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Summary

Experimental setup and flow regime maps for water-steam flows

Knowledge of flow patterns is important for process and energy industries because of
the connection with pressure drop and heat transfer rate. So for safe design of evapo-
rators and two-phase equipment a reliable flow pattern prediction is a near-necessity.
In addition, the heat transfer coefficient of convective boiling depends on the flow
pattern. This holds for any orientation of the evaporator and for both adiabatic and
heated channels. Most research up to now was focused on adiabatic processes for the
obvious reason that the complexity and variety of flow patterns for heated mixtures
exceed those of isothermal air-water flows. Evaporation of a liquid results in an in-
crease of volume of the liquid-vapor mixture and henceforth an acceleration of the
remaining liquid. The length of the channel to the start of the heating, the heat flux
profile and the history of this heating profile, determine the flow pattern present at a
certain point in the channel.
During the development of a heated two-phase flow in an evaporator tube, the vapor-
liquid mixture may pass through several flow regimes, characterized by their distinct
flow patterns. The various flow regimes are typically represented in a 2D flow pattern
map or flow regime map, identifying a particular flow pattern with a specific combina-
tion of two parameters derived from controlled process conditions designating the two
axes. If the existing criteria are applied to literature data of flow regime recognition
in heated two-phase flows, it is found that most of these data are for mini channels.
The currently available flow pattern maps, empirical, theoretical, and simulated, for
vertical upward flows, lack the use of a generally accepted and standardized set to
represent the flow. The generalized coordinates should represent the geometry, fluid
and the flow rate, and in case of a flow with mass transfer also one or more parame-
ters which represent the heat added to the flow. The need to include the parameters
related to mass transfer in a heated two-phase, vertical upward flow is shown and it is
noted that more than three parameters are needed, making the maps of a dimension
essentially higher than two.
An experimental setup is built which facilitates the boiling of water in a vertical tube-
in-tube quartz glass heat exchanger. The quartz glass heat exchanger gives excellent
optical access to the changing flow, from fully water through a two-phase flow to
fully steam. The two-phase flow is recorded using high speed imaging cameras to
capture the process. The recordings have been analyzed together with the pressure
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drop measurements over the evaporator. The main finding is that a small variation
in heat flux along an evaporator tube has a large influence on the boiling behavior
of the two-phase flow. The applied heat flux interrupts the development of the flow
pattern and alters the flow pattern.
Although scaling laws work quite well for single phase systems, scaling a isother-
mal two-phase system is more challenging. A two-phase system with mass transfer
becomes even more complex. 18 dimensionless groups can be identified, π-numbers,
according to Buckingham’s π-theorem, which are considered crucial to obtain a scaled
system. It is evident that it is practically impossible to satisfy all 18 criteria needed to
scale a two-phase flow with mass transfer. Even if only the most relevant dimension-
less numbers are identified, this subset is that large that scaling of heated two-phase
systems is cumbersome. The feasibility of scaling of heated two-phase flows with five
dimensionless numbers is explored. It is seen that proper scaling in the case of water
is not feasible. This is an important finding because it necessitates the building of a
fairly large facility in the laboratory.
A closed loop setup has been designed, detailed and constructed based on a concep-
tual setup design. The experimental setup is designed to perform measurements on
heated two-phase flows with mass transfer. This includes the main loop with the
key components, steam drum with integrated condenser, main pump, vertical section
including heaters and visualization sections. In the vertical section, the two visuali-
zation sections are used to visualize the two-phase flow, and identify flow patterns.
The experiments will be used to gather data and knowledge on flow pattern maps for
heated flows. The setup can operate at pressures up to 40 bar, 250 ◦C, with a total
heating power of 120 kW and an inner tube diameter of 20 mm. These parameters
are close to those seen in practice.
The preliminary results obtained during the first measurements are discussed. Se-
veral different points in the working range are explored. The experiments performed
include the visualizations of the two high speed imaging cameras. The experiments
will be used to gather data and knowledge on flow pattern maps for heated flows and
show the potential of the setup for the near future.



Contents

Summary v

1 Introduction 1
1.1 Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Goal and outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Flow pattern maps for vertical tubes 5
2.1 Flow regimes in vertical tubes . . . . . . . . . . . . . . . . . . . . . . 5

2.1.1 Flow pattern map definitions . . . . . . . . . . . . . . . . . . . 6
2.2 Empirical flow pattern maps . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.1 Fair, 1960 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Duns & Ros, 1963 . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.3 Bennet et al., 1965 . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.2.4 Suo et al., 1965 . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.5 Hewitt & Roberts, 1969 . . . . . . . . . . . . . . . . . . . . . . 10
2.2.6 Gould, 1974 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.7 Schlegel et al., 2009 . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.8 Ali et al., 2014 . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.9 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.3 Theoretical flow pattern maps . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.1 Transition modelling . . . . . . . . . . . . . . . . . . . . . . . . 12
2.3.2 Taitel, Bornea & Dukler, 1980 . . . . . . . . . . . . . . . . . . 18
2.3.3 Weisman & Kang, 1981 . . . . . . . . . . . . . . . . . . . . . . 18
2.3.4 McQuillan & Whalley, 1984 . . . . . . . . . . . . . . . . . . . . 19
2.3.5 Mishima & Ishii, 1984 . . . . . . . . . . . . . . . . . . . . . . . 20
2.3.6 Bilicki & Kestin, 1987 . . . . . . . . . . . . . . . . . . . . . . . 21
2.3.7 Quantitative comparison and conclusion . . . . . . . . . . . . . 21

2.4 Simulation model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23
2.4.1 Ito, Inoue, Ozowa, 2004 . . . . . . . . . . . . . . . . . . . . . . 23

2.5 Heat flux depending flow patterns . . . . . . . . . . . . . . . . . . . . 25
2.6 Concluding remarks . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26

3 Once through evaporator tube visualizations 27
3.1 Visualization experiments . . . . . . . . . . . . . . . . . . . . . . . . . 29



viii Contents

3.1.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . 29
3.1.2 Experimental results . . . . . . . . . . . . . . . . . . . . . . . . 33
3.1.3 Visualisation results and analyses . . . . . . . . . . . . . . . . 35

3.2 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

4 Conceptual process design 41
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
4.2 Scaling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

4.2.1 Conventional physical model . . . . . . . . . . . . . . . . . . . 42
4.2.2 Example of centrifugal scaling . . . . . . . . . . . . . . . . . . . 45
4.2.3 Two-phase liquid-vapor flow . . . . . . . . . . . . . . . . . . . 45
4.2.4 Scaling water-steam . . . . . . . . . . . . . . . . . . . . . . . . 47
4.2.5 Scaling of two two-phase liquid-vapor flows in a single system . 49
4.2.6 Two fluids, single system fluid choice . . . . . . . . . . . . . . . 50

4.3 Conceptual process design . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.3.2 Tube diameter . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
4.3.3 Flow direction . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.4 Flow patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
4.3.5 Design parameters . . . . . . . . . . . . . . . . . . . . . . . . . 55

5 Experimental Setup 61
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.2 Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
5.3 Flow control and measurement . . . . . . . . . . . . . . . . . . . . . . 62

5.3.1 Canned motor pump . . . . . . . . . . . . . . . . . . . . . . . . 62
5.3.2 Flow metering and control . . . . . . . . . . . . . . . . . . . . . 63

5.4 Heating and steam generation . . . . . . . . . . . . . . . . . . . . . . . 64
5.4.1 Pre-heater . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
5.4.2 Heated test section . . . . . . . . . . . . . . . . . . . . . . . . . 66

5.5 Steam drum with integrated condenser . . . . . . . . . . . . . . . . . . 66
5.5.1 Condenser coils . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
5.5.2 Condenser loop . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

5.6 Vertical section . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
5.6.1 Visualization sections . . . . . . . . . . . . . . . . . . . . . . . 68
5.6.2 General measurement sections . . . . . . . . . . . . . . . . . . 71
5.6.3 Temperature and pressure measurements . . . . . . . . . . . . 72

5.7 Data acquisition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
5.7.1 Process control . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
5.7.2 High speed imaging . . . . . . . . . . . . . . . . . . . . . . . . 74
5.7.3 Measurement synchronization and logging . . . . . . . . . . . . 74

5.8 Various . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.8.1 Thermal insulation . . . . . . . . . . . . . . . . . . . . . . . . . 74
5.8.2 Water preparation and filling . . . . . . . . . . . . . . . . . . . 75

5.9 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75



ix

6 Measurements and future opportunities 77
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
6.2 First experiment with one camera . . . . . . . . . . . . . . . . . . . . . 77
6.3 Experiments with two cameras . . . . . . . . . . . . . . . . . . . . . . 79
6.4 Opportunities for future measurements . . . . . . . . . . . . . . . . . . 87

References 89

List of symbols 93

A P&ID 95

B Canned motor pump 99

C Steam drum 101

Dankwoord 103

Curriculum vitae 105

Contents



x Contents



Chapter

1
Introduction

1.1 Motivation

Knowledge of flow patterns is important for process and energy industries because of
the connection with pressure drop and heat transfer rate. For example, the pressure
drop of intermittent flows is known [49] to fluctuate considerably, which may lead to
vibrations and eventually damage or even failure of equipment. For safe designs of
evaporators and two-phase equipment, a reliable flow pattern prediction is a near-
necessity. In addition, the heat transfer coefficient of convective boiling depends on
the flow pattern. A high accuracy in heat transfer prediction can only be achieved
if the flow pattern is known. Correlations for pressure drop and heat transfer are
therefore more accurate if the flow pattern is accurately known.
The above holds for all length scales, ranging from industrial boilers to micro-channels
in electronics cooling [33], but also for heat pipes [47], nuclear power plants [52] and
equipment in space [10, 17, 18]. It also holds for any orientation of the cooling channel
and for both adiabatic and heated channels. Most research up to now was focused on
adiabatic processes for the obvious reason that the complexity and variety of flow pat-
terns for heated mixtures exceeds those of isothermal air-water flows. Evaporation
of a liquid results in an increase of volume of the liquid-vapor mixture and hence-
forth an acceleration of the remaining liquid. Interfaces between liquid and vapor
are dynamically affected by evaporation, which yields changing and inhomogeneous
distributions of vapor and liquid, i.e. different and evolving flow patterns. The range
of flow regimes in heated channels is therefore generally richer than in adiabatic flows,
similar to the new flow regimes encountered when a vertical tube is put horizontally.
In vertical upward flows in tubes, the flow regime may change with height [50]. Si-
milarly, the flow pattern in a heated tube evolves in axial direction by the increase
in volume flow rate. The length of the channel to the start of the heating, the heat
flux profile and the history of this heating profile, determine the flow pattern present
at a certain point in the channel. This applies when the heat flux is imposed to the
two-phase flow.
If the existing criteria are applied to literature data of flow regime recognition in
heated two-phase flows, it is found that most of these data are for mini channels
[6, 11, 33]. The data for which capillarity is not dominant are all for refrigerants,
like [8]. Thome et al. made flow pattern maps for several heat fluxes and derived a
heat transfer correlation based on these flow patterns, [54, 55]. They used R-22 and
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R-410a as working fluids in tubes with an inner diameter of 8.00 mm and 13.84 mm.

1.2 Goal and outline

The above short literature survey shows that there is a lack of detailed data concerning
heated two-phase flow with mass transfer. There is a need for benchmark experiments
with water and steam; with these, numerical models for flow pattern development in
large bore tubes with water-steam and heat transfer can be validated. The present
study aims to fill this gap.

This study is part of a project in which one PhD and a Postdoc have worked on the
numerical simulation of flow pattern development in a tube. The experimental work
presented in this thesis is therefore focused on the validation of numerical predictions
by measuring local quantities that offer a better and more detailed way of validation
than with global parameters such as pressure drop and volume-averaged void fraction.
Ultimately, this will translate to a model of a heated flow pattern map, but in this
thesis the focus is on the increase in knowledge about heated two-phase water-steam
flows. The following paragraphs describe the outline of the thesis.

During the development of a heated two-phase flow in an evaporator tube, the vapor-
liquid mixture may pass through several flow regimes, characterized by their distinct
flow patterns. The various flow regimes are typically represented in a 2D flow pat-
tern map or flow regime map, identifying a particular flow pattern with a specific
combination of two control parameters designating the two axes. In Chapter 2 the re-
presentations for vertical two-phase flow are discussed, dividing the flow-regime map
in three main categories. In the last part of this chapter, some heat flux dependent
flow patterns are described.

In Chapter 3, the development of a heated two-phase flow is visualized. An expe-
rimental setup, QOTSG, is built which facilitates the boiling of water in a vertical
tube-in-tube quartz glass heat exchanger. The quartz glass heat exchanger gives ex-
cellent optical access to the interchanging flow, from fully water through a two-phase
flow, to fully steam. The two-phase flow is recorded using high speed imaging ca-
meras to capture the process. The recordings have been analyzed together with the
pressure drop measurements over the evaporator. The applied heat flux interrupts
the development of the flow pattern and alters the flow in a different flow pattern.

One could suggest to use scaling laws to scale down a large system to a small system
using a fluid with different properties. Although scaling laws work quite well for
single phase systems, a two-phase system is more challenging. A two-phase system
with mass transfer becomes even more complex. 18 dimensionless groups can be
identified, π-numbers, according to Buckingham’s π-theorem, which are considered
crucial to obtain a scaled system. It is evident that it is practically impossible to
satisfy all 18 criteria needed to scale a two-phase flow with mass transfer. Even if
only the most relevant dimensionless numbers are identified, this subset is that large
that scaling of heated two-phase systems is cumbersome. In Chapter 4 the feasibility
of scaling of heated two-phase flows with five dimensionless numbers will be explored.
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It will be seen that proper scaling in the case of water is not feasible. This is an
important finding because it necessitates the building of a fairly large facility in the
laboratory. In this chapter also the conceptual design of the main, large, setup will
be discussed.

A closed loop setup has been designed, detailed and constructed based on the con-
ceptual setup design from the previous chapter. The experimental setup is designed
to perform measurements on heated two-phase flows with mass transfer. The main
loop with the key components, steam drum with integrated condenser, main pump,
vertical section including heaters and visualization sections, are described in Chapter
5. In the vertical section, the two visualization sections are used to visualize the
two-phase flow, and the flow patterns. The experiments will be used to gather data
and knowledge on a flow pattern map for heated flows.

In the last chapter, Chapter 6, the preliminary results obtained during the first me-
asurements with the experimental setup described in Chapter 5 will be discussed.
Several different points in the working range as proposed in Chapter 4 have been ex-
plored. The experiments performed include the visualizations of the two high speed
imaging cameras. The experiments will be used to gather data and knowledge on a
flow pattern map for heated flows. The last section of the chapter will conclude this
thesis with conclusions and recommendations for the near future.
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Chapter

2
Flow pattern maps for
vertical tubes

During the development of a heated two-phase flow in an evaporator tube, the vapor-
liquid mixture may pass through several flow regimes, characterized by their distinct
flow patterns. The flow can be assumed to start from a fully liquid flow and may
transition, if enough heat is added and sufficient tube length is available, through a
range of liquid-vapor stages, eventually to a fully vapor flow. The various flow regimes
are typically represented in a 2D flow pattern map or flow regime map, identifying a
particular flow pattern with a specific combination of two control parameters desig-
nating the two axes. In this chapter such representations for vertical two-phase flow
are discussed, dividing the flow-regime maps in three main categories. In the last part
of this chapter, some heat flux dependent flow patterns are described.

2.1 Flow regimes in vertical tubes
A two-phase flow in a vertical tube can adopt different flow patterns. The difference
between these flow patterns is clearly expressed in terms of properties of the interface
between the two phases. This interface can adopt all kinds of geometries, which are
mostly smooth and curved due to the surface tension of the fluid. As an example,
the smaller the inclusions containing either liquid or vapor, the more spherical these
inclusions in the form of droplets (for liquid) and bubbles (for gas or vapor) will be.
In general, flow patterns are classified by the primary from and distribution of these
inclusions.
In the past decades many patterns have been distinguished and many names have
been used to describe them [9, 12, 15, 19, 27, 51]. Rouhani and Sohel cited a review
which suggested as many as 84 different flow pattern labels [42]. The four common
flow patterns for two-phase vertical flow that are generally distinguished are bubble,
slug/plug, churn and annular flow. A fifth, the wispy annular flow is also
frequently described in literature.
• Bubble Flow: A continuum of liquid is present in which a relatively small

amount of vapor is mixed in the form of small dispersed bubbles. These bubbles
can be ideally separated: they do not interact with each other, neither directly
nor indirectly and thus behave like single bubbles. They also can be interacting:
the bubble number density becomes too large and direct interaction occurs due
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to direct collisions or coalescence, or both. Also indirect interaction occurs
through wakes induced by coalescence of other bubbles.
• Slug Flow: Increasing the gas flow rate beyond that of bubble flow leads to

coalescence of the gas bubbles to the point where the bubble diameter is almost
equal to the tube diameter. Large, bullet-shaped bubbles, sometimes referred
to as ‘Taylor bubbles’, move upward in the channel with respect to the liquid,
while the bubble shape stays virtually the same. These bubbles typically have
a length of one to two times the channel diameter, and are followed by a liquid
slug. This slug might carry dispersed bubbles. Slug flow is an intermittent,
unsteady flow, with a high momentum in the liquid slugs and a back flow of
liquid on the wall during the passing of the gas slug, [39].
• Churn Flow: Also referred to as froth flow and semi annular flow. Further

increasing the gas flow rate will lead to dividing the slug flow bubbles into
smaller fragments, making them change their bullet shape. This flow regime is
usually bounded by the slug and annular flow regime. This regime is unstable,
and the liquid periodically alternates its direction of motion. The flow becomes
chaotic and disordered in this regime [19].
• Annular Flow: Very high gas flow rates make the liquid component move

upward organized in a film over the tube walls, creating an annulus of liquid,
[19]. In the core of the tube, gas moves as a continuum in which quite uniformly
distributed liquid droplets can appear. The latter is often referred to as annular-
dispersed flow.
• Wispy Annular Flow: At sufficiently high liquid velocities in the annular flow

region, large liquid-rich structures can sometimes be observed in the gas core.
These are called ’wisps’, as introduced by Bennet et al. [2]. The liquid annulus
film is moving relatively slowly. Even though this flow pattern is important for
industrial processes because of the corresponding significant change in pressure
drop, this flow pattern is not distinguished in every study.

The five commonly used flow patterns are schematically shown in Figure 2.1. In
addition to these frequently mentioned flow types, a number of less familiar but still
relevant flow patterns are outlined below:
• Mist Flow: At high gas velocities in the tube, gas is the continuous phase in

which very small droplets of liquid are present and distributed rather homo-
geneously (comparable to mist). The walls are dry in contrast to annular and
wispy annular flow.
• Cap-Bubbly Flow: In large tubes, cap bubbles originating from coalescing

bubbles, cannot occupy the entire pipe diameter as in slug flow, because the
curved upper interface of such a large bubble would be unstable [44].

The five commonly used flow patterns are schematically shown in Figure 2.1.

