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ABSTRACT

This paper presents a research strategy aimed towards
understanding transient two-phase flow in compact low-
temperature equipment, with emphasis on heat exchang-
ers. The strategy is based on the hypotesis that to meet the
many two-phase challenges occurring in compact process
equipment, detailed knowledge about basic flow phe-
nomena is needed. To provide this knowledge, a relevant
computer simulation model and experimental setups are
under development. The computer model is based on the
level-set method, which is suitable for detailed two-phase
flow calculations, and which has been shown to be able to
reproduce flow phenomena observed in small channels.
Two experimental setups are presented, one for mea-
suring details regarding flow topology, such as film be-
haviour, droplet tear-off, droplet-droplet and droplet-film
interaction, and a second for measuring integral quanti-
ties like pressure drop and heat transfer during conden-
sation of natural gas mixtures in microtubes. The tubes
range from 0.25-1 mm in diameter and the experiments
will be performed at low temperatures. This setup will
provide data to design compact heat exchangers.

INTRODUCTION

Production of Liquefied Natural Gas (LNG) on offshore
installations has been a focused area for several oil com-

panies over the last decade. The main challenges in real-
izing offshore floating LNG production plants is the re-
duction of weight and volume, and keeping the process
equipment robust to acceleration and tilting, [1]. To over-
come these challenges, new compact equipment must be
designed and analysed. Although computational fluid dy-
namics (CFD) models have been developed over the last
decades and may act as support in the design phase, it is
still necessary to verify and develop them further to fulfill
this task.

For a compact heat exchangers to operate at maximum
performance and to minimize exergy losses, one must en-
sure that the working fluid is correctly distributed while
minimizing the pressure losses. One way to achieve com-
pact heat exchangers is to reduce the hydraulic diameter,
[2]. To distribute a two-phase flow from one channel to
as many as one million small channels evenly, a thorough
understanding of basic flow phenomena is needed. Fur-
ther, all of the working fluid must have evaporated before
entering the compressor. If droplets are torn off the lig-
uid surface due to gas drag and film instability, the heat
exchanger needs to be extended unnecessarily to enforce
full evaporation. Another challenge is the large tempera-
ture gradients which may occur due to sudden changes in
operation, which again induce stresses on the construc-
tion.



A thorough understanding of the processes and phenom-
ena occurring at a small-scale level in the heat exchanger
is necessary to obtain an improved understanding of the
whole heat exchanger and its design.

Some elements of current heat exchanger design are:

e The use of engineering correlations of limited accu-
racy and generality.

e Full-scale testing.
e Oversizing to compensate for unexpected effects.

Oversizing and full-scale testing are both expensive, and
full-scale testing is time consuming. Moreover, over-
sizing may be unacceptable for new floating facilities,
where space and weight considerations are important,
and where a posteriori design modifications may be diffi-
cult or impossible.

If the initial heat exchanger design could be made more
accurate, then both full-scale testing and oversizing could
be reduced. This is the ambitious long-term goal pursued
here, by employing a dual research methodology:

e Developing and employing detailed mathemati-
cal/numerical models describing the relevant phe-
nomena.

e Conducting detailed and careful laboratory experi-
ments to study the same phenomena.

The path of developing a well-tested and detailed math-
ematical/numerical model is long and winding, but once
it is completed, numerical «experiments» can be carried
out much faster and cheaper, and over a broader range of
parameters than in the laboratory. Moreover, the devel-
opment of the mathematical model may in itself help the
researchers to better understand the observed phenom-
ena. It almost goes without saying that high-quality ex-
perimental data are required for the model development.
This is both to validate (or invalidate) the numerical re-
sults produced, but also to give an insight into «reality»,
which is necessary for choosing an applicable modelling
approach.

Basic phenomena to investigate

Liquid film - Roques and Thome [3] found three flow
patterns on a vertical array of horizontal tubes. In the

examination of a flowing liquid film, the flow pattern and
wavyness needs to be described.

Deformation - A droplet will basically maintain its shape
before interaction, while during and after the interaction,
its shape will deform and oscillate. A description of
how a droplet deforms during its interactions, includes
a dimensionless number, D,,/D; (The width-height ratio
during the deformation) [4]. The dimensionless number,
t/t;, (where ¢ is the real time and #; = D/ U; is the impact
time-scale, D the diameter, and U; the impact velocity)
expresses the width-height ratio versus time.

