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Modelling multiphase heat and mass transfer using a tuned single phase fluid ap-
proximation

SURAJ SHANKAR

Department of Mechanics and Maritime Sciences

Chalmers University of Technology

Abstract

Modern aircraft engines are becoming more and more dependent on advanced heat
exchanger technology to increase their efficiency and decrease their fuel consump-
tion. This is best demonstrated by the SWITCH WET engine, which recovers waste
heat from the exhaust to greatly improve the specific fuel consumption and thermal
efficiency of the core engine cycle. The goal of this project is to create computa-
tional techniques for modelling the mass and heat transfer mechanisms found in heat
exchangers. The important objectives of the thesis were to review the existing pres-
sure drop and heat transfer correlations between water boiling and the creation of a
precise tuned model that uses single-phase simulations to mimic water vaporization
in a heated tube and validate the model with experimental data. This study pro-
vided insight into the tuned material model that was developed as well as how the
tuned model affected the two-phase boiling simulation. It was discovered that the
model had some errors in its wall temperature prediction. Consequently, the near
wall effects of the model were thoroughly investigated, and the influence of thermal
conductivity was identified as the source of the issue. On the other hand, the bulk
quantities of the flow were accurately predicted by the model. These results con-
tribute to the understanding and validation of the CFD simulations using the tuned
model while also highlighting areas where further improvements are necessary. The
study further revealed that the prediction of pressure drop along the domain was
not trustworthy as the pressure drop was inclined towards a single phase pressure
drop of the liquid phase. The error was mainly due to the lower velocity increase
with respect to the density change while boiling. The imbalance between the density
and velocity would be attributed to the lack of turbulent mixing between the phases
which may be a reason for the inaccurate predictions of wall temperature.

Keywords: Heat transfer; modelling; boiling; CFD; multiphase
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Nomenclature

Below is the nomenclature of variables and subscripts that have been used through-

out this thesis.
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Mass flux

Mass flow rate

Diameter

X1



cr
fric
L)l
n
out
sat

sub

eff

xii

Critical

Friction

Liquid

Inlet

Outlet

Saturation
Subcooled

Vapor

Wall value
Effective quantity



Contents

List of Acronyms
Nomenclature
List of Figures
List of Tables
1 Introduction
1.1 Background . . . . . . ...
1.2 Aim ..o
1.3 Difficulties and Proposition . . . . . . . .. ... ... L.
1.4 Methodology . . . . . . . . . ...
Theory
2.1 Theory . . . . . . e
2.1.1 Fluid Mechanics . . . . . . ... ... ... ... ... .....
2.1.1.1  Fluid Flow Regime . . . . . . .. .. .. ... .. ..
2.2 Heat Transfer . . . . . . . . . ... ... ...
2.2.1 Heat Conduction . . . . .. .. ... ... ... ........
2.2.2 Convection . . . . . . . . ...
2.2.3 Radiation . . .. ... ... ...
2.2.4  Overall Heat Transfer . . . . . . ... ... ... .. ... ...
2.3 Mass Transfer . . . . . . .. .. ...
2.4 Important Dimensionless Numbers . . . . . . . ... ... ... ...
24.1 Reynolds Number, Re . . . .. .. ... ... ... ... ...
2.4.2 Boiling Number, Bo . . . ... ... ... ... ... .
2.4.3 Prandtl Number, Pr . . . ... .. ... ... .. L.
2.4.4 Nusselt Number, Nu . . . ... .. ... .. ... ... ....
2.4.5 Schmidt Number, Sc . . . ... ... ... ... ... ... ..
2.4.6 Vapor Quality, x . . . . ... ...
25 Boiling . . . ..o
2.5.1 C(Classification of boiling . . . . . .. ... ... ... ... ...
2.5.1.1 Pool boiling . . . . ... ... oo
2.5.1.2 Flow boiling . . . . ... ... .. ... ...
2.5.1.3 Flow Regimes . . . . . ... ... .. ... .. ....
2.5.14 Flow Pattern Map . . . .. ... ... ... ... ..

ix

xi

xVii

xXix



Contents

Xiv

2.6 Single Phase Correlations . . . . . .. .. .. .. ... ... ... 15
2.6.1 Pressure Loss Correlations . . . . . . . ... ... ... .... 15
2.6.1.1 Darcy-Weisbach Equation . . . . .. ... ... ... 15

2.6.1.2  Moody Friction Factor . . . . . ... ... ... ... 16

2.6.1.3 Blasius Friction Factor . . . . . . ... ... ... .. 16

2.6.1.4 Eckert Friction Factor . . . . . ... ... ... ... 16

2.6.2 Heat Transfer Correlations . . . . . . . . . .. .. ... .... 16
2.6.2.1 Dittus-Boelter . . . . . . ... ... 17

2.6.2.2 Sieder-Tate . . . . . . . . . ... ... ... ..., 17

2.6.2.3 Gnielinski . . . ... ... 17

2.7 Two-Phase Correlations . . . . . . . . . . . . ... ... ... ... 17
2.7.1  Pressure Drop Correlations . . . . . .. ... ... ... .... 18
2.7.1.1 Lockhart-Martinelli Correlation . . . . ... ... .. 18

2.7.1.2 Chisholm Correlation. . . . . . . ... .. ... ... 19

2.7.2 Heat transfer correlations . . . . . . . . ... ... ... ... 20
2.7.2.1 Chen correlation . . . . . . . . . .. ... .. ..., 20

2.7.2.2 Modified Tran correlation . . . . . ... ... .... 21

2.7.2.3 Liu and Winterton correlation . . . . . . . .. .. .. 21

2.7.3 Previous experimental studies . . . . . .. ... ... ... .. 22

3 Computational Fluid Dynamics 25
3.1 Comnservation of Mass . . . . . . . . . . ... 25
3.2 Conservation of Momentum . . . . . . . .. ... ... ... ..., 25
3.3 The Energy Equation . . . . . . . . . ... ... .. 26
3.4 Turbulence Modelling . . . . . . .. .. ... ... ... 26
3.4.1 Eddy Viscosity Models . . . .. ... ... ... .. ... ... 27

3.5 k-e Model . . . . . . .. 27
3.6 k-w SST Model . . . . . . ... 28
3.7 Multiphase Models . . . . . . . ... . 29
3.7.1 Volume of Fluid (VOF) . . . . ... ... ... ... ... ... 29
3.7.2 The Mixture Model . . . . . . . . . ... .. ... ... ... 30
3.7.3 Eulerian-Eulerian . . . . . . .. . ... . 30

3.8 Computational Mesh . . . . . . .. ... ... ... L. 31
3.81 Typesof Mesh . . . .. .. ... ... ... .. ... ... 31
3.8.1.1 Structured Mesh . . . .. ... ... ... ... .. 31

3.8.1.2 Unstructured Mesh . . . . . . . ... ... ... ... 31

3.8.1.3 Hybrid Mesh . .. ... ... .. ... ... ..... 32

3.8.2  Meshing Techniques . . . . .. ... ... ... ... ..... 32
3.8.2.1 Wall Function Mesh . . . . . ... ... ... .... 32

3.8.2.2 Low Reynolds Number Mesh . . . . . ... ... .. 33

3.9 User Defined Functions (UDF) . . . ... ... ... ... ... .... 34
3.9.1 Implementation of UDF . . . . . .. ... ... ... ... .. 34
3.9.2 Integration of UDFs . . . . .. ... ... . ... ....... 35
3.9.3 User Defined Memory (UDM) . . ... ... ... ..... .. 36

4 Model development 37
4.1 Fluid Property Changes . . . . . .. .. . ... . ... ........ 37



Contents

4.1.1 Density Change . . . . . . . . .. ... o 37
4.1.2  Viscosity Change . . . . . . . ... ... ... ... ... 38
4.1.3 Thermal conductivity Change . . . . .. ... ... .. .. .. 39
4.1.4 Specific heat Change . . . . . . . .. ... ... ... ... .. 40

4.2 Sequence of property changes . . . . . ... ... ... .. ... ... 41
5 Model Validation 43
5.1 Experimental test case . . . . . . . . ... ... L. 43
5.1.1 Experimental setup description . . . . ... ... .. .. ... 43
5.1.2  Yu experiment results . . . . . ... ... L. 45

52 Results . . . . . .. 45
5.2.1 Single Phase Simulations . . . . . . . ... ... ... ..... 45
5.2.1.1  Problem Description . . . . . .. ... ... ... .. 46

52.1.2 Mesh . .. ... ... 46

5.2.1.3 Problem Setup . ... ... ... ... ... ..... 47

5.2.1.4 Single phaseresults. . . . . ... ... 48

5.2.1.4.1 Pressure Drop Comparison . . . . . . . . .. 48

5.2.1.4.2 Heat Transfer Comparison . . . . . . . . .. 49

5.2.1.5 Summary . . . ... 50

5.2.2  Multiphase Simulations . . . . . . ... .. ... ... 50
5.2.2.1  Problem Description . . . . . . ... ... ... ... 50

5.2.2.2  Mesh (Initial) . . . . . ... ... Lo 52

5.2.2.3 Problem Setup . . . ... ... L 52

5.2.2.3.1 CFD Modelling Strategy . . . . . ... ... 52

5.2.2.3.2 Convergence . . . . . . . . .. ... ... .. 53

5224 Results . .. ... 54

5.2.2.4.1 Two Property Change Simulations . . . . . 54

5.2.2.4.2  Four Property Change Simulations . . . . . 55

5.2.2.4.3  Influence of Mesh on Wall Temperature (Lin-
early Varying and Constant Thermal Con-

ductivity) . . . . ... 56
5.2.2.4.3.1  Mesh Study with Linearly Varying
Thermal Conductivity . . . .. ... 57
522432 Results. .. ... ... ... ..... 58
5.2.2.4.4  Mesh Study with Constant Thermal Con-
ductivity . . . . .. ..o 61
522441 Results. .. .. ... ... ... ... 62
5.2.2.4.5  Comparison between Linearly Varying and
Constant Thermal Conductivity . . . . . . . 63
5.2.2.4.6  Influence of Mesh on Wall Temperature (Blended
k) 65
5.2.2.47 Mesh Study with Blended Thermal Con-
ductivity . . . . . ... 66
5.22471 Results. . . ... ... ... ... .. 67
5.2.2.4.8 Comparison between Bulk Quantities . . . . 68
5.2.2.49 Pressure Drop. . . . .. . ... ... ... 69

XV



Contents

6 Conclusion
7 Recommendations for future work

8 Appendix
8.1 Appendix A - Density UDF . . . . ... ... ... .. ... .. ...
8.2 Appendix B - Specific heat UDF . . . . . .. ... ... ... .....
8.3 Appendix C - Viscosity UDF . . . . . . ... ... .. ... ......
8.4 Appendix D - Varying thermal conductivity UDF . . . . . .. .. ..
8.5 Appendix E - Blended thermal conductivity UDF . . . . ... .. ..

Xvi



List of Figures

1.1 The SWITCH WET concept aero engine. Reproduced from [1] . . . . 1
2.1 Boundary layer fluid flow regimes [3] . . . . . . ... ... ... ... 3
2.2 Thermal resistance network from [4] . . . . . .. ... ... 5
2.3 Simultaneous mass and heat transfer [4] . . .. ... ... ... ... 6
2.4 Classification based on geometry . . . . . . . . . . ... ... 9
2.5 Boiling types [4] . . . . .. 10
2.6 Pool boiling . . . . . . ... 10
2.7 Boiling curve obtained from [5] . . ... ..o 11
2.8 Flow boiling . . . . .. ... 11
2.9 Flow pattern [7] . . . . . . ... L 13
2.10 Flow boiling regimes [9] . . . . . . . .. .. ..o L 14
2.11 Flow pattern map from [11] . . . . ... ... .. ... ... ... .. 15
3.1 Meshtypes [32] . . . . ... 32
3.2 Near wall non-dimensional velocity profile . . . . .. ... ... ... 33
3.3 Solution Procedure in Fluent 2023r1 including UDF API calls . ... 35
4.1 Density change . . . . . . . ..o 38
4.2 Viscosity change . . . . . . . ... oo 39
4.3 Thermal conductivity change . . . . . . . ... ... ... ... .. 39
4.4 Specific heat change . . . . ... ..o 40
5.1 Experimental setup [21] . . . . . ... Lo 44
5.2  Experimental test section [21] . . . . ... oL 44
5.3 Experimental results [21] . . . . . .. ..o Lo 45
5.4 Single phase - geometry . . . . ... oL 46
5.5 Cross-sectional view of themesh . . . . . . ... ... ... ... ... 47
5.6 Front view of themesh . . . . . . ... ... oL 47
5.7 Inlet velocity profile . . . . . . . ... 48
5.8 Pressure loss comparison . . . . .. ... 49
5.9 Heat transfer comparison . . . . . . . . ... ... L. 49
5.10 Initial simulation mesh: (a) Front view, (b) Radial view . . . . . . . . 52
5.11 Convergence check —residuals . . . . . .. ... ... ... ... ... 53
5.12 Area averaged wall temperature report . . . . . . ... ... ... 54
5.13 Area weighted average of vapor quality at outlet . . . . . . . ... .. 54
5.14 Static temperature - two property change . . . . . . . ... ... ... 55

xXvil



List of Figures

0.15
5.16
5.17
5.18
5.19
5.20
5.21
0.22
0.23
5.24
2.25
0.26
5.27
0.28
5.29
5.30
5.31
5.32

xviii

Vapor quality - two property change . . . .. ... .. ... ..... 55
Static temperature - four property change . . . . ... ... ... .. 56
Vapor quality - four property change . . . ... ... ... ... ... 56
Mesh comparison . . . . . . ..o 57
Wall temperature at the outlet vs. wall y+ . . . . ... .. ... ... 58
HTC comparison — Linearly varying k£ simulation . . .. ... .. .. 59
Axial location of analysis . . . . . . . . ... ... L. 59
Effective thermal conductivity variation . . . . . . . . ... .. .. .. 60
Effective thermal conductivity at the top wall . . . . . . ... .. .. 60
Temperature variation - topwall . . . . . . . ... .. ... 61
Wall temperature at outlet - constant thermal conductivity . . . . . . 62
HTC comparison - constant k simulation . . . . .. ... ... .... 63
Effective thermal conductivity - coarse mesh . . . . . ... .. .. .. 64
Effective thermal conductivity - fine mesh . . . . .. ... .. .. .. 65
Wall temperature at outlet- Blended k simulation . . . ... ... .. 67
HTC comparison - Blended k simulation . . . . ... ... ... ... 68
Outlet vapor quality . . . . . . . ... ... ... . 69
Two-phase pressure drop comparison . . . . . . . . . . . ... .. .. 70