2.1.1 Flow pattern map definitions

A flow pattern map, or flow regime map, is typically a diagram which shows the
transition boundaries between the flow patterns. It is used to predict the local flow
pattern in a tube, in order to calculate for example pressure drop and the heat transfer.
Usually, the axes represent the liquid and gas velocity, often using dimensionless
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A B C D E

Figure 2.1. Schematic drawings of the five common flow patterns for vertical upward flow,
adapted from [40]. A: Bubbly, B: Slug, C: Churn, D: Wispy Annular, and E: Annular.

parameters, and in a log-log scale. Typically, the horizontal axis represents the liquid
phase velocity and the vertical axis the gas phase velocity. The lines in the diagrams
representing the transition boundaries between different flow patterns are typically
sharp lines, but in practice there is a rather broad transition region.
One of the first suggested flow pattern maps is from Bergelin and Gazley [3] and stems
from 1949, who used the liquid and gas mass flow rates as the coordinates, ṁl and
ṁg respectively. The diagram maps the flow patterns in a horizontal 25.4 mm tube
with air and water. In the same year, Kosterin [35] suggested a flow pattern map for
vertical cocurrent flows, also using gathered data from a 25.4 mm tube with air and
water. For the axes the volumetric flow quality, β, and the volumetric flux, j, were
used. There has been no conformity on the parameters to be used in order to represent
the flow pattern transition boundaries ever since. Commonly used coordinate sets are
listed in Table 2.1 below.
Typical encountered terms in two-phase flow pattern maps are
• Gas quality or vapor quality: ratio of gas mass fraction to the sum of the total

mass.
• Void fraction or mean gas phase content: the volume fraction of the gas phase.
• Liquid holdup: the volume fraction of the liquid phase.
• Total mass flux: the combined gas and liquid mass flux.
• Mass velocity: mass flow rate across a unit area.
• Superficial velocity: The hypothetical or artificial flow velocity derived if the
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given phase would be the only one present in the tube. The other phase is
disregarded. Often this velocity is denoted by U∗S , where the ∗ denotes the
phase and S is the superficial velocity.
• Superficial momentum flux: The hypothetical or artificial transfer of momentum

across a unit area derived if the given phase would be the only one present in
the tube. The other phase is disregarded.

2.2 Empirical flow pattern maps

Introduction

In this section the most widely used empirical flow pattern maps for vertical upward
two-phase flow are presented; they will be treated in order of chronological appearance
in the literature. The studies are typically based on a limited set of flow parameters
for one specific tube diameter and length. Some are for several tube diameters. It
is impossible to vary all parameters systematically, as there are simply too many
parameters. Although one could think of dimensionless numbers, as stated before,
no applicable set of dimensionless numbers has been found to fulfill all parameters
involved. Therefore the ranges of applicability will be specified for each study.
The majority of the data is based on visual observations in transparent tubes, leading
to rather qualitative classifications. In addition, there are more quantitative methods
to identify flow patterns and these can be divided in two categories [42]:
• Direct observation with high speed photography, X-ray attenuation pictures

and gamma-ray density measurements.
• Indirect determination, including static pressure oscillation analysis, X-ray

attenuation fluctuation analysis, thermal neutron scattering ‘noise’ analysis,
electrical contact probe and drag-disk signal analysis.

The prediction accuracy depends on the measuring method, which is therefore indi-
cated in the summary below.

2.2.1 Fair, 1960

Fair [22] created a broadly applicable liquid-vapor empirical flow pattern map for
thermosiphon reboilers. In this map the total mass flux is plotted against the recipro-

Coordinate parameters symbol(s) unit(s)
Gas and liquid mass flow rates ṁg, ṁl kg/s
Gas and liquid mass flux Gg, Gl kg/s m2

Gas and liquid volumetric flux jg, jl m3/s m2

Volumetric flow quality and volumetric flux β, j -, m3/s m2

Superficial gas en liquid velocity UGS , ULS m/s
Total mass flux and gas quality Gtot, x kg/m s2, -
Lockhart-Martinelli and total mass flux 1/Xtt, Gtot -, kg/m s2

Superficial momentum flux gas and liquid ρgj
2
g , ρlj

2
l kg/s2 m

Table 2.1. Commonly used flow pattern map parameters sets for vertical upward flows.
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cal of the Lockhart-Martinelli parameter (1/Xtt). This parameter was introduced by
Lockhart and Martinelli [37] to correlate their adiabatic two-phase data with pressure
drop and void fraction. Based on data of previously published adiabatic and diabatic
experiments, flow pattern boundaries for bubble flow, slug flow, annular flow and mist
flow were plotted in the map of [22].

2.2.2 Duns & Ros, 1963

Duns & Ros [20] presented an approach for prediction and analysis of pressure vari-
ations along the length of the pipe in connection to the flow pattern that is present.
Experiments were performed in 10 m long, vertical tubes with diameters between 32
and 142 mm. An empirical flow pattern map was created for flow of air and oil in
oil wells. The specific map presented in [20] is based on experiments in a tube with
a diameter of 80.2 mm, with superficial velocities in the range 0 to 100 m/s for the
gas phase and 0 to 3.2 m/s for the liquid phase. They used visual observations and
film recordings to determine flow patterns and radioactive tracers to measure the li-
quid holdup. Duns & Ros identified three regions, for low, intermediate and high gas
throughputs respectively:
• Region I: Liquid phase is the continuous phase; covers bubble flow, plug flow

and part of froth flow.
• Region II: Absence of a spatially continuous phase. Phases of liquid and gas

occur alternatingly. This covers slug flow and the remainder of froth flow.
• Region III: Gas phase is the continuous phase; covers mist flow.

In each of these regions, liquid holdup and friction depend on gas and liquid velocities,
tube diameter and liquid viscosity. In order to reduce the number of independent
parameters and generalize the findings, the following dimensionless numbers were
used: liquid velocity number ULS

4
√

(ρl/g σ), and a dimensionless gas velocity number

UGS
4
√

(ρl/g σ), where ρl is the liquid mass density, g the gravitational acceleration
and σ the surface tension. This map is mainly used for wells.

2.2.3 Bennet et al., 1965

Bennet et al. [2] performed experiments in an installation in which steam-water flow
is generated by boiling water in a 12.6 mm diameter tube at pressures of 34 and
68 bar. Two different observation methods were used to identify the different flow
patterns: high-speed photography and X-ray photography. To account for human
errors and multi-interpretability, the photo images of both observation methods have
been graded by a number of observers. Differences in interpretations of the observers
sharpened the definitions of:
• Churn flow
• Boundary between wispy annular and annular flow
• Transition to annular flow at high mass velocities

Another problem was relatively hard to solve because bubbles gradually agglomerate
at high mass velocities and therefore the moment of transition is somewhat arbitrary.
In the resulting map the total mass flux is plotted against gas quality.
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2.2.4 Suo et al., 1965

Suo et al. [48] carried out steam-water experiments in a setup with a tube with a
diameter of 10 mm and a length of 2.4 m. The pressure in the tube during experiments
was equal to 69 bar. The identification of the flow regimes was based on two methods:
• An electrical resistance probe was placed in the middle of the tube at the

test section exit. This probe gave a high voltage signal when water passes by
and a low voltage signal when steam was present at the probe location.
• In addition to the probe, a viewing section was installed where the flow pat-

terns could be visually identified. This visualization served to verify and cali-
brate the probe interpretation for consecutive experiments.

Experiments were performed at low, intermediate and high mass velocities. The
results were plotted in the flow pattern map in terms of mass velocity, against vapor
quality. Suo et al. proposed prediction criteria and compared the data of the flow
pattern map to these predictions. Their conclusion was that the transition from
bubbly to dispersed flow and the transition from slug to dispersed flow can be well
predicted.

2.2.5 Hewitt & Roberts, 1969

Hewitt & Roberts [25] performed their air-water mixture experiments on LOTUS
(LOng TUbe System) which had a length of 23.5 m and tube diameter of 31.88 mm.
They also used the high pressure water-steam mixture data from Bennet et al. [2].
Observation of the separate flow patterns was done by simultaneously using high-speed
flash photography and X-radiography. The data obtained from the experiments was
plotted in terms of the superficial momentum flux of the gas, ρg j

2
g , and the liquid

phase respectively, ρl j
2
l , to achieve a generalized flow pattern map, see Figure 2.2.

Figure 2.2. Flow pattern map published by Hewitt & Roberts [25].
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This map shows good agreement with the data obtained by Bennet et al. [2]. This
agreement is observed, even though values for diameter, surface tension and viscosity
differ between the two studies. However, much more data would be required before
definite conclusions can be made.

2.2.6 Gould, 1974

Gould [24] adopted the same coordinates that Duns & Ros [20] used for representing
existing steam-water flow pattern data in a map. These coordinates are the dimensi-
onless gas and liquid velocities, UGS

4
√

(ρl/g σ) and ULS
4
√

(ρl/g σ) respectively. The
flow regime map holds for vertical two-phase flow in a tube with a diameter equal to
25.4 mm and utilizes some unconventional names:
• ”Liquid phase continuous”, which stands for bubble flow
• ”Alternating phases”, which stands for slug and froth flow
• ”Gas-phase continuous”, which stands for annular and mist flow.

2.2.7 Schlegel et al., 2009

Schlegel et al. [44] performed experiments with a mixture of air-water in a vertical
tube with a diameter of 150 mm and length of 4.4 m. Void fractions were measured at
different heights of the tube. Three regimes were classified, comprising bubbly flow,
cap-bubbly flow and churn flow. The obtained flow pattern map is supplemented
with transition lines predicted by theoretical models of Mishima and Ishii [32]. The
identification of the void fractions for this map was done at a height of z/D = 29.0.
Coordinates used in the map were the superficial velocities of the gas phase and
the liquid phase. Schlegel et al. found that the identification of the void fractions
can be done best at higher values of z/D, to allow radial diffusion to take effect
across the whole diameter. Coalescence to larger bubbles was observed to take place
at locations further downstream. Experiments were in surprisingly good agreement
with the transition criteria of Mishima and Ishii [32]; these will be treated in the next
Section 2.3.

2.2.8 Ali et al., 2014

Ali et al. [1] carried out experiments in a vertical tube with a diameter of 250 mm
and a length of 12.2 m in which both water and air were supplied via valves. Com-
pared to most other experimental studies presented in this chapter, this diameter is
approximately 10 times bigger. Identification of the existing flow patterns was done
by both visual assessment and additional statistical analysis of the void fraction me-
asurements. The flow patterns that were identified in the experiments were dispersed
bubbly flow, bubbly flow, agitated bubbly flow and churn/froth flow. No slug flow
was observed in these experiments. Instead of slug flow, agitated bubbly flow was
observed which is defined here as the state of flow where rapid agitation between the
water and the discrete bubbles near the tube walls occurs. In addition, the voidage
characteristics of this flow are distinct from the other flow patterns. Both the ab-
sence of slug flow and the presence of the agitated bubbly flow seem to be due to the
bigger tube diameter in this experiment. The map uses the superficial velocities of
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both phases to represent the coordinates of the flow pattern map. Compared to older
flow pattern maps, significant variation was found due to the diameter change. The
bubble-slug transition models are not able to predict this agitated bubbly flow, which
means that these are not applicable in general.

2.2.9 Conclusion

As seen in the literature review presented above, a wide variety of flow pattern maps
exists and therefore it is complicated to compare them. This is not only due to dif-
ferent sets of characteristics for the tube and flow, adiabatic or diabatic flows, but
also due to the wide variety of identification criteria of the flow patterns. Different
methods are used for obtaining knowledge of the flow patterns present. When iden-
tifying these patterns, subjective classification plays a role in constructing the flow
pattern map. Additionally, the coordinates that are used to quantify the axes of the
flow pattern map are not unique but are chosen freely by the research team. Since
the dimensionality of the state space is often higher than two, the state of the system
can not fully be described by the coordinates of the flow regime map. There are more
coordinates needed to be able to create a more generalized flow pattern map. One
unused coordinate is the amount of heat added to the flow in case of a diabatic flow,
as the amount of heat added to the two-phase flow determines the amount of phase
change. None of the reviewed flow patterns incorporated this parameter. Due to all
these differences between maps, no simple comparison or generalization can be made
on the basis of existing literature - rather a case-by-case characterization is documen-
ted by individual papers in literature. In order to understand this in more detail,
theoretical considerations of flow patterns are presented in the next section.

2.3 Theoretical flow pattern maps
The construction of a theoretical flow pattern map is based on the identification of the
physical mechanisms from which the transitions between the different flow patterns
originate. From these physical mechanisms transition equations can be developed,
which can subsequently be used to construct maps. In this way, the influence of fluid
properties, pipe size and flow rates can be accounted for in the resulting equations
and no up-scaling of the flow pattern map is necessary. However, there is considerable
disagreement among authors about the physical mechanisms from which the transiti-
ons originate, giving rise to considerable and lively discussion in literature. Again, it
is impossible to establish an uniform theoretical model which captures all parameters
involved.
The transition mechanisms that govern the four basic flow patterns as listed in the
previous section, and the models that are obtained from them are described below.

2.3.1 Transition modelling

Bubble-Slug Transition

The transition from bubble to slug flow requires a process of coalescence of smaller
bubbles combining into the larger bubbles that represent slug flow. When the gas
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flow rate increases, the bubble density simultaneously increases which results in a
larger coalescence rate. From this it follows that an increase in the gas flow rate will
cause the existing bubble flow to reach the transition to slug flow at a specific value of
the void fraction. This void fraction value is determined theoretically by Radovchich
and Moissis [41], who proposed that the maximum void fraction is reached when
the frequency of bubble collision is ‘very high’. From this a void fraction of 0.3
was obtained, which agrees with an empirically determined value. Taitel et al. [50]
assumed a void fraction of 0.25 (approaching this problem from the point of view of
maximum allowable packaging of the bubbles) and using the definitions for superficial
velocities equation (2.1) was obtained for characterization of the transition:

ULS = 3.0UGS − 1.15

[
g (ρl − ρg)σ

ρ2
l

]
(2.1)

where ρg is the gas mass density. This theoretical model only takes into account the
coalescence of bubbles when the gas flow rate increases. It uses the fact that rising
bubbles need a certain amount of spacing to avoid coalescence with neighbouring
bubbles. This spacing is assumed to be approximately half the bubble radius, which
corresponds to a void fraction of roughly 0.25. This is clear from the fact that an
opposing process to coalescence of bubbles is also acting in bubble flow, namely the
breakup of larger bubbles into smaller ones caused by turbulent fluctuations that
emerge at sufficiently high flow rates. These turbulent fluctuations hamper bubble-
to-slug transition. The turbulent forces are able to break the gas bubbles to give
a dispersed bubble flow even with a void fraction higher than 0.25. This suggests
that for higher liquid flow rates, equation (2.1) does not hold anymore. In fact, the
mechanical process of breakup of larger bubbles has to be taken into account for the
bubble-to-slug transition. Sevik and Park [45] established the maximum bubble size,
dmax for which the bubbles will not break due to turbulent forces:

dmax = k

(
σ

ρl

)3/5

ε−2/5 (2.2)

where ε is the rate of energy dissipation per unit mass and k a constant.
Taitel et al. [50] stated that turbulent forces only can prevent the coalescence process
if the bubble size produced by the breakup process is small enough to let the bub-
bles remain nearly spherical. The bubble size at which this occurs is determined by
Brodkey [7] to be:

dcrit =

[
0.4σ

(ρl − ρg)g

]1/2

(2.3)

This means that coalescence of small bubbles, resulting from breakup, is suppressed
when the turbulent fluctuations are vigorous enough. Using this expression and ot-
hers, see [50] for full details, results in a dimensionless expression relating the flow
rates, properties and pipe size at which turbulent induced dispersion occurs:

ULS + UGS = 4.0

{
D0.429(σ/ρl)

0.089

v0.072
l

}[
g(ρl − ρG)

ρl

]0.446

(2.4)
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For a set of fluid and pipe properties, equation (2.4) defines the relationship between
the superficial velocities above which slug flow cannot exist.
An alternative formulation is due to McQuillan and Whalley [38] who based their
criterion for slug formation on earlier work of Weisman et al. [53], which predicted
the bubble-to-slug transition for horizontal tubes:

ULS ≥
6.48

ρ0.444
l

[gσ (ρl − ρg)]0.276

[
D

µl

]0.112

(2.5)

where µl is the liquid viscosity. When a dispersed bubble flow exists due to breakup
of the bubbles, the void fraction can increase beyond the critical void fraction of 0.25.
The upper limit for the void fraction beyond which slug flow must exist, is determined
by Taitel et al. [50] to be equal to 0.52. However, McQuillan & Whalley [38] used a
value of 0.74.
Mishima & Ishii [32] used a critical void fraction value of 0.3 for the bubble-to-slug
transition, without taking into account turbulence forces.

Slug-Churn Transition

There is no universal agreement on the mechanism that causes the transition from
slug flow to churn flow. This is mainly because the definition of churn flow is a subject
of considerable debate. For the slug-churn transition four major viewpoints can be
found in literature:
• Entrance effect model
• Flooding model
• Wake effect model
• Bubble coalescence model

The various viewpoints are reviewed and discussed by Jayanti and Hewitt [30] who
compared the different transition models to available experimental results. They
found that the flooding model of McQuillan and Whalley [38] and the bubble entrain-
ment model of Barnea and Brauner [5] give satisfactory results for both low and high
liquid flow rates. Therefore, only these two models will be discussed here.
The flooding mechanism is based on the assumption that the slug-churn transition
occurs as a result of an increasing gas flow rate in the slugs, causing flooding of the
thin liquid film surrounding the slug. Flooding is the process in which the thin liquid
film in a counter-current two-phase flow breaks down due to the formation of large
waves. McQuillan and Whalley [38] proposed that the condition for flooding occurs
when the gas flow rate in the plug increases until it causes the flooding of the falling
film which surrounds the plug, see Figure 2.3. They use the rise velocity of a large
bubble in stagnant liquid, the second term on the r.h.s., and adding the liquid velocity
at the center line, the first term on the r.h.s. to determine the gas volumetric flow
rate:

Qp =

(
1− 4

δ

D

)[
1.2(UGS + ULS) + 0.35

√
g D(ρl − ρg)

ρl

]
(2.6)
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And where δn, the thickness of the falling film can be calculated with respect to the
falling film volumetric flow rate, Qf :

δn =

[
3UfsDµl

4 g(ρl − ρg)

]1/3

(2.7)

The continuity of volume may be used to determine Qf , Qp and δn in terms of the
flow rates, tube size and properties of the phases.

Qp = Qf +Qg +Ql (2.8)

Figure 2.3. Schematic model of slug flow by McQuillan & Whalley [38].

The bubble coalescence model of Barnea & Brauner [5] is based on the idea that
the boundary between slug and churn flow is due to the formation of highly aerated
liquid slugs through the coalescence of gas bubbles. According to this theory transition
happens when the void fraction in the liquid slug reaches a value > 0.52. This means
that at the point where α = 0.52 the distance between the bubbles becomes so small
that they will coalesce. The coalescence of the bubbles destroys the liquid slugs and
makes the flow turn into a churn flow. This process is comparable to the mechanism
that causes the transition between bubbly flow and slug flow.
Based on the assumption that the gas bubbles in the liquid slugs behave as dispersed
bubbles in case of transition from bubble to slug flow, Barnea & Brauner [5] developed
a model for the void fraction in the liquid slug, i.e.,

αs = 0.058

[
dc

(
2 fm U

3
m

D

)0.4 (ρl
σ

)0.6

− 0.725

]2

(2.9)

in which dc stands for the characteristic bubble size which is given by:

dc = 2

√
0.4σ

g∆p
(2.10)



16 Flow pattern maps for vertical tubes

and the friction factor fm is defined as:

fm =
2τw
ρlU2

m

(2.11)

where Um is the sum of UGS and ULS .
Jayanti & Hewitt [30] improved the flooding model of McQuillan & Whalley [38] by
addressing two shortcomings:
• The first assumption was that the liquid film is laminar, from which the Nusselt

relation between the film thickness and film velocity is used. Jayanti & Hewitt
[30] proposed to use an empirical correlation which can be applicable over a
wider range of Reynolds numbers. In this way the relation between the film
thickness and film velocity is not limited to that of a laminar flow. In fact, use
is made of:

δ

[
g∆ρ

ν2
l ρl

]1/3

= 0.1719

(
Γ

µl

)2/3

(2.12)

Here Γ stands for the film flow rate per unit wetted perimeter and νl is the
kinematic viscosity of the liquid.
• The second shortcoming Jayanti & Hewitt [30] noted is the disregard of the

effect of the film length on the flooding velocity. They proposed:√
U∗Gs +m

√
U∗Ls > 1 (2.13)

with U∗Gs and U∗Ls the non-dimensional phase velocities defined as:

U∗Gs = UGs

√
ρg√

g D(ρg − ρl)

U∗Ls = ULs

√
ρl√

g D(ρl − ρg)

(2.14)

with:

m = 0.1928 + 0.01089

(
L

D

)
− 3.754 · 10−5

(
L

D

)2

(2.15)

if L
D ≤ 120, and

m = 0.96 ≈ 1 (2.16)

if L
D > 120, where L

D is the tube length over tube diameter ratio.

