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ABSTRACT

ANALYSIS OF INTERNAL COMBUSTION ENGINE
CYLINDER BLOCK AND HEAD COOLING USING
NANOFLUID COOLANT

This study investigates the application of nanofluids in an engine cooling sys-
tem considering the complete system performance. Performance of nanofluid coolants
is examined in comparison with traditional coolants for a 1.5-liter diesel engine cool-
ing system. Pure water, ethylene glycol, and 50% by volume mixture of ethylene
glycol and water are considered as basefluids, and nanofluids with CuO, Al,O3 and
hBN nanoparticles for a particle volume fraction of 0.5-3% range are investigated.
System components are modeled individually and the overall cooling performance is
investigated for the complete system. As a result, it is shown that Al,Os3, CuO,
hBN-containing nanofluids have superior thermal performance with respect to their
corresponding base fluids as coolants. It is also shown that there exist an optimum
particle volume concentration that leads to a maximum cooling performance when
both increase in heat-transfer and pressure drop is considered with increasing particle
volume concentration. The use of nanofluids as coolants introduces opportunities such
as increasing cooling capacity, reducing engine body temperature or reducing pumping

power.



OZET

NANOAKISKAN SOGUTUCU KULLANARAK ICTEN
YANMALI MOTOR SILINDIR BLOGU VE KAPAGININ
SOGUTMA ANALIZI

Bu c¢aligma komple sistem performansini goz ontinde bulundurarak bir motor
sogutma sisteminde nanoakigkanlarin uygulanmasini incelemektedir. 1.5 litre dizel
motor sogutma sistemi i¢in nanoakigkanlarin performanslari, geleneksel akigkanlar ile
kargilagtirmali olarak incelenmistir. Baz sivi olarak saf su, etilen glikol ve etilen glikol-
su %50 hacimsel karisimi alinmisg, 0.5-3% parcacik konsantrasyonundaki CuO, Al;Os,
ve hBN nanoakigkanlari incelenmistir. Sistem komponentleri ayr1 ayr1 modellenmis ve
tiim sistemin genel sogutma performansi incelenmistir. Sonug olarak, Al,O3, CuO, ve
hBN nanoparcgaciklarini iceren nanoakigkanlarin soz konusu baz akigkanlardan daha
iistiin 1s1l performanslara sahip oldugu goriilmiigtiir. Ayrica 1s1 transferi ve basing
diisimiindeki artig goz oniine alindiginda, maksimum performansin elde edilebilmesi
icin, parca konsantrasyonunun artiriminda optimal bir konsantrasyon degerinin oldugu
saptanmigtir. Sogutucu sivi olarak nanoakigkanlarin kullanilmasi, sogutma kapasitesini
arttirma, motor govde sicaklhigini azaltma ya da pompalama basincimi azaltma gibi

firsatlar sunmaktadir.
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1. INTRODUCTION

1.1. Problem Overview

Heat transfer plays an important role in engineering applications for many differ-
ent areas. Heat-transfer improvements continue to excite the attention of the scientists,
researchers and industrial companies with the speed of development in science, tech-
nology and engineering as well as the competition in scientific and industrial world.
Automotive industry, computers and electronics, power plants and reactors, heating
systems are common examples of the most important industries, in which heat-transfer
has a key role in terms of cooling or obtaining thermal stability. Hence, new methods

to increase heat-transfer are analysed continuously.

The importance of heat-transfer efficiency increased significantly, thereby the im-
provements in the science and technology, as well as the needs of society and optimiza-
tion of current applications. The quality and thermal performance related properties
of the heat-transfer fluid is the limiting factor for the efficiency of most systems, since
in most of designs the efficiency of other factors have been maximized. Therefore, the

focus has been set on the heat-transfer fluids to increase the heat-transfer efficiency.

Automotive industry is a well known supporter of research and development in a
global aspect. Several factors such as competition, customer comfort and needs, laws
and regulations, and seeking for more profitable solutions lead to constant search for
development and refinement. Therefore, every small case of advantage is considered
crucial. Vehicle engines are especially in focus of research and development depart-
ments and being the most advanced, complex and important part of commercial and

passenger vehicles [1].

Technological advancement and intense competition amongst automobile man-
ufacturers have led to the need and development of high efficiency engines. Internal

combustion engines with improved performance and fuel economy had greater heat



produced during operation. Improved rate of heat-transfer is therefore needed to reg-
ulate engine surface temperature for optimum efficiency. Automotive engine cooling
system takes care of this excess heat produced during engine operation. The primary
objective on this branch is to enhance the amount of cooling load for cooling systems in
order to increase heat removal from the engine. The availability of higher heat removal
can influence system in two ways: improvement in performance with the same system
or achieving the same performance with smaller and more compact systems. One ma-
jor goal in internal combustion engine development is achieving cooling requirements

with smaller and lighter cooling systems.

1.2. Motivation

Continuous development in automotive industry has increased the demand for
high efficiency engines, not only based on its performance but also for better fuel econ-
omy and less emission. There is increasing demand for reducing weight by optimizing
design and size of engine block, and all components including cooling system. The
shrinking engine sizes lead to engines with higher power per volume leading to increas-
ing heating density that requires improved cooling. Moreover, the internal combustion
engine components exposed to the high temperatures inside the engine are subject to

high thermal loading during engine operations.

Operating these higher heat density engines without appropriate cooling will lead
to an increased engine body temperature, reduced charge coefficient and combustion
efficiency. These not only will cause an overall deterioration in the power output,
fuel economy, emissions, but also in reliability and durability of the engine [1]. The
improved thermal management of engines not only would lead to an efficiency increase,
to improve combustion quality reducing the emission of NO, and other pollutants
in the exhausts, it would also prolong the usable life of engine oil and improving
engine reliability by reducing friction and abrasion [2]. Alternatively, improved cooling
rates for automotive and truck engines can be used to remove more heat from higher

horsepower engines with the same size of coolant system [1].



There are several methods for improving the heat discharging capability of the
engine. The most commonly used one is to enhance the cooling effect by improving
the structure of cooling jacket. Use of more powerful pumps and fans is another
commonly adopted method. Another method is using coolants with more efficient
heat-transfer capability in the engine cooling system. Heat transfer research has been
focusing on the enhancement techniques such as use of higher conductivity additives
to the heat-transfer medium. [3] introduced using colloidal suspensions containing of
nanometer sized particles that are known as “nanofluids” and significant research has
been carried out in regards to nanofluids since then. Nanofluids are prepared by adding
an appropriate proportion of nanoparticles into a base liquid through various processes
to form a uniform, stable and thermally conductive suspension. It was demonstrated
that nanofluids exhibit thermal conductivity enhancement beyond the predictions of
various effective medium theories and they are considered as next generation of heat-

transfer fluids [4].

Ethylene glycol and water mixtures, which are widely used as automotive coolants,
are relatively poor heat-transfer fluids compared to pure water. The performance of
engine oils are even worse as a heat-transfer medium. Therefore, there exists be a
significant opportunity for improving thermal management in automotive systems us-
ing improved conductivity coolants such as nanofluids. The addition of nanoparticles
to standard engine coolants has a potential to improve engine cooling rates as addi-
tion of nanoparticles changing the transport and heat-transfer characteristics of these

coolants.

1.3. Objective and Outline of the Study

In this study, performance of nanofluids in internal combustion engine cooling
systems will be investigated in comparison with traditional coolants. Cooling perfor-
mance of nanofluids with various nanoparticle concentrations is analyzed computa-
tionally. Additionaly, common coolants such as ethylene glycol - water 50% volume
mixture, pure ethylene glycol, pure water based nanofluids such as Al;O3, CuO and

hBN will be introduced, and their heat-transfer performance enhancements, pressure



drop characteristics will be compared. Ethylene glycol - water 50% volume mixture is
hereafter referred as EG/W. Furthermore, nine different nanofluids comprised of three
different nanoparticle materials (Al;O3, CuO and hBN) and three different base fluids
(EG/W, water, EG) are considered as coolants in this study and a summary of the
relations used to predict the thermophysical relations of these nanofluids are presented

in comparison to available data.

