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Abstract

This master thesis inspects the convective heat transfer on coolant hoses within electric
vehicle (EV) under-hood parts. The focus is on the influence of air flow generated by a
fan on the convective heat loss from the coolant hoses and its following impact on the
overall cooling system performance. Due to the low magnitude of heat loss which
cannot be recognized from measurement system errors in a complete vehicle test, a
simplified experimental rig is used. Computational Fluid Dynamics (CFD) simulations
are done to provide a comprehensive analysis comparable with experimental results.
Key factors such as coolant flow rate and air temperature are studied for their impact
on heat transfer coefficients. The study objects to improve the accuracy of one-
dimensional simulation models by validating them by the experimental data achieved.
The results indicate the noteworthy influence of coolant flow rate on the heat transfer
coefficient and underline the significance of using highly accurate measurement
devices, mainly flowmeters, to minimize uncertainty and error in experimental data.
This research contributes to the optimization of EV cooling systems by offering a better
understanding of the convective heat transfer mechanisms impacting coolant hoses.

Key words: convective heat transfer, coolant hoses, electric vehicles, CFD simulation,
cooling system performance, heat transfer coefficient.
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Notations

Abbreviations

AC Air Conditioning

BEV Batery Electric Vehicle

BTM Battery Thermal Management
CFD Computational Fluid Dynamics
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ED Electric Drive
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Symbols

a Thermal Diffusivity [m?2/s]
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m Mass Flow [kg/s]

il Dynamic Viscosity [Pa - s]

Vr Kinematic Eddy Viscosity
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p Density [kg/m?3]
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Heat Transfer Coefficient [W /(m?. K)]
Thermal Conductivity [W /(m. K)]; Turbulence Kinetic Energy [/]
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Prandtl Number
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Heat Flux [W /m?]]

Thermal Resistance [K /W]

Radius [m]

Reynolds Number
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Time [s]

Velocity in X, y, z directions [m/s]



1 Introduction
1.1 Background

Global warming and climate change problems caused by rise in consuming fossil fuels
has resulted in growth in development of zero tailpipe emissions vehicles. An important
development towards ecofriendly transportation is electric vehicles (EV) [1,2]. Even
with their increased efficiency and zero tailpipe emissions, EVs powered by batteries
still face challenges with safety, range, cost, and low battery performance in extreme
temperatures. The main reason behind the slow growth of EVs in the market is their
vehicle range. While increasing an EV's battery capacity can extend its range, doing so
may also result in an increase in the vehicle's weight, volume, and cost [1,3]. Reducing
the power consumption of EVSs' climate system is an alternative method. This can be
accomplished in two ways: by making the air conditioning (AC) system more efficient
and by lowering the climate control load in EVs. Consequently, researchers and
automakers have given electric vehicle thermal management (EVTM) solutions high
attention. As vehicle electrification and knowledge progress, these systems strive for
optimal operating temperatures and enhance energy utilization efficiency [3,4].

In vehicles with internal combustion engines (ICE), the ability to meet the heating
capacity is typically taken for granted in cold climates because there is always enough
waste heat from the engine. For EVs in cold climates, however, the heating objective
needs to be carefully chosen to achieve high efficiency, since there is no waste heat
from engines. Furthermore, Therefore, additional energy is often required that can be
provided by a positive temperature coefficient (PTC) heater and a heat pump (HP)
system [2, 4, 5, 6, 7]. The AC system in EVs uses a significant amount of battery power
to heat and cool the cabin to enhance passenger thermal comfort, significantly reducing
the EVs' driving range. This suggests that maintaining a high enough temperature inside
EV cabins may be a significant factor in decreasing driving range. As was previously
noted, PTC is widely used for cabin heating. PTC-based electric heater systems can be
installed at low costs, but because they rely on electric conversion, they consume a lot
of battery power when in use, drastically reducing the range of the vehicle [1].

In contrast to PTC heaters, HP systems enhance heating efficiency by transforming
atmospheric heat. HP systems can also utilize the limited waste heat from the electric
motor or the battery to support the cabin heating or dehumidification process. At an
ambient temperature of -7 C, the coefficient of performance (COP) of HP systems with
the same system components is close to 2 [5]. By this COP value HP system can provide
heat to the cabin double the amount of consumed electricity. At an ambient temperature
of -10C, it was observed that the driving range of the electric vehicle with HP heating
increased by 23% compared to that with PTC heating [6]. However, a disadvantage of
the HP system is that as the outside temperature lowers, its heating capability drastically
decreases as well [2, 5]. This is one of the main challenges for optimization of thermal
system in extreme weather conditions. The choice of the heat source in the EVs thermal
system is dependent on various circumstances but HP system appears to be a promising
choice for future thermal management systems. The heat source can be used in each of
thermal systems in EV or somehow integrate them. For this, first EVs thermal
management systems should be introduced.

The three primary systems that make up the battery electric vehicle (BEV) thermal
management are battery thermal management (BTM), motor thermal management
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(MTM), and cabin thermal management (CTM), which are responsible for power
batteries, electric motors (EM), and cabins on an EV [6]. In Here, BTM, MTM, CTM
and the integrated thermal management system are explained.

1.1.1 Battery thermal management (BTM)

The electrochemical process produces a lot of heat inside the battery, which may cause
the temperature to rise quickly, negatively impacting its functioning efficiency, and
possibly even result in safety issues [2]. Also, the batteries operating in extremely hot
temperatures experience a decline in performance [4]. On another way, due to the
battery's deterioration during low-temperature operation, EVs are less competitive with
ICE vehicles in places with cold climates. Many methods for preheating batteries before
and while charging or usage have been suggested to lessen the effect of winter ambient
temperature on batteries [1]. Battery thermal management can be divided into three
categories: liquid, phase change material (PCM), and air cooling. The selection of
coolant and cooling mode, geometric structure optimization, flow rate and direction
control, etc. are the primary areas of current research attention. For both summer
cooling and winter preheating, the liquid-based cooling method is suitable. Liquid-
based cooling methods are currently commonly used by EV manufacturers, particularly
in BEVs, due to their high cooling capability and reliability. However, it should be
mentioned that EVs using BTM with liquid cooling need additional components,
including a heat exchanger and pump [1, 4, 6]. Many liquid-cooling BTMs use the
water-glycol mixture because it reduces the freezing point [6]. Using these usual
methods, the cooling capacity of the battery temperature control system must be set
high enough to prevent the battery from reaching an excessively high temperature
resulting in an oversized thermal management system [2].

1.1.2 Motor thermal management (MTM)

The growing popularity of electric vehicles raises the need for highly efficient and
high power-density electric motors, which increases the amount of heat produced in the
motor's limited effective cooling space [4]. The two most popular cooling techniques
for motor cooling are liquid and air cooling. Liquid cooling has a higher specific heat
than air cooling and has the ability to independently change the system temperature as
needed. Liquid cooling may efficiently address the heat dissipation issue of high-power
motors and enhance the efficiency and lifespan of the motor, power electronics, and
other components of new energy vehicles. Electrical motors can also be cooled by
lubricating oil. The motor thermal management (MTM) that uses liquid is more
efficient than one that uses air because liquid has a higher heat transfer coefficient [4,6].
Water's high heat capacity and low cost make it the most popular coolant for EMs in
EVs. The water-based MTM is more efficient than the oil-based one for the same
channel configuration [6].

1.1.3 Cabin thermal management (CTM)

Most of electric vehicles use AC system to keep the cabin cool. Typical components of
an EV’s AC system are a compressor, two blowers, an evaporator, a condenser, and an
expansion valve. The evaporator and an additional blower are situated within the cabin,
but the condenser and one of the blowers are situated outside. PTC heaters and HPs are
the most common cabin heating options for pure EVs; with PCM as an alternative [6].
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1.1.4 Integrated thermal management system

The significance of EV thermal management systems is increasing due to the
advancements in vehicle electrification and knowledge. These systems ensure that
functional units operate at the ideal temperature and enhance the vehicle's energy
efficiency. The cabin, battery, motor, and power electronics in typical thermal
management system solutions are independent and managed in different ways, resulting
in a complicated system with many pipes and components, limited collaboration, and
high-power consumption [4]. An electric vehicle's integrated heating system for both
the cabin and the battery could be used to solve the issue of the heating system's battery-
power consumption at lower ambient temperatures. Multiple thermal management
systems are combined into an organic whole by the integrated thermal management
solution. Maximizing a systematic design is only possible by combining the needs and
applications of every thermal management system into one integrated system. In order
to encourage the popularity of EVs in extreme climate conditions, integrated thermal
management systems are a crucial and necessary step [1, 4, 6, 7].

1.2  Previous studies

Water glycol mixture coolant is usually used for ED system cooling and BTM system
[8]. The Coolant flows between different components in EV under-hood via coolant
hoses and a fan is used to flow air into the coolant heat exchanger and thereby remove
heat from the coolant circuit in EV under-hood.

In the work done by Shim and Park [9], a transient analytic technique was applied to
engine cooling and under-floor heat protection during vehicle development. The
research examines cooling performance and thermal damage, particularly post-ignition-
off after uphill driving, using CFD codes Star-CCM+ and RadTherm. The method
provides precise estimates of temperature distribution and variations over time and has
been tested against wind tunnel testing.

Ljungskog and Nilsson [10] have compared two approaches with various meshing
techniques in order to estimate the development of a highly automated CFD model for
under-hood compartments. They have developed two methods with different mesh
settings utilizing STAR-CCM+ for CFD analysis. The method with polyhedral mesh
has indicated higher efficiency and better convergence than the other one but both
methods have underpredicted the heat rejection considering the validation tests, which
calls for deeper investigation and complete validation in these methods.

This coolant hoses can be influenced by excess heat released from each of the
components which is addressed as heat pick up. Borg and Owen [11] in a thesis work
investigated heat pickup in vehicle cooling system hoses, examining its impact on
coolant temperature due to temperature variations in the under-hood compartment.
Experimental measurements and CFD modeling were employed to quantify the
phenomenon's effects and improve the accuracy of 1 dimensional CFD modeling for
the entire cooling system.

Conversely, fan air flow can also have a side effect on coolant hoses. The air flow in

EV under-hood can cause convective heat loss from coolant hoses. The heat loss caused
by fan flow can impact the cooling system performance and reduce its efficiency. By
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quantifying the heat rejected from each coolant hose, the impact of this energy loss on
total energy efficiency of EV will be indicated.

The convective heat transfer between flow in the pipe and air cross flow over the pipe
has been investigated in many studies. Hatton et al. [12] presented experimental
findings on mixed convection regime around electrically heated cylinders, which
covered a wide range of forcing velocities and temperature differences. He proposed
correlations for forced and natural convection conditions, with an additional correlation
acquired for combined forced and natural convection regions, showing good agreement
with experiments.

Despite all the studies in the area of convective heat transfer from pipes affected by
cross sectional air flow, there is limited research in the area of heat loss from coolant
hoses which are affected by air flow in vehicle under-hood area. This topic is the focus
of this study. It is intended to quantify and predict the heat loss from coolant hoses
affected by air flow by simulations. The results can later be used for improving thermal
1 dimensional modeling.