Transition to Annular Flow

The mechanism that is responsible for the transition to annular flow is under consi-
derable debate in literature. Taitel et al. [50] suggested that annular flow can only
exist if the gas velocity is high enough to lift the entrained liquid droplets. When
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the gas velocity is not high enough, the liquid droplets would fall back, coalesce and
from a bridge and consequently a churn or slug flow would exist. From this assump-
tion a relation follows for the superficial gas velocity UGS that defines the transition
boundary, given by:

UGS ρ
1/2
g

[σ g(ρl − ρg)]1/4
= 3.1 (2.17)

McQuillan & Whalley [38] stated that Taitel et al. [50] incorrectly assumed that en-
trained droplets are gradually accelerated as they move into the gas core. Therefore
they predicted the annular flow by use of the modified Froude number, Fr∗, repre-
senting a comparison between inertia and gravity forces. The critical value they give
to the modified Froude number is determined empirically as:

Fr∗ ≥ 1 (2.18)

where Fr∗ is given by

Fr∗ =
Ug ρ

0.5
g

[g D(ρl − ρg)]0.5
(2.19)

Mishima & Ishii [32] proposed two different mechanisms that cause the transition to
annular flow. These are:
• Flow reversal in the liquid film section along large bubbles
• Destruction of the liquid slugs or large waves by entrainment or deformation

In case the first mechanism causes the annular flow:

UGS =

√(
∆ρ g D

ρg

)
(α− 0.11) (2.20)

determines the relation for UGS when transition to annular flow takes place.
In case of entrainment, the induced flow transition to annular flow is given by:

UGS ≥
(
σ g∆ρ

ρ2
g

)1/4

N−0.2
µf (2.21)

Where Nµf is the viscosity number defined as:

Nµf =
µl√

ρl σ
√

σ
g∆ρ

(2.22)

where ∆ρ is the absolute value of density difference.
This second criterion is applicable in tubes with a larger diameter, see [32] for the
criteria.
The leading theoretical flow pattern maps for vertical upward two-phase flow are
presented chronologically next.
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2.3.2 Taitel, Bornea & Dukler, 1980

Taitel et al. [50] laid the foundations for creating a theoretical flow pattern map for
upward vertical two-phase flow in 1980. This map is shown in Figure 2.4. The solid
lines represent the transition boundaries determined theoretically and the different
points denote experimental data with water-air obtained at 25◦, D = 25 mm and L
= 130D. At this relatively small diameter only slug flow is experimentally observed
at lower flow rates. For tube diameters larger than 25 mm another transition line for
lower flow rates is present in the flow pattern map.The theoretical transitions were
first separately compared to various sets of experimental data to see if the theory
represents the transition adequately. Taitel et al. [50] concluded that the theoretical
map shows good agreement with experimental data for tubes with a diameter between
25 and 50 mm. In this map the axes are labeled with ULS and UGS , which are both
dimensional, meaning that the position of the transition lines is dependent on the
tube characteristics.

Figure 2.4. Theoretical map published by Taitel et al. [50] compared to experimental data.

2.3.3 Weisman & Kang, 1981

By adjusting their previously published flow pattern map for horizontal and slightly
inclined tubes, Weisman & Kang [53] created a flow pattern map for vertical and
sharply inclined tubes, see Figure 2.5. They assumed that the transitions for annular
and dispersed flow remain unchanged for tube diameters of 25 mm and above, so the
same models were used. In this map the decision is made to combine slug, plug and
churn flows as one intermittent flow because limited agreement was found between the
transition criteria and the experimental data in this region. Also a new transition line
is created (bubble-intermittent), which can be described by the relationship between
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the gas-phase Froude number and the Froude number based on total volumetric flow.
In Figure 2.5 the superfical velocities VSG and VSL are divided by φ1 and φ2 which
provide the necessary corrections for fluid properties and tube geometry:

φ1 =

(
D

Ds

)n
(1− 0.65 cos θ)

φ2 = 1.0

(2.23)

with:

n = 0.26e
−0.17

USL
Us
SL (2.24)

where UsSL is the reference liquid velocity, 0.3 m/s, D is the pipe diameter, Ds is the
standard pipe diameter, 2.54 mm, and θ is the inclination angle. This means that
for these dimensionless coordinates, the map should be applicable to a wider range of
fluid properties and tube geometries.

Figure 2.5. Theoretical flow map published by Weisman & Kang [53] for vertical and
sharply inclined tubes.

2.3.4 McQuillan & Whalley, 1984

McQuillan & Whalley [38] entered the equations they proposed for the flow pattern
transitions in a computer program which produces a flow pattern map for any given
phase and tube properties. Two different models for the transition to annular flow
were used and compared to obtained data. Based on the comparison of the two models
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with 1399 data points, the conclusion was drawn that equation (2.18) gives the best
results. Also, they found that the theoretical transitions from bubble flow to annular
flow give a very good prediction, while the plug-churn transition is not always in
good agreement with the data. As a possible cause, they mention that experimental
identification of the plug-churn transition is very difficult. They propose combining
the plug and the churn flow as an intermittent to obtain better comparison. Figure 2.6
shows the comparison between the theoretical model and experimental data obtained
by Taitel et al. [50]. Similar to Taitel et al., MQuillan & Whalley [38] used the
dimensional coordinates ULS and UGS .

Figure 2.6. Theoretical map published by McQuillan & Whalley [38] compared to experi-
mental data of Taitel et al.

2.3.5 Mishima & Ishii, 1984

A flow pattern map for the newly developed transition criteria of Mishima & Ishii
[32] is shown in Figure 2.7. They proposed that in their two-fluid model for the
transition criteria direct geometrical parameters, such as the void fraction, should be
used instead of the traditional criteria only based on the gas and liquid superficial
velocities. In most cases, rather wide inconsistencies were found when comparing the
map to experimental data. Following Mishima & Ishii [32], this is not only due to
the different definitions of the flow patterns and the different methods of observations
that are used, but also due to the transition phenomena which develop gradually.
Therefore, the transition boundaries should be understood as a region with a certain
width instead of the sharp lines that are shown in the map. Again, superficial liquid
velocity is plotted against the superficial gas velocity. This map is applicable for
air-water mixtures at 25◦C, 0.1 MPa and a tube diameter of 25.4 mm.
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Figure 2.7. Theoretical map published by Mishima & Ishii [32] based on newly developed
transtion criteria.

2.3.6 Bilicki & Kestin, 1987

Bilicki & Kestin [4] based their theoretical flow pattern map Figure 2.8 on their criteria
set up for the bubble-slug, slug-froth and froth-annular mist transitions. Froth flow
is defined here as a region covered partly by the churn flow and partly by the wispy
annular flow regimes. They determined, based on observation, that the transition
from slug to froth flow may occur by one of two different mechanisms:
• A Taylor bubble which approaches the one ahead of it by a distance lower than a

characteristic length z∗, will be forced by the flow field to catch up and coalesce
with the one ahead of it.
• The thin cylindrical layer between Taylor bubble and tube wall becomes unsta-

ble.
The map of Figure 2.8 is applicable for a tube with a diameter of 20 mm and for the
characteristic length z∗/D > 7. Coordinates used in the map are superficial liquid
velocity and superficial gas velocity.

2.3.7 Quantitative comparison and conclusion

Frankum et al. [23] conducted a study in which the theoretically predicted flow pat-
terns were compared to existing empirically obtained data for water of both Bennet
et al. [2] and Hosler, and for Refrigerant 12 obtained by Celata et al.. Flow pattern
maps that were compared in this study are the ones published by Taitel et al. [50],
Weisman & Kang [53], Mishima & Ishii [32] and McQuillan & Whalley [38]. The per-
centages of agreement between the models and the observed flow patterns with water
are shown in Table 2.2. The number of data points used for comparison with Bennet
et al. is 125, the number of data points used from Hosler is 690. The data points
were compared to see if the same flow pattern would be present in the experiments
as in the theoretical models. Based on this comparison, the percentage of observed
agreement could be determined.



22 Flow pattern maps for vertical tubes

Figure 2.8. Theoretical map published by Bilicki & Kestin [4] for upward flow of water-air
mixture with D = 20 mm.

From Table 2.2 it can be seen that all included authors predicted the flow patterns
correctly in 78-81% of the cases. Also little difference exists in the level of agreement
between the various models. It should be mentioned that in this study the slug and
churn flow are combined into intermittent flow. When this would not be the case, a
significantly lower percentage of agreement with the observed flow patterns would be
found. This again is due to the difficult identification of churn flow and the transition
between both flow patterns.

Experimental data
Theoretical map Bennet et al. [2] Hosler [28] Total
Taitel et al. [50] 76% 78% 78%
Weisman et al. [53] 83% 77% 78%
Mishima et al. [32] 78% 82% 81%
McQuillan et al. [38] 86% 76% 78%

Table 2.2. Percentages of agreement between observed empirical flow-patterns and theore-
tical predicted flow patterns for water.

The percentages of agreement between the theoretical maps and the observed flow
patterns of Refrigerant 12 are shown in Table 2.3. A larger difference in the level of
agreement between the models can be seen. The map of Weisman et al. [53] seems
to perform best when compared to the empirically obtained data for Refrigerant 12.
The map of Taitel et al. [50] performs worst with an agreement of only 62%.
What is evident from this brief review, is that there is no agreement on what physical
mechanisms should be used to derive meaningful transitions equations. Also, the
transition equations do not capture all parameters involved. In case of a heated two-
phase flow with mass transfer, no parameters are included in the current transitions
equations.
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Experimental data
Theoretical map Celata et al.
Taitel et al. [50] 62%
Weisman et al. [53] 86%
Mishima et al. [32] 67%
McQuillan et al. [38] 71%

Table 2.3. Percentages of agreement between observed empirical flow-patterns and theore-
tical predicted flow patterns for Refrigerant 12.

In the next subsection we turn our attention to simulation models addressing the
different regimes in the flow map.

2.4 Simulation model

2.4.1 Ito, Inoue, Ozowa, 2004

Ito et al. [29] conducted experiments with air-water two-phase vertical upward flow
in a tube with a diameter of 14 mm. Simultaneously with high-speed video recordings
the differential pressure fluctuations were quantified with probability density functions
(PDF) in order to relate them to flow patterns. The following characterization was
found:
• Bubble flow: A single peak PDF at the low void fraction.
• Slug flow: Two peaks in the PDF, one at the low and one at the high void

fraction, respectively. The peak at the low void fraction is higher than the peak
at the high void fraction.
• Churn flow: Similar to the characteristics of slug flow; however, the peak in

the PDF at the low void fraction is lower than the peak in the PDF at the high
void fraction.
• Annular flow: A single peak in the PDF at the high void fraction.

Ito et al. [29] proposed a one-dimensional simulation model based on the assumption
that water enters from the bottom of the tube at a constant flow rate and air is
supplied to a mixing chamber that is installed at the pipe inlet. In this mixing
chamber the water and air are assumed to be uniformly mixed, after which the two-
phase mixture flows upward inside the tube.
The flow patterns are modeled by a distribution of the void fraction in the flow
direction, known as the void wave pattern. The local void fractions in the pipe are
calculated in the simulation by considering the gas compressibility in the pipe and the
liquid phase redistribution mechanism. From this, a cylindrically-shaped bubble with
a size equivalent to the local void fraction is constructed. Flow patterns can then be
identified in the model on the basis of the size and arrangement of the cylindrically-
shaped bubble. The results of modeling the flow patterns this way are shown in Figure
2.9.
The model includes the wake effect on the succeeding bubble induced by the preceding
bubble, the gas compressibility, and the liquid phase redistribution mechanism. The
latter compensates numerically for an excess of void fraction beyond a threshold.
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Figure 2.9. Schematic drawing of the modeling of the flow patterns in [29].

This compensation of the void fraction means physically that the liquid phase flows
in reverse around the large bubble, and the large bubble is stretched toward the
downstream direction with the conservation of the volume. Results of the model are
four different void wave patterns, that indicate which flow pattern is present. These
corresponded well to the experimentally observed flow patterns.
The results of the identification of the different flow patterns were visualized and
compared to the Mishima & Ishii map. This comparison is shown in Figure 2.10, in
which the modeled transitions show good agreement with the Mishima & Ishii map.

Figure 2.10. Simulation results (points) of Ito et al [29] together with transition lines
determined by Mishima & Ishii [32].

2.5 Heat flux depending flow patterns
In this section, flow patterns solely occurring in heated two-phase flows with mass
transfer, which are not represented in current flow patterns maps are shown.
Typical examples of flow patterns only occurring in a heat flux related two-phase flow
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are inverted annular flow and inverted slug flow. Typically, these flow patterns
only occur with extraordinarily high heat fluxes. These are the inverted situation of
annular flow and slug flow described in Section 2.1. For inverted annular flow, the
tube wall is covered with a vapor layer and a liquid core, the opposite of annular
flow, where the tube is wall covered with a liquid layer and the core is vapor. For the
inverted slug flow: again a vapor film on the wall and liquid slugs propagating in the
core of the tube. As stated before, these flow patterns occur with heat fluxes which
are unusually high. The heat flux is beyond the Critical Heat Flux (CHF), also called
post-CHF, see [31]. In practice this situation will arise when a subcooled liquid flow
quenches a hot channel wall. As soon as the liquid hits the wall, a vapor layer will
be created, preventing the liquid to touch the wall. This vapor layer will force the
liquid to be separated from the wall until it breaks into slugs and is broken up, in a
dispersed flow film boiling, until all liquid is evaporated, see Figure 2.11. Needless to
say that these flow patterns only exist if a heat flux is applied to the two-phase flow
with mass transfer. Although these are existing flow patterns, they are not covered
by any of the flow pattern maps described in this chapter.

Figure 2.11. Schematic representation of the flow and heat transfer regimes during post-
CHF boiling, from [31].
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2.6 Concluding remarks
This chapter tried to give a brief overview of the commonly used flow pattern maps
for vertical upward flows. Many flow patterns have been distinguished and many na-
mes have been ascribed, but five flow pattern names are commonly used for vertical
two-phase flows. The flow pattern map, or flow regime map, is typically a diagram
which shows the transition boundaries between the different flow patterns. The axes
usually represent the liquid and gas velocity, often in dimensionless form. The first
proposed flow pattern maps date back from 1949 and gives an ongoing discussion
about parameters to be used. A short overview of commonly used parameters is gi-
ven. The transition boundaries depicted in the diagrams can be determined in three
ways: empirically, theoretically or by means of numerical simulation.
Over the past half century many empirical maps have been proposed. A brief over-
view of commonly used empirical flow pattern maps is presented in this chapter. The
empirical maps represent the system that is used to create the flow pattern map,
and therefore are not directly comparable. The different characteristics of the geo-
metrical dimensions, fluid or fluids used, adiabatic and diabatic flows, as well as the
identification criteria of the flow patterns contribute to the complexity of comparing
the different flow regime maps. Also the subjective classification plays an important
role during construction of the empirical flow pattern maps. It becomes clear that
the state of the system can not be fully described by the use of only two coordinates
and more coordinates or combinations are needed. Moreover, the difference between
adiabatic an diabatic flows is not reflected in the current empirical maps.
Another approach in finding a generalized flow pattern map for two-phase flows is
the identification of the physical mechanisms from which the transitions between the
different flow patterns originate. Using these mechanisms, transition equations can
be derived, to construct the flow regime maps. Although this should overcome the
problem of the geometrical, fluid, and process conditions, as this can be accounted
for, there is a considerable disagreement among authors about the physical mecha-
nisms. Similar as for the empirical flow regime maps, it is impossible to establish a
uniform theoretical model which takes all parameters involved in a two-phase flow
into account. For example the difference between adiabatic and diabatic flows in not
incorporated. There is some agreement between observed flow patterns and the the-
oretical models, although there is no full agreement and again the subjective nature
of the classification has a large influence.
In the last part of this chapter some heat flux dependent flow patterns are presented,
which are not encountered in the flow patterns maps presented and only exist when
a high heat flux is applied to a two-phase flow with mass transfer.
One could say that the currently available flow pattern maps, for vertical upward
flows, empirical, theoretical, and simulated, lack the use of a generalized coordinate
set to represent the flow. The generalized coordinates should represent the geometry,
fluid and the flow, and in case of a flow with mass transfer also one or more para-
meters which represent the heat added to the flow. In the next chapters, the need
to include the parameters related with mass transfer in a heated two-phase, vertical
upward flow is shown.
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During the development of a heated two-phase flow in an evaporator tube, the vapor-
liquid mixture passes through several flow patterns or flow regimes. This flow starts
with a fully liquid flow to, if enough heated is added and tube length is available, a
fully vapor flow. See Figure 3.1 for a visual representation of an evaporator tube and
the involved flow patterns, and see Section 2.1 for the definitions of the flow patterns.
The difference between these flow patterns is due to the kind of interface existing
between the two phases. This interface can adopt all kinds of geometries. Due to
the surface tension of the fluid, the interfaces will mostly have curved shapes. The
smaller the inclusions of the least represented phase, the more spherical the inclusions
will be. This will result in droplets (for liquid) or bubbles (for vapor). Flow patterns
are classified by the form and distribution of these inclusions. Such flow regimes can
be mapped in a flow pattern map or flow regime map.
A non-heated, two-phase gas-liquid flow, both single and multi-component, is mostly
in development. Some flows, like bubbly and annular flow will reach a developed state.
Following the flow downstream during its development, some steady state regions can
be observed. Others like slug and churn flow will not reach a fully developed stated,
slugs for example will give an intermittent flow which is over a longer time fairly
stable. It is not created instantaneously but needs development from for example a
bubbly flow. A bubbly flow also needs development to become more or less steady.
One could say that the ”development” of a two-phase flow is dependent on the po-
sition of the flow with respect to the inlet. This is a parameter not incorporated in
flow regime maps.
Applying a heat flux to a single component two-phase flow will induce mass trans-
fer from the liquid phase to the vapor phase. Needless to say, the development of a
heated two-phase flow will differ from a non-heated two-phase flow. How large this
difference is, depends on the amount of heated imposed to the two-phase flow. A
low heat flux will only slightly alter the development whereas a high heat flux will
strongly alter the development of the two-phase flow. This strong alteration can also
yield flow regimes which are uncommon, for example inverted annular flow. This
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flow pattern occurs when a high heat flux is applied to the tube. The wall of the tube
will be covered with a vapor film and a liquid core will be present in the center of
the tube. This is the opposite situation of annular flow: liquid film on the wall and a
vapor core. This shows the importance of the heat flux during heated two-phase flows
with mass transfer. Most, if not all, previously published flow pattern maps used for
heated two-phase flows, do not take the heat flux into account to determine which
regime is present. The above shows that a flow pattern map for a heated two-phase
flow requires more parameters than used by previous presented flow pattern maps.

Figure 3.1. Visual representation of flow boiling in vertical tube with wall and fluid tem-
perature variation, the flow patterns and heat transfer regions passed through, from [16].



3.1 Visualization experiments 29

This holds for non-heated two-phase flow but especially for heated two-phase flows
with mass transfer.
In the next section the need for extra parameters to map a two-phase flow is shown
with visualization experiments. A transparant quartz glass tube-in-tube heat exchan-
ger is used to gain optical entrance to a boiling water flow.

3.1 Visualization experiments
In this section, the visualization of a two-phase flow in a vertical evaporator tube at
atmospheric pressure is discussed. First the experimental setup used is discussed, the
Quartz Once-Through Steam Generator (QOTSG). Next the visualizations of the flow
boiling captured in the QOTSG are evaluated to study the continuous development
and the need for more parameters to describe a two-phase boiling process.

3.1.1 Experimental setup

The QOTSG was designed and built in order to facilitate the visualization of the
boiling process over a full range, from subcooled water to superheated steam. The
setup enables full and precise control of the flow and temperature of both the water
entering the quartz evaporator and the air used to heat the evaporator tube. The
details on the control and other measurements are described in more detail below. Due
to the use of demineralized water, the setup is constructed from stainless steel 316(L)
to avoid corrosion. The main components will be explained, of which a schematic is
shown in Figure 3.2 indicating all main components and measurement points.