List of Tables

2.1 Constant conditions . . . . . . . .. ... oL 19
3.1 Macros in Fluent 2023r1 . . . . . . .. ... ... oL 34
5.1 Mesh properties . . . . . . .. 46
5.2  Material property changes . . . . . . ... ... ... oL 48
5.3 Working conditions . . . . . .. ... oL 50
5.4 Experimental test data points . . . . . ... ..o 50
5.5 Initial simulation mesh properties . . . . . . . . ... ... ... 52
5.6 Relaxation factors . . . . . . . . . ... 53
5.7 Mesh study results — Linearly varying thermal conductivity . . . . . . 57
5.8 Mesh study results - constant thermal conductivity . . .. .. .. .. 62
5.9 Mesh study results - blended £. . . . . . ... ... ... ... .. .. 66
5.10 Heat Flux and Tuning Coefficient Data . . . . . . . . ... ... ... 68
5.11 Comparison of bulk temperature . . . . . . . . . . .. ... ... ... 69

Xix



List of Tables

XX



1

Introduction

1.1 Background

The goal of the Sustainable Water-Injecting Turbofan Comprising Hybrid-Electrics
(SWITCH) project is to create a new propulsion concept based on the innovative
and complementary technologies of hybrid-electric propulsion and Water-Enhanced
Turbofan (WET) which is illustrated in Figure 1.1. WET has the potential to greatly
increase efficiency and lower overall emissions for aviation propulsion systems in the
future, regardless of whether they run on hydrogen, SAF, or ordinary kerosene which
can be seen in [1][2]. An integral part of the engine is the heat exchanger.

f \\m}\ &
i

Figure 1.1: The SWITCH WET concept aero engine. Reproduced from [1]

Recovering the exhaust energy that would otherwise be lost improves engine effi-
ciency and reduces fuel and CO2 emissions. A vaporizer first generates hot steam
and in the process, the exhaust gas cools down. As the gases cools down in the
condenser, the water within starts to condense. A water separator separates the
liquid water from the exhaust gas while the condensation heat is given to the bypass
flow. In the process, condensation nuclei are also removed from the exhaust gas,
minimizing the creation of contrails. After that, a pump raises the water’s pressure
before delivering it to the steam generator. In a steam turbine, the steam expands
before entering the combustor. The low-pressure shaft receives the power input.
Not only does injecting hot steam into the combustor improve engine efficiency, but
it also lowers emissions of nitrogen oxide (NOx).
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1.2 Aim

The aim of the thesis is to review the literature regarding correlations for multi-
phase heat transfer and pressure drop for flows through a horizontal pipe in a heat
exchanger and then develop or determine a representative set of tuned material
properties and to produce a design code for two phase flow in heat exchangers to
emulate experimental data taken from a research paper.

1.3 Difficulties and Proposition

Computational modelling of multiphase systems which includes mass and heat heat
transfer is often found difficult. This is because one or more equations for the
turbulence properties, energy, mass, and energy conservation equations of each phase
may be included in a multiphase system. Furthermore, complex sub models may
be used to represent these processes, depending on the type of physical mechanism
(evaporation, boiling, or condensation) through which the mass exchange occurs. All
in all, this leads to a situation where these simulations inevitably become complex
and numerically instable.

To overcome these challenges, a simpler, less computationally demanding method
that uses a single phase material with tuned properties may be used to simulate the
transition of the flow medium between phases. A single phase tuned model is likely
to be much faster, easier to set up, and easier to solve due to the elimination of the
secondary phase and the requirement to transfer mass and energy between different
phases, while still producing results that are accurate enough to model many mul-
tiphase systems.

1.4 Methodology

The important milestones in the thesis include the review of existent literature for
correlations involving heat transfer and pressure drop for water boiling in the heat
exchanger tubes. With the knowledge gained from the literature, a suitable tuned
model has to be developed and compared with an experimental literature available.
With the developed tuned fluid, a single phase simulation is performed in ANSYS
Fluent which mimics the vaporization process of water in a heated tube. Ultimately,
the results from the simulation are compared with the experimental data from a
research paper and in turn build an engineering tool for multiphase flow in heat
exchanger tubes.
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2.1 Theory

2.1.1 Fluid Mechanics

The discipline that studies how fluids behave when at rest (fluid statics) or when
they are moving (fluid dynamics) as well as how they interact with solids or other
fluids at boundaries is known as fluid mechanics.

2.1.1.1 Fluid Flow Regime

Laminar and turbulent flow behaviors are the two basic regimes in fluid flows shown
in Figure 2.1. The flow behaves smoothly and predictably in the laminar regime.
This indicates that there is little to no mixing between adjacent levels as the fluid
particles travel smoothly in parallel layers. In this case, the flow represents consis-
tent and dependable behavior. Conversely, the turbulent regime is distinguished by
erratic and unpredictable variations in the flow. Due to the swirling eddies and ran-
dom velocity fluctuations form, turbulent flows are highly mixed and unpredictable.
Transition flow describes the modification of flow behavior that takes place when a
flow moves from a laminar to a turbulent regime which is a highly disordered fluid
motion which typically occurs at high velocities and is characterized by velocity
fluctuations.

L. Laminar boundary le Transition o1 Turbulent boundary

layer region layer

v

N | Turbulent
qr
layer
Overlap layer

Buffer layer
Viscous sublayer

YYTYTYIYTRYY AN Y

- -
e -l
e

¥ Boundary layer thickness, 8

Figure 2.1: Boundary layer fluid flow regimes [3]

2.2 Heat Transfer

The process of exchanging thermal energy between various areas of a physical system
or between systems is known as heat transfer. Heat flows from regions of higher
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temperature to regions of lower temperature due to thermal gradients. The main
modes of heat transfer are conduction, convection, and radiation.

2.2.1 Heat Conduction

Heat conduction is the transfer of thermal energy through a material or between
materials that are in direct contact, driven by a temperature difference.

The rate at which heat is transferred by conduction, ¢, is proportional to the
product of the temperature gradient, ‘%, and the cross-sectional area A through
which the heat transfer occurs.

dT

Where £k is the thermal conductivity of the material.

2.2.2 Convection

Convection is the heat transfer through fluid movements. Convection can occur
either naturally or be forced. If a fluid is pushed to flow over the surface by an
outside force, like the wind, a pump, or a fan, it is referred to as forced convection.
Conversely, when buoyancy forces resulting from temperature variations in the fluid
generate density differences that drive fluid motion, convection is referred to as
natural (or free) convection.

Irrespective of the mechanism, the rate of heat transfer by convection is given by,

ge = heAAT (2.2)

Where:
e (. is the rate of heat transfer by convection
o A is the area of heat transfer
o AT is the difference between the surface and the fluid temperature
e h. is the convection heat transfer coefficient

2.2.3 Radiation

Radiation is the transfer of heat through electromagnetic waves, in the form of
infrared radiation. In contrast to conduction and convection, radiation can travel in
a vacuum and doesn’t need a medium to do so. Any object that has a temperature
higher than zero produces heat radiation. The radiation heat loss can be expressed
as,

¢ = coT*A (2.3)

Where:
e ¢, is the rate of heat transfer by radiation
o ¢ is the emissivity coefficient of the object
o A is the area of the emitting body
o T is the temperature
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« 0 is the Stefan-Boltzmann constant, which is 5.6703 x 1078 W /m?K*

2.2.4 Overall Heat Transfer

The overall heat transfer is expressed as

q= UoveraHAATlnotal (24)

Where:

e Ugeran 1S the overall heat transfer coeflicient
More specifically, the product of the overall coefficient and the area is the inverse of
the sum of the thermal resistances, i.e.,

1
Uoverall A

Where Ri.a can be defined as the sum of resistances.

= Rtotal (2 5)

Figure 2.2: Thermal resistance network from [4]

1 W(5) 1
_ z 9.
Foowar =3+ 50D T AL (2:6)

Equation (6) gives the total resistance for the thermal resistance network associated
with heat transfer in a double pipe heat exchanger which is shown in Figure 2.2.

2.3 Mass Transfer

Mass transfer is a phenomenon characterized by the movement of one or more species
within a medium or across interfaces, driven by concentration gradients. This pro-
cess occurs in a range of physical and reactive systems and includes diffusive, con-
vective, and reactive transport mechanisms.
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There is no heat transfer involved in the majority of mass transfer processes that
exist in practice since they happen isothermally. However, in some technical appli-
cations, as shown in Figure 2.3, a liquid will vaporize and then diffuse into the sur-
rounding atmosphere. Such procedures involve simultaneous mass and heat transfer
when the latent heat of vaporization (hy,) is added into the liquid and evaporates
it. In general, heat transfer must be a part of any mass transfer problem involving
phase change (evaporation, sublimation, condensation, melting, etc.), and the so-
lution of such problems must be examined by taking simultaneous heat and mass

transfer into account.
Heat
/{ej ection

Condensation

=
R o

-

Vapor

SR a s

Liqud

b

Heat
absorption

P N e T AR

-..-
-

Evaporation

Figure 2.3: Simultaneous mass and heat transfer [4]

2.4 Important Dimensionless Numbers

2.4.1 Reynolds Number, Re

Reynolds number is the ratio between the inertial forces and the viscous forces.
Reynolds number can be expressed as:

Re = pul (2.7)
1

Where:

o p is the density of the fluid, kg/m?

o wu is the flow velocity, m/s

e L is the characteristic length, m

e 4 is the dynamic viscosity, Pa.s
Reynolds number is very crucial in determining the nature of the flow, i.e., if the
flow is laminar or turbulent. For flow within a tube, the flow regime can be classified
based on the Reynolds number (Re). When Re exceeds 3500, the flow is charac-
terized as turbulent. Conversely, when Re is below the critical value of 2300, the
flow is considered laminar. Flow conditions between these two Reynolds numbers
fall within the transitional regime.

6
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2.4.2 Boiling Number, Bo

Boiling number, Bo, is used to analyze two-phase flows for cases like boiling heat
transfer. The mathematical representation of the boiling number is:

_ 4
ngGl

Bo (2.8)
Where:

e ¢ is the heat flux, W/m?

e H,, is the latent heat of vaporization, kJ/kg

o G is the mass flux of the liquid phase, kg/m?s
Boiling number can also be defined as the ratio between the heat transfer coefficient
due to boiling and the heat transfer coefficient due to convection. If the boiling
number is greater than 1, then the heat transfer is dominated by boiling and vice
versa. The boiling number helps us understand the flow regime as well as the
dominance of heat transfer, which helps in designing better systems. In addition,
the boiling number is important for safety considerations in systems where phase
change occurs.

2.4.3 Prandtl Number, Pr

Prandtl number is a dimensionless quantity that gives the ratio between momentum
diffusivity and thermal diffusivity.
The thermal diffusivity is given as:

k
o= — (2.9)
pCyp
And momentum diffusivity is given as:
1
v="= (2.10)
p
Prandtl number is expressed as:
C
Pr = %“ (2.11)

Where:

« C, is the specific heat, J/kg K

« k is the thermal conductivity, W/m K

e 1 is the dynamic viscosity, Pa s
In the design and study of heat exchangers and other thermal systems where the
interaction between fluid motion and heat transfer is important, an understanding
of the Prandtl number is essential. For example, gases typically have lower Prandtl
numbers than liquids, indicating that thermal diffusivity is dominant in the flow of
gases.



2. Theory

2.4.4 Nusselt Number, Nu

A dimensionless metric used in heat transfer to describe the ratio of convective heat
transfer to conductive heat transfer over a boundary layer is the Nusselt number, or
Nu for short. The Nusselt number quantifies the effect of convection due to the fluid
motion compared to conduction. When Nu is more than unity, the heat transfer is
dominated by convection.

The equation for finding the Nusselt number is given as:

e

N
T

(2.12)
Where:

e N is the convective heat transfer coefficient, W/m?K
e k is the thermal conductivity, W/m K
o L is the characteristic length, m

2.4.5 Schmidt Number, Sc

The Schmidt number of a fluid is a dimensionless number defined as the ratio of
momentum diffusivity to mass diffusivity and it is used to characterize fluid flow
where both simultaneous mass and momentum diffusion convection processes occur.
The Schmidt number is defined as:

Sc = (2.13)

v
D
Where:

o v is the kinematic viscosity, m?/s
o D is the mass diffusivity, m?/s

2.4.6 Vapor Quality, x

In thermodynamics and fluid mechanics, the percentage of a saturated mixture in
the vapor phase is referred to as vapor quality. It is especially pertinent to the
study of two-phase flow and phase transitions in systems like refrigeration cycles,
condensers, and boilers. Vapor quality is defined as the mass percentage of vapor in
a liquid-vapor mixture and is represented by the symbol x. It falls between 0 and 1.
Vapor quality can be calculated by dividing the mass of the vapor by the mass of
the total mixture,

o = —apor (2.14)

Mmixture
An alternative definition for vapor quality, which is valid only for a single component
mixture like, for example, water with steam is:
h—h
x = ! (2.15)
hyg

Where:
e h is the enthalpy of the mixture
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o hy is the saturation enthalpy of the liquid
o hyg is the latent heat of vaporization

2.5 Boiling

Boiling is a phase transition phenomena that occurs when the heating wall is kept
above the boiling medium’s saturation temperature. In the same way as evaporation,
boiling is a liquid-to-vapor phase shift process, although the two are not the same.
When the vapor pressure at a particular temperature is lower than the saturation
pressure of the liquid, evaporation takes place at the liquid—vapor interface. On
the other hand, boiling happens at the solid-liquid interface when a liquid comes
into contact with a surface that is kept at a temperature that is higher than the
saturation point of the liquid.

Boiling can be categorized according to the fluid container’s geometryl or the phase
change mechanism. Like single phase forced convection heat transfer, it can also be
categorized as merely external or internal boiling.

2.5.1 Classification of boiling

Boiling

Pool boiling Flow boiling

Figure 2.4: Classification based on geometry

The classification of boiling based on the geometry and the flow conditions can be
seen in Figure 2.4 which is explained by Cengel [4] and further illustrated in Figure
2.5. The term pool boiling refers to the heat addition to a liquid which is stagnant
in a pool. The most common example of pool boiling is the boiling of water in a
pot. Often, pool boiling is referred to as "External boiling’.

