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Abstract

This thesis investigates subcooled nucleate boiling in a coolant jacket of a heavy-
duty diesel engine, using a Conjugate Heat Transfer - Computational Fluid Dynam-
ics (CHT-CFD) framework. As modern engines operate at increasingly high thermal
loads under strict efficiency and emissions requirements, an accurate prediction of
local cooling performance is essential. In cast-iron heavy-duty diesel engines, regions
exposed to high thermal loads may experience nucleate boiling, which can enhance
heat transfer if controlled, but may also lead to deterioration of cooling performance
if excessive boiling occurs.

The work focuses on the implementation, calibration and validation of the Blended
Boiling Model (BBM) and an extended Dry-spot Blended Boiling Model (DBBM) in
STAR-CCM+ for two heavy-duty diesel engine variants. The models are evaluated
in both a simple academic framework and a complete engine simulation framework,

both validated with relevant experimental data. Their performance is also compared
with that of other boiling models available in STAR-CCM+.

The results show that both BBM and DBBM predict boiling heat flux with rea-
sonably good accuracy. The BBM performs well in the partial boiling regime and
provides a useful indication of boiling intensity with a parameter called probability
of bubble interactions. However, under low pressure and low coolant mass flow con-
ditions, where the occurrence of a transition from nucleate boiling to film boiling
is evident in the experiments, the BBM underestimates the wall temperatures. By
introducing a dry-spot probability, the DBBM extends the modeling capability into
more severe boiling regimes and improves the prediction in regimes where excessive
boiling is observed in the experiments.

Keywords: CFD, STAR-CCM+, subcooled flow, nucleate boiling, Film boiling, heat
transfer, multiphase flow
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Below is the list of acronyms that have been used throughout this thesis listed in
alphabetical order:

BBM Blended Boiling Model

BDL Boiling Departure Lift-off

CFD Computational Fluid Dynamics
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CHT Conjugate Heat Transfer
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MP Multiphase

ONB Onset of Nucleate Boiling

RPI Rensselaer Polytechnic Institute
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Nomenclature

Below is the nomenclature of parameters and subscripts that have been used through-
out this thesis.

Parameters
T temperature [K]
AT temperature difference [K]
o surface tension [N/m]

dynamic viscosity [Pas]

v kinematic viscosity [m?/s]

p density [kg/m3]

h specific enthalpy [J/kg]

hye forced convection heat transfer coefficient [W/(m? K)]
Pop nucleate boiling heat transfer coefficient [W/(m? K))]
hi, latent heat of vaporization [J/kg]

ki thermal conductivity of liquid [W/(m K)]

kg thermal conductivity of gas [W/(m K)]

[on specific heat [J/(kg K)]

Pr Prandtl number [-]

Re Reynolds number [-]

Nu Nusselt number -]

Ja Jakob number -]

q heat flux [W/m?|

q’ wall heat flux [W/m?]

m” mass flux [kg/(m?s)]

N nucleation site number density [sites/m?|

A area [m?|

X1



xii

diameter [m]

bubble radius [m]

bubble departure radius [m]
bubble lift-off radius [m)]
bubble departure diameter [m]
average bubble diameter [m]
frequency [Hz|

time [s]

evaporation time scale [s]

condensation time scale [s]

time between bubble departure and the nucleation of the next bub-

ble [s]

velocity [m/s]

relative velocity [m/s]
gravitational acceleration [m/s?|
force [N]

drag force [N]

lift force [N]

buoyancy force [N]

bubble growth force [N]

drag coefficient [-]

lift coefficient [-]

wall correction constant [-]
surface-fluid empirical constant [-]
inclination angle [rad]

contact angle [rad or °|

thermal diffusivity [m?/s]

vapor volume fraction [-]
reference vapor volume fraction [-]
probability of bubble interaction [-]
probability of dry spot [-]
evaporation source term [s™!]

condensation source term [s7!]

vapor volume fraction source term [s™!]

liquid volume fraction source term [s7!]



Ty,eq

K cond

K quench
Fy

Subscripts

sat
sub

lv

nb
FDB
BDL
BBM
DBBM
ONB
nt

dry
conv
evap
cond
quench
wall
ref
hyd
bulk

vapor mass fraction [-]
pressure [Pal

length scale [m)]
condensation constant [-]
quenching area factor [-]

area coefficient scaling [-]

saturation

subcooled

latent heat of vaporization
forced convection

nucleate boiling

fully developed boiling
boiling departure lift-off
blended boiling model
dry-spot blended boiling model
onset of nucleate boiling
interaction

dry-spot

convection / convective
evaporation / evaporative
condensation / condensing
quenching

wall

reference

hydraulic

bulk

wall

bulk

saturation

liquid

vapor

xiil
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gas

mixture
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1

Introduction

The continuous demand for increased efficiency, smaller size, high-power density en-
gines and reduced emissions in the modern automotive industry has led to increas-
ingly compact engine designs operating under elevated thermal loads. The need for
highly effective cooling systems is necessary to keep component temperatures within
acceptable limits to ensure engine durability and life expectancy. In liquid-cooled
combustion engines, heat removal is often achieved with intended convective cooling
within the coolant jacket.

Heavy-duty Diesel engines are made from cast-iron compared to other automotive
applications, e.g. aluminum for passenger car engines. They operate at higher
thermal loads, increasing the necessity for efficient cooling. In high specific-power
engines, nucleate boiling often occurs unintentionally in regions exposed to high
thermal loads. To a further extent, this can lead to film boiling, which has devastat-
ing consequences for engine components. The conventional approach has therefore
been to suppress this type of boiling by increasing the coolant flow rate, the system
pressure or a combination thereof. This strategy prevents any form of boiling and
thus does not explore the potential for increased heat transfer and the benefits of
controlled nucleate boiling.

Nucleate boiling is the vaporization of the liquid coolant in the form of vapor bubbles
on the heated surface when the surface temperature exceeds the saturation temper-
ature of the liquid. Nucleate boiling can be categorized into different regimes. The
regimes are; isolated bubbles, partially developed boiling, fully developed boiling,
transition boiling, and film boiling. Increasing the surface temperature to a few
degrees above the saturation temperature leads to vapor formation on the heated
surface in the superheated region of the fluid close to the wall. Nucleate boiling can
be categorized into pool- and flow boiling depending on whether the liquid is static
or in motion. Nucleate boiling enhances heat transfer through increased mixing and
latent heat transport. This mechanism can significantly improve local cooling. Ex-
cessive boiling may lead to bubbles coalescing into a continuous vapor layer at the
heated surface, often referred to as dry-out, which drastically reduces heat transfer.
This is due to the low thermal conductivity of the vapor film at the heated surface.
This phenomenon is called film boiling, which could result in local overheating and
potential damage to engine components.
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Nucleate Boiling Film Boiling

00 Ogc%o | OOQ
06)63588000 Q. -0 o
CO0&0 6o oo i

Heated Surface

Figure 1.1: For the same substrate and boiling fluid, two different conditions:
Nucleate boiling and Film boiling, respectively.

Modeling this process can be difficult because the boiling process is inherently com-
plex and depends on multiple parameters, such as velocity, pressure, temperature,
material-liquid combinations etc., which are still not fully understood. To quote
Steiner et al. [1]:

"A realistic, physically sound model description of nucleate boiling flow
1s still challenged by very fundamental difficulties, as this highly complex
phenomenon involves many sub-processes which are not fully understood
yet "

Therefore, the objective of this thesis is to develop, validate and extend the ca-
pabilities of existing models on a CFD-CHT based model for predicting subcooled
nucleate boiling in diesel engine coolant jackets under different operating conditions.
The work focuses on implementing a semi-mechanistic wall boiling model to estimate
boiling heat flux, assessing single-phase and different mixture-multiphase models in
terms of accuracy and computational cost and validating the approach against ded-
icated experiments and engine test-rig measurements. Finally, the validated models
are used to identify regions and operating conditions with an increased risk of ex-
cessive boiling and to propose safe limits for controlled nucleate boiling without the
risk of film boiling.

1.1 Background

The general approach has been to validate boiling models on simple geometries
with experiments and then further implement the models in a CFD-CHT simula-

2
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tion framework of an internal combustion engine. Punekar and Das [2] used Chen’s
boiling model [3] within a CED-CHT framework. Shala [4] has used the Rensselaer
Polytechnic Institute (RPI) boiling model proposed by Kurul and Podowski [5] using
a mass transfer model when accounting for the presence of the vapor phase within a
mixture multiphase model. Hua et al. [6] also used the RPI boiling model in a two
fluid Eulerian approach in a CHT framework. Finlay et al. [7] experimented with
a 50% volume mixture of EG/W in a uniformly heated cylindrical duct to investi-
gate subcooled flow boiling using different materials such as copper, aluminum and
cast-iron. They concluded that nucleate boiling can have a significant influence on
heat transfer, particularly at velocities below 1.0 m/s. Ramstorfer et al. [8] investi-
gated subcooled flow boiling heat transfer with different types of coating applied to
cast-iron surfaces in a vertical test channel, using a 40/60 EG/W composition. The
results demonstrated that the heated surface can significantly influence the intensity
of boiling heat transfer due to the modified microstructure after coating. Chen et al.
[9] studied the effects of bubble growth with microlayer evaporation using numerical
methods and found a greater rate of microlayer evaporation with a higher thermal
conductivity of the heat transfer surface.

The boiling models discussed in the aforementioned studies predict the intensity of
boiling under specific thermal and flow conditions. However, they rarely account for
the total extent of boiling relative to an upper limit, which is necessary to prevent
transitions to film boiling regimes. The paper by Vasudevan et al. [10] created a
boiling model for the local nucleate boiling effect based on Poisson distributions.
The model is built using a semi-mechanistic approach aimed at capturing the mul-
tiple phenomena involved in nucleate boiling. The blended boiling model (BBM)
was based on internal combustion engines for commercial automotive vehicles con-
structed from aluminum. The Blended Boiling Model (BBM), in conjunction with a
CFD-CHT simulation framework for internal combustion engines, can predict boil-
ing heat flux given thermal and flow conditions. The probability parameter (I1;,;)
used in the model, which indicates vapor bubble interaction, can also be used for
conservatively quantifying the risk of film boiling.

