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This thesis examines enhancement of heat transport in electric motors by implementing two-
phase cooling with boiling in water jackets. The aim of study is to investigate the efficacy
of boiling phenomena in increasing the thermal management of high-speed electric motors
manufactured by The Switch company. Efficient heat dissipation is one of the most important
factors to improve the performance and lifespan of electric motors, and boiling as a two-
phase cooling method can help to achieve high heat transfer rates due to the latent heat of
vaporization.

The study evaluated boiling phenomena and reviewed many advanced two-phase cooling
techniques in electric motors such as heat pipes and rotating loop thermosyphons. Despite
the numerous benefits of boiling heat transfer, there are also some challenges such as con-
trolling large heat loads and potential efficiency reductions that can affect the heat transfer.
In order to assess the feasibility and efficiency of incorporating boiling in water jackets for
motor cooling, computational fluid dynamics (CFD) simulations using Ansys Fluent were
utilized to model and examine the boiling process in a vertical pipe with upward flow. Eu-
lerian multiphase method has been used and different parameters and submodels of boiling
model were discussed. The results from the CFD simulations indicated that boiling technique
might reduce the heat transfer amount based on the conditions each simulation. In addition,
simplification of the motor circumstances was achieved by modeling a curved pipe. This
revealed that boiling could not be the best option given the present motor settings, because
the high vapor volume percentage acts as an insulator and prevents effective heat transfer.
The run on the company’s motor model was not successful, and the reasons for this were
investigated.
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1 Introduction

Effective heat transfer is an important factor in many industrial applications in recent years,
covering from power generation to electronic cooling systems. One of these industries is pro-
ducing electric motors. The performance and lifetime of these motors are directly affected
by how well heat is managed and dissipated. Efcient heat transfer guarantees that elec-
tric motors function within an optimal temperature range. Hence numerous techniques and
mechanisms have been developed to enhance heat transfer. Among different mechanisms,
two-phase ow heat transfer is particularly notable for its ef ciency. Boiling is an integral
part of this process as heat transfer rates can be much improved during boiling due to the
latent heat of vaporization.

Boiling is a vital technique in applications where controlling large heat loads is critical due
to its high heat dissipation rate since it enables the disposal of substantial quantities of heat.
Though there are many bene ts to boiling heat transfer, there are also certain limitations
and challenges which may have a impact on the heat transfer rate and even may work vice
versa and reduce the ef ciency. Therefore, to create thermal management solutions that are
dependable, effective, and optimal, it is crucial to have a thorough knowledge of boiling
phenomena and analyse it.

Various cooling methods are employed in electric motors to effectively improve heat transfer.
Many common cooling methods rely on one-phase ows, such as oil cooling, water jackets,
and air cooling (Konovalov et al., 2023). Also, there are several studies on boiling ows and
their effects on cooling motors. A common example of such a technology is using heat pipes
which effectively transport heat over extended distances and are frequently incorporated into
motor cooling systems. Rotating loop thermosyphons employ the motor's rotation to facil-
itate the circulation of the coolant, hence enhancing heat dissipation via centrifugal forces
. Direct winding heat exchangers are a highly effective two-phase technique for enhancing
heat removal ef ciency by directly cooling the motor windings. The other technique is re-
frigerant cooling which instead of water or air, utilizes refrigerants and offers increased heat
transfer coef cients because of changing phase. Also, spray cooling is a process that entails
the application of small droplets of coolant onto high-temperature surfaces, effectively ex-
tracting heat through the transition of phases and convective cooling. All these methods are
two-phase heat transfer techniques in electric motors that are explained in literature.

However, the concept of boiling within the water jacket inside an electric motor has not
been extensively studied, particularly in combination with air cooling. The Switch company
provided a high speed electric motor that the rotor's temperature is lowered simultaneously
by air cooling and water jackets, which raises the motor's ef ciency. Now, the purpose of this
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study is to determine whether increasing heat transfer by causing boiling within the water
jacket in these circumstances.

It is worthy to note that boiling is a complicated process and phase change, heat transfer,
as well as uid ow dynamics are all intricate aspects of the boiling process. The complex
interactions between the liquid and vapor phases makes this process dif cult to analyse. Al-
though empirical correlations and experimental techniques have yielded useful insights, they
are not always enough to fully analyze the boiling phenomenon under varying conditions. To
grasp the complexity of boiling in many contexts, they are inadequate on their own. Compu-
tational Fluid Dynamics (CFD) models provide a potent resource for this purpose. It allows
to study and predict boiling behavior under a wide range of circumstances. By simulating
the physical processes of boiling in great detail, CFD enables a better understanding of heat
management systems and their optimization.

The main goal of this thesis is to investigate the two-phase cooling of an electric motor using
boiling in the water jackets. Therefore, this study in addition to analyse the phenomena of
boiling occurring within pipes and different regimes of boiling ow along with associated
challenges in boiling, simulates boiling ow in a vertical pipe using Ansys package. This
simulation is a steady state pressure-based study, with Eulerian multiphase technique and
boiling model examines its impact on heat transfer compared to single-phase conditions.
Additionally, for case study, it focuses on boiling within the water jackets of electric motor
model developed by The Switch company.Before moving on to the model of the motor itself,
the water pipe inside the company's motor is modeled independently. The boiling behavior
in the water pipe of the motor is accurately and simply analyzed under these conditions by
using a constant heat ux. Regarding to the motor simulations, divergence problems were
encountered and led to a numerical study being conducted to determine probable causes of
the divergence.

The initial part of this study provides a comprehensive evaluation of literature that also identi-
es key concepts on ow regimes in boiling, phase change phenomena, heat transfer regimes
as well as previous works in use of boiling ow for enhanced heat transfer in electrical ma-
chines. This section sets the stage for understanding the dif culties and intricacies involved
in boiling ows.

The second section deals with computational uid dynamics basics. It presents governing
equations and give basic information of multiphase ow approaches and models to solve the
boiling ow simulation. Introduction of turbulence modeling and interphase forces are also
covered in this part so as to enable accurate simulation of multiphase ows.
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Multiple parameters are involved in the modeling of boiling. Following the second section,
which presents a primary information for the numerical solution of this phenomena, the ac-
curate choice of parameters for implementing these models is the most important step. In
the third section, the methodology used in this study is described. clarifying the approach
employed encompassing solver options, selection of multiphase models, and parameters for
boiling models, among other factors are the parts comment in this section. Also, the expla-
nation and reason of selection of the coef cients of each interface force are included.

The forth section displays the results of simulation of boiling ow in a vertical pipe, veri es
them and compares the results with experimental Data provided by Bartolomei & Chanturiya
(1967). Moreover, it analyses the heat transfer in two-phase boiling ow in compare with
one-phase ow in a vertical pipe and also in a curved pipe with upward ow. The curved
pipe simulation is simpli cation of the conditions of pipes inside The Switch electric motor.
Then, it deals with a case study utilizing a real motor setup and the probable reasons for
diverging the simulation.

Finally, the last section discusses the outcome and suggests for further research after analysing
the limits, implications, and results.
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2 Studies on Boiling Phenomena

Numerous experimental and numerical studies have been conducted to analyse boiling-
based cooling methods. However for evaluating them, it is essential to address the principles
and processes of boiling.

2.1 Boiling Flow Regimes

As itis shown in Figure 1, two-phase ow pattern varies from bubbly ow to slug ow, churn
ow annular ow and even mist ow in vertical tubes with upward ow (Taitel, Barnea & A.
Dukler, 1980). And horizontal tubes can have bubbly ow, plug ow, stratied ow, wavy
ow, slug ow and annular ow (Taitel & A. E. Dukler, 1976).

Figure 1: Different types of ow regime (a) in vertical tubes (upward ow), (b) horizontal
tubes.(Kulacki et al., 2018)

To gain a deeper understanding, these different boiling ow regimes were introduced as
follows:

Bubbly Flow: This regime has low gas fraction and small gas bubbles are dispersed in
continuous liquid phase and buoyancy force drive them up.

Plug Flow: The elongated nature of bubbles that constitute bubble count.

Strati ed Flow: It is characterized by relatively more gas than liquid phase, especially
at low velocity situations.

Wavy Flow: It occurs when there is much more gas compared to liquid in such ows
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just like strati ed ones, but due to high velocity in ow, the interfaces between two
media are not stable.

Slug Flow: Large gas bubbles relative to tube diameter, known as slugs, form by
merging together different gassy bubbles and occupy the signi cant amount of tube.
This regime can cause large uctuations in ow parameters especially pressure.

Churn Flow: Known also as Taylor Cap Bobble ow, is determined as presence of gas
phase having big bubbles which are irregularly shaped bubbles and unstable slugs.

Annular Flow:it implies the formation of a continuous core of gas phase surrounded
by a liquid Im owing the sides of the tube.It occurs mostly in cases with high ow
rates of both gas and liquid.

Mist Flow:At this stage, gas dominants uid movement while individual droplets of
liquid remain intact within it. 1t usually happens for very high velocities through which
uids make tiny droplets fully mixed with gases.

2.2 Heat Transfer Regimes

Flow boiling in tubes is a complex process which goes through a variety of heat transfer
regimes based on temperature and phase change. The speci ¢ regimes discussed are single-
phase convective heat transfer, nucleate boiling, transition boiling, and Im boiling.

Single-Phase Convective Heat Transfer refers to the situation where heat is absorbed by the
uid within the tube but has not reached its boiling point. Convection becomes the dominant
mode of heat transfer in this case. When there is an increase in liquid temperature above
saturation temperature, nucleate boiling occurs hence forming gas bubbles on the heated
surface. It is characterized by high effectiveness due to high latent vaporization heat. Nu-
cleate boiling can take place either in subcooled state (where the bulk temperature is below
its saturation temperature) or saturated state (where the bulk temperature is at its saturation
temperature).

Transition boiling takes place as heat ux keeps increasing leading up to a critical heat ux
(CHF) as a boiling crisis occurs (Tong, 1972). As it was shown in Figure 2, CHF is a critical
state in heat transfer through boiling which indicates the maximum heat transfer rate from a
heated surface to a liquid before a noticeable increase in temperature occurs (Nguyen et al.,
2018).

In this point, nucleate boiling transit into Im-boiling regime which leads to inef cient heat
transfer. Different parameters such as inlet vapor quality, mass ow rate and wall heat ux.
can affect the type of boiling crisis as either a liquid Im dryout in annular ow or departure
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Figure 2. Changes in HTC based on vapor quality, with CHF occurrence (Wikipedia, 2024)

from nucleate boiling (DNB) in bubbly ow regime (Figure 3). When wall heat ux is high

and vapor quality is low, DNB can occur (Jiao et al., 2009). In DNB, Im boiling happens
when a layer of vapor accumulates on the heated surface. In this case, vapor layer can have
a liquid core surrounded by the vapor Im like inverted annular ow. However dryout crisis

is in a system that wall heat ux is relatively low and vapor quality is high. It can cause
scattered liquid droplets within the vapor ow. It's an unstable and inef cient situation for
transferring energy. In this condition, liquid forms a continuous layer of vapour overheated
surface which causes remarkable reduction in heat transfer ef ciency. Major methods of
energy distribution occurring across this layer include radiation and convection. The liquid
may exist as dispersed droplets within the vapor stream or as surround around a steam core
(Liu & Dinh, 2017).

For analysing and predicting the behavior of two-phase ow, ow regime map is provided
by considering fully developed ow. The transition between these ow regimes depends on
the super cial velocities of the gas and liquid phases, along with some parameters such as
uid characteristics, channel geometry, and gravity (Liu & Dinh, 2017). Figure 4 presents
the typical gas-liquid ow patterns and related conditions in horizontal and vertical upward
ows and can be a useful tool in selecting suitable models for heat transfer calculations (Li,
Q. Wang & M. Wang, 2019).

