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Summary

This project concerns the modelling of a falling film pillow plate evaporator and
a following parametric analysis of this model. This model is made to assist in
the dimensioning process of pillow plates evaporators, which can function as an
component in a heat pump system. Heat pumps are an important part of the
danish governments plan for reducing the CO2 emission in the the danish district
heating system. The purpose of a pillow plate evaporator is to extract heat from a
source and use the heat to evaporate a refrigerant as part of a heat pump cycle.

ATHCO is a producer of pillow plates and have been doing it since 1947, but
the dimensioning process is currently based on older technology and experiments,
which means that there is a lack of a good design tool. This is also due to pillow
plates not being a well examined geometry for heat exchangers, which results in
the theory for creating a design tool is limited.

The first step in modelling the heat transfer process is determining the types
of heat transfer there is present and what parameters are important for modelling
this process. For the geometry of a single pillow plates it is the height, width,
welding spot pattern and expansion height. For the two fluids it is the type of fluid,
pressure, temperature and flow rate. From this, the thermal resistance is modelled
through Nusselt correlation for falling film, conduction through a plate and flow
boiling. Here it is necessary to make some assumptions as there was found no
correlation for falling film or boiling in a pillow plate during the literature study.
Instead it was assumed that the flow behaviour of a pillow plate is similar to a
vertical tube, which means a method developed for tubes can be used. For this
method there was used a Nusselt correlation for pillow plates regarding the single
phase heat transfer. This was then implemented in a cell method where there was
accounted for how the change in quality affected the heat transfer. There was also
investigated were there would be dry out in the evaporator and how that would
affect the heat transfer.

This model was validated against data provided by ATHCO for how they usu-
ally design pillow plate evaporators. Here the model was compared to six different
configurations of pillow plates and it was found that it is generally able to pro-
duced similar results, with a error margin of about ±14% where it tends to under
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predict the heat transfer.
Following this there was made a parametric analysis were several of the input

parameters were varied. Here it was found that there are several ways that the
design of the pillow plates can be improved. The area can be increased, where
especially increasing the height is effective, through the width can be increased
instead if the pressure losses should be lowered. The heat transfer coefficient can
be increased by increasing the flow rate of either the falling film or refrigerant.
Increasing the flow rate of the refrigerant is especially beneficial as it also reduces
the risk of dry out which severely decreases the heat transfer. Lastly the average
temperature difference can be increased by having a higher inlet temperature of
the falling film or increasing the flow rate. All of these changes will improve the
heat transfer, but they needs to be considered together to achieve the optimal heat
transfer.

The overall conclusion for this project is that there has been created a model
that is capable of predicting the heat transfer of a falling film with a acceptable
accuracy which can be used to design and improve the design of pillow plates.
The model can be improved further by conducting experiments to further increase
the validity of the model and adjust some of the assumptions and equations that
has been used to create the model.
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Preface

This project has been written by group TEPE4-1009 at the Department of Energy
Technology at Aalborg University as the master project during 4th semester
The following software have been utilised during this project:

• Matlab - Modelling and data processing
• Overleaf - Writing and formatting the project
• CoolProp - Table values for fluid properties
• Inkscape - Creating figures

Readers’ Guide

This project will present the work which has been done during on the master
project concerning the modelling of a falling film pillow plate evaporator.

On page v the Table of Content can be found, where the tittles for the chapters,
sections and subsections can be seen. These tittles will function as hyperlinks if
viewed as a PDF.

The nomenclature can be found on page ix where all the abbreviations, sub-
scripts, notation and symbols which will be used in the report is present with
corresponding units.

The bibliography can be found on page 59 where all the literature used in this
project is presented in the Harvard format.

All units used in this project will be SI units. Decimal numbers will be noted
with a dot while thousand separators will use comma.

Chapter Structure

Chapter 1 introduces the project and the reason for doing it.
Chapter 2 further investigate the back ground for the project.
Chapter 3 states the overall problem statement for the project with corresponding
objectives.
Chapter 4 presents the proposed method for modelling the falling film pillow plate
evaporator and the used equations.
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viii Preface

Chapter 5 examines the validity of the model by comparing it to data for designed
pillow plate evaporators.
Chapter 6 examines the effect that different input parameters for the model have
on the overall heat transfer of the heat exchanger.
Chapter 7 discusses the model which has been made in the project and the results
it have showed.
Chapter 8 gives an conclusion to the problem statement made in Chapter 3 and the
objectives.
Chapter 9 examines the potential future work that can be done on this project to
improve the results.

Aalborg University, May 27, 2021

Signatures of project participants

Lasse Olsen
<lolsen16@student.aau.dk>



Nomenclature

Symbols Explanation Unit
A Area m2

a Dimensionless parameter for pillow plate -
aVn Volume fitting parameter -
awn Wet area fitting parameter -
b Dimensionless parameter for pillow plate -
c Dimensionless parameter for pillow plate -
C Dimensionless length parameter -
CF Liquid property parameter -
C∞ Falling film coefficient -
cp Specific heat J/(kg K)
d Diameter m
E Friedel equation factor -
f Fitting factor -
F Factor for parameter -
g Gravitational acceleration m/s2

H Height m
HF Friedel equation factor -
hV Specific enthalpy J/kg
h Convective heat transfer coefficient W/(m2 K)
k Thermal conductivity W/(m K)
K Sub cooled parameter -
L Length m
m Mass kg
n Fitting factor -
NTU Number of transfer units -
Nu Nusselt number -
Nr Number of elements -
P Pressure Pa
Pr Prandtl number -
Q Heat energy J
q Heat flux W/m2

Q̇ Heat energy rate W
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Re Reynolds number -
R Thermal resistance K/W
R1 Capacity rate -
Ra Arithmetic mean roughness height µm
s Spacing m
s? Dimensionless number for Reynolds cor-

rection
-

S Slip factor -
T Temperature K
u Velocity m/s
V Volume m3

w Width m
W Capacity rate W/K
x Quality of mixture -
Y Multiplication factor -
α Void fraction -
δ Distance between points m
µ Dynamic viscosity Pa s
ν Kinematic viscosity m2/s
ψ Two zone parameter -
φA Welding area parameter -
φ2 Pressure loss multiplier -
ρ Density kg/m3

σ Surface tension N/m
θ Angle rad
ζ f Fanning friction factor -
ζ∆P Darcy friction factor -

Subscripts
A Area
acc Acceleration
c Characteristic
cs Cross sectional
cr Critical
conv Convection
film Falling film
g Gas
go Gas only
grav Gravitational
h Hydraulic
hom Homogeneous
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i Inner
L Longitudinal
l Liquid
lo Liquid only
lam Laminar
mid Middle
nuc Nucleate
out Outer
PE Periodic element
PP Pillow plate
Q Heat
r Reduced
ref Refrigerant
sp Welding spot
T Transverse
tot Total
tp Two phase
tran Transitional
turb Turbulent
w Wall
W Wet
z1 Zone one
0 Reference

Abbreviations
PPHE Pillow plate heat exchanger
COP Coefficient of performance





Chapter 1

Introduction
Denmark is a large user of district heating with 64.5% of homes using it [State of
Green, 2018]. Currently most of this heat comes from combined heat and power
plants, with some coming from dedicated heat plants. These plants will usually
run on either gas, coal, oil or biomass. However, most of these fuels produce CO2

which causes global warming. Biomass does not have that issue, but there is a lim-
ited supply, so therefore other options for heat production need to be considered.
One of the more promising options is to utilise waste heat that inevitable will be
produced by the industry. Currently the estimated potential of the waste heat is
12.5 PJ which is enough to provide heat for 128,000 houses [Jørgensen, 2018]. The
are however some issues with utilising this heat, because while some of it might
be at suitable high temperatures of about 60 ◦C with noticeable mentions being
Aalborg Portland and Skjern Papir, most of the potential is at temperatures around
20 to 55 ◦C [Fjernvarme, 2017].

This temperature is usually too low to be utilised directly in the district heating
network. Therefore the usual solution is to utilise the waste heat as a heat source
for a heat pump, which can then produce high temperature heat[Fjernvarme, 2017].
This is well known technology that is already widely used and is only planned to
be further implemented in the danish district heating network. One of the core
components of a heat pump is the evaporator, which transfers heat from the heat
source to evaporate the refrigerant. There are several different types of evapora-
tors, the difference mostly depending on the available heat source and the capacity.
A promising solution in regards to utilising waste heat in the form of warm water
is a pillow plate heat exchanger(PPHE). The PPHE is a promising solution as it has
a high heat transfer to volume ratio and is easy to clean which is important as the
waste heat water often will include particles. However, this is a new technology
which has not been fully developed yet and there is a lack of understanding of the
exact capacity of a given design and the optimal design parameters. One of the
few suppliers of this type of heat exchanger is ATHCO. ATHCO has been produc-
ing heat exchangers since 1947, and have produced many PPHE. However, their
knowledge in regards to how their design can be improved is limited. Therefore
the goal of this project is to investigate and model a PPHE used as a evaporator.
[ATHCO Enginering, 2017]
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Chapter 2

Problem analysis

To be able to model the PPHE, different parts of the system needs to be examined.
This means examining what type of waste heat is available, how does the PPHE fit
into the overall heat recovery and the principle for how a PPHE works.

2.1 Waste heat

When considering how to utilise waste heat, the first step is to investigate what
kind of waste heat is available. There are a few things that characterise waste heat,
those being the temperature, amount, fluid and amount of pollution in the fluid.
An example of waste heat could be the waste heat that is produced at Skjern Paper.
Here the waste heat comes in two forms where one part is from the air that is used
to dry the paper, while the other part is the heat in flue gas from the furnace. Both
of these heat sources will have air, mixed with some moisture, be the heat source
at a relatively high temperature. [Skjern Paper, 2019].

Another example of waste heat could be the heat is available from data centres.
Data centres produces waste heat through the cooling of the servers. This waste
heat will generally be on liquid form, either in the form of water or another cooling
fluid. Furthermore it will generally be a lower temperature compared to high
energy waste as what is seen at Skjern paper. This changes how the waste heat can
be utilised, as this temperature is not high enough to be utilised directly to heat up
district heating water. However, it has the advantage that it is easier to utilise the
heat in a liquid as the energy density is higher. This project will mainly concern
the usage of waste heat in liquid form with low temperatures. [Fjernvarme, 2017]

2.2 Heat Recovery

Now that the available waste heat have been investigated there needs to be made
considerations for how the heat can be recovered. One of the most common
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4 Chapter 2. Problem analysis

method for utilising waste heat is through the use of heat pumps. Heat pumps
are a technology that utilises electric power to move energy from a low tempera-
ture to a high temperature. A heat pump will consist of four main components,
those being an evaporator, a compressor, a condenser and an expansion valve.
These four components will be connected as seen in Figure 2.1.

Evaporator Condenser

Expansion Valve

Compressor

Figure 2.1: Overview diagram of the components of a heat pump.

The fluid before the evaporator in Figure 2.1 will be a mixture of gas and liq-
uid. It will then enter the evaporator whereafter it will be completely on gas
form. It will then enter the compressor where the pressure and temperature will
be increased resulting in a super heated gas. This will then be cooled down and
condensed in the condenser. Thereafter the pressure will be reduced in the expan-
sion valve, which also results in some evaporation, thereby returning to the starting
point forming a loop that moves heat from the evaporator to the condenser[Turner
et al., 2012]. This process can be represented by a log P-h diagram as seen in Figure
2.2.



2.2. Heat Recovery 5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 2.4

·106
103

104

105

106

107

108

Enthalpy, J kg−1

P
re

ss
ur

e,
P
a

Figure 2.2: log P-h curve of Ammonia, with a heat pump cycle marked for a given evaporation and
condensation pressure.

The important things to read from this diagram is the length of the two hori-
zontal lines as the bottom one represents the heat absorbed in the evaporator while
the top one represent the heat released from the condenser. When the difference
in length between these two are small the heat pump will have a high coefficient
of performance (COP). Another thing to note is the dotted line which shows the
region where the refrigerant will be a vapour/liquid mixture. This line is fully
dependent on the chosen refrigerant, in this case ammonia. Therefore the refriger-
ant is very important in regards to the amount of heat the refrigerant can contain
and at which temperatures it can operate. Ammonia is one of the more commonly
used refrigerants for large scale heat pumps as it have a high heat potential and
can function at high temperatures, however ammonia is also toxic and moderately
flammable. Therefore ammonia has to be handled carefully. An alternative to am-
monia that is also used quite a lot is carbon-dioxide (CO2). This is non toxic and
has a similar performance to ammonia, but it has to work under high pressure
which makes it more difficult to utilise for large scale heat pumps. Besides these
two refrigerant which is classified as natural refrigerant, there also exist synthetic
refrigerant an example being R-404a. These all also have there advantages and
disadvantages that needs to be considered. [David et al., 2017]

This project will not be limited to a single refrigerant, so several refrigerants
will be examined. Besides the refrigerant there are specific components that needs
to be considered. Generally all these components are well researched so there is
plenty of knowledge available in regards to designing these. However, as the heat
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source that will be utilised is waste heat from industrial production there needs to
be made special consideration for the evaporator. The reason that the evaporator
needs special consideration is that the waste heat can contain particles and there are
therefore special requirements regarding how cleanable it is. A potential solution
for this is a PPHE.

2.3 Pillow Plate Heat Exchanger

Pillow plates are heat exchangers that are made by welding a spot pattern on two
plates whereafter the edges are sealed. Then a fluid is inserted between the plates
at high pressure so the distance between the two plates expand, resulting in a
pillow plate as seen in Figure 2.3.

Figure 2.3: Pillow plate that have been welded and expanded[ATHCO Enginering, 2017].

From the figure it can be seen how the plate consist of the welding spots and the
expanded plate. The advantage of having these welding spots is that it will induce
turbulence in the flow within the plate, which enhances heat transfer. While this
also increases the pressure loss, it is overall seen as a better solution.

Pillow plates is a not a commonly used type of heat exchanger as they gener-
ally are more expensive that normal plate and fin tube heat exchangers. One of
the companies that produce this type of pillow plates are ATCHO Engineering.
ATCHO is one of the few manufactures of pillow plates and have been doing this
since 1947. Therefore they are very experienced in design solutions for customers.
However, most of their design knowledge is based on either experiments or old
design equations. This means that the design of the pillow plates have not evolved
and improved much during recent years which is needed to obtain a larger mar-
ket share for pillow plates. This problem is mostly in regards to designing pillow
plates as evaporators. Therefore a model to estimate the performance of a given
design will improve the design process, which will make pillow plates a better
option for heat recovery. [ATHCO Enginering, 2017]



Chapter 3

Problem Statement

Following the problems discussed in the previous chapter there can be made a
problem statement which the project will aim to solve.

3.1 Problem Statement

Create a parametric model of the heat transfer within a falling film pillow plate
evaporator.

3.2 Objectives

To be able to fulfil the problem statement the following objectives needs to be
resolved.

• Determine the thermal resistance of the heat transfer.

• Investigate how the evaporation process enhances the heat transfer.

• Investigate the accuracy of the proposed model.

• Determine the important parameters for the performance of a pillow plate
evaporator.
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Chapter 4

Modelling

In this chapter the methodology for modelling the PPHE will be examined. This
will consist of modelling the convective heat transfer from the falling film, the
conduction through the plate and the mixed convection and boiling heat transfer
from the pillow plate to the refrigerant. This will also include accounting for how
the two fluids will flow along or inside the heat exchanger and how they interact.
There will also be accounted for pressure losses through the heat exchanger, while
accounting for the changing quality of the refrigerant through the pillow plate.

4.1 System description

The first step in regards to modelling the PPHE is to understand how it functions.
The purpose of the PPHE is to evaporate the refrigerant by transferring heat from
the heat source. This is achieved by having the refrigerant flow within the plate
while the water will flow along the plate. Then as there are a temperature differ-
ence between the refrigerant and the water, there will be transferred heat through
the plate. To be able to model this heat transfer it is important to consider how
the refrigerant flow within the plate and how the water flows on the outside of the
plate. Firstly the flow within the plate needs to be understood. All heat exchanger
consist on an inlet and an outlet where the area between is used to exchange heat.
In the case of pillow plate heat exchangers the will usually be configured with the
inlet in the bottom and the outlet in the top on the same side of the plate. An
example of this can be seen in Figure 4.1.

9



10 Chapter 4. Modelling

Ref outlet

Ref inlet

Water inlet

Water outlet

Figure 4.1: Flow of refrigerant and falling film from inlet to outlet.

This can potentially create issues where a large amount of the area of the heat
exchanger is not used so for application where there is not a significant difference
between the height and width there can be installed baffles to ensure that the full
area of the heat exchanger is utilised as seen in Figure 4.1. The placement of
these baffles will have a noticeable effect on the flow and are therefore important
to consider when modelling the flow. However, a baffle is not always used and
sometimes there is also added several smaller baffles on a line instead of a bigger
baffle depending on the application.

Other than the flow of the refrigerant there is also the water flow that needs to
be considered. The water flow will flow down the plate in a thin layer which is
called falling film. This film is made by having a distribution system placed above
the plate. Then based on how this distribution system is made and the flow rate
of the water, there will form a film of a certain thickness. This will also depend
on the design of the plate as the surface geometry will influence how the film
layer develops. An example of this liquid film and how it flows compared to the
refrigerant can be seen in Figure 4.2 when a baffle is present.
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δfilm wpp

Film Plate Film Plate

Figure 4.2: Cross section of falling film and flow within plate, with and witout a baffle.

From the figure it can be seen how the water flows down along the plate as
a thin layer. It can also be seen that there are two different flow arrangements
between the falling film and the refrigerant. Either it will be cross flow as what is
seen in the left figure which represent the area where there is an baffle or it will
be counter flow as what is seen in the right figure. It should be noted that this is
simplified to a flat plate as the pillow plate geometry will result in more movement
perpendicular to the flow direction for both the film flow and the flow within the
pillow plate.

4.1.1 Pillow Plate Geometry

Besides understanding the flow arrangement it is also important to understand
how a given geometry of a PPHE is defined, and which parameters of those that
needs to be accounted for in the modelling process. In regards to the pillow plate
the important parameters can be seen in Figure 4.3.
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sT

2sL

wPP

HPP

ww

Figure 4.3: Overview of important parameters for the pillow plate geometry.

From Figure 4.3 it can be seen that firstly there is the overall size of the plate
which is defined by the height, HPP and width of the plate, wPP. Besides that there
is the offset to the first welding spot row in both directions, ww. Then there is the
spacing of the welding spots, which is defined by the longitudinal distance, SL and
the transversal distance, ST. Then there is also the diameter of the welding spots,
dsp and the height of the inner channel, δi which can be seen in Figure 4.4.