In the first Chapter, a comprehensive literature survey covering the studies and
research subjects on the characteristics, the performace investigations of nanofluids in
automotive industrie are executed. This review provides detailed information, results,

and conclusions about analysis.

Chapter 2 defines the problem. Modelling strategy of engine cooling system
that is comprised of 3 components, engine block, radiatior and pump is considered
in this study and introduced in detail. Validation and verification study for 3D flow
domain of water jacket is conducted in comparison with experimental data. In order
to investigate the effect of using different nanofluid coolants on the performance of

heat exchanger analytical complete system is defined.

Cooling performance investigation is completed in Chapter 3. In this chapter,
the component and system level thermal performance and pumping power results are

presented.

1.4. Literature Review

Although engine cooling is a well established application and industry, perfor-
mance investigation of nanofluids for engine cooling is a topic that has been recently
gaining interest. There are limited number of studies in the literature that directly

point out performance in vehicle engine systems.

Saripella [5] modeled the cooling system of a Class 8 truck engine by replacing the

standard coolant, EG/W, with nanofluids comprised of CuO nanoparticles suspended



in a base fluid of a EG/W [5]. Results for constant heat load and pumping power
showed that engine block temperature was decreased 30% by using nanofluids with
4% particle volume fraction. Whereas for constant engine block temperature and
pumping power the cooling capacity was increased 5%. Quantitative results showed
that engine horsepower can be increased up to 5%, and coolant pump speed and power

can be decreased up to 88%.

Bai [6] used Cu-water nanofluids as heat transfer medium in the water jacket and
studied the effect of using nanofluids on heat-spreading capability of the engine [6].
Results showed that the heat-dissipating capacity would increase by 44.1% while the
pumping power increase of 6% considering constant flow rate for a particle volume
concentration of 5%. Liu et al. [7] studied on improving heat load of piston and
cylinder liner by applying Cu-water and Cu-oil nanofluids numerically. The results
showed that the nanofluids could improve the heat load of piston and cylinder liner.
For the both case they found that nanofluids enhance the heat-transfer capability and
imrove the heat load contact components and 15 °C of average temperature drop was

reported.

Leong et al. [8] studied the application of ethylene glycol based Cu nanofluids
in a radiator using correlation based model [8]. The results showed that, overall
heat-transfer coefficient and heat-transfer rate in engine cooling system increased with
the nanofluids compared to ethylene glycol alone. Also, it is observed that, about
3.8% of heat-transfer enhancement could be achieved with the additon of 2% Cu
particles at a constant Reynolds number for air and coolant, respectively. Since, the
decrease of flow rate arising from the increase of pressure drop was not considered and
the comprisons were made for constant Reynolds number, the results represents an

optimistic approach.

Also, Peyghambarzadeh et al. [9] investigated cooling performance of automobile
radiator with water and Al;O3 nanoparticles under turbulent flow [9]. And the ex-
perimental results demonstrate that increasing the fluid circulating rate can improve

the heat-transfer performace up to 40%. Meanwhile application of nanofluid with low



concentrations can enhance heat-transfer efciency up to 45% in comparison with pure

water.

Huminic et al. [10] performed an analysis for performance of Cu-ethylene glycol
nanofluid through the flat tube of an automobile radiator with plate fins [10]. Investi-
gation comprises inlet temperature and nanoparticle concentration level in the range
of 348-368K and 0-2%, respectively. The analysis showed that Nu number increases
up to 0.5% concentration. Then it decreases from 1% to 2%. Delavari et al. [11] sim-
ulated the behavior of water and ethylene glycol based Al,O3 nanofluids numerically
in turbulent and laminar flow regimes in a flat tube [11]. They studied the effect
of nanoparticles, inlet temperatures, and Reynolds number on Nusselt number and
pumping power. It is eported that a slightly increase in nanoparticles is resulted in a
significant increase, up to 23% for Nusselt number in heat-transfer by nanofluid. The

results showed 58.1% power reduction for water based Al,O3 nanofluid.

Therefore, this study attempts to numerically investigate the heat-transfer per-
formance of an internal combustion engine cooling system under steady operation
including cooling jacket around the cylinders of the engine block and radiator using
various nanofluid coolants including EG/W, water, EG based CuO, Al,O3 and hBN
nanofluids. Investigation is carried out considering the performance of the cooling
jacket and the radiator individually besides as a system that is driven by a pump
that constitutes a constraint considering the pump’s performance curve. Overall per-
formance under different constraints that can be achieved utilizing various operation
modes such as considering constant flow rate, heat-dissipation rate or maximum tem-
perature in the engine block are also considered. The optimal particle volume con-
centration is predicted and the overall performance is compared for CuO, Al,O3, and

hBN nanofluids with all three base fluids.



2. ENGINE COOLING SYSTEM ANALYSIS

2.1. Problem Statement

One of the major goals in internal combustion engine development is improving
current cooling systems and achieving necessary cooling requirements with smaller
and lighter cooling systems. The primary objective on this branch is to enhance the
amount of cooling load for cooling systems in order to increase heat removal from
the engine. The availability of higher heat removal can influence system in two ways:
improvement in performance with the same system or achieving the same performance
with smaller and more compact systems. There are several methods for improving the
heat-discharging capability of the engine. The most commonly used one is to enhance
the cooling effect by improving the structure of cooling jacket. Use of more powerful
pumps and fans is another commonly adopted method. Another method is using

coolants with more efficient heat-transfer capability in the engine cooling system.

Ethylene glycol and water mixtures, which are widely used as automotive coolants,
are relatively poor heat-transfer fluids compared to pure water. The performance of
engine oils are even worse as a heat-transfer medium. Therefore, there exists a sig-
nificant opportunity to improve thermal management in automotive systems using
improved conductivity coolants such as nanofluids. The addition of nanoparticles to
standard engine coolants has a potential to improve engine-cooling rates as addition of
nanoparticles changes the transport and heat-transfer characteristics of these coolants.
Heat transfer research have been focusing on enhancement techniques such as the use
of higher conductivity additives to the heat-transfer medium. It was demonstrated
that nanofluids exhibit thermal conductivity enhancement beyond the predictions of
various effective medium theories and they are considered as next generation of heat-

transfer fuids.

Although engine cooling is a well established application and industry, perfor-

mance investigation of nanofluids for engine cooling is a topic that has been recently



gaining interest. There are limited number of studies in the literature that directly
points out performance in vehicle engine systems. Therefore, this study attempts to
numerically investigate the heat-transfer performance of an internal combustion engine
cooling system under steady operation including cooling jacket around the cylinders
of the engine block and radiator using various nanofluid coolants including EG/W,
water, EG based CuO, Al;O3 and hBN nanofluids. Investigation is carried out con-
sidering the performance of the cooling jacket and the radiator individually besides
as a system that is driven by a pump that constitutes a constraint considering the
pump’s performance curve. Overall performance under different constraints that can
be achieved utilizing various operation modes such as considering constant flow rate,
heat-dissipation rate or maximum temperature in the engine block are also considered.

The optimal particle volume concentration is predicted and the overall performance is

compared for CuO, Al,O3, and hBN nanofluids with all three base fluids.

2.2. Formulation and Methodology

A 1.5 1t passenger vehicle car cooling system is considered in this study. While a
more realistic system have many components, a simplified system that is comprised of
3 components, engine block, radiator and pump is considered in this study as shown

in Figure 2.1.