Bubbly ow is relatively stable regime and provides a large surface area that can signi cantly
enhances heat transfer. When the mass quality and mass ux are low, the ow is purely
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Figure 3: The schematic of heat transfer regimes for boiling in a heated vertical tube under
(a) Departure from Nucleate Boiling (DNB), (b) Dryout boiling crisis conditions.(Liu &
Dinh, 2017)

strati ed without perturbations which results in ef cient heat transfer due to good phase
distribution. This regime is highly effective for thermal applications as it improves heat
transfer signi cantly. However, maintaining uniform distribution in larger systems can be
challenging. (Karrila & Ghiaasiaan, 2006)

In contrast, the slug ow regime is highly unstable that leads to signi cant pressure uc-
tuations and mechanical stresses. The intermittent nature of slug ow causes uneven heat
transfer, as the formation of slugs creates regions with different thermal properties. While
slug ow can enhance mixing in certain applications, it poses considerable challenges such
as severe pressure uctuations, vibrations, and lower overall heat transfer ef ciency. (Dong,
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Figure 4: Flow regime maps in (a) horizontal and (b) vertical tubes.(Corneliussen, 2005)

Qi & L. Zhang, 2021)

Annular ow, characterized by a thin Im of liquid at higher mass quality and velocity,
provides high heat transfer ef ciency due to the large surface area. This regime is generally
stable, especially at high velocities where the liquid Im remains intact. Despite its excellent
heat transfer ef ciency and stability, annular ow requires high gas velocities, which can be
energy-intensive and necessitate robust system design to handle the ow dynamics. (Barnea,
1987)

Churn ow features a chaotic nature that increases local heat transfer but lacks uniformity.
This regime is less stable, with turbulent and irregular patterns, making it dif cult to con-
trol and predict. Additionally, churn ow can cause potential erosion and wear in pipelines,
which must be considered in system design. Low inlet velocity leads to uneven liquid dis-
tribution, while higher velocities improve distribution homogeneity. (Taitel & A. E. Dukler,
1976)

2.3 Overview of Boiling-Based Cooling Techniques in Electric Motors

Many experimental and numerical studies have been conducted to analyse the behavior of
two-phase ow and understanding the speci ¢ characteristics and challenges of each regime
helps in designing more ef cient and reliable heat transfer systems. Moreover there are vari-
ous cooling techniques available in two-phase applications, and a few of the most commonly
used ones especially in motors are discussed below.

Fujita, Itoh & Urano (2019) introduces a new motor cooling method using refrigerant instead
of conventional water cooling for electric vehicles. By connecting the motor cooling system
in parallel with the vehicle's air conditioning system, the refrigerant and compressor are
utilized effectively. Simulation and experimental results showed that refrigerant cooling
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achieved up to 53°C lower coil temperature than water cooling which caused a 60% increase
in rated motor torque without exceeding maximum coil temperature limits.

Kim et al. (2023) analyzed different motor cooling methods using the ow boiling of a two-
phase refrigerant, R134a rather than the conventional water cooling. They were compared
via a 3D lumped parameter thermal model. It was found that refrigerant cooling signi -
cantly decreased motor winding temperature and pump power consumption. Speci cally,
the greatest temperature in the coil reduced by 10.1°C and pump power dropped by a stag-
gering 91.8% under high-torque driving conditions. Furthermore, it is important to control
the refrigerant ow rate so as to avoid complete vaporization and ensure ef cient cooling.

Heat pipes are also one of such tools which work based on evaporation and condensation
of a working uid and are used in electric motors. It is an enclosed vacuum tube including

an evaporating section where the working uid absorbs heat and vaporizes,an adiabatic part
where vapor travels and a condenser part that vapor condenses and releases its latent heat,
which is transferred to a heat sink or cooling uid. The condensed liquid is then pushed
back to the evaporator section. Based on the driving force for uid circulation, heat pipes
are classi ed to two types of rotating and non-rotating ones (Figure 5). Through the ongoing
process of evaporation and condensation, heat pipes are able to ef ciently transfer heat with
small temperature differences, making them very effective devices for heat transfer. (Chen
etal., 2021)

Figure 5: Diagram of (a) capillary core and (b) rotating heat pipe principle.(Chen et al.,
2021)

Non-rotating heat pipes are driven by gravity or capillary force. Capillary core heat pipes
use capillary forces from an internal wick to circulate the working uid and like gravity heat
pipes are utilized in the back part of stator, core and winding. However, a rotating heat pipe
relies on centrifugal forces to pump the condensed liquid back from the condenser to the
evaporator section and integrated directly into the rotor shaft.
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To improve cooling systems of direct-drive permanent magnet synchronous motors (PMSMs)
C. Zhang et al. (2022) utilized a U-shaped heat pipes into stator windings ( Figure 6). As are-
sult, temperatures during winding were reduced signi cantly while motor ef ciency was im-
proved. More speci cally, 35% drop in the winding's maximum temperature from 140.4°C
to 91.1°C was achieved through the use of heat pipes among other things. Additionally, cop-
per losses dropped by 11%, lowering them from 562.2 W to 490.4 W when heat pipes were
employed as well as motor ef ciency rising from 83.9% to 85.4% at load current levels up
to 50A.

Figure 6: U-shaped heat pipes in PMSM.(C. Zhang et al., 2022)

Chang et al. (2021) investigated axially rotating loop thermosyphons (RLTs), which are
unique types of thermosyphons (Figure 7) used to cool rotating machines such as electric
motors by means of natural circulation of working uid. Pure water was utilized at lling
ratios of 0.5 and 0.8 both in the absence and presence of coil inserts on RLTs surfaces Perfor-
mance correspondingly increased as lling ratio ranged from 0.5 to 0.8 due to maintenance
of a thin layering. In connection herewith, effective thermal conductivity increased, Nusselt
number improved while thermal resistance reduced substantially. Additionally, coils have
been added into the evaporator zone leading to an increase in pumping effect thus enhanc-
ing vapor-liquid circulation as well as heat transfer during condensation stage. Empirical
correlations have been established for predicting relevant thermal parameters required for
designing rotation cooling system within RLT setup.

Tikadar et al. (2021) carried out an extensive numerical investigation to compare four con-
temporary electric vehicle motor cooling methods in terms of their electro-magnetic and
thermal performance.The study examined conventional stator jacket cooling, incorporation
of circular/rectangular cooling channels into stator core and direct winding heat exchanger
(DWHX) (Figure 8). They employed this con guration on a BMW i3 motor with a nominal
power output of 125 kW using two-way coupling strategy. Accordingly, the result showed
that DWHX exhibited superior electro-thermal performance leading to signi cant drop in
winding temperatures and corresponding increase in overall ef ciency of the motor. In this
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Figure 7: Rotating loop thermosyphons that were studied in Chang et al. (2021)'s research

research, the rectangular and circular cooling channels were better than jacket cooling as
they allowed minimum peak temperature at the DWHX. The DWHX approach caused a re-
duction of peak temperatures by 88 — 102°C; while rectangular and circular channels saw
decreases of 19 — 29°C and 14 — 20°C respectively also. Also, there was a decrease of total
winding losses around, 12.72% compared to jacket cooling for DWHX.

Figure 8: A section of BMW i3 motor, (a) Jacket cooled (b) rectangular channel, (c) circular
channel, and (d) DWHX .(Tikadar et al., 2021)

However, although circular and rectangular cooling channels enhance heat dissipation in
contrast to jacket cooling, it has negative effects on the electromagnetic performance of an
electric vehicle motor as well as its overall ef ciency. Adding ef cient cooling methods is
therefore essential in order to improve the reliability and ef ciency of electrical motors for

vehicles.
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Another technique that can be mentioned is the use of spray cooling (Zhenguo, Lin &
Longyao, 2015; Zhenguo & Lin, 2016). In these mechanisms, cooler liquid is sprayed onto
the rotor or end-winding, and evaporates by absorbing the latent heat from the surface of
different parts. This vapor is then condensed in a condenser and returned to the source. This
technique can absorb a signi cant amount of energy from the motor but is complicated to
implement because it requires nozzles and must operate at high pressure (Shedd, 2007).

Gai et al. (2018) not only presented an overview for cooling techniques such as forced liquid,
forced air and phase change types but also analysed computation methods for the automotive
traction motors that can be a good guideline for suitable choosing cooling method in electric
motors.

Enhanced surface tubes are another option for use in electric motor water pipes. They can
be categorized as either passive or active. Passive enhancements only involve changing the
shape, roughness, or additives particles into the uid to increase the heat transfer rate. How-
ever, active heat transfer enhancement techniques use external power input to cause distur-
bances or speed up uid motion thereby improving heat transfers. (Mousa et al., 2022)

In passive techniques, inserts like twisted tapes and wired coils are employed to generate
swirl ow and increase turbulence. Surfactants decreases the tension between two surfaces
and increases the creation of bubbles. Therefore it facilitates. Micro- ns and herringbone
patterns are examples of extended surfaces that enhance heat transfer performance by in-
creasing surface area and promoting uid mixing. Dimpled tubes, due to their enlarged
surface area and disruption of boundary layers, greatly improve heat transfer.

Electrohydrodynamics (EHD) as one of the active methods use external electric elds to
boost nucleate boiling, critical heat ow, as well as surface tension. Other active methods in-
clude surface and uid vibration, suction/injection methods, and mechanical aids to improve
uid mixing and heat transfer.

The bene ts and drawbacks of each method are listed in Table 1. In general, although active

methods are more sophisticated and power intensive, they provide greater control and better
thermal conductivity. Passive methods, on the other hand, are typically easier and cheaper.
(Mousa et al., 2022)
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Table 1: Advantages and disadvantages of enhanced surface tubes techniques

Enhancement

Technique

Advantages

Disadvantages

Surfactants

Non-intrusive,
change required,
inexpensive to implement.

no design
relatively

Limited to lower heat uxes
and higher surface tensio
uids, not suitable for all in-

Dimples

Increased heat transfer up
200% at low mass ux and
higher quality.

it -
%an cause signi cant pres
sure drops.

Micro- ns

Improved heat transfer by 60-More complex to manufac

200%; effective at lower mas
uxes.

sture; not justi able for high
ow rates.

Twisted Tape

Enhanced heat transfer up
40%; induces swirl ow for
better mixing.

tcsigni cant

ment.

Wired Caoil

Heat transfer increase up

100%,; focuses on boundary.

layer agitation.

10} .
| Canincrease pressure drop
260-1600%.

Corrugated Tubes

Up to 50% increase in HTG

disrupts and limits growth of

uid boundary layers.

Frictional pressure drop in
crease of up to 70%.

Herringbone

Large heat transfer augmentaisting systems, electric haz
tion, control over heat trans-ard, only for dielectric uids,

fer enhancement.

Dif cult integration into ex-

not suitable for FMCGs, on
going operation costs.

dustries (e.g., food industry).

pressure drop;
requires occasional replace-

7

Electrohydrodynamic
(EHD)

Large heat transfer augmentaisting systems, electric haz
tion, control over heat trans-ard, only for dielectric uids,

fer enhancement.

Dif cult integration into ex-

not suitable for FMCGs, on
going operation costs.

7
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3 Computational Fluid Dynamics

The principles of computational uid dynamics (CFD) are covered in this section. governing
equations and an overview of multiphase ow models used to address boiling ow simula-

tions are provided in this section.

3.1 Governing Equations

Solving Navier-Stokes equations including conservation equations for mass, momentum, and
energy ( as heat transfer is also considered) are the main step to simulate multi-phase boiling.

The continuity equation is:

%+ N (rqtg) = S (1)

wherek determines phases (liquid or vapor), and:

I q is the density of phase
tq is the velocity vector of phade

&, is the source term for mass transfer due to phase change.

For each phask, the momentum equation can be written as:

MT(rqtg o . .
(ﬂ? 9+ N (rqtigtlg) = Np+ N tg+ Feintert Feext )

which:

p is pressure that assumed to be the same across all phases,
Frinter IS the interfacial force between phases such as drag, lift,
Frext IS the external force operating on ph&ssuch as gravity,

tqis the stress tensor in phase

These equations come from applying Newton's second law for uids. It is assumed that the
stress in the uid consists of a viscous term which is proportional to the velocity gradient,
and a pressure term which describes viscous ow. And the stress tensor is computed by using

the following equation:
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Tg=m Neg+ Neg' =N wgl (3)

where:

mis the dynamic viscosity,

T is the unit tensor.

The energy equation for each phase is:

q U2 ~ U2 ~ ~ o
— r et— +N rd h+ - =N kaNT ghdj+Tert +S (4)
1t 2 2 J.

where:

eis speci c internal energy
his speci c enthalpy

ket is effective conductivity which is equal to+ ki, wherek; de nes turbulent thermal
conductivity based on the used turbulence model)

T is temperature

hj is speci ¢ enthalpy of speciep
Jj is diffusion ux of speciesj

Teff is Effective stress tensor

S is heat source term for the phase

On the right hand side of the energy equation, the three rst components correspond to energy
transfer resulting from conduction, species diffusion, and viscous dissipation, respectively.

For compressible ows, an equation of state is needed that relates the pressure, density, and
temperature of each phase. The state equation for an ideal gas is:

p=rqRTy (5)

thatR is the speci c gas constant.
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3.2 Approaches for Analyzing Multiphase Flows

A multiphase ow occurred when materials in the ow are present in more than one phase
(solid, liquid or gas) or are multiple substances within the same phase (like oil droplets in
water). Several approaches and models exist for modeling and comprehending such ows.

For Derivation of conservation equations in multiphase ows, averaging techniques must
be employed to obtain macroscopic parameters from local characteristics and remove local
instant uctuations. There are three main methodology for averaging techniques in mul-
tiphase ows: the Euler-Lagrange methodology and the Euler-Euler methodology, and the
Boltzmann statistical averaging (Ishii, 1975).