Coalescence and coalescence threshold - The phe-
nomenon of coalescence happens when a droplet inter-
acts with another droplet or a liquid film. Research has
been done [5] with focus on coalescence and bouncing
transition of aerosol droplets, and the Weber number, the
Ohnesorge number and the Knudsen number were used
for correlating the transition phenomena. The Weber
number can be seen as dimensionless velocity which de-
notes the impact energy. It is reasonable to assume that
at low Weber numbers, the impact energy of droplets will
be converted to deformation and oscillation energy at the
interfaces, and finally the deformation energy will lead to
bouncing of droplets in the opposite direction. Increasing
the Weber number will lead to break up of the interface
film in the end. The coalescence threshold is thus inter-
preted by a critical Weber number at which the interface
film breaks up.

Spreading - This phenomenon exists only when a droplet
impacts on a dry surface. Spreading is usually described
by different relations between contact angle and other di-
mensionless numbers [6].

Splashing and splashing threshold - The phenomenon
of splashing can happen when a droplet impacts on either
a dry surface or a liquid surface. A splashing threshold
exists when spreading or coalescence reaches a critical
point. Wang and Chen [7] used the Weber number as
the parameter to judge the threshold of a glycerol-water
droplet splashing on the same liquid film. The Weber
number is the most important in threshold judgment, but
it is not the only parameter that should be considered [6].
It is found by Stow and Hadfield [8] that the splashing
threshold of a water droplet on an unyielding dry surface
can be decided by a relation between the surface rough-
ness and an expression combining the Reynolds number



and the Weber number.

MODELLING OF TWO-PHASE FLOW IN
HEAT EXCHANGERS

We believe that further developing the knowledge of two-
phase flow behavior on a micro-scale level will improve
the physical understanding and modelling of two-phase
flow phenomena also on a medium scale. An improved
physical understanding may contribute to design innova-
tions. An improved modelling can further develop the
design and reveal operational issues at an early stage.

Microscale flow

There is no generally accepted criterion for microscale
flow, but the definition in Equation (1) from [9] can be
used as a guideline.

d < 4—0 (1)
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where d is the hydraulic diameter. Research on mi-
croscale two-phase flow is still in its infancy. As demon-
strated by Thome [10], several difficulties have yet to be
overcome to predict microscale two-phase flow in a sat-
isfactory manner. The biggest problem is that the mod-
els developed for macroscale are not necessarily valid for
microscale flow, and no good replacements exist. In ad-
dition, experimental studies on microscale natural gas are
hard to find.

When it comes to the modelling of two-phase flow, we
also think of scales in an another aspect. Large-scale
models have assumptions on the physics occuring on a
smaller scale. Different models with different assump-
tions of sub-scale modelling are shown in Figure 1.

To model the pressure drop and heat transfer in the chan-
nels, mainly stationary correlations are used, and exam-
ples of such large scale correlations are given by e.g.
Lockhart-Martinelli [11], Chisholm [12], Friedel [13],
Model for annular flow Chisholm [14], p.122-124, and
Miiller-Steinhagen [15].

These correlations are developed within a specific range
of the different parameters and must be used with care for
new fluids or different geometries.
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Figure 1: Models and scale in the sense of assumptions
of subscale physics.

If dynamic behavior needs to be calculated, the one di-
mensional two-fluid model is frequently used. The two-
fluid model relies on assumptions of flow regime and sub-
scale models for interfacial mass and momentum trans-
fer. For instance there is no information in the two-fluid
model about whether the flow is mist or separated, since
the interface is not explicitly calculated. There have been
attempts to extend the two-fluid model to two and three
dimensions to calculate larger scale interfaces, however
there are many challenges left [16].

More detailed models, such as the level-set method and
the VOF method, which track the interface, have been
proposed. The VOF method reconstructs the interface,
while the level-set method introduces the level-set func-
tion as the distance to the interface. Then an equation for
the advection of the level-set function is solved.

The calculation of basic phenomena occuring in flow of
two-phase hydrocarbon mixtures is still in the start phase.
A first examination of the applicability of the level-set
method to flow of natural gas has been performed, and
the capability to predict a transition from annular to bub-
bly flow has been demonstrated in a two-dimensional
calculation, see Figure 2. The details can be found in
Teigen [17]. A basic presentation of the theory of the
level-set method is given in the next section.

