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A annular flow
B bubble flow
COP Coefficient of Performance
D dry-out flow
EU European Union
I intermittent flow
M mist flow
MAD mean absolute deviation
MAE mean absolute error
MD mean deviation
MODWT maximum overlap wavelet transform
MRE mean relative error
PI prediction interval
PID proportional integral derivative
S stratified flow
SE standard error
SL slug flow
SW stratified-wavy flow

Greek symbols
µ̄ mean
σ̄ standard deviation
χ2 Chi squared distribution
δ error of [-]
ε cross-sectional void fraction [-]
ε0 absolute permittivity of free space [F/m]
ρ̂ homogeneous density [kg/m3]
λ Laplace Constant [m]
µ dynamic viscosity [N⋅s/m2]
φ inclination angle of the inlet with respect to the horizontal plane [○]
ρ density [kg/m3]
σ surface tension [N/m]
θ inclination angle of outlet branch 2 with respect [○]

to the horizontal plane
ξ volume [m3]
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s entropy [J/K]
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Nederlandse samenvatting
–Summary in Dutch–

Klimaatverandering is momenteel een wereldwijde zorg. Het verwarmen
en koelen van onze woningen draagt sterk bij tot deze klimaatverandering.
Momenteel wordt 40 % van het totale energiegebruik in de Europese Unie
gebruikt door gebouwen. Dit is 36 % van de Europese CO2 uitstoot [1]. Om
het energiegebruik van een woning te doen dalen, moet men de isolatiegraad
van de huidige woningvoorraad verhogen. Bovendien moet men de huidige
verwarmingsinstallatie vervangen door een installatie die niet afhankelijk is van
fossiele brandstoffen. Een mogelijke kandidaat is de warmtepomp. Deze kan
op hernieuwbare energie werken en heeft een veel hogere efficiëntie dan de
conventionele systemen.

Een warmtepomp maakt gebruik van een thermodynamische cyclus om warmte
met een lage temperatuur naar een hogere temperatuur te brengen. Deze
warmtepompcyclus is een gesloten cyclus bestaande uit 4 hoofdcomponenten:
een compressor, een condensor, een expansieventiel en een verdamper. Binnen
deze gesloten cyclus stroomt een fluı̈dum dat men een koelmiddel noemt. Het
koelmiddel bevindt zich in het tweefasig gebied wanneer het de verdamper
bereikt. Een tweefasige stroming is een mengsel van 2 fasen, in dit geval een
vloeistof en een gas. Deze tweefasige stroming moet dan verdeeld worden over
de verschillende parallelle kanalen van de verdamper. Dit wordt gedaan aan
de hand van een verdeelkop. Echter, deze verdeling van de verschillende fasen
over de parallelle kanalen is vaak niet homogeen. Deze niet-homogene verdeling
kan worden veroorzaakt door een incorrecte plaatsing van de warmtepomp,
productietoleranties, een fluctuerende warmtevraag, bevuiling en indirecte
oorzaken die de drukval in de parallelle kanalen beı̈nvloeden zoals ijsvorming
of bevuiling aan de luchtzijde van de verdamper. Deze niet-homogene verdeling
resulteert in een significante daling van de COP (Coefficient of Performance) en
de capaciteit van de warmtepomp.

Dit boek zal zich beperken tot circulaire verdeelkoppen met slechts 2 uitgangen.
Deze geometrie kan men vereenvoudigen tot een stotende T-junctie. Een stotende
T-junctie is een T-junctie waarvan de twee uitlaten loodrecht op de inlaat staan.
Het doel van dit werk is om de kennisleemtes in de literatuur te onderzoeken en
een nieuw fasedistributiemodel te ontwikkelen.

Om te starten werd er een overzicht gemaakt van het bestaande onderzoek
en werd er gewezen op de ontbrekende delen. Allereerst observeerden
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verscheidene auteurs een anomaliteit bij de invloed van de oppervlaktesnelheid
op de faseverdeling wanneer er een overgang is tussen stromingspatronen. Het
eerste doel van dit werk is dus om de invloed van de stromingspatronen op de
faseverdeling in detail te bestuderen. Verder werden in het verleden de meeste
experimenten uitgevoerd met water-lucht mengsels. Er is dus weinig informatie
beschikbaar over de invloed van de stofeigenschappen op de verdeling van de
fasen. Dit werk zal de huidige dataset verder uitbreiden met experimentele data,
uitgevoerd met verschillende koelmiddelen. Het zal verder ook de invloed van
verschillende stofeigenschappen op de verdeling van de fasen bespreken.

Om deze faseverdeling over een stotende T-junctie te bestuderen, werd
een nieuwe proefopstelling ontworpen. Deze proefopstelling kan een
koelmiddelstroom genereren met een maximale massa flux van 700 kg/(m2⋅s)
op een saturatietemperatuur tussen 10 °C en 20 °C en met een dampkwaliteit
tussen 0 en 1. De binnendiameter van de T-junctie is 8 mm. In totaal werden
er 696 experimenten uitgevoerd met vier verschillende koelmiddelen: R32, R125,
R1234ze en R134a. Met andere woorden: de verdeling van de fases werd bepaald
over een bereik van massafracties voor 60 verschillende inlaatcondities. De
warmtebalans over de opstelling sluit met een gemiddelde fout van 2 % en deze
fout is steeds kleiner dan 5 %. De stabiliteit van de experimentele opstelling werd
geverifieerd door enkele willekeurige experimenten te herhalen.

Om de experimentele resultaten te vergelijken werd een nieuwe kwantitatieve
methode voorgesteld. Op basis van de experimentele resultaten werd een sterke
invloed van het stromingspatroon op de verdeling van de fasen waargenomen.
Wanneer men de oppervlaktesnelheid van de gasfase incrementeel verhoogt,
kan men een discontinuı̈teit in de faseverdeling opmerken. Verder heeft de
vloeistoffase een dalende voorkeur om naar de uitlaat met het laagste massadebiet
te stromen met stijgende oppervlaktesnelheid van de gasfase, wanneer de
oppervlaktesnelheid van de vloeistoffase groter of gelijk is dan 0.2 m/s. Echter,
wanneer de oppervlaktesnelheid van de vloeistoffase kleiner of gelijk is dan
0.1 m/s heeft de vloeistoffase een stijgende voorkeur om naar de uitlaat met het
laagste massadebiet te stromen met stijgende oppervlaktesnelheid van de gasfase.

Verder werd de invloed van drie stofeigenschappen (densiteit, viscositeit en
oppervlaktespanning) onderzocht. De viscositeit had geen invloed op de verdeling
van de fasen over de T-junctie. Echter, de fasen worden meer homogeen verdeeld
als de densiteitsverhouding (ρg/ρv) vergroot. Verder worden de fasen meer
homogeen verdeeld als oppervlaktespanning verkleint.

Tijdens de experimenten werden de drukgradiënten over de T-junctie
opgemeten. Deze drukgradiënten werden dan gebruikt om een model op te
stellen die de drukval over de T-junctie kan voorspellen. Dit drukvalmodel is
accurater voor de experimentele data verzameld tijdens dit werk, vergeleken met
de modellen uit literatuur. Verder kan dit model de drukval voor verschillende
stromingspatronen voorspellen.

Vooraleer er een nieuw fasedistributiemodel werd voorgesteld, werden zeven
bestaande modellen geëvalueerd, gebruikmakend van bestaande data en de data
verzameld in dit werk. Alle bestaande modellen werden ofwel ontwikkeld voor
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water-lucht mengsels, ofwel voor water-stoom mengsels. Algemeen gezien is
de voorspellende kracht van de modellen het grootst voor het mengsel waarvoor
het model ontworpen is. Dus geen van de modellen neemt de invloed van de
stofeigenschappen in rekening. Daaruit volgt dat geen enkel model de data
verzameld in dit werk, nauwkeurig kan voorspellen.

In dit werk wordt er een nieuw fasedistributiemodel voorgesteld, op basis van
de inzichten verworven tijdens het analyseren van de experimentele data. Het
fasedistributiemodel is gebaseerd op de drie hoofdwetten: behoud van massa,
impuls en energie. Dit model is geëvalueerd gebruikmakend van bestaande
data en de data verzameld in dit werk. Het model werkt zeer goed voor de
data verzameld in dit werk en is aanvaardbaar voor water-stoom mengsels en
water-lucht mengsels.

Als laatste wordt dit nieuwe model uitgebreid naar een model voor gehelde
stotende T-juncties. Het gehelde model kan de massa fractie van de vloeistoffase
Fl correct voorspellen voor de data verzameld in dit werk. Echter, de voorspelling
van de massafractie van de gasfase Fg is minder goed dan van het horizontale
model.





English summary

Climate change is a major global concern. Heating and cooling of buildings
contributes significantly to the climate change. Currently, 40 % of the total energy
use and 36 % of the total CO2 emissions in the European Union (EU) arise from
buildings [1]. To decrease the emissions of buildings, the insulation grade of the
current building stock should be improved and the current heating and cooling
installations should be replaced with ones not depending on fossil fuels. A
promising technology is a heat pump, which can be powered by renewable energy
and has a higher efficiency than conventional systems.

A heat pump uses a thermodynamic cycle to convert heat from a low
temperature to a higher temperature. The heat pump cycle is a closed cycle
containing a refrigerant and consisting of 4 components: a compressor, a
condenser, an expansion valve and an evaporator. When the refrigerant enters
the evaporator, it is typically in the two-phase region. A two-phase flow is a flow
consisting of two phases which are in this case liquid and vapour. To distribute
the two-phase flow over the parallel tubes of the evaporator a distributor is used.
However, this distribution is often not homogeneous. Maldistribution can occur
due to improper placement of the heat pump, production tolerances, varying heat
loads, fouling and indirect causes which affect the pressure gradient in the parallel
sections like frosting and dirt accumulation at the air side. This maldistribution
results in a significant drop in coefficient of performance (COP) and capacity of
the heat pump [2].

This work limits its scope to a tubular distributor head with only two outlets.
This geometry can be reduced to an impacting T-junction. An impacting T-junction
is a T-junction of which the two outlets are perpendicular to the inlet tube. The
purpose of this work is to fill the gaps in literature concerning the phase distribution
over an impacting T-junction and to develop a new phase distribution model. To
start, this work gives the overview of the current state of art and tries to indicate
the gaps. Several authors found an inconsistency of the influence of the inlet
superficial velocities when there is a flow regime transition. Hence, a first goal
of this work is to study the influence of the inlet superficial velocities on the phase
distribution in the vicinity of flow regime transitions. Further, most experiments
found in literature are executed with water-air mixtures. Hence, little information
is available on the influence of fluid properties on the phase distribution. This
work will add extra data to literature for different refrigerants and discusses the
influence of different fluid properties.

To fill these gaps in literature, an experimental setup was developed which
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allows to test the phase distribution of two-phase refrigerant flows over an
impacting T-junction. The setup is capable of testing refrigerant flows with a
mass flux up to 700 kg/(m2⋅s) at a saturation temperature between 10 °C and
20 °C and with a vapour quality between 0 and 1. The diameter of the impacting
T-junction is 8 mm. In total 696 experiments were performed with four different
refrigerants: R32, R125, R1234ze an R134a. In other words, the phase distribution
over the whole mass fraction range of 60 different inlet flows was tested. The
conservation of energy has an average error of 2 % and is always smaller than
5 %. The consistency of the experimental setup was verified by repeating random
experiments.

To compare the experimental results, a new quantitative method was proposed.
Based on the experimental results, a strong influence of the flow regime on
the phase distribution was observed. While sweeping through a range of
inlet superficial vapour velocities, discontinuities in the phase distribution were
observed at the flow regime transitions. Further, the liquid has a decreasing
preference of flowing to the branch with the lowest mass flow rate with increasing
inlet superficial vapour velocity for an inlet superficial liquid velocity equal or
higher than 0.2 m/s. In contrast, for an inlet superficial liquid velocity equal or
lower than 0.1 m/s, the liquid has a increasing preference of flowing to the branch
with the lowest mass flow rate with increasing inlet superficial vapour velocity.

The influence of three fluid properties (density, viscosity and surface tension)
was also investigated. The viscosity does not have any influence on the phase
distribution. The phases are distributed more homogeneous when the density ratio
(ρg/ρl) increases. The maldistribution of the phases increases with increasing
surface tension.

During the experiments, the pressure gradient over the T-junction was
measured. These pressure gradient measurements were used to create a model
which predicts the pressure drop over the T-junctions. This new pressure drop
model is more accurate for this work’s data and expands the prediction capabilities
to other flow regimes compared to models found in literature.

Before a new phase distribution model was proposed, the seven existing models
were evaluated using the data from literature and this work’s data. The models
available were designed for either water-air or water-steam flows. In general, the
models have the highest predictive capability for their design two-phase mixture.
Hence, none of the models captures the influence of the fluid properties. Also,
none of the models was able to predict this work’s data properly.

A new model was proposed based on the insights gained from the experimental
results. The model is based on three fundamental laws: conservation of mass,
momentum and energy. The new model is then evaluated using this work’s data
and the data from literature. The new model works well for this work’s data and is
acceptable for the water-steam and water-air data. Finally, the model is extended
to inclined impacting T-junctions. The inclined model is able to predict the liquid
mass fraction Fl correctly for this work’s data. However, the prediction of the
vapour mass fraction Fg is less accurate compared to the horizontal model.



1
Introduction

1.1 Transition to Renewables

Figure 1.1: The yearly mean CO2 concentrations measured at Mauna Loa Observatory,
(Hawaii) [3] and the yearly global temperature anomaly [4] as function of time.

Climate change is a major global concern. The global mean temperature is
increasing every year as shown in figure 1.1. This is mainly due to mankind’s
production of carbon dioxide emissions (figure 1.1) [5]. Global warming will have
a large impact on life here on earth. It leads amongst others to more extreme
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weather patterns, rising sea levels and fresh water shortage. In recent decades
mitigating projects have been started, for example the European Union (EU) wants
to reduce its carbon dioxide emissions significantly by 2050 [6].

40%

27%
33%

Figure 1.2: The primary energy use of the different sectors in the European Union [7].

Figure 1.2 shows that 40% of the primary energy in the European Union is used
by buildings (residential and services). Most of the primary energy is still from a
fossil fuel source leading to carbon emissions. Hence, buildings are responsible
for 36% of all carbon dioxide emissions in the EU. Therefore, the European
Commission sets a target to decrease the emissions of buildings by 90% by 2050.
To reach this target, the Energy Performance of Buildings Directive obliges all
new buildings from 2020 to be nearly zero energy buildings [1].

A large portion of the primary energy is used for heating and cooling of the
building. To reduce the primary energy use, buildings should be insulated properly.
For example, an uninsulated building of 50 years or older easily requires 5 times
more energy for heating and cooling than a new well-insulated building [1]. To
reduce the carbon emission even further, the small amount of energy still required
for heating and cooling should originate from renewable energy sources. A heat
pump is a highly efficient heating and cooling installation running on electricity
that can be generated using renewables.

1.2 Heat pump as heating and cooling source
A heat pump uses a thermodynamic cycle to convert low temperature heat to a
higher temperature. The thermodynamic cycle of an ideal basic heat pump is
depicted in a T-s diagram in figure 1.3.

The basic heat pump cycle consists of 4 main components in a closed circuit:
a compressor, a condenser, an expansion valve and an evaporator. The fluid
used in the cycle is called the working fluid or refrigerant. First, the compressor
compresses the gaseous refrigerant to a higher pressure. At this higher pressure,
the refrigerant condenses at the saturation temperature corresponding with the
imposed pressure. In this process, heat is rejected from the condenser. After the
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Figure 1.3: A basic thermodynamic heat pump cycle depicted in a T-s diagram.

(a) Manifold type (b) Tubular type

Figure 1.4: Different types of distributors.

condenser, the liquid refrigerant is expanded over an expansion valve. This lowers
the pressure. Due to the adiabatic expansion, part of the liquid flashes to a gaseous
state. The refrigerant is now in the two-phase region. Finally, the two-phase
refrigerant evaporates at a lower saturation temperature in the evaporator by
extracting heat from a source. The Coefficient of Performance (COP) is a measure
for the efficiency of the cycle. The COP is the heat released by the condenser
divided by the work delivered by the compressor.

The refrigerant flow entering the evaporator is in the two-phase region as seen
in figure 1.3. Furthermore, a typical evaporator, which is heated by air, consists of
multiple parallel tubes to increase the heat transfer area while keeping the pressure
drop low. To distribute the two-phase refrigerant mixture evenly over the different
parallel tubes, a distributor is used. As shown in figure 1.4, two different distributor
types exist: tubular distributors and manifold distributors. This work focuses on
the tubular distributor.

In reality the distribution of the two phases is often not homogeneous over
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a distributor. This can have different causes: manufacturing tolerances, uneven
heat load of the different tubes, fouling, frost formation, partial load operation...
Maldistribution leads to a non-uniform superheat at the outlet of the different
tubes, which reduces the effectiveness of the heat exchanger. Several authors
studied the effects of maldistribution in heat exchangers experimentally [8–12] and
numerically [2, 13–18]. All authors agree that maldistribution leads to a reduction
in capacity and the coefficient of performance (COP) of the heat pump. Depending
on the boundary conditions, the reduction in capacity varied between 2% and 40%.
According to Bach et al. [10], no strong maldistribution occurs in a well-designed
and well-maintained heat pump. Hence, in reality the reduction in capacity will
normally never reach values of 40%.

Vist [14] observed less capacity reduction caused by maldistribution for CO2

than for R134a. Further he noticed a strong connection between the flow regime
at the inlet and the extent of the maldistribution.

Mader et al. [2] did an economic study on the costs of phase maldistribution.
The authors found that maldistribution will increase the annual operating cost up
to 5%.

Several counteracting technologies for mitigating the performance drop due
to maldistribution exist [18]. One of the simplest solutions is to avoid the
origin of maldistribution such as reducing fouling and manufacturing tolerances.
Mader et al. [2] noticed that oversizing of the evaporator can partly recover the
maldistribution-induced losses. However, this increases the pressure losses and
adds to the investment cost.

Figure 1.5: Configuration of the flash gas bypass method of Tuo et al. [12]
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Tuo et al. [12] suggested a flash gas bypass system. After the expansion
valve, the liquid phase is separated from the vapour using a flash tank or another
separating device such as a vertical T-junction (see figure 1.5). The vapour
bypasses the evaporator; only the liquid phase is evaporated in the evaporator.
Hence, maldistribution of the phases cannot occur. However, uneven superheat
can still occur if one tube is for example fouled. Further, the size and price of
the phase separator is large. Milosevic et al. observed a 55% increase of their
experimental setup’s COP by applying the flash gas bypass when there is a large
maldistribution.

Figure 1.6: A vapour compression cycle equiped with individual superheat control (Kim et
al. [15])

Both Kim et al. [15] and Kærn et al. [17] proposed individual superheat control
of the parallel evaporator passes, but with different techniques. Kærn et al. [17]
used an expensive expansion valve for each evaporator pass, while Kim et al. [15]
uses one big expensive expansion valve combined with smaller and cheaper valves
for the different passes (see figure 1.6). With both systems, one can change the
mass flow rate of each pass and thereby control the outlet superheat. Technically
this is the best solution but also the most expensive one. Mader et al. [18] did an
economic study on the individual superheat control strategy. The payback time
in an average climate is about 10 years while it is 2 years more for the flash gas
bypass system. Finally, evaporator and distributor designs are currently optimised
experimentally for its nominal operating condition. However this optimal design
can be suboptimal for part load operation. The optimisation of the system over the
whole working range would make the system more robust.
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To develop optimised distributor designs, a good understanding and model
should be available. However, currently little is known about the distribution of
two-phase refrigerant flows in distributor heads. To the author’s knowledge, only
two experimental studies aimed to improve a tubular distributor head (Nakayama
et al. [19] and Yoshioka et al. [20]). Both authors optimised the geometry of
an existing distributor head using experimental techniques which leads to case
specific models.

1.3 Objectives

The objective of this work is to get a better understanding of the phase
maldistribution in tubular distributors. The work is confined to the distribution
over two parallel circuits. In this case, the tubular distributor is reduced to an
impacting T- or Y-junction. The main objective is to get a good understanding
of parameters influencing the distribution of the two phases. Moreover, a new
generalised phase distribution model for refrigerants will be developed.