1.2 Purpose

The primary aim of this work is to adapt and implement the BBM, within a CHT
framework for a heavy-duty diesel engine in the CFD code, STAR-CCM+. This
involves implementing the model in a multiphase framework and comparing it with
FCHT (no boiling), single-phase and multiphase framework model alternatives, as
well as experimental values. Secondarily, propose improvements to the model to
better predict boiling within an HDD framework.

1.3 Goals

o Implement the boiling model for an academic baseline case for calibration.



1. Introduction

o Implement the boiling model within an existing engine CFD-CHT simulation
framework.

o Compare the proposed model with existing boiling models available in STAR-
CCM+.

o (Calibrate the model parameters using the available experimental data from
baseline and engine tests.

o Investigate the influence of operating parameters: coolant pressure, flow rate
and bulk temperature.

o Investigate the ability of the models to estimate the risk of film boiling.

o Extend the proposed model to account for the effects of dry-spots.

1.4 Limitations / Demarcations

The study focuses on steady-state CFD simulations of the coolant-side boiling phe-
nomena within the engine cooling jacket. Structural deformation, long-term material
degradation, and combustion-side thermal fluctuations are beyond the scope of this
work. Model validation is limited to published experimental data and in-house en-
gine test data. Furthermore, transient engine operating cycles are not considered in
the present study.



2

Theory

2.1 Subcooled Boiling Flow

When a surface is heated above the saturation temperature of the liquid, boiling is
initiated. When the bulk temperature equals the saturation temperature, it results
in boiling known as saturated boiling, where no condensation occurs. Subcooled
boiling is defined as boiling that occurs when the bulk liquid temperature is below
the saturation temperature. The vapor bubbles formed due to nucleate boiling on
the heated surface condense when they come into contact with the subcooled liquid
bulk, making the bubbles concentrate close to the heated surface.

Compared to convective heat transfer, i.e. conditions without the occurrence of boil-
ing, subcooled boiling flow involves different phenomena that enhance heat transfer
in the system. Nucleate boiling can be categorized into two subgroups: pool boiling
and flow boiling. Pool boiling is known as boiling in which the liquid bulk remains
stationary, and the heat transfer is a combination of natural convection and nucle-
ate boiling. In contrast to pool boiling, when boiling occurs in forced flow, forced
convection dominates and the boiling is delayed.

Nucleate boiling occurs in the superheated region close to the surface, where the
temperature is above the saturation temperature. This is further delayed in flow
boiling, where the forced flow suppresses nucleate boiling. The temperature must
then reach the Onset Nucleate Boiling temperature (Tonp) before it starts to boil.
This temperature is derived using the criterion for onset nucleate boiling from Sato
and Matsumura [11]

(2.1)

40Ty vish g kerhi ATop \
A,-Z—‘sat,ONB = ? Uy |:1 + (l l b >

klhlv 2O—T‘satvlvh]"c

Where AT, is the temperature difference between the temperature of the subcooled
liquid and the saturation temperature.

Several mechanisms of heat transfer and fluid flow can be observed in subcooled boil-
ing. Based on the occurrence of one or more of these mechanisms, different boiling
regimes are identified within subcooled boiling. These regimes can be represented
on a boiling curve shown in the figure 4.22, where the y-axis is logarithmic. AB
is the single-phase regime, driven only by natural or forced convection. The wall
temperature at this point has yet to reach the ONB and no boiling has occurred yet.
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With increasing wall temperature, boiling becomes prevalent as isolated bubbles can
be observed in the BB’ section. The boiling curve starts to diverge from forced con-
vection heat transfer (FCHT), and the heat transfer rate increases exponentially.
The curve reaches partial boiling in B’C, the bubbles are dense enough for bubble
interaction and can no longer be assumed to be fully isolated. In the region C'D,
the flow has reached fully developed boiling, where the heat transfer mechanisms
are similar to that of pool boiling. With further increase in wall temperature, the
system experiences maximum heat flux, known as Critical Heat Flux (CHF). Any
further increase in temperature results in Departure from nucleate boiling (DNB).
Past the CHF, in the region DFE, The boiling has reached transition boiling, where
vapor bubbles has increased in such amounts, that they build a film on the wall,
reduces the liquid contact to the wall. The Vapor film acts as an insulator between
the liquid and the solid thus reducing the heat flux. In E'F, the heated surface is
fully covered by the vapor film. This regime is called film boiling and is mostly
driven by the forced convection of the vapor. This occurs for a wall temperature
controlled system, whereas for a heat flux controlled system, at the CHF, the flow
directly results in film boiling along DD’.

q A
F
D D'
C
BI
E
B AL-""

—t ’ ot

A
Tsm TONB Tw

Figure 2.1: Boiling Curve showing the different Regimes from A-F

2.2 Numerical Boiling Models

Because of the complexity of subcooled flow boiling, the heat flux needs to be numer-
ically modeled. Numerical models use a combination of mechanistic and empirical
approaches to estimate heat flux in different regimes.

2.2.1 Rohsenow Pool Boiling Correlation

The well-established Rohsenow’s correlation [12] was developed empirically to esti-
mate the wall heat flux in pool boiling. Since the Fully Developed Boiling (FDB)
regime is similar to pool boiling, Rohsenow’s correlation is accurate within that

6
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regime.

The expression for Rohsenow’s correlation is defined as:

glpr—po) [ aATs \"
CsfhlvPT7p

qrpB = fhw (2.2)

Where py, p1, ¢; and Pr; are the dynamic viscosity, density, specific heat and Prandtl
number of the liquid, respectively. p, is the vapor density, h;, is the latent heat of
vaporization and o is the surface tension. Cyy¢, n, and m are empirical parameters
that depend on the heated surface-coolant material combination and the composition
of the coolant mixture.

2.2.2 Boiling Departure Lift-off

The Boiling Departure Lift-off (BDL) model by Steiner et al. [13] is designed to
approximate the wall heat transfer for subcooled flow by improving the classical
Chen [3] approach which means that local flow properties are used instead of global
bulk parameters, with a semi-mechanistic approach based on the dynamics of a
single-vapor bubble. The BDL model uses a heat flux partitioning approach, which
partitions two additive contributions: forced convection (gy.), due to the motion of

the liquid, and nucleate boiling (g,), due to the formation and interaction of vapor
bubbles with the bulk liquid; and is defined as:

4BDL = qfc + Gnb - SflowSSub (2.3)
Where the forced convection heat flux (gy.) is defined as:
qfc = hfc(Tw - Tb) (24)

Following Chen’s proposal, gy. is dependent on the difference between the wall- (7))
and bulk temperatures (73), where hy. is calculated using the Dittus-Boelter [14]
equation.

hed
Nug, = % = 0.023Re)® Pro (2.5)
The nucleate boiling heat flux (g,;) is defined as follows:
Gnb = hnb<Tw - Tsat) (26)

And it depends on the difference between the wall- (T,) and saturation temperature
(Tsat), where hyy, is obtained using a correlation from Forster and Zuber [15]:

0.79 .0.45 ,0.49

1 Cpa1 P1 0.25 A - 0.75
hpp = 0'0012200-5u0-2§h?'24 0'24ATsat Ap, (2.7)

v Pg

For subcooled flow boiling, Klausner et al. [16] and Steiner et al. [13] observed
the following mechanism that suppressed the boiling heat flux. The experiments
resulted in two suppression factors; flow-induced suppression (Sf,) and subcool-
ing induced suppression (Ssup). Sfiow accounts for the inertial forces of the forced

7



2. Theory

flow, which prematurely detaches the growing bubbles from their nucleation sites.
Seu accounts for the condensation of the bubble tip, which is in contact with the

subcooled liquid bulk.

Steiner [13] solves the static force balance of the bubble at the instant of departure
and lift-off. From the force balance, the bubble radius of the two instances (depar-
ture, (rp) and lift-off, (r1)) can be determined. These radii can be expressed as a
ratio to define the flow-induced suppression term (Sy0,,) as follows:

S fiow = -2 (2.8)

rL

In pool boiling, these radii are equal (Sf0, = 1). However, as the bulk velocity in-
creased, rp decreased relative to rp, thus reflecting how the flow suppresses bubble
growth.

The model also accounts for the effects of subcooling with the factor (Ss,;) based on
the concept ’extrapolated superheat layer thickness’ by Wiebe and Judd [17] and is

defined as:
Tw - Tsat
Seup = —— 2.9
T (2.9)
This, in turn, limits the size of bubbles since they cannot protrude beyond the
superheated layer near the wall without condensing. Where T, T}, T, are the wall,

bulk and saturation temperatures, respectively.

2.2.2.1 Force Balance of a Departing Bubble

Two instants of a bubble departing are considered from the force balance. The in-
stant of "departure' represents the bubble when it has reached the critical departure
volume, Vp, where the bubble is detached from its nucleation site. The instant of
lift-off is when the bubble reaches a volume large enough for the buoyancy effect to
lift the bubble from the surface. The radii of these two instances are determined by
solving the corresponding force balance equations at each respective instance.

The forces acting on the bubble at the instant of departure from its nucleation site
can be expressed as the static force balance in the x- and y-directions, as given
below.

> F,=Fp+ Fgsin® (2.10)

ZFy:FB—i—FGcos@—l—FL (2.11)

Where Fp, Fy,, Fg, Fg and © is the drag-, shear lift-, buoyancy force and inclination
angle, respectively. It is assumed that inertial forces are negligible due to the small
density ratio ('Z—? << 1) of the gas and liquid, and the surface tension forces are
also neglected at the moment of departure. Figure 2.2 shows the relevant forces at
departure schematically.

8
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Fp

Fg

F

N

Figure 2.2: Force Balance of a departing bubble

During the instant of lift-off, it is assumed that there is no slip velocity. This
assumption implies that zero drag and shear-lift force are set with a zero inclination
angle. Therefore, the obtained force balance is defined as:

0= Fp+ Fg (2.12)

Modeling of bubble forces has a few approaches which can be implemented. The cho-
sen models were expressed by Steiner et al. [13] and Mazzocco et al. [18] respectively.

Steiner’s approach
The bubble growth force, Fi, is modeled after a hemispherical bubble expanding in
an inviscid liquid by Zeng et al. [19].

