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Abstract

T o achieve decreasing power demands across several industries, improving

the heat transfer of vapour absorption refrigeration system (VARS) based on

flow boiling heat transfer have been proposed. Nanofluid, a fairly new class of

coolants formed by suspending 1-100 nm sized particles in a base fluid which in

this thesis was presented by a salt - fluid (acetone / ZnBr2), has been shown to

improve a fluid’s thermal properties. Previous researches concentrate on water

based fluids or commonly found refrigerants and heat transfer fluids. This re-

search focuses on developing a new method to simulate flow boiling of a novel

fluid, we define it as a nano-salt-fluid, numerically. A model was generated

using commercial CFD code with additional user defined function, (UDF) for

the case of determining the heat and mass transfer in a boiler duct for a vapour

absorption refrigerator. The simulations were performed to assess the effect

of varying nanoparticle concentrations, fluid velocity and boiler temperature

on the boiling and phase change characteristics of the system. The fluid was

treated as four separate phases: liquid acetone; vapour acetone; liquid Acetone

/ ZnBr2 solution; solid nanoparticles cloud. Graphene nanoparticles were rep-

resented as a cloud-like phase in the mixture to calculate the viscosity. This

study evaluates the key characteristics of the nanofluid system, and how the

different components and phases behave when the liquid acetone evaporates.

The process was modelled using ANSYS R© Fluent V.15 using the mixture mul-

tiphase flow model, however, the volume of fluid (VoF) method is also used to

show the behaviour of the vapour phase.

To validate the modelling method, an experimental work examines the im-

provement of the heat transfer and investigates the performance of the working
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fluid. The high pressure part of the VARS is built as the test rig. The rig eval-

uated the heat transfer improvement in the boiler side of VAR system by use

of nanofluid instead of the normal binary fluid only, which is acetone/ZnBr2

in this case. Various values of flow rate, temperature and the concentration

of the nanoparticles were used and the effects observed on the heat transfer

and the fluid flow. These tests had acceptable accuracy, for example, the heat

flux and the heat transfer coefficient are 8704±85W/m2 and 104±0.5W/m2.K,

respectively, when the boiler temperature is 180 oC. The tests validated the

results of the numerical modelling part of this work, which simulated the boil-

ing of the salt-nanofluids, in order to justify the use of the CFD on a design

tool for VARS.

Nanofluid in CFD are represented as multiphase and single-phase. To

model the boiling process, a comparison between these models was assessed

to discover which model represents the nano-particles as a distinct fluid phase

used in the boiling process. The cases of laminar and turbulent flow regimes

were explored numerically for a wide range of acetone and nanoparticles con-

centrations. The velocity was varied between 1.5 – 6 m.s−1, representing typi-

cal heat exchanger conditions. Reynolds number depended significantly on the

solution concentration.

The novel working fluid solution consisted of dissolved salt in refrigerant

mixed with nanoparticles, called have a nano-binary fluid (NBF) or nano-salt-

fluid (NSF). The study covered the properties of the acetone/ ZnBr2 as a

binary (base) fluid and nanofluid by adding Zinc Oxide (ZnO) and Graphene,

separately. The overall results show that the nanoparticle enhances the thermal

properties of the fluid.
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1
INTRODUCTION

1.1 Context

A lot of waste heat and greenhouse gas are released from the factories to the

environment. The waste heat can be used to generate cooling using absorp-

tion refrigeration systems. Utilizing energy that would otherwise be lost to the

environment helps to decrease the global environmental problems which are

related to CO2 emission. Another benefit of using absorption refrigeration is

that it can operate using low grade heat and can give more useful output from

the low grade thermal energy than alternatives like power generation. Ab-

sorption refrigeration operates smoothly and relatively quietly because only

the liquid pump has moving parts and there is no effect on the performance

by reducing the load. On the other hand, there are some disadvantages from

using absorption refrigeration which present to have a lower coefficient of per-

formance relatively comparing with the compression refrigeration (even they

use different grade energy); temperature limitation of the heat source (system

cannot operate under this limit) and in some systems (systems working with

H2O/LiBr), crystallization is a significant problem which must be avoided at

the design stage. The performance of absorption refrigeration depends on its

type and the working fluid [1].
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§1 INTRODUCTION