Lagrangian averaging (which tracks particles’ motions and interactions over time) becomes
useful when the detailed dynamics of particles matter. Eulerian averaging considers ow as
a continuous function which is most common technique. It averages attributes over time or
space at xed spatial positions and is useful when behavior of the entire phase as whole is im-
portant. Boltzmann statistical averaging uses particle number density and extrapolates their
macroscopic characteristics from their microscopic behaviours. This methodology applies
the principles of statistical mechanics for investigation of massive datasets dense populations
of particles. The optimal approach among these methods depends on speci ¢ requirements
and characteristics of multiphase ow under question. (Crowe, Sommerfeld, Tsuji, et al.,
1998; Michaelides, Sommerfeld & Wachem, 2022)

According to Bikmukhametov (2016), the multiphase modelling approaches using in Ansys
Fluent is shown in Figure 9. And the following chapters describe all these methodologies
brie y.

3.2.1 DPM model, Euler-Lagrange Methodology

In Euler-Lagrangian approach, uids are normally treated as continuous while particles such
as droplets or bubbles are followed individually using Lagrangian technique (Subramaniam,
2013). If the ow is steady and dilute, the DPM (Discrete Phase Model) is utilized, which is
also available in Ansys. Otherwise, the Discrete Element Method (DEM) is required (Crowe,
Sommerfeld, Tsuji, et al., 1998). In the DPM approach, the Navier-Stokes equations are
solved for the continuous phase in an Eulerian reference frame, while the dispersed phase is
tracked. Therefore, conversely, motion equations for individual particles are solved from its
Lagrangian frame. This allows the post-processing to visualize the movement of individual
particles in space and time. Predicting these trajectories can be done by balancing the forces
acting on each patrticle, as shown in the following equation (Bikmukhametov, 2016):
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Figure 9: Averaging thechniques in multiphase ows in Ansys Fluent

d:tp:utﬂp+g (rp 1)
r

S F ©)

that:

# is velocity of local uid phase

tp is velocity of particle

I p is the density of particle

r is continuum phase density

F is additional force

ut—:’p is drag force per unit particle mass
Particles can be in uenced by several forces which determine the particle's movement and
interaction with the uid. These forces includes the virtual mass force which accounts for
uid acceleration around the particle, the pressure gradient force based on pressure changes

in the uid, and the lift force which arises from shear effects. All the forces are explained in
the following parts (Zwick & Balachandar, 2020).

tr, which is known as the relaxation time of particle can be calculated by:
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rp dd 24
ty= — P (7)
18m Cy Re
where:
C4 is drag coef cient
dp is particle diameter
mis dynamic viscosity of the uid
And the Reynolds number is given by:
rd, 4
Re= — P~ P (8)
m

Regarding to tracking particles, in Ansys Fluent, there are two methods; steady and unsteady.
In steady tracking, a particle is monitored until it reaches either the boundary conditions or
speci ¢ time steps. The interactions modify DPM sources in each cells and consequently the
continuous phase solution over a certain number of iterations. However, in unsteady tracking,
particles process for speci c amount of time steps, regardless of reaching the destination
before updating the ow solution. (Ansys, 2022b)

In particle trajectories, the continuous phase has an in uence on the discrete phase (one-
way coupling), but it is possible to continuous phase also to see the effect of discrete phase
(two-way coupling). In this situation the motion equations should be solved for both phases
alternately until the solutions converge. (Ansys, 2022b)

3.2.2 \Volume of Fluid (VOF) Model, Euler-Euler Methodology

One of the main concepts in multiphase ow analyses is phase volume fraatiofhis
term rised from the idea that a uid volume can not be lled by another phase. Thus, phase
volume fractions are dependent on time and also space and their sum is unity.

ag=1 (9)
1

_ﬁ g.)oj

Therefore, the volume of thgh phase)g, can be calculated by bellow equation and is valid
in both explicit and implicit time democratisation.
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VA
Vg=  aqdV (10)
v

The Volume of Fluid (VOF) model or Volume Tracking Method, is employed to monitor

the boundary between different phases on a stationary Eulerian mesh. Therefore, it enables
the modeling of free surfaces and also ninterface between uids. This model is designed to
analyze systems containing two or even more uids that do not mix together which focuses
on determining the position of the interface between these uids considering discontinuities
and surface tension effects. To track the interfaces, a continuity equation for one (like q) or
more phases should be solved.

n #

ﬂ N n
= - agrqg +N agigly = St & Mpg Mgp (11)

Wherep andq subscripts refer to phageand phase respectively, andn is mass transfer.
The subscrippgmeans this mass transfer occurs from pHephase to thef" phase, andp
IS vice versa.

Primary phase volume fraction can be calculated by solving this equation for secondary
phase and also considering the equation for sum of volume fractions which is one (Ansys,
2022a).

The VOF model applies a single momentum equation across whole domain of multiphase
ow and calculates the volume fraction of each phase in every computational cell.

%(ruﬁﬂ(ruu): Np+ N m Ru+Ra' +rg+F (12)

Therefore aq which represent volume fraction of a computational cell can be one of theses
conditions (Mihic, 2011):

If ag = 0, it means that the phase g is not present in this gell.

If aq= 1, it means the cell is full with thg'" uid.

And if 0 < aq < 1, it shows that The cell includes the boundary betweemtheuid
and one or more additional uids.

The VOF model is computationally ef cient, as it just deals with the volume fraction variable
and needs less amount of storage space. Of course, it is noteworthy to mention that with large
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difference in velocities, the accuracy of calculated velocities near interface could decrease.
Furthermore, if viscosity ratio exceeds 1000, it will cause some problems with convergence.

To identify the uid properties, it is suf cient to know the individual phases in each control
volume. For example, by having a discrete phase and tracking its volume fraction, the density
of each cell can be expressed as follows:

r=aqrqt 1 aqrp (13)

Generally, properties like density can be formulated as volume fraction averages of the re-
spective phases:

r=3aagq (14)

3.2.3 Mixture Model, Euler-Euler Methodology

Mixture model is a multiphase ow with simpli ed approach. In this model, phases behave
as interpenetrating continua, and the continuity and momentum equations are solved for
the mixture of dispersed and continuous phases. Volume fraction equations are used for
the secondary phases along with algebraic expressions for the relative velocities (Ansys,
2022a). Relative velocities are utilized to describe the dispersed phases. It can also model
multiphase ows uniformly without relative velocities for dispersed phases. Generally, the
Mixture model is employed to address ows where the phases are strongly coupled.

For mixture, the continuity equation is formed as Manninen, Taivassalo & Kallio, 1996:

l

ﬁ(r m)+ N (rmtin) = 0 (15)

thattn, is referred to mixture velocity and is a mass-averaged velocity:

= 174 9 (16)

and the mixture density {,) is de ned as:
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n
rm= & aqfq (17)
=1

As mentionedaq presents the volume fraction of phage

By adding up the momentum equations for each of the phases, the momentum equation for
mixture can be calculated:

1‘[ N N N - - - n
q:
(18)
where
nis the number of phases
F is a body force
M, IS the mixture viscosity
Hqrq is the drift velocity for the secondary phage
To de ne viscosity of mixture:
Q
M= a aqmy (19)
=1

3.2.4 Eulerian Model, Euler-Euler Methodology

The Eulerian model is known as the most complex multiphase ow simulation model in
Ansys Fluent. In this method, the momentum and continuity equations are solved for each
phase separately.
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1 9 i n
— agq +N agrgtg = @ mpg My (21)
g Tt p=1

Wherep andq subscripts refer to phageand phase respectively, andn is mass transfer.
The subscrippgmeans from the'" phase to thef" phase, andp means vice versa.

Ansys Fluent uses the parametey as a coef cient in this equation, which actually repre-
sents the phase reference density, or the volume-averaged density of the phase in the solution
domain (Ansys, 2022a).

The interaction between these equations occurs through pressure and interphase exchange
coef cients, which depend on the types of phases. It is worthy to note that for granular
ows, kinetic theory is used to calculate properties.

As the focuse of the thesis is boiling phenomena, he Fluid-Fluid ow is considered. Momen-
tum equation for phase q is given by:

Tt aldta * N agrqtqtly = agNp+ N tq+aqrqg
n
[o]
*a Kgptp tg + Mpgtpg Myptigp (22)
p=1

+ Fgt+ Ritt,q+ Fauigt Fumg* Rag

And:

o 2
Tq= agmy Nug+ Ruj +aq Igq 3 N gl (23)

where:

my is the shear viscosity of phage
| 4 is the bulk viscosity of phasg
Fq is an external body force
Rift.q is a lift force

Fwi;q Is @ wall lubrication force

Fumgq is a virtual mass force



34

Rud;q Is a turbulent dispersion force

RKpg tp g isaninteraction force between phases Kpglis the interphase momen-
tum exchange coef cient

p is the pressure shared by all phases
g is acceleration due to gravity

tpg andtgp are interphase velocities

If mass transfer is from the continuous phase to the dispersed phase:

Whenmgm > 0; thentgq = tg:

Whenmgm < 0; thentgq = tg:

Conversely, if mass transfer is occurred from the dispersed phase to the continuous phase:

Whenmgm> 0; thentgq = tq:

Whenmgm < 0; thentgq = tq:

3.3 Interphase Forces

In multiphase ow simulations, it is important to understand the interaction forces that ex-
ist between different phases. This knowledge helps in accurately predicting how the uid
behaves. Drag, lift, virtual mass and turbulent dispersion forces are some of the forces in-
uencing phase interactions with each having its own impact. All these forces contribute to
overall stability of multiphase systems and getting realistic results from simulations.

The ANSYS Fluent Eulerian model employs multiple forces to precisely replicate interaction
of phases in a multiphase ow system. Each of these exertions have great in uence on the
behavior as well as distribution of phases within this ow. However, when compared to the
Eulerian model approach, which is more complex, other models prefer simpler approaches
due to computational complexity and focus only on certain aspects of multiphase ow dy-
namics. VOF focuses mainly on accurately tracking interfaces between different phases
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ignores lift or virtual masses. In comparison to VOF model, mixture model involve certain
phase interactions but in this model,averaged properties are used and fewer interphase force
are applied compared to Eulerian model.

The drag force is one of the main forces acting between the phases. Furthermore, to accu-
rately estimate the uctuation of the void fraction across the ow's width, it is necessary to
incorporate supplementary forces into the model, such as wall lubrication and lift forces (Ne-
mitallah et al., 2015). In this part, the modeled forces and their applications are discussed.

3.3.1 Drag Force

Drag force refers to the extra forces exerted on a particle as a result of its relative velocity
to a uid (Manninen, Taivassalo & Kallio, 1996). The momentum exchange between the

phases is based on the value of the liquid-liquid exchange coef cient. Therefore, this coef -

cient is used to represent the drag force functions in ANSYS Fluent. liquid-liquid exchange
coef cient is formed as (Ansys, 2022a):

rpf

where f represents drag function given by Schiller & Naumann (1975) that is related to
Reynolds number and drag coef cient:

_ CoRe

f 25
24 (23)
andt j is the particulate relaxation time, ans is de ned as:
r pdp
= — 26

Also:

A is the interfacial area

dp is the diameter of the bubbles or droplets of phpse
I p is the density of phasp

Cp is the drag coef cient

my is the viscosity of phaseg
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Drag function,f, includes a drag coef cient and this coef cient is related to relative Reynolds
number Rg. There are several models to calculate the drag coef cient:

Schiller and Naumann Model
Morsi and Alexander Model
Tomiyama et al. Model
Symmetric Model

Grace et al. Model

Ishii Model

Ishii-Zuber Drag Model

Whenever the primary phase is absent in the donmgig.should converge to zero in all of
these cases.

3.3.2 Lift Force

Lift forces act on secondary phase particles such as droplets and bubbles in Ansys Fluent.
The main reason for this force is velocity gradients in the primary-phase ow eld. Itis
noteworthy to mention that the Particles with a greater size bene t more from the lift force.
However, the model doesn't suit properly for densely packed particles or extremely micro-
scopic patrticles since it assumes that the particle diameter is substantially lower than the
distance between patrticles.

If gis considered as the primary phase arab the secondary phase, the lift force according
to Drew & Lahey (1993) can be expressed as follows:

Fit = GCrgap(tq tp) (N Hg) (27)

where

C, is the lift coef cient

I q is the primary phase density

ap is the secondary phase volume fraction
tq is the primary phase velocity

tp is the secondary phase velocity
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Generally, the drag force is much stronger than the lift force acting on the particles. Conse-
guently, the lift force can be neglected and has little impact on the results. The lift force,
however, can increase to be rather considerable in cases where the phases separate at a
rapidly. In these cases, it is nhecessary to incorporate the lift force into the model in order

to depict the ow's behavior accurately.