Fo = —pmr? (;CJ? + 7’) (2.13)

Where the temporal evolution of the bubble radius is modeled assuming a diffusion
controlled bubble growth model proposed by Zuber [20], Where b is an empirical

constant.
B 2b

ﬁJa\/a_lt (2.14)

r(t)
Involving the Jakob number defined as:

Ja — plcp,l<Tw - Tsat)
pghlv

(2.15)

Where «; is the thermal diffusivity of the liquid, b is an empirical constant and
Cs = 20/3 was introduced to account for the presence of the wall.
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The drag (Fp) and shear lift forces (F}) are defined as:

2 12 0.65 _ﬁ
Fp =6mpur - + () 4 0.796%95
3 R@b

N (2.16)
Fr = 3.877pzu27rr2Gs% <RezB + 0.014G§> '
Where the bubble Reynolds number and shear rate are defined as:
Rey — prur
dZ o (2.17)
Gs=|—| -—
dy yr U
The buoyancy force is given by.
Fy = 5r'ng(— ) (2.18)

Mazzocco’s approach
Mazzocco et al [18] developed a reassessed model for a more mechanistic prediction

of bubble departure and lift off diameters and drag and shear lift forces are instead
defined as:

1

Fp = §CD7TpﬂU2T2(t) (2.19)
1

FL = §CL7Tpl’LU27’2(t) (220)

The drag coefficient proposed by Zeng [19] for a solid sphere in a wall-bounded shear
flow is modified according to Legendre and Magnaudet [21] to transition from a solid
sphere to a bubble and is proposed as:

24
Cp ~ 1.13R—(1 + 0.104Re%73) (2.21)
€

The lift coefficient is the upper-bound value for Stokes flow for a particle touching
the wall, with a multiplier of 4/9 to account for the viscosity difference between
materials inside and outside of the bubble interface.

4
Cp~ 5 5.87 ~ 2,61 (2.22)

And the vapor bubble growth history is defined as:
r(t) = (Kup + Kpp)t™? (2.23)

Where the effects of micro-layer evaporation and heat transfer due to the surrounding
fluid are superposed, the growth constant K, is from the works of Cooper et al
[22] and is defined as:

™41 1

o VPV

Ky =2 (2.24)

10
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And the growth constant Kppg is defined as:
KFB :XKPB (225)

Where Kpp is from the works of Plesset and Zwick [23]:

Kpp = 2\/?]@\/7[ (2.26)
m

And x = A — B( is a simple functional form to account for both saturated and
sub-cooled flow, where A = 1.55 and B = 0 are used for saturated flow and A = 0
and B = 0.05 for sub-cooled flow, respectively. Where ( is defined as:
Tsat - Tbulk
= st < ouw 2.27
C Tw - Tsat ( )
Assuming a spherical bubble and the presence of the wall, the displacement of the
liquid due to the bubble growth is approximately double that of a bubble far from
the wall and thus:
Fg = 2Fkm (2.28)

With Rayleigh-Plesset [23] treatment, we express the following:

1
Fhem — éwle‘l (2.29)

2.2.3 Blended Boiling Model

The Blended Boiling Model (BBM), proposed by Vasudevan et al. [24], blends the
Rohsenow and BDL models by introducing a probability factor (II;,;) that is based
on the number of active bubble nucleation sites and their distribution on the heated
surface, which reads:

gevm = (1 —ILint) - gpr + it - B (2.30)

The BDL model is intended for the isolated bubbles regime, where the bubbles are
sparse and do not interact with each other. However, as the heat load increases, the
system eventually transitions into the FDB regime, where the population of bubbles
increases and they start to coalesce and interact. In this regime, the agitation caused
by rapid bubble nucleation makes the effect of bulk flow velocity on boiling heat
transfer negligible and the system behaves similarly to pool boiling. The transition
between these two regimes is managed by II;,; and acts as a blending parameter. It
is defined as a Poisson distribution:

Oy =1—eNA (2.31)

The blending parameter (II;,,) is defined as the probability of bubble interaction,
which estimates the occurrence of more than one vapor bubble nucleating on the
heated surface within the reference area (A) of two bubble departure diameters. The
reference area is then defined as:

A = nd? (2.32)

avg

11
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Where the average bubble diameter is expressed based on the bubble departure
diameter given by the force balance equations 2.10 and 2.11:

2 2
davg = gdd = gZTd (233)

2.2.3.1 Nucleation Site Number Density

The number density of active nucleation sites, (N), is estimated by the model pro-
posed by Li et al. [25] and reads:

N = No- f1(68) - fo(P) - fo(ATuat) (2.34)
With:
f1(0) =1 —cosb
£2(P) = &fP) (2.35)
f?’(ATsup) = ATﬁztATsat+B
And:
1 —cos¢ = (1 —cosgy) (M)

F(P) = 26.006 — 3.678¢ 2" — 21.907¢2w05 (2.36)
A = —0.0002P* 4 0.0108P + 0.0119
B =0.122P +1.988

Where Nj is an empirical constant used to scale the number of sites/m? and fi, fo
and f3 are functions of contact angle, pressure and wall superheat, respectively. P
is the pressure (in MPa), 6 is the contact angle, T is the critical temperature and
v is a temperature-independent empirical constant

2.2.4 Dry-spot Blended Boiling Model

The applicability of the original BBM can be extended into the transitional boiling
regime by introducing a mechanism to represent the deterioration of heat transfer
associated with the emergence of dry-spots at the heated wall. This is achieved by
defining an additional probability term for the occurrence of multiple interacting
bubbles within a given surface area, representing the local accumulation of vapor
bubbles near the wall.

The underlying assumption is that dry-spot formation becomes increasingly likely
when the number of active nucleation sites within a characteristic area exceeds a
critical value. This probability can be modeled using a Poisson distribution, similar
to the probability of bubble interaction used in the BBM, but with a higher thresh-
old corresponding to a critical active site number. In this way, the model estimates
the likelihood of vapor crowding sufficient to locally hinder liquid replenishment to

12
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the wall.

To account for the associated degradation in heat transfer, the wall heat flux is
blended between a wet boiling contribution and a dry heat transfer contribution.
The wet contribution is represented by the BBM heat flux (¢ppas), whereas the
dry contribution is represented by the vapor-side heat flux (¢gr,). The blending is
controlled by the dry-spot probability, I14.,, which allows the model to approximate
the rapid reduction in heat transfer as the wall transitions towards partial dryout,
as follows:

(1 —ILne) - gBor + Wine - grpB) | - (1 — Hary) + Gary - Hary (2.37)

Where ¢4, is defined as the average Nusselt number for laminar flow over a flat
plate for vapor:

Nu, - k
ddry = # (T — Tg)

Nug = 2-0.332Re}/*Pr}/?

(2.38)

Where Rey, Pry, k; and L are the Reynolds number, Prandt]l number, thermal con-
ductivity and length scale for the vapor phase, respectively. The T, and T} is the
wall- and gas temperatures, respectively.

The probability of dry-spot (Il,) is modeled after Ha and No [26], where it is
assumed that the probability that the number of active site is greater than or equal
to the critical active site number (n.) that will be found in a shell area (A), is as
follows:

e (2.39)

Assuming a critical active site number (n.) of 4 and 5 illustrated in Figure 2.3, it is
postulated that the bulk liquid can be supplied to the micro-layer under the bubble
at the center for n, < 5. Therefore in this present study, the critical number of
bubbles considered for cutoff off liquid supply to the micro-layer is 5, (i.e n. = 5).

13
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Figure 2.3: Illustration of a possible arrangement of critical active site number
(n.) of 4 & 5, respectively

2.2.5 Interphase Mass Transfer Model

Estimating the amount of liquid evaporation close to the wall and the amount of
vapor condensing into the bulk liquid can be approximated by Bo [27]. Based on a
mixture specific enthalpy (h,,), the reference vapor volume fraction (@), assuming
a reduced thermal equilibrium condition as:
a, = Toeg (2.40)
xv,eq + (]— - CBv,eq) oL

Where the z, ., is the mass fraction of vapor with n = 1.1 and is defined as:

Oa hm S hl,sat
hm_h sa

Ly,eq = #a hfl,sat < hm < hv,sat (241)
1a hm Z hv,sat

Where Ny sqr and hy, s+ are the saturation enthalpies of the liquid- and vapor phases
respectively. And hy, is the latent heat of vaporization. The saturation enthalpies
are defined as:

Tsat
hl,sat = hl,ref + CldT
Tref

Tsat
hv,sat = hv,ref + / CvdT
Tr‘ef

hlv = hv,sat - hhsat

(2.42)

The difference between the actual computed vapor volume fraction («,) and the
reference value (@,) determines the driving force of evaporation or condensation
and thus the source term is expressed as a summation of the two sources:

Sua,v = Wevap + Weond (243)
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Where weyqp and weeng are volume fraction sources arising from evaporation or con-
densation. These are computed as:

Lt“_o‘“, Oy < Qly
Wevap = cvar _
0, Oy = Q,
) (2.44)
oy g, > q,
wcond — tcond B
0, a, <
Where teyqp and teonq are the time scales, and they are defined as:
tevap = 2.9
¢ o K Tsat (245>
d= dxm
Ccon con ATsub

Where K.,,q = 5 and the source term in the transport equation for volume fraction
of the liquid (Su,,) is pf the opposite sign to the volume fraction source term of the
vapor (Sugy):

Stg; = —SUgu (2.46)

2.2.6 Rensselaer Polytechnic Institute Model

Heat-Transfer Based Boiling/Condensation model [28] is available in Star-CCM+
and is used for the mixture multiphase solver. It consists of both a Bulk and an
optional wall boiling model. The Bulk boiling model is an interphase mass transfer
model of the bulk liquid, dependent on the Nusselt number according to the user
guide in Star-CCM+ [28]. The wall boiling model evaluates the boiling heat transfer
and mass transfer developing on the wall. It implements Kurul’s and Podowski’s [5]

model from the Rensselaer Polytechnic Institute. The model was therefore termed
the RPI model.

The wall boiling model is based on the RPI model, which depends on three heat
fluxes.

qQuw = f<QCom)7 Qevap; Qquench> (247)

Where geon, is the convective heat flux, geyqp is the heat flux from evaporation and
Qquench 1S the heat flux from quenching.

2.2.6.1 Convective heat flux (geons)

Convective heat flux consists of the forced convective heat flux contributions of both
phases. The convective heat flux is based on the mixture of the two phases. The
subcooled boiling model assumes full liquid contact with the superheated wall, but
as the temperature increases, more surface will be covered by vapor, known as the
Dry-out area.
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2.2.6.2 Evaporative heat flux (geyap)

Evaporative heat flux describes the heat flux due to the evaporation of liquid close to
the wall. It models the heat flux dependent on the nucleation site density. Equation
2.48 describes the evaporation heat flux. The evaporation heat flux also depends on
the bubble diameter, bubble departure frequency, vapor density and latent heat of
vaporization.

wd>
Gevap = Nf <6d> pghlv (248)

From this equation, the evaporative mass can be evaluated for the bulk boiling
model, as shown in equation 2.49. This becomes the source term for the rate of
interphase mass transfer.