Evaporator tube

The evaporator tube consists solely of a quartz glass tube with an inner diameter of
6.7 mm, and an outer diameter of 8.7 mm and a length of approximately 800 mm.
The quartz glass tube is positioned vertically with a water inlet at the bottom end
and a vapor outlet at the top end. Quartz glass is used as this material is well-suited
for high temperatures, above 1000 ◦C, is temperature shock resistance, is not affected
by the demineralized water and gives an excellent visual access to the flow boiling.
A second, larger quartz glass tube is concentrically positioned around the evaporator
tube. This larger tube has an outer diameter of 30 mm and a wall thickness of 2 mm.
In the annulus between the two tubes, hot air passesd through to apply heat to the
inner quartz glass tube, the evaporator tube. The hot air is fed into the annulus from
the top and discharged at the bottom, thus creating a counter flow heat exchanger.
Again quartz is used as this has all the benefits as mentioned above. A schematic
representation of the two quartz glass tubes is shown in Figure 3.3.

Flow

The quartz section containing the heat exchanger, the evaporator tube, contains two
flows: The water-steam flow and a hot air flow. The water-steam flow is a closed
loop and the hot air flow is an open loop, see Figure 3.2. First the water-steam
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Figure 3.2. Schematic overview of the QOTSG, indicating all the main components and
measurement points which are fully described in the text.

loop is described, starting with the pump. A GE Healthcare High Precision Pump
P-500, a reciprocating positive displacement pump, is used to pump the water from
the feed water reservoir into the evaporator tube. This pump uses two interconnected
double-acting pistons, providing an almost continuous flow. Only during the change
of direction of the pistons, a small interruption of the flow occurst. The pump has a
variable flow rate, V̇water, from 1 up to 500 ml/h, with pressures up to 40 bar. The
pump can be controlled both on the pump itself and remotely. In this case, it is
remotely controlled with the use of a data acquisition system, see below.
When the water is fully evaporated in the quartz glass evaporator, the superheated
steam discharged from the quartz glass tube is fed into a condenser, see Figure 3.2.
The condenser is a tube in shell heat exchanger, with on the shell side cold process
water. On the tube side, the steam enters from the top and is condensed by the
process water. The condensed water is transferred to the feed water reservoir, which
is open to the ambient. The condenser is constructed such that the condensate will
drain to the reservoir by gravity. It is also designed not to block the tubing. In
other words, there is an open connection between the end of the evaporator tube



3.1 Visualization experiments 31

6
.7

 m
m

3
0.

0
 m

m

2
.0

 m
m

8
.7

 m
m

Figure 3.3. Schematic representation of the cross section of the tube-in-tube quartz glass
heat exchanger, viewed from the top, indicating the diameters and flow directions. The two-
phase water-steam flows in the inner tube upwards while the hot air flows in the annulus
downwards.

and the ambient. As noted before, all tubing between pump and evaporator tube,
the discharge tubing for the superheated steam and the condenser are made out of
stainless steal.
The second loop, the hot air loop, starts with compressed air from the central air
supply. An air pressure regulator and filter ensure a steady and clean air supply. The
amount of hot air flowing through the annulus, V̇air, is controlled using a volume flow
controller: a Bronkhorst F-203AC-FA-55-V. This volume flow controller measures the
amount of air passing through and controls the flow accordingly. The volume flow
controller is operated and read out with the data acquisition system, see below. The
air is heated in the heater, see below, and fed into the top end of the annulus. The
hot air exits the annulus on the bottom, where it is exhausted to the ambient.

Temperature

As mentioned before, an electrical heater is used to heat the air flowing in the annulus
of the heat exchanger. The heater is a Sylvania SUREHEAT MAX, with an electrical
power of 30.0 kW. The air temperatures can reach up to 760 ◦C. The air temperature
exiting the heater is measured with a duplex thermocouple. One is used to control
the heater with a PID controller, the other is used in the data acquisition system as
T1, see Figure 3.2. The PID controller is a Watlow 965, which subsequently controls
a Solid State Relais (SSR) to be able to switch the 30.0 kW heater on. The Pulse-
Width Modulation (PWM) switching time is set to 1.2 s, which is fast in relation to
the thermal response time of the heater. In other words, the fast switching will result
in a constant temperature due to the slow thermal response.
Several thermocouples, K-type, are situated at various positions in both flows. The
outlet temperature of the hot air from the annulus, T2, is the second temperature
measurement of the hot air loop. In the water-steam flow, three temperature mea-
surements are used: First, the temperature of the water inlet, just in the evaporator
tube, T3. Also the outlet temperature of the evaporator tube, the superheated steam
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temperature is measured, T4. Lastly, the temperature of the feed water reservoir is
measured, T5. All temperatures are logged by the data acquisition system.

Pressure

Two differential pressure sensors are used, one to measure the pressure drop over
the evaporator tube, ∆p1, and one to measure the inlet pressure of the evaporator
with respect to the ambient, ∆p2, see Figure 3.2. Both are Keller Druck, PD-23, 200
mbar, Piezoresistive Differential Pressure Transmitters and are connected to the data
acquisition system. The feed water reservoir has an open connection to the ambient
and thus is the outlet of the condenser as mentioned before.

Water preparation

The water in the feed water reservoir is carefully prepared to ensure that no fouling
occurs and the water is fully degassed. To prevent fouling, Reverse Osmosis (RO)
water is used. This water is low on dissolved solids: ions, molecules and other particles.
When tapped from the lab RO water holding tank, the conductivity of the water,
a direct measure of the amount of dissolved solids, is 4 - 6 micro Siemens (µS).
Obviously, this value will rise as the feed water reservoir is open to the ambient,
within expected limits. It has been measured to rise to a value of 8 - 9 µS. To degas
the water, a special membrane is used, a 3M-Liqui-Cel Extra-Flow 4 x 13 membrane,
type X40, with a 8.1 m2 surface area. The feedwater is supplied at one side of the
membrane, while on the other side a vacuum is applied with a vacuum pump. In
this way, gas is transferred from the water while the water will not penetrate the
membrane due to its surface properties. The feed water from the feed water tank is
pumped continuously past the membrane.

Data acquisition

Two high speed cameras are used to record the boiling phenomena in the QOTSG,
both Photron Fastcam SA3 high speed imaging cameras. The cameras are vertically
aligned and fixed by the use of two mounting plates. In this way, the cameras have a
fixed distance between them. Together with a mount to the experimental setup frame,
the distance between the quartz glass heat exchanger and the cameras is also fixed.
Both cameras image only the first 460 mm of the quartz glass heat exchanger. During
experiments, a frame rate of 4,000 frames per second (FPS) was used to record the
boiling in the quartz glass heat exchanger, with a shutter speed of 1/10,000 seconds,
and a resolution of 64x1024 px2 for both cameras. Two 50 W LED, Bridgelux RS
array, white, are mounted on the opposite side of the quartz glass tube, illuminating a
diffuse sheet of plastic. The combination of the sheet with the LED’s gives a smooth,
bright and diffuse background. Together with some black paint and proper blocking,
light from other directions than directly from the diffuse sheet has been eliminated
to ensure a sharp contour of the interface between water and steam in the evaporator
tube. The cameras are synchronized, to ensure that both cameras capture an image
at the same instance. To perform measurements and control the experimental setup,
a data acquisition system from National Instruments is used. The CompactDAQ
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is the interface between computer and experimental setup. As mentioned before, it
controls the air and water flow in the setup and it measures several temperatures and
pressures at 200 samples per second. It also provides a trigger signal to the cameras
to synchronize the pressure and temperature measurements with the images. The
measured data is written to a text file and can easily be imported in Matlab.

Measurement strategy

To study the effect of the heat flux on a heated two-phase flow, water is boiled in the
QOTSG using similar process conditions except for the air temperature, T1, entering
the annulus of the quartz glass heat exchanger. T1 is varied from 250 up to 375
◦C, with a constant air volume flow, providing a range of different heat fluxes. The
different air temperatures will from now on be referred to as Case A to E, 250, 300,
325, 350, and 375 ◦C respectively.

3.1.2 Experimental results

In this section, the experimental results of the QOTSG are shown, high speed images
as well as temperature en pressure signals. As described in the measurement strategy,
Section 3.1.1, the main goal of the experiments is to analyze the effect of the heat
flux on a heated two-phase flow. The experiments have been performed with various
air inlet temperatures. The experimental conditions have been kept as constant as
possible during and between experiments, however, some variations are still present
in the experiments shown here, due to the change in ambient conditions and other
external influences. The average measurement conditions for the different air inlet
temperature, T1, are shown in Table 3.1.

Case T1 ∆T1,2 T3 ∆T4,3 ∆p1 V̇water V̇air
[◦C] [◦C] [◦C] [◦C] [kPa] [l/h] [l/h]

A 253 108 83 16 4.0 0.15 150
B 303 131 97 70 3.7 0.15 150
C 328 142 100 100 3.4 0.15 150
D 353 151 100 124 3.2 0.15 150
E 378 163 100 158 3.1 0.15 150

Table 3.1. Mean experimental conditions for the reported experiments. Measurement time:
11 s, measurement rate: 200 samples per second.

As mentioned before, for each case, both high speed imaging cameras recorded ima-
ges at 4,000 FPS, combined with synchronized temperature and pressure readings at
200 samples per second. Due to the lack of lens pairs, two different lenses are used,
resulting in a slightly different pixel to millimeter ratio between cameras. These se-
parate images will be scaled and combined using Matlab. To do so, three reference
points and a straight, parallel line along the evaporator tube are used. In both camera
images, two of the three reference points are visible and also the straight line. The
distances between the reference points are known and used for the scaling of the ima-
ges. The parallel line is used to align the two images to one image. The overlap of the



34 Once through evaporator tube visualizations

images is determined by sight and valid for one specific camera position. An example
of the two separate images and the combined image of both is shown in Figure 3.4.
In the individual images, the reference points are visible in the bottom of the images
as also the straight line in the top of the image. As stated before, the cameras only
images the first 460 mm of the quartz glass heat exchanger.
To improve the visibility of the liquid-vapor interface in the evaporator tube, a refe-
rence image of an empty and dry tube is subtracted from the images. This results in
images with solely the interface, an example is shown in Figure 3.5. The top image
shows the empty and dry tube, which is subtracted from the second from above,
an image of a two-phase flow. This results in the third image from above, a black
images with light regions, which represent the interface between water and steam.
Due to reflections, vibrations of the experimental setup causing small variations of
the position the quartz glass tubes with respect to the camera, and other disturbing
influences, not all light regions are interfaces between water and steam. The bottom
image shows the inverted images of the image directly above it. The pixel to mm
ratio is 3.6 px/mm.

Figure 3.4. Top images: Images from top camera (left) and bottom camera (right), note the
reference points in the bottom of both images, as well as the straight line in the top. Bottom
image: Combined image, scaled and positioned. (For convenience, images are rotated from
vertical to horizontal, water flow from right to left, air flow from left to right.)

Figure 3.5. Top image: empty reference tube; second image: a typical image captured du-
ring experiments; third image: second image with subtraction of top image; bottom image:
inverted image of third image. (For convenience, images are rotated from vertical to hori-
zontal, water flow from right to left, air flow from left to right.)

Heat balance

A simple and fairly rough estimation of the energy flows in the quartz glass heat
exchanger can be derived. This heat balance gives a rough estimate of the heat
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flux involved in the evaporation of the water. This involves several energy flows,
starting with the power needed for the heating of the water to boiling temperature,
the evaporation and the superheating of the steam, all of which can be expressed
with:

Pwater = (cp,water Tsub + hevap + cp,steam Tsuper) V̇water ρwater. (3.1)

Here cp,water is the specific heat capacity of water, cp,steam the specific heat capa-
city of steam, Tsub the subcooled temperature of the water, Tsuper the superheated
temperature of the steam, hevap the evaporation enthalpy of water, and ρwater the
mass density of water. For the five cases, the rough estimate of the energy needed
is calculated and shown in Table 3.2. From the power needed to boil the water, the
mean heat flux, φq, along the inner side of the inner quartz glass tube is calculated.
It can be seen that the mean φq increases with increasing air temperature. Although
the variation is small, it gives different flow patterns, see Section 3.1.3

Case Pwater [W] φq [kW/m2]
A 93 5.5
B 96 5.7
C 98 5.8
D 100 6.0
E 103 6.1

Table 3.2. Mean power needed for the heating of the water to boiling temperature, the
boiling and the superheating of the steam, evaluated at saturation temperature at ambient
pressure (101.325 kPa). Heat flux on the water side of the inner quartz glass tube.

3.1.3 Visualisation results and analyses

Next, one of the visual results of the five cases is evaluated, Case A, see Figure 3.6.
The boiling of water to steam is clearly visible. Starting from the black region on
the bottom, on the entrance of the heat exchanger, the point in which the water
enters the inner quartz glass tube and is heated with the hot air in the annulus. As
stated before, T3 is the temperature of the water entering the heat exchanger. In
this case the mean temperature over the full length of the experiments is 83 ◦C, see
Table 3.1. As the water flows further into the quartz glass tube, it is heated with the
hot air on the outside of the inner tube, to the point where it reaches the saturation
temperature. From this point, small vapor bubbles appear in the tube, clearly visible
on time instance 0.3, 0.7, 0.8 and 1.0 s in Figure 3.6. These vapor bubbles grow due to
the imposed heat flux, and form a bubbly flow. This flow regime is present on a small
length of the tube as the bubbles become larger, filling the complete inner diameter
of the quartz glass tube, forming a slug flow. It should be noted, that although the
inner diameter is above the criterion to be classified as a micro channel, the two-phase
flow in the inner quartz glass tube has some resemblance of micro channel two-phase
flow [11].
In the adiabatic case when a slug flow is created, it will continue to exist, with a
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constant length and a nearly constant pressure in the bubble cavity [50]. The vapor
slug will rise with a trailing liquid slug. The liquid slug will shed liquid on the wall
with the same rate as it will entrain liquid at the front. As a result, the liquid slug
length will stay constant. The liquid leaving the liquid slug will form a falling annular
film and accelerates as it moves downward, [21, 34]. The film thickness depends on
the flow rate and gravity.
In this diabatic case, the bubbly flow is almost directly transformed to a slug flow,
due to the imposed heat flux. Due to this imposed heat flux, water boils, the vapor
formed expands the bubble, keeping the pressure constant as before, and forming a
vapor slug. The falling film boils due to the imposed heat flux on the tube wall.
As the film is boils, the formed vapor expands the vapor slug. As a result of the
expansion, the liquid slug on top of the vapor slug is accelerated upwards.
The pressure drop over the inner quartz tube, ∆p1, see Figure 3.7, consists of several
components: the static pressure drop, the momentum pressure drop and the frictional
pressure drop. The main contribution comes from the static pressure drop, which in
this situation equals the sum of all water slugs lengths. The contribution due to
friction is considered to be negligible as V̇water is very low and so is the volumetric
steam flow.
The momentum pressure drop could have a small contribution to the total pressure
drop, but it is assumed to be negligible compared to the static pressure drop. During
the acceleration of the water slug from time 0.0 s to 0.7 s, in Figure 3.6 indicated by
the black bars, the water slug decreases in length and ∆p1 decreases slightly, probably
due to the decreased total water slug length. At some point, in this occasion outside
the field of view, the water slug is fully drained. The walls are still covered by a thin
film of water, which represents an annular flow. At some point, this annular flow,
which is a thin layer not visible in these visualizations due to the small size, will boil
and a full vapor flow is present.
In some occasions, water drops can be entrained upward in the tube, reaching the
fully vapor flow regime. The consecutive water slug, indicated by gray bars in Figure
3.6 from time 0.1 s to 1.0 s, has also some acceleration but far less compared with the
previous water slug. This is probably due to the cooling of the tube caused by the
boiling of the water film shed by the prior water slug. Also, the water slug decreases
far less in length compared to the prior water slug, as probably less water is shed into
the water film. As a result, less boiling will take place in the latter formed water film,
not resulting in a decrease of ∆p1, which remains close to its mean value of 4.0 kPa.
To compare the two cases with the lowest, A, and the highest, E, heat flux, a random
starting sequences for both Case A and E has been plotted side by side in Figure 3.8
with intervals of 0.1 s. It can be seen that boiling starts lower in Case E. This is also
visible in Table 3.1, T3 is rising to saturation temperature with rising T1. Due to this,
the water is already boiling below the visible section in Case E. This is also reflected
in a lower mean ∆p1 for Case E, see Figure 3.9, which mainly is represented by the
sum of all water slugs in the quartz glass heat exchanger. With less water in the
quartz glass tube in Case E, the contribution from the hydrostatic pressure is lower.
The contribution from the other components, friction and momentum pressure drop,
is assumed to be negligible.
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Figure 3.6. Boiling of water in the quartz glass heat exchanger at 10 FPS, Case A (T1: 250
◦C, V̇water: 0.15 l/h, V̇air: 150 l/h.
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Figure 3.7. Pressure measurement ∆p1 for Case A corresponding to the images in Figure
3.6.

The flow patterns passed through differ slightly at higher temperatures. The slug
flow described above for Case A, is alternated with a churn flow and much shorter
for Case E. The annular flow is also alternated with wispy annular flow and present
over a longer distance. Although boiling starts at a lower position, with higher air
temperatures, the section in which boiling happens and flow patterns are visible, is
shorter, probably due to the higher heat flux. Also the water slugs driven upwards
become shorter and at some point even contain a bubbly flow away from the entrance
in between vapor slugs, see time instance 0.7, Case E. The bubbles eventually develop
into vapor slugs. In Figure 3.9 it can also be seen that the pressure fluctuations are
larger in Case E than in Case A. These fluctuations are probably due to more and
more rapid boiling of the water film on the tube wall in case of higher heat flux,
leading to a rapid expansion of the vapor slugs. This rapid expansion drives the
water slugs upwards in the tube, and is reflected by the fluctuations of ∆p1. These
stronger fluctuations may be a result of the momentum pressure drop although the
contribution is assumed to be negligible. The acceleration of the water slugs tends to
be slightly higher in Case E.
In both cases, the slug flow is transformed into an annular flow. Compared to Case
A, the slug flow of Case E is almost directly transformed into an annular flow. This
is contradictory to the adiabatic case of slug flow, where it remains a slug flow.
Most remarkable in the visualization reported here for moderate heat fluxes, is the
evolution of the flow pattern in time at certain height. It can alternate between two
and three flow patterns. The small difference in heat flux between the five cases
also makes a fairly large difference in position and occurrence of the flow patterns.
A possible picture that describes this is that the influence of the heat flux of the
”development” on the current flow pattern is being disturbed and replaced by the
development of another, successive flow pattern, which is different from the adiabatic
situation. This shows the importance of the heat flux and the amount of heat flux
applied on a two-phase flow with mass transfer.
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Figure 3.8. Boiling of water in the quartz glass heat exchanger at 10 FPS for Case A and
E. (Case A: T1: 250 ◦C, V̇water: 0.15 l/h, V̇air: 150 l/h. Case E : T1: 375 ◦C, V̇water: 0.15
l/h, V̇air: 150 l/h.)
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Figure 3.9. Pressure measurements ∆p1 for Case A (solid line) and E (doted line) corre-
sponding to the images in Figure 3.8.

3.2 Conclusion
The present study describes an experiment that shows the importance of the heat
flux applied to a two-phase flow with mass transfer and its effect on the resulting
flow patterns. An experimental setup, QOTSG, is built which facilitates the boiling
of water in a vertical tube-in-tube quartz glass heat exchanger, see Section 3.1. The
quartz glass heat exchanger gives excellent optical access to the interchanging flow,
from fully water through two-phase flow to fully steam. The two-phase flow is recorded
using high speed imaging cameras to capture the process. The recordings have been
analyzed together with the pressure drop measurements over the evaporator. The
main finding is that a small variation in heat flux along an evaporator tube has a great
influence on the boiling behavior occurring in the two-phase flow passing through. The
applied heat flux interrupts the development of the flow pattern and alters the flow
into a different flow pattern. The measurements presented here are complementary
to the measurements at high pressure that will be described in chapter 6, because the
conclusion derived from them requires the visualization of the whole boiling process.
As shown in this chapter, pressure drop measurements over the evaporator give useful
information about the boiling process. This knowledge will be used in the design of
a system for operation at higher pressures.