On the contrary, 'Internal boiling” is a common term used for flow boiling. Flow
boiling or forced convection boiling refers to the boiling that usually occurs while
the liquid is forced to flow inside pipes or ducts. In case of flow boiling, there is
change not only in the phase from liquid to vapor but also a change in the flow
pattern
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2.5.1.1 Pool boiling

The term "pool boiling" describes the boiling process that takes place when a heated
surface is in contact with a liquid reservoir. During pool boiling, vapor bubbles are
created when the liquid close to the heated surface absorbs heat and reaches its
boiling point. Because of buoyancy, these bubbles separate from the liquid’s surface
and ascend through it. They pass heat into the surrounding liquid as they rise,
and eventually they collapse near the surface or in the liquid’s bulk. More bubbles
continue to form and rise during the procedure, maintaining a continual boiling
process. The categorization of pool boiling given by Llic et.al [5] is shown in Figure

2.6.

i

Heating

(@) Pool boiling

YYYVVYVYYVYYYY

3

T

(b) Flow boiling

Heating

Figure 2.5: Boiling types [4]

Pool

Boiling
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1

Natural
convection

Nucleate
boiling

Transition
boiling

Film
boiling

o Heat gets transferred from the heated surface to the liquid through natural
convection and conduction before boiling occurs. As the cooler liquid from
above moves below to replace the warmer, less dense liquid in contact with
the heated surface, it rises upward.

o Nucleate boiling is a form of boiling that occurs when the heat flow is below
the critical heat flux but the surface temperature is higher than the saturated
fluid temperature. During nucleate boiling, the vapor bubbles that are formed
on the surface detach, and this is known as the Onset of Nucleate Boiling
(ONB), which is shown in Figure 2.7. It is the beginning of the boiling process
and is most often known for its enormous potential for transferring heat when

Figure 2.6: Pool boiling

compared with single-phase flow.

10
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o As the upper limit of the nucleate boiling leg is reached, Boiling Crisis (BC)
occurs and the boiling system can follow two paths. One possible outcome
would be if there is any further increase in the wall superheat, the heat transfer
rate will decrease and it will lead to the transition boiling regime. The contact
state on the heating surface, which transitions from a partial liquid film to
a complete vapor layer, is what causes the transition boiling leg’s peculiar
negative slope. Leidenfrost point is the place where the leg of film boiling and
the transition boiling leg meet.

e Another possible outcome, which is common in power-controlled systems, is
if there is any further increase of wall heat flux, it leads to a sudden vapor
layer over the surface and this will lead to a direct jump to the regime of film
boiling. This transition from a nucleate to a film boiling regime is followed
by a significant rise in wall superheat and may cause damage to the heating
surface, also referred to as burnout.

Natural convection Nucleate boiling Transition boiling Film boiling
BC (DNB, CHF) o
—10F
§ 10 [
= ONB ; .
< 10" // Leidenfrost point
3
10

1000

i 30 120
AT‘W = T'w - Tmt [OC]

Figure 2.7: Boiling curve obtained from [5]

2.5.1.2 Flow boiling

Flow Boiling

Subcooled Saturated Convective
Flow boiling] |Flow boiling] |flow boiling

Post Dry out

Figure 2.8: Flow boiling

Figure 2.8 gives us the stages of flow boiling in general given by Sarit et.al [6].
o Sub-cooled boiling is referred to as the boiling at the heated wall where the
bulk temperature of the liquid is below its saturation temperature. There is
one distinctive feature of subcooled boiling. Surface factors (such as surface

11
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12

roughness) have less of an impact than in pool boiling. This is because, in
comparison to pool boiling, the flow requires a higher heat flux, activating a
greater number of nucleation sites and decreasing the effect of surface rough-
ness on the process.

Saturated boiling refers to the boiling where the mean temperature of the lig-
uid reaches the saturation temperature of the liquid at the given temperature.
This basically indicates that, according to the thermodynamic equilibrium
property, the average enthalpy of the fluid achieves the enthalpy of the satu-
rated fluid. The saturated boiling is in the form of slug or churn flow.

Following saturated boiling, the vapor slugs gradually become larger and liquid
is thrown to the wall, developing into annular flow, which can be observed in
Figure 2.9. This region is called convective boiling. This region’s unique
characteristic is its gradually declining nucleation, which eliminates it nearly
entirely downstream. Consequently, evaporation causes the phase shifts to
occur here at the vapor-liquid interface.

When the liquid film in the convective boiling entirely dries up, or, to put it
another way, after CHF due to dry out, the heat transfer process takes place.
This area involves heat transmission with liquid droplets in vapor, which is
the spray flow, cooling the wall as a result of the vapor flow within the tube.
This is called "post dry out heat transfer."
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Figure 2.9: Flow pattern [7]

2.5.1.3 Flow Regimes

Figure 2.10 refers to the different regimes in flow boiling through horizontal pipes
[8]. The flow starts with liquid, and further along the tube, when the heat flux
increases, the wall temperature exceeds the saturation temperature of the liquid,
the nucleation of bubbles will be initiated by the cavities and grooves in the heated
surface and becomes "bubbly flow’.

o As the heat flux increases, bubble growth will increase, and after a certain
point, the growing bubbles start to coalesce together to form slug and plug
flows. These types of flows are called 'Intermittent flows’.

o At high flow rates, the vapor phase will completely cover the upper part of
the tube and form a wavy nature. The wavy flow will then become stratified.
As the name suggests, the two phases have a clear distinction between them.
The gas is always at the top of the tube, and the liquid settles at the bottom
of the tube due to the density difference between them.

o Further increase in heat flux makes the flow become annular flow. In this type
of flow, the vapor phase is entrapped in the core of the tube and the liquid
phase forms a film over the circumference of the tube.

13
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e The mist flow, which can start at the top perimeter where the annular film
is the thinnest and move downstream to the bottom perimeter, is reached at
very high gas flow rates.

Flow

Bubbly flow Stratified flow Stratified-wavy flow Plug flow
A Pz 7 [ R,

flow
S

Figure 2.10: Flow boiling regimes [9]

2.5.1.4 Flow Pattern Map

The two main categories of flow-pattern maps are theoretical or semi-theoretical,
whose transitions are inferred from physical models of the flow phenomena, and
empirical, which are typically fitted to the observed flow-pattern database. The
development of theoretical or semi-theoretical flow-pattern maps is based on the
flow structure and can occasionally be connected to diabatic properties and heat
transmission mechanisms. The surface gas and liquid velocities are two examples of
the two flow parameters that are typically used to construct a coordinate system on
which the boundaries between the various flow patterns are plotted.

Figure 2.11 gives an empirical low pattern map which is given by Mandhane, J. M et
al [10]. In two-phase flow analysis, a flow pattern map is a graphical depiction that
shows the predominant flow patterns under various operating scenarios. With the
help of distinct flow patterns, it aids researchers in understanding how the liquid and
vapor phases behave in different areas of a flow system. These maps are very helpful
for foretelling and depicting the changes in flow regimes. It is to be noted that the
empirical flow pattern maps will be valid only for the same working fluid and similar
working conditions, and there are numerous flow pattern maps for different working
fluids and operating conditions.

The axes in the flow pattern map are the superficial air and water mass flow rates.
The superficial velocity of a phase is defined as the velocity of the phase if the other
phase was absent and it is defined as,

(2.16)

Ug =

Where:
o u, is the superficial velocity of the phase, m/s
« (@ is the volume flow rate of the phase, m?/s
« A is the cross-sectional area, m?

14
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It can be seen that the map is divided into several regions based on the flow regime
that the flow is based on the liquid and vapor velocities. It is observed that the
regions namely stratified, annular, plug, and slug are present only for a certain
range of superficial liquid and vapor velocities.
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Figure 2.11: Flow pattern map from [11]

2.6 Single Phase Correlations

2.6.1 Pressure Loss Correlations

A fundamental aspect in fluid dynamics and engineering is pressure loss in fluid flow
through pipes and channels. The two main causes of pressure loss in single-phase
flow, when the fluid is either completely liquid or completely gas, are frictional losses
brought on by the fluid’s viscosity and losses brought on by modifications in the flow
direction or cross-sectional area. Some of the empirical correlations that have been
developed to pressure loss are listed below.

2.6.1.1 Darcy-Weisbach Equation

The Darcy-Weisbach equation is one of the most fundamental equations for esti-

mating the pressure loss in a pipe due to friction. The Darcy-Weisbach equation is
given by:

15
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L pV?
AP =f—— 2.1
D 9 (2.17)

Where:
o AP is the pressure drop
o fis the friction factor
e L is the pipe length
e D is the pipe diameter
e pis the density of the fluid
o V is the velocity of the fluid
There are various correlations to find the friction factor which are listed below.

2.6.1.2 Moody Friction Factor

The Moody friction factor [12] is denoted by the symbol f and is used in the Darcy-
Weisbach equation to calculate the pressure drop due to friction in a pipe. The
Moody friction factor for turbulent flows is given as:

106\ /3
£ =0.0055 |1+ (2 x 1005 + O) (2.18)

D Re

Where:

o ¢ is the height of surface irregularities

2.6.1.3 Blasius Friction Factor

For hydraulically smooth and turbulent flow in pipes where the Reynolds number
is less than 10°, the friction factor can be approximated by the Blasius formula [13]
for finding the friction factor which can be expressed as:

f = (0.079 Re™ %) (2.19)

2.6.1.4 Eckert Friction Factor

An implicit technique for estimating the friction factor for turbulent flow in pipes is
the Eckert friction factor approach, commonly referred to as the Eckert correlation
[14].

The Eckert friction factor is expressed as:

1 /D15
Vi —2log <3'715 + Re) (2.20)

2.6.2 Heat Transfer Correlations

Heat transfer correlations for single-phase flow are empirical relationships which are
derived from experimental data or theoretical analysis to estimate the heat transfer
under different flow conditions. Here are some common heat transfer correlations
for single-phase flow:

16
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2.6.2.1 Dittus-Boelter

The Dittus-Boelter equation [15] is a popular correlation which is widely used for
finding the local Nusselt number in a fully developed (both hydrodynamically and
thermally) turbulent flow in a smooth pipe. It is generally more suitable for flows
with small to moderate temperature difference between the wall and the fluid. The
Dittus-Boelter equation is expressed as:

Nup, = 0.023 Re};> Pr® (2.21)

Where:
e Dy is the hydraulic diameter, m
e Nu is the Nusselt number
e Pr is the Prandtl number
e Rep, is the Reynolds number

2.6.2.2 Sieder-Tate

The Sieder-Tate equation [16] which was proposed by Sieder and Tate in 1936 is
a modified version of the Dittus-Boelter equation. The addition in this equation
is the consideration of the viscosity variation with temperature which is important
for flows with high temperature difference between the surface and the fluid. The
Sieder-Tate correlation is given by:

0.14
Nup, = 0.027 Re}s Pros3 (“) (2.22)

[hs

2.6.2.3 Gnielinski

Even though the above-mentioned correlations can be easily applied, there can be
25% error between the correlations and experimental results. These errors can be
reduced by the usage of more recent correlations which are said to be more accurate.
The Gnielinski correlation [17] is valid for a wide range of Reynolds numbers, even
including the transition regime. The equation is expressed as:

£/8(Rep, — 1000)Pr
1+ 12.7(f/8)72(Pr2/3 — 1)

Nup, = (2.23)

2.7 Two-Phase Correlations

Two-phase correlations are empirical or semi-empirical relationships used to predict
the behavior of fluid flow and heat transfer in systems where two phases (usually
liquid and vapor) coexist. The key parameters typically addressed by two-phase
correlations include pressure drop and heat transfer coefficient.

17
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2.7.1 Pressure Drop Correlations

The pressure drop that happens when a two-phase flow goes through a pipe or a
system is estimated using two-phase pressure loss correlations. In many technical
applications, such as the design and analysis of heat exchangers, these correlations
are crucial.

2.7.1.1 Lockhart-Martinelli Correlation

The Lockhart and Martinelli method [18] for predicting the two-phase pressure drop
is the method published in 1949. The two-phase frictional pressure drop is estimated
based on a two-phase multiplier for the liquid phase or the vapor phase respectively
as:

A A
Apfric = ¢2L]:tL or Apfric = ¢?t% (224)

Where Apy and Apg are the pressure drop for each phase which are given as:

Ly 2!
Apr =4fL <d> m (1 —x ) <2p> (2.25)
Apg = Af (L)7n2@¥)<1p) (2.26)
G a\g 5 :
Where:
o fr and fg are the single-phase frictional factors of the liquid and the vapor
phase

e d is the inner diameter of the pipe
o L is the length of the pipe
e pr and pg are the densities of the liquid and vapor phase respectively
o Myotal 1S the total mass velocity
e 1z is the vapor quality
e Re is the Reynolds number
The corresponding two-phase multipliers are expressed as:

C+1

tt

P =1+ for Re > 4000 (2.27)

¢2 =1+ CttLtt + L%t for ReL < 4000 (228)

Where:
e Ly is the Martinelli parameter
o (is a constant depending on the regimes both the phases are in and it is given
in table 2.1
The Lockhart-Martinelli correlation is one of the simplest and useful correlations
used for predicting pressure loss among the other correlations.
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Liquid Vapor C
Turbulent | Turbulent | 20
Laminar | Turbulent | 12
Turbulent | Laminar | 10
Laminar Laminar 5

Table 2.1: Constant conditions

2.7.1.2 Chisholm Correlation

Chisholm in 1973 proposed an extensive method [19] empirically which is applicable
to a wide range of operating conditions compared to Lockhart-Martinelli. The two-
phase frictional pressure drop gradient by Chisholm is given as:

Apric = 0~ Ap b (2.29)

The frictional pressure gradients for the hquld and vapor phases can be:

A 2 Mhiquia 2.30

pr = 2f1 oo Ld ( )
2

Apo =2 Vapor 2.31

pe = 2fa ooLd (2.31)

The frictional factors can be calculated using the same equations as Lockhart-
Martinelli. Chisholm’s two-phase multiplier can be expressed as:

B,
=1+ (Y*-1) [2 + x2_"] (2.32)
Where:
e Y is the ratio of the frictional pressure gradients and is given as
Apg
Y? = 2.33
A, (2.33)

e B is called the Chisholm’s parameter and it can be calculated as follows:
— When 0 <Y < 9.5:

55 for muota > 1900kg/s
B =1{2400 for 500 < 1iea < 1900kg/s (2.34)
48 for My < 1900kg/s

— When 9.5 <Y < 28:

B _ 520 fOI' mtotal < 600kg/s (235)
Mgl for 600kg/s < Miorar < 1900kg/s
— When Y > 28: 15000
B=p o 2.36
Y2m%0talto ( )

The Chisholm correlation is one of the versatile methods with improved accuracy
and is said to be applicable for a wide range of operating conditions.