The knowledge acquired in this work can be extended to multiple parallel
circuits in future work. This will in turn improve evaporator designs. Hence,
they can cope with manufacturer tolerances, partial load operation and are more
robust against fouling and icing.

1.4 Outline

The manuscript is composed according to the following outline. In Chapter 2, the
basic two-phase flow concepts necessary to understand the remainder of this thesis
are explained. This chapter also gives a literature review about impacting T- and
Y-junctions. The main influences on the phase distribution are discussed based on
the literature. Furthermore, the phase distribution models available in the literature
are summarised.

The working principle of the experimental setup is described in Chapter 3. This
chapter also describes the void fraction sensor and its working principle, which
was developed in the works of De Kerpel [21] and Canière [22]. This void fraction
sensor was used to measure the void fraction and evaluate existing void fraction
models (Appendix B). Finally, the measuring procedure used is explained briefly.
The uncertainty analysis and the calibration procedures are found in Appendix A.

The experimental results are discussed in Chapter 4. First, a methodology
to compare the experimental results is given. Further, the chapter discusses the
main influences on the phase distribution over an impacting T-junction. In the last
section, a pressure drop model is constructed.

The existing phase distribution models are evaluated using the experimental
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data in Chapter 5. The evaluation of the models using the data from the literature
can be found in Appendix C. Based on the insights obtained in Chapter 4, a new
phase distribution model is proposed. This new model is evaluated using the data
of this work and the data from the literature.

In Chapter 6, conclusions are drawn and recommendations for future work are
proposed.





2
Two-phase maldistribution in the

literature

2.1 Introduction to two-phase flow

A two-phase flow is a flow where two phases coexist; this can for example be a
liquid and a vapour phase. On the interface between the vapour and liquid phase
different forces interact: surface tension, shear stress and gravitational forces.
Due to the equilibrium of the different forces, different spatial distributions of
the phases in a channel exist. These different spatial distributions of the phases are
referred to as flow regimes. These flow regimes have an important influence on the
pressure drop and the heat transfer.

This section first discusses several general two-phase flow parameters. Then it
discusses the different flow regimes and finally it introduces a number of methods
to determine the flow regime.

2.1.1 Two-phase flow parameters

Vapour quality The vapour quality x is defined as the fraction of the total mass
flow rate ṁ being in the vapour phase.

x = ṁg

ṁ
(2.1)
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Mass flux The mass flux G [kg/(m2⋅s)] is defined as the mass flow rate ṁ
divided by the inner cross-sectional area of the tube Ac. D is the inner tube
diamater.

G = ṁ
Ac
= ṁ

π (D
2
)2

(2.2)

Superficial velocities Both the superficial vapour velocity Jg and the superficial
liquid velocity Jl are defined as the velocity of the phase as if it would be the only
one flowing through the tube. In equations 2.3 and 2.4, ρg and ρg are respectively
the density of the vapour phase and the liquid phase.

Jg =
ṁg

Ac ρg
= Gx
ρg

(2.3)

Jl =
ṁl

Ac ρl
= G (1 − x)

ρl
(2.4)

The doublet mass flux and vapour quality (G;x) is equivalent to the duplet
superficial vapour velocity and the superficial liquid velocity (Jg;Jl).

Void fraction As illustrated in figure 2.1, different void fraction definitions exist
in the literature: local, chordal, cross-sectional and volumetric void fraction [23].
In this work, only the cross-sectional void fraction ε will be used.

Lg

Ll

Ac,g

Ac,l Vl

Vg

(a) (c)(b)

Figure 2.1: The different void fraction definitions: (a) chordal, (b) cross-sectional and (c)
volumetric void fraction.

The cross-sectional void fraction ε, denoted as void fraction in this work, is
defined as the ratio of the cross-sectional area occupied by vapour phase to the
total cross-sectional area of the tube (see figure 2.1b).

ε = Ac,g
Ac
= Ac,g

Ac,g +Ac,l
(2.5)

Typically, the vapour quality x is not equal to the void fraction ε as a result of
the difference in mean velocity between the two phases, referred to as slip, and the
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difference in density. In the literature, several correlations exist for calculating the
void fraction. A review of these different correlations was made by Wojtan [24].
The correlations can be classified into two groups: separated flow models and drift
flux models. The separated flow model assumes that the two phases are flowing
each at their own velocity v and separated from each other. Equation 2.6 forms the
basis of the separated flow model. Different authors proposed expressions for the
velocity ratio S also referred to as the slip ratio.

ε =
x
ρg

x
ρg
+ S 1−x

ρl

=
x
ρg

x
ρg
+ vg
vl

1−x
ρl

(2.6)

A special separated flow model is the homogeneous model with S = 1. The
homogeneous model assumes both phases have the same velocity.

The separated flow models assume a discontinuity at the vapour-liquid interface
which is not physical. The drift flux models were proposed to address this. The
drift-flux model of Rouhani-Axelsson [25] is recommended by Steiner [26] for
horizontal refrigerant flows. This model incorporates, in contrast to other drift-flux
models, a dependency on the surface tension and the mass velocity. The drift-flux
model of Rouhani-Axelsson [25] is given in equation 2.7 and will be used in this
work.

ε = x

ρg
[(1 + 0.12 (1 − x))( x

ρg
+ 1 − x

ρl
)

+1.18 (1 − x) (gσ (ρl − ρg))0.25

G
√
ρl

⎤⎥⎥⎥⎦

−1 (2.7)

Momentum flux ratio The liquid momentum flux Ṁl and vapour momentum
flux Ṁg are defined as:

Ṁl = ρl v2
l (2.8)

Ṁg = ρg v2
g (2.9)

The velocity v is the real velocity of the phase, not the superficial velocity J .
The momentum flux ratio is defined as the ratio of the vapour momentum flux

to the liquid momentum flux.

Ṁr =
Ṁg

Ṁl

(2.10)
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2.1.2 Flow regimes and flow regime maps

The two phases of a two-phase flow have multiple options to distribute themselves
spatially. This spatial distribution of the two phases has a significant influence on
the pressure drop and the local heat transfer. Several authors tried to recognise and
classify the different flow regimes. This classification is often subjective, resulting
in a different number of flow regimes: Wong and Yau [27] recognise 16 different
flow regimes while Wojtan et al. [28] only recognise 8. In this work, the flow
regimes proposed by Wojtan et al. [28] are used, as they are recognized by a large
part of the scientific community. The definitions of the eight flow regimes by
Wojtan et al. [28] are given below:

Annular (A) Around the perimeter of the tube a
continuous liquid film exists. In the center there is a
gas core which can contain some droplets. The liquid
film is thicker at the bottom than at the top due to
gravity.

Stratified (S) There is a complete separation of the
two phases. The gas at the top of the tube is separated
by an undisturbed horizontal interface from the liquid
at the bottom of the tube.

Slug (SL) Liquid slugs separate elongated bubbles
which have diameters similar in size to the channel
diameter.

Intermittent (I) Large amplitude waves washing
the top of the tube are alternated with smaller
amplitude waves. The large amplitude waves can
contain entrained gas bubbles.

Stratified-Wavy (SW) The stratified-wavy flow is
similar to the stratified flow but now the interface
is not undisturbed. The interface between the two
phases contains waves of which the crests do not
reach the top of the tube.

Dry-out (D) and Mist (M) The mist flow consists
of very small liquid droplets entrained in a continuous
gas phase. Further, the wall is dry during mist flow.
Dry-out flow is the transition between annular flow
and mist flow. Still some liquid is left on the tube
walls but some sections are already dry. Due to the
thinner liquid layer at the top of the tube, dry-out
starts there.
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To assign a certain flow regime to a flow, based on measurable properties, flow
regime maps were developed. The most common type of a flow regime map uses
the mass flux G and vapour quality x to determine the flow regime. Figure 2.2
shows an example of such a graph.
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Figure 2.2: An example of a flow regime map of Wojtan et al. [28]. The blue lines are the
transition lines. In the adapted version of Barbieri et al. [29] the dashed blue line is

replaced by the green dashed line.

The blue lines indicate the transitions between the different flow regimes.
Wojtan et al. [28] used subjective visual interpretation of the flow patterns to
construct this flow regime map.

To mitigate the subjectivity of the human interpretation, Canière et al. [30]
developed a probabilistic flow regime map using clustering techniques. The
authors used a numerical clustering algorithm to classify measured time traces of
the void fraction. An example of a probabilistic flow regime map is shown in figure
2.3 together with the flow regime map of Wojtan et al. [28]. As seen on figure 2.3,
the transition between intermittent and annular flow is not predicted very well by
the flow pattern map of Wojtan et al.. Hence, Barbieri et al. [29] proposed a new
transition line which is drawn as a red dashed line in figure 2.3 and as a dashed
green line in figure 2.2. In this work the flow regime map of Wojtan et al. [28]
adapted to Barbieri et al. [29] will be used. This flow regime map was chosen due
to its accuracy and its simplicity compared to the probabilistic flow regime maps.
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Figure 2.3: The probabilistic flow regime map of Canière et al. [30] drawn together with
the flow regime map of Wojtan et al. [28] (thin black lines). The red, blue and green
symbols are measurements with respectively a slug, an intermittent and annular flow

according to the model of Canière et al. [30].
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2.2 Impacting T-junction
T-junctions can be classified in two categories: impacting and branching
T-junctions. For a branching T-junction one of the outlets branches off, whereas
the other one is a continuation of the inlet. In contrast, an impacting T-junction
has two outlets perpendicular to the inlet, see figure 2.4. This work will focus on
the impacting T-junction.

 inlet
ṁ1, x1

branch 2
ṁ2, x2

branch 3
ṁ3, x3

Figure 2.4: Schematic representation of an impacting T-junction.

The T-junction can have multiple orientations. Figure 2.5 displays the
definitions used in this work for the different orientations. The inclination angle of
outlet branch 2 with respect to the horizontal plane is given by θ. The inclination
angle of the inlet with respect to the horizontal plane is given by φ.

branch 3 branch 2θ inlet
branch 2

φ

inlet

front view side view

gg

Figure 2.5: The different orientation angles of an impacting T-junction.
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2.2.1 Representation of results

In the literature, the results of phase distribution experiments are often represented
as the mass fraction of the vapour phase (Fg) that goes to one outlet as function of
the fraction of the liquid phase (Fl) that goes to the same outlet.

Fl =
ṁl,2

ṁl,1
= ṁ2 (1 − x2)
ṁ1 (1 − x1)

(2.11)

Fg =
ṁg,2

ṁg,1
= ṁ2 x2

ṁ1 x1
(2.12)

A sample of this typical way of representing phase distribution data, the Fg −
Fl-graph, can be seen in figure 2.6a. Sometimes another representation method
is used in the literature which is given in figure 2.6b. Figure 2.6b represents the
ratio of the inlet to the outlet vapour quality as function of the ratio of the inlet
and outlet mass flow. Using this representation method, it is harder to compare the
results of different experiments with each other. For this reason the representation
of the results in this work will be done using the Fg − Fl-graph.

1

0.5

0
0 0.5 1

(0.5; 0.5)Fl

Fg

(a) Fg − Fl graph

4

2

0
0 0.5 1

(0.5; 1)

ṁ2/ṁ1

x2
x1

3

1

x
2 /x

1 =ṁ
1 /ṁ

2

(b) ṁ2
ṁ1

versus x2
x1

graph

Figure 2.6: Different methods of representing phase distribution data (dotted line = even
phase distribution).

In both figure 2.6a and 2.6b a dotted line is drawn which contains all the points
where the two phases are distributed evenly. This means that the outlet vapour
qualities x2 and x3 are equal to the inlet vapour quality x1.

The dash-dotted line in figure 2.6a is an example of a phase distribution
experiment represented in a Fg − Fl-graph. By changing the total mass fraction
towards outlet 2 ( ṁ2

ṁ1
), you move along this line. By moving along the line to the

lower left corner, the total mass fraction towards outlet 2 ( ṁ2

ṁ1
) decreases. This and
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all other possible examples start in the point (0; 0). At point (0; 0), the total mass
fraction towards outlet 2 ( ṁ2

ṁ1
) is 0, meaning that the total mass flow rate only goes

through the outlet 3. Furthermore, the line in a Fg −Fl-graph should always end in
(1; 1). At point (1; 1), the total mass fraction towards outlet 2 ( ṁ2

ṁ1
) is 1, meaning

that the total mass flow rate passes through the outlet 2.
For the example shown here, the Fl-value is larger than the Fg-value in the

lower left quadrant of the graph. This implies that more liquid, compared to a
homogeneous flow, is flowing through outlet 2. In the upper right quadrant of
the graph, the Fg-value is larger than the Fl-value, implying that more vapour,
compared to a homogeneous flow, is flowing through outlet 2.

Furthermore, every line in a Fg −Fl-graph of a horizontal symmetric impacting
T-junction is centrally symmetric. This can be be explained intuitively: if the
T-junction is geometric symmetric, the flow will not notice a difference between
the left and right outlet. It will only be affected by the boundary conditions at these
outlets. Hence, if you swap the the right and left boundary conditions, the flows
flowing through the two outlets will also be swapped.

Finally, due to the centrally symmetry, every Fg − Fl-line should pass through
the center point (0.5; 0.5).
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2.3 Existing research on impacting T-junctions

Early on it was assumed that due to the symmetry of an impacting T-junction, the
liquid and vapour phase would distribute evenly over the two outlets. However,
in the first applications it was discovered that this assumption was not correct.
This led to research into the flow behaviour of liquid-vapour flows. Table 2.1
summarises all the literature known to the author on the distribution of two-phase
flows over impacting T-junctions.

Based on table 2.1, it is clear that most research is done on water-air mixtures.
Research with fluids at vapour-liquid equilibrium, like steam and refrigerants, is
very scarce. One goal of this work is to fill in this gap with new experimental data.

First of all, the literature can be divided in two groups: horizontal and inclined
T-junctions. The authors which investigated the inclined T-junctions were mainly
interested in the capacity of the T-junction of being a phase separator. Most of them
did not investigate how the phases are distributed but limited their research to the
occurrence of full separation. The following section will first discuss the different
influences on the phase distribution over horizontal impacting T-junctions found in
the literature. The second section will discuss the inclined impacting T-junctions.

2.3.1 Horizontal impacting T-junctions

First of all, all authors confirm that the phases are only distributed evenly over the
branches of an horizontal impacting T-junction when the total mass flow rate is
split evenly over its branches. This is a logical result of geometrical symmetry.
Generally, in all other cases, maldistribution of the two phases will occur. Further,
in the literature the influences of inlet superficial velocities, channel diameter,
fluid properties, flow regimes and pressure drop on the phase distribution were
investigated. The next subsections will discuss them in more detail.

2.3.1.1 Influence of the inlet superficial velocities on the phase distribution

Almost every author in the literature investigated the influence of the inlet
superficial velocities or their equivalent duplet of mass flux G and vapour quality
x. Azzopardi et al. [57] were the first authors to investigate the influence of the
inlet superficial velocities. Compared to all the later research, they did not see any
significant effect due to the inlet superficial velocities. Either their results contain
an error, or it is due to their limited test range. Furthermore, it is the only research
with a vertical inlet. The flow regimes occurring in a vertical tube are different
from the ones occurring in a horizontal tube. Therefore, the inlet flow regimes
observed in the work of Azzopardi et al. [57] will be different, which could also
explain the difference in results.
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If the inlet superficial vapour velocity increases while the superficial liquid
velocity is fixed, the Fg-Fl curve rotates around its centre point in anti-clockwise
direction. When the inlet superficial vapour velocity is fixed, the Fg-Fl curve
rotates in clockwise direction with increasing superficial liquid velocity. So in
other words, the liquid phase has an increasing preference flowing to the branch
with the lowest mass flow rate with decreasing inlet superficial vapour velocity
and vice versa.

The trends above can be translated to the effects of mass flux and inlet vapour
quality. For a fixed mass flux, the Fg-Fl curve rotates counter-clockwise with
increasing vapour quality [42].

Both El-Shaboury et al. [47] and Elazhary et al. [40, 41] found that if there is
a transition to another flow regime, there is an inconsistency in the above trends.
Within one flow regime the trend seems to remain valid. Due to a limited amount
of data points around flow regime transition, no conclusion could be made and
further research is needed.

Furthermore, El-Shaboury et al. [47] found an inlet condition that gives an
even split over the whole range. There is no maldistribution when the inlet flow
has respectively a superficial vapour and superficial liquid velocity of 10 m/s and
0.01 m/s (data set W1 in figure 2.7).
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Figure 2.7: Phase distribution data of El-Shaboury et al. [47] for the wavy and
stratified-wavy flow regimes.

Elazhary et al. [40] and Chen et al. [35, 36] both tested microchannel
T-junctions. According to Serizawa et al. [59], a tube is classified as a microtube
when the channel diameter d is smaller than λ/3.3, where λ is the Laplace constant
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(λ =
√
σ/ (g (ρl − ρg))), defined by Suo and Griffith [60]. Elazhary et al. [40] and

Chen et al. [35, 36] noticed that the effect of inlet superficial velocities is less
pronounced than for macrochannel T-junctions. Instead of gravity and inertia,
the viscous and surface tension force are the dominant forces in microchannels.
Hence, a change in inertial forces will have less effect on the phase distribution.

The ratios of forces are often represented as dimensionless numbers. The
inertial force over the surface tension force is given by the Weber number:

We = ρv
2D

σ
(2.13)

σ is the surface tension. The inertial force over the viscous force is given by the
Reynolds number:

Re = v ρD
µ

(2.14)

The dynamic viscosity is denoted by µ and D is the hydraulic diameter of the
channel.

2.3.1.2 Influence of channel diameter on phase distribution

Few authors [31, 35, 37] investigated the influence of the channel diameter on the
phase distribution.

Mohamed et al. [37] compared his data (D = 13.5 mm) with the data of
El-Shaboury et al. [47] (D = 37.8 mm). The authors noticed only a very small
effect due to the diameter change. Furthermore, the magnitude of this effect
decreases with increasing inlet superficial velocities. At higher inlet superficial
velocities, the inertial forces and the accompanying momentum will be more
dominant due to the quadratic dependence on the velocity.

Both Sun et al. [31] and Chen et al. [35, 36] investigated the effect
of the branch diameter on the phase distribution for microchannels. The
phenomena occurring in microchannels are fundamentally different from the ones
in macrochannnels. The dominant phenomena in macrochannels are gravity and
inertia, whereas in microchannels the viscous and surface tensions force become
more important. In general, the maldistribution is less severe for microchannels
than for macrochannels. For both a slug and an annular flow in a micro-channel,
the liquid has an increasing tendency to go to the channel with the smallest
mass flow rate for an increasing channel diameter. In both cases the degree of
maldistribution decreased with decreasing diameter. Furthermore, if the superficial
velocities increase, the effect of the diameter is reduced. This was also found for
macrochannels.
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2.3.1.3 Influence of fluid properties on phase distribution

The available literature that investigated the effect of the fluid properties on the
phase distribution is rather scarce. Most authors investigate the fluid properties
indirectly by varying parameters such as the pressure or the fluid itself.

Chien and Rubel [54] investigated the effect of the steam pressure on the phase
distribution. A change in saturation pressure affects mainly the density ratio
between vapour and liquid. However, the authors did not see a significant effect.
Mohamed et al. [37] investigated the effect of pressure on the phase distribution but
for a water-air mixture. They observed a strong effect for low inlet velocities but
this effect decreased for an increasing inlet velocity. The preference of the liquid
phase to exit through the branch with the lowest mass flow rate decreases, with
increasing pressure (= increasing mass density ratio ρg/ρl) if both inlet superficial
velocities remain the same.

Hong et al. [53] compared their water-air experiments with their steam
experiments. The trends observed are the same but especially at lower vapour
qualities there was a larger difference in absolute values.