Chapter

4
Conceptual process
design

4.1 Introduction

The aim of this research, see Chapter 1, is the generation of flow pattern maps for two-
phase flow of water-steam mixtures. However, as also mentioned in the introduction,
water-steam mixtures require a voluminous setup. It would therefore be beneficial,
both from a point of view of costs and from a point of view of requirement of laboratory
space, to perform the measurements in a system that is down-scaled. In the following
section of this chapter it will be investigated whether it is possible to scale the setup
by using a different fluid, while keeping all relevant non-dimensional parameters the
same. For single phase flows scaling is often used to decrease the size of an experiment.
Well-known examples are windtunnel testing of an airplane and models of large-scale
flows in harbours. In those cases only a limited number of non-dimensional parameters
plays a role. For heated two-phase flows, however, this number is significantly larger
and therefore the possibility of scaling is not a priori clear. In the final section of this
chapter the design parameters of the experimental process will be determined.

4.2 Scaling

In order to scale two-phase systems to a different fluid, criteria for dynamic similarity
have to be derived, as described by Chesters [13]. With only six criteria for isothermal,
liquid-gas two-phase flows without mass transfer, it is possible to scale two systems by
using geometrically similar, the same shape, imposed boundary conditions, pressure
and velocity. In the next sections the most simple criteria for dynamic similarity
will be derived from conventional physical model of isothermal liquid-gas flows. Delil
[17] used the Buckingham Pi theorem for heated two-phase flow with mass transfer to
obtain 18 π-numbers that should have the same value in both systems to realize perfect
scaling for two-phase heat transport systems. It is unrealistic to expect that all 18
π-numbers for a two-phase flow with heat transfer can be chosen equal. Fortunately,
however, imperfect scaling can give some useful results, as several π-numbers apply to
less important phenomena and therefore may deviate from equality in both systems.
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4.2.1 Conventional physical model

First the governing equations for an isothermal gas-liquid flows of two Newtonian
fluids, which each satisfy its own equation of state, will be presented. The system
of equations consists of the continuity equation, the Navier-Stokes equation and the
equation of state for the separate phases and appropriate boundary conditions, both
at the physical boundaries of the system and on the interface between the phases.
Concerning the physical boundaries of the system, the conventional no-slip condi-
tion at solid boundaries should be satisfied. For liquid-gas interfaces the following
conditions apply:

1. The velocity components tangential to the interface is continuous;
2. The tangential stress is continuous;
3. There is a discontinuity in the normal stress given by:

p′g − p′l + ~n · (S′g − S′l) = σ

(
1

R′1
+

1

R′2

)
(4.1)

with p′g and p′l the pressure in the gas and liquid respectively, R′1 and R′2 the
radii of curvature of the interface in any two planes containing the normal,
and σ, the surface tension coefficient. Moreover, ~n is the normal vector to the
interface and S′g and S′l are the rate-of-strain tensors in gas and liquid.

In order to study the similarity of two isothermal two-phase flow systems, first the
governing equations in non-dimensional from are presented. To this end we scale the
flow quantities with a characteristic length and velocity and the mass density of the
liquid. Then the continuity equation for the gas phase can be written as:

Dρg
Dt

= −ρg∇ · ~ug (4.2)

The Navier-Stokes equation for the gas phase reads:

D~ug
Dt

= −
(

1

Fr

)
~ey −

(
1

ρg

)
∇pg +

(
µg
ρg

)
∇ ·
(
∇~ug + (∇~ug)T −

2

3
∇ · ~ug

)
(4.3)

For isothermal flow the equation of state of the gas phase can be written as:

pg
ρg

= Eu = constant (4.4)

The continuity equation for the liquid phase is:

∇ · ~ul = 0 (4.5)

The Navier-Stokes equation for the liquid phase reads:

D~ul
Dt

= −
(

1

Fr

)
~ey −∇pl +

(
1

Rel

)
∇2~ul (4.6)

and the equation of state is simply:

ρl = 1 (4.7)
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In these equations ~u, ρ, p, µ and t denote the non-dimensional velocity, mass density,
pressure, dynamic viscosity and time respectively. Subscripts g and l denote the gas
and liquid phase of the flow. The Cartesian coordinates are denoted by x, y and z
and the Cartesian velocity components by u, v and w. Gravity is in the downward y-
direction and ~ey is the unit vector in the y-direction. Here primed symbols denote the
original, dimensional variables. The system of equations contains five non-dimensional
parameters. The Froude number, Fr, is the ratio of convective forces and gravitational
forces and is defined by:

Fr =
u2
c

g xc
(4.8)

where g is the acceleration due to gravity and uc and xc are the characteristic velocity
and length respectively. Next, the Reynolds number, Rel, is defined for the liquid
phase and represents the ratio of convective to viscous forces:

Rel =
uc xc ρ

′
l

µ′l
(4.9)

The dimensionless Euler number, Eu, expresses the relationship between a local pres-
sure fluctuations caused by a restriction, and the kinetic energy per volume of the
flow. And is used to characterize energy losses in the flow, where a perfect frictionless
flow corresponds to an Euler number of 0. defined as:

Eu =
p′g
ρ′g u

2
c

(4.10)

with p′g and ρ′g the dimensional pressure and mass density of the gas phase. Note that
for isothermal flow the Euler number is constant in space and time. The dimensionless
dynamic viscosity of the gas, µg, is defined as:

µg =
µ′g

uc xc ρ′l
(4.11)

with µ′g the dimensional dynamic viscosity of the gas and ρ′l the dimensional mass
density of the liquid. The fifth dimensionless parameter is taken to be the ratio of
the mass density of the gas at a specific location, ρ′g,c and the liquid mass density:

ρg,c =
ρ′g,c
ρ′l

(4.12)

In order to simplify the notation it is presently assumed that a local coordinate system
is chosen in which the normal vector to the interface is in the z-direction. Then the
interface conditions can be written as:

~ug = ~ul (4.13)



44 Conceptual process design

for the continuity of the velocity.
The continuity of the tangential stress is given by:

µg

(
∂wg
∂x

+
∂ug
∂z

)
=

(
1

Rel

)(
∂wl
∂x

+
∂ul
∂z

)
(4.14)

µg

(
∂wg
∂y

+
∂vg
∂z

)
=

(
1

Rel

)(
∂wl
∂y

+
∂vl
∂z

)
(4.15)

The discontinuity in the normal stress is given by:[
−pg + 2µg

(
∂wg
∂z
− 1

3
∇ · ~ug

)]
−
[
−pl +

(
2

Rel

)
∂wl
∂z

]
=(

1

We

)(
1

R1
+

1

R2

)
(4.16)

A sixth dimensionless parameter appears in this last equation, which is the Weber
number, We, defined as:

We =
u2
c xc ρl
σ

(4.17)

which represents the ratio between convective forces and surface tension.
The total set of equations contains six dimensionless parameters: the Froude number,
Euler number, Reynolds number, Weber number, and the ratios of fluid properties µg
and ρg,c. If two systems are geometrically similar and the values of these six dimen-
sionless parameters are equal, then the two systems also exhibit dynamic similarity.
By combining (4.10) and (4.12), equality of (4.10) in both systems can be simplified
to:

p′g,c
ρ′l u

2
c

= equal (4.18)

Similarly, equality of (4.11) and the Reynolds number (4.9), can be simplified to:

µR =
µ′g
µ′l

= equal (4.19)

This leads to six criteria for dynamic similarity: the equality of Fr, Rel and We,

the equality of the viscosity ratio µR, the gas pressure at some location,
p′g,c
ρ′lu

2
c

and

the equality of the gas mass density ratio at some location, ρ′g,c/ρ
′
l. Summarizing,

if these six criteria are satisfied in addition to geometrical similarity of the imposed
boundary condition, dynamic similarity of two isothermal liquid-gas flow systems is
obtained. The Euler number Eu takes account the compressibility of the gas and
can be disregarded if no appreciable expansion of the flow occurs and pressure waves
are unimportant [14]. The validity of this assumption can be verified a posteriori by
varying p′g and proving independence of the results.
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The definitions of the three dimensionless parameters, Fr, Rel and We, can be re-
written to:

xc =

(
Weσ

Fr ρ′l g

)1/2

(4.20)

uc =

(
g σ FrWe

ρ′l

)1/4

(4.21)

Mo =
Rel

4Fr

We3
=
σ3ρ′l
gµ′l

4 (4.22)

where Mo, the dimensionless Morton number, should be identical for both systems
to obtain dynamic similarity. As Mo is a steep function of temperature, only a small
change in temperature could be required to equalize the values. Both (4.20) and (4.21)
can be rewritten in order to obtain the relative sizes and velocities of the two systems,
which are fully determined once the fluids are chosen for both systems, denoted with

1 and 2 for fluid 1 of system 1 and fluid 2 and for system 2 respectively.

(xc)1

(xc)2

=

(
σ
ρ′lg

)1/2

1(
σ
ρ′lg

)1/2

2

(4.23)

(uc)1

(uc)2

=

(
σg
ρ′l

)1/4

1(
σg
ρ′l

)1/4

2

(4.24)

4.2.2 Example of centrifugal scaling

In order to obtain a larger range of values for the Froude number, it is possible
to vary the gravitational force by a constant rotation of the system. In this case
the acceleration of gravity should be replaced by the rotational acceleration. As an
example of this, Chesters [14] used rotation to increase the value of g to obtain a
scaled system of the original larger system (horizontal pipeline with a diameter of 300
mm).

4.2.3 Two-phase liquid-vapor flow

In this section an attempt is made to apply the dimensionless parameters introduced
above the search for possibilities for scaling in the isothermal case. In a liquid-vapor
flow the vapor phase is present if the temperature of the fluid is beyond the saturation
temperature, which depends on the system pressure. At a fixed pressure, a two-phase
flow of liquid and vapor has a constant temperature. The dimensional values of ρg,
ρl, µg, µl and σ all depend on temperature and often also on pressure. To scale a
system with a two-phase liquid-vapor flow, the system pressure is the major variable.
As written above, also the gravitational force can be changed by applying rotation to
the system, but that is generally less easy to accomplish. Using a Matlab wrapper of
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REFPROP (Reference Fluid Thermodynamic and Transport Properties Database),
from NIST (National Institute of Standards and Technology), a database of fluid and
humid air properties, the scaling criteria of different fluids have been calculated in
the pressure range between the triple pressure and the critical pressure for each fluid.
Along with the fluid properties, also the corresponding saturation temperature has
been determined.
To easily scale a fluid 1 with fluid 2, water-steam, subscript 1 and water respectively,
the criteria of fluid 1 are written as the ratio of fluid 1 to water-steam:

(µR)1

(µR)water
(4.25)

(ρg,c)1

(ρg,c)water
(4.26)

Mo1

Mowater
(4.27)

which implies in case these three ratios are equal to unity, fluid 1 is scaled to water-
steam and the system dimension and boundary conditions should be scaled according
to:

(xc)1

(xc)water
(4.28)

(uc)1

(uc)water
(4.29)

If, for example, the latter ratio equals 0.4, the bulk velocity in the scaled system
should be 0.4 times the bulk velocity in the water system. The same applies to the
ratio of the characteristic lengths. For example, a length ratio of 0.7, implies that the
diameter of the scaled system should be 0.7 times the diameter of the water system.
In the following plots, the pressure range for each fluid is logarithmically divided into
n intervals, ranging between the triple point pressure and the critical pressure. For all
combinations of pressure of the water-steam system and pressure of the other fluid,
the three ratios are calculated. To visualize the scalability, the isolines with value
1 of the three criteria are plotted in a diagram where the pressure of each fluid is
used on the corresponding axis. In Figure 4.1 an example is shown where ammonia
is used for fluid 1. It is clear from this Figure, that the only point in the diagram
where all ratios are close to 1 is when both pressures are equal to the critical pressure.
This is not a good solution for scaling, since above the critical pressure there is no
distinction between the two phases and there are no flow regimes possible. The gray
bands denote the practical pressure range (10 kPa to 4000 kPa) in both systems.
As pointed out by Chesters [14], the influence of the gas viscosity is probably small
in many large scale flow regimes, in particular in bubbly flow. Therefore, the equality
of µ, (4.25), in both systems is not strict but should be as close as possible. It
might be that a typical characteristic velocity scale of turbulence should be scaled in
larger channels, but this is beyond the scope of this summary of the present state of
knowledge. It can be concluded that if the ratio ρ, (4.26) and the ratio Mo, (4.27) are
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Figure 4.1. The isolines of the three criteria ratios for values 0.9, 1.0 and 1.1 and the isolines
of the scaling of the size, ratio xc, as a function of the pressure in the water-steam system
and the pressure of the ammonia system. The gray bands denote the practical pressure range
(10 kPa to 4000 kPa) in both systems.

both unity and the ratio µ, (4.26) is as close as possible to unity, dynamic similarity
will be satisfied as best as possible. Some examples of fluids which enable satisfactory
scaling are R32 and propylene, see Figure 4.2 and Figure 4.3 respectively, although
the pressures where scaling is possible are outside the practical pressure range. For
R32, which has a possible point to scale at pwater ≈ 0.98 kPa (280 K) and pR32 ≈ 0.25
kPa (148 K), xc (4.28) and uc (4.29), are approximately 0.59 and 0.76 respectively.
Due to the low pressures and thus also low temperature, it will be very unpractical
to achieve these points.

4.2.4 Scaling water-steam

As illustrated above, some fluids have been found which could be scaled to the water-
steam system in the isothermal case, but at very unpractical conditions. In other
words: for the scaling to hold the pressures and temperatures are so low that no
two test rigs can be designed and no two process conditions can be found that would
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Figure 4.2. The isolines of the three criteria ratios for values 0.9, 1.0 and 1.1 and the
isolines of the scaling of the size, ratio xc, as a function of the pressure in the water system
and the pressure of the R32 system. The gray bands denote the practical pressure range (10
kPa to 4000 kPa) in both systems.

lead to similarity. The scaling can be extended to a non-isothermal case, with the
Buckingham Pi theorem to obtain 18 π-numbers to be scaled, as proposed by Delil
[18]. For a perfect scaled evaporator all 18 π-numbers should be identical. It is clear
that this is impossible due to the complex phenomena involved. Scaling is possible
in some extend with the use of a limited amount of important π-numbers but will
result in similar findings as those shown above. An examples of scaling with respect
to gravity can be found in [17], where prototypes in micro-gravity and super-gravity
are scaled to models in earth’s gravity.
This justifies the decision to build a second system, with fluids other than water-
steam, as the scaling of a water-steam system to another fluid is not feasible. On the
other hand, in a numerical simulation these restrictions in test rig size and process
conditions do not apply and scaling is feasible. In order to obtain full scaling in
experimental research, other fluids than water should be used. Scaling could perhaps
even be possible for two different fluids measured in the same test rig.
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Figure 4.3. The isolines of the three criteria ratios for values 0.9, 1.0 and 1.1 and the
isolines of the scaling of the size, ratio xc, as a function of the pressure in the water system
and the pressure of the propylene system. The gray bands denote the practical pressure
range (10 kPa to 4000 kPa) in both systems.

4.2.5 Scaling of two two-phase liquid-vapor flows in a single system

In this section the scaling of two different two-phase liquid-vapor flows in a single
system will be discussed for the isothermal situation. To narrow down the number
of fluids to be compared, a couple of requirements can be defined. First, only pure
fluids should be selected. If a mixture of two or more fluids with different evaporation
temperature is used the phenomenon of temperature glide may occur. The individual
fluids within the mixture do not evaporate or condense at the same temperature as
with a pure fluid. The phase change occurs in a temperature range, rather than at a
constant temperature, and is called temperature glide. The composition of the liquid
and the vapor changes during evaporation and condensation. These effects make the
scaling even more complex and therefor are avoided.
Next to this the liquid should be safe to use, and preferably non-toxic. Finally, to
make the experimental setup future proof, fluids with a low Ozone Depletion Potential
(ODP) and low Global Warming Potential (GWP) are preferable. ODP is a measure
of the destructive potential of a particular substance relative to depletion caused by
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an equal amount of a reference substance, CFC-11, which is assigned an ODP of 1.0
[56]. GWP is the time-integrated warming effect due to the release of a unit mass of
a gas, relative to that of a the same unit mass of carbon dioxide, see [46] . The GWP
of carbon dioxide is therefore by definition equal to 1. Due to EU regulations, fluids
with a GWP of 150 or more are banned and phased out in the near future, (O.J. L
150, 20 May 2014). It is wise to select fluids which will remain available in the future.
On the other hand, it is relevant to investigate the possibilities of scaling a high GWP
fluid (GWP > 150) which is commonly used today, to a low GWP fluid (GWP <
150) which could serve as a replacement of the high GWP fluid in the future.
To fulfill the requirement of the use of a single system for a set of fluids, the ratios
ρ, Mo, xc and uc are all equal to unity and the ratio µ as close as possible to unity
for a pair of fluids, as explained in 4.2.3. In the same manner as for the scaling of
the water-steam system to another fluid, 35 fluids have been scaled to one another.
Using the requirements as defined previously, some potential combinations have been
selected. The most appropriate combination is isobutane with isopentane, see Figure
4.4, which has a nearly perfect point to scale, pisobutane ≈ 1321 kPa (352 K) and
pisopentane ≈ 1238 kPa (400 K). Both isobutane and isopentane are regularly used
refrigerants and have refrigerant number R600a and R601a respectively. The main
disadvantage is the flammability of both R600a and R601a.
A second possible combination would be R1234yf (2,3,3,3-tetrafluoropropene) and
R134a (1,1,1,2-tetrafluoroethane), see Figure 4.5, with pR1234yf ≈ 310 kPa (273 K)
and pR134a ≈ 388 kPa (281 K). The main drawback of this combination is that R134a
has a GWP of 1430, although it is a very commonly used refrigerant. Next to this
R1234yf is proposed and already in use as replacement for R134a.

4.2.6 Two fluids, single system fluid choice

There are two potential fluid pairs, which both have the possibility to be scaled to
one another in a single system, thus with same xc. At this moment the fluid pair
R1234yf with R134a is preferred due to moderate requirements of both pressures and
temperatures. Next to this, since R1234yf is intended to replace R134a, comparing
the two flows should provide more insight in the transition of R134a to R1234yf.

4.3 Conceptual process design

4.3.1 Introduction

The conclusion of the previous section was that scaling of the system to smaller
sizes by using a different fluid is not advantageous compared to the building of a
relatively large setup for a water-steam two-phase flow. Therefore, in this section the
main design parameters for a water-steam setup will be chosen. The most important
parameter in to define is the diameter of the evaporator tube, since this defines almost
all other parameters, for example the length of the tube and required heating power to
create a sufficient high heat flux. The choice for the tube diameter will be motivated
in the next subsection. Subsequently, other design parameters like the pressure and
temperature ranges will be chosen. Criteria used in the for these choices are not only
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Figure 4.4. The isolines of the three criteria ratios for values 0.5, 1.0 and 2.0 and the isolines
of the scaling ratios xc and uc for values 0.5, 1.0 and 2.0, as a function of the pressure in
the isobutane system and the pressure of the isopentane system. The gray bands denote the
practical pressure range (10 kPa to 4000 kPa) in both systems. The temperatures on the
opposite axis of the pressures are the corresponding saturation temperatures of the pressures.

based on scientific arguments, also practical arguments, in particular consideration
for available budget, time and space, play an important role.