19



2. Theory

2.7.2 Heat transfer correlations

In engineering applications where both liquid and vapor phases are present con-
currently, as in processes like boiling and condensation, heat transfer correlations
for two-phase flow are essential. By establishing links between flow parameters,
thermodynamic properties, and heat transfer coefficients, these correlations enable
accurate predictions of heat transfer rates across a range of applications.

2.7.2.1 Chen correlation

The Chen correlation [20] for the boiling heat transfer coefficient, published in 1990,
has been used for several years for water flowing through tubes. This correlation was
the very first to use the superposition approach of nucleation and forced convection
mechanisms. The Chen correlation can be expressed as,

0.79 ~ 0.45 _0.49
K™ "Cu™ > p

Ml0.290-0.5,L’fGO-24pv0.24
G(1— xz)Dr'S {mcpr-ﬂ‘ KF

h = 0.00122 ( ) AT, ** AP,," ™S

(2.37)

+0.023
[ Hr Ky, D

Where:

K is the thermal conductivity,
L is the length of the tube,

D is the diameter of the tube,
C, is the specific heat,

p is the density,

o is the surface tension,

1 is the viscosity,

AT, is the wall superheat,
Apgqs is the saturation pressure difference between the wall and bulk temperatures,
G is the mass flux,

x is the local vapor quality,

ifc is the latent heat of vaporization.

The parameter S in Equation 2.37 can be calculated as

1

g — (2.38)
_ 95 G(1—x)
14253 x 10-6F1 25W
And in this equation, the parameter F' can be calculated as
1 if < 0.1
F={' 1 X (2.39)
335 (E + 0213) if xu > 0.1

Where x4 is the Lockhart-Martinelli parameter defined in Section 2.7.1.1.
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The Chen correlation is particularly useful for predicting heat transfer in boiling
systems where both nucleate and forced convection are significant. The correlation
is said to produce reliable predictions for low to moderate heat fluxes and operating
pressures. However, the correlation assumes a relatively uniform flow distribution
and therefore may not account for dryout or film boiling.

2.7.2.2 Modified Tran correlation

The modified Tran correlation was given by Yu [21]. The original Tran heat transfer
correlation [22] was developed for refrigerants, but the modified Tran correlation is
for water as its working fluid. The modified Tran correlation is given as,

0.27 pr02

Py

h = 6400000 (Bo*We) (2.40)

Where:

Bo is the boiling number and is given as

q
Bo =
¢ Ghre’
We is the Weber number and is given as
G*D
We = ,
api

pg and p; are the densities of the vapor and liquid respectively.

2.7.2.3 Liu and Winterton correlation

The Liu and Winterton correlation, proposed by Z. Liu and R.H.S. Winterton in
1990 [23], gave a predictive method for heat transfer by covering a wide range of
parameters and an explicit nucleate boiling term. The explicit method for nucleate
boiling was adapted to better predict the applications relating to subcooled boiling.
The Liu and Winterton correlation is given as,

hyp = \/(Fhfc)2 + (Shp)?  (saturated boiling) (2.41)

hip = \/(Fhye)? + (Shu(To, — Tp))?  (subcooled boiling) (2.42)
Where:

e hyp is the two-phase flow heat transfer.
o hyc is the heat transfer due to forced convection and is given by
ky

n

hte = 0.023Ref® Pr (2.43)

where Re; is the liquid Reynolds number, Pr; is the liquid Prandtl number, k;
is the liquid thermal conductivity, and D;, is the inner diameter.
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e hyy, is the heat transfer due to pool boiling and is given by

P0.12 P —0.55
7%5255<P$m> log ()| M0 (2.44)

where P,, is the critical pressure, P is the pressure, ¢ is the heat flux, and M
is the molecular weight.
F is the forced convection heat transfer enhancement factor and is given by
0.35
F =22 (14 5.Prip, - 1)) (2.45)
P

where x. is the exit vapor quality, p; is the liquid density, and p, is the vapor
density.

e S is the suppression factor and is given by

1

S = T 005501 Rep ™0 (2.46)

The Liu and Winterton correlation, unlike the Chen correlation, is applicable for a
wider range of heat fluxes and operating pressures, making it a preferred choice in
various engineering applications.

2.7.3 Previous experimental studies

The literature study mainly focused on experiments with horizontal pipes with di-
ameters closely matching those of the heat exchanger pipes in the engine of interest.
Another important aspect considered was the working fluid, which is water for our
heat exchangers. With respect to experiments on flow boiling of water in horizontal
flows, there are only a handful of experiments available.

22

e Yu et al. [21] studied the two-phase pressure drop, boiling heat transfer, and

critical heat flux of water flowing through a horizontal tube with a diameter
of 2.98mm. The tests were conducted for varying mass fluxes and heat fluxes.
The results of pressure drop were compared against the Chisholm correlation,
and a modification of the correlation was provided based on the empirical
results from the experiment. The Chisholm multiplier was changed from,

1
2

=1+C+

=10t

And it was changed to

902 — X71'9

The proposed change in the Chisholm correlation was observed to have only
7% deviation between the results from the original of 33% deviation. In addi-
tion, comparison of heat transfer coefficient with the Chen correlation which
was found to have 30% deviation with the experiments. In addition, the pa-
per compares the critical heat flux between the experiments and a predictive
method given by Groeneveld-Cheng-Doan [24] and the critical heat flux was
found to occur at higher vapor qualities between 0.5 and 1.0.
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« Hardik et al. [25] investigated the heat transfer and pressure drop in flow
boiling of water in horizontal tubes at low pressure. The effect of tube di-
ameter, system pressure, heating length, mass flux, and heat flux on pressure
drop and heat transfer was studied. The experimental results obtained were
compared with a number of correlations for both pressure drop and heat trans-
fer, and a new correlation was developed for pressure drop from the obtained
experimental results where the Chisholm multiplier (C') was modified from the
value 20 for turbulent-turbulent flow to,

C — 1860.14d

The updated Chisholm multiplier showed a 20% deviation compared to the
original deviation of 40%. It was found that the boiling heat transfer coefficient
is not dependent on tube diameter, while tube diameter has a higher influence
on two-phase pressure drop.

Apart from experimental studies on water, there are also studies on refrigerants.

« Wojtan et al. [8] developed a new predictive method for heat transfer by
making modifications to the original heat transfer model by Kattan et al [26].
The new approach showed a good improvement in predicting heat transfer,
even at lower vapor qualities.

« Han et al. [27] analyzed the boiling heat transfer coefficient of R134a flowing
in a bmm inner diameter smooth horizontal tube. It was observed that for
increasing pressures, the location of the maximum heat transfer coefficient
shifts to lower vapor qualities. The heat transfer prediction of Wojtan et al.
was compared with experimental results, showing good agreement up to 0.7
vapor quality, but increasing deviation near dryout conditions.

« Jige et al. [28] investigated the flow boiling characteristics of refrigerant R32
for different diameters, mass fluxes, and heat fluxes. The experimental values
of pressure drop and heat transfer coefficient were compared with empirical
correlations, including the work of Yu et al. It was found that nucleate boil-
ing heat transfer was dominant under high heat flux and lower vapor quality
conditions.

From the understanding of the experimental studies done previously, the experiment
done by Yu seems to be the experiment that closely matches with the requirements
that is required. The experiments are done in horizontal tubes with a tube diameter
closer to the heat exchangers of interest along with the working fluid as water. The
experiment also has the working conditions such as the liquid is in laminar condition
at the inlet such as the heat exchanger’s condition of interest. In addition, the
experiments compare the results with correlations to give the idea of how accurate
the correlations to the experimental results.
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Computational Fluid Dynamics

Within the discipline of fluid mechanics, computational fluid dynamics (CFD) com-
bines numerical techniques and algorithms to analyzing and resolving of fluid flow-
related problems. It involves replicating fluid flow behavior and how it interacts
with solid structures with the help of computers. Many industries in engineering
employ the use of CFD to analyze and improve the performance of fluid-moving
systems.

Primarily, Computational Fluid Dynamics (CFD) solves the Navier-Stokes equation
which are in general a set of partial differential equations that expresses the fluid
motion. The following details about the models are obtained from the ANSYS
theory guide [29] . For an incompressible flow problem, the Navier-Stokes equations
are expressed in the following section.

3.1 Conservation of Mass

The conservation of mass or the Continuity equation is one of the fundamental
equations in fluid mechanics. In a confined region, it explains how the fluid mass is
conserved. The Continuity equation solved by Fluent 2023r1 is expressed as

0

5? +V-(pv)=5n (3.1)

Where S, is the mass added to the continuous phase from the dispersed secondary
phase, for example, vaporization of liquid droplets.

3.2 Conservation of Momentum

The conservation of momentum, or commonly known as the Navier-Stokes equation
in Fluent 2023r1, is expressed as

(pv)
ot

+V.-(pvxv)=—-VP+V-(r)+pg+F (3.2)

Where
e g is the gravitational force
o F is the external body forces
o 7 is the stress tensor, given by
T=p|(Vv+VvT) =2V . V| (3.3)
Where p is the molecular viscosity, I is the unit tensor, and the second term on the
right-hand side is the effect of volume dilation.
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3.3 The Energy Equation

The energy equation is solved in the following form in Fluent 2023r1:

8 2 2
a [p (64—2)] +V' |f)V <h+v2>1 :V~ (keffVT—ZJj-hj—i-Teff'V) +Sh
J
(3.4)

Where
o kegy is the effective thermal conductivity (k+ k; where k; is the turbulent ther-
mal conductivity defined by the turbulence model used and k is the molecular
thermal conductivity)
e ¢ is the internal energy
e h is the enthalpy
e pis the density
e >;J; - hj is the species diffusion
e Tepf -V is the viscous dissipation
e S} includes the volumetric heat sources that have been defined and the heat
generation rate from chemical reactions.
The enthalpy h is defined as:

h=YYh (3.5)

Where Y is the mass fraction of species j and the enthalpy of species h; is defined
as:

T
hy = / ¢y dT (3.6)
Tr'ef

For the pressure-based solver, T.; is 298.15K.

3.4 Turbulence Modelling

When the fluid flow becomes turbulent, it exhibits chaotic behavior, making it very
difficult to solve the equations mentioned above. To model this turbulent flow
behavior, Reynolds Averaged Navier Stokes (RANS) equations are used in CFD. The
Reynolds averaging technique is applied to the Navier-Stokes equations, separating
the components into mean and fluctuating components.

The velocity components can be expressed as:

Where @; and u) denote the mean and fluctuating components, respectively. Other
scalar quantities can be expressed likewise:

¢z’ = gz + ¢; (3-8)

Substituting these expressions into the instantaneous equations of continuity and
momentum equations and time averaging yields the RANS equations.
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RANS Continuity Equation

Op  9(pui)
ot T o,

=0 (3.9)

RANS Momentum Equation

d(pu;)  Opuuj) op 0 Ou;  Ouj 20y
- _ 2P
* * # Ox; + Oxr; 30x; "

P .

Where:

o u;u; represents the Reynolds stresses which represent the fluctuating compo-

nent of the momentum transport due to turbulent eddies.

Reynolds stresses, which reflect the extra momentum transport brought on by turbu-
lent variations, are essential to the modeling of turbulent flow. They are commonly
included in turbulence models used in computational fluid dynamics (CFD) simu-
lations because they are crucial for precisely forecasting the behavior of turbulent
flows.

3.4.1 Eddy Viscosity Models

A common method used to model the Reynolds stresses employs the Boussinesq
hypothesis that relates the Reynolds stresses to the mean velocity gradients.

— u; u; u
Where:

e i is the turbulent eddy viscosity

 0;; is the Kronecker delta
The Boussinesq hypothesis can be used in k — ¢ and k — w turbulence models which
are explained below.

3.5 k-¢ Model

One of the most widely used turbulence models in the simulation of turbulent flows
is the k-e turbulence model proposed by Launder & Spalding [30]. This model solves
transport equations for the turbulent kinetic energy (k) and turbulent dissipation
rate (g).

Turbulent Kinetic Energy (k)

Opk) | Opuik) _ 0 < iy

Ok
ﬂ+) ]+Gk+ab—pe+sk (3.12)
8$j

Ok

Where:
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e k is the turbulent kinetic energy
e p is the density
o (), is the production of turbulent kinetic energy due to mean velocity gradients
o @y is the production of turbulent kinetic energy due to buoyancy
e S; is the user-defined source term
e i is the turbulent viscosity
e 0y, is the turbulent Prandtl number
Turbulent Dissipation Rate (¢)

pe)  O(pue) 0 < m) de 2

IS
0. ((“)ZL‘]‘| + Cal (Gk + 063Gb) - 052,0? + Se
(3.13)

Where:
e C.1, C., and C.3 are model coefficients specific to the chosen k- model
o (. is the production of turbulent dissipation due to mean velocity gradients
e S, is the user-defined source term

The turbulent viscosity pu; is computed using k£ and ¢ as follows:

€
ey = Cu%
In Fluent 2023r1, the default value for C), is 0.09.

(3.14)

3.6 k-w SST Model

One common hybrid turbulence model used in computational fluid dynamics (CFD)
simulations is the k-w SST (Shear Stress Transport) model proposed by Menter
[31]. It provides better predictions for a variety of flow scenarios, such as boundary
layer, separated, and unfavorable pressure gradient flows by combining the superior
performance of the k- model in the free stream and k-w model near the walls.
Turbulent Kinetic Energy (k)

The turbulent kinetic energy (k) is obtained using an equation similar to the stan-

dard k- model.