The particular heat transfer fluids (HTFs) such as water, oil and glycols

has a great influence on the size of the system depending on its ability to

transfer the heat. However, they have generally poor heat transfer efficiency

because of the low thermal conductivity. Researcher efforts is applied to en-

hance the thermal properties of fluids. To improve the thermal properties of

the fluid, powdered materials such as silver, copper, iron, alumina, CuO, SiC

and carbon nano-tubes, which have much higher thermal conductivity can be

added to the fluid. This idea was proposed by Maxwell in 1881 (Maxwell

1873) [2]. Early cases studied, solid particles of micrometre, and millimetre

scale mixed with the base fluids to make suspensions. However, these particles

cause problems, such as damaging of the surface, blocking the micro-channels,

corroding the pipeline and increasing the pressure drop, which considerably

limits the practical applications. The difficulty of producing smaller particles

was a limiting reason for using the micro-suspension liquid.

Generally, nanofluids are a dispersion nanometre-scale particles (1-100 nm)

into heat transfer fluids. The large surface area per unit volume, dimension

and size-dependent physical properties like thermal conductivity and viscos-

ity, and lower momentum kinetic energy due to the tiny size are beneficial

properties of the nanoparticles. In addition, the large surface area gives the

nanoparticles better and more stably dispersed in base fluids. A most attrac-

tive characteristic of nanofluids is improving the thermal conductivity even by

adding only small amount of nanoparticles. The improvement of nanofluid’s

thermal properties will enhance the efficiency of heat exchanging especially in

the boiler and the absorber of VARS, reduce the size of the systems by reduc-

ing the sizes of these components, save pumping power, and reduce operational

cost. The properties of nanofluids mainly depend on the type of the nanopar-

ticles and the basefluid as well as the stability of the nanofluid. The affect of
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the nanoparticles is investigated on a low boiling temperature nanofluid in a

high pressure part of the VARS, which includes the boiler. This was achieved

by investigating the effect of different concentration of the nanoparticles on

the improvement of heat transfer. According to Hamilton [3], VARS with

acetone/ZnBr2 operates at a low temperature (just above ambient) and this

system is suitable for the solar PV cooling. but the outcome of this thesis

(experimentally and numerically & with and without nanoparticles) showed,

it is unlikely that the system can be used with solar PV, because no boiling

can be generated at 80 oC. This study also shows how the boiling rate in

the VARS improves using nanoparticles with acetone/ZnBr2 by developing a

novel model for the numerical boiling method.

The rapid development in computer power over the last few decades has

motivated the use of computational fluid dynamics (CFD) in two-phase flow

research. This is due to its relatively low cost compared to the costs of exper-

iments. Many approaches have been developed to simulate the simultaneous

flow of two-phases. These include Eulerian-Eulerian and Eulerian-Lagrangian

methods.

Boiling process is more complicated and difficult to correlate in cases where

the liquid flows through the heater due to a circulation effect. There are

two effects, which cause heat and mass transfer in nucleate boiling, firstly,

the bubble creation and motion near the hot surface and secondly, the direct

sweeping of the heater surface by the liquid itself. Both of the flow and nucleate

pool boiling contribute to the heat transfer mechanism. There is no general

definitive method of correlating flow boiling data. A lot of studies treating

different issues in the pool boiling numerically and experimentally were found,

(described in 2.4.1). There are sufficient number of research works dealing

with flow boiling experimentally. However, a very few numerical studies of

3
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flow boiling have been done because there is no general correlation or model

covering this area. The most acceptable correlation that could deal with this

process experimentally is Rohsenow correlation (Chapter 4). Adding a salt to

the liquid in flow boiling makes the process more complicated because of the

variations of concentration. Adding nanoparticles to the fluid makes the flow

boiling process more intricate. To make just one component evaporate in this

blended solution with three components numerically is challenging. A new

technique is developed in this research to deal with this problem (making just

the acetone evaporates from the mixture). Therefore, in the domain (boiler)

there are four different component (liquid acetone, dissolved salt, nanoparticles

and vapour of the liquid). The numerical technique is explained in chapter 6.

1.2 Aims and Objectives

The aim of this project is to investigate the effects of the nanoparticles on

the heat transfer enhancement and the performance, both experimentally and

numerically on the VARS, a good knowledge of the nanofluid behaviour on

the heat transfer as well as a knowledge on the CFD programming is required.