4.3.2 Tube diameter

The tube diameter is the most important parameter both from a theoretical point of
view and from a practical point of view. Theoretically, flow pattern maps are strongly
dependent on parameters that involve the tube diameter. In practice, limitations in
space, funding and time limit the tube diameter that can be applied to certain max-
imum. To determine the minimum tube diameter, a distinction is made between
micro-tubes and macro-tubes, since they display different flow patterns. The applica-
tion of the present research, evaporator tubes in power plants, deals with macro-tubes.
Therefore, it must be ensured that the tube diameter falls within the range of macro-
tubes.
There is no universal agreement about the boundary between micro- and macro-
channels clearly established in literature, as Cheng and Mewes [11] concluded. Their
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conclusion is that the threshold of a hydraulic diameter of 6 mm covers all definitions
of the distinction between macro scale and micro scale channels. In this threshold the
hydraulic diameter, Dh, is defined as

Dh =
4A

P

where A is the cross-sectional area of the channel and P its perimeter. In case of a
circular channel Dh = D, the diameter of the tube. In this work, a tube of circular
cross section will be used, since that corresponds to what is used in most industrial
applications. In order to make sure that the flow patterns studied in the setup are
relevant for macro-tubes, a diameter of 20 mm is chosen, which is well above the
threshold mentioned foregoing and reflects the diameters used in industry, although
it is at the lower end of sizes used.
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4.3.3 Flow direction

In most large-scale industrial applications of evaporator tubes the flow direction is
vertically upwards, or almost vertical, while in smaller systems the flow direction is
usually horizontal. A setup that enables an arbitrary flow direction would be the ideal
choice, but this is practically impossible. In view of the most relevant applications,
a choice for vertically upward flow has been made. In vertically downwards flow, the
flow direction of the vapor phase can be both up and down, depending on the flow
rates. Note, however, that in the present case of vertically upwards flow, the flow
direction of the two phases is always the same. This is denoted as co-current flow.

4.3.4 Flow patterns

An important requirement for the present setup is that all relevant flow patterns are
possible. This depends on the available heating power and the possible mass flow
rate, since these two parameters determine the momentum fluxes of both phases. For
vertical upward flow, the flow patterns A to E, as described in Section 2.1, can be
represented in a flow pattern map. For this flow the flow pattern map of Hewitt and
Roberts [26] is recommended in literature. In the following this is called the HR map.
The expected flow pattern depends on the momentum fluxes of both the liquid and
the vapor phase, as can be seen in Figure 4.6. The momentum fluxes are defined as:

ig = ρg j
2
g =

(Gẋ)2

ρg
(4.30)

il = ρg j
2
l =

(G(1− ẋ))2

ρl
(4.31)

with G defined as the mass flux and x defined as the steam quality. Although the
transitions between different flow patterns are drawn as sharp lines, in reality the
transitions are gradual and dependent on the system used.
In order to reach a certain point in the flow pattern map, the corresponding steam
momentum flux has to be reached. In water-air two-phase flow this is possible by
regulating the required air mass flow rate, but in the present case the required steam
momentum flux can only be obtained by heating the fluid. Therefore, the available
heating power determines which flow patterns are possible. equation (4.37) can be
used to obtain the mass flux G and steam quality x if the momentum fluxes and
mass densities of both phases are known. Since the two-phase system is necessarily
saturated, the mass densities only depend on the fluid pressure. Figure 4.7 shows the
flow pattern map as a function of the mass flow rate and steam quality for a fluid
pressure of p = 2000 kPa.

Gg =
√
ig ρg (4.32)

Gl =
√
il ρl (4.33)

G = Gg +Gl (4.34)

x =
Gg
g

(4.35)
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Figure 4.6. Flow pattern map for vertical upward flow, defined by Hewitt and Roberts
[26].

Instead of the steam quality, the void fraction ε can be used in a flow pattern map,
since this quantity can more easily be measured. In Figure 4.8 the flow pattern map
is shown for drift-flux void fraction, εdrift. The εdrift is calculated according Zuber
and Findly [57]:

εdrift =
C0

εhom
+
ρg UGU
x G

(4.36)

With the average drift velocity, UGU , the distribution factor, C0, both from Rouhani
[43], and the homogeneous void fraction εhom. A diameter of 20 mm is used in the
calculations:

εhom =
ρl x

ρl x+ ρg(1− x)
(4.37)

C0 = 1 + 0.2(1− x)
(g D)0.25ρ0.5

l

G0.5
(4.38)

UGU = 1.18(g σ(ρl − ρg)0.25 (1− x)
√
ρl

(4.39)

The required heating power, Ph can be determined from the cross sectional area of
the tube, the evaporation enthalpy of water hevap at a given pressure and the required
steam quality, according to:

Ph = GA hevap x (4.40)

From Figure 4.9 it becomes clear that a water mass flux in the range of 100 to 5000
kg/(m2s) and a preheat power of approximately 70 kW is sufficient to cover all flow
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Figure 4.7. Hewitt and Roberts flow pattern map for water-steam at 2000 kPa in a 20 mm
tube, with in blue the mass flux, G, and in green the steam quality, x.

patterns. This is shown in Figure 4.10 with the light gray area. Due to the inherent
inaccuracy of the flow pattern maps it is necessary to keep this rather broad range
of water mass fluxes. It also becomes clear that the power required for the heated
test section is approximately 30 kW. This should be sufficient to pass over the broad
transition area to a different flow pattern, see Figure 4.10 with the dark gray area.

4.3.5 Design parameters

In this section, the experimental parameters and ranges of these parameters as ela-
borated above, are used to derive the conceptual process design. The experimental
parameters and the corresponding ranges are summarized in Table 4.1. The tem-
perature in this table follows directly from the pressure, since it is the saturation
temperature.
Using the derivation from above, a simple schematic representation of the process
has been created. This schematic contains the key components needed for the two-
phase water-steam co-current upward flow and is shown in Figure 4.11. Below, these
components will be shortly described. In the next chapter all components will be
discussed in detail.
The first component is a Pump, the driving force for the flow through the system.
The liquid enters the bottom of the vertical section of the loop, in which it will first
be heated in the Pre heater to the desired two-phase mixture. Measurements are
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Figure 4.8. Hewitt and Roberts flow pattern map for water-steam at 2000 kPa in a 20 mm
tube, with in blue the mass flux, G, in green the steam quality, x and in red the drift flux
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performed in Test section 1, where the flow regime and pressure are determined.
Next, the two-phase flow is heated further to the next desired two-phase flow in the
Heated test section. After this the flow regime and pressure are determined again
in the Test section 2. The four sections described before are all vertical, and together
they form one vertical channel with a uniform cross section. After Test section 2
the flow properties should be gradually converted back to the inflow conditions before
the pump. In order to do this, the flow enters a Condenser where redundant heat
and thus vapor is removed. Finally, the liquid returns to the Pump and this closes
the loop.
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Figure 4.9. Hewitt and Roberts flow pattern map for water-steam at 2000 kPa in a 20
mm tube, with in blue the mass flux, G, in green the steam quality, x and in magenta the
heating power Ph.

min nom max unit
Pressure 100 4000 kPa
Temperature 100 250 ◦C
Mass flux 100 5000 kg/m2 s
Di 20 mm
Pre-heater power 0 70 kW
Heated section power 0 30 kW

Table 4.1. Experimental parameters and the corresponding ranges for the conceptual pro-
cess design.
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Figure 4.11. Simple schematic representation of the water-steam experimental setup.
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Chapter

5
Experimental Setup

5.1 Introduction

A closed loop setup has been designed, detailed and constructed based on the con-
ceptual setup design from the previous chapter, Chapter 4. The experimental setup
is designed to perform measurements on heated two-phase flows with mass transfer.
Flow boiling is realised in a vertical test section with measurement equipment. In
this vertical section, two visualization sections are placed to visualize the two-phase
flow, and the flow patterns. The experimental data will be used to gather data and
knowledge for a flow pattern map for heated flows. Details are described in this chap-
ter. The setup is located in the TFE laboratory of the Department of Mechanical
Engineering at the Eindhoven University of Technology (TU/e).

5.2 Overview

The schematic of Figure 5.1 shows all major components of the test setup and the
flow direction. It also includes some global dimensions of the vertical section and the
position of the major components with respect to the floors of the lab. A Piping and
Instrumentation Diagram, P&ID, is included in Appendix A. When referring to this
diagram, square brackets ”[ ]” are used to denote the identification number of the
specific part or parts. The main loop starts from the steam drum, which is located
at the highest point. Water is fed from the steam drum to the main pump. From
there, the water is circulated via a vertical section, in which are situated, ordered by
flow direction: a pre-heater, a first measurement section, a heated test section and a
second measurement section. Part of the water is converted into steam. The conden-
ser is integrated in the steam drum. The coolant circuit comprises a storage vessel
and pump, providing cooling water to the condenser. Also, the main pump is cooled
from the same storage vessel, and by means of a pump cooling water is provided to
the main pump. For the design, the design ranges as defined in Chapter 4, are used
with some additional safety margins, and are summarized in Table 5.1. All tubing
and other parts containing water of both the main loop and the cooling circuits are
made of stainless steel (AISI 304(L) or 316(L)) unless stated otherwise.
In the next sections, the major components depicted in Figure 5.1 will be explai-
ned in detail. Next, the vertical section will be explained in more detail, including
calculations on heat generation in both heaters.
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Figure 5.1. Schematic representation of the water-steam experimental setup, including
global dimensions in mm of the vertical section. The dashed lines represent the different
floors including the height in mm with respect to the ground floor.

5.3 Flow control and measurement

In this section, all components involved in forcing and controlling the water through
the main circuit are discussed.

5.3.1 Canned motor pump

The canned motor pump [P-01] delivers the driving force for the liquid flow through
the main circuit. It is positioned at the lowest point, see Main pump in Figure 5.1. To
avoid damage by cavitation, the pump is fed with pure liquid only. This is achieved
by the condenser and controlled by adjustment of the condensation rate if the inlet
temperature of the pump would exceed a certain threshold. The inlet temperature of
the coolant is well below the saturation temperature in all measurement conditions.
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value unit
Maximum pressure 5000 kPa
Maximum temperature unheated sections 250 ◦C
Maximum temperature heated sections 450 ◦C
Maximum mass flow 2.5 kg/s

Table 5.1. Design parameters adapted from the experimental parameters and the corre-
sponding ranges for the conceptual process design.

A standard pump assembly comprises an impeller in a casing driven by a motor. The
coupling of motor and impeller is made by a rotating shaft that passes through the
pump casing. The shaft seal must minimize leakages but wears progressively during
use at high temperature and pressure. In the case of a canned motor pump, the rotor
of the electrical motor is fully immersed and hence canned within the fluid. There are
no seals needed since there is no need for a shaft to pass through the pump casing.
The stator of the electrical motor is on the outside of the can. This gives a leak-
free and versatile deployable pump for a broad range of temperatures and pressures.
To ensure proper flow through the can and thus the bearings, a bypass circuit is
included, from the high pressure side to the back end of the electrical motor, injecting
liquid in the can. The canned motor pump is a Teikoku BA45-416J4XL-0405U1B1V-
B, an electrical horizontal, single stage, centrifugal pump. Some specifications are
summarized in Table 5.2. More detailed specification and technical drawings, can be
found in Appendix B.
The pump speed is controlled using a Danfoss variable-frequency drive, VFD, FC102,
11kW. This enables a full control of the motor speed and thus the flow through the
pump. The VFD is connected to the main control. The electrical windings in the
canned motor pump must be cooled to keep temperatures below 220 ◦C. This is
measured with a built-in temperature sensor, a PT100 resistance thermometer [I-43].
The pump is cooled by a separate pump cooling circuit that is driven by a small
centrifugal pump, [P-02], a Grundfos CRNE5-8 A-FGJ-G-V-HUBV. This pump has
a built-in VFD, a Grundfos MGE80B2-19FT1, and is connected to the main control.
The pump draws water from the cooling water tank [T-01]. The flow through this
cooling circuit is measured with a flow meter [I-40] which is used to control the flow
through the pump cooling circuit. Two PT100 temperature sensors are placed just
before [I-41] and after [I-42] the main pump’s cooling circuit to monitor the inlet and
outlet temperature.

5.3.2 Flow metering and control

A Coriolis mass flow meter, [I-07], is used to monitor the total mass flow through
the system. Also the mass density [I-08] and temperature [I-09] can be measured.
A Micro Motion Coriolis ELITE sensor from Emerson Process Management is used.
This is a 2 inch, high temperature, stainless steel (AISI 316L) meter, with a mass flow
accuracy of ±0.10% of rate, mass flow repeatability of ±0.05% of rate, mass density
accuracy of ±0.5 kg/m3, and a density repeatability of ±0.2 kg/m3 for liquids at 20
to 25◦C and 1 to 2 barg.
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Manufacturer TEIKOKU ELECTRIC MFG. CO., LTD.
Type BA45-416J4XL-0405U1B1V-B
Rated Output [kW] 7.5
Total Head [m] 74
Capacity [ m3/h ] 8.4
Minimum capacity [ m3/h ] 2.4
Nominal R.P.M [-] 3000
Design temperature [◦C] 250
Design pressure [MPa] 5
Material Stainless steel (AISI 304)

Table 5.2. Properties of Teikoku canned motor pump.

Two valves, [V-01] and [V-02], are used to control the flow through the vertical section
and the bypass. One is used as a restriction valve, [V-02], and one is used as a bypass
valve for the pump, [V-01]. Both are Pre-Vent BR12a/6 SS DN40 - PN100 Globe
control valves, one normally open and one normally closed. These fully stainless
steel, air actuated, spring return valves with a positioner to remotely control the
position of the valve with a feedback of the actual position.
As stated in Table 5.2, the pump needs a minimum flow rate of 2.4 m3/h. This
is achieved by measurement of the mass flow through the vertical section as well as
through the bypass. The flow through the vertical section is measured as stated before
with a mass flow meter [I-07]. The flow through the bypass section is measured with
the aid of a pressure drop measurement over valve [V-02]. A differential pressure
sensor, a Keller Druck, PD-33X / 30bar, type number 80920, with a range of 0 - 30
bar is used, [I-02], with Kv, the flow coefficient of the valve, representing the amount
of water from 5 to 30 ◦C passing through the valve resulting in a pressure drop of 1
bar when fully opened. The characteristics of these valves are linear: the flow rate
is directly proportional to the valve lift, H, at a constant differential pressure, where
H = 0 when fully closed and H = 1 when fully opened. Combining this with the
pressure difference measurement [I-02] over the bypass valve [V-01], the position of
the valve, and the mass density of the liquid, the flow through the bypass valve [V-01]
can be calculated. Although the flow calculated is not with high accuracy, but for the
present purpose it is sufficient. Combined with the flow through the mass flow meter
[I-07], the total flow through the pump can be measured and controlled accordingly.
When entering the vertical section, care is taken to ensure optimal flow condition. A
custom made flow conditioner is installed in the inlet section to remove swirl present
in the liquid flow, according to [36].

5.4 Heating and steam generation

Extra attention has been paid to warrant an uniform heating of the liquid to the
saturation point and during evaporation. Multiple options have been considered for
both heaters, the pre-heater and heated test section, see Figure 5.1. The pre-heater’s
main purpose is to heat the sub cooled liquid to a liquid vapor mixture with a pre-
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defined void fraction. The heated test section will either maintain an adiabatic flow
condition or will add additional heat to reach a new flow regime. To ensure the op-
timal uniform heating and control of the tube wall for both heaters, Joule heating is
applied. The heater tube, through which the fluid flows, is in essence the heater by
applying a large direct current along the tube length. Due to the electrical resistance
of the stainless steel tube, heat will be generated in the tube wall. As the tube wall
is uniform in thickness in both azimuthal and axial direction, uniform heating will
be obtained. The fluid in the tube has a much higher resistivity, on the order of 105

Ω compared to 10-2 Ω of the tube. The control of the heating is achieved through
the use of direct current (DC) power supplies. These power supplies are powered
with the mains alternating current (AC) and converted to a low voltage and high
current. Both voltage and current are fully controllable in the range of the power
supply, and will be controlled with the central main control. More details on the
heaters, their coupled DC power supplies and the high current connections between
them, are described below for each heater individually. The pre-heater and heated
section are electrically insulated from the other parts of the setup using gaskets which
are electrically insulating, Flexitallic, I Flex Gasket, 316/TH845. Next to this, the
stud bolts are also electrically insulated using sleeves and insulating washers.

5.4.1 Pre-heater

The pre-heater consists of a 3990 mm long stainless steel (AISI 304) tube, with an
inner diameter of 20 mm and a wall thickness of 2.5 mm. The flanges on both ends
serve two purposes. First they provide a pressure tight surface with the mating surface
and a gasket. Also, they provide a tab to connect the high current connections on
both ends of the tube. The current needed to generate the 70 kW of heating power in
the pre-heater, see section 4.3.5, can be derived from the electrical resistivity of the
tube material. The electrical resistivity is temperature dependent, and will result in
a total electrical resistance over the 3990 mm length of the tube of 0.018 Ω at 100 ◦C
and 0.020 Ω at 250 ◦C. At 100 ◦C this results in a current of 1950 A and a voltage
of 36.8 V. The specifications of the pre-heater are summarized in Table 5.3.
A Magna-Power MTA50-2000, MT Series VI, 0-50V, 0-2000A, 100 kW is used to
provide the power for the pre-heater. This power supply has a maximum current,
Imax, output of 2000 A and a maximum voltage output of 50 V which gives a total
power of 100 kW. The current and voltage are fully controllable from 0 to 2000 A and
0 to 50 V, respectively. The voltage range is well above the voltage needed in the pre-
heater but is required in order to compensate for the losses in the connection between
the power supply and the pre-heater. These connections are made with copper strips,
120 x 10 mm2 cross sectional area, also called a busbars. The copper used is Cu-ETP
(CW004A) with an electrical resistivity of 0.018 Ω mm2 / m at 20 ◦C. This gives an
electrical resistance of 15 µΩ per meter. The final connection between busbar and
pre-heater is made with a flexible coupling, a flexible braided connector from Ampac,
with a cross sectional area of 1000 mm2. This allows the vertical section to expand
freely from the electrical connections. To ensure a proper measurement of the total
power generated in the pre-heater, to each connection tab of the pre-heater a sense
wire from the power supply is connected. These sense wires measure the voltage drop
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over the pre-heater instead of the voltage drop over the power supply tabs. In this
way the losses in the busbars and the flexible braided connectors are not accounted
for when calculating the power provided to the heater.

5.4.2 Heated test section

The heated test section is quite similar to the pre-heater, except for its length and
power. It is a 988 mm long tube, with the same diameter and connection tabs as
the pre-heater. The required heating power in the heated test section is 30 kW,
see section 4.3.5, and using a similar calculation as for the pre-heater, the electrical
resistance over 988 mm length of the tube is 4.6 mΩ at 100 ◦C and 5.1 mΩ at 250
◦C. At 100 ◦C this results in a current of 2552 A and a voltage of 11.8 V. The
specifications of the heated test section are summarized in Table 5.3.
For this heater, a Magna-Power TSA16-2700, Low Voltage - High Current, 0-16V, 0-
2700A, 43.2kW is used to provide the power. This power supply has an Imax of 2700
A and a maximum voltage output of 16 V which gives a total power of 43.2 kW. The
current and voltage are fully controllable from 0 to 2700 A and 0 to 16 V, respectively.
The voltage range is well above the voltage needed in the heated test section, but is
required in order to compensate for the losses in the connection between the power
supply and the heated test section. This connection is again made with busbars and
the flexible braided connectors. Also the sense wires are connected to the connection
tabs of the heated test section, to measure the voltage drop over this heater and thus
they do not account for the losses in the connections when calculating the power
provided to the heater.

Pre-heater Heated test section
Length [mm] 3990 988
Inner diameter [mm] 20 20
Required power [kW] 70 30
Required current at 100 ◦C [A] 1950 2552
Pmax at power supply Imax at 100 ◦C [kW] 73.5 33.2
Heat flux, φq at 100 ◦C [W/cm2] 28.2 51.4
Pmax at power supply Imax at 250 ◦C [kW] 81.3 36.9
Heat flux, φq at 250 ◦C [W/cm2] 29.9 54.5

Table 5.3. Specifications of pre-heater and heated test section.