= devar (2.49)

evap ~ hl
v

2.2.6.3 Quenching heat flux (quencn)

Bubble induced quenching occurs when the subcooled fluid enters the wake formed
below a departing bubble. The quenching contributes to a higher heat flux since
the bulk liquid, with a lower temperature, quenches the superheated region. This
component was defined by Del Valle and Kelling [29]. The quenching heat flux is
defined as shown in equation 2.50.

Qquench = hquenchsquench (Tw - 7—1[) (250>

Where sgyenen is a correction factor defined as:

Tw - Tquench

uench — 2.51
Sq h Tw_z‘vl ( 5)

The quenching heat transfer coefficient is defined as imposed by Del Valle and
Kelling:
picikity,

hquench = 2Kquenchf (252)

Where f is the bubble departure frequency and t, is the time between bubble
departure and the nucleation of the next bubble. Equation 2.53 defines t,,, where
C'y is the wait coefficient which was proposed by Kurul and Podowski [5] as 0.8.

Cy
= 7
K guench is the effective area at which the liquid acts under the bubble as it departs.
K juencn follows Kurul’s and Podowski’s definition in equation 2.54, with F4 being
the area coefficient for scaling between the nucleation site area density and the wall

area fraction that the bubble-induced quenching influences:

tw (2.53)

d2
Kquench = FA%N (254)
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a value of Fy = 2.0 was set by Bartolomei and Chanturiya [30] from their 45 bar
test case experiments.

2.2.6.4 Bubble Departure Frequency

The bubble departure frequency is determined using the widely used model, intro-
duced by Cole [31]. It determines the frequency by using the bubble rise velocity as
the velocity scale and bubble diameter as the length scale.

_ [4g(p— py)
f= S (2.55)

2.2.6.5 Nucleation Site Number Density

Star-CCM+ uses a modified version of the Lemmert Chawla (LC) model [32], which
evaluates the active nucleation site number density. The LC model is a correlation
between the wall superheat, AT,,, and the nucleation site number density. AT,
is calculated as:

ATy = min (max (1o — Tsar, 0), AT naz) (2.56)

Where AT, is the maximum allowed superheat applied in the model. This limit
was set for initial convergence but must be ensured not to interfere with the final
solution. This is then implemented into the Star-CCM+’s modified Lemmert Chawla
[33] model, which modifies the calibration constants of the original model.

- = 2.
Ny ATy (257)

Where A and B are both calibration constants and the AT, and Ny are the reference
wall superheat and the reference nucleation site density, respectively.

N (ATsat ) A+B(AT/ATy)

Wall Dryout Area Fraction

The vapor contribution is evaluated from the wall dry-out area fraction derived by
Weisman and Pei [34], Kg4,,, which estimates the relative contribution of the liquid
and vapor phases to the convective and boiling heat transfer rates. The model uses
a basic break-point; i.e. when the vapor fraction exceeds a certain threshold, only
vapor convection contributes to the wall heat flux.

Guw = Geonv + (Qev(zp + Qquench)(l - Kdry) (258)

K4y is defined as the bubbly layer volume fraction, as exceeds the required wall-
dryout break-point, g, set by the user. The bubbly layer volume fraction is
defined as the average over a layer thickness d, using the wall-normal derivative of
the volume fraction.

Qs = (15/0(S {ag(yc) + a;(yc) (y - yc)} dy - Oég(yc) + Oé,g<yc) (g - yc) (259)
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K4y, can then be defined as:

f(@)’ Q5 2 Qdry

Where the function f(5) is defined as:

0 < ag
Kary = { A0 = Qdry (2.60)

a5 — Ay

f(B) = Qgry < o5 < 1 (2.61)

- Adry

Weisman and Pei noted that the maximum vapor volume fraction was 0.82 for a
bubbly layer of 5.5 times the bubble departure diameter.
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2.2.7 Table of Selected Models

Table 2.1 shows a summary of the models used for the study.

Table 2.1: Reference boiling models used in the study

Models Sub-Models Equations
Forced Convection qfe = hp(Ty — Tp)

BBM (FCHT) [2.4] .
Rohsenow (FDB) [2.2] qrpB = Mih g(pl;p”) (Csc;ﬁfﬁ;bp)
Boiling Departure 4BDL = fc + Gnb S flowSSub
Lift-off (BDL) [2.3]
Blended Boiling Model geev = (1 — i) - apr + Wine - qFpB
(BBM) [2.30]

DBBM Dry Heat Transfer [2.38]  qary = N“%kg (T —T,)
Dry-spot Blended dDBBM =
Boiling Model (DBBM)  [(1 — I;n)gspr + Wiqrps] (1 —
[237] Hdry) + erdery
Kurul & Podowski 4 = Geonv t Qquench + Qevap

Pl (RPI) [2.58]

Forced Convection

Quenching

Evaporation

Geonv = h(Tw - Tf)

Qquench = hquenchsquench (Tw - ,—Tl)

Qevap = Nf (

wd>
) pah
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Methodology

3.1 Academic Baseline Setup Process

The experimental setup used by Gholinia et al. [35] is modeled in STAR-CCM+ to
validate the different boiling models against experimental data and compare their
predictive performance. This academic baseline case will be used for the implemen-
tation and calibration of the boiling models.

The experiment consisted of three cartridge heaters enclosed in three solid blocks,
each composed of a copper bottom part, a cast-iron top, and a small composite
insulator around the top part. These blocks were inserted into the Plexiglas channel
and their top surface is in contact with a liquid coolant flowing through the channel,
as shown in Figure 3.1.

Pressure Gauge Pressure Gauge

Plexiglass Channel
% v g

Valve - S Valve
Solid Block—] | E
~F O F L]
N

Thermocoupled
Dimmer

Thermometer

Cartridge heater

O
O

Rotameter

— ~ 3-Way Valvc< 7

| =l

/N

DC Thermostat /—\
P
/ Heater Coil % wmp
~__1~ Valve

Reservoir

Figure 3.1: Experimental Setup Schematic [35]

The variable velocity pump, together with the bypass valves, was used to set the
required pressure and velocity of the liquid coolant, while the heater coil warms
up the bulk liquid. The cartridge heaters are connected to dimmers to vary the
total heating power into the system with the intention to represent thermal loads
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from combustion cycles. In this case, the dimmer modules are assumed to equally
distribute the heating power to all three contact surfaces on the interior of the copper
bottom-part, as seen in Figure 3.2

Heated Surface

Copper Part

Figure 3.2: Location of Heated Surface on the Copper-part, where the heating
Cartridge introduces heat into the system.

The heat flux for a given cartridge heater is therefore Power/(3mDL) [W/m?] and
the wall temperature is an average value measured at 3 different locations. In the
experiment, the wall temperature was extrapolated from temperatures measured at
two points along the direction of nominal heat flow, below the surface of the sample in
contact with the liquid. In STAR-CCM+, the wall temperature is directly obtained
at the surface of the wall in contact with the liquid.

Table 3.1: Academic Baseline Setup

Parameter: Value:
Duct Width mm] | 30
Duct Height mm] | 20
Hydraulic Diameter — [mm] | 24

Velocity Inlet m/s] | 0.46 - 0.77 - 1.23
Temperature Inlet °C] |90 - 101.89
1 | 50/50 EG/W

[
[
|
System Pressure [bar] | 1.2-1.5
[
[
[

Coolant Composition

The channel dimensions of operating conditions are shown in Table 3.1. for more
details. A cross-sectional view and an isometric view of the test section are shown
in Figure 3.3 and 3.4, respectively, where the materials are color-coded.

22



3. Methodology

—

O Plexiglass
@ Liquid

O Composite
@ Cast Iron
@ Copper

Figure 3.4: Isometric View

Figure 3.3: Cross-Section View

3.1.1 Forced Convective heat-flux

The convective heat transfer is modeled such that it is possible to estimate the wall
temperatures for heat fluxes @ in the range 0 to 50k7//m?, which is the whole span
of available experimental data. A CFD-CHT model of the test section is set up in
STAR-CCM+, see Table 3.2 for the general settings used in all models. With this
setup, the contact resistance on the outside wall is adjusted for ambient air.

Table 3.2: FCHT - Settings

Solver settings:

Steady State

Realizable K-Epsilon Two-Layer Solver
Two-Layer All y+ Wall Treatment
Polynomial Density

Segregated Flow

3.1.2 Single-phase Rohsenow Model

Experimentally, the relationship between applied heat flux and wall temperature
exhibits two distinct regimes: an initial linear regime corresponding to single-phase
convection, followed by a nonlinear regime where the wall temperature increases
slightly while the heat flux increases significantly. This behavior is associated with
the onset of nucleate boiling at the onset temperature (Tpnp), where heat transfer
is significantly enhanced.

In STAR-CCM+, the use of a single-phase model to represent boiling does not ac-
count for the vaporization of the liquid and, thereby, the presence of a vapor phase.
Instead, the boiling effects are incorporated through an empirical correlation in this
case the Rohsenow Correlation. This will enhance wall heat transfer without re-
solving bubble dynamics. The model is dependent on vapor density, surface tension
from the liquid and the latent heat, calculated according to Equation 2.42, which is
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a balance of the saturation enthalpies of the two phases. The values used are shown
in Table 3.3.

Table 3.3: Rohsenow Parameters

Parameter: Value:
Latent Heat [J/kg] | 2256 765
Vapor Density  [kg/m?] | 1.5473
Surface Tension [N/m] | 0.05268759
[
[

Cis ] 0.012
n g 1.25

P

3.1.3 RPI model

As mentioned previously, the Heat-Transfer Based Boiling/Condensation model is
already implemented in Star-CCM+ (Version 2602) Mixture Multiphase solver using
the aforementioned physical representation of evaporative and quenching heat fluxes.
Implementing and fitting the coefficients to match the experimental data points
provided by Gholinia et al. [35], this also helps adjust the solver settings in a
simplified environment.