THE LEVEL-SET METHOD

The volume of fluid and level-set methods solve the gov-
erning equations on a fixed grid. They are often referred
to as front-capturing methods. In the vof method, the in-
terface is reconstructed based on the calculated mass frac-
tion. The level-set method employs a scalar function ad-
vected with the interface velocity. From this function, the
interface and its geometric properties are calculated. In
this section we present the basis for the level-set method.



Figure 2: Selection of frames from 77 = —120°C,
showing a transition from annular to
bubble flow. From top to bottom, ¢t =
[0;4.8; 11.1;12.3; 13.2; 15.6; 18.9; 23.4; 40.2]
ms.

Implicit surfaces

An implicit surface is defined as the isocontour of a given
function. Let ¢(X) be the function, and let the zero iso-
contour, or d€2, represent the interface. Define the gas
phase as ¢ < 0, or 27, and the liquid phase as ¢ > 0 or
Q7. For the surface, the unit normal is

. V¢
= — 2
"= vl )
and the curvature
K:V-ﬁ:V-(&). 3)
Vol

Distance functions
A distance function for the interface, d(X), is defined as
d(X) = min(|x — x;|) for all X; € 9%2, (@)

where x; represents the points on the interface. Define
¢ so that |¢(X)| = d(X). Thus, ¢ = 0 for all X € 9L,

¢ =—d(x)forallx € Q" and ¢ =d(X) forall x € Q7.
From this follows that

Vol =1, &)
the unit normal, Equation (2), simplifies to

n=Vve, (6)
and the curvature, Equation (3), to

Kk = V3. (7

Level-set method

The level-set method adds dynamics to implicit surfaces.

In order to evolve the interface, the following convection

equation is solved in addition to the equations of motion:
d¢

o TV =0. (8)

Reinitialization of the level-set function

Because of numerical errors, ¢ will not remain an exact
distance function. ¢ is therefore reinitialized to a distance
function for every time step. As shown in [18], this can be
accomplished by solving the following equation to steady
state:

a9
5 TS@) Vel —1) =0, (€))
where S is a numerically smeared out sign function:
¢
S(¢ho) = > (10)
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and ¢, is the initial level-set function at the current
timestep.

Equations of motion

The two phases are governed by the Navier-Stokes equa-
tions for incompressible flow:

V.i=0 (11)
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where 7 is the viscous stress tensor and F is a body force,
e.g. gravity. The second to last term is an interface term
and described in [18]. o is the coefficient of surface ten-
sion, k is the curvature of the interface, § is the Dirac
delta function and 7 the unit normal vector.

Density and viscosity are discontinuous across the in-
terface. To avoid problems with this discontinuity, a
smeared-out definition of these quantities is used:

p(P) =p~ 4+ (p* —p)H (), (13)
and
w(@) =pn~ +ut—u)H(@9), (14)

where H is a numerically smeared-out Heaviside func-
tion,

0 ¢ < —€
Hp)={ 1+ 2+ Lsin(®2) —e<gp=<e (15
1 ¢ > €

An € of 1.5Ax is used, i.e. the quantities are smeared out
over three grid cells. The area of the two phases can now
be calculated as

A+=/ H(¢(x))dA, (16)
Q

A~ :/ 1 — H(¢(x))dA. 17)
Q

A full three dimensional calculation is needed to accu-
rately predict the phenomena in Figure 2 and most other
occuring in two-phase flow. There is a also a need to ver-
ify the calculation method and understand how it should
be further developed. To do this, experimental studies
of hydrocarbon mixtures are needed, see the section on
experiments on micro-scale flow phenomena.

Even if all the basic phenomena can be correctly de-
scribed by computations, measurements of integral quan-
tities like heat transfer and pressure drop are still needed.
Below, we present an experimental setup designed to pro-
vide data for correlations during condensation of natural
gas. Besides providing data for pressure drop and heat
transfer, within this apparatus, visualisation of the flow
can be made possible.

The aim of the development of the level-set method is to
calculate the flow behavior of these experiments. If this
is shown to be possible, the level-set method has good
prospects to act as a supplement to complex experiments
and provide knowledge about two-phase flow.

EXPERIMENTAL SETUP FOR MEASURING
HEAT TRANSFER IN MICROCHANNELS
DURING CONDENSATION OF NATURAL
GAS

The purpose of the described rig is to gain an understand-
ing of heat transfer in condensing multi-component mix-
tures in microchannels. The results can be used to design
an industrial scale heat exchanger based on microchan-
nels.