5.5 Steam drum with integrated condenser

The two-phase mixture created in the vertical section enters the steam drum, see Fi-
gure 5.1. The steam drum is positioned at the highest point of the setup and has an
integrated condenser in order to condense the steam created in the vertical section
back to water. It also cools the liquid slightly below the saturation temperature to
ensure that no cavitation will occur in the pump. The condenser coils are fed with
cooling water by the cooling circuit.
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The steam drum is custom made and has a unique design that consists of a horizon-
tal tube with an outer diameter of 355.6 mm and a total length of 1350 mm. An
entrance of the vertical section is positioned at the bottom of this tube as well as the
downcomer, the pipeline returning the fluid to the main pump. On one end the steam
drum is capped and on the other side a flange is positioned. The corresponding blind
flange seals the steam drum. This blind flange also holds the condenser coils. On
the opposite side of the entrance of the vertical section, on the top side of the steam
drum, a flange is positioned with a corresponding blind flange, size DN150. This is a
service hatch in order to maintain the steam drum and to have access to the inside
of the vertical section, for example to insert a calibration grid in the visualization
sections. The blind flange contains several valves, for example in order to evacuate
the air in the setup prior to filling. To the opposite side of the exit of the downcomer,
on the top side of the steam drum, a safety relief valve is installed. This safety relief
valve has an opening pressure of 44 bar, just above the operating pressure of 40 bar
as set in Section 4.3.5.
The water level in the steam drum is measured with a magnetic level gauge indicator
[I-92], a Kebler - Wika, BNA, magnetic level gauge, ZT3701.00. The level gauge is
positioned on the side of the steam drum and is connected with two tubes, one on
the bottom of the steam drum and one to the top of the steam drum. In this way a
bypass is created in which a float is positioned which directly measures the level of the
water in the steam drum. During normal operation conditions, the steam drum will
be half filled with water. The level gauge is also connected to the main control [I-18].
Next to this a temperature gauge [I-91] is installed, measuring the water temperature
in the steam drum. A PT100 temperature sensor [I-17] is installed and connected to
the main control. Also a pressure gauge [I-90] is installed on top of the steam drum,
measuring the vapor pressure in the steam drum and a pressure sensor [I-16], a Keller
Druck, PAA-33X / 50bar, type number 80794 is installed, also connected to the main
control. In Appendix C a technical drawing of the steam drum is included.

5.5.1 Condenser coils

In order to condense the steam created in the vertical section, a condenser is placed
in the steam drum. As written above, the condenser coils are positioned in the
large blind flange closing the steam drum. A total of three hairpin condenser coils
is positioned on the blind flange in such a way that they are in the lower half of the
steam drum tube. In this way they are submerged in the mixture of water and steam,
giving a high condensation rate. The hairpins have an outer tube diameter of 21.3
mm and a submerged length of 685 mm. The connections to the cooling circuit on
the outside of the steam drum are designed such that the blind flange can be rotated
180 degrees. In this way, the hairpins can be positioned above the water level, into
the steam, to lower the condensation rate. This could improve the stability at low
steam production in the vertical section. In Appendix C the technical drawings of
the condenser coils can be found.
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5.5.2 Condenser loop

The condenser coils are fed with cooling water from a cooling water tank [T-01],
situated at the lowest point of the setup, see also Figure 5.1. From this point the
cooling pump [P-03] pumps the water towards the steam drum. This pump is a DP
Pump, DPVSF 18-30, a multi stage, vertical centrifugal pump. With two valves,
[V-03] and [V-04], the flow through the condenser coils is coarsely controlled. A
Micro Motion Coriolis ELITE sensor from Emerson Process Management is used to
measure the mass flow rate [I-30] through the condenser coils as well as the mass
density [I-31]. The precise control of the flow is done with a VFD, controlling the
cooling pump’s rotational speed and thus the flow rate. With the aid of two PT
100 temperature sensors, positioned just before [I-32] and after [I-33] the condenser
coils, the temperature rise of the cooling water is measured. Together with the mass
flow rate, the total amount of heat removed from the fluid in the steam drum can be
calculated and controlled accordingly.
A safety relief valve is installed on the tube between the flow meter and the condenser
coils. In case a condenser coil breaks inside the steam drum, high pressure and
temperature water and steam could enter the condenser loop, which is not designed
for such an event. Therefore, a safety relief valve with an opening pressure of 9 bar
is used.

5.6 Vertical section

The vertical section the consists of several sections, in the direction of the flow are
situated: an inlet section, a pre-heater, a first measurement section, a heated test
section, a second measurement section, and an outlet. These 8 sections are all separate
parts, which have a flanged connection on both ends, see Figure 5.2. The inner tube
diameter, D, is 20 mm over the full length of the vertical section and is uniform.
The inlet section, pre-heater and heated section are already discussed above. In this
section the remaining parts are discussed as well as the measurements which are
performed in the vertical section. In the current configuration, there are two identical
measurement sections, each containing a visualization section, granting optical access
to the high pressure and temperature process in the vertical section, and a general
measurement section. Next to this, several pressures and pressure drops are measured,
and also temperatures, of both the process and the outer wall of the heaters, see
Figure 5.2. The 8 sections have a combined length of 7650 mm, and are mounted
to one other using the flanges. In this way, the entire vertical section is suspended
from the flanged connection with the steam drum. It is horizontally supported by the
flexible braided connectors, connecting the busbars to the connection tabs. Another
horizontal support is the tube connecting the restriction valve [V-02] to the beginning
of the vertical section.

5.6.1 Visualization sections

The visualization sections are designed and built to gain optimal optical access to the
two-phase mixture with minimum distortion of the flow,
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Figure 5.2. Schematic representation of the vertical section. The capital letters A through
H denote the individual parts: A inlet section, B pre-heater, C first visualization section,
D first measurement point, E heated test section, F second visualization, G second measu-
rement point, and H outlet section. T denotes a temperature sensor, p and ∆p denotes a
pressure sensor. The red parts denote the positions of an electrical insulator.
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section C and F in Figure 5.2. In view of pressures exceeding 40 bar and temperatures
up to 250 ◦C, the use of a quartz glass tube construction as used in the visualization
experiments in chapter 3 would be too complex to construct but would give an ex-
cellent view from the entire circumference of the tube. Instead, it is chosen to have a
view from two opposite directions, but with the advantage of a reduction in optical
distortion. The visualization section is divided in two parts: the sight glasses and
acentral part, see Figure 5.3 in which a photograph of the complete visualization
section is shown.

Figure 5.3. A complete visualization section, the central part in the middle with two sight
glasses mounted to it. In the center of the sight glass, the optical access is visible.

In order to have optical access to the two-phase mixture, two Metaglas Bolt-on Sig-
htglass, Type 11, DN50 PN64 are used. This sight glass is a fused metal-glass disc,
a piece of circular glass that has been fused into a metal ring, pre-stressing the glass.
The sight glass has a pressure rating of 64 bar, and a temperature rating of 280 ◦C.
The optical window has a diameter of 50 mm, which should give a viewing area of at
least 2D high.
The sight glasses are bolted to a central part which fulfills multiple functions, see
Figure 5.4 which shows a technical drawing of the central part and a photograph of
the installed central part. First, it ensures that the flow through the visualization
section is undisturbed and that the tube has a uniform inner diameter of 20 mm.
This is accomplished by the use of a quartz glass tube, with an inner diameter of 20
mm, a wall thickness of 2.5 mm, and a length of 73 mm, with bevelled outside edges.
The quartz glass tube is installed using two Kalrez O-rings, which are compressed on
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the bevelled edges, centring the quartz glass tube and aligned the inner diameter of
the central part, see the blue part in the center of the left picture of Figure 5.4. The
O-rings also provide some tolerance for the difference in expansion of the different ma-
terials used. The O-rings are not intended to seal the high pressure from the inside to
the ambient, their sole purpose is positioning the quartz glass tube. The sight glasses
seal the pressure from the inside to the ambient, bolted to the central part from both
sides, forming a cylindrical cavity around the quartz glass tube. This cavity is at the
same pressure as inside the quartz glass tube, connected via tubing on the outside of
the central part to the main process flow just above the quartz glass tube, see the top
left of the right picture of Figure 5.4. The cavity is fully filled with water, minimizing
optical distortions. The water in the cavity should be slightly below the main process
temperature. Therefore, two 200 W cartridge heaters are inserted in the central part,
as well as a PT100 temperature sensor. The heaters are controlled with the main
control, which uses the signal from the temperature sensor as a reference.

a) b)

Figure 5.4. a) Technical drawing of the central part, showing the cross section. The
blue tube depicted in the center is a quartz glass tube. b) Photograph of the central part
installed in the setup. In the center the quartz glass tube is visible. On the top left, the
tubing connecting the cavity to the main process flow.

5.6.2 General measurement sections

Just above the visualization sections, general measurement sections are situated, secti-
ons D and G in Figure 5.2. At this position it was intended to measure the local void
fraction. Due to time restrictions, this is not implemented in the current setup.
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5.6.3 Temperature and pressure measurements

Next to the two visualization sections, several temperature and pressure measure-
ments are included in the vertical section, as shown in Figure 5.2. All sensors are
connected to the main control.
• Process temperature sensors: Ins section A and H a PT100 temperature sensor

is installed, [I-10] and [I-15], measuring the temperature directly in the flow.
• Wall temperature sensors: On the tube’s outside wall of the pre-heater and

heated test section, B and E respectively, thermocouples are positioned. The
thermocouples are clamped to the tube’s outside wall to measure the wall tem-
perature, from [I-50] through [I-59] and are evenly distributed over the length.
The wall temperature is used to ensure that the tube does not exceed the design
temperature of 400 ◦C. The tube’s wall temperature will rise quickly if dry out
occurs, which should be prevented as this could possibly damage the tube. Dry
out is the point at which all liquid is evaporated and only vapor is present, for
which this setup is not designed.
• Abosolute pressure sensors: There are two absolute pressure sensors, Keller

Druck, PAA-33X / 50bar, type number 80794, one measuring the pressure of
the flow entering the pre-heater [I-11] and one measuring the pressure of the
flow exiting the heated test section, [I-14].
• Differential pressure sensors: There are four differential pressure sensors situated

in the vertical section. Two are fixed and two are interchangeable. The fixed
differential sensors are used for both heaters. For the pre-heater, a Keller Druck,
PD-33X / 3bar, type number 80920 is used, [I-12], with a range of 0 - 3 bar.
For the heated test section, a Keller Druck, PD-33X / 1bar, type number 80920
is used, [I-13], with a range of 0 - 1 bar. The two interchangeable differential
sensors measure the pressure difference over the measurement sections, [I-60]
and [I-61]. Using ball valves, one on either site of the sensor, the sensor can be
isolated from the process, and changed. There are 3 types of sensors available:

– 2x Keller Druck, PD-23 / 0,2bar / 8666, with a range of 0 - 0.2 bar
– 2x Keller Druck, PD-23 / 0,5bar / 8666, with a range of 0 - 0.5 bar
– 1x Keller Druck, PD-23 / 1bar / 8666, with a range of 0 - 1 bar

In this way, the best possible sensor can easily be mounted at one of the two
positions. Currently, both 0 - 0.2 bar sensors are installed.

5.7 Data acquisition

Due to the size of the setup covering 3 floors, the high system pressure and tempe-
rature, as well as the electrical power used, a safe and error-free control system is
required. Therefore, it is chosen to use a Field-Programmable Gate Array, FPGA, in
combination with a Real-Time Operating System, RTOS. An FPGA is a reprogram-
mable chip, unlike traditional integrated circuits. Programming an FPGA will rewire
the chip to implement the functionality required, which gives a ”hard” implementa-
tion of program execution, giving true parallel execution and deterministic hardware.
An RTOS is a specially designed Operating System, OS, to run applications with very
precise timing and a high degree of reliability, in contrast to a general-purpose OS.
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The combination of these two systems provides a high-end system which is safe and
error-free but can still be adjusted to the specific needs required for experiments.
A National Instruments CompactRIO system is used to control the entire setup from
a central point, the main control. A cRIO-9039 system is chosen, comprising an
FPGA and a built-in PC running an RTOS, National Instruments, Linux Real-Time
OS, RT. It also provides 8 slots for the use of CompactRIO Modules, which provide
the analog and digital in- and output, and connects to busses. This system is built
into an electrical cabinet, together with power supplies to power the various sensors,
and additional components to measure and control the total setup.
Next to this an expansion CompactRIO chassis is used to expand the number of Com-
pactRIO Modules, a National Instruments, NI-9144. It is connected to the cRIO-9039
using EtherCAT to obtain a deterministic connection, and is located close to the ver-
tical section, providing easy access. The expansion chassis also contains an FPGA,
which can be used for real-time processing and high-speed and deterministic in and
outputs and control. All this has been described in an electrical diagram, showing
each connection between all components, but it is not included in this thesis.

5.7.1 Process control

The main control measures and controls all sensors and actuators used in the setup.
For example, it measures the mass flow, density, levels, temperature, and pressure
at several positions, as described above and shown in the P&ID in the appendix,
see A. It also controls for example the speed of the three pumps by controlling the
VFD’s, it sets valve positions, and sets the current of the power supplies used for the
heaters. This is achieved through digital and analog in- and outputs as well as with
multiple busses using various protocols. The FPGA on the cRIO-9039 is programmed
to provide the necessary safety through a state machine structure, reading the inputs
and acting upon its state. The safety comprises human and machine safety. The
state machine of the FPGA is coupled to the National Instruments Labview program
running on the RT. Should the Labview program in the exceptional case fail, then
the FPGA will switch to an emergency state. In this emergency state, for example
the power supplies of the heaters will be switched off. Different inputs will trigger
different states, some with higher priorities than others. It does not fit within the
scope of this chapter to discuss them all, and therefore this is not included in this
thesis.
When the setup is in operation, the main control will fulfill serval tasks besides the
safety. Using the Labview program running on the RT it will measure and control:
• Mass flow in the main loop.
• Heat added in the pre-heater and heated test section.
• Heat removed by the condenser, maintaining a stable and constant system pres-

sure.
• Temperatures, pressures, levels, and mass flows of the main loop, cooling loop,

main pump cooling loop and auxiliary systems.
• Measurements, including triggering high speed imaging cameras.
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5.7.2 High speed imaging

To record the two-phase flow in the visualization sections, two high speed cameras
are used, both Photron, Fastcam SA3 high speed imaging cameras. A dedicated
mounting construction has been built to precisely position the cameras in front of
the visualization section. Care was taken to eliminate possible vibrations of the
construction and provide a stable base. For both cameras the resolution has been set
to 496 x 1024 px2, capturing an image with a dimension of roughly 23 x 47 mm2, which
is slightly larger than D x 2D, of the quartz glass tube in the visualization section.
With D the inner tube diameter. During experiments, the capturing rate was set
to 2000 frames per second (FPS) with a shutter speed of 1/40,000 seconds, with the
chosen resolution this results in just over 3 seconds. For each visualization section, a 50
W LED, Bridgelux RS array, white, is mounted on the opposite site of the visualization
section, illuminating a diffuse sheet of plastic in between. The combination of the
sheet with the LED’s gives a smooth, bright and diffuse background. This ensures
that a sharp contour of the interface between water and steam in the quartz glass
tube is visible. The cameras are synchronized, to ensure that both cameras capture
an image at the same instance when an image sequence is triggered.

5.7.3 Measurement synchronization and logging

During the use of the setup, a work point can be set, in the ranges as shown in
Section 4.3. When a stable point is found, a measurement can be started. During
the measurement, several quantities are measured, as described above, and logged.
The measured quantities are stored in a text file, which is created for every new
measurement. The sample rate depends on the quantity measured and sensor used.
Next to this, both cameras are triggered to obtain a synchronized measurement with
the images captured with the high speed imaging cameras.

5.8 Various

In this section various subjects are discussed which did not fall in one of the subjects
described above.

5.8.1 Thermal insulation

To reduce the heat losses, the complete main loop has been thermally insulated with
mineral wool of Rockwool. Also, the cooling circuit just before and after the condenser
is thermally insulated to obtain accurate heat removal measurements. The vertical
section is insulated with 110 mm thick pipe shells of Rockwool, the steam drum
and main pump with 100 mm thick mattresses of Rockwool, and all other tubing
and equipment with 50 or 60 mm thick pipe shells of Rockwool. All the Rockwool
material has an aluminum foil layer on the outside, sealing the Rockwool, and has
been connected and closed with aluminum tape.
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5.8.2 Water preparation and filling

It is of great importance that the water used in the main loop, is well conditioned. To
prevent fouling, Reverse Osmosis (RO) water is used. This water is low on dissolved
solids: ions, molecules and other particles. When tapped from the lab RO water
holding tank the conductivity of the water, a direct measure of the amount of dissolved
solids, is 4 - 6 µS. Obviously, this value will rise as the water is in contact with the
materials of the setup, within expectable limits. Prior to filling the main loop, a
vacuum is applied on the setup, and all gasses are extracted from the setup. The RO
water is degassed before being inserted into the main loop. To degas the water, a
special membrane is used, a 3M-Liqui-Cel Extra-Flow 4 x 13 membrane, type X40,
with a 8.1 m2 surface area. The RO water is applied at one side of the membrane,
while on the other side a vacuum is applied with a vacuum pump. In this way, gas is
transferred from the water while the water will not penetrate the membrane due to
its surface properties.
The water in the cooling water tank [T-01] is process water from the lab, and is
drained and refilled when the temperature in the cooling water tank rises above a
pre-set threshold. The temperature is measured using a PT100 temperature sensor
[I-34] and the water level of the water tank is guarded using four float switches, all
connected to the main control.

5.9 Summary
This chapter describes the setup that is built for the measurements on heated two-
phase flows with mass transfer. The design is according to the requirements which
have been set in the previous chapter, Chapter 4. The main loop with the key
components: steam drum with integrated condenser, main pump, vertical section
including heaters and visualization sections, are described. Also the data acquisition
system, measurement equipement and controls are described. A photograph of a
part of the setup, showing the vertical section with the two visualization sections and
general measurement sections, mounted cameras and LED lighting, the last part of
the pre-heater, the heated test section and part of the high current copper busbar is
provided in Figure 5.5.
In the next chapter, Chapter 6, the results of the first measurements performed with
this setup are discussed.
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Figure 5.5. Photograph of part of vertical section, showing from bottom to top: the end
of the pre-heater, first visualization section and general measurement section, heated test
section, second visualization section and general measurement section, and outlet section.
Also the high speed cameras and LED lighting are shown, and the high current copper
busbars connecting the power supplies to the heaters are visible.



Chapter

6
Measurements and
future opportunities

6.1 Introduction

In this chapter the preliminary results obtained during the first measurements with the
experimental setup described in Chapter 5 will be discussed. Several different points
in the working area as proposed in Figure 4.10 of Chapter 4 have been explored.
One of the initial experiments has been performed using only one high speed imaging
camera, but already shows interesting footage of the two-phase flow in the vertical
section. The experiments with two high speed imaging cameras also include pressure
and pressure drop measurements along the vertical section. The experiments will be
used to gather data and knowledge on a flow pattern map for heated flows.
In the next sections, the results of the experiments will be shown, followed by a section
about the opportunities this experimental setup has. The contents of this last section
serve as conclusion and recommendations for the near future.

6.2 First experiment with one camera

During the first, preliminary experiment, the experimental setup was heated just
over its maximum operating point of 40 bar, but below the design pressure of 50
bar, to a steam drum pressure [I-16] of 42 barA. The ”[ ]” are used to denote the
identification of the specific part, in the Piping and Instrumentation Diagram, P&ID,
included in Appendix A. The temperature of the water in the steam drum [I-17] was
around 250 ◦C, a few degrees below the saturation temperature at this pressure. It
should be noted that at the time this experiment was carried out, the setup was not
thermally insulated in order to facilitate checking for any leaks. Due to the heating
and subsequently cooling of the complete setup, materials expand and shrink, which
could possibly lead to leakage between flanges or threaded connections. During the
experiments, no signs of leakage have been observed, however. The mass flow through
the vertical section was 1.25 kg/s. The condenser was used in order to keep the water
returning to the pump well below the saturation temperature, but no measurements
were performed of the amount of heat removed by the condenser coils.
Upon reaching the pressure of 42 barA in the steam drum, a high speed imaging
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camera was positioned in front of the first visualization section, after the pre-heater.
A Photron, Fastcam SA3 high speed imaging camera was used, in combination with a
light source on the opposite side of the visualization section, a 50 W LED, Bridgelux
RS array, white, illuminating a diffuse sheet of plastic. The camera was set to a
resolution of 528 x 896 px2, capturing an image with a dimension of roughly 21 x 37
mm2 of the quartz glass tube. The recording was made with 2000 FPS and a shutter
rate of 1/20,000 second, resulting in a total recording time of just over 3 seconds. At
this time, the pressure measurements in the vertical section were not fully available
yet, and therefore they are not included in the presentation of this first experiment.
In Figure 6.1, a sequence of images of the high speed recording are shown, and are
displayed to actual scale. Next to this, Figure 6.2 shows the first image of the sequence
in enlarged view.