Chen et al. [36, 36] investigated the effects of viscosity and surface tension
on the phase distribution. Note that the T-junction used in the work of Chen et
al. is made of micro-channels. The effects for viscosity and surface tension will
probably be much smaller in macro-channels according to the authors. In macro
channels; the gravitational and inertial force are two to three orders of magnitude
larger than the viscous forces and the surface tension. Due to the larger surface
tension forces in micro-channels, the liquid sticks to the wall. Hence, annular
flow is very common. For an annular flow, the preference of the liquid phase to
exit through the branch with the lowest mass flow rate increases with decreasing
surface tension. This means that the maldistribution gets worse. However, for a
slug flow with a slug length smaller than 5 times the channel diameter, the opposite
effect is noticed. According to the authors, the surface tension does decrease the
liquid kinetic energy which makes the liquid divide more evenly. Due to the higher
surface tension, the liquid flows along the wall which slows down the liquid flow
by viscous drag. The trend for the slug flow was explained by the fact that a gas
slug can break up easier to divide over the two branches when the surface tension is
lower. For the annular flow, the authors also investigated the effect of viscosity on
the phase distribution. The authors observed a minor effect of the liquid viscosity,
which has a similar effect as the inlet liquid superficial velocity. The velocity of
the liquid film decreases with increasing liquid viscosity.

2.3.1.4 Flow regime maps for impacting T-junctions

Several authors [34,38,41,42,45,46,55] compared the observed flow regimes in the
inlet tube with an existing flow regime map of a regular straight tube. In general,
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the existing flow regime maps match very well with the observed flow regimes.
However, Zheng et al. [34] noticed that the intermittent to annular transitions of
the map of Wojtan et al. [28] do not fit the observed values, especially at higher
mass fluxes. As mentioned in section 2.1.2, the flow regime map of Wojtan et al.
[28] does not capture the intermittent to annular transition for the data of straight
observations either. Furthermore, Lightstone et al. [55] observed a faster transition
from stratified-smooth to stratified-wavy. Lightstone et al. [55] and Doherty et
al. [45] also noticed a decrease in void fraction just before the junction for stratified
flows, as e.g. the liquid level increases. According to the authors, this can be
attributed to both a flow regime change and a fluid deceleration over the T-junction.

Murphy et al. [46] and Doherty et al. [45] investigated the flow regimes in the
two outlets, as well as the flow regime in the inlet. Both studies compared the flow
regime map for a straight tube with their observations. They noticed that most
transitions occur sooner due to the sudden change in pressure over the T-junction.
Only for the transition from stratified to stratified-wavy the opposite was noticed.
The flow in the outlet remained much longer stratified-smooth than in a normal
straight tube. The authors did not give any explanation for this.

2.3.1.5 Pressure drop over an impacting T-junction

The first authors investigating the pressure drop over an impacting T-junction were
Lightstone et al. [55]. The pressure drop over an impacting T-junction is measured
by extrapolating pressure measurements up- and downstream of the junction as
seen in figure 2.8. This extrapolation method will be explained in more detail in
paragraph 4.3.

Lightstone et al. [55] modelled the pressure drop over an impacting T-junction
as a sudden expansion of the tube. Besides the irreversible losses due to sudden
expansion, they accounted for additional losses due to the turning of the flow.

Later, Wang et al. [48] studied the temporal behaviour of the pressure drop over
an impacting T-junction. They noticed an increased fluctuation of the pressure
drop with increasing inlet superficial velocities and with increasing mass split
ratio (ṁ2/ṁ1). The pressure drop also increases with increasing inlet superficial
velocities as found by many authors [45, 47, 48].

Finally, El-Shaboury et al. [47] measured the pressure gradient over an
impacting T-junction. The authors noticed a strong effect of the flow regime on
the pressure drop as you can see in figure 2.8. Doherty et al. [45] also noticed
this dependency. Stratified flows had a smaller pressure drop than the other flow
regimes. Furthermore, the zone of influence of the pressure gradient at the inlet is
longer compared to the other regimes as can be seen in figure 2.8b. This is related
to the increasing liquid level at the inlet for a stratified flow. Murphy et al. [46]
even saw a pressure rise for a stratified flow instead of a pressure drop.
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Figure 2.8: The pressure distribution over an impacting T-junction [47].

2.3.2 Inclined impacting T-junctions

Mohamed et al. [42, 43] studied the influence of branch inclination on the phase
distribution. According to the authors, there is a strong dependence between the
phase distribution and the inclination angle of the branches for stratified flows.
Figure 2.9a shows the result of one of their stratified experiments. With increasing
inclination angle, the curve shifts towards the upper left corner. In this case when
the branch is facing downward with an angle of 0.7° or more, all the liquid will
flow to this branch.

Figure 2.9b shows the results for a wavy flow. Clearly, a wavy flow is less
sensitive to branch inclination than a stratified flow. For this case there is full
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separation of the two phases for an inclination angle of 87.5°. However, for another
wavy experiment, there was even no full separation at an angle of 90°.

Finally, figure 2.9c shows the results for an annular flow. Here, the effect of
branch inclination is really small. Even for large inclination angles, the curves are
just shifted a bit towards the upper left corner.

Mohamed et al. [42, 43] explains the results as follows. In macro channels, the
two main forces acting are gravity and inertia. For a stratified flow, the inertial
forces are rather low, for this reason this flow regime is more susceptible to the
gravitational force.

Mohamed et al. [42, 43] also made a correlation to predict the limiting inlet
conditions where full separation can occur at a certain inclination angle of the
branches.

Both Milosevic [44] and Tuo et al. [12, 39] applied the T-junction as a phase
separator. In this case, the branches should be oriented vertically to maximise the
separating effect of gravity. They limited their research to the separation efficiency
of impacting T-junctions. They did not test the phase distribution over the whole
range of mass split ratios.

In general, the separation efficiency of the vertical T-junction decreases with
increasing mass flux or quality. In both cases, the liquid inertial force and vapour
phase drag force become dominant over gravity. First of all, the higher liquid
inertial force increases the energy of the liquid to go up against gravity. Normally,
after impact with the junction, the inertial force would promote equal split. Also,
due to the higher liquid velocity, the liquid layer will more likely break up in small
droplets when impacting on the T-junction. When the vapour phase drag force is
high, these droplets can be easily transported upwards in the upward branch. At
low vapour velocities, the gravity is strong enough to separate the liquid drops.
This explains why this T-junction has a good phase separation efficiency for a
stratified flow.

Zheng et al. [32] compared experimentally the phase distribution of pure
refrigerants with the one of zeotropic refrigerant mixtures. The zeotropic mixtures
show less separation in a vertical T-junction than pure refrigerants. This trend
does not fit logic reasoning because the separation efficiency should lower with
decreasing density ratio according to the horizontal measurements.

Tuo et al. [12] investigated the influence of the tube diameter on the phase
separation efficiency. It is beneficial for separation to increase the tube diameter of
the branches. A larger branch tube reduces the impact on the junction’s wall which
limits the creation of liquid droplets which can be easily carried to the top outlet
as explained before. Moreover, a larger diameter also reduces the velocities in the
branches, reducing the inertial force and the vapour phase drag force compared to
the gravitational force.

Besides the effect of branch diameter, Tuo et al. [12] also noticed that if the
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(a) Jg = 2m/s∣Jl = 0.01m/s

(b) Jg = 10m/s∣Jl = 0.01m/s

(c) Jg = 40m/s∣Jl = 0.01m/s

Figure 2.9: Fg − Fl graphs of water-air (23 °C — 150 kPa) phase distribution
experiments [42], the experiments were conducted at different inlet conditions and at

different branch inclination angles.
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Figure 2.10: Flow separation at varied angles of inclination for in ṁ = 30g/s and
x = 15% [12].

inlet is facing downward (see figure 2.10), the phase separation is improved up
to a certain optimal angle. Due to the downward facing inlet, the impact on the
branch wall is smaller, reducing the break up of the liquid flow in small droplets.
Hence, enhancing the phase separation as explained above.

In 2014, Tuo et al. [39] compared his experimental data of R134a with
that of R410a and observed only a very small difference in phase separation
efficiency. The authors explained this by stating that both refrigerants have similar
thermophysical properties.

Tuo et al. [12] compared the observed flow regimes with flow regime maps.
Because their T-junction is installed directly after an expansion valve, their flow
is not fully developed. Hence, the authors used a flow regime map for developing
flows and observed a good compliance with their experimental observations.

Finally, Tuo et al. [39] proposed correlations which can be used to design an
impacting T-junction separator. They noticed a strong drop in phase separation
efficiency when churn flow instead of mist flow occurs in the top branch. Hence, a
correlation which predicts the transition from mist to churn flow in the top branch
was proposed. A churn flow only occurs in vertical tubes and is characterised by a
very thick and unstable liquid film. This liquid film often oscillates up and down.
Further, the liquid level in the bottom branch should be large enough to function
as a barrier against bubble entrainment. Therefore, a correlation was proposed
which predicts the bubble penetration depth in the bottom branch. This bubble
penetration depth should be smaller than the liquid level to have a good separator.

2.3.3 Models available in the literature

Several authors tried to construct a model to predict the phase distribution in an
impacting T-junction. Azzopardi et al. [57, 58] made the first model based on
simple geometrical assumptions. They assume a fictitious barrier in the inlet tube
which divides the tube in two areas, which are related to the mass flow division.
Specifically, it is assumed that everything to the right of this boundary goes in the
right branch. The authors only verified with their own data which was limited
in range and only contained two flow regimes (churn and annular). Further, the
T-junction used had a vertical inlet which is different from the subsequent models.
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However, according to the authors, their model should also be valid for horizontal
inlets.

The model of Hwang et al. [56] is based on the dividing stream concept.
The idea is similar to the model of Azzopardi et al. [57, 58]. Based on the
force equilibrium, a streamline for the liquid and vapour phase, respectively,
is determined of which the end is perpendicular to the impacting T-junctions
wall. All the liquid to the right of the liquid streamline, considering the spatial
distribution of the phases, will exit through the right branch. Analogously, all the
vapour to the right of the vapour streamline, will exit through the right branch.
This model was verified with the data of Azzopardi et al. [57, 58] and their own
data. Furthermore, this model takes the inlet flow regime (stratified and annular)
into consideration. However, this model is difficult to extend to geometries with
more than two outlets.

Ottens et al. [52] made the double stream model which uses a steady state
macroscopic mechanical energy balance for both phases. His model is very
sensitive to the energy loss coefficient of the junction, which is determined
experimentally. This model was validated against their data of stratified-wavy
air-water flow.

El-Shaboury et al.’s [47] model starts from the basic laws of mass, momentum
and energy conservation of both phases, for a control volume which consists of
the zone between the three branches. To be able to solve the set of equations, the
author needs the deviation of the inlet flow and the friction force on the T-junction’s
wall. Both parameters are lumped in one parameter, for which a flow regime based
empirical equation was fitted using the experimental data. This model is the most
versatile one. Because it starts from the physical conservation laws, it can be easily
adapted to other geometries and orientations. The model constructed in chapter 5
is based on this one.

Finally, several authors [33, 36, 53, 54] made empirical models which were
fitted to their own data. These models are restricted to the flow regime for which
the fit was made.

In 2014, Mohamed et al. [37] compared the models of El-Shaboury et al. [47],
Hwang et al. [56] and Ottens et al. [52] with their experimental data. Both the
model of Hwang et al. [56] and Ottens et al. [52] did not capture the influence
of pressure on the phase distribution. The model of El-Shaboury et al. [47]
under-predicted the effect for stratified flows but predicted rather well for the other
flow regimes. The authors also investigated the sensitivity to channel diameter in
the models. Here, only the model of Hwang et al. [56] could predict the influence
of the channel diameter.

Finally, Chen et al. [35] noted that Azzopardi et al.’s [57, 58] model lacks a
term to correct for a changing surface tension.
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2.4 Impacting Y-junction
The literature for impacting Y-junctions is limited to the work of Murphy et al. [46]
and Nagai et al. [61].

Murphy et al. [46] reported on the pressure drop of and the flow regimes in
water-air two-phase flows through an impacting Y-junction (Din = 0.0454 m) with
opening angles of 60°, 90° and 120°. For small opening angles the pressure loss is
minimal and insensitive to the inlet flow rate. At the lowest flow rates, the authors
reported a pressure gain due to the increase in flow area and the separation and
reformation of liquid from the inlet to the outlet pipes. The flow regimes seen in
the inlet branch comply with the flow pattern map for straight tubes. In contrast,
the flow regimes in the outlet branches transition faster to higher turbulent flow
patterns.

Nagai et al. [61] analysed the pressure loss, gas phase velocity and the void
fraction in the branches of an impacting Y-junction of an air-water mixture. The
T-junction has an opening angle of 60° and lies in the horizontal plane. The
inlet tube is a rectangular tube of 2.5 mm by 4.6 mm and the outlet branches
are rectangular tubes of 2.5 mm by 2.36 mm. The authors found an irreversible
pressure loss-coefficient of 0.3 independent of the inlet conditions. Additionally, a
correlation was made to predict the gas phase velocity and the void fraction.
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2.5 Conclusion
Generally, there is a consensus in the literature on the influence of the inlet
superficial velocities on the phase distribution over an impacting T-junction. They
all agree that the liquid phase has an increasing preference flowing to the branch
with the lowest mass flow rate with decreasing inlet superficial vapour velocity and
vice versa. However, El-Shaboury et al. [47] and Elazhary et al. [40, 41] found an
inconsistency in the trends when there is a transition to another flow regime. This
inconsistency is not yet well understood. Hence, chapter 4 will investigate the
influence of inlet superficial velocities in the vicinity of flow regime transitions.

The available literature that studied the influence of fluid properties on phase
distribution is rather limited. Furthermore, the most elaborated studies were
conducted on micro-channel T-junctions. The physics occurring in micro-channels
are significantly different. Hence, the influence of the fluid properties will be
investigated in chapter 4.

The literature that investigated the influence of the inclination angle on the
phase distributions focused on inclination angles where full separation of the
phases occurs. These inclination angles are generally large. Most data is also
limited to one fluid. In chapter 4 the influence of smaller inclination angles on
the phase distribution and their combined influence with fluid properties will be
studied. To summarize, all the influences studied experimentally in the literature
are summarised in table 2.2.

Jg ↑ Fg − Fl-graph rotates counter-clockwisea

Jl ↑ Fg − Fl-graph rotates clockwisea

D ↓ maldistribution decreasesb

P ↑ Fg − Fl-graph rotates counter-clockwiseb

ρg
ρl
↑ Fg − Fl-graph rotates counter-clockwise

σ ↓ A: Fg − Fl-graph rotates clockwisec

SL: Fg − Fl-graph rotates counter-clockwisec

θ ↑ Fg −Fl-graph shifts towards the upper left corner
for the down-facing outlet

a Influence smaller for microchannels; b Influence decreases with increasing inlet superficial
velocities; c Only microchannel data available

Table 2.2: Summary of the influences studied in the literature.

Finally, Mohamed et al. [37] tested some of the phase distribution models
available in the literature and concluded that most of them do not capture all the
physics. For example, most models did not account for the interfacial mass transfer
or the influence of fluid properties. This work will address this by proposing a new
phase distribution model in chapter 5.



3
Experimental setup

This chapter describes the experimental setup used for this work. The experimental
setup consists of two main parts: a two-phase flow conditioner and a test section.
The original two-phase flow conditioner was designed and built during the PhD
research of Canière [22] and further used in the PhD research of De Kerpel [21].
During this work, the flow conditioner was refurbished and a new test section was
built. The first section will discuss the two-phase flow conditioner, the second
section will describe the new test section and finally the last section will specify
the test methodology.
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3.1 Two-phase flow conditioner
This part of the experimental setup, called the two-phase flow conditioner,
produces a refrigerant flow with a certain mass flux, vapour quality and saturation
temperature. This conditioned refrigerant flow is then fed to the test section.

condenser boilerpreheaterchiller

temperature
control unit

pressure
vessel

test section

cold water loop hot water looprefrigerant loop

saturation pressure control loop

Figure 3.1: Schematic overview of the two-phase flow conditioner. The conditioner
consists of 4 main loops: a refrigerant loop, a cold water loop, a hot water loop and a

saturation pressure control loop.

This two-phase flow conditioner consists of 4 loops as shown in figure 3.1:
a refrigerant loop, a cold water loop, a hot water loop and a saturation pressure
control loop. In the following subsections, each loop will be discussed in detail
to understand its working principle. The specifications of each component are not
given here but are tabulated in appendix A. The appendix also contains the piping
and instrumentation diagrams.
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3.1.1 Refrigerant loop

Figure 3.2 displays the refrigerant loop. The refrigerant loop is completely made
of standard 3/8 inch copper refrigerant tubing. First, the liquid refrigerant is
pumped from the condenser to the preheater. The magnetically driven gear pump
(Micropump GC M25) compensates for the pressure drop in the whole circuit. A
magnetically driven pump is chosen to avoid the presence of oil in the refrigerant,
which can significantly affect the results of the experiments [62]. This pump is
also frequency-controlled in order to maintain the required mass flux. After the
pump, the sub-cooled liquid refrigerant passes through a Coriolis-type mass flow
meter (Bronkhorst cori-flow M551), which is used to measure the mass flow rate.

T

P

T

P

T

condenser

preheater

pump

boiler

test section

chiller

temperature
control unit

flow
meter

Figure 3.2: Schematic overview of the refrigerant loop. The liquid refrigerant is pumped
out the buffer vessel through a mass flow meter, a preheater, a test section and a condensor.

The liquid refrigerant then enters the preheater which is a tube-in-tube heat
exchanger. This preheater is heated with the hot water from the hot water loop
which will be discussed later on. By controlling the heat exchanged in the
evaporator, the vapour quality of the refrigerant flow can be set. The pressure
and temperature of the refrigerant is measured just before and after the preheater.
If in addition the heat transferred in the preheater is known, the vapour quality
at the outlet of the preheater can be calculated by applying the first law of
thermodynamics. More details on the calculation method and its accompanying
uncertainty analysis can be found in appendix A.

The conditioned refrigerant flow then enters the test section. Finally, after the
test section, the refrigerant flow is condensed in a plate heat exchanger. This
condenser is cooled by the cold water loop which will be discussed in the following
subsection.

1More information can be found in appendix A.
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3.1.2 Cold water loop

pump

T

T

chiller T
buffer
tank

Figure 3.3: Schematic overview of the cold water loop. A chiller provides a chilled
water-glycol mixture for the condenser in the refrigerant loop.

The cold water loop is illustrated in figure 3.3. A chiller (Daikin
EUWAP16KAZW12) provides a chilled water-glycol mixture (30 vol% of glycol)
to a buffer tank of 900 litre. The chiller adjusts the temperature of this buffer
tank to a set temperature. A fixed-speed centrifugal pump is used to pump the
water-glycol mixture through the condenser. The flow rate through the condenser
is controlled by a three-way valve (Danfoss VRB3) in order to control the
sub-cooling of the refrigerant entering the buffer vessel.

3.1.3 Hot water loop

T

T

pump electrical
heater

flow 
meter

T

T

buffer
tank
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pump
T

T

T

preheater

Figure 3.4: Schematic overview of the hot water loop. The hot water loop provides hot
water for the preheater in the refrigerant loop.

A schematic of the hot water loop is shown in figure 3.4. A gas boiler of 55 kW

is used to produce hot water which is stored in an insulated buffer tank of 2000
litre. The temperature of the water in the buffer tank is monitored by three K-type
thermocouples. During the measurements, the gas boiler is switched off to avoid
temperature oscillations. To minimise the temperature decrease of the water in the
buffer tank during the experiments, a PID-controlled electrical heater (3 kW) is
placed inline with the fixed-speed pump. This pump is used to pump the hot water
through the preheater which evaporates the refrigerant to a set vapour quality.

The preheater consists of 6 tube-in-tube heat exchangers connected in series.
Each tube-in-tube heat exchanger is a counterflow single pass heat exchanger. The

2temperature range: −10 °C – 20 °C; nominal power: 37 kW
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inner tube is a 3/8 inch copper tube (Di = 8 mm;Do = 9.5 mm) and the outer tube
is a copper tube (Di = 20 mm;Do = 22 mm). The hot water flows through the
annulus of the tube-in-tube heat exchanger.

To achieve a good control of the heat transferred in the preheater, it is possible
to bypass one or more heat exchangers. This allows the total heat exchanger
length to vary between 1 m and 15 m in steps of 1 m. Furthermore, the flow
rate of the hot water through the preheater is regulated using a three-way valve
(Danfoss VRB3). The water flow rate is measured using a coriolis-type flow meter
(Bronkhorst cori-flow M553). Further, at the in- and outlet of each tube-in-tube
heat exchanger, the temperature is measured using a K-type thermocouple. By
applying the first law of thermodynamics, the heat transferred in the preheater can
then be calculated. More details on the calculation method and its accompanying
uncertainty analysis can be found in appendix A.