A similar rig was built by Grohmann [19]. He measured
flow boiling of argon at temperatures around 120 K in
tubes with diameters of 250 um and 500 um. The pur-
pose of his work was to investigate the potential of minia-
turised cooling for low-temperature applications such as
tracking detectors in particle accelerators.

As will be shown later, parts of the experimental setup is
calibrated using a correlation for single phase heat trans-
fer in turbulent flow in smooth pipes, and the correlation
by Gnielinski [20] is used. For 2300 < Re < 10°:

Nu=a (Re0‘87 — b) Prodl1 + i ” Nl o
L Mo
(18)

where for liquids a = 0.012 and b = 280. Nu the nus-
selt number, Re the Reynolds number, Pr the Prandtl
number, d the tube diameter, L the tube length and u the
kinematic viscosity. As the velocity profile for turbulent
flow is fully developed, the thermal entry length effects
can be adjusted for by the term 1 + (%)2/ > [20]. The term

0.25
(ﬁ) corrects for varying fluid properties due to the

temperature gradients in the flow, in this case because of
cooling (Kays et al. [21] quoting Petukhov [22] ).

Experimental setup

The test rig and measurement concept was designed by
Grohmann [23].

The experimental setup is designed to measure both sin-
gle and two phase heat transfer (cooling and condensing)



and pressure drop in small channels with d > 2 mm. Its
temperature range is approx. 45-300 K and the maximum
pressure is 70 bar, which means that a number of fluids
and fluid mixtures can be used. The maximum flow rate
is m = 2.5-1073 kg/s.

With modifications of the setup, it is also possible to mea-
sure flow boiling heat transfer.

In Figure 3 a schematic overview of the experimental rig.
The experimental rig consists of a warm and a cold part,
where the cold part, holding the test section, is contained
inside a vacuum chamber. The working fluid is circulated
through both and undergoes a number of phase changes.
The cooling is provided by a Stirling cryocooler. The
compressor between point 1 and 2, in Figure 3, supplies
the circulation in the system. The water cooler between
point 2 and 3 cools the gas from the compressor. A needle
valve is used to adjust the ratio of bypass flow back to the
compressor. From point 3, the gas goes through an oil
separator, followed by an oil and particle filter and a flow
meter. Inside the vacuum chamber, the gas is first cooled
in the internal heat exchanger (point 4), after which it is
condensed and sub-cooled in the hollow thermal interface
(point 5).
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Figure 4: Pressure-enthalpy diagram of the test rig cy-
cle, in this case for heat transfer of condensing
methane at high vapour quality.

From point 7 to 8, the fluid enters the pre-heater, which
for two phase measurements controls the vapour quality
of the fluid before it enters the test section. From point 9,
where the heat transfer and pressure drop measurement

take place, the fluid passes through the internal heat ex-
changer again in order to cool down the incoming fluid.
Between point 11 and 1, a suction pressure regulator also
helps control the flow rate.

In Figure 4, the distance from point 8 to 9 shows the en-
thalpy change in the test section, and this distance is ad-
justed by another heater Q HS- Q 1ax denotes the heat
transferred in the internal heat exchanger, while the heat
fed between 10 to 11 is heat leakage from the surround-
ings.

The test tube in Figure 5 is a stainless steel tube soldered
to a copper block, which again is connected to a copper
rod. This rod works as a measurement device for deter-
mining the heat transferred in the test section QTS and
it is connected to the cryocooler. The cryocooler cools
the whole cold part of the setup, i.e. everything inside the
vacuum chamber. The part of the test tube located within
the copper block has a length L = 5 cm and is from now
on referred to as the test section.
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Figure 5: Details of the test section.

The temperature sensors 7;, and T, are inserted into two
small copper blocks which are soft soldered on each side
of the test section. The sensor 7}, is inserted into the cop-
per block close to the test tube, while Ty | and Ty » are
inserted into the copper rod and measure Q.

The vacuum chamber is a stainless steel tank and mea-
surements are carried out at a pressure of approx. 107>
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Figure 3: Schematic overview of the heat transfer test rig.

mbar. A thin copper plate is thermally connected to the
cryocooler and placed around the above mentioned com-
ponents to shield them from the radiation from the inside
of the vacuum chamber, which is at ambient temperature.