The three dimensional CAD model of the 1.5 1t passenger vehicle diesel engine
block including its coolant jacket considered is presented in Figure 2.2. The original
CAD model was simplified before a computational model was built by simplifying
the features that does not have a significant effect on the hydrodynamic and thermal
behavior, to prevent any possible problems regarding numerical simulations such as
very high aspect ratio sub-elements that might lead to a numerical instability or high

number of sub-elements that would lead to unfeasible computational times.

The coolant follows two parallel paths, one around the cylinders and the other
through the cylinder heads. As the coolant enters the block, part of it is immediately

transferred to the first cylinder’s head. The transfer of coolant towards the second path



Radiator

Figure 2.1. Digram of sytem components, coolant flow and temperatures

through the cylinder heat continues as the fluid moves along the first path through
two other sets of transfer holes at the end of first and second cylinder s. The coolant
flowing through the two paths leave the engine body through two separate exits; one
at the end of the main path around the cylinders, and the other at the end of the
second path through the heads. The two streams mix outside the engine body. The
coolant domain inlet, outlet, the separation and mixing regions are shown in Figure

2.3. The detailed specifications of the engine is presented in Table 2.1.

During operation of an internal combustion engine, only about one-third of the
thermal energy released by the fuel is converted into mechanical energy. The remain-
ing two-thirds are released in the form of heat; approximately half of this quantity
transported from the engine in the exhaust gas. The remaining energy is taken from
the cylinders and cylinder head by the engine cooling system [12,13]. Thus the heat
rejection ratio to the water jacket is nearly same with the utilized energy from the
combustion of the gas. Since the engine at issue has 59 kW power output, as it is seen

in Table 2.1, heat rejection can be taken same as this amount.
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Figure 2.2. Engine block and the coolant flow domain

Coolant out
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E—
Coolant out
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Figure 2.3. Coolant transfer regions
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The radiator of the diesel engine cooling system, which is a single pass cross-flow
compact heat exchanger with both fluids unmixed, has core dimensions of 694.5 x 462
x 25 mm is considered for the performance analysis. The compact heat exchanger
consists of 28 flat tubes and 620 corrugated fins with cross section dimensions of 1.5 x
25 mm and 0.12 mm thickness are used between tubes [14]. The detailed specifications
of the radiator is presented in Table 2.2. The radiator is a single pass radiator with
continuous parallel liquid tubes and perpendicular air channels in between, separated
from each other by fins. The radiator is designed with proper size for a large sized

passenger car. The coolant flow through the cooling system is controlled primarily

Table 2.1. Engine specifications [15]

Engine K9K 1.5 It Diesel
Displacement 1461cc Fuel flow rate 35.74 mg/str
Cylinder bore 76 mm Inlet port 260 cm?
Piston stroke 80.5 mm Exhaust port 90 cm?
Cylinder wall thickness 8 mm Piston head 70 cm?
Rated power @3500 rpm | 59 kW Liner area 1.95 cm?
Heat rejection @3500 rpm 30% Cylinder head area | 47.75 cm?

by the operation of the coolant pump. When the pump is driven by the engine, the
flow rate is lowered at low engine speed and low heat generation and is higher at high
engine speed when larger quantities of heat are developed. The pump is integrated
into the housing of the engine block with the hydraulic capacity 1750 mbar pressure
and 7500 1t/h flow rate. Characteristic curve of the pump is obtain by fitting a second
degree polynomial to the head pressure and the max flow rate as presented in the

Figure 2.4.

2.3. System and Component Performance

In order to investigate the effect of using different nanofluid coolants on ther-

mal management a performance metric for the complete system must be defined. A



Table 2.2. Heat exchanger specifications [14]

Core
Width 694.5 mm
Height 462 mm
Flow direction depth 25 mm
Air flow rate 130 m®/min
Louver
Pitch 1.14 mm
Height 0.315 mm
Length 6.74 mm
Angle 28 deg
Fins
Number of Fins inline 28
Thickness of Fins 0.12 mm
Tubes
Number of Tubes 2%
Thickness of Tubes 2 mm
Width of Tubes 20 mm
Wall Thickness 0.2 mm

12
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Figure 2.4. Characteristic curve of the pump

reasonable metric to evaluate the thermal performance of the engine cooling system
under steady operation is considering the total system thermal resistance that is de-
fined based on the maximum engine temperature, T,, the ambient air temperature,
T,, and the cooling load, q. The total system resistance or the engine to ambient

resistance can then be defined as follows

Re y=—— (21)

The total system resistance comprises or three resistances representing the main com-

ponents as follows

Refa = Refi + Rifo + Rofa (22)
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Here R._,; and it is defined as follows

(2.3)

where Ti is the coolant inlet temperature to the engine block. The engine block resis-
tance is predicted by estimation of the maximum temperature over the engine block
using numerical simulations carried out utilizing the engine model explained earlier for
a specified cooling load and coolant inlet temperature as boundary conditions. The
details of the numerical models are presented in the next section. The flow resistance,
R;_,, represent defined as follows

mﬂ:n_ﬂz ! (2.4)

q mccp,c

Here T, represents the coolant exit temperature from the engine block, and ¢, . are the
coolant mass flow rate and specific heat, respectively. The flow resistance is usually
significantly smaller than the engine block and the radiator resistance for the boundary
conditions considered in this study, and it can be neglected. The radiator resistance,
R,_,, that is defined based on the inlet temperature of the both fluids can also be

defined based on the effectiveness of the heat exchanger, ¢, as follows

R,_o = = (25)

Here the effectiveness of the radiator, which is a single pass cross flow heat exchanger

with both fluids unmixed, can be defined as follows

e=1—exp NTU** {exp (—C,NTU"™) — 1} (2.6)

min

where, the heat capacity ratio is defined as follows
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in terms of the minimum heat capacity,

C(min = min (macp,m 77'/Lccp,c) (28)

and maximum heat capacity,

Crnax = Max (Mg Cp oy MeCp ) (2.9)

The number of transfer units is

NTU =

(2.10)

min

where U A is the overall heat-transfer coefficient-area product for the heat exchanger
and can be defined based on the overall heat-transfer coefficient-area product of a

single symmetric unit (UA), and number of symmetric units, Ny, as follows

UA = N,(UA), (2.11)

where overall heat-transfer coefficient-area product of a single symmetric unit can be

defined from the fundamental formulation given as follows

1 1
+ Ry + (2.12)

(UA), ~ hA NohaAy

Here, h. A. represents the coolant heat-transfer coefficient-area product for a single
tube, R, is the thermal resistance of the tubes, and ha A, represents the air side
heat-transfer coefficient-area product, with the overall surface efficiency, 7,, defined as
follows

AN
ho=1- 2L (1) (213)
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and the efficiency of a single fin can be defined as follows

_tanh (mLy)

N = (2.14)

mLf

where Ly is the half of the tube-to-tube distance. The fin parameter, m, can be defined

as follows

hapw,f
kpAcy

(2.15)

m =

where fin thermal conductivity, k¢, wetted perimeter and cross sectional area of the
fins , P,y and A. ¢, respectively. Louvered, corrugated fins are used to enhance air side
heat transfer for the radiators. Correlations such as Chang and Wang [16] can be used
considering that the numerically modeling the flow through the detailed geometry of
louvered, corrugated fins would be computationally demanding. The Stanton number

that can be defined as follows

" paUaCpa

St = JPr,~%? (2.16)

where U, and p, are the air side mean velocity and density, and Pr, is the Prandlt
number of air. The Colburn J factor can be estimated based on the correlation by

Chang and Wang [16], as follows

S Re,0.49 (£)0.27 (&> 0.14 <ﬂ) 0.29 (&> 0.23 (E)O.GS
: 90 B, P P, P,
27, —0.28 ¢ —0.05 (217)
(%) (7)
B B

where 0 is the louver angle, P, distance between louvers, ty is the fin thickness, Py is

the fin pitch, D; is the hydraulic diameter of coolant pipes, L; is the louver length.