Based on the uncertainty analysis, a large temperature difference and lower flow
rate are preferable to have an accurate measurement of the heat transferred. The
temperature difference should be large because the accuracy of a thermocouple
is relatively large compared to real temperature differences. However, the flow
rate cannot be too low because the flow has to be turbulent to avoid temperature
stratification of the flow.

3.1.4 Saturation pressure control loop

To control the saturation pressure of the test section, the amount of refrigerant
in the circuit has to be controlled. This is done by a temperature controlled
buffer vessel (figure 3.2). This buffer vessel can contain more or less refrigerant
depending on its temperature. The temperature of the buffer vessel is regulated
using a precision Refrigerated Heating Circulator Bath (Huber CC-415). This
machine controls a thermal oil to a certain temperature. This thermal oil is then
pumped through 2 hair-pin tubes inside the buffer vessel. The temperature of the
Refrigerated Heating Circulator Bath is controlled by the computer.

3More information can be found in appendix A.
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3.2 Test Section

3.2.1 Overview of the test section
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Figure 3.5: Schematic overview of the test section.

Figure 3.5 shows a schematic representation of the test section. First, the
conditioned two-phase refrigerant flow flows through an in-house made capacitive
void fraction sensor, which will be discussed later on. Then the refrigerant flow
enters the T-junction under test. After the junction, the flow is split into two
identical circuits which recombine at the end of the test section. In each parallel
circuit the flow passes sequentially through an evaporator (5 electrical heated
tubes of 600 W each), a valve, a superheater (1 electrical heated tube of 600 W)
and a Coriolis-type mass flow meter (Krohne Optimass 6000 S10). Further, the
pressure gradient over the junction is measured using a multiplexed differential
pressure transducer (Endress+Hauser Deltabar S PMD75). This pressure gradient
measurement will be elaborated on in the next subsection. Finally, the pressure and
temperature is measured before the junction and at the end of each parallel circuit.
Hence, the vapour quality at the inlet of each parallel circuit can be obtained by
applying the first law of thermodynamics over each parallel circuit. More details
on the calculation method and its accompanying uncertainty analysis can be found
in appendix A.

3.2.2 Pressure gradient measurement

In order to measure the pressure gradient over the junction, the pressure is
measured at several locations before and after the junction. The exact locations are
shown in figure 3.6. To avoid the occurrence of vortices in the flow, which could
disturb the pressure measurement, the pressure tap should be as small as possible
and burr-free [63]. Hence, the holes for the pressure taps (D = 0.5 mm) were made
using die-sink electrical discharge machining. The pressure taps are connected
through capillary tubes to a multiplexer made of an array of solenoid valves. This
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Figure 3.7: Picture of the pressure gradient measuring equipment

multiplexer connects a pressure tap and a reference pressure tap to two differential
pressure transducers. The first transducer has a range of 1 kPa±0.75 Pa and the
second one has a range of 10 kPa±7.5 Pa. Figure 3.7 shows the pressure taps,
capillary tubes, multiplexer and pressure transducers.
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Figure 3.6: Positioning of the pressure tabs at the test section
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3.2.3 Void fraction sensor

Before the junction, the void fraction is measured using an in-house made
capacitive void fraction sensor. The temporal data of the void fraction is used
to determine the flow regime. The void fraction sensor and the dataprocessing
method was developed in the PhD of De Kerpel [21, 64, 65]. For the sake of
completeness, the working principle of the sensor will be explained below.

hw

d

liquid

gas

Figure 3.8: Schematic representation of a simplified void fraction sensor.

Figure 3.8 is a simplified model of the sensor. The sensor is in essence a
simple parallel plate capacitor with a surface area A separated by a distance d.
The capacity C of this capacitor is given by equation 3.1 with ε0 being equal to
8.854 × 10−12 F/m, the absolute permittivity of free space. εr is the dielectric
constant of the medium between the capacitor plates.

C = ε0 εrA
d

[F] (3.1)

The dielectric constant k of the gas phase is different from the liquid phase.
Hence, there exists a relation between the measured capacity of the capacitor and
the spacial distribution of the two phases between the capacitor plates. For the
simplified model depicted in figure 3.8 this yields:

C ′ = ε0 (εr,l h + εr,g (w − h))
d

[F/m] (3.2)

Further, the spacial distribution of the two phases fluctuates in time due to
turbulence and surface waves. The nature of this temporal variation depends on
the flow regime as seen in figure 3.9a. Hence, based on the frequency spectrum
of this void fraction, the flow regime can be determined. A maximum overlap
wavelet transform (MODWT) with the 8th order Daubechies wavelet function is
performed on the void fraction time signal and the wavelet variance is calculated
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(a) Capacitance signal
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Figure 3.9: The relation between the void fraction time trace and the flow regime [64].

(figure 3.9b). The slope between the 3rd and 4th wavelet variance is used to classify
the different flow regimes with a fuzzy clustering algorithm. More details about
this classification method can be found in the PhD thesis of De Kerpel [21, 64].

When the flow regime is known, the real void fraction can be calculated by flow
regime dependent calibration curves [21, 64]. In appendix B, the flow regime and
void fraction measurements are used to verify correlations from literature.

Electrode
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Figure 3.10: Cross section of the void fraction sensor [22].

In reality the sensor is not square. A schematic cross-sectional view of the
sensor is given in figure 3.10. More constructional details about the sensor can be
found in the PhD thesis of De Kerpel [21] and Canière [22].



40 CHAPTER 3

3.3 Test methodology
Each measurement is uniquely determined by its inlet refrigerant flow and the
mass split ratio over the junction. The inlet refrigerant flow is set by regulating
the saturation pressure, the mass flux and the vapour quality in the two-phase
flow conditioner. The mass split ratio is regulated using the valves in the parallel
sections of the test section. By closing one of the valves, the back pressure of
this branch will increase, decreasing the mass flow rate through this branch. An
overview of the inlet conditions, with their range capable by the experimental
setup, are given in table 3.1.

Parameter Range Uncertainty

G1 100-600 kg/(m2⋅s) 2 %
x1 0-1 0.02

Tsat 10-20 °C 0.08 °C
Din 0.008 m 0.000 05 m
θ 0-90° 1°

ṁ2

ṁ1
0.2-0.8 0.01

fluids R32, R134a, R1234ze, R125

Table 3.1: The inlet parameters of the experimental setup with their range and uncertainty.

For each measurement, the power of the evaporators and superheaters in the
test section is set such that a stable superheated refrigerant flow is obtained at the
end of each parallel circuit. This superheat is necessary to measure the state of
the refrigerant at the end of the test section. Moreover, a Coriolis-type mass flow
meter cannot measure a two phase flow.

After a certain measurement condition is set, it typically takes 20 minutes to
reach a steady state condition. When steady state is reached, during 10 minutes all
sensor readings are recorded at a rate of 0.17 Hz and stored on a computer. For the
void fraction measurement, only the last 5 seconds are recorded at 250 Hz in order
to limit the amount of data. The pressure gradient is measured by sequentially
measuring the pressure at the pressure taps. The multiplexer is used to connect
the pressure taps one by one to the pressure transducer. After switching the
multiplexer, 10 seconds is waited before the pressure is recorded during a period
of 10 seconds. The measured data is considered valid if the energy balance closes
within 5 %. On average the energy balance closes within 2.2 %.

The data collected during a test is post-processed to get the Fl and Fg values
with their uncertainties. The Fl and Fg values can be calculated using equation
2.11 and 2.12. The mass flow rates in both equations are measured. However,
the vapour qualities cannot be measured but are calculated by applying the
conservation of energy over the two parallel circuits of the test section. On average
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the absolute uncertainty on the vapour quality is 0.02 and 0.015 for the inlet and
the outlets, respectively. The post-processing methods are described more detailed
in appendix A.
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Figure 3.11: The comparison of the variation of Fg-value in time during one experiment
for different flow regimes.

Due to the unstable nature of two-phase flows (slugs, surface waves,...), the
distribution in the T-junction is not steady over time. This is illustrated in figure
3.11. It shows the time variation of the Fg-value during one experiment. For
the slug flow (figure 3.11b), large fluctuations can be observed compared to the
annular flow (figure 3.11a). A slug flow consists of a periodic alternation between
liquid slugs and elongated bubbles which have diameters similar in size to the
channel diameter. This means that T-junction has to divide alternately an almost
full liquid flow and an almost full vapour flow. Hence, phase distribution will
change over time, however on average this flow is in steady state.

The post-processing method should be robust enough to deal with these
fluctuations in time. To test the robustness, two extreme cases were compared. In
the first case, all the measured values were first averaged and then post-processing
method is applied. In the second case, the post-processing method is first applied
to each set of measured values (unique timestamp) and the averaging is done at
the end. The end result of both cases are within the uncertainty bounds. For the
remaining tests the first post-processing method was used.

3.3.1 Verification of the experimental setup

First, the repeatability of the experimental setup was verified by repeating several
experiments on a different day. The results of the repeated tests were within the
uncertainty bounds of their original measurement.

Secondly, the conservation of energy over the preheater and the test section
was checked using a single phase flow. The heat transferred in the preheater was
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Figure 3.12: The conservation of energy over the preheater for a single phase R32.

verified by comparing the enthalpy change of the hot water over the preheater
with the one of the refrigerant over the preheater. This comparison is shown in
figure 3.12. By comparing the enthalpy change of the refrigerant over the test
section with the heat generated by the electrical heaters, the conservation of energy
over the test section was reviewed. The conservation of energy over the test section
is illustrated in figure 3.13.

Finally, the pressure drop measurements were verified for a single phase flow.
The Fanning friction factors f measured in the inlet and outlets of the T-junction
are compared with the correlation of Gnielinski et al. [66]. This comparison is
visualised in figure 3.14. Most of the experimental measurements are within the
20 % uncertainty bounds.
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4
Experimental results

This chapter will discuss the experimental results obtained during this work. A
total of 60 inlet conditions were experimentally investigated All inlet conditions
are listed in table C.1. For each inlet condition a Fg − Fl-graph was obtained
experimentally, which means that in total 696 individual experiments were
conducted.

The different parameters which affect the phase distribution over an impacting
T-junction will be discussed in this chapter. The insights gained in this chapter
will then be used to construct a new model in the next chapter. Before a parameter
study can be conducted, first the ‘performance’ parameter used to compare the
results has to be selected.
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4.1 How to compare experimental results?

For each unique inlet condition (mass flux, vapour quality, saturation temperature
and refrigerant) a Fg-Fl graph, such as figure 4.1, was generated. To measure
the different points in the Fg-Fl graph, the back-pressure of one of the parallel
channels was changed using a valve. By closing the valve in one channel, the total
mass flow rate going to this channel can be regulated.
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Figure 4.1: The liquid mass fraction Fl as function of the vapour mass fraction Fg of an
R32 experiment (Tsat = 10 °C;Jg = 1m/s;Jl = 0.2m/s) with the fitted Fg − Fl line.

It is difficult to compare the influence of the inlet conditions on the phase
distribution using the Fl-Fg graph. This set of measurement per unique inlet
condition has to be reduced to a single number. This is accomplished by reducing
the measurements to the slope of the best fitting linear line (see figure 4.1).

A general expression of a linear line, with an intercept a and a slope b, is
given in equation 4.1. In this work the straight line should pass through the point
(0.5; 0.5) as explained previously on page 16. This extra constraint leads to a
relation between the intercept a and the slope b given in equation 4.2.

y = a + b ⋅ x (4.1)

a = 1 − b
2

(4.2)

The regression line is fitted considering the uncertainties on the values of Fg
and Fl. Based on the book of Bevington [67], the method of maximum likelihood
is applied. The likelihood of the slope b is given by equation 4.3.
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(4.3)

There was assumed that the uncertainty on values Fg and Fl can be represented
by a Gaussian distribution. xi and yi can respectively be replaced by the Fg
value and the Fl value of the ith measurement. σ̄xi and σ̄yi can respectively be
replaced by the uncertainty of the Fg value and the uncertainty of the Fl value of
the ith measurement. µ̄xi is the most likely value of Fg of the ith measurement
considering the linear regression.

The best fitting line maximises the likelihood P [b]. The design parameters of
this maximisation function are the slope b and i most-likely values µ̄xi . Finding
the maximum of the likelihood P [b] is equivalent to finding the minimum of the
sum in the exponential (Eq. (4.4)). The minimum is determined numerically.

χ2 =
n

∑
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σ̄2
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(4.4)

The likelihood function is a product of Gaussian probability density functions,
thus itself is also a Gaussian probability density function [68]. The book
of Bevington [67] states that the uncertainty on the parameter b is given by
equation 4.5 if the likelihood function is Gaussian.
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(µ̄2
xi − µ̄xi +

1

4
)])

−1

(4.5)

As verification, the b-values obtained with this analytical solution were
compared with the ones found using the Monte Carlo method. With a Monte
Carlo simulation, a large amount (n = 5 000 000) of fictitious sets of measurements
are generated based on the probability distribution of the real measurements. For
each fictitious set of measurements a linear regression is performed. Assuming the
the slope b has a Gaussian distribution, the best fitting slope b and its uncertainty
is respectively given by the mean and the standard deviation of all the slopes b
obtained during the simulations. The assumption of the slope b having a Gaussian
distribution was verified by plotting the histogram against a Gaussian probability
density function. As an example, two of these histograms are shown in figure 4.2.
The deviation between the analytical method and the Monte Carlo simulations was
negligible.

Note that the above method is only valid for the horizontal experiments. The
experiments with a tilted outlet branch will in most cases not go through the
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Figure 4.2: The histogram of the slope b obtained by the Monte-Carlo method compared
with the Gaussian probability density function.

center point. The influence of the inclination of the T-junction will be investigated
graphically.

4.2 Parameters influencing the phase distribution

4.2.1 Influence of the superficial liquid velocity Jl and the su-
perficial vapour velocity Jg

The influence of the two inlet superficial velocities was investigated using the
refrigerant R32 at a saturation temperature of 10 °C. Later, a few selected
experiments with other refrigerants and at different saturation temperatures were
conducted to verify the trends found with R32.

In a typical domestic heat pump, the flow enters the distributor with a mass
flux of 150 kg/(m2⋅s) to 600 kg/(m2⋅s) and a vapour quality between 5 % and
40 % [44]. Hence, the experiments conducted in this work will be focused on
this region keeping the limitation of the experimental setup in mind. Figure 4.3
shows experimental matrix for R32 displayed in the flow regime map of of Wojtan
et al. [28]. Due to region of interest, most experiments were conducted in the
annular and intermittent flow.

In the literature, the inlet conditions are often represented as superficial
velocities. Furthermore, this work will also use the superficial velocities to
describe the inlet condition. Hence, figure 4.3 can be transformed to figure 4.4,
which shows the flow regime map in function of the superficial velocities.

Figure 4.5 shows the slope b as a function of the inlet superficial vapour
velocity for different inlet superficial liquid velocities. First, a discontinuity can
be noticed when there is a flow regime transition. Within a flow regime the
trend of the inlet superficial vapour velocity remains the same. This discontinuity
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Figure 4.3: Inlet conditions (vapour quality and mass flux) of the experiments of R32 at a
saturation temperature of 10 °C displayed in a flow regime map of Wojtan et al. [28]
extended by Barbieri et al. [29] (S: Stratified; SW: Stratified-Wavy; I: Intermittent; A:

Annular; SL: Slug; M: Mist; D: Dry-out)

confirms the importance of the flow regime’s influence on the phase distribution
over an impacting T-junction. In the literature [41, 47], this discontinuity was
also observed. Figure 4.6 shows the results of El-Shaboury et al. [47]. The
Fg − Fl-graph rotates anti-clockwise with increasing inlet superficial vapour
velocity except when the flow regime changes from wavy to annular. However,
due to the lack of data, the authors could not determine whether the influence of
the inlet superficial vapour velocity reversed for an annular flow or whether there
is just a discontinuity in the results.

Second, for an inlet superficial liquid velocity equal or higher than 0.2 m/s, the
slope b increases with increasing inlet superficial vapour velocity. An increasing
slope b is equivalent to an anti-clockwise rotation of the Fg − Fl-graph. In other
words, the liquid has a decreasing preference of flowing to the branch with the
lowest mass flow rate with increasing inlet superficial vapour velocity. This trend
of the inlet superficial vapour velocity is consistent with the literature [40–42,47].

For an inlet superficial liquid velocity equal or lower than 0.1 m/s, the slope
b decreases with increasing inlet superficial vapour velocity within the same flow
regime. A decreasing slope b is equivalent to a clockwise rotation of the Fg −
Fl-graph. Hence, the liquid has an increasing preference of flowing to the branch
with the lowest mass flow rate with increasing inlet superficial vapour velocity.
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This trend is opposite to the trend observed for higher inlet superficial liquid
velocities. Furthermore, this trend does not comply with the data found in the
literature.

This behaviour can be explained by the liquid droplets entrained in the vapour
flow. First of all, for increasing liquid velocities, entrainment of liquid as droplets
in the vapour flow will increase [69]. This amount of entrained liquid increases
also slightly with increasing inlet vapour velocities. Furthermore, with increasing
momentum of the liquid phase, more liquid will be dispersed as droplets after
impacting at the T-junction [12]. Hence for high superficial liquid velocities,
more liquid is dispersed as droplets than for low superficial liquid velocities.
Furthermore, the mean droplet diameter decreases for increasing vapour velocities
[70]. Smaller droplets are more easily entrained in the vapour flow. An increasing
superficial vapour velocity leads to more momentum to entrain the liquid droplets
and thus creating a more uniform distribution. Thus, this explains the increasing
slope b with increasing superficial vapour velocity for an inlet superficial liquid
velocity equal or higher than 0.2 m/s. The relation between the occurrence of
entrained droplets and the phase distribution was already found by Tuo et al. [12]
for vertical impacting T-junctions.

For an inlet superficial liquid velocity equal or lower than 0.1 m/s, this
mechanism of droplet entrainment, which tends to homogenise the flow, does not
have a significant influence due to a smaller amount of droplets.
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Figure 4.5: Slope b as function of the inlet superficial vapour velocity for different inlet
superficial liquid velocities (R32; Tsat = 10 °C).

To verify the trends described above, the influence of the inlet superficial vapour
velocity was investigated for three other refrigerants (R134a, R125 and R1234ze)
and at a different saturation temperature. Figure 4.7 displays the influence of the
inlet superficial vapour velocity for R32 at a saturation temperature of 20 °C. The
qualitative trends observed at the higher saturation temperature are the same as at
the low saturation temperature.

Figure 4.8 displays the influence of the inlet superficial vapour velocity for three
other refrigerants. For the different refrigerants, the qualitative trends observed are
equal to the ones of R32 at both the low and high inlet superficial liquid velocities.
This confirms that the trends observed are purely related to the inlet superficial
velocities.

4.2.2 Influence of the fluid properties

The influence of the fluid properties was investigated by varying the saturation
temperature and by changing the refrigerant being tested. This way of working has
one major drawback. By changing the fluid or varying the saturation temperature,
multiple properties are changed simultaneously and therefore their individual
influence on the phase distribution cannot be isolated easily. Based on the
governing physical laws, three fluid properties were selected to be investigated:
density, dynamic viscosity and surface tension.
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different superficial vapour velocities Jg and a superficial liquid velocity of 0.01m/s [47].

Jl [m/s] Jg [m/s] ρg/ρl [-] µg/µl [-] σ [N/m] b [-]

0.2 1.5 0.0018 0.018 0.073 0.28
0.2 3 0.0018 0.018 0.073 0.17
0.3 1.5 0.0018 0.018 0.073 0.31
0.3 3 0.0018 0.018 0.073 0.16

Table 4.1: The properties and the slope b determined using the model of El-Shaboury et
al. [47] for a water-air mixture (T = 20 °C;P = 1.5 × 105Pa).

Density The influence of the vapour-liquid density ratio ρg
ρl

on the phase
distribution is shown in figure 4.9. Note that the measurements of R1234ze should
have a slightly higher slope b due to the fact that the superficial liquid velocity is
0.225 m/s instead of 0.2 m/s (see section 4.2.1). First of all, a strong influence
of the fluid itself can be observed. Furthermore, the saturation temperature shows
no significant influence on the phase distribution if the superficial vapour velocity
is equal to 3 m/s. For a superficial vapour velocity equal to 1.5 m/s, the slope b
increases and decreases for R32 and R125 respectively with increasing saturation
temperature.