1.3  Objective

For the specific case of this study based on the material of hose, the temperature of the
coolant and fan flow rate, heat loss of each hose has a low order of magnitude that
cannot be distinguished from the measurement error. This issue makes it difficult to
determine the convective heat losses of coolant hoses in the complete vehicle tests.
Therefore, a simplified rig is utilized to mimic the same process with modified
conditions. In this study it is intended to provide a comprehensive CFD comparable
with experimental results from the simplified rig by analyzing the influence of key
factors.
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2 Theory

In this section the relevant theory for heat loss prediction in coolant hoses is briefly
explained. It is important to have a good understanding of the fundamental relations in
both areas of fluid dynamics and heat transfer to be able to conduct them properly. In
this case the main reason is to predict heat loss. Numerical methods used for simulation
is also described in this section.

2.1 Heat transfer

Fundamentals of heat transfer are important in understanding of the heat loss from
coolant flow inside the hoses to the under-hood air flow. According to the basis of the
heat transfer, heat is transferred between two media if there is a temperature difference
between them [13]. And heat is always transferred from medium with high temperature
to medium with low temperature. Heat can be transferred by three types of conduction,
convection, and radiation. In case of heat loss from coolant hoses we only consider the
two types of conduction and convection and in the following sections, each of them is
explained in more detail.

2.1.1 Conduction

The transfer of energy to the less energetic molecules or particles from more energetic
molecules or particles in a substance due to the interactions between them is called
conduction. Higher temperature results in higher energetic particles and the interactions
like collisions between particles results in transfer of energy between them. With a
temperature gradient in the substance, the direction of energy transfer in always to the
decreasing temperature side. Heat transfer rate in conduction can be calculated by
Fourier’s law. Equation (2.1) shows the one dimensional conduction heat transfer.

"o de
Qx - dX
2.1)

qi (W /m?) is the heat transfer rate in the x direction divided by the cross-sectional area
of the heat transfer. Z—z is the temperature gradient in x-direction and it is related to the

heat transfer rate by k (W/m.K) as conductivity of each material. The minus sign is to
show that the direction of heat transfer is the opposite of temperature gradient (in the
direction of decreasing temperature).
Considering heat flux as a vector with components in all directions, we can write
Fourier’s law in in a general statement.
G (LN
1= = dx ay TV dz

(2.2)

dT dT

& a and % are temperature gradients in direction of X, y and z respectively. Heat flux

in each direction is perpendicular to the isothermal plane.

2.1.2 Convection

Based on the nature of the flow, convection heat transfer can be classified into two
groups. If the flow is caused by external means like fan or pump, the heat transfer is
referred as forced convection. On another way, natural convection is cause by buoyancy
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forces which are the result of the density gradient induced by temperature difference.
But for both of the convectional heat transfer types, the equation (2.3) is used to
calculate the hat transfer flux.

q" = h(Ts — Te)

(2. 3)
This equation is known as Newton’s law of cooling. q”’(W/m?) is heat flux
perpendicular to the surface of heat transfer and according to the equation it is
proportional to the temperature difference between T, (K) as surface temperature and
T (K) as the fluid temperature, and h(W /m?2. K) as convective heat transfer coefficient.
This coefficient is dependent to the nature of the fluid, fluid motion and surface
properties.

2.1.3 Heat transfer relations

Based on the first law to thermodynamics for steady state in a controlled volume, the
amount of thermal and mechanical energy generated within the control volume is equal
to the amount of thermal and mechanical energy leaving the control volume minus the
amount of thermal and mechanical energy entering the control volume. This law can be
shown in equation (2.4).

1 1
m(ut+ pv +=V%+ gz) —m(ut+pv+—V2+ gz) +q-W=0
2 in 2 out ( )
2.4

Each term within the parentheses represents the forms of energy (thermal, fluid work,
kinetic and potential) per unit mass flow rate of inlet and outlet. Enthalpy per unite mass
(h(J/kg))can be used instead of sum of thermal energy and fluid work per unite mass.

h = us+ pv
(2.5)

Neglecting changes in latent energy between inlet and outlet mass flow as well as
considering the fluid as ideal gas, enthalpy difference can be replaced with
(hin — hout) = cp(Tin — Toue) IN Which Ty, and T,,, are temperatures in inlet and
outlet and cp is the specific heat capacity at constant pressure. In the case where fluid
is an incompressible fluid, the specific heat capacity at constant pressure and constant
volume can be considered equal. Flow work can also be neglected by not having large
pressure differences in the flow. By neglecting changes in kinetic and potential energy
in inlet and outlet flow, the simplified steady state thermal equation can be achieved.

q= Tfle (Tout — Tin )
2. 6)

Where q(W) is the thermal power given to the control volume which is proportional to
the temperature difference between inlet and outlet, m(kg/s) as mass flow rate of inlet
and outlet flow and ¢, (J/kg.°K) as specific heat capacity for the fluid. This equation is
only valid for ideal gases and incompressible fluids.

2.1.4 Thermal resistance

The heat transfer from each heat transfer types can be also expresses in equation (2.7).
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_ ”A—AT
q9=q "R,

(2.7)

A(m?) is the area perpendicular to the heat transfer direction and AT is the temperature
difference between the two media in contact. R, is defined as thermal resistance which
has different forms in each heat transfer type. Based on equation (2.1), thermal
resistance for conduction in a plane wall is shown in equation (2.8).

Ts,l - TS,Z — i
qx kA

Rt,cond =

(2. 8)

In equation (2.8), T, and T, are surface temperatures in each side of the wall and
L(m) is the length of the wall. This thermal resistance is defined the same as Ohm’s law
for electrical conduction. Using this method will simplify complicated heat transfer
problems. This thermal resistance can also be defined for other types of heat transfer.
Based on equation (2.3), thermal resistance for convection is defined as following:

Ty—To 1

q hA

Rt,COTl‘U -

(2. 9)

In case of this study, a brass pipe is exposed to coolant flow from inner side of the pipe
and cross air flow from outer side of the pipe. The conduction heat transfer is in radial
direction and the thermal resistance will be in the form of:

In (r,/11)

Rt cona = ik ( )
2.10

Where L is the length and r, and r; are the outer and inner diameter of the pipe
respectively.
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Figure 2.1 Series of thermal resistances between cross air flow and fluid in the pipe
[13]

Considering each medium’s thermal resistance in equivalent thermal circuit, all the
resistances will be in series which can be seen in Figure 2.1. Total equivalent can be
calculated by summing all the thermal resistances.

1 In(r,/r 1
N (z/1)+

R, ., =
ot A, 2mlk h,A,

(2.11)

We can replace R,,, with the overall heat transfer coefficient:
UA = !
Rtot

(2.12)

By this overall heat transfer can be calculated by equation (2.13):
tht = UAAT
(2.13)

Where AT is the temperature difference between air flow and coolant flow in our case.
Equation (2.13) can be used locally but not for the whole pipe.

2.1.5 Convective heat transfer coefficient

In order to calculate the overall heat transfer coefficient (U(W /m?. K)), first convective
heat transfer coefficient (h) must be calculated for air and coolant flow. In this case
Nusselt number which is defined as the ration between convective and conductive heat
transfer is used.
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Qcond k

(2. 14)

This equation is also used with surface averaged heat transfer coefficient to calculate
average Nusselt number. This dimensionless number is used for measuring convective
heat transfer rate at the surface and is usually correlated by fluid flow’s Reynolds
number (Re;) and Prandtl number (Pr). Many empirical correlations have been
suggested to calculate Nusselt number according to the fluid’s Prandtl and Reynolds
number. These correlations differ according to the shape of the surface or range for
Reynolds number of fluid flow. One of the suggested correlations by is as follows [13].

_ (f/8)(Rep — 1000)Pr
1+ 12.7(F/8)Y2 (Pr2/3) — 1)

Up
(2. 15)

Equation (2.15) can be used for internal flows in circular tubes. For the flows in the
range of 0.5 < Pr < 2000 and 3000 < Re;, < 5 x 10°, this correlation is valid. This
correlation can be used for coolant flow in the pipe. f is the friction factor and is
calculated by equation (2.16):

f = (0.790 In Rep, — 1.64)2 3000 < Rep < 5 x 106
(2. 16)

In equation (2.17), a correlation is suggested for Nusselt number in cross sectional
external flows over circular cylinder.

PryY/*

Nup = C Rep,™ Pr™ (P_rs>
2.17)

Coefficients of C and m are listed in table 1.1 for different Reynolds numbers. External
flow temperature is used for evaluation all the properties except for Pry which is
evaluated at cylinder surface temperature. If Pr < 10, n=0.37; if Pr = 10,n =
0.36.

Table 2.1 Coefficients for equation (2.17) [13]

Rep C m

1—40 0.75 0.4
40 — 1000 0.51 0.5
103 — 2 x 10° 0.26 0.6
2 x 10% —10° 0.076 0.7
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2.1.6 Energy balance

e
A
1
- T m —> Tml : Tm+dTm -
: I
—_—d
}—»X fe dx "|
0 L
Inlet, i QOutlet, o

Figure 2.2 Energy balance of in a pipe cross sectional control volume [13]

For simplifying the energy balance in the circular pipe cross sectional element
according to Figure 2.2, some energy transfers can be neglected. For example, heat
transfer in axials direction can be neglected and the fluid can be modelled as a
incompressible or ideal gas and pressure variations can be neglected. With all the
simplifications, the energy balance will be as equation (2.1). This equation for the
control volume shown in the picture can be rewrite as:

ar, qiP P

dx mcp mcp

W(T,-T,)
(2. 18)

Where P in the perimeter of the cylinder and g¢’ is the heat flux to the internal flow in
the control volume. Based on the location of surface temperature (T,), heat transfer
coefficient can be either for only for the internal flow or for series of internal flow and
the pipe wall. By considering the external flow heat transfer coefficient in series, T, can
be replaced with air temperature (T,). In the condition of constant T, , by defining AT =

T, — T, the equation can be rewritten as — 222 =2 ;AT . By solving this equation

dx mcCp

from inlet to outlet of the pipe, equation (2.19) is achieved.

AT, Tw—Tn, MG

(2. 19)

Based on the definition of average heat transfer coefficient h = % fOL hdx, local heat

transfer coefficient (h) in equation (2.19) is replace with average heat transfer
coefficient (h). T,, and T,,,, are internal flow’s outlet and inlet temperature respectively.
By this definition, total heat transfer between external flow and internal flow which is
the same as heat transfer gained by internal flow will be:

q = mcp(Tmy — T, ) = mep((Too — Trn,) — (Teo — T, )) = mep(AT; — AT,)
(2. 20)

By replacing equation (2.19) in equation (2.20), we can reach equation (2.21):
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q= EASATlm
(2.21)

Pipe surface is calculated by A; = P.L . log mean temperature difference (AT;,,) is
calculated based on:
(ATO — AT; )

AT,

ATlm =

(2. 22)

2.2 Fluid dynamics

In order to simulate heat transfer phenomena, fluid dynamic phenomena should also be
considered. These to phenomena are coupled and solved together. Governing equations
[11] in fluid dynamics are explained here.

aui —0
axi B
(2. 23)

Equation (2.23) is the equation for conservation of mass for incompressible fluid. u; is
the velocity and x; is the spatial coordinate.

aui aui _ 1 0P 62uj

W“‘f'axj - p dx; Vaxjaxj

(2. 24)

Equation (2.24) is the conservation of momentum equation for incompressible fluids.
This form of the equation is known as Navier Stokes equation and v is the Kinetic
Viscosity.