There are a lot of studies related to boiling nanofluid (experimentally) and

a very small number related to numerical studies dealing with dynamics of

bubbles in pool boiling. All these studies involve a single base fluid such as

water & ethylene glycol (EG). In addition, just a few studies were found

related to flow boiling. There is no work related to flow boiling of binary-

fluid and nano-binary-fluid (the base-fluid is binary-fluid) experimentally

or numerically. Therefore, there is a need to carry out reliable experimental

work using a nano-binary-fluid (acetone-ZnBr2-nanoparticles) as a working

fluid for the first time in the VARS and generate a new CFD method for

flow boiling simulating an evaporation of one component (acetone) from this
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mixture.

Hence, the objectives of the present study are:

1. Investigate the effect of the nanoparticles (graphene & ZnO) on the

properties of the working fluid (acetone-ZnBr2) by preparing the

nanofluid and measuring the properties (density, viscosity, thermal

conductivity and specific heat capacity) and compare them with the

calculating methods which are found in the literature for there prop-

erties.

2. Investigate the effect of the nanofluid on the performance of VARS

by running the nanofluid in the single effect VARS test rig, change

the physical parameters (velocity, volume fraction and temperature)

and checking the effect of each of these parameters by measuring the

temperature of the solution in and out the boiler and the mass flow

rate in the condenser and the evaporator.

3. Generate a CFD model to compare the single and the two phase

methods of the nanoparticles in the flow. Then use the best approach

in the boiling process.

4. Generate a CFD model of the flow boiling process for the nanofluid

in the boiler by developing a new method of boiling the acetone from

the mixture (acetone-ZnBr2- nanoparticle) using the two phase ap-

proach for the nanoparticles and the volume of fluid (VOF) method

and mixture method models for the multiphase simulation, then val-

idate these models with the experimental data.
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1.3 Structure of the thesis

The layout of this thesis is summarised as follows:

Chapter 1 – Introduction– This Chapter includes an introduction to the

three main subjects related with this thesis (VARS, Nanofluid and CFD mod-

elling). In addition this chapter defines the question of research, the aims and

objectives of the study, methodology and the structure of the thesis.

Chapter 2 – Literature review– This chapter explores critically most stud-

ies related to this study, including different types of absorption refrigeration,

properties of the nanofluid and the parameters affecting them and the nu-

merical modelling of the single and two phase flow, boiling, evaporation and

condensation processes.

Chapter 3 – Preparation and properties of the nanofluid– This Chapter

shows how the nanofluid was prepared and clearly shows the effects of the

nanoparticles on the properties of the solution as well as the effect of different

concentrations of the salt. It also shows the images and the structures of

the nanoparticles. At the end of this chapter there is an answer about the

possibility of moving the nanoparticles remaining in the liquid when boiling

the nanofluid rather than rising with the vapour.

Chapter 4 – Experimental study of flow boiling in the VARS– This chap-

ter includes the rig description, experimental procedure, ways of calculating

and measuring the parameters and the results which include the effects of

the nanoparticles, the effects of the boiler temperature and the effects of the

flow rate on the heat transfer, vapour rate generation and temperature of the

solution.

Chapter 5 – CFD assessment of the effects of nanoparticles on the heat

transfer properties of acetone/ZnBr2 solution for single and two phase flow–

Because the numerical modeling of the boiling nanofluid can be done under the
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effects of the single or two phase flow, this chapter shows a comparison between

these two techniques against the experiment results. A Computational Fluid

Dynamics (CFD) model of the binary-fluid with zinc oxide nano-particles in a

flat tube flow is simulated with validation against literature results.

Chapter 6 – Numerical study of flow boiling of the nano-salt-fluid in the

boiler– This chapter describes the method for numerical modelling of the flow

boiling of the nano-salt-fluid, defining the mathematical model and describing

the geometry, computational, meshes and the boundary conditions. Then

it demonstrates validation by comparing the results with the experimental

results; this is followed by all the quantifying results for the mixture models

and visualising results for both the mixture and VOF methods.

Chapter 7 – Conclusions and Recommendations– Describes the processes

used for the investigations in this thesis and presents the main outcome, to-

gether with areas of further work that were identified during this research.
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2
LITERATURE REVIEW

T his chapter introduces literature related to this work, including: the fun-

damentals of absorption refrigeration as the intended final application to high-

light the potential for improvements related to heat transfer enhancement; the

concepts and developments of nanofluid technology, as a method for improving

the heat transfer; and the state of numerical models applicable to heat transfer

and nanofluid boiling as a facility to represent the physical processes of the

heat transfer. This background gives the developments related to the field of

research which is the intent of this thesis and presents the areas in which this

thesis contributes new knowledge.