Measurement Concept

The measured heat transfer coefficient U is a relation be-
tween the heat flux and the mean temperature difference
between the fluid flow and the tube wall and is expressed
by

Ors

[ -
Aw : ATm,b

(19)
where U is the mean heat transfer coefficient over the
tube length, QT s 1s the heat load from the test section,
A, 1s the area of the wetted surface inside the tube, and
AT, p is the mean temperature difference. AT, ; is given
by the logarithmic mean temperature difference,

Tin — T,
ATyp = — 77—, (20)
In (£:%)
for single phase flow, and
Tn+T,
AT, = Lin+ Jow T, QD

2

for two phase flow. This supposes that the specific heat
value c, is constant through the test section, something
that can be assumed for small temperature differences
between the inlet 7;, and outlet 7,,, bulk temperatures.
T, is the temperature close to the tube wall. Equations
(20) and (21) are also only valid as long as the wall tem-
perature is constant in the flow-direction along the flow
channel, something that can be assumed in this case due
to the use of high conductive copper.

As the actual wall temperature 7, is not equal to the mea-
sured temperature T, U is modified to obtain the heat
transfer coefficient 4 at the tube wall. This is done by
modelling a thermal resistance R.g between the location
of the sensor T}, and the tube wall.

1 1

U = =
(Rh + Reff) : Aw <% + Reﬂ‘) . Aw

. (22

U

E: — ’
1—(U- Ay Re)

(23)

where R;, expresses the resistance by convection at the
wetted surface. R.g is here a thermal resistance between
the tube wall and the location of 7}, which comprises of
layers of copper, tin solder and the steel tube. A series of
turbulent liquid flow measurements at different Reynolds



numbers are used to find R.g by regression analysis, as-
suming that Equation (18) also applies for tubes with di-
ameter around 1 mm. This is referred to as a Wilson plot
method described by e.g. Pettersen [24]. Regression soft-
ware is used to find Ry directly from the measured data.
To develop a useful fit function for this, Equation (23) is
rewritten to

1 1 d

T h+ eff * Aw = T

+ Reff . Awa (24)

and inserting Equation (18) for the Nusselt-number yields
! dy/k
U 2 0.25
sz e 1)

L o

+ Rei- Ay, (25)

where k is the conductivity of the fluid.

The test facility is mainly designed to do tests on con-
densing fluids, therefore the heat transferred from the
fluid Qg not measured by a heat balance on the fluid.
Referring to Figure 5, Qrs is calculated by measuring
the temperature difference between Ty and Ty 2, and
by knowing the length L, the area A¢ ys and the ther-
mal conductivity k¢, of the copper.

kCu

QTS =

“Ac,Hs " (THS,l - THs,z) -C1+ C,. (26)

Lys
The coefficients C; and C, are calibrated using a heat
balance for liquid flow through the test section as a refer-
ence.

Tube diameter

Grohmann [19] stressed that the roughness in small tubes
makes the wetted surface A, noticeably larger than in
a smooth tube with the same diameter. Therefore, two
diameters were defined; d,, estimated from the actual
perimeter P of the tube,

P
dy ==
V4

, (27)
and d. from the measured cross-sectional area A, of the
tube,

4A,

d. = .
T

(28)

A

Figure 6: Microscope photo of the test tube used for de-
termining d,, and d. in the heat transfer test rig.

The diameter d,, is relevant for heat transfer related quan-
tities such as the Nusselt number, while d. is relevant for
mass flow related quantities such as the Reynolds num-
ber. Both of them were found using photos of the tube
at six different locations, one of these photos is shown
in Figure 6 and a morphology software calculated the
perimeter and cross-sectional area.

Measurement program

After a period of careful verification and calibration, the
experimental program will start by finding R for the
tube first installed (d = 1 mm). After this, experiments
with both liquid and vapour methane will be done. Exper-
iments with condensing methane will then be carried out,
at different heat flux, flow rate and vapour quality. After
this, tests with natural gas like mixtures, with e.g. 90 %
methane and 10 % ethane will take place. Mixtures with
a non-condensable component, e.g. nitrogen can also be
done.

Further, the test tube will be replaced by tubes of different
diameter, e.g. 500 um and 250 wm or 2 mm, in order to
investigate the diameter dependence on heat transfer and
pressure drop. R will have to be found for each new
tube and other relevant parts of the measurement program
will be repeated.