T
= —V(—kVT) —pV -u + @

Pl op

(2. 25)

Equation (2.25) is the conservation of energy equation where @ is the heat dissipation
and k is the conductivity of the fluid. p, C, and p are fluid’s density, specific heat
capacity and pressure respectively. @ is defined as:

b = 1 aui n Bu] z
N 2 au] aui

(2. 26)

Equation (2. 25) is showing heat loss from dissipation and conduction from the fluid
must equal the net energy convection into the fluid.

In order to be able to solve these equations for turbulent flow, first we should have a
good understanding of the turbulent flow itself. The chaotic behavior and variations in
pressure and velocity are typical characteristics of turbulent flows. By utilizing Reynold
decomposition to the pressure and velocity of the fluid in the Navier Stokes equations,
the governing equations can be adjusted to turbulent flow characteristics. In Reynolds
decomposition velocity and pressure are decomposed to mean and fluctuation values.
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(2. 27)

(2. 28)

By applying these decompositions and time averaging on Navier Stokes equations,
Reynolds Averaged Navier-Stokes (RANS) equation will be obtained:

om, 19 , _ ,
u]-a—xj= _Ea_xi(_PSij +2|J_Sij + TOij)

(2. 29)

e §;; is the Kronecker delta.
e S;; represents the mean strain-rate tensor.
° T, ; represents the Reynolds stress tensor.

2.2.1 Computational fluid dynamics

Nowadays in both industry and academia, computational fluid dynamics (CFD) which
relies on numerical techniques is frequently used to study complex flow phenomena.
CFD simulations can help us in predicting the behavior of the flow in different
condition which can be hard and expensive to experiment them [14]. In order to solve
the fluids behavior especially turbulent behavior, CFD modeling have been used to
simplify the equations.

2.2.1.1 Reynolds Averaged Navier Stokes (RANS)

Based on the shown Reynolds Averaged Navier-Stokes (RANS) equations (equation
(2. 29)), there are many closure models for the RANS equations that can be used to
model the turbulent parts, which govern the transport equations of the mean flow
quantities. For steady-state scenarios, the averaging procedure can be regarded as time-
averaging, and for periodic transient scenarios, as ensemble averaging. Equations for
the mean quantities are obtained by replacing the decomposed solution variables into
the Navier-Stokes equations. By replacing the variables, z;; will be added to the
parameters as Reynolds stress tensor which defined as:

u'?z Uy duw
T = —p|luv v oUW

u'w' v'w w'?

(2. 30)

Stresses generated by turbulent fluctuations' interactions are indicated by the Reynolds
Stress Tensor. This parameter adds a new variable, but the number of equations is still
the same which leads to a closure problem. The Boussinesq approximation is used to
solve this.
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(2. 31)

(2. 32)

e v is the kinetic eddy viscosity.
e S;; is the mean strain rate tensor.
e K isthe turbulence kinetic energy.

In order to model the turbulence kinetic energy, different methods have been
introduced. Based on the models used in this thesis only two models of Realizable k-
epsilon and k-Omega SST are explained. These models differ in modeling of kinetic
energy and specific dissipation rate. The specific dissipation rate for each of the models
is described as follows:

(2. 33)

(2. 34)

Equation (2. 33) is for k-epsilon model and equation (2. 34) is for k-Omega model.
The turbulence and specific dissipation rates are defined by ¢ and w respectively. In k-
epsilon model, turbulent kinetic energy and dissipation rate are achieved by these
equations:

ok ok d U; d ve\ 0k
H+Uja—xj=1ija—xj—s+a—xj (v _>6_x]

(2.35)
de de e ay; de
%J’Ufa_acj:C“kT”a__Cssz’_l os)axj

(2. 36)

Where Cyq, C,, C,, 0y and o, are closure coefficients for the modeling. The equations
for turbulent kinetic energy and specific dissipation rate are as follows:

ok LU ok aU; I + to k) dk
oc T Vigy, T TGy, Pk " dx;
2.37)
Jw Jw w JU; 040k 0w 0 O\ Jw
— U —=0—-T1i— B+ ——mM— + — =)
at " 7 0x; kT 0x; Bo®+ waxjaxj+6xj (V+ w)axj
2. 38)
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a,B, B, 0,0 are closure coefficients for this modeling. But other improvements have
also been made to these two models to make the models more real. k-epsilon realizable
and k-Omega SST are the most widely models in each model respectively.

2.2.1.2 Scale resolving CFD methods

In the Large Eddy Simulation (LES) model [14], the governing equations of fluid
motion are solved numerically on a grid, and the large-scale turbulent eddies are
directly resolved instead of using the RANS models, while the smaller scales are
modeled using sub grid-scale models. By resolving the large-scale motions, LES
provides accurate predictions of turbulent flow phenomena, including flow separation,
vortex shedding, and turbulent mixing, without the need for excessive grid refinement.

In Detached Eddy Simulation (DES) model, the aspects of Large Eddy Simulation
(LES) and Reynolds Averaged Navier-Stokes (RANS) are combined to efficiently
simulate turbulent flows. When modeling close to solid boundaries, when fine
boundary layer resolution is crucial, DES employs RANS modeling. However, when
the flow is detached and large-scale eddies are dominant, LES modeling is used. This
makes it especially appropriate for complex flow issues that involve large-scale
turbulence and boundary layer phenomena.
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3 Methodology

This study is aiming to investigate the accuracy of the computational fluid dynamics
(CFD) simulations in prediction of heat loss in pipes with high temperature fluid flow
affected by external flow air especially in coolant hoses exposed to fan air flow. For
this aim a simplified rig is designed to mimic this phenomenon in a larger scale in both
experiment and CFD simulation. In this section features of experiment in the rig and
the simulation will be explained in detail.

3.1 Experiment

In this part, Geometry of the rig in addition to the measurement system is described and
different components are explained.

3.1.1 Geometry

The rig consists of a 1.5 m x 1 m x 0.5 m wooden box which a suction fan is installed
in one side and the opposite side is open. A 1 m long brass pipe with outer diameter of
20 mm and 2 mm thickness is installed in the box perpendicular to the flow caused by
the fan. A nozzle is installed in the open side of the box to reduce the effect of box
edges on the fan flow in the box. Details of the rig can be seen in Figure 3.1.

Coolant Flow Direction

Air Flow Direction

Figure 3.1 Geometry specifications of the rig

Coolant flows in the brass pipe by an external flow circuit controlled by a pump and
valves. Coolant used in this experiment is 50 % (v/v) ethylene glycol/water mixture.
The coolant pump utilized in the rig is not designed to produce the low flow rate range
required in the test, hence a bypass circuit is added to the coolant flow circuit and by
adjusting both box valve and bypass valve from Figure 3. 2, pump runs at a stable flow
and a small portion is led to the box pipe. Air flow is also controlled by the fan rotation
rate.
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Figure 3.2 Coolant circuit

3.1.2 Measurement

In order to capture the heat loss properly, measurement devices must be chosen
according to the required accuracy and measurement range of the experiment. For this
reason, based on the experiment, measurement devices for measurement of
temperature, flow speed and flow rate are used. Each of the chosen devices will be
explained in the following parts.

3.1.2.1 Temperature measurement

In order to determine the heat transfer between air and coolant flow, temperature
measuring sensors are needed both for air and coolant side. Thermocouple temperature
sensors are used for measuring air temperature entering the box. Since heat loss is
obtained from the temperature difference between coolant flow’s inlet and outlet,
PT100 temperature sensors with a higher accuracy than thermocouples are used.

3.1.2.1.1 Thermocouple temperature sensors

Thermocouples are one of the most popular temperature sensors. In addition to their
low cost, they are also reliable and have a wide measuring range which can be used in
many different experiments. While thermocouples are widely used, it is difficult to
obtain accuracy much better than 1°C with them [15]. However, because of their many
benefits, they continue to be the widely used type of sensor for industrial measurements
today. Thermocouples operate on the principle of the Seebeck effect, which states that
a pair of different metals in contact with one another at each end would produce a very
small electrical potential when exposed to changes in temperature. Therefore, in a
thermocouple temperature change can be detected when two dissimilar metals in
contact produce electrical voltage. Based on the low cost and their availability, 6
thermocouples are used to measure air temperature at the inlet of the box. These 6
thermocouples can be used to compare temperature pattern of air with simulations.

3.1.2.1.2 PT100 temperature sensors

PT100 temperature sensor is an RTD (Resistance Temperature Detector) which within
its range is typically more linear, drift-free and more accurate than a thermocouple [16].
Nevertheless, they cost more than thermocouples because of their platinum content and
more complicated production process. RTDs operate by using the electrical resistance
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principle, as in contrast to thermocouples, which are passive sensors. To quantify a
change in resistance, a small current must be passed through them. The basis for RTDs'
operation is the concept that some metals have a highly precise and stable relationship
between resistance and temperature. We can determine the temperature change by
measuring this resistance change. Temperature ranges and accuracy level are different
between metals. Platinum is most popularly used metal in RTDs and in PT100, “PT”
stands for platinum and “100” stands for 100Q as the resistance at 0 C. Based on the
required high accuracy in coolant flow, 3 PT100s in the inlet and 3 PT100s in the outlet
are used.

3.1.2.2 Magnet flowmeter

In a magnetic or an electromagnetic flowmeter, the flow is measured by the
combination of a sensor and transmitter [17,18]. For the purpose of measuring flow, a
magnetic flowmeter uses two electrodes and a set of coils. An applied current from the
transmitter powers the meter's coils. Both coils create a magnetic field when powered.
Once the pipe is filled and the fluid starts to flow, the fluid's negatively and positively
charged particles separate as they move through the magnetic field due to the force of
the magnetic field. A voltage is generated between the electrodes and the sensor based
on separation. Transmitters receive voltage from sensors, translate it into a flow
measurement, and then send the flow measurement to a control system. This flowmeter
is used to measure the coolant flow rate before the brass pipe in the box. This flowmeter
device is of a high importance since it has a direct effect on the heat loss. SIEMENS
SITRANS F M MAG 1100 F magnetic flowmeter is chosen based on its high accuracy
in the required range of the coolant flow.