0.0 ms 0.5 ms 1.0 ms 1.5 ms 2.0 ms

2.5 ms 3.0 ms 3.5 ms 4.0 ms 4.5 ms

Figure 6.1. Image sequence of high speed recording at the first visualization section, after
the pre-heater, recorded at 2000 FPS, 528 x 896 px2, roughly 21 x 37 mm2, displayed to
actual scale. Steam drum pressure 42 barA, mass flow rate 1.25 kg/s.

The images are slightly wider than the inner diameter of the quartz glass tube of 20
mm. Also the image is not perfectly centered to the quartz glass tube, which gives
a light area on the right hand side of the images. Given the mass flow rate, the
superficial velocity of the liquid, ULS , is calculated to be 5 m/s. The flow can be
classified as a bubbly flow, in which larger bubbles seem to be significantly deformed
and potentially broken up into smaller bubbles, but this is not fully clear from the
current recorded images. As can be seen from the images, the focus of the high speed



6.3 Experiments with two cameras 79

Figure 6.2. Enlarged first image of Figure 6.1, 528 x 896 px2, 21 x 37 mm2.

imaging camera was not perfect, as the focus was towards the front of the quartz glass
tube.
These first, although rough, measurements show the potential of the setup: delivering
quality images on the two-phase flow of water and steam at high pressure. This fairly
simple measurement serves as a basis for further refining the measurements, which
will be presented next.

6.3 Experiments with two cameras

In this section a set of three measurements will be presented, including high speed
imaging recordings at both visualization sections. The setup is now fully thermally
insulated. For these experiments, the setup was heated up to moderate pressures,
ranging between 4 and 9 barA. The experiments are denoted with Case A, B, and
C. In Table 6.1 the measurement conditions during the three experiments are shown.
These are rough values as the complete logging and calibration of all data was not
implemented at the moment of these experiments.
During the experiments the resolution for both high speed imaging cameras has been
set to 496 x 1024 px2, capturing an image with a dimension of roughly 23 x 47 mm2.
The recordings were made with a rate set to 2,000 frames per second (FPS) with a
shutter speed of 1/40,000 seconds, resulting in a recoding of just below 3 seconds.
The optical centers of the two visualization sections are 1637 mm apart.
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Case
A B C unit

Mass flow, ṁ 1.00 0.35 0.31 kg/s
Steam drum pressure, pI−16 5.3 4.3 8.8 barA
Saturation temperature from pI−16, Tsat,I−16 154 146 174 ◦C
Inlet section:

Pressure, pI−11 6.4 5.1 9.5 barA
Temperature, TI−10 148 140 164 ◦C

Second Visualization section:
Pressure, pI−14 5.6 4.5 8.9 barA

Outlet section:
Temperature, TI−15 157 148 176 ◦C

Heaters:
Power pre-heater, Ppre 40.22 12.13 17.55 kW
Power heated test section, Ptest 1.07 1.88 21.28 kW

Table 6.1. Measurement conditions during the three experiments. It should be noted that
these are rough values as the complete logging and calibration of all measurements was not
implemented at the moment the experiments were performed.

The three cases are shown in the flow pattern map, as presented in Section 4.3, in
Figure 6.3. The corresponding lines of constant total mass flow rate are plotted in
green, and the ranges in which the process visible in the two visualization sections is
expected to have occurred, are plotted in blue on the flow pattern map. It should be
noted that the exact points can not be determined due to missing data, for example
of the void fraction and other not logged or calibrated measurements and thus are
determined from the observations. Next to this, the sharp lines dividing the different
flow patterns in the map should be interpreted as broad lines in which the transition
takes place.



6.3 Experiments with two cameras 81

105
,-------,----,,---------,----,,--��---,.--------y--r-,--------r----,,---------,-----, 

I 

,........ 104

N 

en 

E 
103

Annular 
...._.... 

---

flow 

Annular 

fl w 

......... 

0..

0) 102

---

N O> Chaotic (9 

II 
101

flow 
7 

N O> 
. -----

0..

0) 1 o0 Slug flo 

1 0-1 .___ _ _____.__.___ _ ____. _ _.___ _ ___,.___.............._ __.___--A.&..-______________ ......_____, 

1 o0 10 1 102 103 104 105 106

p1 j� - G� / p1 [kg/(m s2)]

ABC A

A2

ubble flow 

A1

B1

B2

C1

C2

Figure 6.3. Hewitt and Roberts flow pattern map in which the three experiments (cases
A, B, and C ) have been indicated. The green lines correspond to the mass flow of the three
cases. The blue lines represent the estimated path between the two visualization sections for
each case.

Case A

In Table 6.1 it can be seen that this experiment is at the highest mass flow rate, 1.00
kg/s. This positions the two-phase flow in the right side of the flow pattern map, as
shown in Figure 6.3. The green line shows the line of constant total mass flow rate
of 1.00 kg/s, which passes through the bubbly flow and wispy annular flow regimes,
denoted with A. From the image sequence in Figure 6.4, it is clear that at both
visualization sections the two-phase flow is a bubbly flow. From the data included
in Table 6.1 it can also be seen that the amount of heat added in the heated test
section is low, 1.07 kW, but still the result of the additional heat is clearly visible in
the second visualization section. In the second visualization section there are more
bubbles, although slightly smaller than in the first visualization section, see Figure 6.5
for an enlarged view of the first pair of images. This probably positions both process
points in the bubbly flow regime in the map, denoted by A1 and A2, for visualization
section 1 and 2 respectively. In order to reach the fully wispy annular flow regime, or
the transition region between wispy annular and bubbly flow, more power would be
needed in the heated test section, probably in the order of 10 kW.
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0.0 ms 1.0 ms

2.0 ms 3.0 ms

4.0 ms 5.0 ms

Figure 6.4. Image sequence of high speed recording of Case A, for every time instance:
left; first visualization section, right; second visualization section. Recorded at 2000 FPS,
496 x 1024 px2, roughly 23 x 47 mm2, displayed to actual scale. PI−16 5.3 barA, mass flow
rate 1.00 kg/s.
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Figure 6.5. Enlarged first pair of images of Figure 6.4, left; first visualization section, right;
second visualization section. 496 x 1024 px2, 23 x 47 mm2.

Case B

This experiment has been carried out at a lower mass flow rate of 0.35 kg/s, see
Table 6.1. This positions the two-phase flow in the center of the flow pattern map as
shown in Figure 6.3. The green line shows the line of constant total mass flow rate
of 0.35 kg/s, which passes through the slug flow, a small portion of the chaotic flow
and finally through the transition area between annular flow and wispy annular flow,
denoted with B. From the image sequence shown in Figure 6.6 and the rest of the
images of the recording it appears that the first visualization section represents a slug
flow. This is denoted by B1 in Figure 6.3. The images from the second visualization
section shows resemblance with multiple flow patterns: chaotic flow, annular flow and
wispy annular flow, see Figure 6.7 for an enlarged view of the first pair of images.
Considering the amount of power added in the heated section, see Table 6.1, which is
low, 1.88 kW, rules out the fully annular flow and the fully wispy annular flow regimes.
To reach far enough in these regimes or in this case the transition area, more heating
power in the heated section is probably needed, in the range of 20 to 40 kW. This
probably positions the process in the second visualization section somewhere in the
transition region between slug flow, chaotic flow, annular flow and wispy annular flow,
denoted by B2.
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0.0 ms 1.0 ms

2.0 ms 3.0 ms

4.0 ms 5.0 ms

Figure 6.6. Image sequence of high speed recording of Case B, for every time instance: left;
first visualization section, right; second visualization section. Recorded at 2000 FPS, 496 x
1024 px2, roughly 23 x 47 mm2, displayed to actual scale. PI−16 4.3 barA, mass flow rate
0.35 kg/s.
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Figure 6.7. Enlarged first pair of images of Figure 6.6, left; first visualization section, right;
second visualization section. 496 x 1024 px2, 23 x 47 mm2.

Case C

This experiment has been carried out at the lowest mass flow rate of the three cases,
0.31 kg/s, see Table 6.1. This positions the two-phase flow also in the center of the
flow pattern map, just left of Case B, as shown in Figure 6.3, denoted by C. Again, the
green line shows the line of constant total mass flow rate of 0.31 kg/s, which passes
through the slug flow, a small portion of the chaotic flow and finally through the
transition area between annular flow and wispy annular flow, similar to Case B. From
the image sequence shown in Figure 6.8 and the rest of the images of the recording it
appears that the first visualization section represents a slug flow. This is denoted by
C1 in Figure 6.3. Almost similar to Case B, the images from the second visualization
section show a mixture of chaotic flow, annular flow and wispy annular flow, although
the annular and wispy annular flow seem to be more pronounced, see Figure 6.9 for
an enlarged view of the first pair of images. Compared to other two cases, Case C
has a high heating power of the heated test section, roughly 10 times larger. This
should be sufficient to cross over the transition region between slug and chaotic flow
on one hand, and annular and wispy annular flow on the other hand. Therefore it is
expected that the flow regime in the second visualization section is on the transition
region between annular flow and wispy annular flow, denoted by C2.
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0.0 ms 1.0 ms

2.0 ms 3.0 ms

4.0 ms 5.0 ms

Figure 6.8. Image sequence of high speed recording of the first experiment, for every time
instance: left; first visualization section, right; second visualization section. Recorded at
2000 FPS, 496 x 1024 px2, roughly 23 x 47 mm2, displayed to actual scale. PI−16 8.8 barA,
mass flow rate 0.31 kg/s.
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Figure 6.9. Enlarged first pair of images of Figure 6.8, left; first visualization section, right;
second visualization section. 496 x 1024 px2, 23 x 47 mm2.

6.4 Opportunities for future measurements

In the above section, the results of three experiments have briefly been discussed. At
this moment, this is mainly done with the high speed visualization results of the two
visualization sections. These results show the potential of the experimental setup.
The experimental setup is capable to operate through all flow patterns, as proposed
in Figure 4.10 of Chapter 4 and it is possible to transition from one flow pattern to
another between two visualization sections by adding heat. In the next paragraphs
the opportunities for future measurements are elaborated.

Including the calibrated and synchronized logged data from the measurements, would
greatly strengthen the visual observations. With the inclusion of the calibrated and
synchronized logged data, the position of the process points can be determined more
accurately. Especially positioning the first process point would improve the total me-
asurement significantly, as the second process point depends to a large amount on the
first process point. The pressure and temperature measurements along the vertical
section would contribute to this, as well as the measurements on the steam drum with
the integrated condenser.
But most importantly, a large number of additional measurements should be carried
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out to gather a sufficient number of data points in order to construct a flow pattern
map for heated flows with mass transfer. This also increases the knowledge on the
behavior of the experimental setup, and thus enables the fine tuning of further me-
asurements. With some dedicated measurements on stability, the fine tuning of the
experimental setup can be achieved. The fine tuning includes the more precise con-
trol of mass flows, valves, pressures, and temperatures resulting in a more accurate
control of for example heat added with the heaters, heat removed by the condenser,
temperature of cooling water, mass flow through the main system. This contributes
to higher stability during measurements, which will lead to a more precise determi-
nation of the process points.
The addition of a void fraction measurement method in the general measurement
sections would consolidate the visual observations. Although not included in this
thesis, preparations have been made to include a local void fraction probe in the ex-
perimental setup, just above the visualization sections. Using such a system, it would
be possible to narrow down the range of the process point by a large amount.
To further increase the accuracy of the determination of the process points, additional
measurement methods could be included. In the visualization sections for example
Particle Image Velocimetry (PIV) could be employed as well as other optical methods
to obtain more knowledge on the two-phase flow.

During the experiments done so far, it was noted that the response of the two heaters
to a change of the power applied is astonishingly fast, the result is almost instantly
visible in the visualization sections. Therefore it is an option, with some additional
programming, that for the heated test section oscillating heating situations can be
simulated, for example a pulsating burner.
As the construction of the heated test section is fairly straightforward, modified ver-
sions can easily be constructed. Some examples of modified versions are: rifled tube,
expanding or contracting tubing or combinations of both, tube inserts, partly heated
or unheated tubes, and local heating extremes.
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List of symbols

Roman

cp Specific heat capacity J/kg K
D Diameter m
g Gravitational acceleration m/s
G Mass flux kg/s m2

hevap Evaporation enthalpy J/kg
I Current A
j Volumetric flux m3/s m2

L Length m
ṁ Mass flow rate kg/s
p Pressure Pa; Bar
∆p Pressure difference Pa; Bar
P Power W
T Temperature ◦C
uc Characteristic velocity m/s
U Superficial velocity m/s

V̇ Volumetric flow rate m3/s
x Steam quality -
xc Characteristic length m

Greek

β Volumetric flow quality -
ε Void fraction -
µ Dynamic viscosity kg/m s
ρ Mass density kg/m3

σ Surface tension N/m
φ Heat flux W/m2
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Subscripts

c Characteristic
drift Drift-flux
g Gas
GS Superficial Gas
h Heating
hom Homogeneous
l Liquid
LS Superficial Liquid
max Maximum
pre Pre-heater
q Heat
test Heated test section
tot Total
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B
Canned motor pump
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C
Steam drum



102 Steam drum



Dankwoord

Vijf jaar geleden tijdens mijn afstuderen, vroeg mijn begeleider Cees van der Geld
of ik misschien wilde promoveren. Een experimentele opdracht: het ontwerpen en
bouwen van opstellingen en het uitvoeren van metingen, allemaal dingen die ik leuk
vind om te doen. De opdracht was onderdeel van het STW project Boiling Flow
Regime Maps for Safe Designing. Eerlijk gezegd heb ik eerst maar eens uitgezocht
wat dat nu eigenlijk inhoudt, dat promoveren...
Nu, tijdens het afronden van dit proefschrift, na vier en een half jaar hard werken en
veel geleerd te hebben, ook over mijzelf, is het tijd om een aantal mensen te bedanken.
Mensen die mij hebben geholpen en mijn project mogelijk hebben gemaakt en het
mede hebben gebracht waar het nu is. Een belangrijk onderdeel om niemand te
vergeten, zeker omdat dit toch het meest gelezen stuk van het proefschrift is, waar
iedereen snel naartoe bladert, toch?

Beste Cees, heel erg bedankt voor de begeleiding tijdens mijn promotie, maar ook
voor de kans om dit te doen. Als jij mij niet gevraagd had was ik waarschijnlijk
nooit aan een promotie begonnen. Daarnaast waardeer ik de vrijheid die ik kreeg om
mijn eigen weg te gaan in dit onderzoek en mezelf te ontwikkelen. Ondanks dat het
niet altijd haalbaar was om elkaar te ontmoeten, was er altijd wel een mogelijkheid
om elkaar te spreken, op wat voor manier dan ook. Dan kon ik mijn zorgen, ideeën,
voortgang en al het andere met je bespreken. Vooral je instelling om overal het beste
uit te halen heeft mij geholpen om zo ver te komen, daarvoor dank!
Daarnaast wil ik ook Hans Kuerten bedanken voor de begeleiding tijdens mijn pro-
motie. Voor alle aanwijzingen, de feedback en de adviezen die geleid hebben tot dit
proefschrift. Mijn waardering voor de vrijheid en ondersteuning die ik kreeg om mijn
eigen weg te gaan en de tijd die je nam voor een praatje was prettig. Vooral de
snelheid waarmee je mijn e-mailtjes beantwoordde zal mij altijd bijblijven!
Ook wil ik Bernard Geurts bedanken voor zijn hulp en ondersteuning tijdens mijn
promotie. Met name je zorgvuldig geformuleerde vragen, die altijd stof tot nadenken
gaven en nieuwe inzichten brachten. Bedankt voor de prettige gesprekken.
To make the STW team complete, who worked on the project Boiling Flow Regime
Maps for Safe Designing, I would like to thank Wiktor Micha lek en Paolo Cifani. You
both worked on the numerical part of this project and I really enjoyed working with
you! Als onderdeel van dit STW project zijn er halfjaarlijks STW User Committee
Meetings geweest, met projectpartners uit de industrie. Graag wil ik alle deelnemers
bedanken voor de getoonde interesse en de adviezen in de afgelopen jaren.



Voordat ik iedereen ga opsommen die heeft bijgedragen aan mijn promotie, wil ik een
aantal personen in het bijzonder bedanken.
Jaap de Hullu, heel erg bedankt voor alle hulp, advies, maar zeker ook voor alle ge-
zelligheid tijdens en rond het bouwen van mijn opstelling. Er is heel wat zweet, soms
ook wat bloed en gelukkig geen zijn er tranen aan te pas gekomen en ik denk dat we
trots mogen zijn op wat we bereikt hebben. Ik ga het wel missen.
Tom Snijders, door jouw inzet tijdens je stage en afstudeerproject is dit proefschrift
naar een hoger level getild in de vorm van hoofdstuk 3. Je hoop dat ik je resultaten
kon gebruiken, als dank voor mijn hulp, is zeker uitgekomen. Je gedrevenheid werkte
aanstekelijk, ook al zorgde het soms voor een beetje chaos. Maar dat maakte het ook
wel weer leuk.
Tycho Schekermans, we zijn samen aan de laatste loodjes begonnen, jij voor je afstu-
deren, ik voor mijn proefschrift. Bedankt voor je hulp, tijd en interesse, maar vooral
je voor vriendschap.

Mijn dank gaat ook uit naar alle technici in het lab: Henri, Jan, Marc, Frank, Theo,
Bart, Hans, Martin, Gerard en Wietse, voor alle hulp bij het realiseren van mijn op-
stelling. Ik wil alle (voormalige) collega’s en staf van de voormalige Process Techno-
logy groep, Multiphase and Reactive Flows groep en de ”buren”, Energy Technology
groep bedanken voor de interesse, een praatje, lunch, borrel, sportdag, enzovoort. In
het bijzonder Marjan en Linda, voor de ondersteuning en de gezelligheid. Ook de
Coffee club is van groot belang geweest, in het bijzonder Max, Camila, Raluca, Tycho
en Jaap, die zorgden voor de ”verplichte” afleiding, bedankt voor alle gezelligheid
en gesprekken tijdens de koffiepauzes in de laatste jaren. Ook niet onbelangrijk, de
financiële kant die soms wat aandacht nodig had: Boukje, Peter en Merel bedankt
voor alle ondersteuning.
Ook heb ik tijdens mijn promotie verschillende afstudeerders mogen begeleiden, al
dan niet verbonden met mijn project: Koen, Aron, Peter, Tom en Nick, en daarnaast
ook nog een groot aantal stagiairs en andere studenten, het was leuk om jullie te zien
groeien en bedankt voor de leuke tijd.
Daarnaast zijn er ook in mijn privéleven mensen die mij gesteund hebben in de afgelo-
pen jaren: mijn ouders, broer en zussen, familie en vrienden. Rens, jouw nauwkeurige
blik heeft voor mooie discussies gezorgd, dankjewel voor het doornemen van dit proef-
schrift.

Als laatste maar zeker de belangrijkste, mijn grootste steun, Suzan. Je was er altijd
voor mij als het weer eens tegen zat of als ik er klaar mee was en er geen zin meer in
had, ook al had je het zelf niet altijd makkelijk. Ik geloof niet dat ik dan zo gezellig
was. Jij was degene die ervoor zorgde dat ik er weer voor wilde gaan. Dank je voor
alles, ik hou van je.
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