In addition to the already selected models in FCHT; the selected models are:

Table 3.4: Chosen models for Heat-Transfer Based Boiling model

Solver settings:

Mixture Multiphase

Gradients

Multiphase Interactions

Segregated Multiphase Temperature
Gravity

And further models are chosen within the Multiphase Interaction node for the wall
and bulk boiling models:

Table 3.5: Chosen models for multiphase interactions

Multiphase Interaction:

Heat-Transfer Based Boiling/Condensation
Slip Velocity

Wall Nucleate Boiling

Wall Bubble Nucleation

Wall Transient Conduction (Quenching)

3.1.3.1 RPI model Properties

In order to get the best fit with the experiments, certain parameters need to be
adjusted to fit the case of cast-iron in combination with the ethylene glycol-water
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mixture. Different properties were tested during the baseline validation to match
the experiments conducted by Gholinia et al. [35].

In Star-CCM+, the Lemmert Chawla (LC) model is used as the default model for
nucleation site density. The boiling heat flux was highly sensitive to LC model pa-
rameters and were directly proportional to the extent of boiling occurring in the
system. The superheat limit AT},,, was increased to 60K, to avoid interference
with the final solution.

Evaluation of different sub-models of bubble departure diameter was undertaken
to calibrate the model. The default model was tested, consisting of correlations
of superheat temperatures by Tolubinsky-Kostanchuk [36]. Many CFD solvers im-
plement these models because of their simplicity. Mazzocco [18] also stated that
the empirically correlated models that CFD solvers often use do not account for
local fluctuations in flow quantities and are calculated using bulk flow quantities.
Therefore, the bubble departure diameter derived from the theory of bubble force
balance 2.2.2.1 models was also evaluated. This helped in comparing with the BBM
and with ways of changing the growth constant of the bubbles when introducing the
parameter b.

The parameters of sub models, Dry-spot and wall transient conduction, were kept
at the recommended values set by Weisman and Pei [34] and Del Valle and Kelling
[29].

Table 3.6: RPI Boiling Parameters

RPI Parameters:

b 0.2

Nyes 8000

A(LC) 1.805

B(LC) 0

AT an 60 K

K guencn, (wall area fraction) | 2.0 (Kurul)
Cu 0.8 (Del Valle)

3.1.3.2 Mesh dependencies & limitations

During the initial evaluations, the solver showed signs of numerical indicated by a
high volume fraction at the wall-adjacent cell. To overcome this issue, the height of
the first cell in the boundary layer must be sufficiently large enough to ensure that
the vapor volume generated at the wall does not exceed the volume of the cell. To
mitigate these instabilities, a sufficiently large boundary layer cell thickness and a
low boundary layer cell count were implemented. This would consecutively lower
the volume fraction at the wall cell.
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3.1.4 Blended Boiling Model

The Blended Boiling Model is implemented into StarCCM+ as a custom library
which is programmed and compiled with the programming language C. Macros were
developed to automate the initial setup of the model explained in Chapters 2.2.2,
2.2.1 and 2.2.3.

The C-program script consists of functions that calculate: nucleate boiling heat
transfer coefficients, temperature at the onset of nucleate boiling, bubble departure
radius, flow induced suppression of nucleate boiling, fully developed nucleate boiling,
nucleation site density and probability of bubble interaction. This is then compiled
into a library that is read into STAR-CCM+-, using the User Code functionality.

Java-macros define general field functions for thermophysical properties, saturated
properties, linearized coefficients and ;. It also creates field functions and user
expressions in STAR-CCM+ that are used to tune the BBM. The macros also gener-
ates field functions necessary for the mixture multiphase framework and derivation of
the mixture multiphase sources from first principles, following the theory explained
in Chapter 2.2.5.

For additional stability, the boiling heat flux term ¢, defined in Eq. 2.30, can be
under-relaxed (qyg) following the implementation guidelines provided in the Sim-
center STAR-CCM+ knowledge base [37].

Finally, it creates the heat transfer coefficients that are used on the relevant fluid
contact surface. In STAR-CCM+, the function User Defined Wall Heat Fluz Spec-
ification can be coupled with field functions to express any additional heat flux on
relevant contact surface boundaries. This is done by modifying the coefficients (A,
B, C and D) from the linearized expression for the wall heat flux.

4w = A+ BT.+ CT, + DT, (3.1)

Where, T, and T, are the temperature in the cell closest to the wall, and the wall-
cell temperature, respectively. The coefficients are defined as a summation with the
user defined part and an internally computed part as in Eq. 3.2.

A= Auser + Ainternal
B = Buser + Binternal
C= Cuser + Cinternal
D= Duser + Dinternal

(3.2)

Where the definitions of the user defined coefficient are shown in Appendix A. This
creates a user-specified wall heat flux on relevant contact interface boundaries to
remove heat due to nucleate boiling as calculated in Equation 2.30. Further, the
empirical parameters are set as seen in Table 3.7.
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Table 3.7: Baseline BBM parameters

Parameter: Value: | Source:

b 0.2 Zuber [20], Eq. 2.14

Cs 20/3 Zeng et al. [19], Eq. 2.13
Csy 0.01 Rohsenow [12], Eq. 2.2
m 3.0 Eq. 2.2

Ny 1.0 Eq. 2.2

Ny 1000 Li et al. [25], Eq. 2.34
oo 60 Eq. 2.36

3.1.5 Boundary Conditions

The experiments were performed for a number of inlet velocities, system pressures,
and bulk liquid temperatures. To validate the simulations, three different cases were
selected to capture a wide range of different operating conditions, as shown in Table
3.8.

Table 3.8: Baseline Boundary Conditions

Case: ‘ A: Velocity Inlet B: System Pressure C: Temperature Inlet

1 0.77 m/s 1.2 bar 101.89 °C
2 1.23 m/s 1.5 bar 90 °C
3 0.46 m/s 1.5 bar 90 °C

For the heat flux, the experiments include fixed values at: 0, 4, 8.4, 12.5, 16.5, 20.5,
24, 28, 32, 36, 40 and 44.5 kW /m?. In the simulations, a sweep was carried out over
0, 10, 20, 30, 40 and 50 kW /m?. No contact resistances were assumed between the
different solid parts. A convective boundary condition was specified on the outside
wall with the ambient temperature of 300K and a Heat transfer coefficient of 3.5
W/m?, adjusted to simulate the heat transfer from the environment from the tests.

3.1.6 Mesh Settings for Baseline Setup

The computational domain was discretized into polyhedral control volumes, with
additional mesh refinement near the interface between the liquid coolant and the
surrounding solid structures. This refinement improves the accuracy of the high
near-wall gradient of velocity and temperature at the heated wall. Figure 3.5 and
3.6 shows both the cross-sectional view of the mesh and in the vicinity of the heated
surface.
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Figure 3.5: Mesh Cross-Section View

Figure 3.6: Detailed Cross-Section View in the vicinity of the heated surface (Grey)

It is of great importance to consider the height of the near-wall cell. In Vasudevan’s
et al [38] study, it was observed that with an average wall y™ = 1.8, the wall heat
flux was over-predicted. The study further investigated that for a refined near-wall
cell, the diameter of the vapor bubble is larger than the height of the near-wall cell.
The study also showed that for a wall y* = 14 yielded accurate results. Therefore,
this was established as a guideline for the Wall y, and a cell thickness of the first
cell was set to 1.2 mm, for the baseline setup. In Table 3.10 mesh parameters used
in the simulations are listed.
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Table 3.9: Mesh Settings

Parameter: Value:
Mesh Type ] Polyhedral
Base Size [mm] | 8

Number of Cells [#] 1176 613
Number of Boundary Layers [#] 3

3.2 Thermophysical Properties

The liquid coolant used in automotive applications is a mixture of water and ethylene
glycol. Ethylene glycol reduces the freezing point of the mixture and, hence, acts
as an antifreeze. In this study, two different coolant mixtures have been considered:
a 50% volume mixture for the baseline setup and a 40% volume mixture for the
engine setup, consisting of ethylene glycol (CoHgO2) and water (H20), respectively.
This ensures the ability to closely replicate the experimental conditions. This will
potentially minimize the uncertainty of the influence of thermophysical properties
in the coolant.

At the boiling point of the mixture, the vapor generated is assumed to be only
water vapor, since the saturation temperature of water is lower than the boiling
point of ethylene glycol. Temperature dependent thermophysical properties of the
liquid coolant and cast-iron obtained from Volvo’s internal material databases are
used.

3.3 Engine CFD-CHT Simulation Setup

Two different variants of an in-line, 13 liter, 6 cylinder heavy-duty engine were con-
sidered. For both of these variants, the liquid coolant circulates through the cylinder
block and cylinder head to reduce the material temperature to acceptable levels dur-
ing combustion. Figure 3.7 shows a schematic of the cooling system.

The coolant in the cooling system is circulated by the pump inlet and first flows to
the coolant duct cover and oil cooler, then to the engine block region surrounding
the cylinder liners. As it passes along the liner walls, the coolant absorbs heat from
the walls of the combustion chamber and its temperature increases. A portion of
the heated coolant exits the EGR (Exhaust Gas Recirculation) cooler before enter-
ing the cylinder head, while the coolant is introduced into the cylinder head region.
Within the cylinder head, the coolant flows through dedicated cooling channels that
remove heat from high-temperature regions. Finally, the coolant exits the engine
through the thermostat outlet and, depending on the operating conditions, flows to
the radiator, where it is cooled before being recirculated back to the pump.
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Figure 3.7: Engine Geometry - Containing: Fluid Cylinder head, Fluid Cylinder
Block, Block and Solids

Using experiments conducted on engine models 1 and 2, a comparative analysis of
the models can be performed for validation. The experiments, consisting of fixed
mass flow rate with varying pressure and vice versa, will be analyzed for relative
influence under the different conditions for engine 1. The temperature of the cylinder
block and cylinder head is measured in different positions using thermocouples in the
experiments. The nominal positions of these thermocouples were replicated using
point probes in the CFD-CHT simulation model for comparison of the simulation
results with those from the experiments. The simulation wall boundaries consist of
the combustion and the ambient, respectively.

3.3.1 Boundary Conditions

In STAR-CCM+ the boundary conditions for both Engine models 1 and 2 are as
follows:
Fluid Cylinder Block:
o Mass Flow Inlet - for the pump inlet
e Mass Flow Outlet - for the EGR outlet
Fluid Cylinder head:
e Mass Flow Inlet - for the EGR return
e Pressure Outlet - for the thermostat outlet
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Solids:

o Convective boundary conditions are prescribed from Converge CFD combus-
tion simulations onto combustion cylinders 1 to 6 - on the combustion chamber
intake/exhaust ports, valves, valve seats and valve guides.