Aside from the thermal analysis, a hydrodynamic analysis must be carried out as

the system flow will be adjusted based on the coolant properties. The total pressure
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drop in the system is defined as follows

APsyst‘em = Apengine + APradiator + APminor (218)

The coolant pressure drop across the engine, P, gine, is calculated by numerical model
considering the difference of the inlet and the outlet pressures in water jacket for a given
coolant flow rate. The pressure drop across the radiator, AP, giator, 1S estimated using
standard correlations considering nanofluid as single phase homogeneous medium. The
pressure drop due to minor losses considering threaded bends, sudden and gradual
expansions, and thermostat, P,inor, is calculated and considered as of summation of
engine and radiator pressure drop values approximately in sequent cases. Once the
pressure drop is known, the pumping power can be defined based on the volumetric

flow rate, )., as follows

Wump = APQ, (2.19)

2.4. Numerical Analysis of Engine Block

The hydrodynamic and thermal analysis of nanofluid flow within the engine block
are carried out via numerical modeling as explained in the previous section. Convec-
tive heat transfer with nanofluids canbe modeled using the two phase or single phase
approaches. Two phase models provide the possibility of understanding the functions
of both the fluid phase and the solid particles in the heat-transfer process. Single phase
approach assumes that the fluid phase and particles are in thermal equilibrium and
move with the same velocity. There is an ongoing debate on the accuracy of two phase
and single phase models for turbulance convection problems. Akbari [17] compared
both models of nanofluid turbulent forced convection in a horizontal tube with uniform
wall heat flux in comparison with experimental data. It was shown that the results
calculated by two phase model are overestimated. Moreover, as the concentration of
nanoparticles increases, the predictions by two phase models start diverging from ex-

perimental measurement. On the other hand, the results from the single phase model
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captures the difference and are in better agreement with the experimental results [17].
Nanofluid convection problem is solved using single phase homogeneous model herein,
since the single phase approach is simpler and more conservative. Additionally, compu-
tational time requirement is more less while being capable of producing solutions with
reasonable accuracy as it is reported in the literature that for turbulent flows [18,19].
Momentum, energy, and continuity equations are solved using effective nanofluid prop-
erties that is considered as incompressible using single phase homogeneous model as

explained in [20] and [21].

The numerical solution is carried out based on finite volume discretization using
a commercial software (Ansys Fluent”™) to be able to import the engine model from
its CAD model. A second order upwind scheme is used for discretization with Semi
Implicit Method of Pressure Linked Equations - Consistent (SIMPLEC) algorithm for
velocity- pressure coupling. A convergence criterion of 12107% is used for residuals
of all equations. The turbulence in the flow is modeled using a standard k — ¢ two

equation model considering a turbulence intensity of 5%.

The considered boundary conditions are obtained from an in-cylinder experiment
for a diesel spray engine [15]. A uniform heat flux is considered over the cylinder walls,
representing the averaged value that is presented in Table 1 as performance of cooling
system under steady operation. Therefore, a uniform heat flux boundary condition
of 522 kW /m? is considered for cylinder walls and cylinder heads, which represents
the generated heat at 3500 rpm. The exhaust and intake valves are considered to be
at constant temperatures of 910 K and 340 K, respectively. While the coolant inlet
temperature to engine block is considered to be 353 K, its exit pressure is considered

as atmospheric.

The temperature and pressure distribution in the flow field and temperature
distribution over the engine block are predicted through the analysis of the engine
block for a given coolant flow rate. The engine block thermal resistance, defined in
Equation 2.3 is predicted based on the imposed boundary conditions and estimated

temperature distribution. Similarly, the pressure drop along the coolant pathway is
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predicted based on estimated inlet pressure.

2.5. System Operating Point and System Performance

The operating flow rate will differ for each coolant due to changing thermophys-
ical properties. For each coolant, all system components are analyzed for three flow
rates, 150, 165 and 180 1t/min, to find the operating flow rate. Considering the esti-
mated system pressure drop values for 4 flow rates, the 3 flow rates mentioned above
and no flow condition, the system pressure drop can be represented in terms of a
second degree polynomial of volume flow rate. The system operating flow rate can
then be predicted by equating system pressure drop with pump characteristic curve
for each coolant considered. The component and system level thermal performance

and pumping power can then be estimated using the system operating flow rate.

2.6. Thermophysical Properties of Nanofluids

Nine different nanofluids comprised of 3 different nanoparticle materials (Al;Os3,
CuO and hBN) and 3 different base fluids (water, EG, EG/W) are considered as
coolants in this study. Effective thermophysical properties of these nanofluids are
required as single phase homogeneous model will be used in this study. The accuracy of
these effective properties have a significant effect on the prediction accuracy. Therefore,
a summary of the relations used to predict the thermophysical relations are presented

in comparison to available data to be able to interpret the outcomes more clearly.

Base fluid and its thermal and physical properties are effective on the thermal
properties of the whole suspension. Therefore, thermal property of the base fluid gives
is the lower limit of the nanofluid. Since the water has superior thermal properties
than ethylene-glycol and its mixture, it has been expected that nanofluids that use
these fluids as base fluid are expected to have thermal properties under the limit of

these fluids.
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2.6.1. Thermal Conductivity

By definition, thermal conductivity is a significantly important influencing factor
for thermal performance of the nanofluids. In a system, thermal conductivity and heat
convection of the working fluid are high and the power requirement of the system is
low. In general it is observed that the nanoparticle addition increases the thermal

conductivity exceptionally.

There are many experimental and theoretical studies investigating the thermal
conductivity of nanofluids. Correlations taking different characteristics into account
have been proposed to calculate the thermal conductivity of collodial suspensions by
Maxwell, Hamilton & Crosser, Xue and Yu & Choi [22]. Maxwell correlation have been
driven to calculate the collodial suspensions of normal size, and give relatively low and
inaccurate results for nanofluids, underestimating the thermal conductivity enhance-
ment. Maxwell correlation is one of the oldest and the most commonly used model for
estimation of the thermal conductivity of collodial suspensions in literature. It simply
estimates the thermal conductivity of the nanofluid by the thermal conductivities and

volume fractions of the components.

The effective density and specific heat of the nanofluids are calculated using

classical mixture theory as follows

kp 4 2k, + 2 (ky — k)
= k 2.20
kp+ 2k — 2 (ky — k) o (2.20)

where k,, represents ther thermal conductivity of the nanofluid, k, is the thermal
conductivity of the base fluid, and k, is used for the thermal conductivity of the
nanoparticle phi is used for particle volumetric concentration. Bruggeman correlation

[23] also takes the interactions among randomly distributed particles into account.

ky, — kp

D kb_km
“k
L+ 2k

— =0 2.21
ky + 2k, ( )

+ (1 =)
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Both Maxwell and Bruggeman theories are general effective medium theories.
They are used to decribe distinct cases. Hamilton & Crosser model [24] is developed
for more accurate estimations for liquid-solid mixtures containing non-spherical par-
ticles considering the fact that thermal conductivity increase cannot be attributed to
particle concentration only within the liquid media. The effect of the particle shape
is represented in the correlation by introducing a shape factor n which is denotes the
shape factor of the particles and defined as n= v 3. v is the sphericity factor . Hamil-
ton Crosser model is an extension of Maxwell’s theory, accounting for the nonsphericity
of the particles. Spherical particles have a sphericity ¢ = 1, leading a shape factor of
n=3

_ ket (n=Dk—(n—1)(k — k)

2
kp, = k 2.22
T POy v L (2.22)

In the past decade, there have been many experimental as well as numerical studies to
explore the advantages of nanofluids under variety of conditions. Koo and Kleinstreuer
[25] presented a thermal conductivity model , Equation 2.23, which takes into account
the effect of particle size, particle volumetric concentration, temperature and properties

of base fluid as well as nanoparticles subjected to Brownian motion.