δidsp

Figure 4.4: Definition of inner channel height for a pillow plate.

Lastly for the geometry there is parameters which describe the overall structure
such as the number of plats and the distance between them. From these geometric
parameters it is important to be able to calculate the cross sectional area, hydraulic
diameter, volume and surface area. Due to the complexity of the geometry there
have been made correlations for these, based on the geometric parameter in a study
by Piper et al. [2015]. Here they utilised formation simulations to create relation to
that can calculate the cross sectional area and the other useful areas, lengths and
volumes. All these simulations were made for the minimum repeating area which
can be seen in Figure 4.5.
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Asp

APE − Asp

Welding Spot

SL

0.5ST

Figure 4.5: Overview of important parameters for the pillow plate geometry.

The part of the pillow plate which can be seen in Figure 4.5 is the part where
all the important parameters will be calculated for which can then be extended to
the whole pillow plate. Firstly there is the volume of this part of the pillow plate
which can be calculated from eq. 4.1.

Vi = aVn,ref · δi · s2
D · fsp (4.1)

Here SD [m] is the diagonal distance between the two welding spots, aVn,ref is
a parameter that was fitted to the geometric parameters based on the simulations
and can be calculated as eq. 4.2

aVn,ref = 0.1 ·
(

sT

2 · sL

)2

− 0.18
(

sT

2 · sL

)
+ 0.19 (4.2)

Then the fsp factor in eq. 4.1 is to account for the effect the welding spots have
and can be calculated as eq. 4.3.

fsp = 1.37 · φ2.58
A (4.3)

Where φA represent the influence of the welding spot diameter can can be
calculated as eq. 4.4.

φA = 1−
π · d2

sp

4 · sT · sL
(4.4)

Besides the volume which can be calculated with the previous equations it is
also important to be able to calculate the inner surface area of the pillow plate
which can be done by eq. 4.5.

Aw,i = A0 + A0 · awn,ref ·
δ2

i

s2
D

(4.5)



14 Chapter 4. Modelling

Where A0 [m2] is the area of the flat square in Figure 4.5 and awn,ref is a fitting
factor which can be calculated as eq. 4.6.

awn,ref = 3.12 ·
(

sT

2 · sL

)2

− 5.74
(

sT

2 · sL

)
+ 3.08 (4.6)

The next parameter which needs to be defined is the hydraulic diameter. This is
normally defined as the cross sectional area divided with the perimeter, however
for a pillow plate these parameters vary with the length so it will be integrated
along the length resulting in the hydraulic diameter being calculated as eq. 4.7.

dhi =
4 ·Vi

Aw,i
(4.7)

Lastly there is the average cross sectional area of the small piece which can be
calculated as eq. 4.8.

Acs,i =
Vi

sL
(4.8)

This can then be extended to give the total cross sectional area which can be
calculated as eq. 4.9.

Acs,tot = Acs,i · 4 ·
(

wPP − 2 · ww

sT

)
(4.9)

By using the presented equations it is possible to calculate all the relevant ge-
ometric parameters of the pillow plate for the input parameters. Thereby all the
necessary parameters for determining the heat transfer can be calculated for a
given pillow plate geometry which will be done in the following section, with the
other forms of heat transfer.

4.2 Heat Transfer

The first step in modelling the heat transfer, after understanding the geometry, is
to understand which type of heat transfer there will be present during the process.
In this case there are three separate forms of heat transfer present. Firstly there will
be convection from the water film to the plate, then the heat will travel through
the plate by conduction, whereafter the heat will be transferred to the refrigerant
though a mixture of boiling and convection. This is modelled by calculating a sum
of serial connected thermal resistances. This means that the local heat transfer can
be formulated as eq. 4.10.

Q̇ =
∆T
R

(4.10)
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Where ∆T [K] is the temperature difference between the two media and R
[W/K] is the thermal resistance. The thermal resistance in this case is defined as
eq. 4.11.

R =
1

hPP · Ai
+

δw

kPP · Amid
+

1
h f ilm · Aout

(4.11)

Where hPP [W/(m2 K)] is the boiling heat transfer coefficient between the re-
frigerant and the pillow plate, Ainner [m2] is the inner area of the pillow plate, δw

[m] is the thickness of the pillow plate, kPP [W/(m K)] is the thermal conductivity
of the plate, hfilm [W/(m2 K)] is the convective heat transfer coefficient between the
falling film and the pillow plate and Aouter [m2] is the outer area of the pillow plate.
All these areas are assumed to be same as the area as a flat plate as the added area
from the inflation is about 2-7% with the welding spot also making up 3-10% of
the surface area. From this it can be seen that the area added from the inflation is
similar to the area added with the inflation, so the error involved in assuming the
area to be similar to a flat plate is minimal. [Piper et al., 2015]

To utilise this equation for determining the heat transfer in any part of the pil-
low plate, the different parts of the thermal resistances needs to be modelled. The
conduction through the plate can be estimated by using the thermal conductivity
of the given material. However, the two convection terms are more complicated
and will therefore be based on Nusselt relations developed in studies made on the
subject. Therefore there needs to be found a fitting relation for all the different
forms of heat transfer starting with the heat transfer from the falling film.

4.2.1 Falling Film Heat Transfer

The Nusselt relation for the falling film heat transfer will be examined as described
by Schnabel [2010] where the first step is to define the Reynolds number which is
done using eq. 4.12. This Reynolds number is calculated from mass flow rather
than the velocity as the thickness and thereby velocity is very dependent on the
Reynolds number.

Refilm =
ṁ

µ · 2 ·WPP
(4.12)

Where ṁ [kg/s] is the mass flow of the fluid forming the film and µ [Pa s] is
the dynamic viscosity. The Nusselt number is very similar to the normal Nusselt
number equation where the characteristic length is replaced by a relation between
the kinematic viscosity and the gravitational acceleration as seen in eq. 4.13.

Nufilm =
hfilm

k f ilm
·
(

ν2

g

)1/3

(4.13)
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Where g [m/s2] is the gravitational acceleration which is defined as 9.81 m/s2 and
ν[m2/s] is the kinematic viscosity. The Nusselt number for the falling film is de-
pendent on the degree of turbulence. It will either be fully laminar, in the transition
to turbulent or be fully turbulent. Therefore there exist different methods for cal-
culating the Nusselt number in the different situations. The Nusselt relation for
the laminar flow is defined as eq.4.14.

Nufilm,lam = C∞ · Re−1/3
film (4.14)

Where C∞ is parameter that depends on whether there is a constant wall tem-
perature or a constant heat flux and Pr is the Prandtl number. For the case of a
constant temperature the value will be 1.3 and for constant heat flux it will be 1.43.

The Nusselt relation for transitional flow is defined as eq. 4.15

Nufilm,tran = 0.0425 · Re0.2
film · Pr0.344 (4.15)

The Nusselt relation for fully turbulent flow is defined as eq. 4.16

Nufilm,turb = 0.0136 · Re0.4
film · Pr0.344 (4.16)

In regards to determining which of the equation that should be used it depends
on the fluid, whether it is fixed heat flux or temperature, but the most important
parameter is the Reynolds number. With water as the fluid and a fixed wall tem-
perature eq. 4.14 is valid up to a Reynolds number of 170 whereafter eq. 4.15 is
used until the Reynolds number is about 300, after which the flow is turbulent and
eq. 4.16 is used. It should be noted that this method is based on a vertical pipe
that does not have the unevenness that are present for the pillow plate. Therefore
it is expected that there will be some deviation from the actual heat transfer of the
falling film.

4.2.2 One Phase Pillow Plate Heat Transfer

After the heat from the falling film is transferred to the plate it will be transferred
to the refrigerant. The basis for modelling the heat transfer within the pillow plate
is to understand the one phase heat transfer. This heat transfer will be based on
a study by M.Piper et al. [2017]. The main basis for this heat transfer correlation
is understanding the flow within the pillow plate. Therefore M.Piper et al. [2017]
had previously made Computional Fluid Dynamic (CFD) simulation of the flow.
The result of the simulations can be seen in Figure 4.6.
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Figure 4.6: Flow within the pillow plate for the liquid phase based on CFD results [M.Piper et al.,
2017].

From the figure it can be seen that there mainly are two flow zones within the
plate. Those zones are the meandering core flow and the recirculating zone. The
meandering core flow is the part that is moving the fluid through the pillow plate,
while the recirculating zone is whirling between the core flow and the welding
spots. This is also linked to the heat transfer as the areas that have the highest
heat flux is within the meandering core flow. Therefore the modelling of the heat
transfer is based on how this core flow is for a given set of pillow plate parameters.

This is done by calculating the properties for the core flow and then extending
them to also cover the recirculation zones. Firstly the core flow is seen to be similar
to the flow within a pipe and therefore it is possible to use the well examined
correlations for pipe flow developed by Petukhov [1963]. The correlation for the
Nusselt number is given in eq. 4.17 and is valid for Reynolds from 1,000 to 8,000
and Prandtl numbers from 1 to 150.

Nu =
(ζ f /8) · Rez1 · Pr

1.07 + 12.7
√
(ζ f /8) · (Pr2/3 − 1)

(4.17)

Where Rez1 is the Reynolds number for the core flow. This equation can then be
used to model the heat transfer from the core flow. To able to utilise the equation
it is necessary to calculate the fanning friction factor ζ f . This is done through a
power law equation which is defined as eq. 4.18.

ζ f = n6 · Ren7 (4.18)

Where n6 and n7 are coefficient that depend on the pillow plate geometry. Besides
the heat transfer from the core flow, there will also be heat transfer from the re-
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circulation zones, therefore they also need to be accounted for. This was done by
calculating two correlation factors ψA and ψQ which corresponds to dimensionless
variables that describe the size and contribution to heat transfer from the recircu-
lating zones respectively. This can then be used to calculate the convective heat
transfer coefficient for the entire flow using eq. 4.19.

htot = hz1 ·
(

1− ψA

1− ψQ

)
(4.19)

Where hz1 [W/(m2 K)] is the convection heat transfer of the core flow. These
coefficient depend on the geometry of the plate, especially the placement of the
welding spots. Other factors that are dependent on the geometry are the hydraulic
diameter of the core flow and a coefficient s? which correlates the total Reynolds
number to the Reynolds number of the core flow. All these coefficient has been
modelled by M.Piper et al. [2017] based on three dimensionless parameters a, b
and c which is defined in eq. 4.20, 4.21 and 4.22.

a =
2 · sL

sT
(4.20)

b =
dsp

sT
(4.21)

c =
δi

sT
(4.22)

With these coefficient there was made a table to calculate the different coeffi-
cients which can be seen in Table 4.1.

Table 4.1: Table with coefficient for the important parameters for three type of pillow plates.

a ≈ 0.58 a ≈ 1 a ≈ 1.71
0.1 < b < 0.14 0.17 < b < 0.24 0.17 < b < 0.24

0.042 < c < 0.083 0.071 < c < 0.143 0.071 < c < 0.143
n6 4.36c + 1.14 2.52c + 0.24 4.62c + 0.6
n7 −0.44 −0.3 −0.34
ψA 0.94b + 0.4 0.75b + 0.46 0.81b + 0.263
ψQ 2.16b + (4.23c− 0.352) 0.75b + (1.54c− 0.014) 0.46b + (1.17c− 0.042)

dh,z1 −11.22b + (113c + 1.82) −18.31b + (35.42c + 4.8) −8.1b + (60c− 2.1)
s? 1 1 1.0761

As long as the examined pillow plate is within the given limits the study
showed that it will have an accuracy of ±15%. Thereby the convection part of
the heat transfer can be modelled.
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4.2.3 Boiling Heat Transfer

Boiling Flow Regimes

To be able to model the heat transfer during the two phase boiling process it is first
necessary to examine how the flow changes due to the flow being a two phase flow.
However, the research on two phase flow within a pillow plate has not yet been
examined in depth. Therefore, the flow within pipes will be examined instead as
it is a well researched subject and it has earlier been shown in the one phase flow
that the flow within a pillow plate is not that different. The different flow regimes
in a vertical pipe can be seen in Figure 4.7.

Figure 4.7: Different flow regimes of boiling within a vertical tube [Kind et al., 2010].

From the figure it can seen that there are many different types of flows that are
mostly dependent on the quality of the flow. At the start there will be a very low
quality in the flow and there will only be a few bubbles which is called the bubble
flow. As the quality increase these bubbles will start to lump together eventually
forming the plug flow. Then when the plug flow becomes unstable it will result
in churn flow which eventually results in annular flow where the edges are fully
wetted while there is a gas flow in the middle with some droplets. Eventually as
more of the flow is evaporated the edges will no longer be wetted and the flow
will become mist flow. Then when all the droplets in the flow has been evaporated
it again becomes a fully one phase flow this time just as an gas.

Now that the different flow regimes has been examined it is important to un-
derstand how these different flows affect the heat transfer. Firstly the two heat
transfer mechanics for boiling needs to be understood. Heat transfer from flow
boiling will partly be from convection and partly from nucleate boiling. In Fig-
ure 4.8 it can be seen how the wall temperature changes due to the different flow
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regimes and which heat transfer method is dominant for the given flow regime.

Figure 4.8: Flow regimes of boiling in vertical pipe correlated to the wall temperature [nuclear
power.net, 2021].

From Figure 4.8 it can be seen that initially from the bubbly flow to the end of
the annular flow, where the dry out happens, that the wall temperature is constant
and close to the fluid temperature. This mean that the heat transfer is also more or
less constant and is also high. It can also be seen that starting from the bubbly flow
and for parts of the slug flow it will be heat transfer from nucleate boiling that is
the main factor and afterwards it will be from convection as the quality increases
and the flow becomes annular. Then when the annular phase ends and the mist
flow begins it can be seen that there is a noticeable increase in the wall temperature.
This is a phenomena called dry out which is due to the walls no longer being wet.
This significantly reduced the heat transfer as the heat transfer from the wall now
can not be used to directly evaporate the fluid, but instead has to transfer the heat
to the gas which then can evaporate the remaining droplets. It can lastly be seen
that the wall temperature slowly is reduced a bit again which is due to more of
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the fluid evaporating which increases the velocity of the fluid. From this it can be
seen that there are two situation for which the heat transfer needs to be modelled
which is the mixture of nucleate and convection boiling before the dry out and the
heat transfer within the mist flow after the dry out. The first step is however to
establish a method to determine where the dry out happens which will be done
with the critical heat flux.

Critical Boiling

This critical heat flux is very dependent on the given fluid and the geometry of
the pipe. The method which will be utilised in the project is only valid for sub-
cooled or saturated flows in vertical pipes which is applicable as it is a flooded
evaporator that is utilised for the pillow plate. However, it is expected that there
will be a noticeable difference between the wetting observed in a tube compared
to a pillow plate so the critical heat flux might not necessarily be the same, due
to the turbulence created by the welding spots. However, as there is not enough
research made for pillow plates the theory for vertical pipes will be examined.
This method is described by Kind et al. [2010] where the method is dependent on
three dimensionless numbers which describe the geometry of the pipe, density of
the liquid and the surface tension. The dimensionless number for the density is
calculated as eq. 4.23.

ρ? =
ρg

ρl
(4.23)

Where ρg[kg/m3] is the density on gas form and ρl[kg/m3] is the density in
liquid form. The pipe geometry is described by a dimensionless length which is
calculated as eq. 4.24.

l? =
l

dh
(4.24)

Where l [m] is the distance from inlet to calculation point. Then finally there is
the dimensionless surface tension which is defined as eq. 4.25.

σ? =
σ · ρg

G · l (4.25)

Where G [kg/m2] is the mass flux and σ [N/m] is the surface tension. All of
these dimensionless numbers are important in regards to calculating the dimen-
sionless heat flux which is calculated as eq. 4.26.

q?1 =
qcr,o

ṁ · ∆hV
(4.26)

Where qcr,o [W/m2] is the critical heat flux and hV [J/kg] is the latent heat.
There are five different equations for calculating this which depend on the dimen-
sionless numbers. These equations are defined as eq. 4.27 to 4.31.
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q?1 = C · (σ?)0.043 · 1
l?

(4.27)

q?2 = 0.1 · (ρ?)0.133 · (σ?)1/3 · 1
1 + 0.0031 · l? (4.28)

q?3 = 0.098 · (ρ?)0.133 · (σ?)0.433 · (l?)0.27

1 + 0.0031 · l? (4.29)

q?4 = 0.234 · (ρ?)0.513 · (σ?)0.433 · (l?)0.27

1 + 0.0031 · l? (4.30)

q?5 = 0.0384 · (ρ?)0.6 · (σ?)0.173 · (l?)0.27

1 + 0.28 · (σ?)0.233 · l? (4.31)

The C coefficient in the equations is dependent on the dimensionless length. If
it is above 50 it will be equal to 0.25, while if it is above 150 it will be 0.34. If it is
between it can be calculated as eq. 4.32 which is a linear interpolation between the
values.

C = 0.25 + 9 · 10−4 · (l? − 50) (4.32)

Now that all the different equations for calculating the dimensionless heat flux
can be calculated the method to determine which equation to use will be examined.
The first thing to examine is the size of the dimensionless density. If it is below
0.15 the following method will be utilised. Then the size of of the dimensionless
heat flux be determined from the following decision tree.

q?1 ≤ q?2 −→q? = q?1
q?1 > q?2 −→q?2 ≤ q?3 −→ q? = q?1

q?2 > q?3 −→ q? = q?3

(4.33)

From this it can be seen that the dimensionless heat flux can be calculated as
eq. 4.27 if q?1 is less than q?2 or that q?2 is less than q?3 . If either of these are not
the case it can be calculated from eq. 4.29. If the dimensionless density is instead
higher than 0.15 the dimensionless heat flux can be determined using the following
methodology.

q?1 ≤ q?4 −→q? = q?1
q?1 > q?4 −→q?4 ≥ q?5 −→ q? = q?4

q?4 < q?5 −→ q? = q?5

(4.34)

Thereby it is possible to calculate the critical heat flux. However the critical heat
flux is higher if the fluid that is entering is sub-cooled, which can be accounted for
using eq. 4.35
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q̇cr = q̇cr,n(1− K · ẋinl) (4.35)

Where ẋinl is the quality of the fluid at the inlet and K is a coefficient to account
for the amount of sub-cooling which can be calculated by eq. 4.36 to 4.38.

K1 =
1.043

4 · C · (σ?)0.043 (4.36)

K2 =
5
6
· 0.0124 + 1/l?