Ok ok 0

ok
ot Yige, = o,

l(y + oky) &E] — Bkw + G, + Gy + Si, (3.15)
j

Specific Dissipation Rate (w)

aw_}_U.ai

15}
o 5 = [(V—i-awl/t) w] — Bw? +aS? +2(1 — Fy)o?
J J

w
3xj

(3.16)

Where:
o v is the kinematic viscosity
e 1, is the kinematic eddy viscosity
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o Uj is the strain rate
e [ and F; are the closure coefficients
e S is the strain rate magnitude
e 3, B*, o, and o, are model constants
The effective diffusivities of the k-w model in Fluent 2023r1 are given as:

I'y = p+ ok
Ml g = p k (3.17)
wl'y, = p+o,w
The turbulent viscosity, u;, is computed by combining £ and w as:
k
= — 3.18
Mt w ( )

3.7 Multiphase Models

The term "multiphase flow" describes the simultaneous movement of several phases
of matter—such as liquids, gases, or solids—within a single domain. CFD software
offers a variety of multiphase flow models tailored to address several multiphase flow
scenarios. To accurately simulate complicated flow processes involving interactions
between many phases, such as liquids, gases, and solids, multiphase models must
be used. By considering the distinct characteristics and behaviors of each phase—a
vital component in the prediction of heat and mass transfer, phase interactions, and
general flow patterns—these models improve the accuracy of simulations.

Among the most popular of these models are:

3.7.1 Volume of Fluid (VOF)

The VOF model tracks the volume fractions of different fluid phases within each
computational cell. It uses an interface capturing technique to describe the interface
between phases, where the interface is tracked across one or more grid cells. The
VOF model is particularly useful in problems where the position and shape of the
interface between fluids are important and need to be accurately captured.

The VOF model’s volume fraction transport equation is solved in conjunction with
the Navier-Stokes equations for momentum and the continuity equation. The re-
sulting solution provides detailed information about the location and shape of the
interface between the fluids over time, allowing for accurate simulations of complex
multiphase flow phenomena. The volume fraction’s advection, diffusion, and phase
change are all governed by this equation. Within each cell, the volume fractions of
all phases add up to unity.

The volume fraction equation for the gth phase is given in the form,

i d(agpy)

p ot + V- (agpgve) = Zmpq Mgp) (3.19)
q =1

Where:
e 71, is the mass transfer from phase p to phase ¢
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* 7, is the mass transfer from phase ¢ to phase p
e S,, is the source term
» «, is the volume fraction of phase ¢

3.7.2 The Mixture Model

A method for simulating multiphase flows in which the phases are interpenetrat-
ing but still distinct despite being blended on a smaller scale is called the mixture
model. This model is especially helpful for flows with phases that have different char-
acteristics but comparable velocities, like bubbly, slurry, and particle-laden flows.
Compared to fully resolved multiphase models such as the Eulerian-Eulerian model,
the mixture model is computationally less expensive because it reduces the com-
plexity of multiphase flow by employing a single set of governing equations for the
mixture. The mixture model makes the assumption that the phases move at compa-
rable speeds, which could not be true for all kinds of multiphase flows, particularly
when there is a lot of interphase slip.

The volume fraction equation that is solved in the mixture model for phase p is
given as,

n

+V- (apppvm) =-V- (apppvdr,p) + Z(mpq - mqp) (3.20)

q=1

a(“pﬂp)
ot

Where:
e v, is the mass averaged velocity
e Vgrp is the drift velocity for secondary phase p:
— Vdrp = Vp — Vi,

3.7.3 FEulerian-Eulerian

The multiphase Eulerian-Eulerian model is a strong and adaptable method for mod-
eling the behavior of several interpenetrating phases. Each phase is viewed as an in-
terpenetrating continuum in the Eulerian-Eulerian model, which has its own unique
sets of conservation equations for mass, momentum, and energy. This makes it possi-
ble to depict the dynamics of each phase in great detail. The intricacy of representing
interphase interactions and the requirement to solve numerous sets of conservation
equations make the Eulerian-Eulerian model computationally demanding.

Volume fractions of each phase are incorporated into the description of multiphase
flow as interpenetrating continua. Each phase independently satisfies the rules of
conservation of mass and momentum, and volume fractions show the space occupied
by each phase.

The volume of phase ¢, V, is defined as

v, = /aqu (3.21)
Where
dag=1 (3.22)
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The effective density of phase ¢ is:

Pq = QqPq (3.23)
Where p, is the physical density of phase g.

3.8 Computational Mesh

The discretization of the computational domain into cells is referred to as the mesh
in ANSYS Fluent 2023r1. The quality and effectiveness of the numerical simula-
tions carried out in Fluent 2023rl are directly impacted by the meshing method,
which makes it essential knowledge. The Finite Volume Method (FVM), which is a
numerical technique in solving partial differential equations, is the main technique
used by ANSYS Fluent 2023r1 to solve fluid flow and heat transfer problems. The
computational domain is discretized using this method into control volumes. After
integrating the governing equations across these control volumes, algebraic equations
with numerical solutions are produced.

3.8.1 Types of Mesh

There are a couple of types of mesh available for discretizing the computational
domain. They are structured, unstructured, and hybrid meshes which are shown in
Figure 3.1.

3.8.1.1 Structured Mesh

In structured meshes, the computational domain is divided into a grid of cells with
a regular and uniform arrangement. The grid cells consist of an orderly arrange-
ment in a regular pattern, either as hexahedra in 3D or rectangles in 2D. Structured
meshes are easy to generate and work well for simpler geometries. However, gener-
ating structured meshes for complex geometries can be challenging and may require
techniques such as block-structured meshing or multi-block meshing. Structured
meshes often allow for more efficient numerical computations and memory usage
due to their regular arrangement. This can lead to faster solution times and re-
duced computational costs compared to unstructured meshes.

3.8.1.2 Unstructured Mesh

In contrast to structured meshes, unstructured meshes are more adaptable and flex-
ible. Unstructured meshes enable improved resolution of intricate geometries and
flow characteristics because cells can have any size and shape. Algorithms that may
adaptively improve the mesh based on geometric complexity or flow gradients are
used to build unstructured meshes. They work well with extremely irregular ge-
ometries, as those seen in sophisticated industrial equipment, turbomachinery, and
automobile components. When it comes to capturing boundary layer effects and
resolving flow phenomena like vortices and separation zones, unstructured meshes
provide more freedom.
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(a) Structured mesh (b) Unstructured mesh

Figure 3.1: Mesh types [32]

3.8.1.3 Hybrid Mesh

A computational grid that incorporates various element types into a single mesh is
known as a hybrid mesh. This method improves the accuracy and efficiency of the
simulation by utilizing the benefits of several mesh types to better capture intricate
geometries and flow aspects. When dealing with situations with complicated borders
or when different sections of the flow field require varying levels of resolution, hybrid
meshes are especially helpful.

3.8.2 Meshing Techniques

Wall functions and low Reynolds number (Re) meshing techniques are used to ac-
curately capture flow near solid boundaries, especially in regions where the viscous
effects dominate which is depicted in Figure 3.2.

3.8.2.1 Wall Function Mesh

In CFD simulations, wall functions are used to define the near-wall flow without
explicitly solving the boundary layer. Viscosity effects cause considerable changes
in the velocity and turbulence characteristics near solid boundaries, such as walls
in a flow domain. Wall functions extend the flow characteristics from neighboring
cells into the viscous sub-layer and buffer layer close to the wall, offering a more
straightforward way to simulate these alterations. Their foundation lies on empirical
correlations that are obtained from both theoretical analyses of boundary layer flow
and experimental data. In turbulent flows, wall functions are frequently employed
since the mesh close to the wall might not be fine enough to resolve the near-wall
turbulence structures and the viscous sub-layer. Wall functions allow one to use
coarser meshes away from the wall and yet achieve correct results in the bulk flow
region, hence saving computational resources. Wall functions, however, have their
limitations and might not be appropriate for flows near walls that have complex flow
patterns, separation, or severe adverse pressure gradients.
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Wall functions were initially developed for high-Reynolds number turbulence models
which become invalid in the laminar part of the turbulent boundary layer. Standard
wall functions were derived from the turbulent Couette flow. It can be shown that
in the absence of pressure gradients, the non-dimensional tangential velocity and
distance to the wall are expressed as:

Jr

yur
ut = =

and yt =
Ur v

Where:
o v is the kinematic viscosity
e . is the wall shear stress

3.8.2.2 Low Reynolds Number Mesh

Low Reynolds number (Re) meshing is used to resolve flows where viscous effects
predominate, which are usually at low velocities or in short length-scale regions. Low
Reynolds numbers result in laminar or transitional flow characteristics because vis-
cous forces are comparatively more important than inertial forces. Low Re meshing
aims to resolve viscous issues and precisely capture the boundary layer by fine-tuning
the mesh in close proximity to solid boundaries. To properly resolve the boundary
layer thickness and capture velocity gradients, this usually calls for the usage of
finer mesh elements near walls. For precise simulation of laminar or transitional
flows, complex boundary layer structures, or separation events, low Reynolds num-
ber meshing is required. However, since smaller meshes demand more computer
resources, low Re meshing may result in higher computational costs, particularly for
simulations requiring large domains or complicated geometries.
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Figure 3.2: Near wall non-dimensional velocity profile
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3.9 User Defined Functions (UDF)

A C or C++ function that may be dynamically loaded with the ANSYS Fluent
2023r1 solver to extend its built-in functionality is called a user-defined function, or
UDF. A UDF can be used, for instance, to:

o Customize diffusivity functions, surface and volume reaction rates, material
property definitions, boundary conditions and source terms in ANSYS Fluent
2023r1 transport equations.

o Modify calculated values once every loop.

e Set up a solution from scratch.

e Run at the conclusion of an iteration, when ANSYS Fluent 2023r1 is closed,
or when a built UDF library loads.

3.9.1 Implementation of UDF

Function declarations provided by ANSYS Fluent 2023r1 are used to define UDFs.
The UDF library contains these function declarations as DEFINE macros since they
are implemented as macros in the code. The udf.h header file contains definitions
for DEFINE macros and some of the macros are listed in Table 2.

DEFINE Macro Function
DEFINE ADJUST Manipulates variables
DEFINE_EXECUTE_AT_END | Executes at end of iteration
DEFINE INIT Initializes variables
DEFINE_PROPERTY Property customization
DEFINE SPECIFIC HEAT | Enthalpy and specific heat

Table 3.1: Macros in Fluent 2023r1

DEFINE__ADJUST macro: DEFINE ADJUST is a general-purpose macro that
can be used to adjust or modify ANSYS Fluent 2023r1 variables that are not
passed as arguments. For instance, you can compute integrals and alter flow
variables using DEFINE__ADJUST. Additionally, it can be used to integrate
a scalar quantity throughout a domain and modify a boundary condition in
response to the outcome. Before transport equations are solved, a function
created with DEFINE ADJUST is called at the start of each iteration and
runs at every iteration.

DEFINE_EXECUTE__ AT END macro: A general-purpose macro called DE-
FINE EXECUTE AT END is invoked at the conclusion of a time step in
a transient run, or at the end of an iteration in a steady-state run. DE-
FINE _EXECUTE_ AT END can be utilized to compute flow quantities at
these specific intervals.

DEFINE__INIT macro: DEFINE_INIT is a general-purpose macro that you can
use to specify a set of initial values for your solution. By using DEFINE INIT
macro, it achieves the same goal as patching but in a different manner. The
DEFINE_INIT function is run immediately after the solver completes its de-
fault initialization, and it is only executed once per initialization. It is usually
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used to set initial values of flow quantities because it is called after the flow
field is setup.

DEFINE_PROPERTY macro: DEFINE PROPERTY is used to specify a cus-
tom material property in ANSYS Fluent 2023r1 for single phase and mul-
tiphase flows. Some of the properties that can be customized using DE-
FINE_PROPERTY are density, viscosity, thermal conductivity, rate of strain,
etc.

DEFINE__SPECIFIC__HEAT macro: For fluid, solid, and mixed materials,
temperature-dependent functions for specific heat and enthalpy can be de-
fined using the DEFINE SPECIFIC HEAT macro. It is imperative that
these functions are defined consistently. Specifically, the temperature integral
of the specific heat function should be the enthalpy function.

3.9.2 Integration of UDFs

User-Defined Profile " Begin | User-Defined| . [User-Defined
User-Defined Init Loop Profile Adjust
ser-Defined Properties -

4
Solve Mass &
Momentum

[Exit Loop| [Repeat]

|SoIvc Turbulence Equation(s)]

Check v
Convergence Solve Species
3
A
I User Defined Execute At End I Solve Energy
Update f’ropcrtics
(Including User-Defined Solv c_Other TransPon
Properties) Equations as Required

Figure 3.3: Solution Procedure in Fluent 2023r1 including UDF API calls

The solution procedure that is shown in Figure 3.3 is for a Pressure based Coupled
solver. The highlighted blocks are the places where the used UDFs will get involved
into the solving procedure which is important to know for the changing the material
properties at the right time. The sequence begins by initializing equations to user-
entered (or default) values taken from the ANSYS Fluent 2023r1 user interface.
Next, PROFILE followed by INIT UDFs are called. Except the first iteration,
PROFILE UDFs are executed prior to ADJUST UDFs. Then Fluent 2023r1 solves
the mass and momentum equations followed by the turbulence and energy equation.
After this, properties are updated, including PROPERTY UDFs. Therefore, given
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the revised temperature and pressure, the density will be changed at this point if
your model uses the gas law, for example. The loop either continues or ends after
the convergence check has been made.

3.9.3 User Defined Memory (UDM)

User-defined memory locations that users can designate and use inside their UDFs
are referred to as User Defined Memory (UDM) in Fluent 2023r1. In essence, UDMs
are extra memory storage spaces that users can set aside and utilize in their UDFs
to hold data that Fluent 2023r1 doesn’t automatically supply. This enables users
to add any custom data structures, arrays, or variables required for their unique
simulation needs. When users need to track additional values or carry out unique
computations that Fluent 2023r1’s built-in functions don’t support, UDMs come
in handy. Users can increase the flexibility and capability of their Fluent 2023r1
simulations to suit their unique needs by creating and utilizing UDMs within their
UDFs.
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Model development

The main idea behind the tuned model is that will mimic the boiling process. The
tuned model is developed by changing the fluid properties of the fluid that resembles
boiling. The model once developed will be able to eliminate the need for a multiphase
simulation and thereby greatly reducing the complexity of the problem as the need
for resolving the secondary (gaseous) phase is eliminated. A number of important
features of flow materials change significantly when water boils. As water heats up
in the liquid phase, its density marginally reduces, but when it vaporizes into steam,
it drastically lowers. Viscosity also decreases with temperature in the liquid phase
and drastically reduces in the vapor phase. Heat transfer rates are impacted by
the modest drop in thermal conductivity in the liquid phase and the considerable
decrease in thermal conductivity in steam. Liquid water has a relatively high specific
heat capacity, compared to the vapor phase and gradually drops with temperature
once the fluid is in the vapor phase. For the boiling process to be effectively modeled,
these changes in characteristics are necessary.