3.1.2.3 Hot wire probe

Hot wire probe or hot wire anemometer is used to measure the air velocity in this
experiment. In this probe, a very thin wire that is electrically heated to a temperature
higher than the surrounding air [19]. The wire cools when air passes through it. There
is a relationship between the resistance of the wire and the flow speed since the
electrical resistance of most metals is temperature dependent. By this relation velocity
of the air can be measured. Two hot wire probes are used in this experiment to measure
the air speed downstream of the pipe. Using of two hot wire probes can be helpful in
understanding the air flow distribution better.

3.1.3 Measurement system setup

The location of each measuring device in the rig can be seen from Figure 3. 3 to Figure
3.7. To minimize the heat loss between the temperature measurement point and the test
section, hoses in the distance between PT100s and the box are fully insulated and upper
part of the PT100s are also insulated in order to minimize the effect of external air flow
on their measurement. After installation of all the measurement devices based on the
complexity of the room where the rig is located, a study is done on room conditions to
achieve a stable air flow in the test section.
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Figure 3.4 Rig setup: Inlet
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Figure 3.5 Rig setup: Outlet
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Figure 3.7 Configuration of measurement devices

3.1.4 Study of experiment environment

In order to have a uniform heat transfer over the pipe inside the box, a uniform and
steady air flow with low fluctuations is needed over the pipe. For this reason, a suction
fan was installed at the end of the box to suck the air over the pipe and provide more
uniform flow than a blowing fan. six thermocouples in a plane 12.5 cm from the inlet
of the box and a hot wire probe were installed according to the geometry to measure
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the air flow temperature and velocity respectively. These measurements also provide

us with the stability of data over time and from data fluctuations of each we find out
the stability of air flow.

Experiment Room 2
room

Door to Door to
i , — | worksho

Figure 3.8 Schemeatic picture of the room where rig is located

The box according to Figure 3.8 is located in the experiment room which has two doors
(a door to outside and a door between experiment room and room 2). The first test was
conducted when the door between two rooms was closed, no additional fan was used,
and the outside door was open to have the outside air temperature on the pipe. The

results of thermocouple sensors and only one hot wire sensor in the top can be seen in
Figure 3.9.
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Figure 3.9 (a) Air velocity in the upper hot wire probe and (b) thermocouples average
temperature during test before environment study

Based on the data extracted from the first test, the standard deviation of average
thermocouple sensors and air flow sensor are 0.83 'C and 0.60 m/s respectively which
are relatively high and need to be reduced.

Four other cases in addition to main case with different room conditions were

introduced to see their effect on the air temperature and velocity fluctuations. The five
cases are described below:

A. The outside door is open, and the rig is located 50 cm outside the outside door. No
additional fan is used, and the door between experiment room and room 2 is closed.
B. The outside door is open, and the rig is located 20 cm inside the outside door. A

large suction fan is located between experiment room and room 2, but the next door
to the workshop is closed.
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C. The outside door is closed, and the rig is located 20 cm inside the outside door. A
large suction fan is located between experiment room and room 2, and the next
door to the workshop is open.

D. The outside door is open, and the rig is located 20 cm inside the outside door. A
large suction fan is located between experiment room and room 2, and the next
door to the workshop is open.

E. All doors are closed, and the large fan is not working.

For the mentioned cases, standard deviation of average air temperature from
thermocouples and air velocity from hot wire probe in the top is used as a comparison
index. The results can be seen in Figure 3. 10.
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Figure 3.10 comparison of standard deviation of air velocity and theromouples average
during test between room conditions cases

Based on the results we can see that the Case C has the lowest standard deviation both
for average temperature and velocity. Therefore, Case C is chosen to be the room
condition for all the cases.

3.1.5 Test cases

After setting up the rig and installation of all the measurement system, the properties
and conditions of test cases must be decided. According to the main target of this study,
the test conditions must be chosen to mimic realistic coolant flow conditions in the
coolant hoses in car under-hood. On the other way, the setting should be adjusted in a
way to increase the heat loss from the coolant pipe to become larger than the uncertainty
range of the measurement devices. By this, the comparison between experiment and
simulation results will be more reliable and more helpful to understand the level of
accuracy of the simulation results. The test cases shown in Table 3.1 are chosen in the
lower end of coolant flow range in EVs (0.03-0.4 I/s) to achieve higher temperature
drop in the coolant.
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Table 3.1 Test cases' setting properties

Case Coolant Temperature Difference between Fan Rotational
Number | Volumetric flow | Coolant inlet and Room (C) Speed (rpm)
(I/s)

Case 1l | 0.050 55 1000

Case 2 1500

Case 3 60 1500

Case 4 65 1000

Case 5 1500

Case 6 | 0.010 55 1000

Case 7 1500

Case 8 60 1500

Case 9 65 1500

The temperature difference between room and the coolant inlet is chosen based on the
fact that during the different dates of the years according to the weather condition, room
can have different temperatures. But by using the same temperature difference between
room and coolant inlet, we can ensure that the heat transfer rate between air and coolant
stays the same neglecting the effect of temperature of the air and coolant properties.

The approximate time to reach each test cases’ settings before recording the data is 30
minutes. Data from each test case is recorded for 10 minutes and time averaged results
from total 10 minutes of the tast is used for camparison and validation with simulation
results.

3.1.6 Additional improvements to the experiment

To make sure about the reliability of the experimental results and performance of
measurement devices, some preliminary tests are conducted with two cases (Case land
2) that were repeated several times. In Case 1 and 2, coolant volumetric flow and
temperature difference between coolant inlet and room are the same (0.05 I/s and 55C)
but with different fan rotations (1000 rpm for Case 1 and 1500 rpm for Case 2). These
rotational rates result in 1.59 m/s and 2.45 m/s average air velocity from hot wire probes
which are comparable to air velocity that hoses in the under-hood are subjected to.
During the first experiment, a turbine flowmeter was used due to availability issues
instead of the magnet flowmeter which has lower accuracy than magnet flowmeter
(uncertainty of 0.2% and 0.03% respectively). The comparing factor for this experiment
is the difference of coolant’s inlet and outlet temperature. The results according to
Figure 3.11 are relatively close in two runs of the test for Case 1 and 2 but still too
unstable.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2024 22



£ 3.00 A

g g
o u
S O

=
o
o O

Coolant Temperature Differenc
o
o

S o

[ RN
o

Case 1 Case 2
mExperiment 1 m Experiment 2

Figure 3.11 Coolant temperature difference comparison between experiment 1 and 2

These results shows that some modifications need to be done in the experiment
measuring system to improve the measurement accuracy. Main factors which affect
coolant temperature difference directly and are adjusted in each case are coolant inlet
temperature, air fan rotation rate and coolant volumetric flow. The Coolant inlet
temperature is adjusted by coolant heater controller and is measured by PT100s at
coolant inlet. The fan rotation rate is controlled by a PWM controller and coolant
volumetric flow is controlled by pipe and bypass valves and is measured by turbine
flowmeter. Since the magnet flowmeter has higher accuracy in measuring flow rate, a
new magnet flow meter was also installed in the circuit just before the coolant pipe.
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Turbine Flowmeter Magnet Flowmeter

Figure 3.12 Comparion between turbine and magnetic flow meter measurement
results in case 1

Figure 3.12 shows the comparison of turbine flowmeter and magnetic flowmeter in the
same experiment for case 2 where the coolant flowmeter is set based on the magnetic
flowmeter. It can be seen that the turbine flowmeter shows around 0.002 I/s higher
volume flow than magnet flowmeter. Since the flow rate is one of the main factors in
equation (6.2), small changes in this value can affect the temperature difference
significantly. It can also be seen that the fluctuations in magnet flowmeter is lower than
turbine flowmeter which can be helpful in reducing the uncertainty of the results. In
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Figure 3.13 the results of the third experiment after installation of magnet flow meter
can be seen.
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Figure 3.13 Coolant temperature difference comparison between experiment 1 to 3

Figure 3.13 shows a sharp reduction in coolant temperature difference. This change can
be due to the change of flowmeter to magnet flowmeter. Another reason can be the
reduction of air in the coolant circuit according to the large number of conducting tests,
since air in the circuit can make it harder to capture the real temperature difference
based on different flow properties.

Considering the fan rotation rate according to the results we can see that the difference
between case 1 and 2 is quite low when the rotation rate is changed from 1000 rpm to
1500 rpm. This can show that coolant temperature difference dependability on ambient
flow velocity resulting from fan rotation is much less than on coolant flow rate. Hence
no modification is done on the fan rotation rate measurement.

PT100s in coolant’s inlet and outlet are the next main factor. These sensors were
checked for calibration again and the results were within the acceptable range.
Afterwards some correction coefficients are also mentioned in the calibration report of
each PT100 which should be added to the measurement system. By adding these
factors, the shown temperature is corrected by the deviation of the sensor. After adding
these factors, the PT100s became more aligned in each side as can be seen in Figure
3.14.
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Figure 3.14 Temperature results of case 1 from thermocouples in coolnt pipe's inlet
and outlet (a) before and (b) after correction

The data in Figure 3.14 are from the same test of Case 1. As can be seen in Figure
3.13(a), before adding correction factors the signals were not aligned and some sensors’
results were neglected if they were showing very off temperatures. By doing this, in
fact some parts of data would be lost. After adding the correction factors, temperature
results are quite aligned and reliable. By averaging over the corrected values, we
improve the quality of the results.
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Figure 3.15 Coolant temperature difference comparison between experiment 1 to 4

The results in Figure 3.15 show small reduction of coolant temperature difference from
experiment 3 to experiment 4. This reduction was expected duo to Figure 3.14. From
the results we can see that effect of flowmeter is more significant than the effect of
PT100s’ correction factors. From these results it can be claimed that experiment 4 has
the most accurate results and this experiment’s measurement system will be used for
other cases as well. But we should also make sure that this experiment is repeatable. In
the next section, the repeatability tests are explained.
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3.1.7 Repeatability

Four cases were chosen for the repeatability test: Case 1, 2, 7 and 8. Case 1 and 2 are
in the same coolant volumetric flow and temperature difference between coolant inlet
and room (0.05 I/s and 55 C) but in different fan rotations (1000 rpm for case 1 and
1500 rpm for case 2). In case 7 and 8 have also 55 C temperature difference between
coolant inlet and room in both and 1000 rpm for and 1500 rpm fan rotation rate for case
7 and 8, respectively. But they have lower volumetric flow rate (0.01 I/s) than case 1
and 2. The test was repeated for each of the cases five times in different days. Coolant
temperature difference between inlet and outlet is used for comparison of the tests.
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Figure 3.16 Repeatability test results in (a) coolant temperature difference comparison
and (b) coolant temperature difference standard deviation between tests
for each case

According to Figure 3.16, the temperature difference has remained the same in each
case. The standard deviations are all below 0.1 C which can be used in the uncertainty
analysis of final tests. It can be seen that standard deviations of Case 7 and 8 are
relatively higher than Case 1 and 2. The only difference between Case 1 and 2, and
Case 7 and 8 is the coolant flow rate. Setting the coolant flow rate to 0.01 I/s (Case 7
and 8) compared to 0.05 I/s (Case 1 and 2) has the same human error but the difference
in standard deviation shows coolant temperature drop is more sensitive to coolant flow
rate in lower flow rates.