On average, the slope b increases with increasing density ratio. Hence, the
phases are distributed more homogeneously with increasing density ratio. The
small deviations of the general trend can be attributed to other fluid properties.
The general trend of the density ratio can further be acknowledged by comparing
the refrigerants with water-air mixtures. Table 4.1 contains the properties and the
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Figure 4.7: Slope b as function of the inlet superficial vapour velocity for different inlet
superficial liquid velocities (R32; Tsat = 20 °C).

slope b of a water-air mixture with the same inlet conditions as the refrigerants.
The slope b was determined using the phase distribution model of El-Shaboury et
al. [47]. If the air-water data in table 4.1 is compared with the refrigerant results
in figure 4.9, a continuation of the the trend can be observed.

This increasing slope bwith increasing density ratio can be explained rationally:
If the density ratio is almost equal to 1, there is almost no difference in density and
the two-phase mixture will react as if it were a single phase. For a homogeneous
distribution, the slope b is 1. Therefore the slope b should increase with increasing
density ratio until it reaches a value of 1.

Additionally, the density ratio is closely related to the momentum ratio
ṁ1,g ⋅ v1,g/ṁ1,l ⋅ v1,l. If the density of the vapour phase decreases, the velocity
of the vapour phase should increase to keep a constant mass flow rate through a
channel. Hence, the momentum ratio increases with increasing density ratio. The
influence of the momentum ratio on the phase distribution is shown in figure 4.10.
The slope b increases with increasing momentum ratio which can be explained by
the increasing ability of the vapour flow to entrain liquid droplets. This influence of
the momentum ratio on the phase distribution was already mentioned by Mohamed
et al. [37].
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Dynamic viscosity The influence of the vapour-liquid viscosity ratio µg
µl

on the
phase distribution is shown in figure 4.11. No clear trend of the slope b as a
function of the viscosity ratio can be found. Based on the experimental results,
one can conclude that the viscosity ratio has no significant influence on the phase
distribution.

Surface tension The influence of the surface tension σ on the phase distribution
is displayed in figure 4.12. On average, the slope b decreases with increasing
surface tension. Hence, more maldistribution of the phases occurs with increasing
surface tension. If the experimental data in figure 4.12 is extended with the
water-air data given in table 4.1, it is clear that the trend continues.

The influence of the surface tension can be explained by the droplet entrainment
mechanism. First of all, the mean droplet size decreases with decreasing surface
tension [70]. Smaller droplets are more easily transported by the vapour phase,
leading to a more homogeneous distribution of the phases. Furthermore, a lower
surface tension promotes the entrainment of the liquid as droplets in the vapour
flow [71]. Hence, there are more droplets carried by the vapour phase.
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for different inlet superficial liquid
velocities, saturation temperatures and refrigerants.
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for different inlet
superficial liquid velocities, saturation temperatures and refrigerants.
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4.2.3 Influence of the inclination angle

The influence of the T-junction’s inclination θ on the phase distribution was
investigated by performing experiments for three inclination angles: 0°, 22.5° and
45°. Figure 4.13 illustrates the influence of the T-junction’s inclination θ for R32
at different inlet conditions. Similar experiments were conducted for R125 and
are shown in figure 4.14. By increasing the inclination, the Fg − Fl-graph for
the downwards facing outlet shifts towards the upper left corner. Hence, the liquid
phase has an increasing preference of flowing towards the downward facing outlet.
This trend is explained by the fact that the gravity force has the largest influence
on the liquid phase, being the one with the highest density.
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Figure 4.13: The liquid mass fraction towards the downward-facing outlet as function of
the vapour mass fraction towards the same outlet for different T-junction inclination

angles θ (R32; Tsat = 10 °C).

Figure 4.14 shows that the influence of the inlet superficial vapour velocity
remains the same: The Fg − Fl-graph rotates counter clockwise with increasing
inlet superficial vapour velocity.

In figure 4.14 it appears that there is no significant combined effect of the flow
regime. The shift of the graphs is equal for the intermittent and annular flow.
However, this does not exclude the possible influence of the flow regime because
both flow regimes have a rather similar spatial distribution of the two phases in the
tube’s cross-section.

If the experimental trends are compared to the literature (figure 2.9), the trends
found for annular water-air mixtures show less influence of the inclination. This
trend is opposite of the one expected. First of all, the smaller density ratio of
the water-air mixture leads to a large difference of the gravity force, forcing the
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Figure 4.14: The liquid mass fraction towards the downward-facing outlet as function of
the vapour mass fraction towards the same outlet for different T-junction inclination

angles θ (R125; Tsat = 10 °C).

water-air mixture to separate. Further, the larger surface tension of the water-air
mixture leads to larger droplets which are less likely to be entrained by the vapour
phase. However, the larger surface tension also means a stronger wetting of the
tube’s wall. This could explain the observed trends. Due to the larger surface
tension, the liquid has the tendency to move along the junction’s wall, leading
to a more equal splitting. In the literature, this phenomena is also observed for
micro-tubes, where this capillary effect is even more pronounced [12, 31].
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4.3 Pressure drop over an impacting T-junction

The pressure drop over the T-junction was determined using a similar method
adopted by previous works [47, 55]. The pressure was measured at several
locations just upstream and downstream of the T-junction (see section 3.2.1) where
there is no disturbance of the T-junction. This results in a graph like figure 4.15.
For both outlets and the inlet, a best fitting straight line through the measurements
is constructed. Assuming the pressure measurements are not influenced by the
junction, the slope of this line is the pressure gradient of a undisturbed tube section.
This pressure gradient is used to extrapolate the pressure at the junction of the inlet
and both outlets. The pressure drop over the junction from inlet to the i-th outlet
(∆P1i) is then given by the difference in the extrapolated pressures.
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Figure 4.15: Method for determining the pressure drop over a T-junction. The
experimental data is used to extrapolate at the junction.

The method as described above assumes that the pressure drop measurements
are not disturbed by the T-junction. To verify this assumption, the calculated
pressure gradient is compared with the one measured over a longer tube section.
First, the pressure difference between the absolute pressure measurement at the
outlet of the flow conditioner and the absolute pressure measurement just before
the first evaporator heater of outlet 2 was determined. In figure 4.16, this pressure
difference is compared with the pressure difference calculated using the pressure
gradient determined near the T-junction. The absolute pressure difference is in
good agreement with the calculated value (MAE = 11 %), confirming there is no
influence of the T-junction.

Ito and Imai [72] developed an empirical correlation for single phase pressure
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Figure 4.16: The pressure difference measured between the inlet of the test section and just
before the first evaporator heater of outlet 2 as function of the pressure difference

determined using extrapolation.

drop over an impacting T-junction. The model is described by equation 4.6 and
4.7. Equation 4.6 starts from the Bernoulli equation and the irreversible term is
replaced by a constant K1i times the inlet kinetic energy. This constant K1i is a
function of the mass fraction going to the outlet.

∆P1i = ρ(
v2
i

2
− v

2
1

2
) + (P1 − Pi)irr. (4.6)

= ρ(v
2
i

2
− v

2
1

2
) +K1iρ

v2
1

2

K1i = 0.59 + 1.18( ṁi

ṁ1
) − 0.68( ṁi

ṁ1
)

2

(4.7)

Based on this single phase model, a two phase model will be developed. By
assuming that the flow is homogeneous, the two phase mixture can be treated as
if it were one phase. Hence, equation 4.6 can be rewritten to equation 4.8. ρ̂ is
the homogeneous inlet density defined by equation 4.9 and v̂ is the homogeneous
velocity defined by equation 4.10. The liquid and vapour density was assumed
to remain constant over the T-junction even though it is related to the change in
saturation pressure.

∆P1i = ρ̂1 ( v̂
2
2

2
− v̂

2
1

2
) +K1iρ̂1

v̂2
1

2
(4.8)
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ρ̂i = (xi
ρg
+ 1 − xi

ρl
)
−1

(4.9)

v̂i =
Gi
ρ̂i

(4.10)

Equation 4.8 was used to determine the constant K1i for all experimental data
(i.e. different refrigerants and both outlets). Figure 4.17 shows the obtained
K1i-values as a function of the mass fraction flowing towards the outlet for
different inlet flow regimes. A clear linear trend can be observed. Hence, K1i

can be described by equation 4.11 with flow regime dependent coefficients (a and
b) given in table 4.2.

K1i = a + b ⋅
ṁi

ṁ1
(4.11)

a b

A 1.33±0.06 1.27±0.12
I 1.31±0.06 1.37±0.12
SL 1.44±0.36 0.96±0.7
SW 1.11±0.25 1.30±0.47
SL+SW 1.19±0.17 0.82±0.32

Table 4.2: Flow regime dependent coefficients of the K1i-model with its 95% confidence
intervals.

Figure 4.18 compares the pressure drop measured with the pressure drop
calculated using the new model (i.e. all refrigerants and both outlets). The model
predicts rather well, especially at the higher pressure drops. 97 % of the data is
predicted within the experimental uncertainty. The mean relative error (MRE) and
the mean absolute error (MAE) of the model were calculated using equations 4.12
and 4.13.

MRE = 1

n

n

∑
i=1

(ypred,i − yexp,i
yexp,i

) (4.12)

MAE = 1

n

n

∑
i=1

∣ypred,i − yexp,i
yexp,i

∣ (4.13)

The MRE and the MAE of the model is respectively −4 % and 17 %. The mean
absolute error (MAE) is rather large, however the median of the absolute error is
only 11 %. This together with the better fit at larger pressure drops are explained
by the large relative uncertainty on the low pressure drop measurements.
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Figure 4.17: Experimentally obtained K1i-values (all refrigerants tested) as function of
the mass fraction flowing towards the outlet grouped by the flow regimes.
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4.4 Conclusion
To conclude, this chapter presented new phase distribution data. First, a suitable
method to compare the results was proposed. Then, the different parameters
influencing the phase distribution were discussed:

• A flow regime transition results in a strong change in phase distribution.

• The liquid has a decreasing preference of flowing to the branch with the
lowest mass flow rate with increasing inlet superficial vapour velocity for an
inlet superficial liquid velocity equal or higher than 0.2 m/s.

• The liquid has an increasing preference of flowing to the branch with the
lowest mass flow rate with increasing inlet superficial vapour velocity for an
inlet superficial liquid velocity equal or lower than 0.1 m/s.

• The phases are distributed more homogeneously with increasing density
ratio.

• No influence of the liquid-vapour viscosity ratio on the phase distribution
was observed.

• The maldistribution of the phases increases with increasing surface tension.

• The liquid phase has an increasing preference of flowing to the downward
facing outlet due to gravity.

Finally, a model which predicts the pressure drops over the T-junction was
proposed. Compared to the pressure drop model of El-Shaboury et al. [47],
this new model is more accurate for this work’s data and expands the prediction
capabilities to other flow regimes. Using the insight obtained in this chapter, a new
phase distribution model will be proposed in the next chapter.



5
Phase distribution model

This chapter initially evaluates the existing phase distribution models for the data
included in this work. Then, in the next section, a new model is proposed which
tries to mitigate the shortcomings of the existing models. The derivation of this
new model is then discussed thoroughly. Finally, the new model is evaluated using
the data gathered in this work and the data found in the literature.



66 CHAPTER 5

5.1 Evaluation of the existing models

Before proposing a new model, it is necessary to test if the existing models can
give decent results. In that case there is no need to propose a new one.

mixture input output

Azzopardi et al. [57] water-air Fl Fg
Azzopardi et al. [58] water-air Fg , E1, orientation Fl
Chien and Rubel [54, 73] water-steam Fg , x1 Fl
Hong and Christon [53] water-steam ṁ1, x1, D, Fg , fluid

properties
Fl

Ottens et al. [52] (ADS) water-air Jl, Jg , D, Fg , fluid
properties

Fl

El-Shaboury et al. [47] water-air ṁ1, x1, ṁ3, D,
fluid properties,
flowregime

Fl, Fg

Table 5.1: The existing models which were evaluated with their design mixture and their
input and output parameters.

Table 5.1 displays the existing models which were evaluated together with their
input and output parameters. Also, the mixture used to construct the model is given
in the table. Note that the model of Hwang [56] was not included due to inability to
converge for most inlet conditions. Furthermore, only the advanced double stream
(ADS) model of Ottens et al. [52] is included in the table. The advanced double
stream model is an extension of the original double stream model of Ottens et
al. [52] with a reduced number of assumptions.

To evaluate the different models, an evaluation criterion has to be chosen. In
this work the mean absolute deviation MAD and the mean deviation MD of the
output parameter of the model are used:

MD = 1

n

n

∑
i=1

(ypred,i − yexp,i) (5.1)

MAD = 1

n

n

∑
i=1

∣ypred,i − yexp,i∣ (5.2)

The output parameter of the existing models is either the liquid distribution
Fl or the vapour distribution Fg . These parameters are always between 0 and
1. Furthermore, the measurement uncertainty of these parameters is constant and
does not scale with their value. Hence, the MAD and MD was chosen over the

1The amount of liquid entrained in the vapour core as droplets. Has almost no influence on the
model’s outcome and was kept constant on 0.1.
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more common MRE and MAE (equation 4.13 and 4.12) to avoid skewing of the
results. For example, the MAD and MD of a low liquid distribution Fl value
would be very large compared to a large one, even though the predictive quality is
the same.

5.1.1 Evaluation using the data available in literature

First, the models found in the literature are evaluated using the water-air and the
water-steam data found in the literature. In the following paragraph only the main
conclusions of this evaluation will be given, the extended discussion can be found
in appendix D.

In general, the largest prediction capability of the models is for the authors’
own data. This is illustrated with table 5.2. The model of Chien and Rubel [54,73]
gives the best results for the data of Chien and Rubel [54, 73]. This is expected as
the data was used to fit the model.

dataset # points MD MAD MAD <0.05

El-Shaboury et al. [47] A 10 0.034 0.077 50%
SW 26 0.086 0.105 46%
S 15 −0.101 0.111 60%
All 51 0.020 0.102 51%

Ottens et al. [52] SW 35 0.043 0.106 49%
All 35 0.043 0.106 49%

Chien and Rubel [54, 73] A 136 −0.004 0.028 84%
All 136 −0.004 0.028 84%

Hong and Christon [53] A 16 0.000 0.078 38%
I 4 0.000 0.033 50%
SW 8 0.000 0.079 25%
SL+SW 10 0.000 0.028 80%
All 38 0.000 0.060 47%

Mohamed et al. [37] A 32 0.000 0.092 38%
SW 42 0.002 0.084 45%
S 21 0.000 0.090 33%
All 95 0.001 0.088 40%

Mohamed et al. [42] A 39 0.003 0.078 36%
SW 35 0.003 0.064 63%
S 22 0.000 0.065 45%
All 96 0.002 0.070 48%

water-air data 277 0.010 0.087 46%

water-steam data 174 −0.003 0.035 76%

all data 451 0.005 0.067 57%

Table 5.2: The prediction capabilities of the model of Chien and Rubel [54, 73] for the
data found in the literature.
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Secondly, most models have the best prediction capability for the two-phase
mixture for which the model was designed, e.g. the water-steam models perform
well for the water-steam data but fail to predict the water-air data. This can be
observed if table 5.3 is compared with table 5.4. Hence, it appears that none of the
models incorporates the influence of the fluid properties on the phase distribution.

Finally, based on the performed evaluation (see table 5.3), the model of
El-Shaboury et al. [47] is recommended for water-air mixtures. For water-steam
mixtures (see table 5.4), both the model of Chien and Rubel [54,73] and Azzopardi
et al. [58] work well. Both models also give the best overall performance i.e. the
water-air data and the water-steam data combined.

model MD MAD MAD <0.05

Azzopardi et al. [57] −0.013 0.081 51%
Azzopardi et al. [58] 0.010 0.084 42%
Ottens et al. [52] (ADS) 0.020 0.099 48%
Hong and Christon [53] †

−0.006 0.125 22%
Chien and Rubel [54, 73] † 0.010 0.087 46%
El-Shaboury et al. [47] ⋆ 0.026 0.059 74%

†: model developed using water-steam data.
⋆: only the Fl values are considered.

Table 5.3: The predictive capabilities of existing phase distribution models for water-air
mixtures (277 datapoints).

model MD MAD MAD <0.05

Azzopardi et al. [57] −0.016 0.068 40%
Azzopardi et al. [58] −0.014 0.038 73%
Ottens et al. [52] (ADS) 0.136 0.240 18%
Hong and Christon [53] † 0.035 0.068 41%
Chien and Rubel [54, 73] †

−0.003 0.035 76%
El-Shaboury et al. [47] −0.143 0.323 0%

†: model developed using water-steam data.
⋆: only the Fl values are considered.

Table 5.4: The predictive capabilities of existing phase distribution models for
water-steam mixtures (174 datapoints).

5.1.2 Evaluation using the experimental data

To confirm the need for a new model, the models found in the literature are also
evaluated using the data gathered in this work. The results of this evaluation are
given in table 5.5 and 5.6 respectively grouped per refrigerant or flow regime.

According to table 5.5, the two models which had the best overall performance
for the literature data (Azzopardi et al. [58] and Chien and Rubel [54, 73]), also
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model fluid # datapoints MD MAD MAD <0.05

Azzopardi et al. [57] R32 394 0.028 0.059 45%
R134a 55 0.045 0.055 58%
R1234ZE 39 0.050 0.066 54%
R125 88 0.028 0.060 47%
All 576 0.031 0.060 47%

Azzopardi et al. [58] R32 394 −0.021 0.027 86%
R134a 55 −0.030 0.041 73%
R1234ZE 39 −0.036 0.068 49%
R125 88 −0.017 0.031 81%
All 576 −0.022 0.032 82%

Chien and Rubel [54, 73] R32 394 −0.019 0.027 85%
R134a 55 −0.030 0.036 84%
R1234ZE 39 −0.029 0.056 64%
R125 88 −0.018 0.029 76%
All 576 −0.020 0.030 82%

Hong and Christon [53] R32 394 −0.011 0.056 52%
R134a 55 −0.015 0.075 35%
R1234ZE 39 −0.004 0.046 72%
R125 88 −0.016 0.107 17%
All 576 −0.011 0.065 46%

Ottens et al. [52] R32 394 −0.030 0.082 45%
(ADS) R134a 55 −0.039 0.082 47%

R1234ZE 39 −0.019 0.058 62%
R125 88 −0.030 0.086 31%
All 576 −0.030 0.081 44%

El-Shaboury et al. [47] R32 123 −0.014 0.026 89%
R134a 5 −0.022 0.022 100%
R125 37 0.008 0.182 19%
All 165 −0.009 0.061 73%

Table 5.5: The predictive capabilities of existing phase distribution models for the
experimental data grouped by refrigerant.

give the best overall performance for the data of this work. Also the model
of El-Shaboury et al. [47] performs rather well for R134a and R32 but fails to
predict the R125 data. The reader should be aware of the fact that the model of
El-Shaboury et al. [47] is limited to annular, stratified and stratified-wavy flows.
Due to the absence of calibration coefficients, the model cannot be used for the
other flow regimes. This inability of solving for certain flow regimes can lead to
misleading results and conclusions, e.g. there is no data for R1234ze. Almost all
the models are under-predicting the liquid phase distribution Fl by a small amount.
Overall, the conclusion is that none of the models works well for all refrigerants.
This is an indication that fluid property dependency is missing in the models.
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Model flow pattern # datapoints MD MAD MAD <0.05

Azzopardi et al. [57] A 142 0.043 0.074 28%
I 304 0.032 0.056 51%
SL 52 0.022 0.048 73%
SW 23 0.014 0.061 43%
SL+SW 55 0.014 0.054 47%
All 576 0.031 0.060 47%

Azzopardi et al. [58] A 142 −0.026 0.029 89%
I 304 −0.024 0.031 82%
SL 52 −0.014 0.065 44%
SW 23 −0.013 0.017 96%
SL+SW 55 −0.013 0.020 93%
All 576 −0.022 0.032 82%

Chien and Rubel [54, 73] A 142 −0.026 0.032 80%
I 304 −0.022 0.028 83%
SL 52 −0.011 0.051 63%
SW 23 −0.011 0.021 96%
SL+SW 55 −0.012 0.019 98%
All 576 −0.020 0.030 82%

Hong and Christon [53] A 142 −0.025 0.071 33%
I 304 −0.007 0.070 43%
SL 52 0.000 0.071 46%
SW 23 −0.016 0.049 43%
SL+SW 55 −0.010 0.024 95%
All 576 −0.011 0.065 46%

Ottens et al. [52] A 142 −0.048 0.101 35%
(ADS) I 304 −0.020 0.076 46%

SL 52 −0.012 0.053 60%
SW 23 0.005 0.042 70%
SL+SW 55 −0.078 0.098 38%
All 576 −0.030 0.081 44%

El-Shaboury et al. [47] A 142 −0.010 0.065 73%
SW 23 −0.006 0.038 78%
All 165 −0.009 0.061 73%

Table 5.6: The predictive capabilities of existing phase distribution models for the
experimental data grouped by inlet flow regime.