Another important aspect that needs to be modelled to get accurate results is the
mixing of the phases which will have direct impact in the flow regimes in turn it plays
a crucial role in heat transfer. The turbulent mixing might be important in both
the pressure drop and heat transfer predictions. However, the starting flow property
changes were done only for density, specific heat, viscosity and thermal conductivity
were changed as these are the known changes that happens during boiling.

Then the next challenge is the method of implementation to mimic the boiling
process. This is achieved with the help of UDFs in ANSYS Fluent. The material
properties such as density, thermal conductivity and viscosity are changed from the
liquid’s to the vapor’s in a linear fashion. Specific heat is varied as to compensate
the enthalpy addition that is need for a phase change process.

4.1 Fluid Property Changes

4.1.1 Density Change

As water boils, its density decreases due to the phase transition from liquid to vapor.
In the liquid phase, water molecules are closely packed, resulting in high density.
When heated, the kinetic energy of the molecules increases, overcoming intermolec-
ular forces and causing the transition to vapor. In the vapor phase, molecules are
more dispersed, occupying a larger volume and resulting in significantly lower den-
sity compared to the liquid phase.
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For the following simulations, the density of the fluid is changed with the help of
vapor quality.

Vapor quality is defined as the proportion of the vapor phase that is in the fluid
mixture relative to the total mixture and it is expressed as,

T = Mvapor (4.1)
Mtotal

An alternative definition of vapor quality which can be used for single component
mixtures like water and steam is,
h — hy
hlv

(4.2)

Tr =

where

e h is the mixture enthalpy

o hy is the saturation enthalpy of the liquid

e hy, is the latent enthalpy
The above equation was used to create a User Defined Memory (UDM) in Fluent in
order to track the vapor quality across the domain.

DENSITY CHANGE

DENSITY, KG/M3

ENTHALPY, 1/KG
Figure 4.1: Density change

This created vapor quality variable which depends on the enthalpy is used to change
from the density of the liquid to the density of steam during the boiling the phase
which is shown in Figure 4.1.

4.1.2 Viscosity Change

When water boils, its viscosity decreases. Viscosity, the resistance to flow, is higher
in liquid water due to strong intermolecular forces. As water heats, molecules gain
kinetic energy, overcome these forces, and transition to the vapor phase. In the
vapor phase, molecules are more dispersed and mobile, leading to significantly lower
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viscosity compared to the liquid state. This phase shift reduces flow resistance and
reflects the lower viscosity of water vapor. The same method which was used to
change density during boiling is employed during boiling was used here as well.
That is, vapor quality which is defined using the enthalpy and stored in an UDM is
used to reduce viscosity during boiling and the viscosity change in shown in Figure
4.2.

VISCOSITY CHANGE

VISCOSITY, PAS

ENTHALPY, J/KG
Figure 4.2: Viscosity change

4.1.3 Thermal conductivity Change

As discussed for the other two parameters, the thermal conductivity is changed in
a similar fashion and the change is shown in Figure 4.3.

THERMAL CONDUCTIVITY CHANGE

THERMAL CONDUCTIVITY, W/ K

ENTHALPY, I/KG

Figure 4.3: Thermal conductivity change
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4.1.4 Specific heat Change

The modelling of specific heat is a bit challenging as boiling takes place at constant
temperature and this in turn means that the specific heat while boiling turns into
infinity. As that is impossible to model and as the boiling region is assumed to
be 10K. The boiling region was fixed after simulating for different boiling regions
between 2 and 12K and the smaller boiling regions were unstable for simulations and
the range between 8 and 12K had a stable solution. The specific heat was modelled
with the help of a hat function. A hat function is a function whose graph takes a
triangular shape.

The magnitude of the hat function was determined by estimating the peak specific
heat in the triangular function such that the area under the triangular function gives
the latent enthalpy for the specific problem. The latent enthalpy should be equal to
the area of the triangle and that is given by,

_ Height(C) max) - Breadth(AT)
B 2

hug (4.3)

where
o Iy is the latent enthalpy
e () max 1s the maximum magnitude of specific heat, which is the height of the

triangle
o AT is the boiling region

Specific heat change w.r.t temperature
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Figure 4.4: Specific heat change

In Figure 4.4 , the specific heat change is shown for the operating pressure of 200kPa.
The saturation temperature of water at 200kPa is 393K. The latent enthalpy of water
is 2201500 J/kg. From the equation above, the height i.e. the maximum specific
heat was found to be 440300 J/kg K.
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4.2 Sequence of property changes

After the property change methods are finalized, the important thing is the order of
the change of the properties. The first property that is changed is the specific heat
as that is an important parameter in having the correct amount of heat that is added
into the system. As the specific heat is changed with respect to temperature, the
enthalpy is also changed accordingly with respect to temperature to balance the heat
addition. The ‘Define specific heat” macro is used for the change which can be seen in
Figure 15 is executed before the 'Execute at end” macro which is used to change the
density based on enthalpy. Enthalpy is used as the changing parameter for density,
thermal conductivity and viscosity so as to give some stability to the solver because
when all the parameters are changed based on temperature, the system becomes
highly unstable to solve.
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Model Validation

The process of evaluating and verifying a method or procedure’s accuracy, suitabil-
ity, and reliability for its intended use is known as method validation. Validating
a method assures that the procedures, models, or approaches employed may pro-
vide accurate and significant outcomes, which are critical for regulatory compliance,
decision-making, quality control, and project success. After the successful devel-
opment of the tuned model, it is essential to test and validate the accuracy of the
tuned model. The validation of the tuned model is done against a research paper
which has a working medium of water and the experiments done on horizontal pipe.
The following section explains in detail about the experiment on which the tuned
model is validated.

5.1 Experimental test case

The main focus of Yu et.al [21] for the experiments was to conducts tests on a
short horizontal tube with an inside diameter of 2.98 mm and a heated length of
0.91 m was used to study the two-phase pressure drop, boiling heat transfer, and
critical heat flux to water. The 200 kPa system pressure, 50-200 kg/m2s mass flux,
and ambient to 80 °C input temperatures were all used during the experiments.
Experimental findings and their comparison with prediction correlations were also
done. The main driving force behind the selection of Yu paper is that first and
foremost the working medium is water. The experiments are done in horizontal
pipes which is important as well. The working conditions used for the experiments
had a good range of interest for the heat exchanger of our interest as well. For these
reasons, the tuned model is validated against the Yu paper and the experimental
setup and the results are explained in the following section.

5.1.1 Experimental setup description

The experimental setup by Yu was fabricated in order to investigate two-phase
pressure drop, boiling heat transfer, and CHF of flowing water, ethylene glycol,
and aqueous mixes of ethylene glycol at high temperatures (up to 250°C) and low
pressures (<345 kPa).
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Figure 5.1: Experimental setup [21]

Figure 5.1 shows the experimental setup where the fluid is pumped via a loop and
pressurized with an expansion tank. By changing the expansion tank’s pressure, the
test section’s pressure can be regulated. To measure two ranges of volumetric flow
rate, two flow measurement devices—a rotameter and a turbine-type flowmeter—are
used in parallel configuration. The assessment of fluid density and, in turn, the
computation of mass flow rate are made easier by the placement of a temperature
sensor upstream from the flowmeters. An AC adjustable-frequency drive is used
to fine-tune the flow rate. The fluid travels through a preheater system after the
flowmeters, where it is heated to the appropriate subcooled level for that particular
test. A Type 304 stainless steel tube of 500 mm in length, 4.57 mm in inner diameter,
and 6.10 mm in outer diameter makes up the preheater. The preheater tube wall
is subjected to resistance heating with the application of low-voltage direct current
from a regulated power source. The power supply can produce up to 10 kW of power
and provides accurate regulation within a range of 0.1% of the voltage or current.

©
T, T, T, Ty T Ty T, Ty T »
Sp— 152 152 152 76 ——76——76—— 76 ——76—25025
511 511 51 l
T I —#= Flow out
T, T, T, T,
T !
Flow in E [ —» Tow

* Ty Ty - Tt Tube wall temperatures * Pout: Outlet pressure
¢ Ty, Inlet temperature * Dp: Pressure drop across test section
* Ty Outlet temperature « E: Voltage drop across test section
* T, Ty, T3, T4 Temperature interlock * I. Current through test section

NOTE: All dimensions in mm

Figure 5.2: Experimental test section [21]

The fluid enters the experimental test portion, which is schematically depicted in
Figure 5.2, after going through the preheater. The test section is heated using a
separate power supply from the preheater. The current is calculated by measuring
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the voltage drop across a shunt resistor, and the voltage drop across the test section
is monitored directly. The product of the voltage drop and the current is used to
determine the power (or heat) supplied to the test area. The flow pattern is visible
through a Pyrex glass just beyond the experimental test area.

5.1.2 Yu experiment results

Yu had done tests with varying inlet temperature and varying mass fluxes to see the
effect on wall superheat for different heat flux cases. Figure 5.3 is the results plot
from Yu for constant mass flux and varying inlet temperature for different heat flux
cases.
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Figure 5.3: Experimental results [21]

5.2 Results

5.2.1 Single Phase Simulations

Before the multiphase approximations are done, it is important to verify if the
problem setup and the mesh are generally reliable and can be trusted. To ensure
this, a pipe geometry, shown in Figure 5.4, has been simulated with certain initial
conditions and then compared with the single-phase correlations for estimating the
pressure drop and heat transfer discussed in the previous chapter.
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Figure 5.4: Single phase - geometry

5.2.1.1 Problem Description

The test section used for the simulation is shown in Figure 5.4. The test section is a
circular pipe with a diameter of 0.00298 m. The heated section is 0.91 m, and there
is an inlet section of 0.15 m (L/D = 50) for the flow to develop hydrodynamically
and an outlet section of 0.15 m to avoid any instabilities in the simulations. The
test section is the same as the experiments done by Yu et al.

A number of simulations were done at different Reynolds numbers ranging between
20,000 and 50,000. A constant heat flux of 100 kW/m? was applied to the heated
section wall.

5.2.1.2 Mesh

A low Reynolds number mesh was used for all the simulations. A low Reynolds
number mesh is preferred because it provides the necessary resolution to accurately
capture the characteristics of the flows, resolve boundary layers, minimize numerical
diffusion, ensure stability, and handle complex geometries effectively. This leads to
more precise and reliable CFD simulations, which are essential for understanding
and predicting the behavior of the flows.

Table 5.1: Mesh properties

Y+ 2
Minimum cell height | 6-107° m
Radial growth rate 1.2
Axial cell length 1-1073 m
Axial growth rate 1

The mesh cell properties are shown in Table 5.1. A structured mesh was generated
with the help of ANSA software. The mesh had 0.348 million cells. The cross-
sectional view of the mesh is shown in Figure 5.5 and the front view of the mesh is
displayed in Figure 5.6.
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Figure 5.5: Cross-sectional view of the mesh

Figure 5.6: Front view of the mesh

5.2.1.3 Problem Setup

The working fluid used for the simulations is liquid water. The properties of water
are set as variables with respect to temperature to achieve accurate results. The
property changes with respect to temperature are inputted as a piecewise linear
function in ANSYS Fluent 2023r1, as shown in Table 5.2.

After setting the temperature-dependent material properties, the simulations are
run at atmospheric pressure. The inlet velocity is given as a velocity profile, shown
in Figure 5.7, to ensure that the flow is completely developed at the entry of the
heated section. The expression used is given below:

w(r) = Unmax [1 - (;)ir (5.1)
Where:

« u(r) is the velocity change in the radial direction
e Umax is the desired velocity
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Table 5.2: Material property changes

. . Specific Thermal . .
3 .
Temperature (K) | Density (kg/m?) Heat (kJ/kg - K) | Conductivity (W /m - K) Viscosity (Pa - s)
298 997 4138 0.606 0.00089
333 983 3977 0.651 0.00046
353 972 3873 0.667 0.00035
373 958 3768 0.677 0.00028
e 7 is the inner diameter
e R is the outer diameter
E 2
E
'i;- (-] ¥ = i}
s 1
0
-0.002 -0.001 0 0.001 0.002
x [m]

Figure 5.7: Inlet velocity profile

The solver settings used are as follows:

o Pressure-Velocity Coupling

— Scheme: Coupled

o Spatial Discretization
— Gradient: Least Squares Cell Based

— Pressure: Second Order

— Momentum: Second Order Upwind

— Turbulent Kinetic Energy: Second Order Upwind
— Specific Dissipation Rate: Second Order Upwind
— Energy: Second Order Upwind
e Turbulence Model: k-w SST model
e« Time Step Method
— Global time step with a Courant number of 200

5.2.1.4 Single phase results

5.2.1.4.1 Pressure Drop Comparison Figure 5.8 provides a clear compari-
son between the correlations and the simulation results. As shown, the simulation
results agree well with the different correlations, with a maximum deviation of 2%
when compared with the Moody correlation and a minimum deviation of 0.6% cor-
responding to the Blasius correlation.
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Pressure drop comparison
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Figure 5.8: Pressure loss comparison

5.2.1.4.2 Heat Transfer Comparison Similar to the pressure drop compari-
son, the Nusselt numbers are also compared between the correlations and simula-
tion results. Figure 5.9 shows that the Gnielinski correlation slightly overpredicts
the Nusselt numbers against the simulation results, whereas the Sieder-Tate correla-
tion underpredicts them. Nonetheless, the remaining correlations match quite well,
with a minimum deviation found with the Dittus-Boelter correlation at 2.6% and a
maximum with the Sieder-Tate correlation at 6%.
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Figure 5.9: Heat transfer comparison
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5.2.1.5 Summary

The main idea behind the single phase simulation and the comparison between the
different pressure loss and heat transfer correlations was to validate the methodology
for the simulation and then implement the learnings for the further simulations that
were important.