3.2  Computational fluid dynamics simulation

The second part of this study is trying to simulate the rig as close as possible to the
experiment conditions. The rig is simulated in STARCCM+ CFD simulation software.
The different modeling approaches and setting used for the simulation are explained in
this part. It is also of interest how to simplify the simulation to get the same result or
investigating the key factors which should be considered important in setting up the
simulation or the factors which can be neglected. In the next section, two different
models with different geometry considerations are proposed to show how important
this factor is in the simulation.

3.2.1 Study of geometry scale

In CFD modeling studies, all the efforts are in the direction of simplifying the models
to reduce the computational cost and time. Therefore, one of the focuses of this study
is to investigate if a simplified geometry can be used for modeling instead to reduce the
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computational effort/time needed to get the results. For this reason, two geometries are
introduced to model the coolant’s heat loss.

1. Simulating only the test section box without considering the fan. In this model box
boundary conditions are set to velocity inlet and pressure outlet and average air velocity
of two hot wire probes is considered for air velocity in the inlet. The geometry can be
seen in Figure 3.17.

Figure 3.17 Geometry modelled in box model

2. Simulating the box considering fan and all the room where box is located. The room is
not simulated based on the actual geometry of the test room but more to get the same
air flow inside the box. In this model There is not any inlet and outlet flow into the
room. The fan rotation is the only drive force for air flow. In Figure 3.18, the geometry
can be seen.

Figure 3.18 Goemetry modelled in room model

Comparison of the results from these two models help us in understanding of the effect
of flow field on the heat loss of the hose. In case where the results are quite similar, the
simple model can be used instead of the room model.
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3.2.2 Mesh for box model

In the box model, only box, pipe and coolant domains are meshed, with a Polyhedral
mesher. The thin mesher is used to mesh the pipe and prism layers are used on the
surfaces towards the air and the coolant side. Since the heat transfer phenomenon is
simulated in this study, conformal mesh between domains of air, pipe and coolant is
essential. These mesh features are precisely explained in the following sections.

3.2.2.1 Thin mesher

A prismatic-style volume mesh can be created in thin sections of the geometry using
the thin meshing approach. When compared to a comparable tetrahedral or polyhedral
type core mesh, using this mesh decreases the cell count and improves overall cell
quality. The convergence of simulations involving conjugate heat transfer in thin
geometries can be improved using this kind of mesh. Regardless of whether the parts
have a prismatic or polyhedral volume mesh, the thin mesher produces a conformal
mesh between all concurrent parts that are included in the same Automated mesh
operation. Thin plate geometries are the typical application for the Thin Mesher. High-
quality cells are necessary in these geometries in order to accurately capture the
thickness of the solid material. Then, any geometries in touch with one another can
have heat transfer analysis done between them. Thin Mesher is this case is used in the
pipe and can be seen in Figure 3.19.

Figure 3.19 Contact between coolant, pipe and air regions in mesh for box model

3.2.2.2 Prism layers

When paired with a core volume mesh, the prism layer mesh model creates orthogonal
prismatic cells close to boundaries or wall surfaces. For the flow solution to become
more reliable, this layer of cells is required. Prism layers give the solver the ability to
precisely resolve near wall flow, which is essential for resolving boundary layer flows
and identifying flow characteristics like separation in addition to forces and heat
transfer on walls. Since the integral results like drag and pressure drop are impacted by
separation, determining the velocity and temperature gradients normal to the wall is
necessary for accurate prediction of these flow features. In the viscous sublayer of a
turbulent boundary layer, these gradients are far sharper than what would be indicated
by using gradients from a coarse mesh. If the turbulence model enables it, you can
resolve the viscous sublayer directly by using a prism layer mesh. The thickness,
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number of layers, and distribution of the prism layer mesh are determined by the chosen
physics fidelity and the turbulence modeling methodology. In addition to offering near
wall mesh density, prism layers enable the use of high aspect ratio cells, which
improves cross-stream. Additionally, near the wall, prism layers reduce numerical
diffusion. When the flow is in line with the mesh, numerical diffusion is minimized. In
the case of this study for Box model, prism layers are used contact areas between pipe,
and air and coolant region. They are also used in the box wall surfaces for resolving the
flow separation more accurate but since these walls are quite far from the heat transfer
area, which is close to the pipe, fewer number of layers are used for them to reduces
the cost of simulation.

3.2.2.3 Conformal mesh

A mesh with different geometric elements without breaking the mesh's continuity
between contacting parts is called a conformal mesh [18]. The perimeter of coinciding
cell faces on contacting parts and the cell faces on the surface of one part in a conformal
mesh match exactly. Conformal mesh is highly recommended for conjugate heat
transfer simulations where 2 or 3 different regions are in contact, and heat is transferred
between them. In this experiment, the most important area for heat transfer is between
pipe and air flow and pipe and coolant flow. Hence a conformal mesh is required in
these areas. The conformal mesh can be seen perfectly in Figure 3.19 in the contact area
between each region. In order to obtain the conformal mesh, regions must be imprinted
on each other. Geometrically close surfaces or edges can be imprinted using the Imprint
procedure, within a specified tolerance. When surfaces coincide, part contacts are
formed between them.

3.2.2.4 Interfaces

Interfaces are required in CFD simulation in order to be able to transfer solutions
between two or three regions. Without an interface between regions, mass, energy,
momentum or any other quantity cannot be transferred. In this study, a contact interface
is used since this contact is used to connect two solid regions or a solid or a fluid region
in which Conjugate heat transfer between the regions is allowed and according to this
case is the best choice.

3.2.2.5 Mesh study

One of the important steps to find the cost/time efficient simulation model is to find the
mesh independent model. To achieve the lowest number of cells that still give accurate
results, a mesh sensitivity analysis is done for the box model. Case 1 is used for
simulation in this sensitivity study where volumetric flow rate of coolant is 0.05 I/s,
temperature difference between coolant inlet and air is 55 C and fan rotation rate is
1000 rpm.
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Table 3.2 Mesh study for box model

Mesh | Cell Coolant Maximum Y+ | Maximum Surface averaged
count Temperature on outer Side of | Y+ on inner | Y+ on outer side
Difference (C) | the pipe Side of the of the pipe
pipe
A 2743412 | 0,57 1.48 1.07 0.75
B 7895502 | 0,57 3.12 1.15 0.74
C 18348005 | 0,56 1.44 1.18 0.72

By changing from A to B, mesh is becoming finer in the pipe area and wake area and
the mesh is finer in the air side in shifting form B to C. Despite the large changes in cell
numbers, coolant temperature drop has not changed drastically, and all the results are
in the same range. Near wall Y+ value is used to compare the meshes to understand
how the flow resolution is especially near pipe. Maximum Y+ on the outer side of the
pipe is highest for mesh B but considering the average value, it is within the range of
other meshes and all of them fulfill the requirement of being below 1 (the average is
close to 1). On the inner side of the pipe for all the meshes, the maximum Y+ values
are within the same range close to 1 which again fulfill the requirement. It is clear that
all the meshes in addition of showing the same coolant temperature difference, have
enough resolution in the areas of heat transfer. For the reason of considering a higher
resolution in pipe area as well as having less number of cells, mesh B is chosen for
simulation. The detailed setup for mesh B can be seen in Table 3.3. The final mesh for
box model can be seen in Figure 3.20.

Table 3.3 Specifications of mesh for box model

base size 10 mm
Air Target Surface size 5mm

Number of prism layers 3

Prism layer thickness 5mm

Target Surface size 0.75 mm
Air to pipe Surface Number of prism layers 5

Prism layer thickness 1 mm
Wake refinement Isotropic size 2mm

Target Surface size 0.75mm
Inner cylinder surface Number of prism layers 5

Prism layer thickness 1 mm
Pipe surface Target Surface size 0.5 mm
Inner cylinder Base size 1 mm

) Base size 1 mm

Pipe -

Number of thin layers 5
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Figure 3.20 Mesh for box model

3.2.2.6 Study of coolant domain

In order to have a stable developed coolant flow in the pipe from the beginning of the
box, the coolant domain was considered 5 cm longer than the box size from each side
in the box model. Initially the plan was to have the same coolant domain in the room
model, but this made problems in meshing of surface wrapper on the air side in case of
intending to have conformal mesh. In conformal mesh it is needed to mesh all the parts
together and this caused the two domains of air and coolant meshing the same part. To
solve this problem, the coolant domain was reduced to the size of box’s inner side. But
to understand the effect of coolant domain length on the results, both cases were
simulated in the box model and Coolant Temperature difference was compared between
them. The simulation is done both for Case 1 and 18. The results can be seen in Table
3.4.

Table 3.4 Coolant domain comparison study

Coolant | Air Model | Coolant | Coolant Temperature | Difference between Short

Domain Model Difference (C) and Long Coolant
Domain %

Short k-epsilon k-epsilon | 0.57 0.24

long k-epsilon k-epsilon | 0.57
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The results show a very small difference between Coolant domain models. Therefore,
we can use the reduced coolant domain for the room model without expecting large
error.

3.2.3 Room model mesh

Meshing the whole room model considering fan rotation is more challenging. Fan
rotating area should be considered as a separate region with same physics continua as
air region. The complex geometry of fan makes hard to mesh the air region. For this
reason, surface wrapper is used to extract the volume for air region as well as for fac
volume. In addition, simulating the complex conditions of the room and makes reaching
to the promising mesh even harder. Choosing the boundary conditions for air in the
room to reach the same air flow pattern inside the box is quite important in this level.
Regardless of these modifications, the same settings in the box are used for the room
mesh. Prism layer are also used between air and fan region but they are neglected in the
room boundaries. Since the room was only added to model the fan flow and is not as
mush important as the box for heat transfer, larger cell sizes are used for room not close
to the box. Final mesh for room model can be seen in Figure 3.21.

Figure 3.21 Mesh for room model

3.2.3.1 Surface wrapper

When working with low-quality CAD data or complex geometries, the surface wrapper
can be used to produce a manifold, closed, non-intersecting surface. Surface wrapper
can be used in the geometries with for example mismatches in surface, several
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intersecting parts, missing data being like gaps and holes and duplicate surfaces.
Surface wrapper can solve all these problems by wrapping all the surfaces and
simplifying the complex parts. Since the surface wrapper's output surface quality is not
ideal, it is used with the surface remesher to give the volume meshers a high-quality
beginning surface. To reduce the effect of poor-quality CAD data of fan geometry,
surface wrapper is used for meshing air region as well as fan region.