The models that Fluent suggest for lift coef cient are:

Moraga Lift Force Model

Saffman-Mei Lift Force Model
Legendre-Magnaudet Lift Force Model
Tomiyama Lift Force Model

Hessenkemper et al. Lift Force Model

3.3.3 Wall Lubrication Force

The wall lubrication forces in liquid-gas bubbly ows can have a substantial impact on the
secondary phases, such as bubbles. Applying this Force is available for the Eulerian model in
Ansys Fluent. The wall lubricating force exerts a pushing effect on these secondary phases
and causes them to move away from the walls. This phenomenon is especially evident in
situations where there is a robust upward movement of bubbles in a vertical pipe. In this
scenario, the presence of a lubricating force on the wall prevents the bubbles from sticking
tightly to the pipe wall. As a result, the bubbles gather in a zone that is close to the wall, but
not directly touching it. This promotes a more consistent dispersion of the bubbles through-
out the ow, enhancing the overall movement characteristics and eliminating problems like
bubble clustering near the walls.

The general form of the wall lubricating force in a primary phagesxerting on the a sec-
ondary phasep, is expressed in this form:

Fw = Gl gapj(tg ’dp)kaﬁw (28)

where

Cw is the wall lubrication coef cient
I q is the density of primary phase

ap is volume fraction of the secondary phase
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j (Hg Hp)u is the phase relative velocity component which is tangential to the wall
surface

Ay is the unit normal vector directed outward from the wall
Ansys Fluent offers some models to calculate the coef cient in wall lubracation force equa-
tion:

Antal et al. Model

Tomiyama Model

Frank Model

Hosokawa Model

Lubchenko Model

3.3.4 Turbulent Dispersion Force

Turbulent Dispersion forces are responsible for transferring turbulent momentum between
different phases. In ows where different phases are mixed, the turbulent dispersion force
behaves similarly to turbulent diffusion. The Eulerian model in Ansys Fluent has the capa-
bility to simulate the effects of turbulent dispersion forces.

One of the best examples of the application of this force is in a boiling ow within a heated
vertical pipe. The turbulent dispersion force is signi cant in driving vapor bubbles away
from the wall and towards the center of the pipe. This action helps to maintain ef cient heat
transfer and prevents the accumulation of vapor bubbles on the walls.

The turbulent dispersion force is obtained by averaging the interphase drag term. For a
dispersed phase) and a continuous phasg){ this force models how turbulence in the
continuous phase affects the movement of the dispersed phase, essentially pushing the dis-
persed phase particles into areas of lower concentration. This averaging helps simulate more
realistic behavior of the multiphase ow under turbulent conditions and the turbulent drag is
formed as:

Kpg Up Tgq = Kpg(tlp #g)  Kpotiar (29)

that:

Kpq is the interphase exchange coef cient
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tp andtg are the mean phase velocity vectors for phase p and g, respectively.

Hgr is the drift velocity

Regarding explaining the components of a turbulent dispersion force equation, the left side
of the equation represents the instantaneous drag, which is the immediate force that particles
experience as a result of the uid ow. On the right side, the rst term re ects the average
momentum exchange between two different phases and the secon}gtq, is known

as the turbulent dispersion force. This expression incorporates the impact of turbulence on
the dispersion of particles. So:

Fdq= Rdp= ftd;limitinngq’U'dr (30)

tqr IS due to turbulent motion of uid and causes the dispersal of secondary phases such as
droplets, particles and bubbles. Turbulent dispersion force can be limitkgliayting ,limiting

factor. This makes it possible to control or limit the extent of turbulence dispersion effect so
that simulation remains both physically realizable and numerically stable as in some cases a
signi cant overestimation could occur. It is also notable since it allows one to adjust model-
ing predictions and parameters based on the observations or speci ¢ requirements.

Hyr = Hp  Hq (31)

Turbulent Dissipation force models in Ansys Fluent are:

Lopez de Bertodano Model
Simonin Model
Burns et al. Model

Diffusion in VOF Model

3.3.5 Turbulent Interaction Force

To account for the in uence of the dispersed phase on turbulence in Eulerian multiphase
simulations, Fluent uses source terig andP¢q in the turbulence equations. What these
terms do is express how the continuous phase interacts with the scattered one when con-
sidering that some patrticles (droplets or bubbles) are scattered and they have an impact on
turbulent kinetic energyk) as well as its dissipation rate)( The form of these sources de-
pends on the chosen model for turbulence interaction so that it can describe more accurately
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different aspects of multi- uid dynamics.

Turbulence interaction models are:

Simonin et al.
Troshko-Hassan

Sato

3.3.6 Virtual mass Force

The acceleration of a particle (such as a bubble) can exceed that of the primary uid, known

as the “virtual mass effect”. This occurs because the moving particle displaces some of the
surrounding uid, generating a virtual mass force. This force is needed to accelerate the

apparent mass of the primary phase uid around the particle during relative speed changes.
Calculating the interaction between the moving particle and the displaced uid enhances the
precision of the simulation. (Drew & Lahey, 1993)

The virtual mass force is introduced as:

dug do
E. = - 7p 2
vm= Cvmapl q dt dt (32)
Cymis the virtual mass coef cient which often referred to 0.5.
% represents time derivative of the phase material in the form:
dg(f) _ () N
TR T+(’dq N)f (33)

3.3.7 Surface Tension Force

Surface tension is a phenomenon that deals with molecules located at the surface of a liquid.
These molecules counteracts the forces of pressure gradients exerted on this surface, caus-
ing an equilibrium between attractive intramolecular forces and outward pressure gradient
forces.

The effects of this force depend on the ow conditions, and it can be determined by using
two non-dimensional numbers: Capillary number (Ca) and Weber number (We) (Tiainen,
2014). At very low Reynolds numbers (Re 1), the in uence of surface tension effects
depends on the capillary number. This dimensionless number is a measure of the relative
strength of viscous forces compared to capillary forces.
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Ca= SE (34)

On high Reynolds numbers (Re 1), the importance of surface tension can be expressed in
terms of the Weber number (We).

2
We= % (35)

If either viscous or inertial forces are more in uential than forces due to surface tension,
which means values for either Ca or We are much greater than 1, neglecting the effects of
uid friction and adhesion is reasonable.

3.4 Turbulance Modeling

Computational uid dynamics (CFD) relies heavily on turbulence modeling due to the erratic
and unpredictable character of turbulent ows. The nonlinear Navier-Stokes equation, which
describes turbulence, makes analytical solving of the phenomenon dif cult. Multiple ow
motion and the ability of shape change in boundaries between phases, large uid property
discontinuities, and a complicated ow eld close to the interface surfaces are the other
sources of turbulence in multiphase ows. Therefore, turbulence modeling in multiphase
simulations is exceedingly complicated due to the large number of terms in the momentum
equations that must be addressed in multiphase ows compared to single-phase ows.

Turbulent ow occurs in pipes when the Reynolds number (Re) rises above 4000. Hence, the
ow is turbulent in this project. Technical parameters including species mixing, energy trans-
fer, heat transfer, and aerodynamic forces are all impacted by turbulence in low-viscosity

uid technical ows (Tucker, 2016).

Various approaches can be used to addresses these complexities. Direct Numerical Sim-
ulation (DNS) is one of these approaches that solve the Navier-Stokes equations directly,
without approximation. Though it is computationally costly and unfeasible. The other one
is Reynolds-Averaged Navier-Stokes (RANS) method which is used by the majority of tur-
bulence models and provides time-averaged solutions. In order to capture the key character-
istics of turbulent ows, these models Iter out the smaller turbulence scales. Large Eddy
Simulation (LES) is a middle ground method that models smaller turbulence scales while
directly solving bigger ones. LES offers better accuracy than RANS but a higher computing
cost.
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Eddy viscosity is a concept in RANS models as part of the Boussinesq approximation.
Adding an extra “eddy” viscosity to the laminar viscosity of the uid is supposed to rep-
resent turbulent motion. This effective viscosity, which changes with local ow conditions
and helps to explain the mixing and momentum exchange between various uid layers, is be-
lieved to be contributed by small-scale turbulent eddies. This theory underpins the concept
of eddy viscosity.

When modeling boiling ows in pipes the accuracy of the results might be greatly affected by
the turbulence model used. Thes andk-w models are widely utilized in such simulations
because they strike a good compromise between precision and computational load.

The behavior of the ow near walls must be adequately captured in turbulence models. Based
on the rst near-wall grid step, the proper boundary conditions must be determined. In a low
Reynolds number formulation, the initial near-wall grid step is located within the viscous
sublayer of the boundary layey"( < 5). A precise description of the ow near the wall is
given by this expression. Meshes with a high Reynolds number activate wall functions and
the initial near-wall grid step is associated with the logarithmic proyie ¢ 30).

y" -insensitive near-wall treatment is developed to smoothly blend between these two limits.
If the near-wall grid does not strictly follow the usugl ranges (y* < 5 for low Re and

y" > 30 for high Re), the simulation can nevertheless produce correct results and with a
coarser near-wall mesh, this method is well-suited for ows with a high Reynolds number
and requires less computational power.

The two near-wall treatments in Ansys Fluent that are not affected kare tabulated and
correlation. correlation, combines analytical formulations of the viscous sublayer with those
of the logarithmic area, wheng is important. This approach is default. Tabulated option
uses a table look-up for the wall valuewfto minimize interpolation errors.

Multiphase ow turbulence modeling in ANSYS Fluent incorporates various approaches to
capture the intricate interplay between phases. KFow andk e models, Ansys offers
three different options:

Mixture Turbulence Model
Dispersed Turbulence Model

Turbulence Model for Each Phase

In most cases, the Mixture Turbulence Model is used and it is default option of Ansys. This
method is applicable in cases where the densities of the phases are close to one another and
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the phases are either virtually strati ed or separated. It means primary continuous phase
clearly can be distinguished from other dispersed secondary phases. The Dispersed Tur-
bulence Model is particularly suitable for situations where secondary phases are sparsely
distributed or for granular models. This model accurately represents the uctuating prop-
erties of the secondary phases. Turbulence Model for Each Phase employed in situations
where there is a distinct dominant continuous phase and the remaining phases are dispersed
secondary phases.

Among these options, the mixture turbulence model is frequently utilized due to its broad
applicability and simplicity.

3.5 Mass Transfer

Mass transfer in wall boiling model in Ansys Fluent is divided to two parts: mass transfer
from the wall to vapor, and interfacial mass transfer. (Ansys, 2022a)

3.5.1 Mass Transfer From the Wall to Vapor

Based on the evaporation heat ux, the rate of evaporation mass is estimated. In the simu-
lation model, this mass ow rate is applied only to the computational cell that is next to the
wall. The formula for the evaporation mass ow rateg is derived from the evaporation

heat ux ( as detailed in equation 52).

Qe

M= ————
hey + Cp:1 DTsub

(36)

where:

ge is evaporation heat ux
h¢y is latent heat of vaporization
Cp;l is speci ¢ heat capacity of the liquid at constant pressure

DTgupis subcooling temperature difference

3.5.2 Interfacial Mass Transfer

Evaporation and condensation rates can be determined by measuring the heat transfer at the
interface between the two phases. There is a clear correlation between the heat transfer rate
and the mass transfer rate at an interface when two phases (liquid and vapor) come together.
Main assumption is that the phase change (condensation or evaporation) process receives
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entirely of the heat energy transmitted to the contact.

Oit + Out 37)

m= mg + my = he
\

that

my; is liquid phase mass ow rate
m\yt iS vapor phase mass ow rate
it is liquid phase heat ux

Ovt IS vapor phase heat ux

3.6 Heat Transfer

The internal energy balance for phapeequires the computation of the phase's enthalpy:

Z
hg= CpqdTy (38)

thatcpq de nes the speci ¢ heat at constant pressure of primary phgse (

The energy transfer between two phas@sy, such as gas and liquid, is determined by the
temperature difference between the phases and the surface area of dghtddterefore:

Qpg= hpdAi(Tp  Tg) (39)

A relationship exists between the Nusselt number ofgfigphase and the volumetric heat
transfer coef cienthpg, which is between the'" andgt" phases and is equal kg, Here is
the formula that determines the heat transfer coef cient:

Mpg = =5 (40)

that

Kq is the thermal conductivity of the primary phase

Nup is Nusselt number of thp" phase
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dp is the diameter of the bubble

In addition to constant value and user-de ned functions, there are some models to calculate
the volumetric heat transfer coef cierttpq :

Nusselt Number

Ranz-Marshall Model

Tomiyama Model

Hughmark Model

Gunn Model

Two-Resistance Model

Fixed To Saturation Temperature

Constant Time Scale Method

3.7 Data Reduction in Heat Transfer Research

Evaluation of enhancement heat transfer strategies is effectively done by processing and in-
terpreting experimental data. Properly executed heat transfer researches reduce data when
they calculate the pressure drop and the heat transfer coef cient. This process leads to accu-
rate results for evaluating and comparing different methods of enhancement heat transfer in
useful applications. The constant wall temperature approach and constant heat ux method
are the most commonly used techniques for reduction of data.(Mousa et al., 2022)

3.7.1 Constant Heat Flux Method

Constant Heat Flux is among the widely used methods in heat transfer studies. In this
method, a test part and pre-evaporator are subjected to a constant heat ux. First, the outlet
guality at the pre-evaporator is computed which helps to establish vapor quality at entry to
the test section. From this equation outlet vapor quality could be calculated:

Opre-evap= M Cp (Tsat,pre-evap Tin,pre-evap ¥ M Xout,pre-evap Nfg;pre evap (41)

where:

Opre-evaplS €nergy transferred into the pre-evaporator

mis mass ow rate
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Cp is speci ¢ heat capacity
Tsat,pre-evagS Saturation temperature at the pre-evaporator
Tin,pre-evaplS inlet temperature
Xout,pre-evapgS €Xit vapor quality
htgpre evapis latent heat of vaporization
By obtainingXout, pre-evap@nd assuming it equals the inlet vapor quality in the test section,

the outlet vapor quality in the test section can be determined. In this case, the heat transfer
coef cient is calculated as follows:

do .
1_Twar T Mg G “2)
h Ox 2k

To nd out how much pressure has been lost, we measure total pressure loss should be
measured experimentally and evaluate momentum pressure drop using this formula:

) (1 x)? .\ NG (1 x)? .\ NG
r{(l a) rga r{(l a) rga

(43)

out,ts in,ts

The difference between these two values provides us with the frictional pressure drop.