EXPERIMENTS ON MICRO-SCALE FLOW
PHENOMENA

This experimental effort aims at improving the under-
standing of micro-scale two-phase flow phenomena as



droplet-droplet interaction and liquid film flow behav-
ior. An experimental setup with a high-speed camera and
laser for visualisation is proposed. It is expected that one
will be able to acquire data of two-phase flow phenomena
at the micro-scale level under various conditions. The ex-
periments will be done with different geometries, droplet
velocities and liquid film thickness.

Research methodology

Detailed experiments on mixed refrigerants at low tem-
peratures are cumbersome to perform. It has therefore
been decided to do experiments with a test fluid con-
sisting of 80% pentane and 20% iso-octane. The test
fluid represents fairly comparable physical properties at
a more operable condition (60°C and 1.1 bar) compared
to mixed refrigerants in the heat exchanger [25].

As the experimental research focus will be on the physi-
cal interaction mechanisms of micro-scale flow phenom-
ena, laser-based visualization techniques [26] will be
used. The experimental setup integrates three parts: the
first part is a test section where the phenomena are lo-
cated; the second part is the light source part in which a
backlight or a laser will be utilized for the illumination
of the phenomena; the third part is the picture capturing
part in which a camera, either a high speed or fast gated
camera, will be employed to record the phenomena, giv-
ing results in terms of time- and spatial-resolved pictures.
For the study of the fast-evolving flow interaction pro-
cesses, a Phantom series version 9.1 high speed camera
will be used [27].

The test section will be a gas-tight box flushed with test
fluid gas. It will be maintained at the relevant temperature
and pressure with transparent walls for laser and camera
light access. Within the test section, regarding the ge-
ometries where the concerned phenomena take place, it
is decided to start with a horizontal plate with stagnation
liquid film of different thickness. The plate may be de-
signed rotating, and thus later it can be inclined for the
study of flowing liquid film on the plate. Afterwards, the
plate may be replaced by a tubular geometry which gives
a more relevant geometry considering the tubular geom-
etry inside the spiral wound heat exchanger. A specially
designed slit will be used for liquid film generation.

A simple sketch of the experimental setup is shown in

Figure 7.
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Figure 7: Simple sketch of the experimental setup study
stagnation liquid film.

As the experimental research progresses, the experimen-
tal setup will be changed to different arrangements in
which the focused geometries are simply drawn in Fig-
ure 8, where the liquid films on the geometries are
marked by using plum color.

Horizontal plate
with stagnation film

T
Rotatingfinclined plate
with flowing film

Tubular geometry with
flowring film

Figure 8: Research focused geometry evolution.

It is expected that the experimental results will explore
the relations between the different phenomena discussed
earlier in the article. These relations are of great impor-
tance to the development of numerical simulation of com-
ponents in a heat exchanger, and the experimental results
will also be used to verify the numerical computations.
Specific issues to be examined are listed below.

In terms of droplet-gas interaction:

e Description of trajectory and deformation of differ-
ent size droplets.

e Experimentally and numerically investigation of ve-



locities of different size droplets.

In terms of droplet interaction with solid and liquid sur-
face:

e Description of the interaction process.
e Contact angle (interaction with solid surface).

e Splashing threshold (interaction both with solid sur-
face and liquid surface).

e Coalescence threshold (interaction with liquid sur-
face).

e Qualified and quantified description of other phe-
nomena such as gas entrapment and satellite droplet
formation.

In terms of droplet-droplet interaction:
e Description of the interaction process.
e Coalescence threshold.

e Qualitative and quantitative description of satellite
droplet formation.

CONCLUSIONS

To develop compact heat exchangers that reduce cost and
production time compared to the spiral wound heat ex-
changer, more knowledge of microscale two-phase flow
is needed. To provide this knowledge, a combined re-
search strategy of experiments and computations on basic
phenomena is presented. A possible experimental setup
has been outlined, aimed towards providing detailed ex-
perimental data of small-scale phenomena. Besides pro-
viding more knowledge in it self, the data will be valu-
able for the development of the computational method.
For us to be able to compute integral quantities as pres-
sure drop and heat transfer of new designs, the compu-
tational method must capture the underlying phenomena.
Then to provide data for the design of compact heat ex-
changers and to give a well-defined verification data for
the numerical method, an experimental setup has been
built for measuring integral quantities such as heat trans-
fer and pressure drop of fluids in small tubes at low tem-
peratures.
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