From the pressure loss comparisons, it can be seen that the maximum deviation
observed between the simulations and the correlations was just over 2%, which is
an acceptable range. The minimum deviation was 0.6% when compared with the
Blasius correlation, which is confirmed to be the best by Yu.

When the heat transfer correlations were compared with the simulation, the devia-
tions observed were slightly higher compared to the pressure loss predictions. The
maximum error observed between the simulation and the Sieder-Tate correlation was
6%, which is still a good prediction because the heat transfer correlations appear to
be 20% off compared to the results obtained by Yu.

5.2.2 Multiphase Simulations

5.2.2.1 Problem Description

After completing the single-phase simulations, an overall picture of the simulation
process is understood. The next step is to validate against the experimental data.
The tests were conducted at a constant mass flux, and the operating pressure was
the same throughout the different sets of experiments. In the simulations discussed
in the following sections, the parameters in Table 5.3 were unchanged.

Table 5.3: Working conditions

Parameter Value
Pressure 200 kPa
Mass flux 103 kg/m?s
Inlet velocity 0.1092258 m/s
Mass flow rate 6.57-10~* kg/s
Reynolds number 1300

The Reynolds number mentioned here is the Reynolds number at the inlet as the
flow is entirely of liquid water.

Figure 5.3 shows the test results for constant mass flux and varying inlet tempera-
ture. However, for our study, four test points were taken, as shown in Table 5.4.

Table 5.4: Experimental test data points

Test case | Heat flux (W/m?) | Wall superheat (°C)
1 80,000 5
2 115,000 6
3 160,000 9
4 180,000 13
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From Table 5.4, Test Case 1 is selected as the base case for the initial assessment of
the tuned model.
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5.2.2.2 Mesh (Initial)

For the initial simulations to understand the CFD modeling methods, a low Reynolds
number mesh is used. The front and radial views can be seen in Figure 5.10, and
the mesh properties are tabulated in Table 5.5.

Table 5.5: Initial simulation mesh properties

Property Value
v+ 2
Minimum cell height | 5:107° m
Radial growth rate 1.2
Axial cell length 2:107% m
Axial growth rate 1

Figure 5.10: Initial simulation mesh: (a) Front view, (b) Radial view

5.2.2.3 Problem Setup

5.2.2.3.1 CFD Modelling Strategy Steady-state simulations were performed
on a 3-D geometry of the horizontal tubes using the Fluent 2023r1 solver in dou-
ble precision. Single-phase simulations were performed using the tuned fluid with
property changes described in the previous section. A velocity inlet boundary con-
dition was applied to the inlet, and a pressure outlet boundary condition was set
at the outlet. A constant wall heat flux was applied to the tube walls. The solver
settings used were almost identical to those in the single-phase simulations, except
for changes in relaxation factors and the time step method.

The solver settings were as follows:

e Pressure-Velocity Coupling
— Scheme: Coupled
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« Spatial Discretization
— Gradient: Least Squares Cell-Based
— Pressure: Second Order
— Momentum: Second Order Upwind
— Turbulent Kinetic Energy: Second Order Upwind
— Specific Dissipation Rate: Second Order Upwind
— FEnergy: Second Order Upwind
e Turbulence Model
— SST k — w: The single-phase simulations showed that this turbulence
model performed well for both pressure drop and heat transfer prediction.
* Relaxation Factors
The relaxation factors used in the simulation are shown in Table 5.6.

Table 5.6: Relaxation factors

, . Turbulent Specific Turbulent
Pressure | Momentum | Density | Body Forces Kinetic Energy (k) | Dissipation Rate (w) | Viscosity Energy
0.5 0.5 0.2 1 0.75 0.75 1 0.3

« Time Step Method
— Pseudo Time Method is used with a time scale factor of 0.4 to ensure
stability while solving. The time scale factor was chosen after a series of
simulations where the simulation was unstable with a time scale factor

greater than 0.4.

5.2.2.3.2 Convergence The simulation is considered to be converged when the
residuals and monitor plots have reached a constant value. The residual plot is
shown in Figure 5.11.

Scaled Residuals

1e+00;

1e-01

1e-03;

1e-04

1e-05

1e-06{

o} 500 1000 1500 2000 2500 3000 3500 4000 4500
Iterations

continuity — x-velocity — y-velocity — z-velocity — energy — k - omega J

Figure 5.11: Convergence check — residuals

The monitor plots shown in Figure 5.12 and Figure 5.13 were used to check for
convergence, displaying the area-averaged temperature at the walls and the area-
averaged vapor quality (defined using a UDM) at the outlet.
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Figure 5.12: Area averaged wall temperature report
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Figure 5.13: Area weighted average of vapor quality at outlet

After the learnings from the single-phase simulations, the tuned model was tested
against the chosen experimental data by Yu, as explained in Section 5.1.

5.2.2.4 Results

5.2.2.4.1 Two Property Change Simulations For the initial simulation, only
two properties were changed during the boiling process: density and specific heat.
These parameters were chosen to reduce complexity initially, thereby providing bet-
ter stability and understanding of the model. Test case 1, set as the base case, was
simulated with UDFs to change both parameters.

To assess the parameter changes within the bulk fluid, a line was created along
the axial flow direction at the center of the pipe to observe temperature and vapor
quality changes.

Figure 5.14 shows the temperature plot at the center of the pipe along the flow
direction. Ideally, the temperature of the fluid should remain constant during boil-
ing. However, the plot indicates that the temperature does not stay constant during
boiling, indicating inaccuracies in mimicking the boiling process.
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Figure 5.14: Static temperature - two property change
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Figure 5.15: Vapor quality - two property change

Figure 5.15 displays the vapor quality plot along the flow direction at the center of
the tube. The vapor quality should ideally rise from 0 to 1 during boiling and then
remain constant. However, the plot shows instability and a sudden drop near the
outlet, indicating an inaccurate simulation of the boiling process.

From these results, it is evident that the simulations do not accurately mimic the
boiling process, as the enthalpy at the outlet is higher than expected based on the
heat balance equation, leading to over-predicted vapor quality at the outlet.

5.2.2.4.2 Four Property Change Simulations From the learnings in Sec-
tion 5.2.2.4, it is understood that changing only density and specific heat is not
sufficient to accurately replicate the boiling process. To better mimic the boiling
process, all four material properties—density, specific heat, thermal conductivity,
and viscosity—were changed as discussed in Section 4.1.

Figure 5.16 shows the temperature change along the flow direction at the center of
the tube. It is evident that the change in temperature along the tube is much more
stable compared to the two property change simulations. The temperature change
appears more physical: it rises rapidly until it reaches the start of the boiling region,
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Figure 5.16: Static temperature - four property change

after which the temperature remains constant or stays within the boiling region.
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Figure 5.17: Vapor quality - four property change

Figure 5.17 shows the vapor quality change along the flow direction at the center of
the tube. When comparing Figures 5.16 and 5.17, it can be seen that when the tem-
perature reaches the start of the boiling region, the vapor quality starts to increase.
The vapor quality continues to increase until the outlet as the temperature remains
within the boiling region. This behavior demonstrates clear physical characteristics
and effectively mimics the boiling process.

The changes in all four properties resulted in a much more accurate representation
of the boiling process, as indicated by the stable temperature and increasing vapor
quality profiles. This indicates that the tuned model with four property changes can
effectively simulate the boiling process in a horizontal tube.

5.2.2.4.3 Influence of Mesh on Wall Temperature (Linearly Varying and
Constant Thermal Conductivity) After finalizing the properties that need to
be changed, the next step is to perform a mesh study to ensure the precision and
reliability of computational outcomes. A mesh independence test is an essential
stage in numerical simulations. The sensitivity of the solution to mesh refinement
is evaluated by gradually changing the mesh density. This analysis accomplishes
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multiple goals: it aids in estimating discretization error, provides information on
the simulation’s numerical accuracy, assesses convergence behavior to see if the
solution stabilizes as mesh density increases, and optimizes computing resources by
determining the lowest mesh resolution required for acceptable accuracy. Ultimately,
a successful mesh independence test increases confidence in the predictive power of
computational models and confirms their relevance to real scientific and engineering
problems.

A mesh independence study was conducted using a design from the Yu experiment.
The simulation was performed with material property changes for density, viscosity,
thermal conductivity, and specific heat. Simulations were conducted for different
y+ meshes varying between y+ 2 and y+ 0.05, with the mesh refinement between
two different mesh cases shown in Figure 5.18.

Figure 5.18: Mesh comparison

5.2.2.4.3.1 Mesh Study with Linearly Varying Thermal Conductivity
The linearly varying thermal conductivity case involves the simulation with the four
parameter changes discussed in Section 4.1. For the mesh study, Test Case 1 is used
as mentioned in Table 6, with a constant wall heat flux of 80,000 W/m?. This case
is set as the base case for our simulations, and the model is evaluated accordingly.

Table 5.7: Mesh study results — Linearly varying thermal conductivity

Wall temperature | Bulk temperature )
y+ | Cell count at the oul:let (K) | at the oul’:c)let (K) Vapor quality
2 140,000 393.38 391.58 0.358
1 190,000 420.6 391.59 0.358
0.5 250,000 455.363 391.59 0.357
0.05 870,000 496.48 392.107 0.410

The wall temperature at the outlet is obtained from ANSYS Fluent 2023r1 by cre-
ating an iso-surface along the circumference at the pipe outlet. From Table 5.7, the
wall temperature at the outlet can be seen to rise rapidly. On the other hand, the
bulk temperature at the outlet, obtained by mass flow averaging the temperature
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at the outlet, remains fairly constant, and the mass flow averaged vapor quality at
the outlet is constant as well, except for the finest mesh.

To understand the increase in the outlet wall temperature, a graph is plotted in
Figure 5.19 to analyze the outlet wall temperature for the corresponding wall y+.
The dotted line in the figure represents the wall temperature at the outlet observed
in the experiment performed by Yu et al. The outlet wall temperature was obtained
from the wall superheat for the corresponding wall heat flux.

COMPARISON BETWEEN CFD AND EXPERIMENT
WALL TEMPERATURE AT OUTLET

——tp— CFD wall temperaure = - = Expermentalwall temperature

IJ'|
WALLTEMPERATURE, K

Figure 5.19: Wall temperature at the outlet vs. wall y+

From the plot, it could be seen that the increase in outlet wall temperature grows
as the wall mesh refinement increases.

5.2.2.4.3.2 Results The heat transfer coefficient (HT'C) is plotted in Figure 5.20
for the different heat fluxes simulated from Table 5.4. The experimental HTC was
compared with the CFD results as well as the heat transfer correlations discussed
in Section 2.7.2. According to Yu et al., the correlations were about 30% off the
experimental results. However, the CFD results showed a very low HTC prediction.
The main reason for this underprediction was the high wall temperatures observed
earlier.

The difference between the experimental value and the outlet wall temperature is
small only for a coarser mesh, which is still a low Reynolds number mesh. To better
understand the cause of this high wall temperature, it is important to know how the
constant wall heat flux is applied to the fluid. The heat flux entering the system, as
defined in ANSYS Fluent 2023r1, is given by:

(5.2)

where:

58



5. Model Validation
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Figure 5.20: HTC comparison — Linearly varying k simulation

q is the heat flux,

o keg is the effective thermal conductivity, which is the sum of molecular thermal

conductivity and turbulent thermal conductivity, i.e.,

o ke =k +Fk

oT

* Gy is the temperature gradient normal to the wall.

To better understand the influence of effective thermal conductivity, the effective
thermal conductivity is plotted radially at an axial location of about 90% from the
inlet. Figure 5.21 illustrates the location at which the radial distribution of the

effective thermal conductivity is plotted.

0.82m

.09

Figure 5.21: Axial location of analysis

The legends in the plots, where the coarse mesh represents the y+ 2 mesh and the
fine mesh represents the y+ 0.4 mesh, are shown in Figure 5.22. The plots clearly
show that the effective thermal conductivity is lower for a finer mesh compared to

the coarse mesh.
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Figure 5.23: Effective thermal conductivity at the top wall
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Figure 5.24: Temperature variation - top wall

The main discrepancy in the mesh independence study was the outlet wall temper-
ature. To understand this better, Figure 5.23 shows a zoomed-in view of the values
at the top wall. It is observed that the molecular thermal conductivity is dominant
for a longer wall normal distance for the fine mesh compared to the coarse mesh.
To analyze the influence of this molecular thermal conductivity dominance on the
wall temperature, a similar plot to Figure 5.23 is plotted for temperature. It is
clearly seen in Figure 5.24 that the wall temperature starts to rise as the turbulent
thermal conductivity has less influence. From this analysis, it is understood that the
wall temperature is highly dependent on the effective thermal conductivity, which is
predominantly molecular thermal conductivity near the walls for a finer mesh due
to the a bsence of turbulence near the wall. Moreover, the effective thermal con-
ductivity is very sensitive to wall mesh refinement, even when using low Reynolds
number meshes.

5.2.2.4.4 Mesh Study with Constant Thermal Conductivity To better
examine the effect of thermal conductivity on the wall temperature for finer meshes,
the same set of meshes were simulated for the base case as in the varying thermal
conductivity cases. In this scenario, the fluid properties are varied as discussed in
Section 4.1, except the molecular thermal conductivity, which is kept constant to
that of the liquid. Table 5.8 provides the results for the mesh study performed with
a constant thermal conductivity, while other properties such as density, specific heat,
and viscosity were varied similarly to the previous simulations.
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Table 5.8: Mesh study results - constant thermal conductivity

Wall temperature | Bulk temperature .
y+ | Cell count at the oul:let (K) | at the oul;:)let (K) Vapor quality
140,000 393.29 391.57 0.358
1 190,000 395.16 391.57 0.358
0.5 250,000 396.72 391.58 0.357
0.05 870,000 397.3 391.59 0.357

COMPARISON BETWEEN CFD AND EXPERIMENT
WALL TEMPERATURE AT OUTLET

Varying k simulation —— Constant k smualtion — - = Experimental outlet temper aure

510

WALLTEMPERATUREAT THE OUTLET, K

Figure 5.25: Wall temperature at outlet - constant thermal conductivity

Figure 5.25 shows the outlet wall temperature against the different meshes for
both the varying thermal conductivity and constant thermal conductivity simulation
cases, compared against the experimental outlet wall temperature for the specific
test case. Comparing Table 5.8 and Table 5.7, it is seen that the bulk temperature
at the outlet is the same for both varying thermal conductivity and constant thermal
conductivity cases, whereas the outlet wall temperature is significantly influenced
by the thermal conductivity. The constant thermal conductivity simulations show
better agreement with the experimental outlet temperature.