2.1 Development of Absorption Refrigeration

The absorption cycle was developed in the 18th century and in 1810 water was

converted into ice in a vessel which was connected to another vessel containing

sulfuric acid; the acid absorbed water vapour which caused reduction in the

temperature of the water as it evaporated and consequently a layer of ice

appeared on the surface of the water [1]. In 1828, Windhausen used the same

principle for the single stage vapour absorption refrigeration cycle (VARC)

which worked with H2O/H2SO4 as working fluids [4]. In 1845, Edmund Carre

developed a water-sulphuric acid machine which was used for cooling drinking
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water [5]. In 1859, Ferdinand Carre developed a new cycle using NH3/H2O as

the working fluid and this machine was used to make ice, (as shown in Figure

2.1) [5, 6] and this machine was subsequently used as a commercial VAR in

USA [7]. In 1922, at the Royal Institution of Technology, Stockholm, a three

fluid (Water, Ammonia and Hydrogen) system was designed by two students.

In which, the cycling of the weak and strong solution is done by heating based

on a bubble pump and hydrogen is used to reduce the pressure of the Ammonia

in the evaporator [8]. In 1950 H2O/LiBr was used as a working fluid and after

several years the double effect cycle (cooling cycles improve the performance

of absorption systems by using the input heat twice) was developed as an

alternative type of absorption refrigeration cycle with improved performance

[1].

Figure 2.1: Absorption refrigeration machine sketch by Ferdinand Carre [6]

Absorption refrigeration suffered because of alternative technology in the

form of vapour compression refrigeration systems (VCRS) which has better

performance; but after the oil and economy crises of the 1970s and with rising
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fuel and electricity prices, there was increased interest in VARS. Today, there

is again renewed interest because of the drive to reduce energy demand by

utilizing waste heat, and absorption refrigeration is one of the most efficient

technologies for utilizing that heat [7]. After the Second World War, Japanese

companies such as Kawasaki, Mitsubishi and Hitachi noticed the importance of

this technology. In 1964 Kawasaki released the first production of the double

effect cycle to the market. At the end of the last century, the interest in

VARS increased as it became the subject of a possible and helpful solution for

reducing global warming, protecting the ozone layer, using environmentally

friendly fluids and taking advantage of solar or waste energy[5].

Nowadays, researchers trying to develop the performance of the absorption

refrigeration. Some researchers tried to develop a specific part of the system

to improve the performance and the most common part is the absorber [9, 10].

Others have developed new types of refrigeration devise depending on the

source of energy and the output power, for example, the hybrid types developed

by J.Jeong et al. at 2011 [11], the co-generation system done by Hua et al.

at 2014 [12] and the tri-generation configuration developed by Mathkor et al.

at 2015 [13]. The study of thermophysical properties of the working fluid is

done by some researchers [14, 15]. to understand the general idea regarding

the principle of the system operations, the basics of the single absorption cycle

included as following.

2.1.1 The Basic principles of absorption cycle

The principle of working in VARS is similar to VCRS with two important

differences: 1) the absorption cycle is driven mostly by heat transfer 2) a sec-

ondary fluid is used in addition to the refrigerant which is called the absorbent

or sorption medium [5]. Generally, the mechanical compressor in VCRS is
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replaced by a thermal compressor, which comprises a generator, absorber, me-

chanical pump and optional solution heat exchanger (SHX) as illustrated in

Figure 2.2. VARS like VCRS works under two levels of pressure: high pressure

in the refrigerant separating side which is represented by the condenser and

generator; and low pressure in the evaporator and absorber. The high pressure

is greater than the lower by approximately 4 times. The working principle of

VARS can be described by the following steps [5, 16]: (the following numbers

illustrated on figure 2.2 b in red colour)

1. The refrigerant is boiled out of the absorbent solution in the gener-

ator by input heat; this refrigerant is a vapour at high pressure and

the absorbent remains liquid.

2. The refrigerant is condensed to liquid; the hot and high pressure

vapour flows to the condenser where it’s cooled through an external

heat sink.

3. The refrigerant pressure is lowered as the liquid passes through an

expansion valve and to the evaporator pressure level.

4. The refrigerant evaporates in the evaporator, an external heat source

at low temperature makes the refrigerant boil to vapour again and

this is the point at which the refrigerant effect is felt.

5. The saturated and low pressure refrigerant vapour passes into the ab-

sorber which contains the strong solution (absorbent) coming from

the generator, and there the absorbent absorbs the vapour, pro-

ducing a weak solution, with the consequent production of heat of

solution which is exchanged to the surrounding.