3.2.3.2 Fan region

In order to simulate the rotation in the fan blades, a volume should be extracted
approximately close to fan blades to conduct the rotation setting on it. This volume is
created in ANSA and is designed to only include fan blades. The air outlet side is
designed in a semi cone shape to prevent air flow in the perpendicular direction to the
rotation axis. The fan region is extracted by surface wrapper between this volume and
fan geometry which can be seen in Figure 3.22 and Figure 3.23. Rotation in the fan
region can be modelled with two approaches of moving reference frame (MRF) and
rigid body motion (RBM). These two approaches are explained in the following
sections.
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Figure 3.22 Rotating part of the mesh in different viewpoints
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Figure 3.23 Left) fan geometry and right) fan geometry combined with fan rotating
region

3.2.3.2.1 Moving reference frame

A reference frame, which can be either stationary or rotating and translating with
respect to it, is used to define mesh motion. Moving reference frames provide a method
of representing rotations and translations as a steady-state issue while keeping the mesh
constant in steady simulations or in transient simulations that do not necessitate a time-
accurate solution. The location of cell vertices remains unchanged when an area is
applied with a moving reference frame. Instead, in the associated conservation
equations, it produces a continuous grid flux. The transient motion is transformed into
a time-averaged solution using this modeling technique. Hence MRF is usually applied
for steady state simulation. For the steady simulation part of this study, MRF is used
for fan rotating part.

3.2.3.2.2 Rigid body motion

In CFD, the position of a body can be changed with regard to the reference frame which
can be described as motion. Mesh motion models in transient simulations let you move
the computational domain's vertices through the simulation. It is possible to move the
mesh rigidly in fluid mechanics applications by specified translations and rotations. For
the transient simulations in this study, rigid body motion (RBM) model is used for fan
region. Time step of the simulation is chosen to have a 1 °rotation in each time step to
ensure proper transport of the flow properties over the moving interfaces. This makes
the simulation more time consuming but more accurate than MRF.

3.2.4 Models for steady and transient simulation

The test case of this study occurs in steady state. The measurements were conducted
for long enough during the experiment (10 minutes) and the results were time averaged.
Hence, steady-state simulations are expected to capture the same behavior just as well.
The simulations should start from the least complicated models to optimize the
simulation time. For the steady simulation, Reynolds averaged models (K epsilon
Realizable and K omega SST) are used. In order to consider the effect of transient
phenomena in the experiment as well and also prove the steady simulation results,
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transient models are also used. For transient simulation, Detached Eddy Simulation
(DES) which is a hybrid model which use both RANS and LES model is used.

3.2.5 Room model mesh analysis

The same settings from the chosen mesh of the box model are used in the room model’s
box area but the complexity of the room and its boundary conditions are important to
consider as well in order to properly resolve the air flow which can affect the heat loss
of the pipe. For this reason, a study is done on simulations with different room boundary
conditions and the results are compared.

3.2.5.1 Room boundary conditions analysis

Different meshes with different room boundary conditions are simulated for Case 1
with coolant volumetric flow of 0.05 I/s, 55 C temperature difference between air and
coolant inlet, and 1000 rpm fan rotation rate. In the first mesh, the room was simulated
as a 3 m height, 4,2 m wide and 4,5 m long cube. The box was situated in the room
showing in Figure 3.24. It is centered in y direction. The location is chosen to mimic
the real room as best as possible. Other meshes are changed in relation to the first mesh.
According to the room conditions for the experiment, for first mesh, room inlet was
considered as wall and room outlet as pressure outlet. The steady simulation with k
epsilon turbulence model for both air and coolant in Case 1 this mesh was ended in
dverged solution.

<+—Room
Outlet

Room—> 3m
Inlet

0.8 m 2m

Figure 3.24 Room sizing of mesh 1 for room model

This instability can be due to the high outlet flow from fan in the room outlet which
causes instability in continuity equation. To solve this problem the distance between
box and room outlet is increased from 2 m to 7.5 m. This can allow the fan flow to be
resolved completely before reaching the room outlet. The simulation was again instable.
To find the optimal simulation condition, different distances for inlet and outlet and
different room boundary conditions are tried. The results of the study can be seen in
Table 3.5.

CHALMERS, Mechanics and Maritime Sciences, Master’s Thesis 2024 35



Table 3.5 Mesh study for room different boundary conditions

Mesh Number of | Distance | Distance | Room Inlet | Room Outlet | Solution
Cells to Room | to Room | Boundary | Boundary
Inlet (m) | Outlet (m) | Condition | Condition
Mesh 1 | 15694157 | 0.8 2 wall pressure Diverged
outlet
Mesh 2 | 18011340 | 0.8 7.5 wall pressure Diverged
outlet
Mesh 3 | 18109015 |3 7.5 pressure pressure Diverged
outlet outlet
Mesh 4 | 18264640 |3 7.5 wall wall Converged
Mesh 5 | 18109015 |3 7.5 pressure wall Converged
outlet
Mesh 6 | 17963839 |3 5.5 wall pressure Converged
outlet

Pressure outlet is used as one of the room boundary conditions which is an outflow
condition that defines the operating pressure [20]. According to the results, only the last
three meshes succeeded in simulating the room model. Afterwards, we should decide
on which mesh we should continue the simulations. The decision can be made based
on the temperature pattern at the inlet of the box in the location of thermocouples, and
the air speed pattern in the location of hot wire probes. For air temperature, there are 6
thermocouples at the inlet of the box. In order to compare the temperature patterns,
temperature contour is drawn in the same plane as the thermocouples.
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Figure 3.25 In picture a, b and c, temperature contours in the plane of the air
temperature thermocouples for case 1 are shown for simulations with
mesh 4, 5 and 6, respectively. The location of thermocouples are shown
in temperature contours with black dots. d) Temperature contour drawn
by the thermocouples’ experimental data.
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In Figure 3.25a, 3.25b and 3.25c, the temperature contours in the location of
thermocouples for mesh 4, mesh 5 and mesh 6 simulation are shown, respectively. All
the simulations are done in the same case with the same simulation model as described
in Section 3.2.5.1. The location of each thermocouple is shown in the contours. In
Figure 3.25c, the contour is drawn from the thermocouples captured temperatures in
the same case’s experiment test. Temperature profiles in simulations show an
insignificant temperature gradient. Experiment data on the other hand show a large
gradient between up and bottom temperature sensors around 0.7 'C. This difference is
below the uncertainty of the thermocouples (1 C) but still should be considered in
comparison.

According to Figure 3.25a and Figure 3.25c, in the simulation with mesh 4 and 6 we
barely have any temperature gradient and in the simulation with mesh 5 the temperature
gradient is small and different compared to experimental data. Knowing the large
uncertainty of the thermocouples, these experiment values cannot be reliable for
comparison. Hence, air flow should also be compared between meshes.

Velocity: Magnnude (mis) r ‘Velomy Magnnude (mls)
®

l(o

i

v

|
0
L
)

a

Probe up Probe Down
Mesh 4 = Mesh 5

(c) (d)

Figure 3.26 In picture a, b and c, air velocity contours in the plane of the hot wire
probes for case 1 are shown for simulations with mesh 4, 5 and 6,
respectively. The location of hot wire probes are shown in temperature
contours with black dots. d) Comparison of air velocities in the hot wite
probes with air velocities in the location of hot wire probes in simulations
with mesh 4, 5 and 6.
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The air velocity contours in the plane where hot wire probes are installed for mesh 4, 5
and 6 can be seen in Figure 3.26a , 3.26b and 3.26¢, respectively. In Figure 3.26d, the
velocity is of two hot wire probes in addition to the air velocity in the same location of
the hot wire probes from the mesh simulations are compared. According to the results,
it can be seen that mesh 4 has the lowest resemblance to the experiment with about 0.5
m/s difference with experiment results. This makes the simulation not realistic. By this
it can be concluded that mesh 4 is not suitable for the simulation. Mesh 5 and 6 results
are relatively close to the experimental results. In the experiment, the hot wire probe at
the bottom shows higher air velocity than the top one. The same behavior can be seen
in mesh 6. Mesh 5 also show the same pattern in the values in Figure 3.26d, but the
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overall velocity pattern is in contrast. But the difference between top and bottom node
in both two meshes is less significant than in the experiment. Furthermore, higher air
velocity in the bottom hot wire probe cannot be expanded to the whole plane, since
there are only two hot wire probes which are few to conclude the air flow pattern in the
plane shown in Figure 3.26. Considering this, both mesh 5 and 6 can be regarded as
suitable meshes for the simulation. In the next step, the coolant temperature difference
between inlet and outlet can be compared to find the most accurate mesh.
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Figure 3.27 Comparison of coolant inlet and outlet temperature difference between
meshes for room model

The test case in this comparison is with the same simulation results for Case 1.
According to Figure 3.27, mesh 5 and 6 show approximately the same value but the
temperature difference in mesh 5 is closer to the experiment value. In this section by
comparing the air temperature profile, air velocity profile and coolant temperature
difference, the best mesh according to the room boundary conditions is chosen which
is mesh 5 with room inlet as pressure outlet and room outlet as wall. This mesh has an
acceptable box inlet air temperature pattern based on the temperature gradient,
acceptable air velocity pattern and closer coolant temperature difference to the
experiment than other meshes. But there is still a considerable difference between the
simulation and experiment results regarding coolant temperature difference which is
the focus of this study. For the next study, different turbulent models for both coolant
and air side should be examined in both steady and transient simulations. Based on the
similarities between mesh 5 and 6, mesh 6 should also be considered in simulation for
comparison. In Figure 3.28, the air velocity field can be seen for mesh 5.
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Figure 3.28 Air velocity vector contour in the room model with mesh 5 for case 1
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3.2.6 Comparison of box model and room model

According to the geometry of the simulation, two model for geometry of the rig are
introduced: box model in which only the box where the pipe is located is simulated,
and room model in which the entire room of the experiment is simulated. By comparing
these two models to the experiment results, we can understand their accuracy and
decide to simplify the simulation to box model in case of high accuracy in this model.

The test case considered for comparison is case 1. This case is simulated with k epsilon
turbulent model in steady simulation. In box model different inlet and outlet conditions
are evaluated to see their effect on heat transfer and the stability of the simulation. The
conditions can be seen in Table 3.6. Stagnation inlet boundary condition that is used for
box inlet in box 2 model which is a condition usually used for compressible flows that
in an imaginary space far upstream and the flow is at rest which can be used for
incompressible flows as well [20]. The most important factor to compare is the
temperature difference between coolant’s pipe inlet and outlet. Initially, this factor
should be compared in box models, room model and experiment. The comparison can
be seen in Figure 3.29.

Table 3.6 Box models specifications

Model Inlet Condition Outlet Condition
Box 1 Velocity Inlet Pressure Outlet
Box 2 Stagnation Inlet Velocity Inlet with Negative
Velocity
Box 3 2-part Velocity Inlet divided into Up Pressure Outlet
and Down
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Figure 3.29 Comparison of box and room model

According to Figure 3.29, box models suggest a quite similar coolant temperature
difference in all three models. We can make sure that the boundary condition does not
affect the heat transfer in the pipe. As can be seen, coolant temperature difference in
room model is closer to the coolant temperature difference in the experiment than in
box models despite testing different boundary conditions. In order to understand the
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difference between the room and box simulation, air velocity contour in the box can be
compared between models.
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Figure 3.30 a, b, c, d)Air velocity contours for simulations with box 1, box 2, box 3 and
room models, respectively.