3.7.2 Constant Wall Temperature Method

The Constant Wall Temperature approach maintains a xed wall temperature inside the ex-

perimental section. Such an example would be cooling electronic devices or reactor designs
nowadays which sometimes may require ne control over temperatures; hence this method

becomes appropriate under those circumstances. To compute the coef cient of heat transfer,
this method employs the difference between uid and wall temperatures as viZll-agall.
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4 Methodology

The governing equations and theoretical requirement were explained in the Computational
Fluid Dynamic section. Now, this section focuses on selecting the methods which are the
most compatible with the project. The methodology employed in this study involved char-
acterizing the boiling phenomena and heat transfer in cooling pipes of the switch company's
electric motor.

4.1 General Solver and Flow Selections

The rst step in selecting the methods for this study is solver selection. In Ansys, there are
two solvers: density-based and pressure-based.

Ansys (2022b) recommends that a number of important considerations should be made when
selecting a solver and algorithm. These include the solver's model availability, the solver's
performance under the speci ed ow circumstances, and the mesh size in relation to the
memory available on your computer system. The pressure-based solver provides a range of
physical models and characteristics that are not accessible with the density-based solver and
boiling model is one of them that density-based solver does not work with. Therefore, due
to this compatibility issue between the Multiphase Model and the density-based model in
Ansys Fluent, pressure-based solver has been selected.

Under the pressure-based solution, you can choose between a coupled algorithm and a seg-
regated algorithm. The choice between a segregated or coupled algorithm with especially
the pressure-based solver is also signi cantly impacted by the parameters Ansys (2022b)
recommends. The segregated algorithm solves the governing equations in a sequential man-
ner and independently. In most cases, this method demands less RAM. On the other hand,
by solving the momentum equations and the pressure-based continuity equation simultane-
ously, the other technique known as a coupled algorithm makes convergence much faster.
Nevertheless, as opposed with the segregated algorithm, this technique uses more memory.
Both coupled and segregated algorithm used in this study, however, the main focus was on
coupled algorithm.

4.2 Multiphase Model Selection

Table 2 is a good guideline for selecting a proper Multiphase model. Although it can not
handle all the applications and details.

For complex multiphase ows with multiple regimes, the center of attention should be the
most important aspect of the ow and the model best suited for that part should be selected.
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Although the accuracy may be lower because the chosen model will only be fully valid for
one part of the ow.

Table 2: Comparison of models and their applications in multiphase ow systems

Flow Regime Model Description/Application

Bubbly, Droplet, and Mixture Model or .
For ows where phases mi

Particle-Laden Flows Eulerian Model and/or dispersed-phase volume
fractions exceed 10%

)

Volume of Fluid (VOF) o
Slug Flows For ows where large distinct

Model bubbles (slugs) of one phase
move through another phase

. Volume of Fluid (VOF) .
Strati ed/Free-Surface Flows For ows with a well-de ned

Model interface between phases, such
as liquid-gas or immiscible
liquid-liquid systems

_ Mixture Model or _
Pneumatic Transport mixture model for homoger

Eulerian Model neous ow and Eulerian mode
for granular ow

Fluidized Beds Eulerian Model For granular ows where part
ticles are suspended in a uid,
creating a uidized state

Slurry Flows and Mixture Model or ) _ _
For ows involving solid par-

Hydrotransport Eulerian Model ticles suspended in a lig
uid, commonly in mining ang
dredging applications

1%

Sedimentation Eulerian Model For ows where patrticles settle
out of a uid due to gravity

The VOF model is the most suitable option for strati ed and slug ows; however, choosing
the suitable model for different types of ow is a more complex task. To establish the most
appropriate multiphase model for these types of ows, parameters such as the particulate
loading ) and the Stokes numbe®t) can be useful.
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4.2.1 Particulate Loadind(

Particulate loading is the mass density ratio of the dispersed phase (d) to that of the carrier

phase (c):
p = 2d'd (44)
acl ¢

which:

a is the volume fractions of the phase

r is the densities of the phase

It is noticeable to mention that particle in this part refers to a particle, bubble or droplet.

Table 3 presents the most proper model based on the way of coupling and loading category.

Table 3: Coupling categories and suitable models

Loading Category Way of Coupling Suitable Models

Very Low Loading One-way Discrete phase, Mixture, Eulerian
(Eulerian recommended)

Intermediate Loading | Two-way Discrete phase, Mixture, Eulerian
(Stokes number helps decide the
model)

High Loading Four-way coupling Eulerian (only Eulerian model

handles this correctly)

The particulate loading amount can de ne the degree of interaction between the phases. In
very low loading, one-way coupling takes place. It means the uid carrier affects the particles
through drag and turbulence, but the particles do not have an impact on the uid. However,
in intermediate loading, coupling is two-way, where the uid carrier has an impact on the
particles, and the particles also affect the uid by reducing in turbulence and momentum.
Four-way coupling meaning two-way coupling in addition to particle pressure and viscous
stresses due to particles occurs when loading is very high.

4.2.2 Stokes Number

The other useful parameter for selecting the most appropriate multiphase model is Stokes
Number. Itis the ratio of the particle response titgdo the system response tirze

st= (45)
ts



t4, the particle response time, is calculated as:

g dg
18 m

tg=

where:

r g is the density of the particle.

dq is the diameter of the particle.

m is the dynamic viscosity of the continuous phase.

Andts can be computed by:

where:

Ls is the characteristic length of the system.

Vs is the characteristic velocity of the system.

50

(46)

(47)

The Stokes number is applied to determine the behavior of particles in a ow and thus helps

in selecting appropriate multiphase model. Based on this number:

ForSt  1:0: Particles will closely track the movement of the ow. One can use any

of the three models: discrete phase, mixture model, or Eulerian.

For St> 1.0: Particles exhibit more ow independence. In this case, Eulerian model

or the discrete phase would be more proper.

ForSt 1:0: The choice can be based on cost and other factors as all three phase can

be utilized.

Given the information in this section, the calculation of the speci ed dimensionless numbers

is required. Fob, the volume fraction for the phases is needed, as this model exists from
the start of boiling and extends along the heat transfer pipe, where the gas volume fraction
increases along the pipe length. This cause®tlialue to change between low loading and

intermediate loading.

For the calculation of the Stokes numb&i)( the diameter of the particles is needed, and
in boiling water, there is no detailed information about the ow regime, and speci ¢ bubble
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diameters are not available. However, in many practical scenarios, an average bubble diam-
eter of around 0.001 m (1 mm) is often used. Based on this assumptisrestimated to be
around 0.00127.

The common models for simulating boiling of such study based in all these explanations are
the Eulerian and mixture models. To make a choice between mixture and Eulerian models,
some considerations are recommended (Ansys, 2022a). At rst, it is worthy to say that mix-
ture model is the most cost-effective option. When you want to address a less demanding
problem that requires less computational time, choose mixture model since it solves fewer
equations than Eulerian model. Conversely, if accuracy is more important than saving on
processing resources, then one should use an Eulerian Model despite they can be complex
and have worse computational stability. Second point is related to distribution in the dis-
persed phases. If the dispersed phases are evenly distributed, the largest size of particles do
not separate from the main ow eld; as a result, the mixture model is more preferable since

it is less computationally expensive. However, if dispersed phases are con ned to specic
areas in the domain, Eulerian model should be used instead. The third point indicates avail-
ability of interphase drag laws. The Eulerian formulation gives accurate simulation results
especially when appropriate drag models are known and could be applied while simulating
uid-particle systems using CFD solvers like Ansys Fluent. On the other hand, if such laws
can not be stated or their application may not be obvious within the simulation then mixture
model is preferred.

Moreover, searching in similar papers, the mixture model is used, when the volume fraction
of secondary phase is in the range from 10 to 20% (Ling et al., 2003; Kostoglou, Karapantsios
& Matis, 2007; Tiainen, 2014). Moreover, itis assumed that in the homogeneous ow model,
both phases possess identical velocities. Consequently, this model is primarily employed for
bubbly and mist ows where there is minimal difference in velocity between the phases.
Therefore, it is acceptable to assume that the uid phases within such regimes have uniform
and equal velocities, enabling accurate predictions using these homogeneous models (Huang
et al., 2021). On the other hand, considering the various and unpredictable ow patterns that
can range from annular ow to bubble, separated ow model seems to be a more suitable
choice for this kind of studies than homogeneous model (Huang et al., 2021).

4.3 Eulerian Model Options and Submodels

There are three parameters in the Eulerian multiphase model: Dense Discrete Phase Model,
Boiling Model, and Multi-Fluid VOF model. Discrete Phase Model (DPM) accounts for
the volume fraction of discrete particles and is suitable for simulations like uidized bed
reactors. The multi- uid VOF model couples the VOF and Eulerian models, handling both
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sharp and dispersed interfaces. And boiling model is the most suitable parameter for this
simulation. To simulate this phenomenon, Wall boiling model is formed using Kurul &
Podowski (1991)'s Rensselaer Polytechnic Institute (RPI) nucleate boiling model as well as
Lavieville et al. (2005)'s extended formulation for DNB (Departed Nucleate Boiling) regime.

4.3.1 Boiling Model Options

“Subcooled Boiling” refers to a condition wherein boiling takes place at the wall due to
high wall temperature even while average temperature of the liquid in bulk volume is below
saturation point. In this case, energy is transferred directly from the wall to the liquid thus
causing some part of it heat up and another part vaporize. Also, between phases heat transfer
raises average liquid temperature of uid but saturated vapor condenses out. Additionally,
part of this energy might be transmitted by the wall directly into vapour. Such basic processes
underlie RPI model which is one of the options of boiling model.

Moreover, the boiling model consists of three submodels as options for interfacial momen-
tum exchange, mass exchange, and heat exchange, namely the RPI model, Non-equilibrium
Boiling, and Critical Heat Flux.

The RPI model breaks down the total heat ux into convective, quenching, and evaporative
components which completely encompasses the processes of heat transfer during nucleate
boiling. It is suitable for use under conditions where wall heat transfer mechanisms need to
be represented accurately, taking into account detailed wall-liquid-vapour phase interactions.
The RPI model handles typical situations encountered in common nucleate boiling thereby
optimizing its performance for applications that require accurate prediction regarding heat
transfer in boiling phenomenon.

On the other hand, Non-equilibrium Subcooled Boiling complements the fundamental RPI
model by introducing vapor temperature into the solution process as RPI model assumes
the vapor temperature constant. This ensures correct simulation of boiling beyond DNB or
near CHF where more comprehensive treatment is necessary due to departure from nucleate
regime. Although it gives a more detailed treatment on temperature of vapour phase but
mainly meant for advanced cases whereby system transits past nucleate boiling. For standard
conditions of nucleate boiling, such additional complexity may not be required.

Speci cally examining situations where local coef cients sudden drop leading into dry-out
region (where wall ceases being covered by liquid), CHF model act better. CHF model has
been designed to function under extreme operating environments which may involve transi-
tion from bubbly ow to a mist ow hence abnormal increase in temperatures along walls.
Moreover, as vapor forms to replace the liquid, the system's effectiveness in transferring heat
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away from the surface rapidly decreases. Therefore, CHF model should be considered for
such these conditions rather than general cases associated with typical boiling points.

As the models of non-equilibrium subcooled boiling and critical heat ux are too speci c
and add unnecessary complexity to a generalized nucleate boiling problem, the RPI model
can provide the most complete and accurate representation of nucleate boiling heat transfer.
This model works best for normal boiling ow in a tube with heated walls.