6. The weak or diluted solution (rich in refrigerant) is pumped again

to the generator and the process starts again in there.

7. If a solution heat exchanger (SHX) is used in the system, the diluted
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solution may gain some heat from the strong solution (absorbent)

which leaves the generator through (SHX); consequently, the diluted

solution needs lower heat input at the generator to continue the cy-

cle, and this process enhances the coefficient of performance (COP)

which can be defined as equation 2.1 [1, 17].

COP =
cooling capacity obtained in evaporator

Heat input to generator + work input to the pump
(2.1)

The pump input work is negligible compared with generator input heat,

and this work can be neglected for the purpose of thermodynamic and math-

ematical analysis.

Figure 2.2: a) VCRS and b)VARS, where C: condenser; E:evaporater; G:generator;
A: absorber; Qc:condenser heat transfer; QE :evaporater heat transfer; Qa:absorber
heat transfer; QG: generator heat transfer; SHX: solution heat exchangeer and MC:
compressor motor [5].
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2.1.2 Types of absorption system

The single effect absorption refrigeration cycle (shown in Figure 2.3) is the

simplest and most common type and the general principle of its operation

is described in 2.1.1. Aphornratana [18] confirmed according to experimental

study that the COP increases by 60% when the solution heat exchanger (SHX)

between the absorber and the generator is used as shown in Figure 2.3). Karno

and Ajib [19] experimentally and theoretically studied the single effect cycle

with a new working fluid (Acetone/Zinc Bromide). They confirmed that use

of both (SHX) and a refrigerant heat exchanger (RHX) which connects the

condenser with the evaporator gives increased COP.

COPSHX+RHX > COPSHX > COPRHX > COPwithoutHX

The most common working fluid in a single effect cycle is H2O/LiBr [1],

but when volatile solution such as NH3/H2O is used, a rectifier should be

connected to the cycle between the generator and the condenser and the job of

this rectifier is separating the refrigerant vapour (Ammonia vapour) from some

of the absorbent vapour (water vapour) which leaves the generator and allows

only the refrigerant vapour to pass to the condenser [5]. Other fluids used in

single effect absorption refrigeration cycles include: H2O/LiNO3 + KNO3 +

NaNO3 [20], NH3/LiNO3, CH3OH/LiBr+ZnBr2, H2O/LiCl (cited in [1]),

H2O/LiBr [21] and (CH3)2CO/ZnBr2 [3, 19].

In order to achieve a high system performance of the absorption refrigera-

tion, a double effect cycle was developed in 1956 [22]. There are three types

of fluid circulations in a double cycle; series, parallel and reverse parallel (In

the series flow type, the working solution flows from the absorber into the high

pressure generator and intermediate pressure generator successively. In the

parallel flow type, the solution flows from the absorber into the high pressure
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Figure 2.3: Single effect absorption cycle with two heat exchangers: refrigerant heat
exchanger RHX and solution heat exchanger SHX [19]

generator and the intermediate pressure generator at the same time. In the

reverse flow configuration, the solution from the absorber first flows into the in-

termediate pressure generator and then into the high pressure generator [23]).

A comparison between these three types was studied by Frashi and Mahmoudi

[24] using H2O/LiBr to investigate the COP in each type; they found that

the parallel and reverse parallel have approximately the same COP which is

higher than the series type. Xu et al. [25] studied the thermodynamic analysis

and the effect of design parameters in a series double effect absorption system

and they studied the parallel type in 1997 [26]. Arun et al. [27] evaluated

the equilibrium temperature for the low pressure (LP) generator (second gen-

erator) in the double effect, series system working with H2O/LiBr and they

found that the equilibrium temperature of the LP generator increased with

increasing the temperature of the high pressure generator HP, condenser and
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evaporator and decreased with increasing absorber temperature. In 2000, the

same group made a comparison between double effect parallel and series flow

with H2O/LiBr as working fluid [28]. In 2004 Liu and Wang [29] studied the

efficiency prediction of a new designed solar gas driven double effect absorption

system working with H2O/LiBr and this system used additional energy more

effectively and less dependence on the solar radiation.