(ρ?)0.13 · (σ?)1/3 (4.37)

K3 = 1.12 · 1.52 · σ?)0.233 + 1/l?

(ρ?)0.6 · (σ?)0.173 (4.38)

Similar to the critical heat flux the method for determining which K equation
to use is also dependent on whether the dimensionless density is above or below
0.15. If it is below then the highest value of eq. 4.36 and 4.37 will be chose while
it will be eq. 4.36 if they are equal. If it is above 0.15 then it will again be eq. 4.36
if it is higher or equal to eq. 4.37, otherwise it will be the smallest number of eq.
4.37 and 4.38.

Now that sub-cooling is accounted for it can be examined how the critical heat
flux influence where the dry out happens. If the heat flux from the wall is higher
than the critical heat flux there will be film boiling from the start which is similar
to the dry out. If that is not the case the dry out will happen when the critical
quality is reached which can be calculated as eq. 4.39

ẋcr =
4 · q̇cr

ṁ · ∆hV
· l

dh
+ ẋinl (4.39)

This approach is very versatile and is valid for a wide range of applications.
The only limitations are that the fluid has to be sub-cooled or saturated at the inlet,
the diameter and length ratio must not be above 600 and the outlet quality needs to
be above 0. Therefore this approach should be fully valid as long as the evaporator
considered is flooded. It should be noted that this method is developed for a
uniform heat flux, so the results obtained from this equation may have differences
compared to the varying heat flux there is seen in a PPHE.

Nucleate and Convective Boiling

Before dry out the heat transfer will be from convection and nucleate boiling, so
a equation for both types of heat transfers will be examined. Firstly, it will be
examined how the convection part can be modelled whereafter the nucleate boiling
and how these two types of heat transfer can be combined. Both convective and
nucleate boiling will be based on the approach described by Kind et al. [2010].
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The convective boiling can be calculated as an enhancement of the convective
heat transfer in an one phase flow. The enhancement from the two phase flow has
been developed for fully wet tubes where the flow is either horizontal or vertical.
The enhancement of the heat transfer depends on the density of the two phases,
the quality and the convective heat transfer for the two phases. For the case of
vertical tubes the enhancement ratio can be calculated as eq. 4.40.

hconv

hl
=

[
(1− ẋ)0.01 ·

(
(1− ẋ)1.5 + 1.9 · ẋ0.6 ·

(
ρl

ρg

)0.35
)−2.2

+

ẋ0.01 ·
(

hgo

hlo
·
[

1 + 8 · (1− ẋ)0.7 ·
(

ρl

ρg

)0.67
])−2 ]−0.5 (4.40)

When the flow is horizontal, the flow is more uneven which decreases the heat
transfer rate. Therefore the enhancement ratio can not be calculated using eq. 4.40
and is instead calculated using 4.41

hconv

hl
=

[
(1− ẋ)0.01 ·

(
(1− ẋ)1.5 + 1.2 · ẋ0.4 ·

(
ρl

ρg

)0.37
)−2.2

+

ẋ0.01 ·
(

hgo

hlo
·
[

1 + 8 · (1− ẋ)0.7 ·
(

ρl

ρg

)0.67
])−2 ]−0.5 (4.41)

By using one of the presented equations the convective heat transfer can be
accounted for. Then the nucleate heat transfer needs to be calculated. The nucleate
heat transfer is calculated by multiplying a reference value with some given factor.
This can be formulated as eq. 4.42.

h(z)nuc

h0
= CF ·

(
q̇
q̇0

)n

F(p?) · F(d) · F(W) · F(ṁ, ẋ) (4.42)

Where CF is a factor dependent on the properties of the liquid, q̇0 is the reference
heat flux, F(p?) is the factor accounting for the pressure, F(d) is accounting for
the diameter, F(W) account for properties of the wall and F(ṁ, ẋ) account for the
mass flux and quality. All these factors have an corresponding equation while the
reference values depends on the given fluid. The pressure factor can be calculated
as eq. 4.43.

F(p?) = 2.816 · p?0.45 +

(
3.4 +

1.7
1− p?7

)
· p?3.7 (4.43)

Where p? is the reduced pressure. The factor for the diameter can be calculated as
eq. 4.44
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F(d) =
(

d0

d

)0.4

(4.44)

Where d0 is the reference diameter which is 0.01 m. The wall factor can be calcu-
lated as eq. 4.45.

F(W) =

(
Ra

Ra0

)0.133

(4.45)

Where Ra0 is the reference value which is given as 1 µm and Ra [µm] is the arith-
metic mean roughness height. The last factor which depends on the quality and
the mass flux have shown that there generally are no correlation between either of
those parameters so it will simply be put to 1. Lastly there is the factor, n, which
the heat flux is taken to the power of. This is calculated differently for inorganic
fluid and hydrocarbons compared to cryogenic fluids. For the first case, which
contains most of the commonly used refrigerants, it can be calculated as 4.46.

n = 0.8− 0.1 · 100.76·p? (4.46)

The cryogenic fluids are lest dependent on the reduced pressure and can be
calculated as eq. 4.47.

n = 0.7− 0.13 · 100.48·p? (4.47)

Regarding the reference values it will be determined from looking up the values
in tables. The exception for this is CF which can be calculated from eq. 4.48

CF = 0.435
(

Molmass

Molmass,H2

)0.27

(4.48)

This approach is very general through the value should not exceed 2.5. This
approach for nucleate boiling is valid for the following conditions.

0.01 ≤ p? ≤ 0.985

1 ≤ d ≤ 32

0.05 ≤ Ra ≤ 5

(4.49)

Where d is in [mm] and Ra is in [µm]. The combined heat transfer coefficient for
the convective and nucleate boiling can be calculated by using eq. 4.50.

htp =
√

h2
conv + h2

nuc (4.50)

However this approach is still limited by the amount of fluids that there are
reference values available for. For the case where it is not available a relation
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for pool boiling can be utilised. This approach was examined by Cooper [1984]
where the relation was reduced to only depend on the molecular weight, reduced
pressure and the heating surface roughness. This can be formulated as eq. 4.51.

hpool = 55 · P0.12−0.2·log(Rp)
r · (−log(Pr))

−0.55 ·Mol−0.5
mass · q0.67 (4.51)

While this relation is developed for pool boiling it has been found to also be
useful for predicting flow boiling which has been shown in studies such as the one
made by Zhao et al. [2020]. By using this correlation or the one described in eq.
4.42 the heat transfer before the critical heat flux can be modelled.

Mist Boiling

Mist boiling is the heat transfer method which is present after the dry out happens.
Here the liquid that needs to be evaporated are present as small droplets within
a core flow of gas. This means that the heat transfer is mainly going to be from
the wall to the gas which is significantly lower than the heat transfer that was
present when the liquid was boiling on the surface. The way this is modelled is
by calculating the heat transfer as it would be if it was just a one phase gas flow
where there is added a multiplication factor and the Reynolds and Prandtl number
is calculated as being for a homogeneous mixture as the method was presented by
Wojtan et al. [2005]. It should be noted that this flow is not really suitable for being
modelled as a homogeneous mixture, but the alternative is to model it as a pure
gas flow, which completely neglects the effect the droplets has. The best option
would be to use a method developed for a bubbly flow in a pillow plate, but that
was not found due to a lack of literature on the subject. The Reynolds number is
calculated using eq. 4.52.

ReH =
G · d
µV

(
x +

ρg

ρl
· (1− x)

)
(4.52)

Then there is the multiplication factor which is calculated as eq. 4.53

Y = 1− 0.1 ·
[
(

ρl

ρg
− 1) · (1− x)

]0.4

(4.53)

This can then be multiplied on eq. 4.19 instead of the correlation for pipe that
was given in the study. This is then implemented in the model such that before
the critical heat flux is reached the approach in the previous section is utilised and
after the critical heat flux this approach will be utilised. This is a simplification
because before the critical heat flux there should still be dry spots which has a
lower heat transfer and after the critical heat flux there will probably still be some
spots where the fluid will boil on the surface with a higher heat transfer. Besides
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that there is also the overall simplification that the flow will behave similarly to the
flow within a pipe for which there is expected to be noticeable differences.

4.3 Heat exchanger model

With the method for calculating the thermal resistances described, the local heat
transfer of the pillow plate can be calculated. However, to calculate the total heat
transfer there needs to be accounted for the change in temperature and other prop-
erties through the process. There exist several method for doing this depending on
what needs to be calculated during the process. The goal of this project is to pre-
dict the performance of a given pillow plate so therefore the Number of Transfer
Units(NTU) method will be utilised. The specific way it will be utilised is as part
of the cell method. Here the main idea is that the dimensionless temperatures can
be calculated as a function of the area, thermal resistance and flow configuration.
This can then be split into smaller parts to account for differences in one of those
parameters. In the case of a pillow plate this will allow to account for the potential
mixture of cross and counter flow that will be present in the pillow plate and the
changing quality which affects the thermal resistance. This method will be imple-
mented as described by Roetzel and Spang [2010]. This method will result in the
pillow plate being split into three zones as seen in Figure 4.9 if there is a baffle,
otherwise it will just be a single zone.

Ref outlet

Ref inlet

Water inlet

Water outlet

zone 1

zone 2zone 3

Figure 4.9: Zones of the pillow plate with different flow configuration.

From the figure it can be seen that in zone 1 and 3 there will be cross flow
while there will be counter flow in zone 2, which is the only zone present without
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baffles. It can also be seen that there could be a difference in the flow rate for the
heating media in zone 2 depending on the size of the baffle. All of this needs to
be accounted for when calculating the heat transfer for the individual cell. Firstly
there are a couple of parameters that needs to be defined for each cell. Firstly there
are the NTU for each flow which is defined as eq. 4.54.

NTUx =
k · A
Wx

(4.54)

Where A [m2] is the surface area and Wx [J/K] is the heat capacity rate for the
specific flow which can be calculated as eq. 4.55.

Wx = ṁx · cpx (4.55)

Where cpx [J/(kg K)] is the specific heat of the fluid. It should be noted that in
the case of a two phase flow the heat capacity is defined to be infinite [Roetzel and
Spang, 2010]. The heat capacity rate is another important parameter that describe
the ratio of the heat capacity between the two streams, which is defined as eq. 4.56.

R1 =
W1

W2
(4.56)

All these dimensionless values are needed to calculate the dimensionless tem-
perature which is defined as eq. 4.57

Px =
Tx,in − Tx,out

T1,in − T2,in
=

1− exp((Rx − 1) · NTUx · F)
1− Rx · exp((Rx − 1) · NTUx · F

(4.57)

Where the factor F is to account for the flow configuration. For pure counter flow
it will be unity, while for other configuration it can be calculated using eq. 4.58.

F =
1

(1 + a · Rd·b
1 · NTUb

1)
c

(4.58)

Where a, b, c and d depend on the given flow. For pure cross flow the following
values can be used:

• a = 0.433

• b = 1.6

• c = 0.267

• d = 0.5

Using this method it is possible to calculate the temperature changes in each
single cell and this can then be calculated as a complete system of equations. Then
by evaluating the total change in temperature, the total heat transfer can be esti-
mated.
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4.4 Pressure loss

When considering a heat exchanger application, it is also necessary to examine
the associated pressure loss. Generally high heat transfer coefficients will result
in high pressure losses so it is important to be able to model these to account
for the required pumping power. When considering a single phase flow the most
important pressure loss will generally be due to friction while gravitational losses
also can be influential. This is also the case for two phase flow where there is
added another pressure loss due to acceleration. To account for the gravitational
and acceleration pressure losses it is important to precisely estimate the fraction
of the volume that is occupied by gas and the fraction that is occupied by liquid
[Whalley, 1996]. This is represented by the void fraction, α which represent the
volume fraction occupied by the gas, the definition of this can be seen in eq. 4.59.

α =
1

1 +
(

ug
ul
· 1−x

x ·
ρg
ρl

) (4.59)

From the equation it can be seen that this void fraction depend on the quality of
the mixture, the density of the two phases and the velocity of the two phases. The
first two of these are easily calculated for a given mixture, but the ratio between
the velocities are more difficult to calculate. This ratio is also called the slip factor
and there are several relations which can be used to calculate it. One of these are a
correlation which calculates the slip factor as defined in eq. 4.60 [Whalley, 1996].

S =

[
1− x ·

(
1− ρl

ρg

)]
(4.60)

Using this equation it is possible to calculate the void fraction as a function
of the quality. The first pressure loss that will be examined will be the frictional
pressure loss. The frictional pressure loss for a two phase flow is closely related
to the pressure loss for a one phase flow. Therefore the correlation for pressure
loss in a pillow plate in the study by M.Piper et al. [2017] will be used. Similarly
to the method used for modelling the heat transfer, there was made a power law
correlation to calculate the Darcy friction factor which can be seen in eq. 4.61.

ζ∆P = n1 · Ren2 (4.61)

Where n1 and n2 are the power law coefficients. The value of these coefficients
can be seen in Table 4.2 for the three pillow plate types.
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Table 4.2: Table with coefficient for the Darcy friction factor power law for three types of pillow
plates.

a ≈ 0.58 a ≈ 1 a ≈ 1.71
0.1 < b < 0.14 0.17 < b < 0.24 0.17 < b < 0.24

0.042 < c < 0.083 0.071 < c < 0.143 0.071 < c < 0.143
n1 8.74b + 17c + 0.73 −15.3b + 1.4c + 5.4 1.35b + 2.8c + 0.92
n2 −0.38 1.725b + 1.11c + 0.66 0.3b + 0.53c− 0.29

Using the values given in the table it is possible to calculate the one phase
pressure loss using the standard pressure loss equation with the Darcy friction
factor which can be seen in eq. 4.62.

∆Pf ric =
ζ∆P · ρ · u2

m · L
2 · dh

(4.62)

However, this equation is only capable of accounting for the pressure loss for
a single phase. Therefore the end result will have to be modified to account for
the effects of the different phases in the flow. The simplest method for this is
with a two phase multiplier, the simplest of which is when the two phase flow
is homogeneous, which mean that the slip factor will be equal to unity. This is
only the case if the ratio between the densities is less than 10 and that the mass
flux, G, is larger than 2000 kg/(m2s). However, the flow within pillow plates are
generally not that large, so assuming the flow to be homogeneous will lead to
noticeable errors. Therefore the more complex Friedel two phase multiplier model
will be used to determine the two phase flow multiplier [Vassallo and Keller, 2006].
Firstly the two phase multiplier is defined as eq. 4.63.

φ2
lo =

∆P2φ

∆Plo
(4.63)

The model Friedel developed for this calculates the two phase multiplier as eq.
4.64.

φlo = E +
3.24 · F · HF

Fr0.045
h ·We0.035

l
(4.64)

To be able to calculate this parameter there are a many coefficient that needs to
be calculated. Firstly there is the E parameter which is dependent on the quality,
Darcy friction factor and density for the two phases which is defined as eq. 4.65.

E = (1− x)2 + x2 · ρl · ζl

ρg · ζg
(4.65)

Then there is the F parameter which solely depends on the quality of the mix-
ture and is defined as eq. 4.66.

F = x0.78 · (1− x)0.224; (4.66)
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The next parameter is H which is a power law relation of the viscosity and density
of the two different phases and is defined as eq. 4.67.

H =

(
ρl

ρg

)0.91

·
(

µg

µl

)0.19

·
(

1− µg

µl

)0.7

(4.67)

Then there are two parameters in the denominator. Both of these parameters de-
pend on the homogeneous density which is defined as eq. 4.68.

ρhom =

(
x
ρg

+
1− x

ρl

)−1

(4.68)

The first parameter in the denominator is Frh which is defined as eq. 4.69.

Frh =
G2

g · dh · ρ2
hom

(4.69)

Then lastly in the denominator is the liquid Weber number which is defined as eq.
4.70.

Wel =
G2 · dh

σ · ρhom
; (4.70)

Thereby it has been defined how to calculate all the parameter in eq. 4.64 which
together with eq. 4.62 makes it possible to calculate the frictional pressure loss for
the pillow plate while accounting for there being two different phases. Besides
the pressure loss from friction there is also the pressure loss from acceleration and
gravity. The gravitational loss can be calculated from eq. 4.71 for a constant density
and void fraction [Whalley, 1996].

∆Pgrav,2ph =
(
α · ρg + (1− α) · ρl

)
· g · sin(θ) · l (4.71)

The changing void fraction and density will be accounted for using numerical
integration methods. The acceleration pressure loss can be calculated from eq.
4.72.

∆Pacc,2ph = G2 ·
∫ d

dz

(
x2

α · ρg
+

(1− x)2

(1− α) · ρl

)
(4.72)

For this equation the result would be zero if there is no change in quality,
but as there is the differentiation and integration will be solved using numerical
methods.





Chapter 5

Validation

After creating the model it needs to be validated. To valuate the model it needs
to be compared to experimental data or other models that have a proven accuracy.
This model will be validated by comparing it to data provided by ATHCO, which
is a producer of pillow plates. This data is based their current method for dimen-
sioning their pillow plates. This data contain different configurations of the hot
and cold fluid for the same plate. The plate have the measurements in table 5.1.

Table 5.1: Parameters of pillow plate used for validation study.

Parameter Measurement Unit
HPP 1,000 mm
wPP 2,000 mm
δin 5 mm
Sl 30 mm
St 35 mm

Thickness 1.5 mm
dsp 7.2 mm

Using the values presented in the table, the validity of the model can be com-
pared to the data. There was six different configurations in the data which can be
seen in table 5.2.
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Table 5.2: Input parameters for the six different configurations.

Number Nrplates Refrigerant Tevap ṁre f ṁ f ilm Tin

1 12 R404A -3 1.2 8 7
2 4 R404A -3 0.4 2.9 6
3 6 R404A -3 0.6 4.8 6
4 28 R507A -3 2.9 18.7 6.5
5 13 R507A -2 1.2 9.2 7
6 7 R404A -6 1.4 5.6 12

From the table it can be seen that the refrigerant used is either R404A or R507A,
neither of which have table values for eq. 4.42 on page 24. Therefore for the
validation it will be replaced with eq. 4.51 on page 26. Besides the refrigerant, the
number of plates is also varied which is followed by changes to both the refrigerant
and film flow rate. The last parameter is the inlet temperature of the falling film.
It should be noted that these configurations are quite similar, but there are some
variation between them. The result from these configurations can be seen in table
5.3 for both the measurements and the model.

Table 5.3: Result for comparison of provided data and model result.