In Ansys Fluent, the Rensselaer Polytechnic Institute (RPI) model is used to simulate heat
transfer during nucleate boiling on a heated surface. The entire heat ux between the wall
and liquid is divided into convective, quenching and evaporative heat uxes by this model:

Qw = dc+ do+ G (48)

Convective Heat Fluxgc, refers to the amount of heat that is transferred from the wall to the
bulk liquid in regions not covered by bubbles.

gc = he(Tw T)(1 A (49)

where:

hc is single-phase heat transfer coef cient
Tw is wall temperature
T, is liquid temperature

Ay is area covered by bubbles

Quenching Heat Fluxgg, accounts for transient energy transfer when liquid lls vicinity
near walls after bubble separation and is expressed as:

6= P2 (T, ™A (50)
ph T

where:

ki is conductivity

T is periodic time
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| | is diffusivity and is formed as:

ke

||:

(51)

Evaporative Heat Fluxge, represents energy required to convert liquid into vapour due to
boiling:

Oe = VaNwr vhey f (52)

where:

Vg is Volume of the bubble due to the bubble departure diameter
Ny is active nucleate site density

rv is vapor density

ht.y is latent heat of evaporation

f is bubble departure frequency

4.3.2 Interfacial Area

In order to predict the amount of mass, momentum and energy that transfer through the

interface between phases, it is important to determine the the interfacial area between phases
per unit mixture volume.

The interfacial area can be calculated using a transport equation or algebraic models. The
transport equation accounts for coalescence and breaking effects and distribution of bubble
diameters. However, an algebraic method uses a speci ed bubble diameter and interfacial
area density. Algebraic formulations are commonly employed for boiling ows. (Ansys,

2022hb)
The models employed for calculating the interfacial afgg,concentration depend on the

ratio between the surface area and the volume of a spherical bubble or droplet.

Ap=

(53)

Three models are suggested to estimate concentration of interfacial area, namely ia-symmetric,
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ia-particle and ia-gradient. The model ia-symmetric consider both main and secondary phase
volume fractions, though, ia-particle acounts for only the volume fraction of secondary
phase. And the third model, ia-gradient, takes the interface's volume fraction gradient into
account.

When dealing with boiling ow, especially when studying the onset of nucleate boiling as the
behavior of bubbles is important, the ia-particle model is often the most suitable. This model
speci cally focuses on the secondary phase and considers the volume fraction of bubbles.

According to the particle model, the density of the interfacial afgas estimated via:

A =apAp= —— (54)

whichap is volume fraction of dispersed phase.

4.3.3 Appropriate Volume Fraction Formulation

The last point in Eulerian model main selections is approach of volume fraction formula-
tion. Fluent has two ways of formulating volume fractions: explicitly and implicitly. The
explicit formulation, which is not iterative and depends on time, can only be applied with
the Transient solver and is constrained by a stability criteria based on Courant number. Im-
plicit formulation which is iterative in nature suits well for steady-state problems because
it is compatible with both steady-state solvers as well as transient solvers. Moreover, its
numerical stability gives opportunity for larger time steps and fast information propagation.
(Ansys, 2022a)

The implicit method ensures accurate results especially when dealing with complex cases
thus recommended for complex steady-state simulations. Despite its apparent simplicity,
the implicit method excels at handling complicated steady-state simulations. The implicit
formulation allows for more rapid convergence of a steady-state solution compared to the
explicit formulation, due to its broader stability properties. Nevertheless, the implicit de-
scription necessitates a greater amount of memory compared to the explicit one (Ansys,
2022b). Considering all these factors, the implicit method has been chosen for this study.

4.4 Interaction Forces Selection

Based on the comprehensive review of interaction forces in section 3, the following force
models were selected for the current study.
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4.4.1 Ishii and Ishii-Zuber Drag Force Models

Although all the models for drag force can be used, in boiling ow, Ansys offers Ishii Model

in these type of folws. On the other hand, Ishii-Zuber Model is also enhancement over Ishii
model. It has the capability to handle different ow regimes. And also, it is more accurate in
dense patrticle environments because of swarm factor correction and both of these coef cients
are utilized in similar studies (Nemitallah et al., 2015; Braz Filho, Ribeiro & Caldeira, 2015;
Okon & Turan, 2020).

For the validation part of the study, which involved simulating a single pipe, the Ishii model
was used as the drag force coef cient. This model has been provided just for boiling ows.
This choice is based on its suitability for the speci ¢ ow conditions and its previous success
in similar conditions.

However, the Ishii model was not included in the list of selectable models in Ansys Fluent
throughout the main simulation, which focused on modeling the boiling ow in a electric
motor. Upon examination, it was discovered that the Ishii model may have constraints or
compatibility problems with the complex boiling ow conditions in this study. Therefore,
the Ishii-Zuber model was chosen as an alternative. And it is noteworthy that ishii-Zuber
model was also applied in validation part and the results were similar.

4.4.2 Tomiyama Lift Force Model

The size of particle deformation where the lift force changes direction is predicted more
accurately by the Tomiyama lift model for larger deformable bubbles than any other formu-
lae. The Saffman-Mei lift model is used when dealing with non-distorted drops and bub-
bles, while models such as Moraga's work well for solid particles with spherical shapes in
adition to drops and bubbles. For small diameter spherical uid particle systems, Legendre-
Magnaudet's approach may be better; however Hessenkemper et al.'s formulation could also
be applied if these systems involve both large scale deformable uid particles and small
diameter spherical ones.

Although several models, such as Legendre-Magnaudet, Moraga, and Tomiyama are suitable
for this study based on research, model evaluations, and literature reviews, Ansys recom-
mends the Tomiyama model to consider interfacial lift force in boiling ows (Ansys, 2022a).
Moreover, there are many similar studies that used this model for their computational part
(Braz Filho, Ribeiro & Caldeira, 2015; Kaar & Krepper, 2008; Krepper et al., 2013).
Therefore, this study gave more attention to the Tomiyama model, considering that the re-
sults obtained showed good agreement with the experimental data in the validation part.
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The Tomiyama model (Tomiyama, 1998) is developed to forecast the behavior of larger-
scale exible bubbles in multiphase ows, particularly in the ellipsoidal and spherical cap
regimes. An important characteristic of this model is its capacity to identify when the size
of the bubbles causes a shift in the direction of the lift force due to bubble deformation. The
shape of bubbles has a direct in uence on how the lift force works on them during the time
they grow larger and become more distorted. The model determines the threshold size at
which this distortion reverses the direction of the lift force, a critical factor in accurately
forecasting bubble dynamics under different ow circumstances. It is worthy to note that
Ansys Fluent uses the modi ed form of this model by Frank, Shi & Burns (2004).

4.4.3 Hosokawa Wall Lubrication Force Model

Regarding the analysis of models, the Antal model can only be implemented with an ex-
tremely ne mesh, and grid independence can only be achieved with really ne grids. Al-
though the Tomiyama model is more accurate than the Antal model, it can only handle
pipe geometries because it uses meshes with pipe diameters. This reliance on pipe diam-
eters is removed by the Frank model. Nevertheless, Hosokawa et al. (2002)'s experimental
work shown that Tomiyama and Frank models for bubbles are effected by the phase relative
Reynolds number in addition to the E6tvos number (E0). It is noteworthy that this model can
only be applied for liquid-gas bubble ows. On the other hand, instead of applying an arti-
cial force, the Lubchenko method rethinks wall lubrication by obtaining it from geometric
corrections caused by the bubble's shape. In this mode, the Shaver-Podowski lift correction
should be used to reduce lift forces close to the wall when considering lift forces in order to
leave just the turbulent dispersion as the perpendicular interfacial force.

This study investigated both the Lubchenko and Hosokawa models. Nevertheless, the Hosokaw:
model was selected after reviewing the relevant literature (Naghibzadeh et al., 2020; Okon
& Turan, 2020) and considering its simplicity compared to the Lubchenko model.

4.4.4 Lopez-de-Bertodano Turbulent Dispersion Force Model

As mentioned in section 3.3.4, there are four models for Dispersion correlation. Naghibzadeh
et al. (2020) conducted experiments to assess the precision of different momentum exchange
models in modeling subcooled boiling ows in heated vertical tubes using the Eulerian mul-
tiphase approach. They came to the conclusion De Bertodano's correlation is the optimal
choice for turbulent dispersion. Moreover, the research validated that the Ishii and Universal
models were the most precise for drag, the Antal et al. and Hosokawa models were the most
accurate for wall lubrication. Furthermore, in some researches related to boiling ow close
to the current study conditions, this model was utilized. (Okon & Turan, 2020; Strayer et al.,
2020)
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4.45 Troshko-Hassan Turbulence Interaction Force Model

In general, multiphase turbulence models are enhanced with turbulence interaction models to
account for boiling ows. These models allow for the description of additional bubble stir-
ring and dissipation. Among the models, Simonin et al. is not available for this boiling ow
simulation. So, Sato and Troshko-Hassan models remains that both can be used for these
kind of studies. According to the results of their tests, Naghibzadeh et al. (2020) found that
the turbulent interaction model that incorporates Troshko-Hassan correlation produces more
accurate results. Moreover, several researchers such as Strayer et al. (2020) and Colombo
& Fairweather (2015) utilized this model in their studies on boiling ow and reached valid
results.

4.4.6 Virtual Mass Force Model

The virtual mass is automatically applied as an explicit source term by default. In steady-
state coupled simulations, it is advisable to employ an implicit technique instead of an ex-
plicit approach, as it may not achieve convergence. However,according to Hiltunen (2009)
and Crowe, Sommerfeld, Tsuji, et al. (1998) the virtual mass and Basset forces are ne-
glectable in similar investigations, and in the studies such as Okon & Turan (2020) and
Braz Filho, Ribeiro & Caldeira (2015), this force was not taken into account. And in this
study also, it is not considered.

4.4.7 Surface Tension Force Model

Surface tension can be de ned as a constant value, a polynomial function that depends on
temperature, or a variable that can be determined using a User De ned Function (UDF).

The surface tension force was determined using the correlation provided by Brackbill, Kothe
& Zemach (1992) as a function of temperature, and is applied in many numerical studies
such as Al Jubori & Jawad (2020)'s investigations and is presented below:

s = 0:09805856 1:845 10 °T 2:3 10 'T? (55)

4.4.8 Gravity Force

Considering the density of vapor, the gravity force has a signi cant impact on the boiling

ow. The size and number of bubbles that come off a heated surface are affected by gravita-
tional force. In low-gravity environments, bubble growth is enhanced while detachment may
be reduced, resulting in considerable changes to boiling behavior (Straub, 2001). Also, The
buoyant forces caused by gravity affect the rate of heat transfer by making vapor bubbles
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rise and better mixing them. Gravity enhances the critical heat ux (CHF) by facilitating
effective elimination of bubbles. Therefore this body force also is considered in the boiling
simulations.

4.5 Heat Transfer Model Selection

Multiple choices are provided in Ansys Fluent for heat transfer models in Eulerian multi-
phase simulations. One way to calculate a heat transfer coef cient value is with the Nus-
selt number model. If the phase is granular, the Gunn model is recommended; if it isn't,
the Ranz-Marshall model is more suitable. To cover a wider range of Reynolds numbers,
the Hughmark model expands Ranz-Marshall. Bubble ows with small Reynolds numbers
are well-suited to the Tomiyama model. And when it comes to phase pairings in boiling-
condensation circumstances, the two-resistance model works well. The two-resistance model
allows for the independent speci cation of interphase heat transfer coef cients for distinct
phases among these models, which is an advantage over the other models but has its own set
of constraints.

Boiling simulations include both liquid and vapor phases, which the Rans-Marshal excels
at modeling. Moreover, Ranz-Marshal correlation gives strong results across a wide range
of Reynolds number (0.1 to 200000) which is suitable for this study. And as in boiling
simulations ow conditions can vary signi cantly, the simpler method is better. In addition

to these reasons, some researchers such as Braz Filho, Ribeiro & Caldeira (2015) as well
as Nemitallah et al. (2015) used Ranz-Marshal method in their studies which are similar to
current boiling study.

the Nusselt number in Ranz-Marshall correlation (W. E. Ranz, 1952; W. Ranz & Marshall,
1952) is obtained from this formula:

Nu, = 2:0+ 0:6Re; -Pr'= (56)
Re, is the relative Reynolds number due to the diameter of the secondary myse (

Pr is the Prandtl number ig" phase:

pr= b0 (57)
q

As mentionedcpq represents the speci ¢ heat at constant pressure of ghase
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4.6 Boiling Model Parameters

To gain a deeper understanding of “Boiling Model” in Eulerian method, this part explained
the parameters used in boiling model.

For the bubble departure diameter, among three models available, Tolubinski & Kostanchuk
(1970)'s equation which relies on empirical correlations which is also default for the RPI
model in Ansys, was used.

