K, for part | (left), and part Il (right).

~— Thesmography Wastet

Wal

Redi nt
e THEIMOGrap Iy = Wty g

Wall Redngannt

1 O\ k
;ii: L

Figure 9. Comparison between the calculated temperature evolution and the one corresponding to the thermography
for the test point with xin=0.20, SH=15 K and dTw=13 K, for part | (left), and part Il (right).
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As it can be observed in Figures 7, 8 and 9, the readings from the thermographies seem to agree
quite well with the temperature evolution of the plates, and the thermography temperature always
approaches the water outlet temperature at the bottom of the evaporator, what makes perfectly
sense if one takes into account that the thermographies are taken from the side where the edges
of the plates are brazed. The comparison clearly shows the large difference of the temperature
evolution of water and refrigerant between part | of the evaporator and part I1l. While in part I,
most of the evaporator area is used for superheating the vapor, in part 11, the whole area must be

employed to evaporate the refrigerant liquid.

If one now compares Figure 8 and Figure 9, it becomes evident the reason why, with a similar
maldistribution of refrigerant, in the case of dTw=5 K the penalty of the maldistribution (Tevap =

8.4°C) is much lower than in the case of dTw=13 K (Tevwp = -2.31 °C), the reason is the huge
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temperature drop of the water across part 11 water channels in the case of dTw=13 K. This huge
temperature drop, of 21.5 K, is caused because the largest fraction of the liquid refrigerant is sent
to part 1l channels, where, at the same time only 1/3 of the water channels (in this case) are
available to provide the heat required for its evaporation, resulting in a huge decrease of the water

temperature, and correspondingly of the evaporation temperature.

So, in summary, the maldistribution causes that most of the liquid refrigerant concentrates in only
one part of the channels of the evaporator, what, not only decreases proportionally the heat
transfer area available for the evaporation, but additionally, decreases proportionally the available
water flowrate for providing the necessary heat for that evaporation. Both effects, combined

together, are the ones conditioning the evaporation temperature.

Therefore, the penalty of the maldistribution on the evaporation performance strongly depends on
the availability of the secondary fluid in the channels, or region, where most of the refrigerant
liquid is concentrated. In the studied case, given a certain refrigerant maldistribution, its penalty
on the evaporator performance could be diminished if, in some way, the water flow rate through
the channels of part Il could be increased, either by increasing the total flow rate (lower dTw), or
by having a non-even distribution of the water flow rate among the channels which sends a higher
flow towards the channels of Part Il of the evaporator. For instance, in this second case, by
entering the water to the evaporator from the opposite side to the refrigerant, or by redesigning

the water distributor header.

It is important to mention that, this combined effect of reduction of available area and reduction
of the secondary fluid availability, is also happening in other evaporator designs. A good example
of those are the minichannel evaporators which typically suffer from refrigerant maldistribution.
The problem of the maldistribution of the refrigerant being amplified by the reduction of the
airflow which they are able to capture around those channels full of liquid refrigerant, leading to
a local high drop of the air temperature around them, and therefore to a low evaporation
temperature, which also would cause a much sooner start and much more active frosting process

around those channels.
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Finally, it should be mentioned that the described data reduction methodology, based on the
analysis of the thermography and the measured evaporator performance is suitable to give an
estimate of the maldistribution which seem reasonable and consistent with the observed data. The
methodology could be standardized in the following way. When maldistribution is suspected, a
short series of tests (maybe only 3 should be enough in order to see the variability of the
estimation, and averaging the results) around the system operation point (given superheat and
inlet quality) with decreasing water flow rate, keeping constant, as is has been done in the present
study, the water inlet temperature. Values above 10 K temperature drop across the evaporator are
recommended, for instance 12, 14 K. As it can be observed in Table 1, at those values the outlet
of the water temperature of part Il are just 1 K above the evaporation temperature. With that
information, the measured evaporation temperature, the other measured parameters, the
estimation from the thermography of the fraction of channels which seem being flooded with
liquid, and the value of the minimum temperature in the thermography, it is possible, by solving

the indicated system of equations to estimate the maldistribution index.