Air velocity contours for box 1, box 2, box 3 and room model are shown in Figure
3.30a, 3.30a, 3.30c and 3.30d, respectively. In the box models, the time average of
measured air velocities from hot wire probes is added to the inlet, and to the outlet as
negative velocities in box 1 and 2 respectively. In box 3, the time average velocity of
the top hot wire probe was added to the upper inlet section and average velocity of
bottom hot wire probe in the lower inlet section. Based on this we can see that box
models have different air flow patterns and different wake areas, but they all show
higher velocities compared to the room model. This can be because hot wire probes are
installed downstream of the pipe and having the same velocity in the inlet cannot
produce the same air flow in the box. But this higher air velocity usually leads to higher
heat transfer coefficient which leads higher heat transfer and coolant temperature
difference. But in this case the higher velocity has led to lower coolant temperature
difference. The reason can be seen in the wake area after the pipe. In the box models,
the area with zero velocity involves a larger area on the pipe and is longer than in the
room model. This change in wake area is caused on by the fan induced turbulence inside
the box. This can reduce the total heat transfer in box models. For further investigation,
the heat transfer contours on the pipe surface can be compared.
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Figure 3.31 a, b, c, d) heat transfer on pipe surface in box 1, box 2, box 3 and room
models, respectively

According to Figure 3.31, the heat transfer is clearly larger in room model than box
models. Comparing to room model, heat transfer patterns in box models are relatively
the same. A small rise can be seen in box 2 model which can be due to the changing in
the box boundary conditions to have a suction flow other than blowing flow. This has
changed the flow pattern and heat transfer slightly. Based on the opposite side of the
pipe to air flow direction, we can see that the heat transfer in room model is even higher
than the heat transfer in facing side of the pipe in box models. This shows that the flow
circulation in wake area of the pipe in the room model is strong enough to increase the
heat transfer rate. This phenomenon is induced by fan, and it cannot be neglected to the
simulation of heat transfer.
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Therefore, the simulation model cannot be simplified to the box model since it will
neglect some of the heat transfer phenomena and it also has less accurate results than
room model. The room model is used for the act of verification in the following
sections.

3.2.7 Comparison of turbulence models on room model

In order to reach the most accurate simulation model to predict the heat loss of the
coolant pipe, different turbulence models are investigated on room model mesh 5. In
the steady simulation, for both coolant and air, models of RANS k epsilon and k omega
SST are used. In steady simulation, MRF is used to model the fan rotation. For the
transient simulation, RBM is used to simulate the fan rotation. DES turbulence model
is used for air side in transient model and simulation results are for after 11 seconds.
The results for each model simulating case 1 can be seen in Figure 3.33.
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0.80 A

0.60 A
0.40
0.20
0.00

Steady K epsilon Steady K omega Transient RBM  Experiemnt
SST DES

Coolant Temperature Difference (C)

Figure 3.32 Model study on Case 1

According to Figure 3.32, using k omega SST turbulence model has not improved the
simulations to show closer results to the experiment. It shows the same less accurate
results as box models. Using the transient DES model does not show any changes from
steady k epsilon model’s results. The results should be investigated more in air flow
patterns and heat transfer rates.
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Figure 3.33 a, b, ¢) Air velocity contour for steady simulation with k-epsilon model,
steady simulation with k-omega model and transient simulation with DES
model, respectively

According to Figure 3.33, comparing with steady k epsilon model, both steady k omega
and transient DES model show generally higher air velocity in the box. Comparing the
pipe wake area, in steady k omega model it is longer and involves larger share of the
pipe surface resulting in lower surface with high heat transfer. This is duo to the high
accurate representation of k-omega model in boundary layer area which leads to more
accurate turbulence resolution in wake area. In transient DES model, the turbulence
flow is completely resolved in wake area. But the wake area resolved in DES model
resembles the k-epsilon model more. The effect of this resolution in wake area should
be seen in Figure 3.34.
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Figure 3.34 a, b, c) heat transfer on pipe surface in steady simulation with k-epsilon
model, steady simulation with k-omega model and transient simulation
with DES model, respectively

Baesed on Figure 3.34, as expected in steady k-omega model, the surface with high heat
transfer rate is reduced. The heat transfer rate in the opposite side is considerably lower
than steady k-epsilon model. This shows that the flow circulation in the wake area is
not as strong as in steady k-epsilon model.

In the transient DES model, the heat transfer rate in the upstream-facing side of the pipe
is approximately the same as for the steady k-epsilon model. In the dowmstream area
of the pipe, the heat transfer rate have quite close pattern to the steady k-epsilon model.
Generally, the heat transfer rate in transient DES model is similar to steady k epsilon
model. This can also be seen in the results for coolant temperature difference. Hence,
we can assume that there is no need to model the simulation in transient models with
more accurate models since they will provide the same result eventually. According to
this study of different turbulence models, based on the higher accuracy and cost
efficiency, steady k epsilon model is chosen for simulation of other cases.
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4 Results and discussion

In this section, according to decided meshes and optimal conditions for the experiment,
achieved data from both experiment and simulation are shown, compared, and
discussed. The experiment is conducted in order to measure the temperature difference
in coolant’s pipe inlet and outlet affected by air fan flow. The test cases are decided
based on the cases described in Section 3. The experiment is also simulated in
STARCCM+ by various models. The obtained results are shown in this section.

4.1  Comparison of coolant temperature difference

In this section, coolant temperature difference between inlet and outlet of the pipe is
compared in experiments and the CFD simulations based on the chosen simulation
settings obtained in Section 3. The results can be seen in Figure 4.1.
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Coolant Temperature Difference (C)

Figure 4.1 Comparison of coolant temperature difference in experiment and
simulation. Form Case 1 to 5, the coolant volumetric flow is 0.05 I/s and
from Case 6 to 9, the coolant volumetric flow is 0.01 I/s.

The results of test cases are shown with their corresponding measurement uncertainty.
The uncertainty is calculated by considering the uncertainties of all relevant
measurement sensors (PT100s for coolant inlet and outlet, magnetic flowmeter for
coolant flow, air velocity hot wire probes and air temperature thermocouples) [20, 21].
In case 1 to 5, the coolant volumetric flow is 0.05 I/s and is 0.01 I/s in case 6 to 9. For
case 1, 2, 6 and 7 the uncertainty is updated by the repeatability test which have lower
values relatively. It can be seen than the coolant temperature difference is increased
drastically due to reduction in coolant volumetric flow. Comparing the test results with
simulation results, it can be seen that the trend of change in both of them is the same.
There is a slight difference between the test values and simulation values in each case.
The difference is slightly increased with reducing the coolant’s volumetric flow. In low
volumetric flow rates, the simulation value stands in the uncertainty range of the test
value, but it not the same on higher coolant flow rate cases. Overall, simulation values
are lower than experiment values. The difference between experiment and simulation
values are approximately in the order of accuracy of PT100s temperature difference
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(0.09%x2=0.018 C). And test and simulation were also done in the best possible
conditions. Hence, we can consider the simulation model verified by the experimental
data.

Therefore, the achieved data from both experiment and simulation should be
investigated between cases to be able to understand the effect of each factor on coolant
temperature difference.

4.1.1 Impact of air velocity

------ Simulation
Air/Coolant
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Figure 4.2 Effect of air velocityon coolant temperature difference in coolant volumetric
flow of 0.05 I/s

In Figure 4.2, the effect of fan rotation rate on coolant temperature difference is
investigated in different temperature differences between coolant inlet and air. The
changes are shown between two fan rotation rates of 1000 rpm and 1500 rpm. Shifting
from 1000 rpm to 1500 rpm rotation corresponds to approximately 1.69 m/s and 2.46
m/s air flow around the pipe respectively. As expected, temperature difference has
increased with higher fan rotation rate/wind speed in both air/coolant temperature
differences in both simulation and experiment. But this increase considering the change
of fan rotation from 1000 rpm to 1500 rpm, is quite small. This increase can be
explained by equation (4.1) extracted by equation (2.6) and (2.21) considering air
temperature (T,;,) as constant and h as total average heat transfer coefficient between
air and coolant.

hA
ATcootant = Tcoolantin - Tcoolantout = (Tcoolantm - Tair) (1 —-e mc,,)
(4.1)

By increasing the air velocity, overall heat transfer coefficient will increase and
according to the equation, consequently coolant temperature difference will increase as
it is verified in the test. But the changes in the heat transfer coefficient in the nominator

of (— j—f) will make small contribution to the changes in (1 - e_m_cv> which is why the
p

effect of the fan rotation rate is not that significant. By looking closely at Figure 4.2, it
might come to mind that all the plots should have the same slope and the dass red plot
which is for the simulation of 65 'C air/coolant temperature difference, is the odd plot.
But in contrary with comparing this plot and the dash blue plot which is for the
simulation of 55 C air/coolant temperature difference, the slope of the dash red plot is
higher than the dash blue one. By investigating equation (4.1), we can see that the
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changes in coolant temperature difference affected air velocity is always scaled by the
factor of (T oo1ant,, — Tair)- Therefore, the plot with higher (T ,01ant,, — Tair) Should
have higher slope which perfectly aligns with two simulation plots. Considering this
fact, the odd plot will be the red plot which is the test data for the same cases as dash
red plot. Expecting the same behavior, the red plot should have the same slope as dash
red plot, but it does not. This can be explained by the uncertainty margins in Figure 4.2.
Considering the margins for the uncertainty of the data, red plot can also have the same
behavior as the dash red plot.
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Figure 4.3 Effect of air velocity on coolant temperature difference in 55 T temperature
difference between coolant inlet and air

In Figure 4.3, the effect of fan rotation rate is examined in different volumetric flow.
The same as Figure 4.2 with increase in fan rotation, coolant temperature difference has
also increased in both coolant volumetric flows. It can be seen that with lower
volumetric coolant flow, the slope of the lines is steeper. This is reasonable since when
the mass flow rate reduces, the coolant flow will be more affected by changes in air
velocity. This can also be proved in equation (4.1). According to this, we understand
that the odd plot is the red plot which is the experiment for 0.05 I/s coolant flow. The
slope of this plot is expected to be the same as the simulation of this case (dash red
plot). We can also see that the difference between plot of 0.01 I/s and 0.05 I/s is
considerable. Hence the effect of volumetric flow should also be studied.
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4.1.2 Impact of coolant flow
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Figure 4.4 Effect of coolat volumetric flow on coolant temperature difference in fan
rotation rate of 1500 rpm

According to Figure 4.4, coolant volumetric flow drastically affects the coolant
temperature difference. By reducing the coolant flow from 0.05 I/s to 0.01 I/s, coolant
temperature rises around 3°C for all air/coolant temperature differences. According to

equation (4.1), by reducing the coolant flow, (1—6_’:—2’> will increase and this will

increase the coolant temperature difference. The difference between plots with
difference air/coolant temperature differences is rather small. This shows that the effect
of volumetric flow is more dominant than other factors, like the air velocity. The
behavior of each simulation and test plot of the same air /coolant temperature difference
is the same and with increase in air /coolant temperature difference the slope of the
plots is increased. This change was explained in Section 4.1.1.