Table 5.6 can be used to check if the models incorporate the influence of flow
regimes. Most of the models works well for specific flow regimes but fail for other
ones. Hence, most models do not incorporate the influence of the flow regime
explicitly except for the model of El-Shaboury et al. [47]. Most models work best
for the flow regime which was used for designing the models. For example, the
model of Ottens et al. [52] works best for stratified-wavy flow, which was also the
flow regime of their dataset.
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5.2 Description of a new phase distribution model
for horizontal impacting T-junctions

The new model will be based on three fundamental laws: conservation of mass,
momentum and energy. In the following sections, these conservation laws will be
applied to the control volume given in figure 5.1. By extending the control volume
slightly into the branches of the T-junction, it is possible to assume the flow to be
developed at the control volume boundaries.
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Figure 5.1: Control volume of the phase distribution model.

5.2.1 Conservation of mass

The conservation of mass is given by equation 5.3.

��
���

��∂

∂t
∭

c.v.
ρdV +∬

c.s.
ρ (Ð→v ⋅Ð→n ) dA = 0 (5.3)

The first term of this equation is the mass change of the control volume over
time. This first term can be omitted because the model is a steady state model. The
second term expresses the mass exchange through the control volume boundaries.
Equation 5.3 can be rewritten for our control volume (figure 5.1) considering two
separated phases to equation 5.4.

− ṁl,1 − ṁg,1 + ṁl,2 + ṁl,3 + ṁg,2 + ṁg,3 = 0 (5.4)

The subscript l and g respectively refers to the liquid and vapour phase.
Equation 5.4 can also be rewritten as equation 5.5.

− ṁ1 + ṁ2 + ṁ3 = 0 (5.5)
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5.2.2 Conservation of momentum

The general expression for the conservation of momentum is given in equation 5.6.

���
���

��∂

∂t
∭

c.v.
ρÐ→v dV +∬

c.s.

Ð→v ρ (Ð→v ⋅Ð→n ) dA =∑
Ð→
F (5.6)

The first term in this equation is the change in momentum of the control volume
over time. Hence, the first term can again be omitted because our model is a steady
state model. The second term in equation 5.6 is the change in momentum through
the control volume boundaries. The term on the right-hand side of the equation is
the sum of all forces acting on the control volume. For the x-axis (figure 5.1), the
acting forces are: the pressure force, the gravity force, the friction force on the wall
and the surface tension on the wall. This model will be designed for macroscale
tubes. According to several authors [31, 35, 36], the surface tension forces are
negligible compared to the frictional, inertial and gravity forces for macroscale
tubes. Hence, the surface tension force will be neglected. Furthermore, due to the
small size of the control volume, it is assumed that the friction force is negligible.
Considering the assumptions described above, equation 5.6, applied to the x-axis
of the control volume (figure 5.1), results in the equation 5.7.

ṁl,2 vl,2 + ṁg,2 vg,2 − ṁl,3 vl,3 − ṁg,3 vg,3 =
(P3 − P2)
´¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¸¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¹¶

1

Ac +(((((
((

sin (θ) g ρ ξc.v. (5.7)

In this equation, v is the real velocity of the phase, Ac is the cross-sectional area
of the tube, θ is the inclination of the T-junction (see figure 2.5), g is the standard
gravity and ξc.v. is the volume of the control volume. The real liquid and vapour
velocity of branch i is respectively calculated using equation 5.8 and 5.9.

vl,i =
ṁl,i

ρlAc (1 − ε) (5.8)

vg,i =
ṁg,i

ρgAc ε
(5.9)

The void fraction ε is calculated using the drift-flux model of Rouhani-Axelsson
[25] given in equation 2.7.

In the first instance, the gravity term can be omitted because the model will be
developed for a horizontal T-junction. In section 5.4 the model will be extended to
an inclined T-junction.

The pressure difference over the T-junction, indicated as 1 , cannot be
determined directly from the flow and has to be modelled. This term will be used
to fit the model to the experimental data.
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Pressure difference term As discussed in chapter 4.3, the pressure drop over
a junction for a homogeneous flow can be described using the Bernoulli equation
with an irreversible term. This irreversible term is often represented as a constant
K times the inlet kinetic energy. Hence, the pressure drop over the junction from
inlet to outlet i can be written as:

∆P1i = ρ̂1 ( v̂
2
2

2
− v̂

2
1

2
) +K1iρ̂1

v̂2
1

2
(5.10)

ρ̂ is the homogeneous inlet density defined by equation 4.9 and v̂ is the
homogeneous velocity defined by equation 4.10. As discussed in chapter 4.3, the
constant K1i is related to the total mass fraction ratio to outlet i and is the same
for both outlets:

K1i = a1
ṁi

ṁ1
+ a2 (5.11)

The terms a are constants which have to be fitted.
The term 1 can thus be rewritten as equation 5.12 with a1 being a fitting

constant.

1 = P3 − P2 (5.12)

= (P1 −∆P13) − (P1 −∆P12)
=∆P12 −∆P13

= ρ̂1 ( v̂
2
2
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2
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2
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2
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2
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ṁ1
) ρ̂1
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1

2

In equation 5.12, it is assumed that the flow is homogeneous which is often
not the reality. Furthermore, in the experiments, an effect of droplet entrainment
was observed. Hence, a correction term is added to the expression of the pressure
difference P3 − P2:

P3 − P2 = ρ̂1 ( v̂
2
2

2
− v̂

2
3

2
) + (a1

ṁ2 − ṁ3

ṁ1
) ρ̂1

v̂2
1

2
(5.13)

+a2 (vg,2 − vg,3) ṁl,1Wel

The amount and the direction of the droplet entrainment is mainly affected by
the vapour velocity difference vg,2−vg,3. The size of the droplets and the formation
of droplets is linked with the Weber number. The liquid Weber number Wel is
defined as:

Wel =
ρl (vl,2 − vl,3)2

D̄droplet

σ
(5.14)
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With D̄droplet being the mean droplet diameter. This diameter is not known and is
thereby assumed to be constant. Hence, it will combined with the fitting constant
a2.

In the literature [56] and also in the experimental results, it was noted that the
phases are only distributed evenly over the branches of a horizontal impacting
T-junction when the total mass flow rate is split evenly over its outlets. If an equal
total mass flow split and equal phase split over the two outlets is entered in equation
5.7, the equation equals to zero. Hence, the current form of the conservation of
momentum obeys the observed experimental behaviour.

Finally, the constants a1 and a2 were fitted using the experimental data of all the
refrigerants. As seen in chapter 4, the phase distribution is influenced strongly by
the inlet flow regime. Hence, the constants a1 and a2 are flow regime dependant
and are given in table 5.7. Figure 5.2 shows the calculated values of the term 1
as a function of their experimental obtained counterpart.

a1 a2

A 2.70 ± 0.03 −0.003 ± 0.003
I 2.62 ± 0.02 −0.009 ± 0.002

SL 2.72 ± 0.09 0.03 ± 0.02
SW 2.84 ± 0.05 0.10 ± 0.07

SL+SW 2.66 ± 0.04 0.05 ± 0.02

Table 5.7: Fitting constants of the momentum equation.
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Figure 5.2: The model’s values of the term 1 as function of the experimental values for all
refrigerants.
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5.2.3 Conservation of energy

The general expression for the conservation of energy is given in equation 5.15.

(((
((((

(((
((((∂

∂t
∭

c.v.
(g y + v

2

2
+ u) ρdV

+∬
c.s.

(��g y +
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2
+ u + P

ρ
) ρ (Ð→v ⋅Ð→n ) dA

=
�
��δQ

dt
−
�
��δWs

dt
−
�
��

δWµ

dt

(5.15)

The first term in equation 5.15 is the change of energy over time. Again, this
term can be omitted because this model is a steady state model. The second term is
the energy transfer through the control volume boundaries. It is assumed that the
change in height of a phase within the tube is negligible compared to the change in
kinetic energy and internal energy. This means that the term of potential energy is
omitted from the second term. The first term at the right-hand side of the equation
δQ
dt

is the heat transferred from the environment to the control volume. This term
can be omitted because it is assumed that the T-junction is perfectly insulated and
thus adiabatic. The second term at the right-hand side of the equation δWs

dt
is the

shaft work. Due to the absence of shaft work, this term can also be omitted. The
last term δWµ

dt
is the viscous work. Because the friction force is neglected in the

momentum equation, this work is assumed to be equal to zero.
When applied to the control volume (figure 5.1), it results in equation 5.16. In

equation 5.16, H is the enthalpy.

ṁl,1 (Hl,1 +
v2
l,1

2
) − ṁl,2 (Hl,2 +

v2
l,2

2
) − ṁl,3 (Hl,3 +

v2
l,3

2
)

+ṁg,1 (Hg,1 +
v2
g,1

2
) − ṁg,2 (Hg,2 +

v2
g,2

2
) − ṁg,3 (Hg,3 +

v2
g,3

2
) = 0

(5.16)
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5.2.4 Model implementation

Previous paragraphs described the equations concerning the model. In this
paragraph, the implementation of the model will be explained. First, the model
takes as input parameters the inlet mass flow rate ṁ1, the inlet vapour quality x1,
the inlet saturation temperature Tsat, the inlet flow regime, the tube diameter D
and the mass flow rate in outlet 2 ṁ2. The output parameters of the model are the
mass flow rate in branch 3 ṁ3 and the vapour qualities in branch 2 (x2) and branch
3 (x3). Finally, the solution strategy of the model is described in figure 5.3.
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Calculate ṁ3 (Eq. 5.4)

Initial guess x2 and x3 (e.g. x1)

Calculate ṁ1,g , ṁ1,l,
ṁ2,g , ṁ2,l, ṁ3,g and ṁ3,l

Calculate ε1, ε2 and ε3 (Eq. 2.7)

Calculate v1,g , v1,l, v2,g , v2,l,
v3,g and v3,l (Eq. 5.8 and 5.9)

Calculate v̂1, v̂2 and v̂3 (Eq. 4.10)

Calculate the conservation of
momentum (Eq. 5.7 and 5.13)

Calculate P2,sat and
P3,sat (Eq. 4.8 and 4.11)

Calculate H1,g , H1,l,
H2,g , H3,l, H3,g and H3,l

Calculate the conservation
of energy (Eq. 5.16)

Eq. 5.16 and Eq.
5.7 equal to 0?

Solution ṁ3, x2 and x3

Update guess x2 and x3

yes

no

Figure 5.3: The solving algorithm of the model.
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5.3 Validation of horizontal phase distribution
model

To validate the new phase distribution model, the predictions of the model are
compared with the experimental results. In table 5.8, the predicted liquid mass
fraction Fl in outlet 2 is compared with its experimental value. The results are
grouped per refrigerant.

fluid # datapoints MD MAD MAD <0.05

R32 394 0.010 0.017 94%
R134a 55 0.011 0.016 96%
R1234ze 39 0.008 0.009 100%
R125 88 0.006 0.013 100%
All 576 0.010 0.016 96%

Table 5.8: The predictive capability of the new phase distribution model (Fl) for the data
gathered in this work grouped by refrigerant.

According to the table, the new phase distribution model performs equally well
for every refrigerant tested. Further, the average deviation (MAD) is of the order
of 0.02 which equals to the experimental uncertainty on the liquid mass fraction
Fl measurements. However, on average, the model overpredicts the liquid mass
fraction Fl for all refrigerants.

flow regime # datapoints MD MAD MAD <0.05

A 142 0.018 0.023 91%
I 304 0.008 0.013 98%
SL 52 0.003 0.006 100%
SW 23 0.003 0.033 74%
SL+SW 55 0.004 0.015 100%
All 576 0.010 0.016 96%

Table 5.9: The predictive capability of the new phase distribution model (Fl) for the
experimental data grouped by inlet flow regime.

Table 5.9 and figure 5.4 compare the predicted liquid mass fraction Fl in outlet
2 to its experimental value but this time grouped per flow regime. According
to the table, the new phase distribution model performs equally well for most
flow regimes. It is clear that the model does not perform excellently for the
stratified-wavy flows. First of all, the available data used to fit was fairly
limited. Moreover, this flow regime is related to the stratified regime, which
has significantly different spatial distribution of the phases than the other regimes
tested.

In figure 5.4, some outliers can be identified. These outliers have larger
experimental uncertainties than other measurements. Probably these experiments
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are not accurate. When these points are excluded, it has little effect on the fitting
constants of the model.
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Figure 5.4: The predicted liquid fraction Fl as function of the experimental value for the
data of this work.

For the sake of completeness, the predicted vapour mass fraction Fg in outlet 2
is also compared to its experimental value. These results can be found in figure 5.5.

fluid # datapoints MD MAD MAD <0.05

water-steam 174 0.037 0.064 55%
water-air 184 −0.018 0.068 59%

Table 5.10: The predictive capability of the new phase distribution model for the
experimental data grouped by refrigerant.

The new model was also evaluated with the data found in the literature.
Table 5.10 compares the predicted liquid mass fraction Fl in outlet 2 to its
experimental value for the data found in the literature. The predicted liquid fraction
Fl as function of the experimental value for the water-steam data [53,54,73] is also
shown in figure 5.6.

The predictive power of the model for the water-steam and water-air data is
still reasonable. However, the prediction is much worse than for the refrigerants.
Furthermore, for 93 of the 277 inlet conditions of the water-air data, the model did
not even give a result. Based on the evaluation of the different two phase mixtures,
one can conclude that still some things are missing in the model.

Further, the model is very sensitive to the pressure drop model. Especially the
conservation of momentum is very sensitive to the pressure drop model. On the
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Figure 5.5: The predicted liquid fraction Fg as function of the experimental value for the
data of this work.

other hand, the conservation of energy is not sensitive at all. If you consider that
the current pressure drop model is a very basic model and was fitted using the data
of this work, this model will not be very accurate for other two phase mixtures. For
example, comparing the pressure drop model of this work to the limited pressure
data of El-Shaboury et al. [47], shows deviations with an average factor of 1.7.
This difference in pressure drop has already a huge impact on the outcome of the
phase distribution model.

Finally, currently the average droplet diameter is assumed to be constant. In
reality, this diameter will vary.
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Figure 5.6: The predicted liquid fraction Fl as function of the experimental value for the
water-steam data [53, 54, 73].
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5.4 Extension to inclined T-junctions
In this section, the model described in section 5.2, which was designed
for horizontal impacting T-junctions, will be extended to inclined impacting
T-junctions. To extend the model, the gravity term in equation 5.7 will not be
omitted.

First of all, the gravity has the largest influence on the liquid phase. Hence,
only the gravity force on the liquid phase is kept. The volume of the junction is
related to the third power of the diameter. From the experimental result also a
dependency of the liquid Reynolds number of the inlet flow was observed. Finally,
this term should equal zero if the inclination angle θ equals zero. Considering
the assumption above, the gravity term can be rewritten to equation 5.17. The
constants b1 and b2 are fitting parameters which were fitted using the experimental
data. These constants b1 and b2 are equal to 151.3±32 and 1.37±0.09, respectively.

sin (θ) g (ρl ξjunction,l + ρg ξjunction,g) (5.17)

≈ sin (θ) (b1 − b2 ρlRel,1D3 g)
≈ sin (θ) (151.3 − 1.37ρlRel,1D

3 g)

The liquid Reynolds number of the inlet is defined as:

Rel,1 =
ρl vl,1D

µl
(5.18)

fluid /
flow regime # datapoints MD MAD MAD <0.05

R32 81 −0.002 0.012 100%
R125 39 0.000 0.011 100%
A 13 0.005 0.017 100%
I 83 −0.001 0.010 100%
SL 24 −0.002 0.011 100%
All 120 −0.001 0.011 100%

Table 5.11: The predictive capability of the new phase distribution model (Fl) for this
work’s inclined data.

Table 5.11 and figure 5.7 compare the predicted liquid mass fraction Fl in outlet
2 to its experimental value for the inclined data of this work. The table contains
both the grouping per refrigerant as per flow regime. Conversely, the predictive
quality of the liquid mass fraction Fl is in the same order as the horizontal model.
Hence, the additional step of adding the influence of the inclination is modelled
correctly for the liquid mass fraction Fl. Contrary, the predictive quality of the
vapour mass fraction Fg is less accurate as seen in figure 5.8. The MAD for the
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vapour mass fraction Fg is 0.04 and only 68 % of the predictions have a MAD
smaller than 0.05. The MAD of the inclined model is almost double of the one for
the horizontal model (0.26).

0 0.2 0.4 0.6 0.8 1
0

0.2

0.4

0.6

0.8

1

F
l,2,exp.

F
l,2
,m
od
el

A
I
SL

Figure 5.7: The predicted liquid fraction Fl as function of the experimental value for this
work’s inclined data.
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Figure 5.8: The predicted vapour fraction Fg as function of the experimental value for
this work’s inclined data.
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5.5 Conclusions
This chapter first evaluated the existing phase distribution models. Currently,
none of the models could predict the phase distribution perfectly. Most of them
performed well for a specific flow regime and or specific two-phase mixture.

Based on the insights gained in the previous chapter, a new phase distribution
model for refrigerants was proposed. This model is based on three basic laws:
conservation of mass, momentum and energy. The new model is then evaluated
using the data gathered in this work and the data from literature. The new model
works well for the data of this work and acceptable for the water-steam and
water-air data. Further, some shortcomings of the model are described.

Finally, the model is extended to inclined impacting T-junctions. The inclined
model is able to predict the liquid mass fraction Fl correctly for the data of this
work. However, the prediction of the vapour mass fraction Fg is less accurate. The
MAD is almost double of the one of the horizontal model.



6
Conclusion

6.1 Conclusion

The main objective of this work is to get a better understanding of the phase
maldistribution in tubular distributors. In first instance, the work is confined to
the distribution over two parallel circuits. In this case the tubular distributor can
be reduced to an impacting T-junction.

The main objective of this work can be split up in two parts: increase the
understanding of the parameters influencing the phase distribution and develop
a phase distribution model for refrigerants. Both objectives are supported by
experimental measurements. Hence, a new test rig was designed and built to
measure the phase distribution of refrigerants (R32, R125, R134a and R1234ze)
over an impacting T-junction.

To increase the understanding of the parameters influencing the phase
distribution, this work focused on filling the gaps in the literature. First of all,
El-Shaboury et al. [47] and Elazhary et al. [40, 41] found an inconsistency in
the trends in the vicinity of a flow regime transition. The influence of the inlet
superficial velocities has a sudden jump at a flow regime transition. However,
within all flow regimes the trend was equal. For example, the liquid phase has a
decreasing preference of flowing to the branch with the lowest mass flow rate with
increasing inlet superficial vapour velocity for an inlet superficial liquid velocity
equal or higher than 0.2 m/s and for each flow regime. In contrast, for an inlet
superficial liquid velocity equal or lower than 0.1 m/s, the liquid has an increasing
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preference of flowing to the branch with the lowest mass flow rate with increasing
inlet superficial vapour velocity.

Secondly, the knowledge of the fluid properties’ influence on the phase
distribution over an impacting T-junction is rather limited. Most experimental
work in literature is executed with a water-air mixture. Furthermore, if the
influence of the fluid properties is elaborated upon, it was done in a micro-channel
T-junction. The governing physics in micro-channels are different from the ones
in macro-channels. The influence of three fluid properties was investigated in this
work. The phases are distributed more homogeneously with increasing density
ratio ρg/ρl. No influence of the vapour-liquid viscosity ratio µg/µl on the phase
distribution was observed. The maldistribution of the phases increases with
increasing surface tension. It is hypothesized that this is because a lower surface
tension results in smaller droplets and more entrainment of liquid in the gas phase,
which tends to homogenize the flow.