4. Conclusions

The thermographies have shown that about 1/3 of the refrigerant channels in the studied
evaporator, the ones at the other side of the refrigerant inlet port, seem to be fed with a high
fraction of the liquid refrigerant. Those channels clearly show much lower temperatures in the
thermographies indicating that the evaporation of the refrigerant takes almost all the height of the
channels up to the top, even at high superheats. This is a result more or less valid for all tested
conditions with the exception of the tests with null superheat which seem to have a fairly even

refrigerant distribution.

The degradation of the evaporator performance is clearly higher when the water temperature drop
across the evaporator is higher. Very low values of the evaporation temperature, which would
lead to a significant COP drop, are obtained at the case with the highest tested water temperature
drop (dTw = 13K). This degradation of the evaporator performance is not so high at the highest

tested inlet quality (xin= 0.3), what is probably due to the good effect of the distributor orifices.
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The highest degradation occurs at superheats around 8 K and vapor qualities between 0.12 and

0.22.

Maximum COP degradation is 10% for the case of water temperature drop 5 K, while it is 17%

for the case of 13 K.

A special data reduction methodology has been devised to estimate the maldistribution of the
refrigerant (maldistribution index ) by assuming that the evaporator can be divided in two parts;
part | represents the group of channels where the inlet vapor quality is relative high and most of
the heat transfer area is employed in superheating the vapor, while part Il represents the group of
channels where most of the liquid refrigerant concentrates (very low inlet vapor quality), and, in
consequence, most of the heat transfer area is employed in the evaporation of the liquid refrigerant

with very low or null superheating of the generated vapor

The estimated maldistribution index reaches a maximum about 1.6, meaning that the refrigerant
mass flowrate through part 11 of the evaporator is 60% higher than the one it would circulate if
there were even distribution of the refrigerant among the channels. The maldistribution index is
considerable high at superheats higher than 4 K and refrigerant inlet qualities below 0.2, with
little influence of the water temperature drop dTw. This estimation is qualitatively in good

agreement with the analysis of the thermographies.

A comparison between the thermographies and the evolution of the water, refrigerant and plate
temperatures, evaluated by means of a detailed evaporator model, for parts | and Il of the
evaporator, shows a good qualitative agreement; the readings from the thermographies seem to
agree quite well with the temperature evolution of the plates, and the thermography temperature
always approaches the water outlet temperature at the bottom of the evaporator, what makes
perfectly sense if one takes into account that the thermographies are taken from the side where
the edges of the plates are brazed. The comparison clearly shows the large difference of the

temperature evolution of water and refrigerant from part | of the evaporator to part Il. While in
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part I, most of the evaporator area is used for superheating the vapor, in part Il, the whole area

must be employed to evaporate the refrigerant liquid.

An additional important conclusion is that the same maldistribution of refrigerant can lead to very
different intensity of degradation of the evaporator performance, mainly depending on the water
temperature drop across the evaporator. The reason for this being that, at the same time that the
refrigerant liquid concentrates in a fraction of the refrigerant channels, the water flowrate
available for the evaporation of the refrigerant in those channels, mostly liquid refrigerant, is
diminished proportionally to the decrease of the number of channels, dealing to a huge
9temperature drop of the water flowing across those channels, which forces a big drop of the

evaporation temperature.

Therefore, when there is a significant maldistribution of refrigerant in an evaporator, the effect of
reduction of available area for the evaporation combines with the reduction of the secondary fluid
flow rate, dramatically increasing the penalty of the maldistribution on the evaporator
performance. This combined effect is not characteristic of BPHEs only, but of all evaporators,
and it must be seriously considered in evaporators which have to work with high temperature drop
in the secondary fluid side, as it is the case of waste heat recovery applications. Working with
null superheat eliminates the problem, at the same time that allows reaching the maximum

evaporation temperatures.
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