BC \ \|BC

Combustion Coolant External

T

Tgas|

Togas| -
Tw,coolant ---------------------- N
Temeal o M

qco&.\\ . Gboil 1

Figure 3.8: Representation of boundaries with temperature

The boundary conditions for the fluid cylinder head and block for all cases were at-
tained internally through Volvo’s experiments on the engine models 1 and 2. These
cases were termed N1 and N2, for the nominal cases of engine 1 and 2, respectively.
The case with varying pressure included 9 different experiments, where the pressure
gradually decrease from P1, The highest pressure to P9, the lowest pressure for en-
gine model 1. For cases with varying mass flow, the mass flow was increased from
M1 (the highest mass flow rate) to M7 (the lowest mass flow rate).

The measurement probes are denoted by names representing cylinder numbering,
radial position from the center and angles in polar coordinates. A visual represen-
tation of the probes around a cylinder is shown in Figure 3.9, where the starting
number, which for the illustrated example is 4, represents cylinder number four,
and the latter numbers from 0-2 are the radial position from the center. Lastly
the angular position are denoted W (West), N (North), E (East) and S (South),
respectively. These measurement probes are used to measure the temperatures and
was defined to be able to make comparisons with the experimental test rig setup.
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Figure 3.9: Illustration of Probe Positioning examples for Cylinder 4: A) 4NO, B)
4E1, C) 4E2, D) 452

3.3.2 Mesh Settings for Engine Setup

Similar base settings were used for the engine, based on the academic baseline setup,
but smaller cell sizes are necessary to accurately solve the complex flow dynamics
of the engine coolant jacket. As explained in chapter 3.1.6, the near wall cell needs
a wall yT of roughly 14, to yield accurate results and not over-predict the boiling
heat flux. Therefore, the base size of the cells was kept minimal, but the boundary
layer cell thickness was set to 1.2 mm, to satisfy the wall y* criterion. Table 3.10
shows the settings used for the engine case.

Table 3.10: Engine Mesh Settings

Parameter: Value:
Mesh Type ] Polyhedral
Base Size [mm] | 4

Number of Cells [#] | 53 349 485
Number of Boundary Layers [#] 2
Boundary Layers Thickness  [mm] | 1.2

3.3.3 Baseline Tuning & Additional Tuning

Previously explained models for the baseline setup process in Chapters 3.1.1, 3.1.2,
3.1.3 and 3.1.4 were implemented. This includes Forced Convection Heat Transfer
(FCHT) model, Single-phase Rohsenow (SP) model, Heat Transfer Based Boiling
(RPI) model and Blended Boiling Model (BBM).
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Additional tuning was performed for both RPI and BBM to improve prediction
accuracy. The logic behind this is that the models parameters are sensitive to
material-fluid combinations. In particular, the coolant composition differs between
the cases, i.e. the baseline and the engine setup; with ethylene glycol-water volume
mixtures of 40% and 50%, respectively. Furthermore, uncertainties in the surface
roughness of the cast-iron, such as the degree of polishing, may influence the results
by altering the effective material-fluid interaction.

Comparisons between the models in the engine case will be presented with the base-
line tuning and the additional tuning in Chapter 4.2.2.

Table 3.11: BBM parameters for Engine setup

Baseline Tuning | Additional Tuning
b 0.2 -
Cs 20/3 -
Csy 0.01 0.005
m 3.0 -
n 1.0 -
Ny le3 5ed
ny 1.0 -
b0 60 -

Additional tuning was also needed for the RPI model to better match the increased
superheated temperatures of the simulation and the new solid-fluid combination.

Table 3.12: RPI parameters for Engine setup

Baseline Tuning | Additional Tuning
b 0.2 -
Nyey 8000 30000
A(LC) 1.805 -
B(LC) 0 -
K uench 2.0 -
Cuw 0.8 -

3.3.4 Influence of BBM Parameters

A sweep of BBM parameters including b, Csy and Ny was made for the engine case
setup to understand the potential linear and/or non-linear behavior. The three
parameters were selected because they influence different components of the BBM
framework. The b-parameter affects the bubble growth constant and thereby influ-
ences the BDL part. The Cjs-parameter governs the FDB heat flux through the
Rohsenow correlation. The Nj-parameter determines the number of active nucle-
ation sites and thus impacts the calculation of the prediction/blending factor II.
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3.3.5 Risk of Film Boiling

The experimental data available for Cylinder 4 (see Figure 3.10) will be used to

further investigate the risk of film boiling.
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Figure 3.10: Experimental Values for Probes in Cylinder 4

This is done by creating spherical observation regions around the virtual temper-
ature probes in cylinder 4 and adjacent probes in cylinders 1 to 6 to estimate the
probabilities (I, and Il4,). Due to the uneven surface of the cooling jacket, dif-
ferent radii will be used for the spheres to keep the area in contact with the fluid
region constant. See Table 3.13.

Table 3.13: Equivalent sphere radius and threshold surface area for selected probes
around Cylinder 4, and at exhaust-exhaust Bridge.

Probe Radius of Sphere [mm] | Surface Area [mm?]
Around Cylinder 4:

4ANO 13.30 47.765
4F1 6.10 48.773
4E2 6.80 48.607
452 7.99 46.136
Exhaust-Exhaust Bridge:

1E1 6.10 49.105
2E1 6.10 48.165
3E1 6.10 49.497
4E1 6.10 48.773
S5E1 6.10 48.160
6E1 6.10 48.820

These spherical observation regions are illustrated in Figures 3.11 and 3.12.
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Figure 3.11: Illustration of Spherical Observation Regions Around Cylinder 4

SE1 4E1 3E1

Figure 3.12: Illustration of Spherical Observation Regions in Cylinder 5, 4 and 3
at exhaust-exhaust bridge

3.3.6 Probability of Dry-spot (Il;,)

The additional custom probability (Il4,) is used to blend the two heat fluxes, ¢gpm
and ggry in Eq. 2.38 and is defined as the probability of 5 or more surrounding
bubbles. This will effectively simulate dry-spots in the model where temperatures
are expected to increase significantly. Further calibration was needed to match the
results with the new model. The settings used for the DBBM is seen in Table 3.14.
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Table 3.14: BBM parameters for Engine setup
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Results

4.1 Academic Baseline Test Case

The following results are for the academic baseline setup case, including FCHT and
Rohsenow correlation comparisons against experimental values for all 3 baseline
cases, as seen in Table 3.8. Variants of the RPI model against experimental values
and variants of the BBM against experimental values are included as well for all
baseline cases. This is to calibrate the models and investigate the influence of
different operating parameters. A selection from these models, investigated in the
academic baseline case, are chosen for the engine CFD-CHT simulation.

4.1.1 FCHT & Rohsenow Correlations

Comparisons between FCHT (no boiling), Single-phase (SP) and Multiphase (MP)
Rohsenow Correlations. The operating condition for each case is provided as a tittle
to each of the plots in Figure 4.1, where A, B and C are velocity inlet, system
pressure and temperature inlet, respectively, as described in Table 3.8 in Chapter 3.
The computed ATy, is the average temperature difference between the predicted-
and experimental temperatures.
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Figure 4.1: Results for FCHT & SP Rohsenow Correlation. A, B and C corre-
sponds to velocity inlet, system pressure and temperature inlet, respectively.
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4.1.2 RPI Model

Various sub models were tested while evaluating the RPI model. These sub models
were used to model the nucleation site density and bubble departure diameter. A
comparison of results from these different evaluated implementations of the RPI
model are shown in Figure 4.2. The proposed model used the Lemmert-Chawla
[32] Nucleation site number density model and the Steiner-Mazzocco for the Bubble
Departure Diameter model, which mixes the Bubble growth forces from Steiner [13]
and Drag and lift forces from Mazzocco [18]. These models were selected for their
prediction accuracy and operational simplicity. The computed AT,,, is the average
temperature difference between the predicted- and experimental temperatures.
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Models: Nucleation Site Density: Bubble Departure Diameter: AT,,,
Li Mazzocco 5.99
—— Li Steiner-Mazzocco 7.07
—e— Proposed | Lemmert-Chawla Steiner-Mazzocco 4.99
° Exp.
Tsat

Figure 4.2: Comparison between different implementations of the RPI model.
A, B and C corresponds to velocity inlet, system pressure and temperature inlet,
respectively.
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4.1.3 Blended Boiling Model

Comparisons between the different Boiling Departure Lift-off (BDL) models in the
Blended Boiling Model framework are presented in Figure 4.3. These different sub
models present different ways of modeling the forces acting on the bubble. These in-
clude Steiner [13] and Mazzocco [18] for drag and lift forces; Zeng [19] and Rayleigh-
Plesset [23] for the bubble growth force. The calculated AT,,, is the average tem-
perature difference between predicted and experimental temperatures.
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Figure 4.3: Baseline Results for Blended Boiling Model. A, B and C corresponds
to velocity inlet, system pressure and temperature inlet, respectively.
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4.2 Engine CFD-CHT Simulation Results

In this section, results from the CFD-CHT simulations of a heavy-duty Volvo diesel
engine are presented. The parameters of the BBM are further tuned to adapt to
these cases. Therefore, these results are also compared with the model parameters
that were tuned for the baseline academic case. The influence of Pressure and Mass
flow rate is studied with both BBM and DBBM, and further investigation for risk
of film boiling is evaluated in cylinder 4.

4.2.1 Influence of BBM Parameters

For computing average values (Navg, Td,avg: 4FDB,avg a0d I4,4) on the cooling jacket,
a threshold of temperature values above the saturation temperature has been set to
only average the values on the region of the cooling jacket where this condition is
met.

4.2.1.1 Zeng’s Bubble Growth Parameter - b

In this section, the influence of Zeng’s bubble growth parameter in the BBM frame-
work is evaluated in various positions in the engine. The parameter b appears in
Equation 2.14. In Table 4.5 the Ngyg, 74,00y and AT, are presented.