4.1.3 Impact of coolant temperature
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Figure 4.5 Effect of temperature difference between coolant pipe unlet and air with fan
rotation of 1500 rpm
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According to the Figure 4.5, the coolant temperature difference has increased with
increase in this factor, but the changes are rather small. For explanation from equation
(4.1) , with large changes in (T.oo1ant,, — Tair) SiNCe the it is multiplied by a small factor

of (1 —e_’"_”r’> , the final coolant temperature difference will not be much increased. It

can also be seen that with higher coolant flow rate, the changes in coolant temperature
difference are larger which is previously explained.

By investigating these graphs, we understood that among the examined factors, coolant
flow rate influences the coolant temperature difference the most. It also shows that the
temperature drop in coolant is slightly affected by air flow and air temperature. These
results can be helpful in studies of heat loss reductions in coolant hoses.

4.2  Comparison of heat transfer coefficient

One of the main focuses of this study is to provide a model to predict the heat transfer
coefficient of coolant pipes correctly. For this reason, the calculated overall heat
transfer coefficient between coolant and air from experiment is compared with
predicted value in CFD simulations in this section. The results can be seen in Figure
4.6.
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Figure 4.6 Comparison of overall heat transfer coefficient in experiment and
simulation. Form Case 1 to 5, the coolant volumetric flow is 0.05 I/s and
from Case 6 to 9, the coolant volumetric flow is 0.01 I/s.

In Figure 4.6, cases 1 to 5 have 0.05 I/s and cases 6 to 9 have 0.01 I/s for coolant
volumetric flow. According to the results, for cases with higher coolant flow difference
between experiment and simulation results are larger. Simulation results are slightly
lower than the uncertainty range of the experiment results. In cases with lower coolant
flow, the simulation and experiment results are reasonably well aligned. The different
behavior of each case should be discussed further based on the settings of each case.
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Figure 4.7 Effect of air velocity on overall heat transfer coeffieicent in 55 T
temperature difference between coolant inlet and air

As can be seen in Figure 4.7, the heat transfer coefficient is directly increased by the
increase of fan rotation rate. But it can be seen that for the simulation results, the plots
are quite the same regardless of the coolant flow rate. However it is increased in

experimental results by increasing coolant flow rate. This aspect is further investigated
in Figure 4.8.
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Figure 4.8 Effect of coolat volumetric flow on overall heat transfer coeffieicent in fan
rotation rate of 1500 rpm

According to Figure 4.8, it can be seen that 2 out of 3 simulation plots (dash blue and
dash yellow plot) are constant with changes in coolant flow rate and they are completely
matching despite having different air/coolant temperature differences. Only one
simulation plot (dash red plot) with air/coolant temperature difference of 60 'C shows
rise in heat transfer coefficient by increasing the coolant flow rate. This show that the
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heat transfer coefficients achieved from simulations are only affected by the increased
air flow duo to the higher fan rotation rate. This behavior can be explained by the getting
deep into the calculation for obtaining overall heat transfer coefficient in a series of heat
resistances. In a series where in this case is coolant flow, pipe and air flow, the material
with lower heat transfer coefficient will be dominant and the overall HTC will be
approximately in the same range of the lowest HTC which here air flow has the lowest
HTC by distance from others. That is why the overall HTC is only controlled and
affected by air velocity. These conclusions are only made based on simulation side and
approved by empirical relations in analytical approach. The different observed behavior
of experimental results can be explained by error bars which are large compared to the
slope of the curves, making it uncertain if the experimental behavior is not similar to
the simulations.

On the other hand in the experimental results, heat transfer coefficient is clearly affected
by increase of coolant flow rate and is increased. But considering the uncertainty range
for experimental data, they can also show a constant behavior. Two approaches can be
used here to analyze the data: first, the behavior of HTC that is only affected by air
velocity is the correct correlation and by considering the uncertainty range for
experimental data, this correlation is approved by the experiment. In the second
approach, the increase in all three experiments’ plots shows that HTC is affected by
coolant flow rate or other factors which are not considered in the simulation.
Considering the second approach, further investigation should be done in this area to
understand the affecting factors on HTCs.

In general, the predicted HTCs in cases with 0.01 I/s coolant volumetric flow, are in
good match with experimental values. But in cases with 0.05 I/s coolant volumetric
flow, the predicted HTCs are at most 25 % lower than the experimental values’ lowest
uncertainty range. The model has performed better predictions in lower coolant flow
rates than higher. This correction factor can be used to modify the HTCs in higher flow
rates in 1D simulations.

4.3  Additional simulations
4.3.1 Upstream wall study

After finding the best simulation setting for the test cases, it is intended to understand
the effect of obstacles in the air stream on the heat transfer of the coolant pipe.
Therefore, a 10 cm wall located 8 cm from the pipe upstream of it is added to the
simulation. The study does not investigate the effect of wall in experiment since the
results would have too large error margin to be comparable with simulation data.
Instead, it is assumed that the simulation model is validated to be used on more complex
geometries. This study can show how obstacles can change the are flow after the wall
and how this change can affect the heat transfer. The turbulence model for this study is
chosen the same as the most accurate model for test cases. The mesh for this study can
be seen Figure 4.9.
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Figure 4.9 Geometry of wall added upstream of the pipe in mesh for room

Adding a wall upstream of the pipe is the next part of this study. The is added to
understand the effect of barriers through the air flow on HTC of the coolant pipe. The
effect of wall is simulated in case 1, 6 and 7. In Figure 4.10, the effect of upstream wall
on coolant temperature difference in these cases can be seen. For all the cases adding
the wall has resulted in reduction of coolant temperature drop by 50 %. This effect can
also be seen in HTCs which also have reduced in the order of 50 % in all investigated
cases. According to Figure 4.11, after adding the wall the plots of coolant temperature
difference and HTC behavior in changing between cases have the same trend as before
adding the wall. These behaviors should be investigated further in the air flow pattern
and heat transfer coefficient on pipe surface.
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Figure 4.10 a) Comparison of coolant temperature difference between simulations of
main cases and cases wit upstream wall b) Comparison of overall heat
transfer coeeficient between simulations of main cases and cases wit
upstream wall
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Figure 4.12 a, b) Air velocity contours from case 1 simulation without and with
upstream wall, respectively

In Figure 4.12, the right column, the pipe area is shown with difference boundary for
contour. According to Figure 4.12b, the wall acts as a barrier in the air flow and reduces
air velocity in the wake area where pipe is located. But this wall has also created a
recirculation flow in the wake area. The recirculated flow has caused the air flow over
the pipe resulting in the remaining heat transfer. To understand the effect of
recirculation, heat transfer coefficient on the pipe is compared in Figure 4.13.
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Figure 4.13 a, b)Heat transfer coefficient on pipe surface without and with upstream
wall

By analyzing the contours from Figure 4.13, we can see that the wall has reduced the
HTC in the upstream facing side of the pipe to less than 5 W/m?2. K. The heat transfer
is relatively low in this side that can be said that there is close to no heat transfer. On
the downstream facing side after adding the wall, the HTC in the center is not as high
as before adding wall but the area with high HTC is expanded more than before adding
wall. Since the HTC calculated from simulations is the surface average of the local
HTC on the surface, these contours show how the overall HTC is reduced by half. But
it can be seen that the effect of recirculation is not as strong to induce an equally high
heat transfer on the pipe.

The effect of installing a wall upstream of the coolant pipe on HTC is investigated in
this section. According to the results, for multiple simulated cases, the wall has reduced
HTC by 50 % in all cases even with higher air flow velocities. It cannot be concluded
that this reduction is always the same since it is also dependent on the location and size
of the wall. In order to have a general idea of the influence of the wall, further
investigation both simulation and experimental should be done in this area.
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5 Conclusions

In this study, the modeling of heat loss from coolant hoses affected by air flow
generated by fan is examined and the results are verified by experimental data obtained
in a simplified rig. The focus of this study is on providing a CFD simulation model to
predict the heat transfer coefficient of coolant hoses for the purpose of enhancing the
accuracy of 1D simulation.

To set up a reliable experiment, a sensitivity analysis is conducted on the measurement
devices. According to the analysis, the flowmeter used to measure the coolant flow rate
has the most significant influence on accuracy of the results from the experiment. The
uncertainty of the results is mostly affected by the uncertainty of the coolant’s
flowmeter. Hence it is crucial to utilize a flowmeter with relatively high accuracy such
as magnetic flowmeter as it is used in this study.

This study aimed to examine the cases with as low coolant flow and as high temperature
difference between coolant and air as possible, but the experiment is restricted by the
uncertainty of the measurement devices. By reducing the flow rate, the dependency of
the uncertainty on the flow rate increases as well as the total uncertainty. As a result,
coolant flow rates lower than 0.01 I/s are not examined in the experiment.

In the numerical side of the study, various geometries, mesh settings, boundary
conditions, and turbulence models are examined in STARCCMH+ to attain the prediction
model with highest accuracy. As a result of the studies, steady simulation with
turbulence model of k epsilon realizable for both air and coolant side which simulates
the whole room of the experiment as well as the fan rotation is chosen to be the best
practice of the study. This model is used to predict the heat transfer coefficient in
different settings of the rig.

The obtained best-practice for the CFD model is used to forecast the coolant
temperature drop and heat transfer coefficient between air and coolant flow.
Considering complexity added to the modeling of the room, obtained data from the
proposed CFD model match moderately well with the experiment data showing at
maximum 15 % error from the range of the uncertainty. The limited accuracy of the
measurement devices in the range of the experiment settings, limited further
enhancement of the experimental side of the study. It can be concluded either the
measurement system is not able to be trusted in the range of the experiment settings or
the experimental results are reliable, but the CFD models fail to resolve relevant aspects
that could not be detected by the tested variations in boundary conditions and turbulence
models. The experiment should be repeated with another measurement devices with
higher accuracies to ensure reliable results. If the problem is with CFD side, the error
of the simulation results can be corrected on the heat transfer coefficients by an error
factor added to the 1 D modeling. Since the focus of this paper is on the heat loss from
coolant hoses in the under-hood and the order of magnitude of heat loss is low compared
to this study, this approach of correction can be practical.

The final study examined the effect of the placing a wall upstream of the pipe as a
barrier to the air flow. The simulated results show a reduction of 50 % in heat transfer
coefficient. These results are obtained from a specific configuration of the wall and
further investigations needs to be done to get a general conclusion.
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Overall, this thesis provided a comprehensive CFD procedure for modeling of heat loss
from a coolant pipe affected by the air flow and by doing the sensitivity analysis in
experimental side, provided a trustworthy measurement system. This CFD and test
model can be utilized for further analysis and different configurations in the subject of
heat loss from coolant hoses.
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