There are many experimental and theoretical studies in the literature investigat-
ing the change in the thermal conductivity and viscosity of nanofluids with different
particle materials and base fluids. Koo and Kleinstreuer [25] presented a thermal con-
ductivity model that considers the effect of particle size, volumetric concentration, and
properties of base fluid, considering temperature dependence due to Brownian motion

based on experimental data for Al;O3 and CuO nanofluids [25].

= kfp+2kbf—|—2(k‘bf—]{p)(p

kgT
k?bf + 5$104Q0pbfcp,bfﬂ (QD) >

T, p,etc.) (2.23
kp + 2kyp + (koy — ko) ¢ depf( pcte) (2:23)

where [ represents the friction of the liquid volume which travels with a particle and
decreases with the particle volumetric concentration because of the viscous effect of
moving particles. Since the dependence of thermal conductivity on temperature is

weak, they introduced an empirical function f(T, ¢) using the experimental data of
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Das et al. [4] on CuO nanofluids.

Vajjha and Das [26] analyzed several existing thermal conductivity models and
compared them against their experimental data. They found that the correlation
given by Koo and Kleinstreuer. However, the correlation of Koo and Kleinstreuer is
based on a limited amount of data obtained from experiments on nanofluids over the
temperature range 293K T 325K and concentration range 1%<p <4%. Therefore, they
proceeded to improve this model by deriving new empirical correlations for 5 and f(T,
¢) from their experimental data. The thermal conductivity model remains the same
but new correlations derived from broader set of data its valid for the temperature

range of 298K <T <363K and the concentration range of 1% <T <10%.

kgT
Ppdyp

_ kp+2kbf+2(kbf —k’p)gp
nf k’p + kaf + (k‘bf — k‘b) %)

kg 4 5210%0pppcpprB () f(T,0) (2.24)

F(T,0) = (2.8217210 % + 3.917210%) (%) (—3.0669210 ¢ + 3.9112210~°)

(2.25)
where the first term represents effective medium theory based static contribution and
the second term represents the contribution of Brownian motion. The empirical func-
tion f(T,¢) can be defined as and the other empirical function 3(y) represents the
fraction of the liquid that travels with a particle due to viscous effects and is defined
as presented in Table 2.3. Since the correlation derived by Vajjha is valid for broader
range of temperature, conductivity of Al,O3 and CuO nanofluids estimated using this
correlation. A comparison among several correlations and experimental data for CuO

nanoparticles is shown in Figure 2.5.

Table 2.3. Curve fit relations for proposed f(y) function

Particle Ble) Concentration[%)] | Temperature[K]
Al,O3 | 8.4407(100¢) 107304 1< p <10 298< T<363
CuO 9.881(100¢) 09446 1< ¢ <6 298< T<363
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Figure 2.5. Comparison between several theoretical models and experimental data on

thermal conductivity

Thermal conductivity of hBN nanofluids are calculated based on experimental
data presented in Ilhan et al. [27]. Since the experiments were conducted for 25°C,
temperature dependency of thermal properties are considered constant and properties
were designated over based fluid temperature dependent properties using increment

presented in the paper.

Figure 2.5 shows the comparison of Eqs. 2.24 and 2.25 with the experimental
data which were collected from an experiment with CuO nanoparticles and the per-
formances of various models . It is observed that Koo and Kleinstreuer model agrees
with experimental data up to a temperature of 325 K for which it was developed.
Beyond this range the correlation overpredicts the conductivity ratio. The models of
Maxwell [28] and Yu and Choi [29] do not show any noticeable increase in thermal
conductivity with temperature. As it can be seen from the figure hermal conductivity
ratio is able to be estimated from Equation 2.24 for the range of specified temperature
and nanoparticles. Thermal conductivity ratios of three nanofluids based on three

different based fluids are presented from Figure 2.7 to Figure 2.11.
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2.6.2. Viscosity

The heat-transfer performance can be increased by thermal conductivity en-
hancement, similar effect can also be observed for viscosity. The pumping power
required for a given flow rate is expected to increase as the viscosity increases. There-
fore, depending on the system specifications, a reduction of flow velocity could result
in detraction the benefit of thermal conductivity enhancement. Temperature has an
inherent relation with viscosity. As the temperature increases, intermoleculer attrac-
tion between the nanoparticles and their base fluids weakens. Hence, the viscosity of

the nanofluids decreases with the increase in the temperature.

First conventional model to formulate the effective viscosity of solid-liquid mix-

tures with spherical particles was proposed by Einstein [30] as follows

fing = (1 +2.5¢) s (2.26)

where p,; and py is the viscosities of mixture and the base fluid, respectively. Ac-
cording to the theory, the viscosity of the suspension is linearly dependent on only
particle concentration. Another model is stated by Brinkman [31] and it suggests that

effective viscosity can be defined as the power of volume concentration as follows

1
g = (1——<P25) [bf (2.27)

Both theoritical models only use the concentration to estimate the viscosity. However,
studies shows that several different parameters, such as particle size and shape, tem-

perature of the medium, specific interface interactions between nanoparticles and base

fluids [32].

Besides theoritical models, Corcione [33] developed empirical model by using a

large number of experimental data which includes the effect of base fluid type on the
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change of viscosity as follows

Enl 1 0.3 (2.28)
Ho 1 —34.87(d,/ds) " pt:03

where d; is the equivalent diameter of a base fluid molecule, defined as follows

6M 3
de — 92.29
f (Nﬂpbf> (2.29)

in which M is the molecular weight of the base fluid, N is the Avagadro number and

pvr is the mass density of the base fluid calculated at temperature of T,=293 K.

Since there are many equations reported by researches based on temperature
dependency of viscosity most of them carried out for narrower temperature range
[34]. A general correlation for viscosity in between considered temperature range was
developed by Vajjha et al. (2008) [26] is defined as in the Equation 2.30 and the curve

fit relations for the terms of the correlation is presented in the Table 2.4 [35].

Bnf _ g, el420) (2.30)
Mg

While there are many experimental studies in regards to thermophysical properties of

Table 2.4. Curve fit relations for proposed viscosity relation in Equation 2.30

Nanoparticles | A; A, Avg.Par.Size[um] | Concentration[%]
Al,O3 0.983 | 12.959 45 0< ¢ <0.1
CuO 0.9197 | 22.8539 29 0< ¢ <0.06

Al;O3 and CuO nanofluids, studies in regards to hBN are rather limited. In their recent
study, Ilhan et al. [36] presented the thermophysical properties of hBN nanofluids
with water, EG and EG/water as base fluid at room temperature. The experimental
data presented in that study is used here, considering the temperature dependent

properties based on temperature dependent properties of base fluid. Characteristics
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of nanoparticles used in this study is presented in Table 2.5. Viscosity ratios of three
nanofluids based on three different based fluids are presented from Figure 2.7 to Figure

2.11.
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Figure 2.6. The comparison of EG/W based nanofluid thermal conductivity changing

with particle volume fraction

2.6.3. Density and Specific Heat

The effective density and specific heat of the nanofluids are calculated using

classical mixture theory as follows

pug = (L =) pr +¢pp (2.31)
]_ _
Cop = ( 90) pf;p,f + ©PpCpp (2'32)
nf

where ¢ represents the particle volume fraction and subscripts ny, p, and f, identify

quantities for nanofluid, particle and base fluid, respectively. The properties for the
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Figure 2.9. The comparison of water based nanofluid viscosity changing with particle
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Figure 2.11. The comparison of EG based nanofluid viscosity changing with particle

volume fraction

nanoparticles considered in this study are presented in Table 2.5. Temperature depen-
dent thermal properties of base fluids are obtained from literature [37]. Temperature
dependent thermal conductivity and viscosity of EG/W based nanofluids are presented

in Appendix C.