Table 4.1: Results of b-parameter sensitivity

| e b=002] e b=020| e b=2.00
Nug [sites/m?] | 468.78 -10° 69.27 -10° 41.99 -10°

Faawg [0 0.609 15.41 9256.35
AT, [C7] 39.40 27.63 26.14
60 | Cli 2i C3 i Cc4 i C5 E (93]
1B ! ! :
o0 || ! ! :
1% ! ! :
ao{ MM ! ! !
_ 1 | ! ! !
2 300 HN ! ! :
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Figure 4.4: Evaluation of BBM for different values of Zeng’s bubble growth pa-
rameter b
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4.2.1.2 Rohsenow’s Material Parameter - C;

In this section, the influence of Rohsenow’s Material parameter in the BBM frame-
work is evaluated in various positions in the engine. The parameter Cs; appears in
Equation 2.2. In Table 4.2 the ¢rpp vy and ATy, are presented.

Table 4.2: Results of C;s-parameter sensitivity
o C;;=0005| o C;=0010] o Cy=0.020

4dFDB,avg —2.89.10° —1.73-10° —1.43-10°
ATavg 27.62 35.56 51.82
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Figure 4.5: Evaluation of BBM for different values of Rohsenow’s parameter Cj;

4.2.1.3 Li’s Empirical Nucleation Site Parameter - N,

In this section, the influence of Li’s Empirical Nucleation Site Parameter in the
BBM framework is evaluated in various positions in the engine. The parameter N,
appears in Equation 2.34. In Table 4.3 the Il,,, and AT,,, are presented.

Table 4.3: Results of Ny-parameter sensitivity

| e Nyp=1e3| o Ny=5e5| @ Ny=1e8
T 0.01504 0.26770 0.84752
AT g 32.28 27.72 26.44
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C6

AT [°C]

Figure 4.6: Li’s Empirical Nucleation Site Parameter - Ny

4.2.2 Comparison with model parameters tuned for the base-
line academic case

Results for case N1, comparing tuning parameters from the baseline setup used in
the engine model and additional tuning for improved prediction capabilities. The
calculated AT is the average temperature difference between predicted and experi-
mental temperatures.

BBM| e Baseline Tuning| e Additional Tuning
AT | 27.29 | 19.48
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Figure 4.7: Baseline Tuning & Additional Tuning for the BBM
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The RPI model was also additionally tuned for the CFD-CHT simulation of the
engine. The result for N1 case in comparison is seen in Figure 4.8. The calcu-
lated AT is the average temperature difference between predicted and experimental
temperatures.

RPI| e Baseline Tuning | e Additional Tuning
AT | 30.92 | 21.35
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Figure 4.8: Baseline Tuning & Additional Tuning for the RPI

4.2.3 Comparison of Selected Models

Results for case N1, measuring the AT, i.e. the difference between the simulation
and the experimental values to show the temperature error between the different
models.

Table 4.4: Model comparison for Engine 1

| o Rohsenow| e RPI| e BBM
AT | 53.95 | 2135 | 1948
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Figure 4.9: Evaluation of Rohsenow, RPI & BBM in various positions in Engine 1

Results for case N2, measuring the AT, i.e. the difference between the simulation

and the experimental values to show the temperature error between the different

models.

Table 4.5: Model comparison for Engine 2

e BBM

15.29

o RPI|

e Rohsenow |

AT |
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Figure 4.10: Evaluation of Rohsenow, RPI & BBM in various positions in Engine
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4.2.4 Influence of Pressure & Mass Flow

In the tests a sweep of different coolant mass flow rates and system pressure was
performed to study their influence on local nucleate boiling. These operating points
were simulated using the BBM. The results of these simulations are compared with
those from the tests. Figure 4.11 shows the influence of system pressure on a constant
mass flow in the coolant in the BBM framework.
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Figure 4.12 shows the influence of the mass flow rate on a constant system pressure
in the coolant in the BBM framework.

—e— BBM --+-- Exp.

Cl C2

@ 1E1 ® 2F1

Temperature [°C]

;M

e TR de-———hc-—=—k -

Temperature [°C]

o

©

3

&]

_

[}

a

E ® 5NO

o o N1
® 551

Mass flow rate [kg/s] Mass flow rate [kg/s]

Figure 4.12: BBM: Each subplot shows the results from each of the 6 cylinders in
the engine.

Figure 4.13 shows the influence of system pressure on a constant mass flow in the
coolant in the DBBM framework.
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Figure 4.13: DBBM: Each subplot shows the results from each of the 6 cylinders
in the engine.

Figure 4.14 shows the influence of the mass flow rate on a constant system pressure
in the coolant in the DBBM framework.
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4.2

.5 Risk of Film Boiling

Results of spherical observation regions in cylinder 4 in Figure 4.15, measuring the
probability (I1;,;) over the surface area during operating condition P9.
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Figure 4.15: Results of Il;,; in Spherical Observational Regions around Cylinder
4 for Case P9.

Figure 4.16 consists of two subplots for cylinder 4 in the BBM framework. The
left subplot illustrates the temperature vs pressure relationship, whereas the right
subplot presents the variation of the probability, I1;,;, with pressure at the corre-
sponding pressure nodes.
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Figure 4.16: Left: Temperature vs Pressure for Case P1 - P9, Right: Probability
vs Pressure for Cases P1 - P9.

Figure 4.17 also consists of two subplots for cylinder 4 in the BBM framework. The
left subplot illustrates the temperature vs mass flow rate relationship, whereas the

right subplot presents the variation of the probability, II;,;, with mass flow rate at
the corresponding nodes.
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Probability results (Il;,;) for probes around cylinder 4 under nominal operating

conditions (Case: N1).
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Figure 4.18: Probability Il;,; Around Cylinder 4 for Nominal Case N1 in BBM.

As discussed in Chapter 3.3.5, probes 4E1 and 4E2 showed clear evidence of film
boiling in the experimental data. Figure 4.19 compares the DBBM predictions with
the measurements for these probes, located in the exhaust-exhaust bridge of cylinder
4, to assess the model’s ability to predict dry-spot and film-boiling temperatures.
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4.2.5.1 Probability of Interaction (Il;,;) & Dry-spot (IIs,)

Figures 4.20 and 4.21 shows the results for the spherical observation regions in cylin-
der 4 at operating condition P9, illustrating the predicted probabilities of bubble in-
teraction, Il;,;, and dry-spots, Il4.,, across the observational spheres. In the DBBM
framework, these probabilities can be compared at different locations within cylin-
der 4. It provides insight of amount of neighboring bubble interactions occurring
within the reference area, in the proximity of the measurement probe. The results
therefore indicate whether the local probabilities are approaching the asymptotic

limit.
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Figure 4.20: Results of II;,; & Il4, in Spherical Observational Regions around

Cylinder 4 for Case P9.
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Results of spherical observation regions in cylinders 1 to 6 in the exhaust-exhaust
bridge, measuring the probability (II;,; and Il4,) over the surface area during op-

erating condition P9.
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Comparison between the probabilities of interaction (Il;,;) and dry-spot (Il4.,) on
cylinders 1 to 6, at their corresponding exhaust-exhaust bridges.
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Discussion

In general, The BBM and DBBM showed high potential to predict boiling in the
CFD-CHT simulations of the heavy-duty Volvo Diesel engine. Compared to the al-
ternative single-phase and multiphase models implemented in STAR-CCM+ for the
engine cases, these models predicted the temperatures with better accuracy com-
pared to the alternative models.

The cell height in the boundary layer had a direct influence on wall temperature.
During the simulations, both the wall temperature and stability had to be con-
sidered in order to obtain accurate results. An accurate solution was found using
a cell height of 1.2mm. This closely relates to observations by Vasudevan et al.
[38] on the height of the near-wall cell, which returned poor accuracy for low y+.
The reason was that the vapor bubble diameter was larger than the height of the cell.

Rohsenow’s Correlation for the baseline setup showed a non-linear relationship be-
tween temperature and heat flux compared to the Forced Convection Heat Transfer
(FCHT) model, which only predicts a linear increase in temperature for an increas-
ing heat flux. The difference between the Single-phase and Multiphase implemen-
tations of Rohsenow’s correlation showed an improvement for the lowest velocity
case (A = 0.46 m/s). This is because the single phase implementation accounts for
the additional heat due to boiling as only sensible heat. Whereas the multiphase
implementation accounts for the effects of latent heat-transfer due to nucleation and
condensation of vapor bubbles. This effect becomes more significant in low flow ve-
locities, where the vapor bubble population is not negligible. Thus, the multiphase
framework gives a more realistic prediction.

The RPI Model was similarly accurate to that of the BBM but was more unstable
under lower pressure and mass flow conditions. This happened because the model
was over-predicting the volume fraction at the wall. Since RPI models simulate mass
transfer at the wall, me,,q), is directly proportional to the evaporation that transpires
at the wall. This means that the vapor fraction produced is proportional to the
nucleation site density and bubble departure diameter, which holds no real physical
properties of active nucleation sites, but was instead calibrated to match temper-
atures in the system. This mechanistic approach might not be as applicable for
high bubble number density, such as in the FDB regime, where numerous and more
complex phenomena are transpiring, as mentioned in 2.1, which are not captured
by merely evaluating heat fluxes from quenching and evaporation, as described in
the model.

95



5. Discussion

When comparing the different Boiling Departure Lift-off models in Figure 4.3, there
was only a small difference in favor of the proposed variant compared to using the
Rayleigh-Plesset [23] bubble growth force or Steiner’s [13] drag- and lift force. This
is because the comparison was made in the BBM framework and since the solution is
more prone to be in the FDB regime compared to isolated bubbles, all three models
gravitate towards the same solution and only slightly deviate in cases with a low
probability of bubble interaction (II;).

The sensitivity of the estimated temperatures to different model parameters, such
as b, Cs¢, and Ny, in the BBM was studied. The b-parameter affects the bubble
growth constant and thus influences the BDL part of the BBM and also the proba-
bility of bubble interaction (7;,;). With increasing values of b, the bubble departure
diameter increases; however, it also indirectly decreases the number of active sites
(Navg). So there will be a balance between larger but fewer bubbles; or smaller
but an increased number of bubbles. These unique solutions give similar results in
Figure 4.4, except for the case with the growth of the smallest bubbles (b = 0.02).
The Cs-parameter governs the FDB heat flux through the Rohsenow’s correlation,
increasing the Cyy results in a lower heat flux in the FDB regime and thereby higher
wall temperatures. The parameter N, determines the number of active nucleation
sites and thus impacts the probability of bubble interaction, II;,;. The higher the
number, the more bubble interactions will be present. Increasing it further than
(No = 5eb) provides only a slight decrease in temperature, this is because the solu-
tion has already reached its asymptote (II;,;, = 1). Having a lower value increases
the influence of the BDL sub-model and in this case, resulted in higher deviation
from the test results.