Number Expected Calculated
- U Tout U Tout

1 636 1 590 1.31
2 608 1 611 1.04
3 676 1 607 1.37
4 698 0.5 605 1.01
5 598 2 564 2.21
6 673 2 722 1.61

From the table it can be seen that most of the result from the model matches
the data, with it slightly under predicting the heat transfer for all cases except
number 6. The reason that number 6 is the only one that over predicts the heat
transfer is that it is the only one which will have super heat. Super heating is not
properly accounted for in the model as the temperature of the refrigerant will not
be increasing even after the refrigerant has completely evaporated. This results in
a higher heat transfer than what would be possible if the refrigerant temperature
increased. The under prediction can be caused by several of the assumptions made
regarding it acting as a pipe, the most likely being to which degree the dry out will
happen. However, the margin of error is acceptable with the largest variation for
the overall heat transfer coefficient being 13.4% and it being 8.5% for the temper-
ature change. Therefore the model is generally able to accurately predict the heat
transfer. It should be noted that the Reynolds number from the model generally
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was around 500-600 for the refrigerant meaning that they are below the lower limit
of the Nusselt relation for the pillow plate. To understand how that affects the
result it will be compared to another relation which was developed for Reynolds
number from 500-10,000. the result of which can be seen in Figure 5.1.
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Figure 5.1: Comparison of result from the heat transfer correlations proposed by M.Piper et al. [2017]
and Shirzad et al. [2019] for different Reynolds numbers

From the figure it can be seen that the two correlations are similar with the
difference increasing for higher Reynolds number. Therefore while the accuracy
that was found in the original study of ±15% is not applicable outside the exam-
ined range, there is no development that will lead to large errors. Following the
comparison to the data and the other validation it can be seen that the model has a
margin of error of about 14% for the overall heat transfer coefficient and 9% for the
temperature change. These differences tends to underestimate the heat transfer,
unless there is super heat.





Chapter 6

Parametric Study

After examining the validity of the model, it can be used to make a parametric
analysis. This is both useful for understanding how the pillow plate design po-
tentially can be improved, but it can also be used to further examine the validity
of the model. This can be done as there is an expected effect of changing some
parameters, which the model is expected to follow. The first step in making an
parametric analysis is to determine which parameters that will be examined and
which parameters that will be kept fixed.

6.1 Examined Parameters

The main parameters that affects the heat transfer can be split into three groups.
There are parameters relating to the refrigerant flow, to the film flow and to the
plate geometry. All three groups will be examined to some extent. In regards to
the refrigerant flow the parameters which will be varied is the refrigerant used and
the flow rate. For the plate geometry it will be the overall size and the inner height.
For the film flow the parameters will be the flow rate and temperature of the fluid.
All of these parameters are the ones that will be varied. This means that several
parameters will be fixed, the values of which can be seen in Table 6.1.
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Table 6.1: Table of the fixed parameters in the parametric study.

Parameter Value Unit
St 35 mm
Sl 30 mm
dsp 7.5 mm
Nrplates 20 -
ww 15 mm
thickness 1.5 mm
kplate 14.2 W/m
Tre f -5 ◦C

Besides the fixed parameters there also needs to be given a range for the varia-
tion of the examined parameters and a reference value. The value of these can be
seen in Table 6.2.

Table 6.2: Table of the varying parameters in the parametric study.

Parameter Reference Value Variation Unit
δin 5 2.5-5 mm
ṁre f 5 3-15 kg/s
ṁ f ilm 30 20-50 kg/s
Tf ilm 5 3-10 K
Height 1 0.5-2.5 m
Width 2 1-3 m

By varying these parameters it will be examined which of these parameters
are important for improving the performance of the pillow plate. When varying
the mass flow there will also be examined three refrigerants, those being ammo-
nia(NH3), R507A and R404A, while the rest will be for R404A.

6.2 Results

Before the parameter study is made, it will firstly be examined how some of the
important parameters change from the inlet to the outlet of evaporator scaled by
the height. This will also form a base line for the values that will be examined in
the parameter study. Firstly it will be examined how the quality of the refrigerant
changes through the pillow plate, the result of which can be seen in Figure 6.1.
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Figure 6.1: Development of the quality from the from the bottom of the plate to the top.

From the figure it can be seen that the quality increase at a steady rate until
around 0.95 m where the rate decreases. It can also be seen that the outlet quality
is about 0.7 meaning that there was evaporated about 3.5 kg/s refrigerant. Besides
the amount evaporated, the local heat flux is also examined which can be seen in
Figure 6.2.
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Figure 6.2: Development of the heat flux from the from the bottom of the plate to the top.
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From the figure it can be seen that the heat flux follows a similar trajectory
to the slope of the quality which is expected at they are directly correlated. The
decrease in the slope for the quality can also be seen on this figure, where the
local heat flux has a sharp drop. This point is where the dry out happens which
is known to sharply decrease the heat transfer. This is due to fluid that touches
the plate will now be gas and not liquid, which changes the heat transfer from
boiling to forced convection. The last thing that will be examined is how the water
temperature changes from inlet to outlet which can be seen in Figure 6.3.
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Figure 6.3: Development of the water film temperature from the from the top of the plate to the
bottom.

It can be seen from the figure that like the other parameters there are two
different rates at which the temperature of the film decreases. At the start the
decrease is slower which is because the dry out reduces the heat transfer at the
top of the pillow plate whereafter the decrease is sharper. From these plots it can
be seen that the heat transfer is generally increasing with the quality through the
pillow plate until dry out happens. Thereafter there will be a sharp decrease in the
heat transfer which is followed by a slowly decreasing heat transfer. Now that the
standard measurements have been examined the parameter study can be made,
where the first parameter that will be examined is the inner height.

Inner Height

The first parameter that is examined is the inner height. The inner height is deter-
mined during the production process by the pressure which the plate is expanded
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by. Increasing the inner height of the pillow plate will result in a larger cross
sectional area and hydraulic diameter. The larger cross sectional area leads to an
decrease in velocity of the refrigerant, which should result in a decreased heat
transfer, however it should also reduce the pressure losses. Firstly it will be exam-
ined how the heat transfer is affected, which can be seen in Figure 6.4.
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Figure 6.4: Effect of changing the inner height of the pillow plate on the overall heat transfer.

From Figure 6.4 it can be seen that the heat transfer decreases with the increas-
ing inner height which is expected. However, it can also be seen that the decrease
is less than 3% by doubling the inner height so this parameter is not very important
for the overall heat transfer.

Mass Flow Rate Refrigerant

The next parameter that will be examined is the mass flow rate of the refrigerant.
This is a parameter that can be adjusted both by increasing the compressor power
or by adjusting the number of plates. Also, as this is a flooded evaporator, it
can also be done by increasing the recirculation rate which is the flow rate of
the evaporator compared to the flow rate of the whole system. It is expected that
increasing the mass flow will increase the heat transfer due to a higher velocity, but
the outlet quality will be lower as more refrigerant needs to be evaporated. While
examining the mass flow rate, it will also be examined how different refrigerant
affect the system. The result regarding the heat transfer for different refrigerants
and flow rates can be seen in Figure 6.5.
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Figure 6.5: Effect of changing the refrigerant mass flow on the overall heat transfer.

From the figure it can be seen that from a mass flow rate of 3 kg/s to 6 kg/s
there is a noticeable increase in heat transfer for both R404A and R507A. After-
wards the increase is mostly linear. Meanwhile the heat transfer for NH3 is sig-
nificantly higher. This is due to it having both a higher one phase heat transfer
coefficient and a higher nucleate boiling coefficient. It can also be seen that after a
flow rate of 6 kg/s the increase in heat transfer is slightly higher for NH3, which
suggest it benefits more from a higher refrigerant velocity compared to the other
refrigerants. To have a further understanding of the phenomena that was observed
for the heat transfer it is examined how the quality is affected by the mass flow of
the refrigerant. The result of this investigation can be seen in Figure 6.6.
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Figure 6.6: Effect of changing the refrigerant mass flow on the outlet quality.

From the figure it can be seen that the outlet quality decreases with the flow
rate which is expected. In regards to the quality of R507A and R404A where the
sudden increase happens it can be seen that it is around 0.6. Looking at Figure
6.2 and 6.1 on page 39 it can be seen that the dry out happens at a quality around
0.6-0.7 which is where the noticeable increase also seems to stop. Therefore the
noticeable increase should be due to dry out not happening early in the pillow
plate or at all. It can also be seen that while NH3 had a significantly higher heat
transfer, the outlet quality is much lower which is due to NH3 having a higher
latent heat. From this parametric analysis it can be seen that adjusting the flow
rate is an effective method for avoiding dry out and thereby increasing the heat
transfer. Furthermore it can also be seen that the choice of refrigerant can have
a significant effect on the heat transfer and the outlet quality which needs to be
accounted for when designing the system. Of the three refrigerants examined it
was found that NH3 has a significantly better heat transfer, but due to its high
latent heat the quality of the outlet will be quite low.

Mass Flow Rate Falling Film

Another parameter that is examined is the flow rate of the falling film. The flow
rate of the falling film is mostly dependent on the heat source which is available,
but in the specific case where the water needs to be cooled a certain amount this
can be a parameter that is directly controlled. Firstly it will be examined how the
heat transfer is affected which can be seen in Figure 6.7.
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Figure 6.7: Effect of changing the falling film mass flow on the overall heat transfer.

From the figure it can be seen that increasing the mass flow of the falling film
is also an effective way of increasing the heat transfer. By increasing the mass flow
of the falling film from 30 kg/s to 50 kg/s the heat transfer is increased by more
than 100 kW. The reason for this increase in heat transfer is due to two factors.
Firstly it is due to the convective heat transfer from the falling film increasing with
the flow and the second reason is the average temperature of the falling film will
be higher with a higher flow rate due to a higher heat capacity. Therefore this is
further examined by investigating the outlet temperature of the falling film which
can be seen in Figure 6.8.
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Figure 6.8: Effect of changing the falling film mass flow on outlet temperature of the falling film.

From the figure it can be seen that the temperature follows a very similar de-
velopment as the heat transfer which is expected as they are directly correlated. It
can also be seen that if the flow rate is reduced just a bit below 30 kg/s the water
temperature will approach the freezing point of water which in reality will have a
noticeable effect on the heat transfer which the model does not account for. It can
also be seen that the increase in temperature is about 1.2 K which changes the log-
arithmic mean temperature difference to 8.18 K from 7.39 K, which is an increase
of 9.7 % which is more than half of the 16.9 % increase there was seen in the heat
transfer. Therefore the temperature increase is a large part of the increase in heat
transfer, but the increase in heat transfer coefficient is also important. It should also
be noted that as there is an increase in heat transfer the quality will also increase
which result in a larger amount of the pillow plate will experience dry out. There-
fore it could be beneficial to also increase the flow rate of the refrigerant. From this
and the previous parameter study it is also clear that it is possible to increase the
heat transfer per plate by having the same conditions and reducing the number of
plates.

Temperature Falling Film

Besides the flow rate of the falling film it is also examined how the inlet tempera-
ture of the water affects the heat transfer. The temperature of the water is mostly
dependent on the heat source, so this study will examine how the same setup can
perform under different conditions. The results for the heat transfer can be seen in
Figure 6.9.
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Figure 6.9: Effect of changing the inlet temperature of the falling film on the overall heat transfer.

From the figure it can be seen that the increase in heat transfer increases mostly
linearly with the temperature which is expected since the changes to the overall
heat transfer should not be that large when changing the temperature. Besides
affecting the heat transfer, the outlet temperature of the falling film is also affected
which can be seen in Figure 6.10.
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Figure 6.10: Effect of changing the inlet temperature of the falling film on the on the outlet tempera-
ture of the falling film.
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From the figure it can be seen that the water temperature steadily increases
with a higher inlet temperature which is expected, and it can also see that there is
a small change in the slope at 278 K which was also observed for the heat transfer.
It can also be seen that for the current configuration the inlet temperature should
not be more than a bit below 278 K, because it will the result in ice formation on
the pillow plate which will reduce heat transfer.

Height

Lastly there are two parameters that will be examined in regards to the size of the
plate those being the height and the width. The result for the height in regards to
the heat transfer can be seen in Figure 6.11.
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Figure 6.11: Effect of changing the height of the pillow plate on the overall heat transfer.

From the figure it can be seen that the increase in heat transfer is more signifi-
cant below 1 m which matches where the dry out happens in Figure 6.2 on page 39.
This means that the heat transfer gained from increasing the height from 0.5 m to
1 m is significantly more effective than increasing from 1 m to 1.5 m. It can also be
seen that after 1 m the slope of the increase is decreasing which is due to the water
temperature falling lower. Besides the heat transfer the height can also be exam-
ined for what it should be if there is a desired quality at the outlet. The results for
the quality can be seen in Figure 6.12.
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Figure 6.12: Effect of changing the height of the pillow plate on the outlet quality.

From the figure it can be seen that the quality follows a very similar develop-
ment as the heat transfer, which is expected. It can also again be seen that the
dry out seems to happen at a quality of about 0.68. It can also be seen that by
increasing the height to about 2.5 m it is possible to reach a quality of about unity.
This also clearly highlights the advantage of having a flooded evaporator as it can
take advantage of the significantly better heat transfer at a lower quality while still
delivering a quality of unity which is needed for the compressor.

Width

The last parameter which will be examined is the width of the evaporator. While
changing the height and width will both increase the area of the pillow plate,
increasing the width will also increase the cross sectional area and decrease the
wetting rate, both which should decrease the heat transfer. The result for the heat
transfer can be seen in Figure 6.13.
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Figure 6.13: Effect of changing the width of the pillow plate on the overall heat transfer.

From the figure it can be seen that the heat transfer overall will increase as the
area is increased, however if the increase is compared to the increase obtained by
increasing the height the difference can be noticed. For a height of 1.5 m the total
heat transfer is about 712 kW whereas it is 674 kW with a width of 3 m which gives
the same total surface area. In general this parameter study has showed that there
are many ways to increase the heat transfer, but the most effective method is to
ensure an average large temperature difference that does not result in dry out. It
was also found that if the area should be increased it is more beneficial to increase
the height rather than increasing the width.





Chapter 7

Discussion

After examining some of the parameters for the pillow plate in the parametric
analysis, the results and overall model will be discussed. This will be done starting
with the model.

7.1 Model

The first part of the model which will be discussed is the Nusselt correlations used.
When working with heat transfer models it is often necessary to rely on Nusselt
correlations as very few heat transfer cases are able to be solved analytically. This is
also the case for this study, where several Nusselt correlations were used. The first
one of these is the one used for the one phase flow within the pillow plate. This
Nusselt correlation has an accuracy of ±15%, but it is only within the narrow range
that it covers. The range that it covers is rather small as it is only for three specific
types of plates and for Reynolds numbers between 1,000 and 8,000. During this
study there was several times where it was observed that the parameters was out
of the range an example being during the validation where the Reynolds number
was around 500 and therefore below the lower limit. This was also something
that could be observed when calculating the heat transfer for the gas phase as it
would often exceed the upper limit and sometimes even reach Reynolds numbers
up towards 20,000. This results in the accuracy for the study not being accurate
for the gas flow, which especially affects the accuracy of the heat transfer post
dry out. Therefore there is an increased uncertainty for the heat transfer post dry
out. However, the heat transfer outside the range of the Nusselt correlation was
examined and there was no sudden variation so the margin of error should not be
significantly larger than the one described in the study.

Besides the Nusselt correlation for the one phase flow there was also used
correlations for the two phase heat transfer within the plate and the falling film
heat transfer on the outside of the plate. The issue with both these correlation
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are that they are not developed for a pillow plate. The Nusselt correlation for the
falling film are made for a vertical smooth pipe, which means that the effect the
unevenness that is present on the pillow plat is not accounted for. Also as the is a
plate and not a pipe there will be an end to the plate which should effect the heat
transfer locally. However considering the plates width, the effect of this should be
quite minimal. The correlation for a vertical pipes was used as there was not found
a correlation for falling film for a pillow plate during the literature study. This was
also the reason why the boiling heat transfer was modelled based on a approach
for vertical tubes. However here there was accounted for the pillow plate to some
extend as the one phase heat transfer used in the equation was calculated for a
pillow plate. The correlation for the nucleate heat transfer is not really dependent
on the flow geometry so the expression used for that should also be suitable.

The flow within the pillow plate is also assumed to follow the same flow pat-
tern as a vertical tube. Normally the flow pattern within a pipe follows a fixed
pattern where the walls are mostly wet until dry out happens. However, the flow
pattern within a pillow plate will be more turbulent which will form a different
flow pattern. Therefore the method of calculating dry out for a pipe and assuming
it can be applied to a pillow plate might not be accurate. It should also be noted
that the method for calculating dry out is also based on a uniform heat flux which
is not the case for the pillow plate, which could also change where the dry out
happens. An alternative method that could be closer to a uniform heat flux would
be to compare the average heat flux to the critical heat flux, instead of the local
heat flux. This should result in the dry out happening later which would increase
the heat transfer. However the effect of this was found to reduce the accuracy.
Lastly there is the method for calculating the heat transfer after the dry out, which
made the assumption of a homogeneous flow and thermal equilibrium between
the gas and the droplets. The assumption of thermal equilibrium is mostly just a
simplification and will result in a slight increase in heat transfer. The assumption
of homogeneous is more troublesome as it is usually used for flows with signifi-
cantly higher flow rates, which means using this method will result in errors. An
alternative method would be to simply model it as a one phase gas flow, but then
it would not be accounted for how the droplets affect the flow. This would result
in a lower heat transfer right after dry out which will slowly get closer to the same
value as the homogeneous approach. Optimally a method made specifically for
this type of flow would be used, but none was found during the literature study.

Other than the correlations which are important there are also some assump-
tions that was made during the modelling that needs to be discussed. The most
important of these is that there was assumed a uniform flow within the pillow
plate and the falling film. This means that the heat transfer is the same for all the
plates and therefore no difference between the first, middle and last plates. Also
for the plates the heat transfer coefficient for the falling film is uniform, which as-
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sumes the plate is completely wet with no dry spots. It was also assumed that there
are no difference for the heat transfer coefficient within the plate in the horizontal
direction. This overall functions as a simplification to make it easier to model. The
alternative would be to to make a CFD simulation or test the specific pillow plate.
This would reduce the reliance on correlations that are made for pipes, but that
is both a complicated process and requires significantly more time compared to
the current model. Therefor this assumption is made, but it will result in some
uncertainty. It should also be noted that the error resulting from a uniform flow
should be more noticeable for plates that are much wider than high.