5.2.2.4.4.1 Results Figure 5.26 gives the heat transfer coefficient compared
with the experimental results and the correlations as it was done for the varying
k simulation as well. The difference here is that the CFD simulations” HTC pre-
diction is far more acceptable than when compared with CFD results from varying
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thermal conductivity simulations. The maximum deviation that was found was 25%,
which is still less than the average deviation found in the correlations.

HTC COMPARISON
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Figure 5.26: HTC comparison - constant k simulation

5.2.2.4.5 Comparison between Linearly Varying and Constant Thermal
Conductivity As the reasoning behind the extremely high wall temperatures is
highly dependent on the thermal conductivity change, it is essential to understand
the differences between the varying thermal conductivity simulations and the con-
stant thermal conductivity simulations which give reasonable results.
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Figure 5.27: Effective thermal conductivity - coarse mesh

Figure 5.27 shows the effective thermal conductivity variation for the coarse mesh
(i.e., y© = 2) and it is plotted at the top wall as it is the location where the
temperature shoots up at an axial location of 0.82 m from the inlet, which is shown
in Figure 40. It is observed that the two simulations are in great agreement with
effective thermal conductivity at the top wall. This is reflected in the outlet wall
temperature as well, as it can be seen in Figure 44 that the outlet wall temperature
is the same for both the simulations.
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Figure 5.28: Effective thermal conductivity - fine mesh

Whereas from Figure 5.28, it is not the same case as the coarse mesh one, as there is
a huge difference between the constant thermal conductivity simulation and varying
thermal conductivity simulation for the fine mesh (i.e., y* = 0.4). The effective
thermal conductivity for the varying case can be seen to be significantly less when
compared to the constant thermal conductivity case. This is the reasoning behind
the high wall temperature for the varying case as the effective thermal conductivity
is low, the heat transfer efficiency drops accordingly.

5.2.2.4.6 Influence of Mesh on Wall Temperature (Blended k) After
studying the influence of thermal conductivity, a blended function was used in mod-
eling the thermal conductivity. This function is implemented to compensate for the
lack of mixing of the two phases near the walls, which is the main issue for the
increased wall temperature. The blended function is implemented from the start of
the boiling region as,

Where

e k is the local thermal conductivity

e 1z is the local vapor quality

o kg is the thermal conductivity of steam
k; is the thermal conductivity of water
C}, is the tuning coefficient
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The selection of the tuning coefficient is a trial and error process to determine which
best matches the experimental results, which is a common approach in multiphase
simulation solvers. The tuning coefficient compensates for the artificial addition
of the turbulent mixing between the phases that occurs in single-phase simulation
causing the wall temperature to increase.

5.2.2.4.7 Mesh Study with Blended Thermal Conductivity From the
learnings that the modeling of thermal conductivity is crucial for accurate results,
a tuning coefficient is introduced into the thermal conductivity UDF to improve
the heat transfer efficiency near the walls, as it should increase for a phase change
process like boiling. This is detailed in Appendix E — Blended Function Thermal
Conductivity UDF. During and after boiling, a coefficient is multiplied by the ther-
mal conductivity defined earlier using the linear function. The same meshes used
for linearly varying and constant thermal conductivity simulations are used, and for
this simulation, test case 2 from Table 5.4 was used. The results from the mesh
study are shown in Table 5.9.

Table 5.9: Mesh study results - blended &

Wall temperature | Bulk temperature

y+ | Cell count | "1 e outlet (K) | at the outlet (K)

Vapor quality

140000 394.82 393.43 0.543

1 190000 398.86 393.43 0.543
0.5 250000 399.64 393.44 0.543
0.05 870000 399.57 393.44 0.544

From Figure 5.29, it can be observed that the outlet wall temperature becomes stable
as the mesh gets finer, and the coarsest mesh has a very low wall temperature. Thus,
the blended method is stable and repeatable for meshes with y* less than 1. The
experimental outlet temperature for the test case used for the simulation is also
plotted, showing great agreement with the CFD results.
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COMPARISON BETWEEN CFD AND EXPERIMENTAL
WALLTEMPERATURE AT OUTLET

—#— Blended k simulation — — Experimental outlet wall temperature

400

L
[¥=]
-
waALL TEMPERATURE, K

394

Figure 5.29: Wall temperature at outlet- Blended k& simulation

5.2.2.4.7.1 Results After the mesh study’s finding that the model is good for
meshes with y* less than 1, a mesh with y* = 0.5 was used to obtain the results
for the different heat flux cases from the experiment. Figure 5.30 shows the heat
transfer coefficient comparison between CFD, experiment, and the correlations. It
is clearly seen that the blended thermal conductivity function gives better results
compared to both linearly varying and constant thermal conductivity. An important
point is that the tuning coefficient used to modify the thermal conductivity is tuned

for each heat flux case. The tuning coefficients used for each heat flux are tabulated
in Table 5.10.
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HTC COMPARISON
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Figure 5.30: HTC comparison - Blended £ simulation

Table 5.10: Heat Flux and Tuning Coefficient Data

Heat Flux (W/m?) | Tuning Coefficient (C},)
80,000 5
115,000 12
160,000 95
180,000 140

5.2.2.4.8 Comparison between Bulk Quantities Even though the wall tem-
perature was comparatively very different between the varying and constant ther-
mal conductivity simulations, the bulk parameters were not significantly different
between the simulations. The bulk temperature of the fluid at the outlet of the
test section was obtained by mass averaging the static temperature at the outlet.
The results are tabulated in Table 5.11. From the table, it can be seen that the
maximum difference between the different simulations was less than 0.2%.

Figure 5.31 shows the outlet vapor quality, which is compared with the varying and
constant thermal conductivity simulations along with the theoretically calculated
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Table 5.11: Comparison of bulk temperature

Constant £ Varying k Blended k
Heat Flux (W/m?) Bulk Temperature (K) | Bulk Tem[})’ergture (K) | Bulk Temperature (K)
80,000 391.57 391.50 391.57
115,000 393.44 393.88 393.47
160,000 395.80 395.12 395.90
180,000 396.92 396.80 396.90

vapor quality, which was calculated from the heat balance equation. It can be seen
that there is complete agreement between the vapor qualities of the three simulation

cases and the theoretical vapor quality.

OUTLET VAPOR QUALITY COMPARISON

—4—Theoritical vapor quality

Linearly varying k CFD vapor quality —<Blended k CFD vapor quality
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Figure 5.31: Outlet vapor quality

From these analyses, it is clear that the thermal conductivity affecting the wall
temperatures has no impact on bulk quantities like bulk temperature and vapor
quality at the exit.

5.2.2.4.9 Pressure Drop The pressure drop along the pipe can be significantly
impacted by the interaction between the liquid and vapor phases. Figure 5.32 shows
the pressure drop plotted for different heat flux cases that were simulated using
linearly varying, constant, and blended thermal conductivity UDFs, along with the
two-phase pressure drop correlation given by Lockhart and Martinelli. However,
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5. Model Validation

the pressure drop shows about 99% deviation between the CFD simulations for all
three cases and the pressure drop correlation. The CFD simulations’ pressure drop
is similar to the single-phase pressure drop, where only liquid water flows through
the pipe, compared to the Darcy Weisbach equation using the Blasius correlation to
find the friction factor.

PRESSURE DROP COMPARISON

—a—Lockhart-Martinelli —8—\Varying k simulation Constant k simulation Blended k simulation
35000

30 000
25000
20000

15000

PRESSURE DROP, PA

10 000
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50 000 70 000 90 000 110 000 130000 150000 170000 190000
HEAT FLUX, WinM2

Figure 5.32: Two-phase pressure drop comparison
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Conclusion

The tuned single phase simulations of the boiling behavior in horizontal pipes of
a heat exchanger has revealed several key findings. Firstly, it is observed that the
tuned material model shows some great strength in predicting the bulk quantities
quite consistent between the different thermal conductivity models.

However the prediction of near wall parameters like the wall temperature has been
quite inconsistent with the near wall refinement with mesh. The primary reason
for this discrepancy is attributed to the effective thermal conductivity change near
the walls with respect to finer meshes. It was found that the lesser influence of
the turbulent quantities near the wall for finer mesh is causing the effective thermal
conductivity to drop massively for finer meshes thereby having its impact on the
wall temperature.

Further analysis of the influence of thermal conductivity, the mesh study with hav-
ing a constant thermal conductivity that of liquid water instead of a linearly varying
thermal conductivity showed consistent wall temperatures and when compared to
the experimental heat transfer coefficient, it showed great comparability with the
results having a maximum deviation of 25% which is lesser than that of heat transfer
correlations as they have an average deviation of 30%.

After understanding the influence of thermal conductivity near the walls, it was
understood that the lack of mixing between the phases near the walls was the main
reason for the wall temperature rise. In order to counteract this lack of mixing, a
blended function was to vary thermal conductivity for inducing the mixing more.
The blended function’s coefficient was tuned for different cases as like some of the
multiphase models to properly match the experimental results and the heat trans-
fer coefficients between the experiments and blended thermal conductivity showed
greater agreement than the other two cases.
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Recommendations for future work

1. Validation of the tuned model against diverse experiments and working flu-
ids under various operating conditions would significantly enhance the under-
standing of the model’s accuracy.

2. Further analysis of the thermal conductivity effect on wall properties, such as
wall temperature for finer meshes, and understanding its influence will greatly
help to further develop the model. Another interesting parameter to alter
and observe its effects on the results is the wall Prandtl number or turbulent
Prandtl number in ANSYS Fluent, as this might provide insights since the
wall temperature shows significant deviation.

3. Another important parameter that needs re-evaluation is the pressure drop,
which was very similar to the single-phase pressure drop. The reasons for
the absence of a pressure drop due to boiling need to be investigated, as the
reasons for this behavior are currently unknown.

4. The blended thermal conductivity UDF can be improved by determining the
tuning coefficient based on a parameter such as the theoretical vapor quality,
instead of performing repeated simulations to find the tuning coefficient for
each flow case.
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Appendix

8.1 Appendix A - Density UDF

#include "udf.h"

DEFINE_EXECUTE_AT_END(density_change)
{

Domain *d;

Thread *t;

real xc[ND_NDJ];

cell t c;

real h;

real h_1 = 398602.5;

real h g = 2600102.5;

real h_1g = 2201500;

real vapor_quality;

real rho_1 = 943;

real rho_g = 1.13;

d = Get_Domain(1); thread_loop_c(t,d)
{

begin_c_loop(c,t)

h=C H(c,t); if ( h <= h_1)

{

C_R(c,t) = rho_1;

}

else if (h > h 1 && h <= h_g)
{

vapor_quality = (h- h_1) / h_lg; C_UDMI(c,t,0) = vapor_quality;
C_R(c,t) = vapor_quality * rho_g + (1- vapor_quality)*rho_1;
}

else

{

C_R(c,t) = rho_g;
}

end_c_loop(c,t)
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8. Appendix

8.2 Appendix B - Specific heat UDF

DEFINE_SPECIFIC_HEAT(cp_new, T, Tref, h, yi)
{

cell t c;

Thread *t;

real cp;

real delT = 10;

real b_start = 388;

real b_end = 398;

real b middle = (b_start + b_end)/2;
real h_ 1 = 398602.5;

real h_ g = 2600102.5;

real h_1g = 2201500;

real cp_1 = 4244; real cp_g = 2178;
real div_factor; real cp_max;

real enthalpy_bp;
enthalpy bp = h_1 + h_1g*((b_middle-b_start)/delT); cp_max = (2xh_lg)/delT;
div_factor = enthalpy_bp / cp_max ;

if (T >= b_start & T <= b_middle)

{

*h = h_ 1 + h_1g*((T-b_start)/delT); return *h/div_factor;
}

if(T > b_middle && T <= b_end)

{

*h = h_1 +h_1g*((T-b_start)/10); return cp_g + (h_g - *h)/div_factor;
}

if (T > b_end)

{

*h = h_1+h_lg+cp_g*(T-398); return cp_g;
}
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8.3 Appendix C - Viscosity UDF

#include "udf.h"

DEFINE_PROPERTY (viscosity,c,t)

{

real mu;

real mu_g = 0.0000129;
real mu_1= 0.0002325;
real h;

real h 1 = 398602.5;
real vapor_quality;

real h_g = 2600102.5;
real h_lg = 2201500;

h = C_H(c,t); if (h <= h_1)
{

mu = mu_1;

}

else if (h> h_1 && h <= h_g)

{

vapor_quality = (h- h_1) / h_lg;

mu = vapor_quality * mu_g + (l-vapor_quality)*mu_1;

else if (b > h_g)
{
mu = mu_g;

3

return mu;

}
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8.4 Appendix D - Varying thermal conductivity
UDF

#include "udf.h"

DEFINE_PROPERTY (thermal conductivity,c,t)
{

real
real
real
real
real h_ 1 = 398602.5;
real vapor_quality;

real h_g = 2600102.5;
real h_1g = 2201500;

g = 0.0256;
1= 0.6;

[= 2

C_H(c,t); if (h <= h_ 1)

k 1;

o
Il

else if (h> h 1 && h <= h_g)

{

vapor_quality = (h- h_1) / h_lg;

k = vapor_quality * k_g + (1-vapor_quality)x*k_1;
}

else if (h > h_g)

{
k =k g;
}

return k;

82



8. Appendix

8.5 Appendix E - Blended thermal conductivity
UDF

#include "udf.h"

DEFINE_PROPERTY (thermal conductivity,c,t)
{
real
real
real
real
real h_ 1 = 398602.5;

real vapor_quality; real h_g = 2600102.5;
real h_1g = 2201500;

real constant;

g = 0.0256;
1= 0.6;

[= 2

constant = (k_1) /(2*k_g) ; h = C_H(c,t);
if (h <= h_ 1)

{

k = k_1;

}

else if (h> h 1 && h <= h_g)
{

vapor_quality = (h- h_1) / h_lg;
k = constant*(vapor_quality * k_g + (1-vapor_quality)x*k_1);

3

else if (h > h_g)

{

k = (constant)*k_g;
}

return k;

}
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