Table 2.5. Characteristics of nanofluids used in this study

Particle | Density[kg/m?] | Part. Dia.[um] | Ther. Conduc.[W/mK]
Al,O3 3600 45 36
CuO 6500 29 17.65
hBN 2200 29 13
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3. RESULTS AND DISCUSSIONS

3.1. Validation of Flow Geometry

All discrete methods introduce discretization error which arises from the use of
finite number of the grid points. As the grid cells become smaller and the number of
cells in the flow domain increase the grid discretization error, should asymptotically
approaches zero. Grid refinement study is a common approach used in assessing nu-
merical accuracy of a simulation [38]. Simulations with different mesh resolution have

been evaluated and compared to ensure that results are grid independent.

In order to test the validity and precision of the simulationsIn order to test the
reliability of refined mesh, a grid independence study is carried out to identify the
adequate grid resolution using GCI method. GCI method and the process of the
validation study is explained in detail in Appendix A. Solutions with different grid
resolutions are run and results are evaluated with theoritical or experimental results
from literature. 3 different meshes compared for EG/W base fluid case. Mesh 1 has
2522453 nodes; mesh 2 has 4543665 nodes; and mesh 3 has 5889273 nodes. The highest
number of nodes is specified considering geometrical limitations. It was identified that
the grid with 4543665 nodes as shown in Figure 3.1 is proper to obtain grid independent

results.

This process is accomplished throughout the analysis for each geometrical setup
considered. Flow domain geometry is cleaned from unnecessary complications prior
to grid generation. If the surface mesh is not sufficiently fine, the geometry will not
be simulated realistically. Since our concern is the temperatures of boundaries, in
order to procure sufficient flow and temperature results, mesh inflations are applied
to the boundaries which are contacting to heat flux. Figure 3.2 shows the the inflated

boundary meshes.
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Figure 3.1. Meshed flow domain

Validation study is conducted by using the experimental dat from literature.
Maximum surface temperatures is compared with the study of Vatandag [15]. Power
output of the engine in the study has been set as boundary condition of surface heat
flux of combustion chamber. The fluid is evaluated with constant heat flux heating.
Therefore, approximate surface temperature, reported in the study, attempted to ob-
tain. Comparisons have been made over the maximum temperature of the surface
temperature of the cylinder head. The results within an reasonable error range are

selected, and the one with lowest computational time and effort is chosen.

3.2. System Performance

The system resistance R._,, is obtained by summing the engine block, flow resis-
tance, and radiator resistances. Pressure drop and thermal resistance calculations are
repeated for three different, specified flow rates. Using the calculated system pressure
drops for the specified flow rates a compact model for the system pressure drop for

the specific fluid can be developed by fitting a second degree polynomial of volume
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Figure 3.2. Inflations under the domain surface

flow rate. A similar compact model can be developed for the system resistance, by
fitting a power function of volumetric flow rate. These compact models are valid for

the particular system and particular coolant considered.

The system operating flow rate can then be obtained by intersecting the pump
characteristic curve and pressure drop as it is represented in Figure 3.3. The cooling
system’s performance can be defined in terms of a resistance in Figure 3.2, based on
the operating flow rate estimated from Figure 3.3 and Figure 3.4. The operating point
was obtained as 1.98 1t/min and the corresponding block resistance, flow resistance,
and radiator resistance are 0.416 K/W, 0.00014 K/W, and 0.0107 K/W, respectively.
Hence, the system resistance, R._,, is 0.426 K/W for EG/W base fluid.

3.2.1. Heat Transfer Performance

Figures 3.5 shows the temperature distribution over the engine block for the case
where EG/W is used as a coolant at a flow rate of 150 lt/h. The location of the
maximum surface temperature is shown in Figure 3.5, where it can be observed that
the outlet region has higher temperature. This is due to the fact that the coolant
temperature and the wall thickness are higher around the outlet which increase the
thermal resistance between cylinder wall and fluid. Velocity distribution that affects

the surface temperatures is presented in Appendix B.
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Figure 3.5. Temperature distribution over engine block

Considering that T;,,, and T, are the design specifications for a particular cooling
system, the increase in the cooling capacity can be defined using system thermal

resistance as follows

_ (@) —al0) _ Rea(0)
AR = 1007 O 100 <—Re_a B 1) (3.1)

where ¢(¢) and R._,(¢) represents the cooling capacity and system thermal resistance
for a given nanofluid for a particle volume concentration of ¢. Similarly, for a given
cooling load, ¢, and environmental condition, T,, the reduction in the maximum engine

block temperature is defined as follows

A,I‘max =q (Re—o(o) - Re—o(¢)) (32)

In order to calculate engine block resistance, R._;, the maximum temperature over
the engine block, T.,, is calculated as 533.4 K and coolant inlet temperature, T;, is
353 K that is also specified as a boundary condition. Therefore, the block resistance
is calculated as 0.342 K/W. In order to calculate the total cooling system’s resistance
R._,, is calculated using Equation 2.1. In order to calculate the total cooling sys-

tem’s resistance R._,, and the total pressure drop AP, sem, radiator side pressure
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drop AP, qgiator 18 calculated using Equations 2.1 and 2.18. Similar calculation for the

radiator side thermal resistance is made using Equation 2.5 to Equation 2.17.

The system resistance R._,, is obtained by summing the engine block, flow resis-
tance, and radiator resistances. Pressure drop and thermal resistance calculations are
repeated for three different, specified flow rates. Using the calculated system pressure
drops for the specified flow rates a compact model for the system pressure drop for
the specific fluid can be developed by fitting a second degree polynomial of volume
flow rate. A similar compact model can be developed for the system resistance, by
fitting a power function of volumetric flow rate. These compact models are valid for
the particular system and particular coolant considered. The system operating flow
rate can then be obtained by intersecting the pump characteristic curve and pressure
drop as it is represented in Figure 3.3. and 3.4 The cooling system’s performance can
be defined in terms of a resistance in Figure 3.3, based on the operating flow rate
estimated from Figure 3.4. The operating point was obtained as 1.98 1t/min and the
corresponding block resistance, flow resistance, and radiator resistance are 0.416 K/W,
0.00014 K/W, and 0.0107 K/W, respectively. Hence, the system resistance, R._,, is
0.426 K/W for EG/W base fluid.

The change in cooling system’s thermal resistance with respect to the particle
volume fraction of the coolant is presented in Figure 3.6. As the particle volume
fraction of the coolant increases, the thermal conductivity of the coolant increases
leading to a reduction in system thermal resistance. However, the increasing coolant’s
particle volume concentration also increases the viscosity of the coolant reducing the
system’s operating flow rate that leads to an increase in the system thermal resistance.
As a result of these two opposing effects, there exists an optimal particle concentration,
where the resistance is minimum. This point can be clearly observed in Figure 3.6 for

all nanofluids in consideration.

The optimal particle volume concentration level is found to be approximately
1% for all EG/W based nanofluid coolants; hence, performances of all nanofluids

are compared for this concentration. The highest overall improvement in thermal
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performance is observed for hBN nanofluids. System resistance, R._,, is estimated as
0.386 K/W for hBN nanofluid, while resistances for Al,O3 and CuO are 0.392 K/W
and 0.39 K/W, respectively. While the differences between thermal resistances for
nanofluids coolants are in the third digit, all nanofluids have higher performance than
base fluid. The thermal performance of hBN nanofluid coolant is 10.3% higher than
it is for pure EG/W coolant. The performance of hBN nanofluid is 1.53% and 1.03%
higher than Al,O3 and CuO nanofluids, respectively.

The increase in cooling capacity and reduction in maximum engine block tem-
perature is presented in Figure 3.8. As the minimum system resistances are observed
for 1% particle concentration of EG/W based nanofluids, the maximum cooling capac-
ity is achieved for the same concentration. The cooling capacity increase for EG/W
based Al,O3, CuO, and hBN nanofluids are 9.1%, 9.5%, and 10.3%, respectively. The
estimated maximum surface temperature reduction for EG/W based AlyO3, CuO, and

hBN nanofluids are 18 K, 19.3 K, 20.9 K, respectively.