Finally, the influence of the inclination angle is only studied in the literature for
water-air mixtures or when full separation occurs. This work generated new data
and studied the interaction between the inclination angle and the fluid properties.
Consistent with the literature, the liquid phase has an increasing preference of
flowing to the downward facing outlet due to gravity. However, the quantitative
results are significantly different from the ones of the water-air mixtures. For
an annular flow, the influence of the inclination angle for a refrigerant flow is
significantly larger than for a water-air flow.

The second objective is developing a phase distribution model for refrigerants.
First the existing phase distribution models were evaluated. Most of them perform
only well for a specific flow regime and/or a specific two-phase mixture. None of
the models was able to predict the phase distribution of the dataset of this work
perfectly.

Hence, based on the insights gained from the experimental data, a new phase
distribution model for refrigerants was proposed. This model is based on three
basic laws: conservation of mass, momentum and energy. These laws contain the
pressure drop over the T-junction. Therefore a pressure drop correlation for the
dataset of this work was made.

The new model is then evaluated using the data of this work and the data from
the literature. The new model works well for the refrigerant data and acceptable for
the water-steam and water-air data. Some of the shortcomings of this new model
were described.

Finally, the phase distribution model is extended to inclined impacting
T-junctions. The inclined model is able to predict the liquid mass fraction Fl
correctly for this work’s data but the prediction of the vapour mass fraction Fg
is less accurate.



CONCLUSION 87

6.2 Future work
In chapter 4, the hypothesis of droplet entrainment is put forward in order to
explain the experimental results. Currently, there is no hard evidence proving this
hypothesis to be correct. This could be verified using a visual method e.g. film
the flow in a transparent T-junction. Note, this is only possible if the liquid layer
on the wall is not too thick. On top of this, the phase distribution model could be
improved by using a mean droplet size model. By visualising the droplet, such a
model could be made.

In the discussion of the evaluation of the new phase distribution model, it
became apparent that the model is very sensitive to the pressure term. Moreover,
the current pressure drop model could not predict the pressure drop of water-air
mixtures correctly. To improve the current pressure drop model, more data for
different mixtures, tube diameters,... is necessary.

Finally, to be more relevant to tubular distributors, this work should be expanded
to impacting Y-junctions. This enables to investigate the influence of opening
angle on the phase distribution.





A
Uncertainty Analysis

This chapter first describes the accuracies of the measurement equipment. Then
the uncertainty on the thermophysical properties obtained by CoolProp [74]
is discussed. Further, the method used to post-process the raw data and the
accompanying propagation of the uncertainty is described. The uncertainty
analysis of this work is based on the book of Taylor [75]. Finally, at the end of
this chapter, the P& ID of the experimental setup is included.

A.1 Measurements

A.1.1 Temperature measurement

The temperature measurements in the experimental setup are conducted using
K-type thermocouples. The thermoelectric voltages of the thermocouples are read
out by a precision data-acquisition unit (Keithley 2700).

Due to the dissimilarity in material of the thermocouple wires and the
connections of the data-acquisition unit, an extra thermoelectric voltage is induced.
This voltage depends on the varying ambient temperature. To eliminate this
deviation on the measured thermoelectric voltage, a reference thermocouple at a
stable and precisely known temperature is used to correct this error. This reference
thermocouple is held at 0.01±0.0005 °C using a Triple Point of Water Cell (TWC,
Fluke 5901B). A TWC is a glass cell filled with a Vienna Standard Mean Ocean
Water (VSMOW) under vacuum conditions. At the physical triple point of 0.01 °C,
water can exist at three phases (liquid, gas and solid). As long as there are three
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phases in the cell, the TWC is at his triple point. To keep the TWC at the triple
point state for up to 6 hours, a maintenance apparatus (Fluke 9210) is used.

Each thermocouple can also have small differences in the metal composition
due to production variability. To eliminate this error, each thermocouple is
calibrated. During the calibration process, the thermocouples are placed in a
dry-block calibrator (Druck DBC 150). To improve thermal contact between
the thermocouples and the calibrator, water or methanol is used. Besides the
thermocouples also an accurate Pt-100 thermometer (Fluke 1523 with an absolute
accuracy of 0.064 °C) is placed in the calibrator. When the temperature of the
calibrator is stabilised (± 1 hour), 100 measurements are taken at a frequency of
1 Hz.

Using these 100 measurements, a 4th order calibration curve (equation A.1) is
made using least square polynomial regression. The standard error and prediction
interval of a kth order polynomial curve is respectively given in equation A.2 and
A.3 [76]. The t0.95,n−(k+1) is the student’s t-statistic for n − (k + 1)-degrees of
freedom and a probability of 95 %.

T = a4∆V 4 + a3∆V 3 + a2∆V 2 + a1∆V + a0 (A.1)

SE =
¿
ÁÁÀ 1

n − (k + 1)
n

∑
i=1

[yi − (akxki + ak−1xk−1
i + ... + a1x1

i + a0)]
2

(A.2)

PI = t0.95,n−(k+1)SE

¿
ÁÁÁÀ1 + 1

n
+ (∆V − µ̄∆V,curve)2

(n − 1) σ̄2
∆V,curve

(A.3)

δT =
√
PI2 + δ2

Pt100 (A.4)

Combining all the uncertainties on the temperature measurement using
equation A.4 results in an average and maximum uncertainty on the temperature
of respectively 0.07 °C and 0.09 °C.

A.1.2 Pressure measurement

The accuracy of a pressure sensor is often specified by three uncertainty values:
accuracy, thermal stability and long-term stability. These uncertainties are
typically expressed as a percentage of the measurement range. The accuracy
of the pressure sensor incorporates the effects of non-linearity, hysteresis and
repeatability under reference conditions. The uncertainty due to thermal effects
is specified as a value for a certain temperature range. The long-term stability
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is due to ageing of the sensor and is often given by the maximum drift per year.
Because the pressure sensors are recalibrated every year, the drift is not taken into
account.

P&ID type range accuracy
thermal
stability

2-02 GEMS 2200 −1 - 39 barg 0.25 % 1.5 %
2-17 GE DRUCK PMP 4070 0 - 40 bara 0.08 % 2 %
2-19 GEMS 2200 −1 - 39 barg 0.25 % 1.5 %
4-17 GE DRUCK PMP 5076 −0.1 - 1.9 bar 0.2 % 1.5 %
4-19 GE DRUCK PMP 4070 0 - 40 bara 0.08 % 2 %
4-21 GE DRUCK PMP 4070 0 - 40 bara 0.08 % 2 %

E+H Deltabar S PMD75 0 - 1 kPa 0.09 % 0.36 %
E+H Deltabar S PMD75 0 - 10 kPa 0.075 % 0.2 %

Table A.1: Uncertainty of Pressure Transducers

A.1.3 Flow measurement

Both the water mass flow meter and the refrigerant mass flow meter in the
preheater is a Bronkhorst Cori-Flow M55 ABD-55-0. The refrigerant flow meter
was calibrated for a range of 10-200 kg/h, the water flow meter for a range of
25-500 kg/h. The uncertainty of these meters is given by a zero stability of
0.1 kg/h plus 0.1 % of the measured mass flow rate.

The refrigerant mass flow rates of the two branches of the test section are each
measured by a Krohne OPTIMASS 6400 S10. The uncertainty of the Krohne
OPTIMASS 6400 S10 is given by a zero stability of 0.06 kg/h plus 0.35 % of the
measured mass flow rate.

A.1.4 Electrical power measurements

The electrical power delivered to the electrical heaters is determined by
measuring the current through and the voltage over the electrical heater. The
voltage and current measurements are done by the electronic voltage source
(Elektro-Automatik PSI 5200-10 A) powering the electrical heater. The
uncertainty on the voltage and the current measurement is respectively 200 mV

and 20 mA. Using equation A.5 and A.6, the power and its uncertainty can be
determined based on the current and voltage measurement.

Pelectr. = V ⋅ I (A.5)

δPelectr. =
√

(δV ⋅ I)2 + (V ⋅ δI)2 (A.6)
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A.2 Thermophysical properties

All thermophysical properties are calculated using CoolProp [74]. CoolProp is an
Open-Source Thermophysical Property Library written in C++. The uncertainty
of the values given by CoolProp are found in the references of the formulas used
in CoolProp. The uncertainty of the enthalpy value was never given, but it is
customary to estimate the uncertainty of the enthalpy to be half of the one of
the isobaric heat capacity [77]. The relative uncertainties used in this uncertainty
analysis are tabulated in table A.2.

δρl δρg δCp,l δCp,g δh

Water [78] 0.001 % 0.05 % 0.1 % 0.2 % 0.05 %
R32 [79] 0.05 % 0.1 % 0.5 % 0.25 %
R134a [80] 0.06 % 0.05 % 1 % 0.5 %
R410a [81, 82] 0.2 % 0.1 % 1 % 0.5 %
R1234yf [83] 0.1 % 0.5 % 5 % 2.5 %
R1234ze [84] 0.1 % 0.1 % 5 % 2.5 %
R125 [84] 0.1 % 0.1 % 0.5 % 0.25 %

Table A.2: The uncertainty of the thermophysical properties given by Coolprop for
different fluids.

A.3 Processing raw data and its uncertainty

A.3.1 Mass flux

In the literature the mass flux G is often used instead of the mass flow rate. The
mass flux can be determined by equation A.7 with ṁ the mass flow rate of the
refrigerant and di the inner diameter of the tube.

G = ṁ
A
= 4 ṁ

πD2
i

(A.7)

The uncertainty of the mass flux, which is given by equation A.8, depends on the
mass flow rate and the tube diameter.

δG =

¿
ÁÁÀ( 4

πD2
i

δṁ)
2

+ (−8 ṁ

πD3
i

δDi)
2

(A.8)

In general, the relative uncertainty on the mass flux G is always below 2 %.
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A.3.2 Heat transferred to the refrigerant in the preheater

To determine the vapour quality after the preheater, the heat input to the refrigerant
in the preheater has to be known. The preheater consists of multiple tube-in-tube
heat exchangers which are placed in series. For each of these heat exchangers
the heat transferred to the refrigerant is calculated using the method described
below (eq. A.9 to A.28). Afterwards the total heat transferred is calculated using
equations A.29 and A.30.

The heat transferred to the refrigerant in a tube-in-tube heat exchanger is given
by the energy change of the hot water in the annulus minus the heat losses to the
environment.

QPH,i = ṁw ⋅ cp,w ⋅ (Tw,in − Tw,out) −Qloss (A.9)

The uncertainty of this amount of heat transferred is given by following equation.

δQPH,i =

¿
ÁÁÁÁÁÁÁÁÁÁÁÁÁÀ

(δṁw ⋅Cp,w ⋅ (Tw,in − Tw,out))2

+ (δCp,w ⋅ ṁw ⋅ (Tw,in − Tw,out))2

+ (δTw,in ⋅ ṁw ⋅Cp,w)2

+ (δTw,out ⋅ ṁw ⋅Cp,w)2

+ (Qloss)2

(A.10)

The uncertainty of the isobaric heat capacity is the sum of the uncertainty of
CoolProp and the uncertainty of average water temperature. This last one is
determined by calculating the variation of the isobaric heat capacity due to
uncertainty of the temperature measurement.

δcp,w =
√
δC2

p,w,CoolProp + δC2
p,w,T

=

¿
ÁÁÀ

δC2
p,w,CoolProp + (δCp,w,T+δT − δCp,w,T−δT

2
)

2 (A.11)

The heat loss to the environment is calculated using a one-dimensional model
which is depicted in figure A.1. The model uses the electrical resistance analogy.
The model calculates the heat loss based on the measured water and ambient air
temperature and the known thermal resistances.

Qloss =
Ta − Tw

Ri +Rcu +Rinsul. +Ro
(A.12)
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1
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T3 T4 T5Tw Ta

Ri Rcu Rinsul. Ro

Figure A.1: A schematic representation of the model used to estimate the heat losses to the
environment at the preheater. (refrigerant; 1-2: inner tube wall; 2-3: hot water; 3-4: outer

tube wall; 4-5: insulation; ambient air)

δQloss =

¿
ÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÀ

( δTa
Ri +Rcu +Rinsul. +Ro

)
2

+ ( δTw
Ri +Rcu +Rinsul. +Ro

)
2

+ ( δRcu ⋅ (Ta − Tw)
(Ri +Rcu +Rinsul. +Ro)2

)
2

+ ( δRinsul. ⋅ (Ta − Tw)
(Ri +Rcu +Rinsul. +Ro)2

)
2

+ ( δRi ⋅ (Ta − Tw)
(Ri +Rcu +Rinsul. +Ro)2

)
2

+ ( δRo ⋅ (Ta − Tw)
(Ri +Rcu +Rinsul. +Ro)2

)
2

(A.13)

Rcu =
log (D4

D3
)

2 ⋅ π ⋅L ⋅ kcu
(A.14)

δRcu =

¿
ÁÁÁÁÁÁÁÁÁÁÀ

⎛
⎜
⎝

log (D4

D3
)

2 ⋅ π ⋅L2 ⋅ kcu
⋅ δL

⎞
⎟
⎠

2

+
⎛
⎜
⎝

log (D4

D3
)

2 ⋅ π ⋅L ⋅ k2
cu

⋅ δkcu
⎞
⎟
⎠

2

+ ( δD4

2 ⋅ π ⋅L ⋅ kcu ⋅D4
)

2

+ ( δD3

2 ⋅ π ⋅L ⋅ kcu ⋅D3
)

2

(A.15)

Rinsul. =
log (D5

D4
)

2 ⋅ π ⋅L ⋅ kinsul.
(A.16)
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δRinsul. =
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(A.17)

The convection coefficient in the annulus of the tube-in-tube heat exchanger
is determined using the correlation of Gnielinski [85] (eq. A.19 - A.22). The
correlation is only valid for turbulent flows. Hence, during measurements the
flow is constantly monitored in order to verify whether it remains turbulent.
Furthermore the relative uncertainty on this heat transfer coefficient was safely
assumed to be 30 %.

Ri =
1

hi ⋅ π ⋅D3 ⋅L
(A.18)

fi = (1.58 ⋅ log(Re) − 3.28)−2 (A.19)

Nui =
f

2
⋅ (Re − 1000) ⋅ Pr
1 + 12.7 ⋅

√
f
2
⋅ (Pr 2

3 − 1)
⋅
⎛
⎝

1 + (DH,w

L
)

2
3 ⎞
⎠

(A.20)

Nucorr.,i = Nui ⋅ (
µ

µwall
)

0.25

(A.21)

hi = Nucorr.,i ⋅
k

DH,h
(A.22)

δRi =

¿
ÁÁÀ( δhi

h2
i ⋅ π ⋅D3 ⋅L

)
2

+ ( δD3

hi ⋅ π ⋅D2
3 ⋅L

)
2

+ ( δL

hi ⋅ π ⋅D3 ⋅L2
)

2

(A.23)

The convection coefficient at the outside of the insulation layer is determined
using the correlation of Churchill and Chu [86] (eq. A.25 - A.27). The relative
uncertainty on this heat transfer coefficient was safely assumed to be 30 %.

Ro =
1

ho ⋅ π ⋅D5 ⋅L
(A.24)

Rao =
g ⋅ β ⋅ ρ2 ⋅ cp ⋅ (Twall − Ta) ⋅D3

µ ⋅ k (A.25)
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(A.26)

ho =
Nuo ⋅ k
D

(A.27)

δRo =

¿
ÁÁÀ( δho

h2
o ⋅ π ⋅D5 ⋅L

)
2

+ ( δD5

ho ⋅ π ⋅D2
5 ⋅L

)
2

+ ( δL

ho ⋅ π ⋅D5 ⋅L2
)

2

(A.28)

QPH =∑
i

QPH,i (A.29)

δQPH =
√
∑
i

(δQ2
PH,i) (A.30)

A.3.3 Vapour quality after the preheater

The vapour quality x after the preheater can be determined using a simple heat
balance (eq. A.31).

x =
Qheat
mrefrig

+Hin −Hout,liq

Hvap
(A.31)

δx =

¿
ÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÁÀ

( δQheat
mrefrig ⋅Hvap

)
2

+ (δHin

Hvap
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⋅ δHvap

⎞
⎟
⎠

2

+( Qheat
mrefrig

2 ⋅Hvap
⋅ δmrefrig)

2

(A.32)

A.3.4 Heat transferred to the refrigerant in the evaporator sec-
tion

The heat transferred to the refrigerant in the evaporator section is the heat
dissipated by the electrical heaters minus the heat loss to the environment.

QTS =∑
i

(Pelectr.,i −Qloss,i) (A.33)

δQTS =
√
∑
i

(δP 2
electr.,i + δQ2

loss,i) (A.34)
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The heat loss to the environment is calculated using a one-dimensional model
which is depicted in figure A.2. The model uses the electrical resistance analogy.
The model calculates the heat loss based on the measured heater and ambient air
temperature and the known thermal resistances.

1

2 Th T1 T2 Ta

Rh≈0 Rinsul. Ro

Figure A.2: A schematic representation of the model used to estimate the heat losses to the
environment at the evaporator section. (refrigerant; tube wall; electrical heater; 1-2:

insulation; ambient air)

Qloss,i =
Ta − Th

Rinsul. +Ro
(A.35)

δQloss,i =

¿
ÁÁÁÁÁÁÁÁÀ

(δRinsul. ⋅
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(Rinsul. +Ro)2
)

2

+ (δRo ⋅
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(Rinsul. +Ro)2
)

2

+ ( δTa
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2

+ ( δTh
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)
2

(A.36)

Rinsul. =
log (D2

D1
)

2 ⋅ π ⋅L ⋅ kinsul.
(A.37)
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(A.38)

The convection coefficient at the outside of the insulation layer is determined
using the correlation of Churchill and Chu [86] (eq. A.25 - A.27). The relative
uncertainty on this heat transfer coefficient was safely assumed to be 30 %.

Ro =
1

ho ⋅ π ⋅D2 ⋅L
(A.39)



98 APPENDIX A

δRo =

¿
ÁÁÀ( δho

h2
o ⋅ π ⋅D2 ⋅L

)
2

+ ( δD2

ho ⋅ π ⋅D2
2 ⋅L

)
2

+ ( δL

ho ⋅ π ⋅D2 ⋅L2
)

2

(A.40)

A.3.5 Vapour quality at the inlet of a T-junction’s branch

The vapour quality x at the inlet of a T-junction’s branch can be determined using
a simple heat balance (eq. A.41).

xbranch,in =
−QTS
mrefrig

+Hout −Hin,liq

Hvap
(A.41)

δxbranch,in =
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(A.42)

A.3.6 dPjunction

To determine the pressure drop over the junction, first a best linear fitting (a ⋅x+ b)
through the points at the inlet and at the branch is calculated.

σline =
¿
ÁÁÀ 1

Npoints − 2
⋅ ∑
Npoints

(P (x) − (a ⋅ x + b))2 (A.43)

The pressure drop over the junction is then given by:

dPjunction = bbranch − binlet (A.44)

δdPjunction =
√

(δP + 2 ⋅ σline,branch)2 + (δP + 2 ⋅ σline,inlet)2 (A.45)

A.4 P& ID
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Figure A.3: P& ID of the flow conditioner.
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B
Void fraction measurements

This chapter first describes the void fraction measuring method using the
capacitive void fraction probe. Furthermore, the void fraction measurements are
compared with existing models to verify if they are valid to use. Finally, the flow
regime map of Wojtan et al. [28] is compared with the flow regime determination
method developed by De Kerpel [21].

B.1 Measurement method

A description of the capacitive void fraction probe is given in section 3.2.3. The
capacity measured at the probe is converted linearly to a voltage signal using a
specially made signal conditioner. This voltage is then acquired with the data
acquisition system.

The measured voltage is normalised to a value between 0 and 1. The
normalisation function uses the voltage of a liquid filled and a vapour filled sensor
at the measured saturation temperature. This normalised value is then converted
to a void fraction ε using a flow regime dependant calibration curve. An example
of such a calibration curve is shown in figure B.1. In this work, the flow regime
is determined using the flow regime map of Wojtan et al. [28]. To verify if this
flow regime map is accurate, the results were compared with the flow regime
determination method developed by De Kerpel [21] in section B.3. The following
section will explain the method to derive the flow regime dependant calibration
curves.
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Figure B.1: The void fraction sensor calibration curves for R32.