Following the correlations and assumptions, there was also the overall imple-
mentation of the method that needs to be considered. Here there are three main
points which can affect the result. These parameters should be selected such that
the model is independent of the specific value. These three are the start guesses
for the iteration regarding the quality and the film temperature, the maximum
allowable error and the number of cells the pillow plate is split into. The way
this was examined was to first examine the amount that was evaporated with the
standard conditions and then see the difference when either reducing the allow-
able error, increasing the number of cells or by changing the start guess. For the
reference values there will be evaporated 3.4979 kg/s which is the value the other
results will be compared to. By reducing the allowable error from 10−8 to 10−9 the
amount evaporated changed to 3.4979 kg/s which was the same as the reference
value until the 6th decimal where it was slightly lower so the difference there is
completely negligible. For the start guesses the were adjusted so the quality would
be linear from 0 to 0.5 compared to the standard 0 to 1 and the reduction in film
temperature was also halved. This changed the amount evaporated to 3.4980 kg/s
which is an increase of 0.0045% which again is negligible. Lastly the number of
cells was changed from 1000 to 1500, which changed the amount evaporated to
3.4990 kg/s which is an increase of 0.03% which is negligible. Therefore it can be
seen that the numerical methods used for the modelling has converged. From this
it can overall be seen that the model is robust on are capable of accounting for
most of the important parameters which some assumptions while still having a
acceptable accuracy.

7.2 Results

Besides the model, the results obtained in the parametric analysis will also be
discussed. In the parametric analysis there was examined the effect of several of
the input parameters from the model. These results showed that most of the pa-
rameters have a significant effect on the heat transfer. Therefore there are several
different parameters that can be changed to improve the performance. However,
it still follows the conventional theory for a high heat transfer that a large temper-
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ature difference, area and heat transfer coefficient is needed. A large temperature
difference can either be achieved by increasing the temperature of water film inlet
which will raise the overall temperature difference or by increasing the mass flow
of the falling film which will increase the average temperature at the film temper-
ature as the outlet temperature will be higher. There is also another method which
was not investigated in this study, which is to reduce the saturation temperature of
the refrigerant by reducing the pressure. This method will have a similar effect to
increasing the film temperature, but the lower pressure will require an increase to
the compressor power which result in a more inefficient system. When enhancing
the heat transfer, it will often be beneficial to also increase the mass flow of the
refrigerant if dry out is approached. It can also be necessary to examine the falling
film to ensure there is still a good temperature difference and that the temperature
does not drop below the freezing point.

In regards to improving the heat transfer coefficient there are a few methods for
how that can be done. The first thing that can be improved is to avoid dry out, as
it results in a noticeable decrease in heat transfer when present. Besides avoiding
dry out, the most noticeable increase in heat transfer was seen by increasing the
mass flow and by having ammonia as the refrigerant, which will increase the heat
transfer coefficient from the wall to the refrigerant. The heat transfer coefficient for
the falling film can also be improved by increasing the flow rate. However, besides
changing the refrigerant the effect is not that large after dry out has been avoided.

In regards to improving the area there are three main methods for doing this.
It will either be to increase the width, height or number of plates. Increasing the
width increases the heat transfer as seen in the parametric analysis, but it is not as
effective as increasing the height. While increasing the number of plates has not
been investigated it will have a similar effect to increasing the width, assuming the
total flow rates are not changed. So if the focus is just to increase the heat transfer
the results shows that it is the most optimal to increase the height. However, if
the pressure loss is also to be considered it is more complicated because increasing
the width and number of plates will reduce the pressure loss while increasing the
height will increase the pressure loss. Therefore when designing a pillow plate
that fits to a given application there needs to considered several of the investigated
parameters to achieve the required heat transfer without using an excessive amount
of plate area. Also when optimising the design of a pillow plate, it is important
to consider how the parameters affect each other. An example could be that if
the height is increased, it could be beneficial to also increase the refrigerant flow
rate to avoid dry out and increase the flow rate or temperature of the falling film
to ensure the temperature difference does not become too small or that the water
freezes. Therefore all the parameters needs to be considered when designing a
pillow plate configuration to ensure a good design.



Chapter 8

Conclusion

Following the discussion made in the previous chapter, the model and its results
have been examined. Thereby it is possible to evaluate the problem statement that
was defined earlier in the project which is:

Create a parametric model of the heat transfer within a falling film pillow plate
evaporator.

To be able to create this parametric model the first step was to determine the
heat transfer from the falling film to the plate. This was done by evaluating the
heat transfer through the total thermal resistance of the system. This was done
by examining the convective heat transfer from the falling film to the plate, con-
duction through the plate and the two phase heat transfer from the plate to the
refrigerant. The heat transfer from the falling film to the plate was modelled us-
ing a Nusselt correlation for vertical pipes and the conduction was modelled as
conduction through a plate. The two phase was more complicated where the first
step was to model the one phase heat transfer for pillow plates with a Nusselt
correlation. Then this was enhanced with a correlation for boiling in vertical pipes
and then there was added a coefficient to account for the nucleate boiling. There
was also examined where in the pillow plate there would be dry out which meant
the flow would be modelled as a one phase homogeneous flow. Thereby it was
possible to account for all the heat transfer methods that will occur in the pillow
plate by using relations developed for similar configuration.

The model this created is capable of evaluating the heat transfer for a given
pillow plate and a given set of flow conditions. To examine the accuracy of the
model it was compared to data provided by ATHCO who is a manufacture of pil-
low plates which shows that the model has an accuracy of ±14% where it tends to
underestimate the heat transfer. This accuracy is completely acceptable consider-
ing the complexity of the system and the assumptions made. The general response
of the model was also evaluated during the parametric study. Here it was found
that it followed the expected behaviour where the heat transfer increased when
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there was added area, the average temperature difference increased or parameters
was changed that should increase the heat transfer coefficients. From this it can be
seen that there has been created a robust model that are able to model a flooded
falling film evaporators with acceptable accuracy.

During the parametric study the effect of several of the input parameters was
investigated. From this it could be concluded that to enhance the heat transfer
of the pillow plate there are several parameters that needs to be considered. To
have a large heat transfer the three important parameters are area, temperature
difference and heat transfer coefficient. The area should be increased by increasing
the height, but the width and number of plates can be considered if the pressure
loss becomes to large. The temperature difference can either be ensured by a high
inlet temperature or a large flow rate so the temperature reduction is small. An
alternative is to reduce the saturation pressure, but that requires extra work for
the compressor. To increase the heat transfer coefficient the most important thing
is to avoid dry out which can mainly be done by increasing the mass flow of the
refrigerant. Besides that it depends on the geometric parameters of the plate and
the flow rate of the refrigerant and falling film. From the parametric analysis it
could also be concluded that the model is versatile and able to realistically model
several different configurations of pillow plates.



Chapter 9

Future Work

The work that has been done during this project has resulted in a model that are
capable of determining the heat transfer of a pillow plate with comparable results
to the method used by ATHCO. However this model relies on several assumption
and have not been compared to experimental which reduces the applicability of
the model. Therefore there can be done further work on this project which will be
discussed chapter.

9.1 Experimental Work

Currently all the data the model has been compared to is theoretical which limit
the certainty of the accuracy. However, improving the validity of the model is not
the only reason to examine the model using experimental data. By conducting
experiments it will be possible to make adjustment to the model so it can be ex-
amined if the dry out happens when it is predicted to happen, is the temperature
distributed uniformly as assumed and so on. Then from these results the model
can be adjusted and if there is enough experimental data there can even be devel-
oped new correlation for the falling film and two phase flow that was assumed to
behave similar to pipes. The overall goal of doing this experimental study would
be to improve both the validity of the model and the accuracy of its results. This
will make the model more suitable for being used to actually design and optimise
actual pillow plates.

9.2 Extend Versatility of Model

Besides doing the experimental study to improve the trust and accuracy it can also
be used to improve the versatility of the model as it can add adjustment factor
for when there is extrapolated for the currently used correlations. However this
is not the only method for improving the versatility of the model. In this project
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there was selected several different correlations which was mostly selected based
on covering a wide range and have a well documented accuracy. However, this
still resulted in some of the correlations, especially the one phase correlation, not
covering what was being examined. This could be improved by doing an extensive
literature study and select several correlations to be implemented with a proper
method for selecting the most suitable correlation. This can be combined with the
experimental study, where the most accurate correlations can be selected. This
will make the model more versatile which makes it possible to examine a large
variety of pillow plate geometries and Reynolds numbers for the falling film and
refrigerant.
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Appendix A

Matlab Code

Main Program

1 %Model i s made by Lasse Olsen , based on :
2 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /

S1290072917302363 ( Mainly t h i s f o r pi l low p l a t e )
3 %https :// l ink −springer −com . zorac . aub . aau . dk/

referenceworkentry /10.1007/978 −3 −540 −77877 −6 _96 ( Mainly
t h i s f o r f a l l i n g f i lm )

4 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S1359431115008947 ( C h a r a c t e r i s t i c dimmensions of pi l low
p l a t e s )

5 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S001793101530627X

6 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S135943111832492X

7

8 %This i s o v e r a l l model t h a t conta ins the input parameters f o r
the pi l low

9 %p l a t e and the f l u i d s and then c a l l s the sub f u n c t i o n s as
needed .

10 c l c
11 c l e a r
12 c l o s e
13

14 %% Parameters P l a t e s :
15 Height = 1 ; %Height of p l a t e
16 Width = 2 ; %Width of p l a t e
17 Nr_plates = 2 0 ; %Number of p l a t e
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18 S l = 30*10^ −3; %Longtitude
d i s t a n c e between welding spots

19 St = 35*10^ −3; %Transverse
d i s t a n c e between welding spots

20 Sd = s q r t ( ( 0 . 5 * St ) ^2+ S l ^2) ; %D i r e c t d i s t a n c e
between c e n t r e of tubes

21 d_sp = 7.5*10^ −3; %Diameter of
welding spots ( not in data sheet )

22 d e l t a _ i n = 5*10^ −3; %Inner expansion
h e i g t

23 del ta_out = 45*10^ −3; %Distance between
p l a t e s ( c e n t r e to c e n t r e )

24 t h i c k n e s s = 1 .5*10^( −3) ; %Thickness of
pi l low p l a t e

25 w_e=15*10^( −3) ; %Width of edge
26 k_pla te= 1 4 . 2 ; %Thermal

conduct iv i ty of pi l low p l a t e
27 A_tot=Height * Width * Nr_plates * 2 ; %Area of pi l low

pla tes , i s s i m p l i f i e d to be the same as f l a t p l a t e
28 H_baff le=Height /2; %Heigth from

bottom t h a t the b a f f l e i s placed at
29 B a f f l e _ e x t e n s i o n =0; %Percentage of

the t o t a l width the b a f f l e covers
30 W_baffle=Width * B a f f l e _ e x t e n s i o n ; %Width of b a f f l e
31

32 %% Parameter R e f r i g e r a n t
33 R e f r i g e r a n t _ f l u i d = ’NH3’ ; %R e f r i g e r a n t

f l u i d used
34 T_re f_ in = −5+273.15 ; %Temperature of

r e f r i g e r a n t in
35 T_ref_out = −5+273.15; %Temperature of

r e f r i g e r a n t out
36 %P_re f_ in = 3 3 . 9 1 * 1 0 ^ 5 ; %Pressure of

r e f r i g e r a n t in
37 m_dot_ref = 5 ; %Mass flow of

r e f r i g e r a n t
38 m_dot_ref_evap = 1 . 2 ; %Mass flow of

r e f r i g e r a n t t h a t evaporated ( Thus w i l l l a t e r be c a l c u l a t e d
, when two phase i s added )

39

40 %% Parameter Waste heat
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41 Heat_f luid = ’ water ’ ; %Fluid used f o r heat ing
42 T_f i lm_in = 5 + 2 7 3 . 1 5 ; %Temperature of

heat ing f l u i d in
43 T_fi lm_out = 1 + 2 7 3 . 1 5 ; %Temperature of

heat ing f l u i d out
44 P_heat_in = 101325 ; %Pressure of

heat ing f l u i d in
45 m_dot_film = 3 0 ; %Mass flow of

heat ing media
46 g = 9 . 8 1 ; %G r a v i t a t i o n a l

a c c e l e r a t i o n
47

48 %Here the sub program to c a l c u l a t e the convect ive heat
t r a n s f e r c o e f f i c i e n t f o r the pi l low p l a t e . This i s done
f o r both the r e f r i g e r a n t on gas form and on l i q u i d form . 1

represent gas , while 2 represent l i q u i d
49 [ h_pp ( 1 ) , Re_tot ( 1 ) ,u_m( 1 ) , d_hi , a , b , c , A _ c s i t o t ]= HeatTransferPP

( Sl , St , Sd , de l ta_ in , Width , Height , Nr_plates , th ickness , d_sp
, 1 , T_ref_ in , R e f r i g e r a n t _ f l u i d , m_dot_ref , w_e ) ;

50 [ h_pp ( 2 ) , Re_tot ( 2 ) ,u_m( 2 ) , d_hi , a , b , c , A _ c s i t o t ]= HeatTransferPP
( Sl , St , Sd , de l ta_ in , Width , Height , Nr_plates , th ickness , d_sp
, 0 , T_ref_ in , R e f r i g e r a n t _ f l u i d , m_dot_ref , w_e ) ;

51

52 %Here the sub program to c a l c u l a t e the convect ive heat
t r a n s f e r c o e f f i c i e n t f o r the f a l l i n g f i lm .

53 [ h_film , delta_pp_eq1 , delta_pp_eq2 ]= HeatTransferFF ( P_heat_in ,
T_fi lm_in , Heat_fluid , m_dot_film , Width , Nr_plates , g , T_re f_ in
) ;

54

55 N r _ c e l l _ v e r t i c a l =1000; %Number of c e l l s the heat exchanger i s
s p l i t i n t o on the v e r t i c a l a x i s

56 %Cal l the subprogram t h a t c a l c u l a t e s the heat t r a n s f e r , the
amount

57 %evaporated , the temperature of the f i lm and the gradual
change in q u a l i t y .

58 [ m_dot_evap_ref , x_dot_ref , Q_calc_NTU , T_film , k , err , h_boil ,
alpha_nuc , x _ c r i t , alpha_void , x _ c r i t i c a l , q _ c r i t , q_dot ]=
HeatExchangerNoBaffleVert ( m_dot_film , m_dot_ref , h_pp , h_film
, R e f r i g e r a n t _ f l u i d , P_heat_in , T_fi lm_in , Heat_fluid ,
N r _ c e l l _ v e r t i c a l , Nr_plates , Height , Width , T_ref_ in , th ickness
, k_plate , d_hi , A_cs i tot , a , b , c ) ;
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59 m_dot_evap_ref_tot=sum( m_dot_evap_ref ) ; %Tota l amount
evaporated in the pi l low p l a t e .

60 Q_tot=sum( Q_calc_NTU ) ; %Tota l amount of heat t r a n s f e r .
61

62 %Loop f o r c a l c u l a t i n g the pressure loss , t h i s i s c a l c u l a t e d
on a c e l l b a s i s

63 %as i t i s dependent on the q u a l i t y of the mixture .
64 f o r i =1: N r _ c e l l _ v e r t i c a l
65 [ Delta_P_grav_2ph ( i ) , Delta_P_acc_2ph ( i ) , De l ta_P_Fr iede l ( i ) ]=

PressureLossPP ( Width , Height , a , b , c , Re_tot , u_m, d_hi , T_ref_ in
, R e f r i g e r a n t _ f l u i d , m_dot_ref , x_dot_re f ( i ) , Nr_plates ,
A_cs i to t , N r _ c e l l _ v e r t i c a l ) ;

66 i f i >2
67 Delta_P_acc_2ph_actual ( i −1)=Delta_P_acc_2ph ( i ) −

Delta_P_acc_2ph ( i −1) ; %Account d i f f e r e n t a t i o n in
equation

68 end
69 end
70 Del ta_P_tot=sum( Del ta_P_Fr iede l+Delta_P_grav_2ph ) +sum(

Delta_P_acc_2ph_actual ) ; %Tota l presure l o s s through the
evaporator

71

72

73 l e n g t h _ p l o t= l i n s p a c e ( 0 , Height , N r _ c e l l _ v e r t i c a l ) ;
74 l e n g t h _ p l o t _ f i l m = l i n s p a c e ( 0 , Height , N r _ c e l l _ v e r t i c a l +1) ;
75

76 f i g u r e ( 1 )
77 p l o t ( l ength_plo t_ f i lm , x_dot_re f )
78 x l a b e l ( ’ Lenght [m] ’ )
79 y l a b e l ( ’ Qual i ty [ −] ’ )
80 grid on
81 %matlab2t ikz ( ’ QualityStandard . t ikz ’ )
82 %t i t l e ( ’ Quali ty of R e f r i g e r a n t from I n l e t to Outlet ’ )
83

84 % f i g u r e ( 2 )
85 % p l o t ( x_dot_re f ( 2 : N r _ c e l l _ v e r t i c a l +1) , h_boi l )
86 % x l a b e l ( ’ Quali ty [ − ] ’ )
87 % y l a b e l ( ’ Convective heat t r a n s f e r c o e f f i c i e n t [W/(m^2 K) ] ’ )
88 % t i t l e ( ’ Convective/ B o i l i n g Heat Transfer C o e f f i e n t on I ns ide

of PP ’ )
89
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90 % f i g u r e ( 3 )
91 % p l o t ( length_plot , Q_calc_NTU )
92 % x l a b e l ( ’ Lenght [m] ’ )
93 % y l a b e l ( ’ Heat Transfer [W] ’ )
94 % t i t l e ( ’ Heat Transfer Rate of Each C e l l From I n l e t to Outlet

’ )
95

96 f i g u r e ( 2 )
97 p l o t ( l ength_plo t_ f i lm , T_fi lm )
98 x l a b e l ( ’ Lenght [m] ’ )
99 y l a b e l ( ’ Temperature [K] ’ )

100 grid on
101 %matlab2t ikz ( ’ TFilmStandard . t ikz ’ )
102 %t i t l e ( ’ Temperature of F a l l i n g Film from Top to Bottom ’ )
103

104 f i g u r e ( 3 )
105 p l o t ( l ength_plo t_ f i lm , q_dot )
106 x l a b e l ( ’ Lenght [m] ’ )
107 y l a b e l ( ’ Heat Flux [W/m^2] ’ )
108 grid on
109 %matlab2t ikz ( ’ qdotStandard . t ikz ’ )
110 %t i t l e ( ’ Amount Evaporated within Each C e l l From I n l e t to

Outlet ’ )

Pillow Plate Convective Heat Transfer

1 func t ion [ h_pp , Re_tot , u_m, d_hi , a , b , c , A _ c s i t o t ]= HeatTransferPP
( Sl , St , Sd , de l ta_ in , Width , Height , Nr_plates , th ickness , d_sp ,
phase , T_ref_ in , R e f r i g e r a n t _ f l u i d , m_dot_ref , w_e )