It should also be noted that the calibration has been carried out using the cur-
rent convective boundary conditions derived from the Converge CFD combustion
simulations. Consequently, any improvement in the accuracy of the combustion sim-
ulations may contribute to a more accurate and robust calibration procedure.

The different values for the empirical constants in the BBM were evaluated for
CFD-CHT simulations of the HDD. These additional evaluations helped improve
the accuracy of the model. The material-fluid interactions between the different
cases differ to some extent, such as the composition of the coolant mixture and the
previously mentioned uncertainties in surface roughness. The model was signifi-
cantly improved in the N1 case by decreasing the C,s-parameter and increasing the
Ny-parameter, resulting in a decrease in the average error in the predicted temper-
ature from 38.3° to 27.63°, as shown in Figure 4.7.

Since the parameters of the RPI model directly affect the heat flux components, un-
like in the BBM, where a probability function is used to blend the different boiling
heat flux formulations, the empirical parameters in the model directly influence the
intensity of the boiling heat flux.
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The calibrated values of NO and b provided results in good agreement with the ex-
perimental data for the baseline academic case. However, the same values resulted
in excessive vapor buildup under certain critical conditions in the engine simula-
tions, resulting in numerical instabilities. Although increasing these two parameters
is practical, the result causes a nonphysical increase in interphase mass transfer at
the heated wall-liquid interface. Any improvement in this regard should involve
calibrating the empirical constants, such as A and B in the formulation for active
nucleation site density proposed by Lemmert and Chawla [32] which adds another
non-linear effect to calculating the active nucleation site density. This would still
not be sufficient to fix the issue of mass transfer produced at the wall. Thus, it
is necessary to calibrate the wall heat flux based of individual bubbles using pa-
rameters such as Kgyener, and C,. Changing these parameters might lead to better
accuracy, but the solver diverges from its physical representation when modifying
the parameters from their experimentally suited constants.

Comparisons of selected models contain the in-built single-phase Rohsenow Corre-
lation, the in-built proposed RPI model and the manually implemented proposed
BBM. These comparisons were made for both nominal cases (N1 and N2) for en-
gine models 1 and 2, respectively. The results show that the BBM outperforms the
alternative models for both engine models. Although the ease of use of Rohsenow’s
correlation is certainly beneficial, the correlation made for pool boiling is not suit-
able for large-scale HDD applications where flow boiling is much more prevalent.
Using the RPI model for these large-scale applications, compared to the BBM,
differs mostly in regions of high superheated temperatures. although there are sim-
ilarities in baseline. Since the DBBM and the BBM showed similar results, the
same conclusion can be drawn that the DBBM outperforms the other models and
also provides the possibility of estimating the heat flux beyond the critical heat flux.

For the pressure sweep, the three cases (P1, P2 and P3) contain a lower pressure
than the nominal case (N1), with a constant mass flow rate. These three cases
were used to evaluate the influence of operating pressure of the cooling system on
the temperature of the solid parts of the engine. The general trend predicts a lower
temperature with decreasing pressure because the decrease in pressure decreases the
saturation temperature of the liquid, thereby resulting in more nucleate boiling. An
increase in nucleate boiling results in enhanced heat transfer, which in turn lowers
the temperature of the engine. However, a further reduction in system pressure lead
to occurrence of transition boiling, evidenced by an increase in temperature close
to cylinder 4. This happens in the experiment only in cylinder 4. A closer look
at cylinder 4 in Figure 4.11, shows that the experimental values in probes 4E1 and
4E2, for the lowest pressure case (P9), have a significant increase in temperatures.
This is attributed to accumulation of vapor, resulting in the formation of dry plots,
which eventually led to the occurrence of transition boiling and it is observed only
at the exhaust-exhaust bridge. This phenomenon was also observed when the mass
flow rate of the coolant was decreased in steps. The occurrence of transition boiling
was observed for the operating condition with the lowest mass flow rate, as shown
in Figure 4.12. A decrease in mass flow rate decreases both the forced convection
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heat transfer and the flow induced suppression of nucleate boiling, both resulting in
increased nucleate boiling.

The risk of film boiling, when using the BBM, is quantified with its probability
of bubble interaction (Il;,;). This was done in two regions: around cylinder 4, in
two probes, 4E1 and 4E2, placed adjacent to each other in the exhaust-exhaust
bridge of Cylinder 4. A higher II;,; was observed in cylinder 4, especially between
the exhaust-exhaust bridge. The contours of the probability of bubble interaction
shown in Figure 4.15 and the plot of the probability of bubble interaction as a func-
tion of pressure shown in Figure 4.16 show the quantified risk of the occurrence of
transition boiling. The model predicts II;,; = 1, where the increased temperatures
were located and notably in Figure 4.18, which is the nominal case (N1), I1;,, stays
below one, since there is no transition or film boiling under normal operating con-
ditions.

The Dry-spot Blended Boiling Model (DBBM), using an additional probability
(IL4y), to account for probability of dry-spots, does provide a solution with in-
creased temperature for the lowest pressure, this is observed in Figure 4.13. Further
tuning was needed to achieve this, by reducing the reference active nucleation site
number (Ny). The model, in its current state, slightly over-predicts temperature. A
more detailed examination of cylinder 4 in Figure 4.19 shows that both probes on the
exhaust-exhaust bridge (4E1 and 4E2) resulted in a higher predicted temperature,
compared to experimental values. One of the possible reasons for this could be due
to how the ¢4, is modeled. The over-prediction of dry conditions is suspected to be
due to the model neglecting the spatial arrangements of the surrounding bubbles,
and only assumes the presence of five or more bubbles to indicate dry-spot forma-
tion. This implies that no bulk liquid can be supplied to the microlayer beneath the
bubble located at the center. However, in reality, the presence of five or more sur-
rounding bubbles is not always equidistant or symmetrically distributed around the
center bubble and may instead be highly skewed or non-uniform. Since the model
does not resolve geometric variations in bubble distribution, as a consequence, the
model may over-predict the occurrence of dry-spots. Despite this limitation, this
criterion provides a simple basis for identifying conditions under which dry-spots
are assumed to occur and is deemed capable of predicting with sufficient accuracy.

The comparison between Il;,; and Ilg.,, in Figures 4.21 and 4.23 highlights the dis-
tinct physical meanings of the two probabilities. The former is defined as the oc-
currence of more than 1 bubble interaction in a defined area, whereas the latter
corresponds to the occurrence of more than 5 bubbles within the same defined area.
This stricter criterion of Il4., represents a more intense boiling condition and, there-
fore, is less sensitive to the onset of interaction, but more indicative of regions where
boiling has become locally intense. Accordingly, I1;,; is primarily useful for identi-
fying the initiation and onset of bubble interaction, while I14., provides additional
information on the progression of the boiling process beyond the initial nucleate boil-
ing regimes. In particular, Ilg., serves as a higher contrast indicator of severe local
conditions beyond the fully developed regime (FDB), thus offering further insight
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into the extent of developed boiling and the likelihood of occurrence of dry-spots.
This thermal feedback, as Ilg., significantly reduces local heat transfer, leads to
higher wall temperatures, which in turn promote vapor accumulation and reinforce
dry-spots.
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Conclusion

The numerical simulations, when compared with the experimental measurements,
were used to validate the Blended Boiling Model (BBM) and the Dry-spot Blended
Boiling Model (DBBM) for two heavy-duty diesel engine variants. Overall, both
models predict the boiling heat flux under the investigated operating conditions
with good accuracy, considering the uncertainties associated with the experiments
and the numerical framework. The agreement obtained between simulations and
measurements is attributable to the model calibration and fine tuning of empirical
constants involved in the models.

A key outcome of the study is the ability of the model to estimate the local heat
transfer phenomena, especially in regions exposed to intensive boiling, particularly
in the exhaust-exhaust bridge. The experimental data indicate high-intensity boil-
ing under the most demanding conditions and in these cases, the BBM is not able
to reproduce the corresponding elevated wall temperatures. However, it includes
the probability of bubble interaction parameter (Il;,;) to quantify the intensity of
boiling and the limits of the partial boiling regime, However the BBM does not
provide direct information on proximity to critical heat flux or transition boiling.

By extending the framework with the probability of dry-spots (Il4,), the DBBM is
able to capture, with reasonably good accuracy, the temperature rise observed at
the lowest pressure and mass flow rate conditions. In this way, the DBBM effectively
extends the applicability of the original BBM into the transitional boiling regime by
switching between the BBM heat flux and a heat flux defined for the single phase
vapor according to the predicted probability of occurrence of dry-spots. This makes
the DBBM a more suitable tool when the objective is not only to identify the onset
of intensive boiling, but also to represent the deterioration in heat transfer associ-
ated with transition towards film boiling conditions.

The other wall-boiling models available in STAR-CCM+, including the single-phase
Rohsenow correlation and the RPI model, provide simpler alternatives for predicting
boiling heat flux. However, in the present study, they show lower accuracy compared
to BBM and DBBM against the experimental results. Their main advantage lies
in their ease of implementation and lower setup effort, which may still make them
useful in applications where detailed and accurate resolution of boiling phenomena
is not required.

In summary, the BBM and especially the DBBM provide a useful numerical method-
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ology for analyzing subcooled boiling in heavy-duty engine coolant jackets. The
BBM offers a practical indication of boiling intensity and the limits of safe partial
boiling, while the DBBM improves the predictive capabilities in more severe condi-
tions by accounting for dry-spots. These features make the models valuable tools for
the development of advanced engine cooling strategies, particularly where controlled
boiling is of interest.
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A

Appendix 1

The user defined coefficients are set as in Eq. A.1 with all terms bundled into the
first term (Ayser)-

Auser = qUuRr + chTc + Cchw

Buser =0

Al
Cuser =0 ( )
Duser =0

And since it is not possible to change the internal coefficients directly, however, the
expressions representing the internal coefficients can be used and included in the
user defined coefficients. it is therefore possible to remove the internal coefficients
as follows:

{_Binternal + (1 - H)B'internala T> Tsat
B =

0, T < Teat
(A.2)
O — _Cinternal + (1 - H>Ointerna17 T > Tsat
7o, T < Teat

Where qpg is the under-relaxed heat flux.
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