The frequency of bubble departure is the frequency at which bubbles leave the heated surface.
The RPI uses the simpli cation assumption to de ne the the frequency of bubble departure.
The model commonly employs a calculation based on the bubble's inertia, assuming that the
bubble's development and departure are mainly in uenced by the forces associated with its
mass and acceleration (Cole, 1960). This method is effective for numerous boiling situations,
especially when the liquid is at or close to its boiling point (saturated boiling). Therefore, it

is also suitable for this project.

However, subcooled boiling occurs when the temperature of a liquid is lower than its boiling
point. During this process, bubbles are generated at the heated surface and subsequently
collapse when they enter the colder liquid. Under this system, the frequency at which bubbles
leave is affected by other factors, like the quick condensation of bubbles in the colder liquid
as well as velocity and pressure variation. This phenomenon is not accurately represented
by a basic model that only considers inertia. Hence, the utilization of the inertia-controlled
growth assumption in the conventional implementation of the RPI model may not precisely
depict the genuine physics of bubble detachment in subcooled boiling conditions. (Cole,
1960)

Nucleate site density is typically described using the wall superheat correlation in its most
basic form. In this model, the empirical parameters provided by Lemmert & Chawla (1977)
are utilized.

The nucleation sites' effect on the surrounding area is demonstrated by the area of in uence.
It is calculated by taking the departure diameter and the density of nucleate sites. To avoid
numerical instability due to unbounded empirical correlations, it is crucial to restrict this
region. Various relations, like the one given by Valle & Kenning (1985), can cause the
empirical constant K.
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4.7 Overview of Methods Used in the Study

In order to have an overview to the methods, Table 4 provides a comprehensive summary
of the methodology parameters and the speci ¢ options chosen for the simulation of boiling
phenomena using Ansys Fluent.

Table 4. Summary of methodology parameters and selected options

Parameter

Selected Option

Solver

Pressure-based solver

Velocity-pressure coupling algorithm

Coupled algorithm

Multiphase Model Eulerian
Submodel of Eulerian Model Boiling Model
Boiling Model Option RPI

Volume Fraction Formulation Implicit
Turbulence Multiphase Model Mixture

Bubble Diameter

Boiling diameter model

Drag Force Models

Ishii and Ishii-Zuber

Lift Force Model

Tomiyama

Wall Lubrication Force Model

Hosokawa

Turbulent Dispersion Force Model

Lopez-de-Bertodano

Turbulence Interaction Force Model

Troshko-Hassan

Surface Tension Force Model

Polynomial equation

Bubble Departure Diameter

Tolubinski-Kostanchuk

Frequency of Bubble Departure

Cole

Nucleate Site Density

Lemmert-Chawla

Area of In uence

devalle-kenning

Heat Transfer Model

Ranz-Marshall

Interfacial Area

ia-particle
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5 Results

The boiling phenomena within the pipe has been simulated in this study in order to investi-
gate heat transfer of two-phase ow.

5.1 Boiling Simulation in a Vertical Pipe

In this research, a vertical pipe was modeled using Ansys Fluent. Although the pipe was
drawn horizontally, the gravity force was implemented in the -x direction to simulate the
effects of vertical orientation. To validate the model, the boundary conditions from an ex-
perimental study by Bartolomei & Chanturiya (1967) were used. Therefore, the pressure
was set to 4%ar, and the mass ux was 90Kg=?s with constant heat ux along its walls
which was equal to 57RW=n?. To reduce the computing domain, the pipe was considered
as a 2D axisymmetric model. Half of the cross section area of the pipe was taken into con-
sideration because of axial symmetry associated with this problem. This method effectively
captures the key physical processes while enabling ef cient computational analysis. The
computational domain represents a vertical pipe withlangth and 15.4nminner diameter
according to dimensions adopted in this experimental investigation.

5.1.1 Modeling

Creating the geometry was done via Ansys DesignModeler. And Ansys Meshing was used
for meshing the computational domain representing the pipe . A structured meshing tech-
nique was employed in discretizing this region so that all cells have quadrilateral shape. In
order to capture sharp velocity gradients near wall due to steep temperature gradient caused
by boiling process and conductive heat transfer, ne meshes were generated closer to surface
boundaries where these phenomena are most pronounced.

The bothk e andk w turbulence models were planned to be used in this study and the
results were compared. Therefore, in order to handle both models, as each of them has
different requirements for the dimensionless wall distagtetwo different mesh processes
were designed.

Values ofy* between 30 and 300 are usually well-suited to treerkedel. So, the area close
to the wall should produce a coarser mesh. In contrast, thenedel can only capture the
boundary layer effects with a mesh that is signi cantly ner close to the wall, preferably with
y*" values below 5, and ideally around 1. Consequently, this model's mesh was ne-tuned.

For preliminary step, the assumed appropnidtevas used to determine the wall distance in
order to ensure accuracy.
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The Reynolds number is calculated using the following formula:

r vd
Re=

(58)

Where:

r is density
mis dynamic viscosity
vis the uid velocity

d is the pipe diameter (characteristic length)

By having all of these parameters, and obtaining Re number, the friction factor is de ned:

0:079

fo= R&Z5 (59)
The wall shear stress is determined using the friction factor and the velocity:
1
tw=fo 51 V2 (60)
The wall shear stress is used to obtain the friction velacity
r
tw
u = r— (61)

Now, by having these parameters and assuming an approgriagg, which de nes the
distance between the rst cell center and the wall, can be calculated:

(62)

To nd the the total number of layers, rst layer thickness which is twygeand growth rate

of the mesh layers, are needed: is a factor that determines the rate at which the thickness

of each succeeding layer increases relative to the thickness of the previous layer. Therefor,
by assuming a reasonable growth rate of the mesh layers which in this study is 1.2, total
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number of layers can be calculated by following equation:

L(1 r)
_ log 1 —

log(r) (63)

And Bias Factor which is used in Ansys Meshing and controls the distribution of mesh nodes,
is estimated by:

BF=r"1 (64)

BF allows for a higher concentration of nodes near the walls and a lower concentration of
nodes farther away from the walls.

In this way, the desired mesh can be generated yiitn the required range for the turbu-
lence models, and both types of meshes are shown in Figure 10.

(a) Generated mesh far e model (b) Generated mesh fa&r w model

Figure 10: Mesh structure for different turbulence models

A preliminary one-phase simulation was carried out to develop the velocity pro le and nd k
and epsilon or k and omega values for the main test section inlet. A velocity-inlet boundary
condition was employed for the inlet. The magnitude of the velocity was calculated to be
1.048m=s by considering given mass ow rate, water density and pipe diameter values. For
specifying turbulence at the inlet, a hydraulic diameter of 15.4 mm and a turbulent intensity
of 5% were employed with this choice of turbulence speci cation model. This value signi es
that the velocity changes caused by turbulence account for 5% of the average velocity. The
temperature of inlet ow was adjusted to 200 °C .
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Outlet conditions were described using pressure-outlet type boundary conditions. Back ow
total temperature is assumed equal to saturation temperature which corresponds to 257.4 °C,
in addition outlet turbulence speci cation procedure remained same as for inlet.

The wall was designed with a no-slip condition, which implies that the velocity at the wall
is zero. No heat ux was assumed on pipe wall during rst simulation. Also, the simulation
incorporated the acceleration due to gravity, which acted in the opposite direction of the
X-axis.

The magnitude of the velocity at the pipe's inlet and outlet is shown in the Figure 11 and
illustrates how the velocity pro le develops as a result of uid dynamics in the pipe and wall
friction.

Figure 11: Velocity pro les at the inlet and outlet of the pipe in pre-simulation

This realistic velocity pro le can make sure that the initial conditions match the ow charac-
teristics and improves the accuracy of the simulation. So, this pre-simulation velocity pro le
was utilized as the velocity inlet of water for the main investigation.

The research focuses on a two-phase ow issue which is to examine the boiling phenom-
ena inside the pipe. So, in this step multiphase model was activated and water and steam
properties was incorporated under a pressure of 45 bar. Also, the setup for all models was
completed in accordance with the explanations provided in the methodology section.

At inlet, velocity of vapor phase was taken to be zero and volume fraction also set to zero
which means only liquid water entered into pipe. Outlet conditions were de ned using pres-
sure outlet boundary condition. For mixture, turbulent intensity speci cation method consid-
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ered 1% back ow and hydraulic diameter based turbulence. Furthermore, total temperature
of back ow was set equal to saturation temperature for both water as well as steam. Volume
fraction speci cation method for outlet vapor was made “From Neighboring Cell” which
calculates vapor volume fraction using nearby cells. On the other hand, Ansys computes
volume fraction of primary phase itself based on calculated amount for vapor. Moreover,
heat ux of 570kW=n? has been applied upon pipe wall.

The mesh generated for thenkmodel, which has ne meshes near the wall, did not work
well for the boiling model due to the high aspect ratio. According to (Braz Filho, Ribeiro

& Caldeira, 2015), the higher the aspect ratio (greater than 1), the higher the likelihood of
divergence. Similarly, in this study, it was found that when the aspect ratio signi cantly de-
viated from 1, the results diverged. Therefore, due to the aspect ratio limitations, a coarser
mesh with a highey* value was used. This mesh meets the requirements of émadeel.
Regarding the kv model, Fluent utilizeg* -insensitive near-wall treatment in all-mod-

els.

According to Ansys, thg* -insensitive near-wall correlation method has an approximate er-
ror of 5.86% compared to experimental resultsyfotess than approximately 25. Therefore,
as the measuregt after running the simulation was 15, this correlation method was useful
for decreasing the sensitivity of\-method to variation of* , and it is expected that this
level of error may be observed in the results when using therkedel.

5.1.2 \eri cation

Simulation veri cation is a sequence of steps directed towards assuring that the calculated
model represents physical events correctly. These steps include algorithm veri cation, code
veri cation, solution veri cation, and validation. (Roache, 2009)

Algorithm veri cation involves checking whether these numerical algorithms are well de-
signed and executed. The numerical algorithms used in simulation software should correctly
solve the mathematical equations of the model. In this Ansys simulation, all parameters such
as properties of materials were checked and required models have been activated ensuring
all set ups were done right. Also, all requirements for models were checked as mentioned.

Code veri cation is about making sure that the software executes numerical algorithm with-
out any programming errors.

Solution veri cation entails estimating reduction of numerical error to verify that the numer-
ical solution converges accurately to the genuine solution. veri cation includes evaluating
discretization errors, iterative convergence errors and independence of time step.One impor-
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tant part of solution veri cation within Ansys is continuous residual checking. Residuals
show how well the solution has converged by measuring the difference between consecutive
iterations. These residuals should be either small in value or remaining at such levels for
some iterations, which would mean that numerical solution is converging accurately. Sec-
ondly, it becomes necessary to monitor certain variables to ensure consistency throughout
iterations. To evaluate stability and convergence during this simulation, void fraction along
with pressure drop across the outlet was monitored during the run. When measurements
taken over several iterations are uniform, it can be assumed that a steady state has been
reached by the model.

In this simulation, the problem of verifying the solution was also dealt with by performing a
mesh independence analysis. This involved making improvements to the mesh while care-
fully looking at the results from different mesh sizes to make sure they didn't change the
outcome.

The outcomes of a study on mesh independence are illustrated in Figure 12. The graph
shown in Figure 12a represents the velocity of water in outlet of pipe with respect to number
of cells. It can be observed that when cell number increases, outlet velocity stabilizes; thus
indicating that additional mesh re nement does not affect simulation outcomes signi cantly.
Therefore, this behavior implies that the solution is convergent and accurate results can be
obtained by employing suf ciently ne meshes. Similar trend is displayed in Figure 12b for
volume fraction of vapor. This indicates that further optimization will not have impact on
results, proving that the mesh successfully captured the vapor distribution in the pipe.

These ndings suggest that a mesh with around 15,000 to 20,000 cells would be a good

compromise between computational performance and accuracy for the simulation. Beyond
this range there is no change noticeable either in outlet velocity or average volume fraction

for vapor, and makes it clear that the solution becomes independent on meshing technique
employed.

Regarding to the last step of veri cation, the simulation results compare the average vapor
volume fraction along the pipe using both the e andk w turbulence models as well as
experimental data recorded in Bartolomei & Chanturiya (1967)'s study. This comparison is
shown in the Figure 13.

As it is obvious in Figure 13, the area-weighted average volume fraction for vapor indicates
that thek w model is better suited and more precise in simulating boiling inside the pipe.
The model's results are both thorough and accurate, which enhances its reliability in handling
two-phase ow problems involving boiling. As shown on the gure, steam generation starts
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(b)

Figure 12: Mesh independence study (a) Outlet velocity of water and (b) Average volume
fraction of vapor in the pipe as a function of the number of cells

at about 700nmmalong the tube and becomes more intense towards its outlet.

This study examined the phenomenon of upward ow boiling in a vertical tube under the
in uence of a consistent heat ux. Vapor void fraction in the last section of the tube is rep-
resented by Figure 14. It demonstrates the locations within a pipe where steam is produced
and accumulated. Vapor volume fraction is shown by colour gradient in this gure, where
blue indicates regions of low vapor concentration and red denotes high ones.