2

3 %C a l c u l a t e s the convect ive heat t r a n s f e r within the pi l low
p l a t e based on

4 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S1290072917302363 and

5 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S1359431115008947

6

7 h_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’H’ , ’T ’ , T_ref_ in , ’Q’ ,
phase , R e f r i g e r a n t _ f l u i d ) ; %Enthalpy of r e f r i g e r a n t

a t i n l e t , c u r r e n t l y unused
8 P r _ r e f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’T ’ , T_ref_ in
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, ’Q ’ , phase , R e f r i g e r a n t _ f l u i d ) ; %Prandt l number of
r e f r i g e r a n t

9 rho_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’T ’ , T_ref_ in , ’Q’ ,
phase , R e f r i g e r a n t _ f l u i d ) ; %Density of r e f r i g e r a n t

10 mu_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’T ’ ,
T_ref_in , ’Q’ , phase , R e f r i g e r a n t _ f l u i d ) ; %Dynamic
v i s c o s i t y of r e f r i g e r a n t

11 cp_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’T ’ , T_ref_ in , ’Q’ ,
phase , R e f r i g e r a n t _ f l u i d ) ; %S p e c i f i c heat
c a p a c i t y of r e f r i g e r a n t

12 k_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’T ’ ,
T_ref_in , ’Q’ , phase , R e f r i g e r a n t _ f l u i d ) ; %Thermal
conduct iv i ty of r e f r i g e r a n t

13 %T _r e f _ ss=py . CoolProp . CoolProp . PropsSI ( ’ T ’ , ’ T ’ , T_ref_in , ’Q’ ,
phase , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty of
r e f r i g e r a n t

14 %% One phase pi l low p l a t e Nusselt
15

16 %Calculated lengths :
17 a =2* S l/St ; %Dimmensionless length f o r

l o n g i t u d i n a l spacing
18 b=d_sp/St ; %Dimmensionless length f o r diameter

of welding spots
19 c= d e l t a _ i n /St ; %Dimmensionless length f o r inner

channel height
20 A0=S l * 0 . 5 * St ; %F l a t area of s m a l l e s t repeat ing

piece
21

22

23 %Ca lc u la t i n g t o t a l RE
24 a_Vnref = 0 . 1 * ( S t /(2* S l ) ) ^2 −0.18*( St /(2* S l ) ) + 0 . 1 9 ; %F i t t i n g

f a c t o r
25 a_wnref = 3 . 1 2 * ( St /(2* S l ) ) ^2 −5.74*( St /(2* S l ) ) + 3 . 0 8 ; %F i t t i n g

f a c t o r
26 phi_A=1−pi * d_sp ^2/(4* St * S l ) ; %

Parameter t h a t account f o r welding spot a f f e c t on area
27 f_sp =1 .37* phi_A ^ 2 . 5 8 ; %Power

law f i t t i n g to account f o r welding spots
28 V_i=a_Vnref * d e l t a _ i n * Sd^2* f_sp ; %Inner

volume of the s m a l l e s t repeat ing piece in the geometry
29 A_wi=A0+A0* a_wnref * d e l t a _ i n ^2/Sd ^2; %Inner
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wetting area of the s m a l l e s t repeat ing piece
30 d_hi =4* V_i/A_wi ; %

Hydraulic diameter of the pi l low p l a t e
31 A_csi=V_i /( S l ) ; %Average

c r o s s s e c t i o n a l area of the s m a l l e s t repeat ing piece
32 A _ c s i t o t =A_csi * 4 * ( ( Width −2*w_e ) /St ) ; %Tota l

c r o s s s e c t i o n a l area while accounting f o r b a f f l e (
Calculated f o r below b a f f l e but are the same the other
p laces )

33

34

35 %I f staments to determine which type of pi l low p l a t e i t i s
and thereby

36 %which curve f i t should be used
37 i f a >=0.58 −0.05 && a <=0.58+0.05 && b<=0.14 && b>=0.1 && c

<=0.083 && c >=0.042 %I f t h i s i s t rue the pi l low p l a t e i s
of type L

38 n6 =4 .36* c + 1 . 1 4 ; %Part of power
law f o r fanning f a c t o r

39 n7 = −0.44 ; %Part of power
law f o r fanning f a c t o r

40 psi_A =0 .94* b + 0 . 4 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

41 psi_Q =2 .16* b + ( 4 . 2 3 * c − 0 . 3 5 2 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

42 dh_z1 =( −11.22* b +(113* c + 1 . 8 2 ) ) *10^ −3; %Hydraulic
diameter of core flow

43 s _ s t a r =1; %Correc t ion
f a c t o r f o r Reynolds number

44 e l s e i f a >=1 −0.05 && a <=1+0.05 && b<=0.24 && b>=0.17 && c
<=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type E

45 n6 =2 .52* c + 0 . 2 4 ; %Part of power
law f o r fanning f a c t o r

46 n7 = −0.3 ; %Part of power
law f o r fanning f a c t o r

47 psi_A =0 .75* b + 0 . 4 6 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

48 psi_Q =0 .75* b + ( 1 . 5 4 * c − 0 . 0 1 4 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

49 dh_z1 =( −18.31* b + ( 3 5 . 4 2 * c + 4 . 8 ) ) *10^ −3; %Hydraulic
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diameter of core flow
50 s _ s t a r =1; %Correc t ion

f a c t o r f o r Reynolds number
51 e l s e i f a >=1.71 −0.05 && a <=1.71+0.05 && b<=0.24 && b>=0.17 &&

c <=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type T

52 n6 =4 .62* c + 0 . 6 ; %Part of power
law f o r fanning f a c t o r

53 n7 = −0.34 ; %Part of power
law f o r fanning f a c t o r

54 psi_A =0 .81* b + 0 . 2 6 3 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

55 psi_Q =0 .46* b + ( 1 . 1 7 * c − 0 . 0 4 2 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

56 dh_z1 =( −8.1* b +(60* c + 2 . 1 ) ) *10^ −3; %Hydraulic
diameter of core flow

57 s _ s t a r = 1 . 0 7 6 1 ; %Correc t ion
f a c t o r f o r Reynolds number

58 e l s e %This s p e c i f i e s t h a t the parameters are not within the
range the study examined , t h i s should g e n e r a l l y be avoided

59 n6 =4 .62* c + 0 . 6 ; %Part of power
law f o r fanning f a c t o r

60 n7 = −0.34 ; %Part of power
law f o r fanning f a c t o r

61 psi_A =0 .81* b + 0 . 2 6 3 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

62 psi_Q =0 .46* b + ( 1 . 1 7 * c − 0 . 0 4 2 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

63 dh_z1 =( −8.1* b +(60* c + 2 . 1 ) ) *10^ −3; %Hydraulic
diameter of core flow

64 s _ s t a r = 1 . 0 7 6 1 ; %Correc t ion
f a c t o r f o r Reynolds number

65 disp ( ’ Pi l low p l a t e parameters are out of range ’ )
66 end
67

68

69 u_m=m_dot_ref /( rho_re f * A _ c s i t o t * Nr_plates ) ; %Average
v e l o c i t y of the r e f r i g e r a n t through the p l a t e

70 Re_tot=rho_re f *u_m* d_hi/mu_ref ; %Tota l
Reynolds number through the p l a t e

71 Re_z1=Re_tot * ( s _ s t a r /(1− psi_A ) ) ; %Reynolds number
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f o r coref low
72 z e t a _ f =n6 * Re_tot^n7 ; %Fanning f a c t o r

power law f o r core flow
73 i f Pr_ref >5
74 Nu_ref = ( ( z e t a _ f /8) * Re_z1 * P r _ r e f ) / ( 1 . 0 7 + 1 2 . 7 * s q r t ( z e t a _ f /8) * (

P r _ r e f ^(2/3) −1) ) ; %Nusselt number f o r core flow
75 e l s e
76 Nu_ref = ( ( z e t a _ f /8) * Re_z1 * P r _ r e f ) / (1+3 .4* z e t a _ f + ( 1 1 . 7 + 1 . 8 *

P r _ r e f ^ −(1/3) ) * s q r t ( z e t a _ f /8) * ( P r _ r e f ^(2/3) −1) ) ;
77 end
78 h_z1=Nu_ref * k_re f/dh_z1 ; %Convective heat

t r a n s f e r c o e f f i c i e n t f o r core flow
79 h_pp=h_z1 * ( (1 − psi_A ) /(1− psi_Q ) ) ; %Convective heat

t r a n s f e r c o e f f i c i e n t f o r inner flow of pi l low p l a t e
80 end

Falling Film Convective Heat Transfer

1 func t ion [ h_film , delta_pp_eq1 , delta_pp_eq2 ]= HeatTransferFF (
P_heat_in , T_fi lm_in , Heat_fluid , m_dot_film , Width , Nr_plates ,
g , T_re f_ in )

2

3 %C a l c u l a t e s the convect ive heat t r a n s f e r f o r the f a l l i n g f i lm
based on

4 %https :// l ink −springer −com . zorac . aub . aau . dk/
referenceworkentry /10.1007/978 −3 −540 −77877 −6 _96

5

6 %Heating media
7 i f T_ref_ in <273.15
8 T_re f_ in = 2 7 3 . 1 5 3 ;
9 end

10 mu_film=py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’P ’ ,
P_heat_in , ’T ’ , T_fi lm_in , Heat_f luid ) ; %Dynamic
v i s c o s i t y of heat ing media

11 Pr_f i lm=py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’P ’ , P_heat_in ,
’T ’ , T_fi lm_in , Heat_f luid ) ; %Prandtl number of
heat ing media

12 k_fi lm=py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’P ’ ,
P_heat_in , ’T ’ , T_fi lm_in , Heat_f luid ) ; %Thermal
conduct iv i ty of heat ing media

13 rho_f i lm=py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’P ’ , P_heat_in , ’T ’ ,



72 Appendix A. Matlab Code

T_fi lm_in , Heat_f luid ) ; %Desity of heat ing
media

14 nu_film=mu_film/rho_f i lm ;

%Kinematic v i s c o s i t y of heat ing media
15 mu_wall=py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’P ’ ,

P_heat_in , ’T ’ , T_ref_ in , Heat_f luid ) ; %V i s c o s i t y a t
wall temperature

16 sigma_film =74.01*10^( −9) ;

%Surface tens ion of water
17

18 %% F a l l i n g Film Nusselt
19 Re_film=m_dot_film /(Width * Nr_plates * 2 * mu_film ) ; %Reynolds

number f o r f a l l i n g f i lm
20

21 C_inf = 1 . 3 ; %Factor
f o r Nusselt r e l a t i o n , based on constant wall temperature

22 wet t ing_ra te=m_dot_film /(Width * Nr_plates * 2 ) ;
23 Nu1_film ( 1 ) =C_inf * Re_film ^( −1/3) ; %Nusselt

r e l a t i o n f o r laminar , hydrodynamically and thermally
developed flow

24 Nu1_film ( 2 ) =0 .0425* Re_film ^(1/5) * Pr_f i lm ^ ( 0 . 3 4 4 ) ; %Nusselt
r e l a t i o n f o r t r a n s i t i o n to turbulent flow

25 Nu1_film ( 3 ) =0 .0136* Re_film ^(2/5) * Pr_f i lm ^ ( 0 . 3 4 4 ) ; %Nusselt
r e l a t i o n f o r turbulent flow

26

27 Nu_film=max( Nu1_film ) * ( mu_film/mu_wall ) ^ 0 . 2 5 ; %S e l e c t
h ighes t Nusselt number , as the highes t w i l l always be
based on Re number being in t h a t zone

28 h_fi lm=Nu_film * k_fi lm * ( 1 / ( nu_film^2/g ) ^(1/3) ) ; %
Convective heat t r a n s f e r c o e f f i c i e n t f o r f a l l i n g f i lm

29

30 h_plus =3.8*10^( −3) * Re_film ^ ( 0 . 4 ) * Pr_f i lm ^ ( 0 . 6 5 ) ; %Another
r e l a t i o n f o r f a l l i n g fi lm , i s g e n e r a l l y qui te a b i t lower
compared to the other one

31 h_fi lm1=h_plus /( mu_film^2/( rho_f i lm ^2* k_f i lm ^3*g ) ) ^(1/3) * (
mu_film/mu_wall ) ^ 0 . 2 5 ;

32

33 %% Film t h i c k n e s s ( This i s about the t h i c k n e s s of the f i lm
layer , i s c u r r e n t l y not important )
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34 delta_pp_eq1 = 0 . 0 2 2 5 * ( nu_film^2/g ) ^(1/3) * ( Re_film ) + 3 . 9 7 * (
nu_film^2/g ) ^(1/3) ;

35 delta_pp_eq2 = 0 . 5 7 3 * ( nu_film^2/g ) ^(1/3) * ( Re_film ) ^ ( 0 . 5 1 7 5 ) ;
36

37 d e l t a _ f l a t _ f l a m =( nu_film^2/g ) ^(1/3) * ( 3 * Re_film ) ^(1/3) ;
38 d e l t a _ f l a t _ f t u r b = 0 . 3 0 2 * ( 3 * nu_film^2/g ) ^(1/3) * ( Re_film ) ^(8/15)

;
39

40 K_f=rho_f i lm * sigma_film ^3/(g * mu_film ^4) ;
41 Ka=1/K_f ;
42

43 end

Heat Exchanger Function

1 func t ion [ m_dot_evap_ref , x_dot_ref , Q_calc_NTU , T_film , k , err ,
h_pp_boil , alpha_nuc , x _ c r i t , alpha_void , x _ c r i t i c a l , q _ c r i t ,
q_dot ]= HeatExchangerNoBaffleVert ( m_dot_film , m_dot_ref , h_pp
, h_film , R e f r i g e r a n t _ f l u i d , P_heat_in , T_fi lm_in , Heat_fluid ,
N r _ c e l l _ v e r t i c a l , Nr_plates , Height , Width , T_ref_ in , th ickness
, k_plate , d_hi , A_cs i tot , a , b , c )

2

3 %C a l c u l a t e s the a c t u a l heat t r a n s f e r of the pi l low p l a t e and
the r e s u l t i n g

4 %change in q u a l i t y f o r the mixture . Heat exchanger modelling
i s based on

5 %https :// l ink −springer −com . zorac . aub . aau . dk/
referenceworkentry /10.1007/978 −3 −540 −77877 −6 _4

6 %while the b o i l i n g enhancement i s from
7 %https :// l ink −springer −com . zorac . aub . aau . dk/

referenceworkentry /10.1007/978 −3 −540 −77877 −6 _124 # Sec35
8

9 %R e f r i g e r a n t gas
10 h_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’H’ , ’T ’ , T_ref_ in , ’Q’ , 1 ,

R e f r i g e r a n t _ f l u i d ) ; %Enthalpy of r e f r i g e r a n t a t
i n l e t , c u r r e n t l y unused

11 P r _ r e f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’T ’ , T_ref_ in
, ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Prandtl number of
r e f r i g e r a n t

12 rho_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’T ’ , T_ref_ in , ’Q’
, 1 , R e f r i g e r a n t _ f l u i d ) ; %Density of r e f r i g e r a n t



74 Appendix A. Matlab Code

13 mu_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’T ’ ,
T_ref_in , ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Dynamic v i s c o s i t y of

r e f r i g e r a n t
14 cp_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’T ’ , T_ref_ in , ’Q’

, 1 , R e f r i g e r a n t _ f l u i d ) ; %S p e c i f i c heat c a p a c i t y
of r e f r i g e r a n t

15 k_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’T ’ ,
T_ref_in , ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty
of r e f r i g e r a n t

16 P_re f_ in=py . CoolProp . CoolProp . PropsSI ( ’P ’ , ’T ’ , T_ref_in , ’Q’ , 1 ,
R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty of r e f r i g e r a n t

17 sigma_ref=py . CoolProp . CoolProp . PropsSI ( ’ I ’ , ’T ’ , T_ref_in , ’Q’
, 0 , R e f r i g e r a n t _ f l u i d ) ;

18 %R e f r i g e r a n t l i q u i d
19 h_ref ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’H’ , ’T ’ , T_ref_ in , ’Q’ , 0 ,

R e f r i g e r a n t _ f l u i d ) ; %Enthalpy of r e f r i g e r a n t a t
i n l e t , c u r r e n t l y unused

20 P r _ r e f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’T ’ , T_ref_in
, ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Prandt l number of
r e f r i g e r a n t

21 rho_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’T ’ , T_ref_ in , ’Q’
, 0 , R e f r i g e r a n t _ f l u i d ) ; %Density of r e f r i g e r a n t

22 mu_ref ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’T ’ ,
T_ref_in , ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Dynamic v i s c o s i t y of

r e f r i g e r a n t
23 cp_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’T ’ , T_ref_ in , ’Q’

, 0 , R e f r i g e r a n t _ f l u i d ) ; %S p e c i f i c heat c a p a c i t y
of r e f r i g e r a n t

24 k_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’T ’ ,
T_ref_in , ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty
of r e f r i g e r a n t

25 %Heating media
26 mu_film=py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’P ’ ,

P_heat_in , ’T ’ , T_fi lm_in , Heat_f luid ) ; %Dynamic
v i s c o s i t y of heat ing media

27 Pr_f i lm=py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’P ’ , P_heat_in ,
’T ’ , T_fi lm_in , Heat_f luid ) ; %Prandtl number of
heat ing media

28 k_fi lm=py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’P ’ ,
P_heat_in , ’T ’ , T_fi lm_in , Heat_f luid ) ; %Thermal
conduct iv i ty of heat ing media
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29 cp_f i lm=py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’P ’ , P_heat_in , ’T ’ ,
T_fi lm_in , Heat_f luid ) ; %S p e c i f i c heat
c a p a c i t y of heat ing media

30 rho_f i lm=py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’P ’ , P_heat_in , ’T ’ ,
T_fi lm_in , Heat_f luid ) ; %Desity of heat ing
media

31 nu_film=mu_film/rho_f i lm ;

%Kinematic v i s c o s i t y of heat ing media
32 sigma_film =74.01*10^( −9) ;%py . CoolProp . CoolProp . PropsSI ( ’ I ’ , ’ P

’ , P_heat_in , ’ T ’ , T_fi lm_in , Heat_f luid ) ;
33

34 Mol_mass_ref=py . CoolProp . CoolProp . PropsSI ( ’M’ , ’T ’ , T_ref_ in , ’Q
’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %

35 Mol_mass_H2=py . CoolProp . CoolProp . PropsSI ( ’M’ , ’T ’ , T_ref_ in , ’Q’
, 1 , ’ Hydrogen ’ ) ;

36 p _ c r i t =py . CoolProp . CoolProp . PropsSI ( ’ p c r i t ’ , ’T ’ , T_ref_ in , ’Q’
, 1 , R e f r i g e r a n t _ f l u i d ) ;

37 G=m_dot_ref /( A _ c s i t o t * Nr_plates ) ;
38

39 %% Heat exchange c e l l method
40 alpha_gas=h_pp ( 1 ) ; %Define the heat t r a n s f e r f o r when i t

would be only gas
41 a l p h a _ l i q =h_pp ( 2 ) ; %Define the heat t r a n s f e r f o r when i t

would be only l i q u i d
42 W1( 1 : N r _ c e l l _ v e r t i c a l ) = i n f ;%m_dot_ref * cp_re f ( 1 ) /Nr_plates ;

%Heat c a p a c i t y r a t e f o r
r e f r i g e r a n t

43 W2( 1 : N r _ c e l l _ v e r t i c a l ) =m_dot_film * cp_f i lm/Nr_plates ; %Heat
c a p a c i t y r a t e f o r heat ing media

44 A( 1 : N r _ c e l l _ v e r t i c a l ) =2* Height * Width/ N r _ c e l l _ v e r t i c a l ;
%Area of c e l l

45

46

47

48 F_value =1; %This i s s e t to one as i t i s pure counter flow
49 x_dot_ref_guess= l i n s p a c e ( 0 , 1 , N r _ c e l l _ v e r t i c a l +1) ; %S t a r t i n g

guess f o r how the r e f r i g e r a n t q u a l i t y changes through the
pil low p l a t e

50 x_dot_re f=x_dot_ref_guess ; %Define the value to be equal to
the guess
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51

52 %I n i t i a l temperature as v e c t o r s
53 T_ref ( 1 ) =T_re f_ in ; %Temperature of r e f r i g e r a n t a t i n l e t

of zone 1
54 T_fi lm ( 1 ) =T_f i lm_in ; %Temperature of heat ing media a t

i n l e t of zone 3
55 T_guess=T_film ( 1 ) − l i n s p a c e ( 0 , 2 , N r _ c e l l _ v e r t i c a l +1) ; %Guess

f o r temperature d i s t r i p u t i o n f o r f a l l i n g f i lm
56 T_fi lm=T_guess ; %Define the guess as the value
57 e r r ( 1 ) =1; %Define e r r o r value f o r i t e r a t i o n
58 T_ref ( 1 : N r _ c e l l _ v e r t i c a l +1)=T_ref ; %Define the r e f r i g e r a n t

temperature to be constant f o r a l l c e l l
59 i t e r =1; %Define i t e r a t i o n counter
60 k ( 1 : N r _ c e l l _ v e r t i c a l ) =(1/( h_pp ( 2 ) ) +1/h_fi lm+ t h i c k n e s s /k_pla te

) ^( −1) ; %Give s t a r t i n g value f o r k value
61 q_dot ( 1 ) =k ( 1 ) * ( T_fi lm ( N r _ c e l l _ v e r t i c a l +1)−T_ref ( 1 ) ) ;

%Ca l c u l a te s t a r t guess f o r heat flow
62 x _ c r i t i c a l = 0 . 8 ;

%
Gives guess f o r when dryout happens , i s not important

63 f o r i =1: N r _ c e l l _ v e r t i c a l
64 [ x _ c r i t ( i ) , q _ c r i t ( i ) ]= C r i t B o i l ( sigma_ref , rho_ref , Height ,

m_dot_ref , d_hi , h_ref , Nr_plates , i , N r _ c e l l _ v e r t i c a l , A _ c s i t o t
) ; %C a lc u la t e c r i t i c a l heat f l u x and q u a l i t y

65 end
66

67 while e r r ( i t e r ) >1*10^−8 && i t e r <10000 %I t e r a t i o n loop
to c o r r e c t the guess f o r i n l e t temperature

68 c r i t _ b o i l =0 ;
69 f o r i =1: N r _ c e l l _ v e r t i c a l %The heat t r a n s f e r i s c a l c u l a t e d f o r

each
70

71 i f x_dot_re f ( i ) <0.995 %Check to see i f the f l u i d can be
considered to s t i l l be b o i l i n g

72 B o i l i n g F a c t o r ( i ) =((1 − x_dot_re f ( i ) ) ^0 .01* ( (1 − x_dot_re f ( i ) )
^ 1 . 5 + 1 . 9 * x_dot_re f ( i ) ^ 0 . 6 * ( rho_re f ( 2 ) /rho_re f ( 1 ) ) ^ 0 . 3 5 )
^( −2 .2 )+x_dot_re f ( i ) ^ 0 . 0 1 * ( ( alpha_gas/a l p h a _ l i q ) * (1+8*(1 −
x_dot_re f ( i ) ) ^ 0 . 7 ) * ( rho_re f ( 2 ) /rho_re f ( 1 ) ) ^ 0 . 6 7 ) ^( −2) )
^( −0 .5 ) ; %V e r t i c a l enchancement of convect ive heat
t r a n s f e r

73 %B o i l i n g F a c t o r ( i ) =((1 − x_dot_re f ( i ) ) ^0 .01* ( (1 − x_dot_re f ( i ) )
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+ 1 . 2 * x_dot_re f ( i ) ^ 0 . 4 * ( rho_re f ( 2 ) /rho_re f ( 1 ) ) ^ 0 . 3 7 ) ^( −2 .2 )
+x_dot_re f ( i ) ^ 0 . 0 1 * ( ( alpha_gas/a l p h a _ l i q ) * (1+8*(1 −
x_dot_re f ( i ) ) ^ 0 . 7 ) * ( rho_re f ( 2 ) /rho_re f ( 1 ) ) ^ 0 . 6 7 ) ^( −2) )
^( −0 .5 ) ; %Horionzontal enchancement of convect ive heat
t r a n s f e r

74 i f i ==1
75 alpha_nuc ( i ) =HeatTransferNucleate ( P_ref_ in , d_hi ,

R e f r i g e r a n t _ f l u i d , T_fi lm ( N r _ c e l l _ v e r t i c a l +1− i ) ,
T_ref_in , k ( i ) , Mol_mass_ref , Mol_mass_H2 , p _ c r i t ) ; %
C al c u l a t e nuc lea te heat t r a n s f e r

76 e l s e
77 alpha_nuc ( i ) =HeatTransferNucleate ( P_ref_ in , d_hi ,

R e f r i g e r a n t _ f l u i d , T_fi lm ( N r _ c e l l _ v e r t i c a l +1− i ) ,
T_ref_in , k ( i −1) , Mol_mass_ref , Mol_mass_H2 , p _ c r i t ) ; %
C al c u l a t e nuc lea te heat t r a n s f e r

78 end
79 S=(1− x_dot_re f ( i ) *(1 − rho_re f ( 2 ) /rho_re f ( 1 ) ) ) ^(1/2) ; %S l i p

f a c t o r
80 alpha_void ( i ) =1/(1+( S *(1 − x_dot_re f ( i ) ) /x_dot_re f ( i ) ) * rho_re f

( 1 ) /rho_re f ( 2 ) ) ; %Void f r a c t i o n
81 %Heat t r a n s f e r c o e f f i c i e n t f u l l y wetted s u r f a c e from VDI

heat a t l a s
82

83

84 mu_V( i ) =mu_ref ( 1 ) * x_dot_re f ( i ) +mu_ref ( 2 ) *(1 − x_dot_re f ( i ) ) ; %
Dynamic v i s c o s i t y of r e f r i g e r a n t as a homogeneous mixture

85 k_V ( i ) =k_re f ( 1 ) * x_dot_re f ( i ) +k_re f ( 2 ) *(1 − x_dot_re f ( i ) ) ; %
Thermal conduct iv i ty of r e f r i g e r a n t as a homogeneous
mixture

86 cp_V ( i ) =cp_re f ( 1 ) * x_dot_re f ( i ) +cp_re f ( 2 ) *(1 − x_dot_re f ( i ) ) ; %
Heat c a p a c i t y of r e f r i g e r a n t as a homogeneous mixture

87 Pr_V ( i ) =mu_V( i ) * cp_V ( i ) /k_V ( i ) ; %
Prandtl number of r e f r i g e r a n t as a homogeneous mixture

88 h_pool ( i ) =55*( P_re f_ in/ p _ c r i t ) ^0 .12*( − log10 ( P_re f_ in/ p _ c r i t ) )
^( −0 .55) * ( Mol_mass_ref * 10 00 ) ^( −0 .5 ) * q_dot ( i ) ^ 0 . 6 7 ; %Pool
b o i l i n g /Nucleate b o i l i n g heat t r a n s f e r from Cooper
r e l a t i o n

89 h _ t p _ t e s t ( i ) =h_pool ( i ) +5000*(G*(1 − x_dot_re f ( i ) ) ) ^ 0 . 2 * (
Mol_mass_ref * 10 00 ) ^( −0 .5 ) ;
%Heat t r a n s f e r from r e l a t i o n developed f o r small flow
r a t e s
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90 h_dryout ( i ) =DryoutBoi l ingHeatTransfer ( x_dot_re f ( i ) , d_hi ,
rho_ref ,G, Pr_V ( i ) ,mu_V( i ) , x _ c r i t i c a l , h _ t p _ t e s t ( i ) , k_ref , a ,
b , c , alpha_void ( i ) ) ; %Heat t r a n s f e r a f t e r dryout has
happened

91 h_boi l ( i ) = s q r t ( ( B o i l i n g F a c t o r ( i ) * h_pp ( 2 ) ) ^2+h_pool ( i ) ^2) ;
92

93 i f q_dot ( i ) > q _ c r i t ( i ) && c r i t _ b o i l ~=1 %Determine i f there
i s c r i t i c a l b o i l i n g

94 c r i t _ b o i l =1 ;
95 x _ c r i t i c a l =x_dot_re f ( i ) ;
96 end
97 i f c r i t _ b o i l ~=1 %Determine mode of heat t r a n s f e r
98 h_pp_boil ( i ) =h_boi l ( i ) ; %S e l e c t r e l a t i o n to use
99 %h_pp_boil ( i ) = h _ t p _ t e s t ( i ) ;

100

101 e l s e
102 h_pp_boil ( i ) =h_dryout ( i ) ;
103 end
104 e l s e
105 h_pp_boil ( i ) =h_pp ( 1 ) ; %In the case of high q u a l i t y a

s i n g l e phase heat t r a n s f e r mode i s used
106 end
107

108 k ( i ) =(1/( h_pp_boil ( i ) ) +1/h_fi lm+ t h i c k n e s s /k_plate ) ^( −1) ; %
Overal l heat t r a n s f e r k o e f f i c i e n t

109 NTU_ref ( i ) =k ( i ) *A( i ) /(W1( i ) ) ; %
Number of t r a n s f e r u n i t s f o r r e f r i g e r a n t in the given zone

110 NTU_film ( i ) =k ( i ) *A( i ) /(W2( i ) ) ; %
Number of t r a n s f e r u n i t s f o r heat ing media in the given
zone

111 R1 ( i ) =W1( i ) /W2( i ) ; %
Rat io of heat c a p a c i t y r a t e f o r given zone

112 R2 ( i ) =1/R1 ( i ) ; %
Rat io of heat c a p a c i t y r a t e f o r given zone

113

114

115

116 P1 ( i ) =(1−exp ( ( R1 ( i ) −1) * NTU_ref ( i ) * F_value ) ) /(1−R1 ( i ) * exp ( ( R1 (
i ) −1) * NTU_ref ( i ) * F_value ) ) ; %Dimensionless temperature 1
f o r zone 1

117 P2 ( i ) =(1−exp ( ( R2 ( i ) −1) * NTU_film ( i ) * F_value ) ) /(1−R2 ( i ) * exp ( ( R2
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( i ) −1) * NTU_film ( i ) * F_value ) ) ;%Dimensionless temperature 2
f o r zone 1

118

119

120

121 T_fi lm ( N r _ c e l l _ v e r t i c a l +2− i ) =T_fi lm ( N r _ c e l l _ v e r t i c a l +1− i ) +P2 (
i ) * ( T_ref ( i ) −T_fi lm ( N r _ c e l l _ v e r t i c a l +1− i ) ) ; %Temperature
of heat ing media a t o u t l e t of zone 3/ I n l e t of zone 1

122

123

124 Q_calc_NTU ( i ) =m_dot_film * cp_f i lm * ( T_fi lm ( N r _ c e l l _ v e r t i c a l +1− i
) −T_fi lm ( N r _ c e l l _ v e r t i c a l +2− i ) ) ; %C a lc u l a t e heat t r a n s f e r
as the amount of heat t h a t has been r e l e a s e d from the f i lm

in t h a t c e l l
125 q_dot ( i +1)=Q_calc_NTU ( i ) /(A( i ) * Nr_plates ) ;
126 m_dot_evap_ref ( i ) =Q_calc_NTU ( i ) /( h_ref ( 1 ) −h_ref ( 2 ) ) ; %

C al c u l a t e the amount of r e f r i g e r a n t t h a t can be evaporated
f o r the amount of heat t r a n s f e r e d

127 x_dot_re f ( i +1)=x_dot_ref_guess ( i +1) + 0 . 0 5 * (sum( m_dot_evap_ref
( 1 : i ) ) /m_dot_ref −x_dot_ref_guess ( i +1) ) ; %Ca l c u l a te the
new q u a l i t y based on the amount evaporated u n t i l now,
there i s added some dampning f o r b e t t e r convergence .

128 i f x_dot_re f ( i +1) >1 %Ensures t h a t the q u a l i t y newer goes
above one , w i l l add something t h a t al lows f o r super
heat ing a t some point

129 x_dot_re f ( i +1) =1;
130 end
131 end
132

133

134

135

136

137 e r r ( i t e r +1)=max( abs ( x_dot_ref_guess ( 1 : N r _ c e l l _ v e r t i c a l ) −
x_dot_re f ( 1 : N r _ c e l l _ v e r t i c a l ) ) ) /mean( x_dot_re f ) ; %
C al c u l a t e e r r o r between guessed value and c a l c u l a t e d value

( make to r e l a t i v e )
138 x_dot_ref_guess=x_dot_re f ; %

Write c a l c u l a t e d value as new guess
139 i t e r = i t e r +1; %Add one to the i t e r a t i o n counter
140 end
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141 end

Critical Boiling Function

1 func t ion [ x _ c r i t , q _ c r i t ]= C r i t B o i l ( sigma_ref , rho_ref , Height ,
m_dot_ref , d_hi , h_ref , Nr_plates , i , N r _ c e l l _ v e r t i c a l , A _ c s i t o t
)

2

3 x_in =0; %I n l e t q u a l i t y
4 m_dot_flux=m_dot_ref /( Nr_plates * A _ c s i t o t ) ; %Mass f l u x of

r e f r i g e r a n t
5 %Dimmensionless numbers
6 s igma_star=sigma_ref * rho_re f ( 2 ) / ( ( m_dot_flux ) ^2* Height/

N r _ c e l l _ v e r t i c a l * i ) ;
7 l _ s t a r =Height/ N r _ c e l l _ v e r t i c a l * i /d_hi ;
8 r h o_ s t ar=rho_re f ( 1 ) /rho_re f ( 2 ) ;
9

10

11 C( 1 ) = 0 . 2 5 ; %Dimensionless number from length
12 C( 2 ) =0.25+9*10^( −4) * ( l _ s t a r −50) ; %Dimensionless number from

length
13 C( 3 ) = 0 . 3 4 ; %Dimensionless number from length
14

15 %I f statement to determine the c o r r e c t number
16 i f l _ s t a r <50
17 C_use=C( 1 ) ;
18 e l s e i f l _ s t a r >=50 && l _ s t a r <=150
19 C_use=C( 2 ) ;
20 e l s e i f l _ s t a r >150 && l _ s t a r <600
21 C_use=C( 3 ) ;
22 e l s e
23 disp ( ’To high f o r the hydraul ic diameter ’ )
24 end
25

26 %Parameter to account f o r sub cool ing
27 K( 1 ) =1 .043/(4* C_use * s igma_star ^ 0 . 0 4 3 ) ;
28 K( 2 ) =5/6*(0.0124+1/ l _ s t a r ) /( r h o _ s t a r ^0 .13* s igma_star ^(1/3) ) ;
29 K( 3 ) = 1 . 1 2 * ( 1 . 5 2 * s igma_star ^0.223+1/ l _ s t a r ) /( rh o _ s ta r ^ 0 . 6 *

s igma_star ^ 0 . 1 7 3 ) ;
30

31 %Dimensionless c r i t i c a l heat f l u x
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32 q _ s t a r ( 1 ) =C_use * ( s igma_star ) ^0.043*1/ l _ s t a r ;
33 q _ s t a r ( 2 ) = 0 . 1 * ( r ho _ s t ar ) ^ 0 . 1 3 3 * ( s igma_star ) ^(1/3)

*1/(1+0 .0031* l _ s t a r ) ;
34 q _ s t a r ( 3 ) = 0 . 0 9 8 * ( rh o _ s t a r ) ^ 0 . 1 3 3 * ( s igma_star ) ^ ( 0 . 4 3 3 ) * l _ s t a r

^0 .27/(1+0 .0031* l _ s t a r ) ;
35 q _ s t a r ( 4 ) = 0 . 2 3 4 * ( rh o _ s t a r ) ^ 0 . 5 1 3 * ( s igma_star ) ^ ( 0 . 4 3 3 ) * l _ s t a r

^0 .27/(1+0 .0031* l _ s t a r ) ;
36 q _ s t a r ( 5 ) = 0 . 0 3 8 4 * ( r h o_ s t ar ) ^ 0 . 6 * ( s igma_star ) ^ ( 0 . 1 7 3 )

* 1 / ( 1 + 0 . 2 8 * s igma_star ^ ( 0 . 2 3 3 ) * l _ s t a r ) ;
37

38 %I f statement to determine the c r i t i c a l heat f l u x
39 i f rho_star <=0.15
40 i f q _ s t a r ( 1 ) <=q _ s t a r ( 2 )
41 q_star_use=q _ s t a r ( 1 ) ;
42 e l s e
43 i f q _ s t a r ( 2 ) <=q _ s t a r ( 3 )
44 q_star_use=q _ s t a r ( 1 ) ;
45 e l s e
46 q_star_use=q _ s t a r ( 3 ) ;
47 end
48 end
49 i f K( 1 ) >=K( 2 )
50 K_use=K( 1 ) ;
51 e l s e
52 K_use=K( 2 ) ;
53 end
54 e l s e
55 i f q _ s t a r ( 1 ) <=q _ s t a r ( 4 )
56 q_star_use=q _ s t a r ( 1 ) ;
57 e l s e
58 i f q _ s t a r ( 5 ) <=q _ s t a r ( 4 )
59 q_star_use=q _ s t a r ( 4 ) ;
60 e l s e
61 q_star_use=q _ s t a r ( 5 ) ;
62 end
63 end
64 i f K( 1 ) >=K( 2 )
65 K_use=K( 1 ) ;
66 e l s e
67 i f K( 2 ) <=K( 3 )
68 K_use=K( 2 ) ;
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69 e l s e
70 K_use=K( 3 ) ;
71 end
72 end
73 end
74