Similar analysis is carried out for cooling capacity of water and EG based nanoflu-
ids. The thermal performance of the nanofluids showed similar trends with total system
thermal resistance decreases up to approximately 1% particle concentration and then it
increases. As a result, the cooling capacity increase maximizes approximately around
1% particle concentration for water and EG based nanofluids as shown in Figure 3.9
and Figure 3.10. The thermal conductivity increase of the water based nanofluids are
relatively higher, with relatively less increase in viscosity with increasing particle vol-
ume fraction, with respect to that of EG/W or EG based nanofluids. Therefore, the
increase in cooling capacity for water based nanofluids is higher than it is for EG or
EG/W based nanofluids. This can be observed in Figures 3.7 and 3.8. The maximum
cooling capacity increase for water based nanofluids is acquired as 10.9%, 12.1%, and
13% with Al,O3, CuO, and hBN nanoparticles, respectively. The increase in cooling
capacity for EG based nanofluids with Al,O3, CuO, and hBN are 5.3%, 6.5%, and
7.3%, respectively.
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Figure 3.8. Engine block temperatures reductions for EG/W based Al;O3, CuO, and
hBN nanofluids

Reduction in the maximum engine block temperatures is also estimated and pre-
sented in Figure 3.9 and Figure 3.10 for water and Eg based nanofluids, based on the
definition presented earlier. The maximum temperature reduction observed in Figure
12 is achieved when using 1% hBN nanoparticles, which is also the case in Figure 10.
Here, it should be noted that the maximum engine block surface temperatures when
water and EG are used as coolants are 489.8 K and 715.4 K, respectively. While pure
water appears as the superior coolant, it should be noted that possible nucleation and
phase change is not considered. Reduction in the maximum engine block temperature
achieved when EG based nanofluids with 1% particle volume concentration of Al,Os,
CuO, and hBN nanofluids are 18.4 K, 20.3 K, and 21.8 K, respectively. The corre-
sponding reduction for water based nanofluids are estimated as 18.6 K, 22.4 K, and

24.9 K, for Al;O3, CuO, and hBN nanofluids, respectively.
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Figure 3.9. Engine block temperatures reductions for Water based Al,O3, CuO, and
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3.2.2. Pressure Drop Calculation and Operating Flow Rate Enhancement

Figures 3.11 shows the pressure distribution over the engine block for the case
where EG/W is used as a coolant at a flow rate of 150 1t/h. Pressure drop, AP, gine,
is calculated based on the area averaged inlet and the outlet pressures. The outlet
pressure of the water jacket is set to atmospheric pressure and for the case presented

in Figure 3.11, the pressure drop is 6.59 kPa.

Figure 3.11. Pressure distribution over engine block

In order to calculate the total cooling system’s resistance R._,, and the total pres-
sure drop A Pjygem, radiator side pressure drop AP, qgiator is calculated using Equations
3.3 and 3.4. Similar calculation for the radiator side thermal resistance is made using

Equation 2.5 to Equation 2.17.

L
APradiator = fD_,OUEn (33)
h

f = 0.316Re,”* (3.4)

Considering the pressure distribution over water jacket shown in Figure 3.11, and the

estimated pressure drop for radiator, the estimated pressure drops are 6.59 kPa and
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13.6 kPa, respectively. As it can be seen, flow resistance of the radiator is only a small
fraction of the overall system, with engine block being the most dominant component in
the system. Therefore, an optimization study to acquire improved cooling performance
should focus on engine block rather than the radiator. Moreover, change in pressure
drop effects system flow rate and system cooling performance. Since radiator has
higher pressure drop, it is more critical to improve radiator performance for enhancing

pumping performance and optimize the system flow rate.

Similar analysis is executed for EG/W based Al,O3, CuO, and hBN nanofluids of
different concentrations, varying between 0.5-3%. While addition of particles increase
the viscosity and the density of the fluid, as fluid flows through the coolant path of the
cooling jacket, the pressure drop from cooling jacket inlet to outlet increases. As similar
effect is also observed for radiator, the addition of nanoparticles increases the system
pressure drop, that leads to a reduction in the operating flow rate. Figure 3.14 shows
reduction in flow rate using nanofluids with different particle volume concentrations
in comparison with the EG/W base fluid. The resulting reduction in operating flow
rate for CuO, Al,O3, and hBN nanofluids for 1% concentration were obtained as 0.73
1t/min, 0.40 1t/min, and 0.34 1t/min, respectively.

Required flow rates for nanofluid coolants to achieve same maximum engine
block temperature, when the base fluids are used as coolants are also estimated. It
is observed that with the use of nanofluids, the system can operate on lower flow
rates, and nanofluid use has a potential to decrease the pump speed and reduce the
pumping power. It is observed that hBN nanofluid with 1% particle concentration has
the best combination of properties over the other fluids to achieve reduced flow rate
for EG/W, water, and EG as base fluids. Flow rate reductions are 5.6%, 7.1%, and
3.8% for EG/W, water, and EG based hBN nanofluids with 1% particle concentration

as observed in Figure 3.15, Figure 3.16, and Figure 3.17.

Additional nanoparticles increase the viscosity and the density of fluids; therefore,
it also leads to an increase in pressure drop and pumping power. Figure 3.18, Figure

3.19, and Figure 3.20 show the increment pumping power with the use of nanofluids.
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Figure 3.14. Flow rate reductions for EG/W based nanofluids
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Figure 3.15. Flow rate reductions for same surface temperature of EG/W based

Al; O3, CuO, and hBN nanofluids
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Figure 3.16. Flow rate reductions for same surface temperature of Water based

Al;O3, CuO, and hBN nanofluids
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It is observed that 1% concentration of the hBN nanofluid has the best combination of
properties over the other fluids also for the pumping power increase for EG/W, water,
and EG base fluids and the increments are 3.1%, 2.34% and, 3.12% for EG/W, water,

and EG based nanofluids, respectively.
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3.2.3. Radiator Size Enhancement

It is observed that using nanofluid coolants improves overall cooling performance.
Therefore, using nanofluids would enable using smaller sized radiators for the cooling
system without compromising the system cooling performance. Smaller coolant sys-
tems result in smaller and lighter radiators, which would not only give some flexibility
to the designers, but also help reduce the cost associated with the radiator. Therefore,
it is worthwhile to investigate the opportunity of reducing the radiator size. Change
in size of the radiator can be calculated by repeating the NTU effectiveness method
for nanofluid coolants to achieve the system resistance same as when the base fluids
are used. Total heat-transfer area, A; , is able to be changed by altering the surface
area of single fin. Due to adjusting the dimension of fin surface area, width of fins, Dy
, can be regulated. After recalculating the system resistance with a specifed flow rate
for EG/W base fluid in order to obtain same resistance with nanofluids, width of fins
are adjusted. Change in size of the radiator that yields identical cooling performance

can be defined as follows

Ans(p) — Ayp(0)
Ayt (0)