In order to gain a better comprehension of the heat transfer in the two-phase boiling model,
a separate simulation was run at the same inlet temperature but a higher pressure (80 bar)
to prevent the boiling phenomenon. This simulation maintained the same heat ux and ow
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Figure 13: Contours of volume fraction of vapor

velocity. And the results are presented in Table 5.

Phases go through the same pipe at the same time in a multiphase ow. The super cial
velocity simpli es the analysis by considering each phase separately, as if it were owing
alone along the entire cross-sectional area of the pipe. For the purpose of comparing various
ow conditions, it offers a standardized measurement. When comparing conditions and
OW regimes across various systems or operating settings, it is very bene cial in industrial
applications. The super cial velocity is the rate of volumetric ow of a liquid or gas divided

by the whole area of the pipeline's cross-section.

For each phase:
Ug= 2 (65)

Where for phase i:

Us; is the super cial velocities of the phase
Q; is the volumetric ow rate of the phases

A'is the total cross-sectional area of the pipe.

The velocity of the uid mixture can be also determined by adding together the super cial
velocities of the gas and liquid components.
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Figure 14: Contours of volume fraction of vapor in a vertical pipe

_ Q+ Qg

Um= Ug + Ugg= A (66)
Each phase's actual velocity could vary greatly from its super cial velocity.
For the gas phase:
us o (67)

that:

U; is the actual velocities of the phase

a; is the volume fraction of the phase.

According to the table, the average mixture velocity for two-phase ow was 1.21 m/s, which
was higher than the single-phase scenario. It illustrates that the existence of vapor bubbles
in the mixture enhances the total ow rate, because of the reduced density and increased
volume of the vapor phase in comparison to the liquid phase.

Also boiling ow changed the viscosity and causes a signi cant increase in the Reynolds
number. Super cial velocities are used to calculate Reynolds numbers of each phase sepa-
rately:

For the gas phase :
_ riUsiD

(68)
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Table 5: Comparison of heat transfer results in single-Phase and two-Phase ows in a vertical
pipe

Parameter Single-Phase Two-Phase _
Water | Vapor | Mixture
Inlet Temperature (°C) 200.0 200.0 - -
Outlet Temperature (°C) 274.04 257.83| 257.40 -
Enthalpy Difference (kJ/kg) 329.85 - - 325.05
Surface Heat Flux Coef cient (W/m2°C) 2055.00 - - 2182.78
Average Velocity (m/s) 1.02 - - 1.21
Outlet Velocity (m/s) 1.05 2.42 2.55 2.49
Reynolds Number in the Outlet 1:04 10° - - 2:25 10°
VOF Outlet - 0.46 | 0.54 -

And for the mixture:

Ren = (69)

The Reynolds number in the single-phase condition waé 110°, whereas it increased for
the mixture to 25 10° which proves more turbulence ow, enhancing mixing and also
heat transfer probability.

Table 6: Super cial parameters for each phase in boiling simulation of a vertical pipe

Parameter Water Vapor
Super cial Velocity (m/s) 1.12 1.37
Reynolds Number | 1:16 10° | 268 10*

However, the surface heat ux coefcient in the two-phase condition was 2182 W/maK,
which was higher than the single-phase condition of 2055 W/m2K. Therefore, in compar-
ison to the one-phase model, the two-phase boiling model exhibited better turbulence and
greater heat transfer coef cients. However, as phase distribution was not uniform, high va-
por fractions close to the walls reduced heat transfer due to lower thermal conductivity of
vapor.

In the boiling model, water entered the pipe at 200°C and increased by 57.4°C, resulting in
a mixture ow of water and vapor at the outlet. The amount of heat absorbed by the mixture
in this state is 54.47 kW, whereas in the non-boiling state by 74°C, it absorbed 55.90 kW of
heat. To make a better comparison, the energy per unit mass is a more suitable parameter. It
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shows that in the single-phase model, under the given conditions, 330 kW-s/kg of heat was
absorbed. However, this value reduced to 325 kW-s/kg in the boiling model. It seems that
due to the high volume fraction at the out ow of the boiling model, there is a substantial
decrease in heat transfer. It is one of the problems of boiling, as indicated in Section 2, and
to enhance heat transfer the aim should be keeping the ow in bubbly regime.

5.2 Boiling Simulation in a Curved Pipe

Since the motor has been modeled under conditions close to reality, it has a complex ge-
ometry and the heat distribution for the pipes within the motor has not been simpli ed to
methods like the Constant Wall Temperature or Constant Heat Flux methods, as explained in
the section 3.7. So, it was necessary to simplify the problem to proceed step by step. In this
part, a 2D model of a curved pipe under the conditions of the pipes inside the jacket in the
Switch motor was simulated. The number of cells was 3600yanaas measured 3 which

is near to ideal.

The same methodology was also implemented on a 2D curved pipe. To ensure consistency
with real-world conditions, the same conditions as the Switch company's electric motor were
considered. Therefore, a pipe with an inner diameter ahivas simulated. The pipe was

bent into a quarter circle with a bending radius of 265 This simulation was carried out

at atmospheric pressure.

The heat provided by the motor to the water pipe was simpli ed as continuous and uniform.
The total heat losses of one-fourth of the engine in Table 9 are calculated to be 3725 W.
With a surface area of the motor pipes being 0.1866the heat ux along the length of the

pipe was assumed to be a constant value of 2BW&n¥. However constant heat ux was
applied on the pipe walls, the buoyancy effect in multiphase ow signi cantly in uences
the ow velocity eld. This effect makes the hydrodynamic characteristics in a curved pipe
more closely resemble the realistic cooling pipes in the Switch electric motor compared to
a straight pipe. The non-uniform velocity eld in the pipe would affect the overall heat
transmission or heat convection to the uid.

Initially, in the simulation, water at 38.2°C and with velocity of 0.243 m/s entered the pipe,
which corresponds to the conditions of the water in the jacket pipes of The Switch motor
described in section 5.3.

In the curved pipe under boiling conditions, water with a temperature close to saturated
conditions (99.85°C) entered the pipe in the upward direction. It is important to note that
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the model converged with the Coupled scheme as pressure-velocity coupling technique,

whereas the Phase-Coupled SIMPLE scheme did not perform well. Moreover, Second order

discretization for pressure leaded to divergence, however, PRESTO! method decreased the
amounts of residuals and achieved the results.

As observed in Figure 15, boiling occurred along the length of the pipe and vapor volume
fraction of 0.76 was achieved at the exit.

Figure 15: Contours of volume fraction of vapor in the curved pipe

The enthalpy change for the single-phase ow was determined to be 7545 J/kg, which is the
amount of energy needed to raise the water temperature by 1.8°C. On the other hand, the
boiling-characteristic two-phase ow showed a reduced enthalpy change of 5589 J/kg. By
comparing two-phase and single-phase ows, the enthalpy differéddgratio is 0.74. The

results can be seen in Table 7.

System heat transfer capability is measured by the surface heat transfer coef cient. The
single-phase ow showed an impressive heat transfer coef cient of BVABFC. The rel-
atively high Reynolds number of 3627 indicated that the water was being heated effectively
by a transition ow that was approaching turbulence. The heat transfer coef cient, however,
decreased to 269WW=n¥C in the two-phase ow. The main reason for this decrease in ef-
ciency was that as water boiled, a layer of vapor formed along the walls of the pipes. This
layer acted as an insulator and lowered the overall heat transfer ef ciency.

For both single-phase and two-phase ows, Figure 16 demonstrates how the heat transfer
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Table 7: Comparison of heat transfer results in single-Phase and two-Phase ows in a curved
pipe

Parameter Single-Phase Two-Phase.
Water | Vapor | Mixture
Inlet Temperature (°C) 38.2 99.85 - -
Outlet Temperature (°C) 40.0 100.1 | 100.0 -
Enthalpy Differences (J/kg) 7545 - - 5589
Surface Heat Transfer Coef cient (W/m2°C) 617.6 - - 269.7
Average Velocity (m/s) 0.24 - - 0.58
Outlet Velocity (m/s) 0.24 1.02 | 1.04 1.04
Reynolds Number in the Outlet 363 1C° - - 450 10*
VOF Outlet - 0.24 0.76 -

coef cient varies throughout the pipe. 569-780-mC was the range of the heat transfer
coef cient. but the heat transfer coef cient ranged from 267 to 2vmCin the two-phase

ow shown in Figure 16b. It seems that the vapor layer that formed along the pipe walls
served as an insulating barrier and was responsible for this reduction. It is clear from the
wall contours that where boiling occurred prominently and the volume fraction of vapor was
high, the heat transfer coef cient decreased. The reduced thermal conductivity of the vapor
phase in comparison to the liquid phase was congruent with this nding. As the volume
fraction of vapor increased, the effective thermal conductivity of the uid mixture decreased
and caused to lower heat transfer coef cient.

(a) One-phase ow (b) Two-phase ow

Figure 16: Heat transfer coef cient contours of upward ow in the curved pipes

There were noticeable difference between the two uids in terms of the super cial velocities
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of the phases, which measure the velocity of the phase the phases as they would ow inde-
pendently along the whole pipe's cross-section (Table 8). Particularly, water had a measured
super cial velocity of 0.24 m/s and vapour a substantially higher super cial velocity of 0.79
m/s. As this difference showed, the vapor phase tended to ow much faster along the length
of the pipe than the liquid phase. The notable disparity in the super cial velocities of water
and vapor underscores the signi cance of accounting for phase interactions in multiphase
ow simulations. The higher velocity of the vapor phase has capacity of convective heat
transfer improvement by increasing turbulence and mixing, though the potential decrease
in the actual heat transfer coef cient caused by the insulating properties of the vapor layer
should be considered.

Table 8: Super cial parameters for each phase in boiling simulation of a curved pipe

Parameter Water Vapor
Super cial Velocity (m/s) 0.24 0.79
Reynolds Number (Re)| 1:19 10* | 585

The observed average velocity of the mixture in the two-phase ow was 0.58 m/s, which
Is more than double the super cial velocity of the water phase alone. The rise in average
velocity highlights the substantial in uence of the vapor phase on the overall ow dynamics.
The velocities of both water and vapor at the out ow were almost the same, measuring 1.02
m/s for water and 1.04 m/s for vapor. According to the data in Table 7, the two-phase ow
experiences more intense motion because of the vapor, which contributed to the development
of a very turbulent regime. Therefore, as it was expected, Reynolds number in two-phase
ow is more than the case without boiling.

However, despite the high turbulence in the boiling case, 19.52 kW of heat was absorbed,
while water at a temperature of 38°C was able to absorb 27.45 kW of heat. This means
that the absorbed energy was 5.59 kW-s/kg for the two-phase ow and 7.54 kW-s/kg for the
single-phase ow.

As explained in section 2, the enhancement in heat transfer for the two-phase ow is partic-
ularly noticeable during the early phase of the transition in bubbly ow regime. According
to the ndings, the presence of bubbles in the pipe causes an increase in the velocity of the
ow and improves the mixing, resulting in heightened turbulence. Bubbles, when distributed
throughout the liquid in a state of bubbly ow, enhance the process of heat transfer. How-
ever, when they gather in close proximity to the walls, they experience dif culties with the
heat transfer process, leading to a decrease in heat transfer ef ciency.
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The simulated model encountered a challenge caused by the signi cant volume fraction,
resulting in the vapor acting as an insulator and reducing the rate of heat transfer. Conse-
qguently, due to the variable heat ux, it is expected that in the motor, heat absorption in
speci c regions of the pipe be more than this constant heat ux. Therefore, the likelihood
of exceeding the critical heat ux is even higher which would cause sudden vapor accumu-
lation at certain points near the wall and results in disturbances in the heat transfer process.
Thus, the results showed that by considering the speci ed ow rate and heat ux, this motor
parameters were unsuitable for implementing the two-phase heat transfer technique in water
pipes in the jacket. However, the following section aimed to examine these situations in the
motor.

5.3 Case Study

To make the results more applicable and to simulate realistic conditions in the engine, all
these methods and submethods were applied to the Switch electric motor ( Figure 17). The
Switch offers advanced high-speed motor technology speci cally developed to facilitate the
use of hermetic compressor units in heat pump applications. In this case study, the geometry
and mesh of electric motor model have been provided by The Switch (Figure 18).

(@) (b)

Figure 17: Geometry of The Switch high-speed electric motor

This motor featured a total of eight distinct cooling pipes within its jacket. Figure 17a depicts
the cooling system, which consists of air cooling within the machine and water cooling
within the jacket. The generator is designed with two inlets through which the air ow
enters. The air then passes through the holes in the stator stack and the gap between the
rotor and stator, as indicated by the arrows in Figure 17a. Finally, the air exits the generator
through a single outlet (Figure 17b). To keep the motor running at peak performance and
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