75 q _ c r i t _ n =q_star_use * ( ( m_dot_flux ) * ( h_re f ( 1 ) −h_ref ( 2 ) ) ) ; %
C r i t i c a l heat f l u x without sub cool ing

76 q _ c r i t = q _ c r i t _ n *(1 − K_use * x_in ) ; %C r i t i c a l heat f l u x with sub
cool ing

77 x _ c r i t =4* q _ c r i t / ( ( m_dot_flux ) * ( h_re f ( 1 ) −h_ref ( 2 ) ) ) * ( i * Height/
N r _ c e l l _ v e r t i c a l ) /d_hi+x_in ; %C r i t i c a l q u a l i t y with
uniform f l u x

78 end

Nucleate Heat Transfer Coefficient

1 func t ion [ alpha ]= HeatTransferNucleate ( P_ref_ in , d_hi ,
R e f r i g e r a n t _ f l u i d , T_film , T_ref_in , k , Mol_mass_CO2 ,
Mol_mass_H2 , p _ c r i t )

2

3 q0_dot =150*10^3; %Table value f o r CO2, see VDI f o r other
f l u i d s

4 alpha_0 =18 .89*10^3 ; %Table value f o r CO2, see VDI f o r other
f l u i d s

5 d0=10^ −2; %Reference diamter
6 R_a =0.78*10^( −6) ; %Surface value f o r plate , needs to be

checked
7 R_a0 =0.4*10^( −6) ; %Reference s u r f a c e value
8

9

10 p_red=P_re f_ in/ p _ c r i t ; %Reduced pressure
11 n = 0 . 8 − 0 . 1 * 1 0 ^ ( 0 . 7 6 * p_red ) ; %For i n o r c a n i c f l u i d s and

hydrocarbons
12 %n1 = 0 . 7 − 0 . 1 3 * 1 0 ^ ( 0 . 4 8 * p_red ) ; %C o e f f i c i e n t f o r cryogenic

f l u i d s , not t h a t r e l e v a n t
13 C_F = 0 . 4 3 5 * ( Mol_mass_CO2/Mol_mass_H2 ) ^ 0 . 2 7 ; %Factor depending

on mater ia l , can a l s o be read from table , should not
exceed 2 . 5

14 F_p =2 .816* p_red ^0 .45+(3 .4+1 .7/(1 − p_red ^7) ) * p_red ^ 3 . 7 ; %
Reduced pressure f a c t o r
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15 F_d=(d0/d_hi ) ^ 0 . 4 ; %
Diameter f a c t o r e

16 F_W=(R_a/R_a0 ) ^ 0 . 1 3 3 ; %Wall
roughness f a c t o r

17 F_mx=1; %
Quali ty and flow r a t e f a c t o r , i s g e n e r a l l y indepedent from

t h i s so i s put to zero
18 q_dot=k * ( T_film −T_re f_ in ) ; %Heat

f l u x
19 Nuc lea te _ fac to r=C_F * ( q_dot/q0_dot ) ^n* F_p * F_d *F_W*F_mx ; %

M u l t i p l i c a t i o n f a c t o r f o r r e f e r e n c e heat t r a n s f e r
c o e f f i c i e n t

20 alpha=Nucle a te_ f ac tor * alpha_0 ; %
Nucleate b o i l i n g heat t r a n s f e r c o e f f i c i e n t

21 end

Dry Out Heat Transfer Coefficient

1 %Based on : ht tps ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /
S001793100500027X

2 %A l t e r n a t i v e ht tps ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e /
p i i /S0017931017343557 #b0070

3 func t ion [ h_dryout ]= DryoutBoi l ingHeatTransfer ( x_dot_ref , d_hi ,
rho_ref ,G, Pr_V ,mu_V, x _ c r i t , h_tp , k_ref , a , b , c , alpha_void )

4 x=x_dot_re f ;
5

6 k_v=k_re f ( 1 ) ;
7

8 i f a >=0.58 −0.05 && a <=0.58+0.05 && b<=0.14 && b>=0.1 && c
<=0.083 && c >=0.042 %I f t h i s i s t rue the pi l low p l a t e i s
of type L

9 n6 =4 .36* c + 1 . 1 4 ; %Part of power
law f o r fanning f a c t o r

10 n7 = −0.44 ; %Part of power
law f o r fanning f a c t o r

11 psi_A =0 .94* b + 0 . 4 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

12 psi_Q =2 .16* b + ( 4 . 2 3 * c − 0 . 3 5 2 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

13 dh_z1 =( −11.22* b +(113* c + 1 . 8 2 ) ) *10^ −3; %Hydraulic
diameter of core flow
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14 s _ s t a r =1; %Correc t ion
f a c t o r f o r Reynolds number

15 e l s e i f a >=1 −0.05 && a <=1+0.05 && b<=0.24 && b>=0.17 && c
<=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type E

16 n6 =2 .52* c + 0 . 2 4 ; %Part of power
law f o r fanning f a c t o r

17 n7 = −0.3 ; %Part of power
law f o r fanning f a c t o r

18 psi_A =0 .75* b + 0 . 4 6 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

19 psi_Q =0 .75* b + ( 1 . 5 4 * c − 0 . 0 1 4 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

20 dh_z1 =( −18.31* b + ( 3 5 . 4 2 * c + 4 . 8 ) ) *10^ −3; %Hydraulic
diameter of core flow

21 s _ s t a r =1; %Correc t ion
f a c t o r f o r Reynolds number

22 e l s e i f a >=1.71 −0.05 && a <=1.71+0.05 && b<=0.24 && b>=0.17 &&
c <=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type T

23 n6 =4 .62* c + 0 . 6 ; %Part of power
law f o r fanning f a c t o r

24 n7 = −0.34 ; %Part of power
law f o r fanning f a c t o r

25 psi_A =0 .81* b + 0 . 2 6 3 ; %Dimensionless
r a t i o f o r area of r e c i r c u l a t i o n zone

26 psi_Q =0 .46* b + ( 1 . 1 7 * c − 0 . 0 4 2 ) ; %Dimensionless
r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone

27 dh_z1 =( −8.1* b +(60* c + 2 . 1 ) ) *10^ −3; %Hydraulic
diameter of core flow

28 s _ s t a r = 1 . 0 7 6 1 ; %Correc t ion
f a c t o r f o r Reynolds number

29 e l s e %Check i f i t i s out of range , should be avoided
30 n6 =4 .62* c + 0 . 6 ; %Part of power

law f o r fanning f a c t o r
31 n7 = −0.34 ; %Part of power

law f o r fanning f a c t o r
32 psi_A =0 .81* b + 0 . 2 6 3 ; %Dimensionless

r a t i o f o r area of r e c i r c u l a t i o n zone
33 psi_Q =0 .46* b + ( 1 . 1 7 * c − 0 . 0 4 2 ) ; %Dimensionless

r a t i o f o r heat t r a n s f e r of r e c i r c u l a t i o n zone
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34 dh_z1 =( −8.1* b +(60* c + 2 . 1 ) ) *10^ −3; %Hydraulic
diameter of core flow

35 s _ s t a r = 1 . 0 7 6 1 ;
36 end
37

38

39 Re_H=G* d_hi/mu_V* ( x+rho_re f ( 2 ) /rho_re f ( 1 ) *(1 − x ) ) ; %
Homogeneous Reynolds number

40 Y= 1 − 0 . 1 * ( ( rho_re f ( 2 ) /rho_re f ( 1 ) −1) *(1 − x ) ) ^ 0 . 4 ; %Correc t ion
f a c t o r f o r two phase flow

41 Re_z1=Re_H * ( s _ s t a r /(1− psi_A ) ) ; %Reynolds number
f o r core flow

42 z e t a _ f =n6 *Re_H^n7 ; %Fanning f a c t o r
power law f o r core flow

43 Nu_ref = ( ( z e t a _ f /8) * Re_z1 * Pr_V ) / ( 1 . 0 7 + 1 2 . 7 * s q r t ( z e t a _ f /8) * (
Pr_V ^(2/3) −1) ) ; %Nusselt number f o r core flow

44 h_z1=Nu_ref * k_v/dh_z1 ; %Convective heat
t r a n s f e r c o e f f i c i e n t f o r core flow

45 h_mist=h_z1 * ( (1 − psi_A ) /(1− psi_Q ) ) *Y^( −1 .83) ; %Heat t r a n s f e r
f o r mist flow

46

47 h_dryout=h_mist ; %Define heat t r a n s f e r f o r dry out to be
the same as mist flow

48 end

Pressure Loss Function

1 func t ion [ Delta_P_grav_2ph , Delta_P_acc_2ph , Del ta_P_Fr iede l ]=
PressureLossPP ( Width , Height , a , b , c , Re_tot , u_m, d_hi , T_ref_ in
, R e f r i g e r a n t _ f l u i d , m_dot_ref , x_dot_ref , Nr_plates , A_cs i tot ,
N r _ c e l l _ v e r t i c a l )

2

3 %C a l c u l a t e s the two phase pressure l o s s based F r i e d e l s model
as decribed in

4 %https ://www. o s t i . gov/ s e r v l e t s /purl /850141 while accounting
f o r the one

5 %phase pressure l o s s within the pi l low p l a t e from :
6 %https ://www. s c i e n c e d i r e c t . com/ s c i e n c e / a r t i c l e / p i i /

S1290072917302363
7

8 %R e f r i g e r a n t gas
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9 h_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’H’ , ’T ’ , T_ref_ in , ’Q’ , 1 ,
R e f r i g e r a n t _ f l u i d ) ; %Enthalpy of r e f r i g e r a n t a t
i n l e t , c u r r e n t l y unused

10 P r _ r e f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’T ’ , T_ref_in
, ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Prandt l number of
r e f r i g e r a n t

11 rho_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’T ’ , T_ref_ in , ’Q’
, 1 , R e f r i g e r a n t _ f l u i d ) ; %Density of r e f r i g e r a n t

12 mu_ref ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’T ’ ,
T_ref_in , ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Dynamic v i s c o s i t y of

r e f r i g e r a n t
13 cp_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’T ’ , T_ref_ in , ’Q’

, 1 , R e f r i g e r a n t _ f l u i d ) ; %S p e c i f i c heat c a p a c i t y
of r e f r i g e r a n t

14 k_re f ( 1 ) =py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’T ’ ,
T_ref_in , ’Q’ , 1 , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty
of r e f r i g e r a n t

15 T _ re f _ ss=py . CoolProp . CoolProp . PropsSI ( ’T ’ , ’T ’ , T_ref_in , ’Q’ , 1 ,
R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty of r e f r i g e r a n t

16

17 %R e f r i g e r a n t l i q u i d
18 h_ref ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’H’ , ’T ’ , T_ref_ in , ’Q’ , 0 ,

R e f r i g e r a n t _ f l u i d ) ; %Enthalpy of r e f r i g e r a n t a t
i n l e t , c u r r e n t l y unused

19 P r _ r e f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’PRANDTL ’ , ’T ’ , T_ref_in
, ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Prandt l number of
r e f r i g e r a n t

20 rho_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’D ’ , ’T ’ , T_ref_ in , ’Q’
, 0 , R e f r i g e r a n t _ f l u i d ) ; %Density of r e f r i g e r a n t

21 mu_ref ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’ v i s c o s i t y ’ , ’T ’ ,
T_ref_ in , ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Dynamic v i s c o s i t y of

r e f r i g e r a n t
22 cp_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’C ’ , ’T ’ , T_ref_ in , ’Q’

, 0 , R e f r i g e r a n t _ f l u i d ) ; %S p e c i f i c heat c a p a c i t y
of r e f r i g e r a n t

23 k_re f ( 2 ) =py . CoolProp . CoolProp . PropsSI ( ’ conduct iv i ty ’ , ’T ’ ,
T_ref_ in , ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty
of r e f r i g e r a n t

24 sigma=py . CoolProp . CoolProp . PropsSI ( ’ s u r f a c e _ t e n s i o n ’ , ’T ’ ,
T_ref_ in , ’Q’ , 0 , R e f r i g e r a n t _ f l u i d ) ; %Thermal conduct iv i ty
of r e f r i g e r a n t
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25 g = 9 . 8 1 ;
26 %% Pressure l o s s ( This not r e a l l y c o r r e c t l y setup yet )
27 L_pass =( Height+Width ) / N r _ c e l l _ v e r t i c a l ;

%Lenght the flow has to
pass through

28

29

30

31 i f a >=0.58 −0.05 && a <=0.58+0.05 && b<=0.14 && b>=0.1 && c
<=0.083 && c >=0.042 %I f t h i s i s t rue the pi l low p l a t e i s
of type L

32 n1 =8 .76* b +(17* c + 0 . 7 3 ) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

33 n2 = −0.38 ;

%C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

34 e l s e i f a >=1 −0.05 && a <=1+0.05 && b<=0.24 && b>=0.17 && c
<=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type E

35 n1 = −15.3*b + ( 1 . 4 * c + 5 . 4 ) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

36 n2 =1 .725* b + ( 1 . 1 1 * c −0 −66) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

37 e l s e i f a >=1.71 −0.05 && a <=1.71+0.05 && b<=0.24 && b>=0.17 &&
c <=0.143 && c >=0.071 %I f t h i s i s t rue the pi l low p l a t e i s
of type T

38 n1 =1 .35* b + ( 2 . 8 * c + 0 . 9 2 ) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

39 n2 =0 . 3 * b + ( 0 . 5 3 * c − 0 . 2 9 ) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r
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40 e l s e %Will be out of range , avoid t h i s
41 n1 =1 .35* b + ( 2 . 8 * c + 0 . 9 2 ) ;

%
C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

42 n2 = 0 . 3 * b + ( 0 . 5 3 * c − 0 . 2 9 ) ;
%

C o e f f i c i e n t f o r the pi l low p l a t e type , w i l l add the
other types l a t e r

43 disp ( ’ Pi l low p l a t e parameters are out of range ’ )
44 end
45

46

47 zeta_p ( 1 ) =n1 * Re_tot ( 1 ) ^n2 ;
%Darcy

f r i c t i o n f a c t o r f o r only gas flow
48 Delta_P ( 1 ) =zeta_p ( 1 ) * L_pass * rho_re f ( 1 ) *u_m( 1 ) ^2/(2* d_hi ) ;

%Pressure l o s s f o r only gas flow
49 zeta_p ( 2 ) =n1 * Re_tot ( 2 ) ^n2 ;

%Darcy
f r i c t i o n f a c t o r f o r only l i q u i d flow

50 Delta_P ( 2 ) =zeta_p ( 2 ) * L_pass * rho_re f ( 2 ) *u_m( 2 ) ^2/(2* d_hi ) ;
%Pressure l o s s f o r only l i q u i d flow

51

52 x=x_dot_re f ;

%Set the q u a l i t y to what was obtained from the heat
t r a n s f e r model

53 G=m_dot_ref /( Nr_plates * A _ c s i t o t ) ;
%Mass f l u x within

the pil low p l a t e
54 E=(1−x ) ^2+x ^2*( rho_re f ( 2 ) * zeta_p ( 2 ) ) /( rho_re f ( 1 ) * zeta_p ( 1 ) ) ;

%C o e f f i c i e n t f o r F r i e d e l flow m u l t i p l i e r
55 F=x ^0.78*(1 − x ) ^ 0 . 2 2 4 ;

%
C o e f f i c i e n t f o r F r i e d e l flow m u l t i p l i e r

56 H=( rho_re f ( 2 ) /rho_re f ( 1 ) ) ^ 0 . 9 1 * ( mu_ref ( 1 ) /mu_ref ( 2 ) ) ^0.19*(1 −
mu_ref ( 1 ) /mu_ref ( 2 ) ) ^ 0 . 7 ; %C o e f f i c i e n t f o r F r i e d e l flow
m u l t i p l i e r

57 rho_h =( x/rho_re f ( 1 ) +(1−x ) /rho_re f ( 2 ) ) ^( −1) ;
%Homogeneous densi ty
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58 Fr_h=G^2/(g * d_hi * rho_h ^2) ;
%C o e f f i c i e n t

f o r F r i e d e l flow m u l t i p l i e r
59 We_l=G^2* d_hi /( sigma * rho_h ) ;

%Liquid only
Weber number

60 p h i _ l o _ F r i e d e l =E + ( 3 . 2 4 * F *H) /( Fr_h ^0 .045* We_l ^ 0 . 0 3 5 ) ;
%Flow m u l t i p l i e r f o r pressure l o s s

61 Del ta_P_Fr iede l= p h i _ l o _ F r i e d e l * Delta_P ( 2 ) ;
%Two phase pressure l o s s

62

63

64 t h e t a =pi /2;

%Angle of the plate , w i l l be e i t h e r 0 f o r h o r i z o n t a l or pi
/2 f o r v e r t i c a l

65 S=(1−x *(1 − rho_re f ( 2 ) /rho_re f ( 1 ) ) ) ^(1/2) ;
%S l i p f a c t o r

66 alpha =1/(1+( S *(1 − x ) /x ) * rho_re f ( 1 ) /rho_re f ( 2 ) ) ;
%Void f r a c t i o n

67 i f alpha==1

%To avoid i s s u e s with express ion at f u l l gas flow
68 alpha =0 .9999999 ;
69 end
70

71 Delta_P_grav_2ph =( alpha * rho_re f ( 1 ) +(1− alpha ) * rho_re f ( 2 ) ) * g *
s i n ( t h e t a ) * Height/ N r _ c e l l _ v e r t i c a l ; %G r a v i t a t i o n a l
pressure loss , s t i l l needs to be examined

72 Delta_P_acc_2ph=G^ 2 * ( ( x^2/( alpha * rho_re f ( 1 ) ) +(1−x ) ^2/((1 −
alpha ) * rho_re f ( 2 ) ) ) −(1/( rho_re f ( 2 ) ) ) ) ; %A c c e l e r a t i o n
pressure loss , s t i l l needs to be examined

73

74 end
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