Ry = 100 (3.5)
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The maximum size reduction occurs as 11.4% for 1% concentration of hBN nanopar-
ticles with EG/W base fluid. Since the thermal performance maximizes around 1%
volume concentration of nanoparticles, size reductions of radiator are compared only
for EG/W based nanofluids of 1% concentration. Figure 3.21 shows the radiator size
reductions for EG/W based nanofluids.
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Figure 3.21. Radiator size reduction results for EG/W based Al,O3, CuO, and hBN

nanofluids
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4. CONCLUSION

4.1. Concluding Remarks

Thermal performance of nanofluid coolants in a cooling system 1.5 liter passenger
car engine is examined in comparison with traditional coolants. Water, EG, and EG/W
are considered as base fluids and nanofluids with CuO, Al,O3 and hBN nanoparticles
for a particle volume fraction of 0.5-3% range are investigated at different volumetric
flow rates. A cooling performance metric was defined in terms of resistance. According
to results, nanofluids show superior heat-transfer capability than traditional coolants.
The simulation results show that heat rejection increases for 3 nanoparticles and con-
centrations in between 0.5-3%. hBN nanofluids show higher performance with respect
to the Al,O3 and CuO nanofluids. System resistance results of 1% particle concentra-
tion of EG/W based nanofluids are 0.386 K/W, 0.39 K/W and 0.392 K/W for hBN,
CuO and Al;O3 nanoparticles, respectively. Engine block temperature decreases in
the case of using nanofluids. hBN nanoparticles have the highest cooling capacity in-
crease and quantitative results showed cooling performance increase up to 10.3%. The
maximum temperature reduction is equal to 20.9 K for 1% concentration EG/W based
hBN nanoparticle. As in the engine block, the nanofluids in the radiator allows higher
heat-transfer ratios. However, engine resistance is the dominant component of system
resistance therefore, radiator side thermal resistance effectuates a small portion of sys-
tem thermal resistance. Aside from thermal analysis. Pressure drop calculations along
pathway of nanofluid coolants for each case are executed. Resuls indicates pressure
drop increases in the case of nanofluid use. Higher pressure drops increase the required
pumping power up to 5.08% since the viscosity and the density of nanolufluids are in-
creasing with particle concentration. Minimum increase of pumping power occurs for
EG/W based hBN nanofluids since hBN has the best combination of properties. Min-
imum pumping power increase is 3.1%. 51 Required flow rates for nanofluid coolants
to achieve maximum engine block temperature as same as when the base fluids are
used are also estimated. It is observed that with the use of nanofluids, the system can

operate with lower flow rates. It shows that nanofluids has a potential to decrease the
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pump speed. The highest flow rate reduction occurs as 5.5% for 1% particle concentra-
tion of hBN nanoparticle. Morevover, water and EG based nanofluids were compared.
Results showed that nanoparticles enhanced the thermal properties. The thermal con-
ductivity increase of the water based nanofluids are relatively higher, with relatively
less increase in viscosity with increasing particle volume fraction, with respect to that
of EG/W or EG based nanofluids. Therefore, the increase in cooling capacity for
water based nanofluids is higher than it is for EG or EG/W based nanofluids. The
highest cooling capacity increase occurs as 11.6% for water based hBN nanoparticle of
1% particle concentration.Another advantage is using nanofluids would enable using
smaller sized radiators.It is deduced that the higher cooling capacity leads reducing of

the radiator sizes up to 11.5% for 1% particle concentration of hBN nanoparticle.

4.2. Future Work

Although the grid independence and validation study of computational model
was executed for EG/W base fluid, experimental validation study is required for com-
plete system and each components individually using an engine setup with the same
technical specifications by replacing the coolant with nanofluids. Other segments of
engines are needed to be investigated since this study only examine 1.5 liter passenger
car engine. Engines with higher or smaller volumes, heavy duty engines or any special-
ized engines for various working conditions are wortwhile to be inspected and to move
this study forward. Further investigations are required in order to clarify the promis-
ing enhancement point by comparing the results of nanofluids. Further examination
procedure may include gathering and analysis of measurement data for a variety of
different nanoparticles, concentrations and engine speed conditions in order to approve

increased heat released rates and lower surface temperatures.
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APPENDIX A: VALIDATION STUDY

Actual fractional error indicates the difference between the surface temperatures
obtained expeirmentally and calculated computationally. It is seen that actual frac-
tional error, A,, is 2.84% and in a good agreement with experimental data. Grid
convergence was tested, after obtaining the surface temperature result which is in con-
formity with experimental data. Grid Convergence Index (GCI) is one of the most
common grid refinement method it was proposed by Roache for the uniform reporting
of grid convergence studies in CFD and related disciplines [38]. The method provides
an objective asymptotic approach to quantification of uncertainty of grid convergence.
The basic idea is to relate the results from any grid convergence test to the expected
results. The GCI is based upon a grid convergence error estimator derived from the
theory of generalized Richardson Extrapolation which is given in Eqs. A.1 and A.2 as

follows

P —1

fi
where f indicates the results of different grid solutions. Actual fractional error A, can

be defined as usual as follows

R s

fezact
where f..qc: Tepresents experimental result. The Grid Convergence Index is stated as an
error percentage and provides a confidence bound on the estimated error band within
which the numerically converged solution will probably lie. The GCI is a measure of
the percentage the computed and it indicates an error band on how far the solution
is from the asymptotic value. A small value of GCI indicates that the computation is

within the asymptotic range and it can be used with a minimum of two mesh solutions.
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The GCI for fine and coarse grid solutions are defined as follows

€|
I, =F, A4
GChy = Fo— (A.4)
e 77
I3 = F, A.
GC 23 ST'p 1 ( 5)

where Fy is a factor of safety which is recommended to be Fs=3.0 for comparisons of
two grids and Fs=1.25 for comparisons over three or more grids. The higher factor of
safety is recommended for reporting purposes and is quite conservative of the actual
errors. Subcriptions 1, 2, 3 stand for fine, medium and coarse grids and, 12 and 23
represent fine grid solution and coarse grid solution, respectively. p is the rate of
convergence and if the solutions on three grids are exist, then the order of the rate
of convergence of the discretization can be computed directly from the three solutions

without a need for estimating the exact solution as follows

fs = f2)
p=1In In (r A6
where 1 is grid refinement ratio. If the refinement and the grid are unstructured, there
is no systematic grid refinement index, in such grid refinement studies r is defined in

terms of the total number of elements used in the coarse and fine grids as follows

N\ /)
r= (ﬁ) (A7)

where N is the total number of nodes and D is the dimensionality of the flow domain.
The asymptotic range of convergence can be checked by observing two GCI values as

follows

GC.[23 = TPGOIH <A8)
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The magnitude of the fine and the coarse grid value of the Grid Convergence
Index from Equation A.4 and Equation A.5 are 0.651 and 1.862, respectively. If the
asymptotic range of convergence is checked by Equation A.8, it is seen that the result
approximately 1 and indicates that the solutions are well within the asymptotic range
of convergence. Value of maximum surface temperature estimated by Richardson
Extrapolation is 755.32 K. Based on this study it can be concluded that the surface
temperature of water jacket is estimated to be T = 755.2 K with an error band of

approximately 0.09%.
Grid Convergence Index for fine and coarse grid, GCI;s and GClyz, order of

convergence, p, refinement ratio, r, number of nodes, Richardson Extrapolation error

estimators which are used in method are given in Table A.1.

Table A.1. Grid Convergence Index parameters

N, | 5889273 | p 27.2
N, | 4543665 | 1.1
N; | 2522453 | E; | 0.003
fil 7551 | Eg, | 0.03
fo | 7553 | e | 0.0265
fs | 7574 | ey | 0278
F, 3 | GCI,, | 0.0084
A, | 284 | GCILy | 0.088
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APPENDIX B: STREAMLINE CONTOURS
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Figure B.1. Velocity distribution on cylinder block
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Figure B.2. Velocity streamline on engine block
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APPENDIX C: THERMOPHYSICAL PROPERTIES
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Figure C.1. Temperature dependent thermal conductivity of EG/W based nanofluids
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Figure C.2. Temperature dependent viscosity of EG/W based nanofluids



APPENDIX D: WATER JACKET MODEL

Technical drawings of water jacket model are submitted in following pages.

Figure D.1. Water jacket model
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Figure D.2. Technical drawing of water jacket model
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Figure D.3. Technical drawing of water jacket model
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SECTION B-B

Figure D.4. Technical drawing of water jacket model