B.1.1 Calibration curve

The calibration curves are constructed using finite element simulations of the
sensor. These simulations are done in FEMM [87].

(a) annular (b) stratified (c) slug

Figure B.2: The simplified geometries implemented in the FEMM [87] simulations. (black:
Kapton tube wall; blue: liquid phase; white: vapour phase; orange: electrodes)

For each flow regime, a simplified representation of the spacial distribution of
the two phase was constructed. Figure B.2 shows the geometries for three flow
regimes: annular, stratified and slug flow. For each geometry, several simulations
with a varying void fraction are conducted to construct the relation between the
capacity value and the void fraction (figure B.1). The intermittent flow regime
does not use a particular geometry but is based on an interpolation between the
calibration curves of an annular and a slug flow:

ε = x − xi−sl
xi−a − xi−sl

⋅ εA +
xi−a − x

xi−a − xi−sl
⋅ εSL (B.1)

xi−a is the vapour quality at which the transition between the intermittent and the
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annular flow occurs. xi−sl is the vapour quality at which the transition between an
intermittent and an annular flow occurs.

B.2 Comparison with existing models
The experimental void fraction measurements were compared with the void
fractions determined using an existing model.
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Figure B.3: The void fractions measured experimentally compared to the void fractions
determined with the model of Steiner [26]

The first model tested is Steiner’s [26] adaptation of the drift flux model of
Rouhani and Axelsson [25]. This model is compared with the experimental results
in figure B.3. The model clearly overpredicts the void fraction for lower void
fraction. Only for the annular flow, the prediction is quite accurate as shown by
the mean absolute errors (MAE) and the mean relative errors (MRE) in table B.1.

A I SL SW SL+SW All

MAE 0.014 0.033 0.041 0.062 0.063 0.026
MRE −0.005 −0.033 −0.041 0.063 −0.063 −0.016

Table B.1: The mean absolute error (MAE) and the mean relative error (MRE) of
Steiner’s model [26] for the different flow regimes.

The second model evaluated is the model of Shoham et al. [88]. The comparison
with the experimental results is shown in figure B.4. The model overpredicts the
void fraction for most flow regimes except for stratified-wavy.

On average both models are capable of predicting the void fraction. However,
the void fraction of stratified-wavy flow is not predicted well for both models.
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Figure B.4: The void fractions measured experimentally compared to the void fractions
determined with the model of Shoham et al. [88]

A I SL SW SL+SW All

MAE 0.024 0.024 0.033 0.072 0.020 0.026
MRE −0.023 −0.021 −0.033 0.072 −0.009 −0.018

Table B.2: The mean absolute error (MAE) and the mean relative error (MRE) of
Shoham’s models [88] for the different flow regimes.

In this work, Steiner’s [26] adaptation of the drift flux model of Rouhani and
Axelsson [25] will be used due to its simplicity.

B.3 Flow regime determination

As already explained in chapter 3.2.3, the flow regime can be determined based on
the frequency spectrum of the signal of the voidfraction sensor. In the following
paragraph the method will explained briefly. More details on the method are given
in the work of De Kerpel [21].

A maximum overlap wavelet transform (MODWT) with the 8th order
Daubechies wavelet function is performed on the time signal of the void fraction
sensor. The wavelet variance is then calculated. The slope between the 3rd and
4th wavelet variance is used to classify the different flow regimes with a fuzzy
clustering algorithm. The exact value of the slope at the flow regime transition,
depends on the sensor geometry and the fluid. Due to the limited dataset and a
time constraint, the exact value at the flow regime transition was not determined.
However, figure B.5 can be used to verify the accuracy of the flow regime map of
Wojtan et al. [28] for this refrigerant.



VOID FRACTION MEASUREMENTS 105

0 1 2 3 4 5 6 7
−4

−2

0

2

4

6

8

10
x 10

−4

J
g

[m/s]

v*
4−

v*
3

[−
]

I ASL

Figure B.5: The difference between the 3rd and 4th wavelet variance as function of the
superficial vapour velocity (R32; Tsat = 10 °C; Jl = 0.2m/s). The dashed lines indicate

the flow regime transitions according to Wojtan et al. [28].

Figure B.5 displays the difference between the 3rd and 4th wavelet variance as
function of the superficial vapour velocity. The dashed lines in the figure indicate
the flow regime transitions according to Wojtan et al. [28]. The value of the slope
is significantly larger for the intermittend than for the annular flow. Hence, the
classification of these points according to flow regime map ofWojtan et al. [28]
corresponds with the classification found experimentally.





C
List of experimental data
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fluid θ Tsat Jl Jg G x flow regime

R32 0 10 0.2 1.5 249 0.18 I
0 10 0.2 3 295 0.31 I
0 10 0.3 1.5 351 0.13 I
0 10 0.3 3 397 0.23 I
0 20 0.2 1.5 258 0.24 I
0 20 0.2 3 319 0.38 I
0 20 0.3 1.5 356 0.17 I
0 20 0.3 3 417 0.29 I
0 10 0.2 5 355 0.43 A
0 10 0.2 4 325 0.37 I
0 10 0.2 6 385 0.47 A
0 10 0.2 1 234 0.13 SL
0 10 0.2 2.25 272 0.25 I
0 10 0.1 3 193 0.47 A
0 10 0.1 5 253 0.60 A
0 10 0.1 4 223 0.54 A
0 20 0.2 4 360 0.45 A
0 10 0.1 6 283 0.64 A
0 10 0.1 2 162 0.37 I
0 10 0.1 1 132 0.23 SL+SW
0 10 0.05 2 111 0.54 SW
0 10 0.05 3 142 0.64 A
0 10 0.05 4 172 0.70 A
0 10 0.05 5 202 0.75 A
0 20 0.1 3 221 0.56 A
0 10 0.279 2.2 351 0.19 I
0 10 0.189 5.25 351 0.45 A
0 10 0.171 5.83 351 0.50 A
0 10 0.1 1.5 147 0.31 SL+SW
0 10 0.1 2.5 178 0.43 I
0 10 0.05 6 232 0.78 A
45 10 0.2 1.5 249 0.18 I
45 10 0.2 3 295 0.31 I
45 10 0.3 1.5 351 0.13 I
45 10 0.3 3 397 0.23 I

22.5 10 0.2 1.5 249 0.18 I
22.5 10 0.2 3 295 0.31 I
22.5 10 0.3 1.5 351 0.13 I
22.5 10 0.3 3 397 0.23 I

Table C.1: The overview of the experimental inlet conditions tested in this work (part 1).
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fluid θ Tsat Jl Jg G x flow regime

R1234ze 0 20 0.15 1.5 211 0.16 SL
0 20 0.15 3 245 0.28 I
0 20 0.225 1.5 299 0.11 I
0 20 0.225 3 333 0.20 I

R134a 0 20 0.2 1.5 287 0.15 I
0 20 0.2 3 328 0.25 I
0 20 0.3 1.5 409 0.10 I
0 20 0.05 4 172 0.64 A
0 20 0.05 5 200 0.69 A
0 20 0.05 2 117 0.48 SW
0 20 0.05 3 145 0.58 SW

R125 0 10 0.2 1.5 341 0.25 I
0 10 0.2 3 427 0.40 A
0 10 0.3 1.5 468 0.18 I
0 20 0.2 1.5 361 0.32 I
0 20 0.2 3 478 0.49 A
0 20 0.3 1.5 482 0.24 I
0 20 0.3 3 599 0.39 A

22.5 10 0.2 1.5 341 0.25 I
22.5 10 0.2 3 427 0.40 A
22.5 10 0.3 1.5 468 0.18 I

Table C.2: The overview of the experimental inlet conditions tested in this work (part 2).





D
Evaluation of existing phase

distribution models

This chapter examines the prediction capability of the existing phase distribution
models. The models are evaluated using the water-air and water-steam phase
distribution data of horizontal impacting T-junctions found in the literature.

Each model has different input and output parameters which makes quantitative
comparisons between the different models difficult. Hence, it was chosen to test
the prediction of each model using its own output parameter. For each model the
MAD, the MRD and the percentage of data with a MAD smaller than 0.05 was
determined and will be discussed in the following sections.

D.1 Models of Azzopardi et al. [57, 58]

The first model of Azzopardi et al. [57] predicts the liquid fraction distribution
Fl for a given inlet flow and a given vapour fraction distribution Fg . Table D.1
illustrates the prediction capabilities of this model for the data found in the
literature.

In general, this model is not very capable of predicting the phase distribution.
It only predicts the annular water-air data rather well. This can be explained by
the fact that the model was constructed using annular and intermittent water-air
data. As expected, the model is not suited for stratified flows because the model
was made for a T-junction with a vertical inlet. Stratified flows do not occur in a
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vertical flow due to the different orientation of the gravity force. Finally, the phase
distribution prediction for the water-steam data is really substandard as the model
was developed using only water-air data. Hence, the model does not capture the
effects related to the fluid properties.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 −0.01 0.027 80%
SW 26 −0.091 0.108 50%
S 15 0.065 0.092 67%
All 51 −0.029 0.087 61%

Ottens et al. [52] SW 35 −0.052 0.147 31%
All 35 −0.052 0.147 31%

Chien and Rubel [54, 73] A 136 −0.021 0.064 42%
All 136 −0.021 0.064 42%

Hong and Christon [53] A 16 0 0.081 25%
I 4 0 0.015 100%
SW 8 0 0.137 0%
SL+SW 10 0 0.061 40%
All 38 0 0.081 32%

Mohamed et al. [37] A 32 0 0.040 69%
SW 42 0 0.090 45%
S 21 0 0.075 43%
All 95 0 0.070 53%

Mohamed et al. [42] A 39 −0.004 0.032 77%
SW 35 −0.002 0.095 29%
S 22 0 0.077 36%
All 96 −0.002 0.065 50%

water-air data 277 −0.013 0.081 51%

water-steam data 174 −0.016 0.068 40%

all data 451 −0.014 0.076 46%

Table D.1: The prediction capabilities of Azzopardi’s [57] model for the data found in the
literature.

The second model of Azzopardi et al. [58] predicts the vapour fraction
distribution Fg for a given inlet condition and a given liquid fraction distribution
Fl. Table D.2 illustrates the prediction capabilities of this model for the data found
in the literature.

In contrast to their previous model, this model performs better for the
water-steam data than for the water-air data. However, the model still does not
capture all the effects related to fluid properties.



EVALUATION OF EXISTING PHASE DISTRIBUTION MODELS 113

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 0.029 0.079 30%
SW 26 0.083 0.104 46%
S 15 −0.105 0.112 53%
All 51 0.017 0.101 45%

Ottens et al. [52] SW 35 0.043 0.1 40%
All 35 0.043 0.1 40%

Chien and Rubel [54, 73] A 136 −0.018 0.03 80%
All 136 −0.018 0.03 80%

Hong and Christon [53] A 16 0 0.092 37%
I 4 0 0.06 50%
SW 8 0 0.069 25%
SL+SW 10 0 0.029 80%
All 38 0 0.067 47%

Mohamed et al. [42] A 39 0.003 0.081 33%
SW 35 0.003 0.058 60%
S 22 0.001 0.058 45%
All 96 0.003 0.067 46%

Mohamed et al. [37] A 32 0 0.1 25%
SW 42 0.002 0.075 50%
S 21 0 0.089 33%
All 95 0.001 0.086 38%

water-air data 277 0.010 0.084 42%

water-steam data 174 −0.014 0.038 73%

all data 451 0.001 0.066 54%

Table D.2: The prediction capabilities of Azzopardi’s [58] model for the data found in the
literature.
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D.2 Models of Ottens et al. [52]

Ottens et al. [52] developed two models: the double stream model and the
advanced double stream model. The advanced model is an extension of the normal
double stream model which nullifies some assumptions made in the original
model. Both models predict the liquid fraction distribution Fl for a given inlet
condition and a given vapour fraction distribution Fg . The prediction capabilities
of the double stream model and the advanced double stream model are respectively
given in table D.3 and table D.4.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 −0.100 0.183 30%
SW 26 0.024 0.043 77%
S 15 −0.103 0.110 47%
All 51 −0.038 0.090 59%

Ottens et al. [52] SW 35 0.073 0.105 49%
All 35 0.073 0.105 49%

Chien and Rubel [54, 73] A 136 0.130 0.176 20%
All 136 0.130 0.176 20%

Hong and Christon [53] A 16 0 0.144 38%
I 4 0.000 0.283 00%
SW 8 0.000 0.178 25%
SL+SW 10 0.000 0.220 20%
All 38 0.000 0.186 26%

Mohamed et al. [37] A 32 0.001 0.206 13%
SW 42 0.002 0.071 60%
S 21 0.000 0.180 14%
All 95 0.001 0.140 34%

Mohamed et al. [42] A 39 0.003 0.083 54%
SW 35 0.002 0.091 49%
S 22 0.000 0.070 64%
All 96 0.002 0.083 54%

water-air data 277 0.003 0.107 47%

water-steam data 174 0.102 0.178 21%

all data 451 0.041 0.134 37%

Table D.3: The prediction capabilities of the double stream model [52] for the data found
in the literature.

The first thing to notice is the small difference in prediction capability of both
models. Even though the advanced model abrogates some assumptions and is
more complex to solve, it does not translate in better performance. Secondly, the
model does not predict the authors own data more accurately than other water-air
data found in the literature. Finally, the prediction of the water-steam data is
significantly worse than the prediction of the water-air data. Furthermore, the
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model over-predicts the data of Chien and Rubel significantly. Hence, these
models do not capture the fluid properties related effects and are only suited for
water-air mixtures.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 −0.047 0.082 50%
SW 26 −0.006 0.046 65%
S 15 0.153 0.196 40%
All 51 0.033 0.097 55%

Ottens et al. [52] SW 35 0.066 0.108 37%
All 35 0.066 0.108 37%

Chien and Rubel [54, 73] A 136 0.182 0.244 17%
All 136 0.182 0.244 17%

Hong and Christon [53] A 16 −0.001 0.195 38%
I 4 −0.005 0.315 0%
SW 8 −0.076 0.252 0%
SL+SW 10 −0.051 0.220 30%
All 38 −0.030 0.226 24%

Mohamed et al. [37] A 32 0.031 0.090 56%
SW 42 0.007 0.051 67%
S 21 0.001 0.187 14%
All 95 0.014 0.094 52%

Mohamed et al. [42] A 39 0.001 0.115 41%
SW 35 0.001 0.092 54%
S 22 0.003 0.094 41%
All 96 0.002 0.102 46%

water-air data 277 0.020 0.099 48%

water-steam data 174 0.136 0.240 18%

all data 451 0.064 0.154 37%

Table D.4: The prediction capabilities of the advanced double stream model [52] for the
data found in the literature.
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D.3 Model of Hong and Christon [53]
The model of Hong and Christon [53] predicts the liquid fraction distribution Fl
for a given inlet flow and a given vapour fraction distribution Fg . Its prediction
capabilities are given in table D.5.

As expected, the model is best suited for water-steam flows according to
table D.5. More specifically, this model was developed using water-steam data.
Furthermore, the best prediction capabilities were found for their own data.
Finally, the model is not capable of predicting the phase distribution of stratified
flows.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 −0.042 0.085 50%
SW 26 −0.048 0.117 31%
S 15 −0.162 0.230 0%
All 51 −0.080 0.144 25%

Ottens et al. [52] SW 35 0.080 0.197 9%
All 35 0.080 0.197 9%

Chien and Rubel [54, 73] A 136 0.045 0.071 40%
All 136 0.045 0.071 40%

Hong and Christon [53] A 16 0.000 0.033 75%
I 4 0.000 0.101 0%
SW 8 0.002 0.037 50%
SL+SW 10 0.000 0.093 20%
All 38 0.000 0.057 47%

Mohamed et al. [37] A 32 0.000 0.072 69%
SW 42 0.002 0.085 24%
S 21 0.010 0.204 0%
All 95 0.003 0.107 34%

Mohamed et al. [42] A 39 −0.004 0.096 21%
SW 35 −0.011 0.106 14%
S 22 0.000 0.125 5%
All 96 −0.005 0.106 15%

water-air data 277 −0.006 0.125 22%

water-steam data 174 0.035 0.068 41%

all data 451 0.010 0.103 30%

Table D.5: The prediction capabilities of the model of Hong and Christon [53] for the data
found in the literature.
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D.4 Model of Chien and Rubel [54, 73]
The model of Chien and Rubel [54, 73] predicts the liquid fraction distribution Fl
for a given inlet flow and a given vapour fraction distribution Fg . Its prediction
capability is given in table D.6.

First of all, the most accurate predictions are found for their own data.
Further, as expected, the model gives the best results for water-steam data. More
specifically, this model was developed using water-steam data.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 0.034 0.077 50%
SW 26 0.086 0.105 46%
S 15 −0.101 0.111 60%
All 51 0.020 0.102 51%

Ottens et al. [52] SW 35 0.043 0.106 49%
All 35 0.043 0.106 49%

Chien and Rubel [54, 73] A 136 −0.004 0.028 84%
All 136 −0.004 0.028 84%

Hong and Christon [53] A 16 0.000 0.078 38%
I 4 0.000 0.033 50%
SW 8 0.000 0.079 25%
SL+SW 10 0.000 0.028 80%
All 38 0.000 0.060 47%

Mohamed et al. [37] A 32 0.000 0.092 38%
SW 42 0.002 0.084 45%
S 21 0.000 0.090 33%
All 95 0.001 0.088 40%

Mohamed et al. [42] A 39 0.003 0.078 36%
SW 35 0.003 0.064 63%
S 22 0.000 0.065 45%
All 96 0.002 0.070 48%

water-air data 277 0.010 0.087 46%

water-steam data 174 −0.003 0.035 76%

all data 451 0.005 0.067 57%

Table D.6: The prediction capabilities of the model of Chien and Rubel [54, 73] for the
data found in the literature.
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D.5 Model of El-Shaboury et al. [47]

The most recent phase distribution model is developed by El-Shaboury et al.
[47]. In contrast to previous models, this model predicts both the liquid fraction
distribution Fl and the vapour fraction distribution Fg for a given inlet flow and a
given total mass distribution. In this manuscript, only the prediction of the liquid
fraction distribution Fl is given (see table D.7). The results of the vapour fraction
distribution Fg are very similar.

First of all, the prediction of their own data is excellent. More generally, the
prediction of the water-air data is very good. In contrast, the prediction of the
water-steam data is substandard. Namely, the MAD for the water-steam data is
0.32 which means that on average the Fl value deviates with 0.32 from the real
value. This deviation is very large compared to the range of Fl (0 - 1). Hence, this
model appears not to be suited for mixtures other than water-air.

dataset # points MRD MAD MAD <0.05

El-Shaboury et al. [47] A 10 −0.003 0.005 100%
SW 26 0.171 0.181 73%
S 15 −0.001 0.005 100%
All 51 0.086 0.095 86%

Ottens et al. [52] SW 35 0.060 0.127 37%
All 35 0.060 0.127 37%

Chien and Rubel [54, 73] A 136 −0.168 0.317 0%
All 136 −0.168 0.317 0%

Hong and Christon [53] A 16 0.000 0.340 0%
SW 8 0.000 0.393 0%
All 38 0.000 0.358 0%

Mohamed et al. [37] A 32 0.001 0.004 100%
SW 42 0.007 0.016 95%
S 21 0.000 0.050 52%
All 95 0.003 0.020 87%

Mohamed et al. [42] A 39 0.002 0.047 64%
SW 35 0.012 0.069 71%
S 22 0.000 0.043 64%
All 96 0.005 0.054 67%

water-air data 277 0.026 0.059 74%

water-steam data 174 −0.143 0.323 0%

all data 451 −0.036 0.156 45%

Table D.7: The prediction capabilities of the model of El-Shaboury et al. [47] for the data
found in the literature.
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D.6 Conclusion
In general, one can conclude that the largest prediction capability of the models
is for their own data. Secondly, none of the models incorporates the influence of
the fluid properties on the phase distribution. Most models give the best results
for the fluid for which the model was designed. Hence, a new model is needed
which includes the effects of fluid properties and is capable of predicting phase
distribution for different two-phase mixtures.

Finally, the model of El-Shaboury et al. [47] is recommended for water-air
mixtures. For water-steam mixtures, both the model of Chien and Rubel [54, 73]
and Azzopardi et al. [58] work well. Both models also give the best overall
performance (water-air data and water-steam data).
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