For applications which operate at a lower temperature, the half-effect ab-

sorption refrigeration cycle system was developed [22]. A review reveals several

works done with this system. In 2002 Kim and Machielsen [30] studied several

types of air-cooled solar absorption systems with regards to cost and perfor-

mance. They found that the half effect requires 40% more heat exchange

area and less than 60% more collector surface. Also, they confirmed that

the NH3/LiNO3 is the best paired fluid mixture for this unit. Arivazhagan

et al. [31] experimentally investigated the performance of a two stage half

effect absorption cooling system using tetrafluoroethane/dimethylacetamide

(R134a/DMAC). They found that the evaporation temperature is -7 oC

when the generator temperatures vary between 55 to 75oC and they found

that the COP is 0.36 when the generation temperature is between 65 - 70 oC.

Gebreslassie et al. [32] evaluated the effect of the heat source temperature on

the coefficient of performance and analysed exergy of multi-effect H2O/LiBr

absorption units in half, single, double and triple cycles. They found that the

COP decreases from triple to half cycle and the maximum exergy efficiencies

are lowest for the half effect followed by the single effect.

The most important part of these systems is the working fluids (as reviewed

in the next section), as they affect the performance, and the size of the system

depending on their thermal and transport properties as well as their ability to

transfer heat.
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2.1.3 Working fluid for absorption refrigeration systems

Chemical and the thermo-physical properties of the working fluid (absorbent

and refrigerant) have a great influence on the performance and efficiency of

the absorption cycles. There are some characteristics required for refrigerant

and the absorbent ([1, 5]):

• Low freezing temperature for the refrigerant.

• Difference in boiling temperature between the refrigerant and the

absorbent should be as large as possible.

• Both of them should have no chemical reaction together under any

state of pressure and temperature.

• Both fluids should be stable to avoid any undesirable reactions.

• It is preferable that the fluid has a low toxicity and low cost.

The most familiar working fluids areH2O/LiBr andNH3/H2O [33]. H2O/LiBr

is used in many literatures for various purposes described in the following

[26, 27, 28, 29, 32, 34, 35]. Kim and Machielsen [30] evaluated the air cooled

solar half effect absorption cooling system using NH3/H2O, NH3/NaSCN

and NH3/LiNO3 and they found that the last solution showed the best re-

sults regarding COP. Sencan et al. [36] used artificial neural network to analyse

the absorption system using H2O/LiCl and H2O/LiBr and they found that

the H2O/LiBr has a greater COP than H2O/LiCl. Grossman et al. [20] sim-

ulated the absorption system by computer modelling using different solutions

such as H2O/LiBr, NH3/H2O, CH3OH/LiBr − ZnBr2 and they wrote a

code for the properties of each solution. Table 2.1 shows a summary of the

possible working fluid pairs for the absorption system. In 2008 Ajib and Karno

did two studies [14, 19] related with the properties of acetone / zinc bromide

((CH3)2CO/ZnBr2) and analysis of an absorption refrigeration system, a fluid

combination which works well with a low temperature and it is proposed that
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it is used in the present research.

Karno and Ajib [14] experimentally found that the COP for the single effect

absorption refrigeration with acetone/ZnBr2 is 0.4 with a heat source under

60 oC. This pair were mentioned in the review of Sun et al, in 2012 [37] as a low

temperature working fluid. The acetone has a melting point of -94.6 oC and it

can provide sub 0 oC cooling temperature, however, the ZnBr2 has a boiling

temperature of 650 oC and it is not volatile [38]. In 2016, Hamilton [3] analysed

a low temperature waste heat source (80 oC) for an absorption system working

with acetone/ZnBr2. He stated that the absorption refrigeration system has

ability to provide adequate heat removal at the heat source and the ability

to deliver cooling from this low level energy. One of the ideas to improve the

heat transfer in the absorption system is by converting the basefluid (acetone

/ ZnBr2 in our case) to a nanofluid. The following section describes the

development and the properties of nanofluid.

Table 2.1: Summary of working pairs for absorption system

Refrigerant Absorbent

H2O

NaCl
LiBr
LiClO3

CaCl2
ZnCl2
ZnBr
H2SO4

Alkali Nitrate
Alkali Hydroxides

NH3

H2O
LiNO3

LiNO3 + H2O
Alkali thiocyanates

SO4 Organic solvents
Acetone ZnBr2
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2.2 Nanofluids

Solid nanomaterials such as silver, copper, alumina, CuO, SiC and carbon

nanotubes have much higher thermal conductivity than VARS base-fluids.

These materials enhance thermal conductivity when mixed with the relatively

low conductivity fluids as mentioned by Maxwell in 1881. Before discovering

nanomaterials, solid particles in micrometre, and millimetre scale were mixed

into base fluids to make micro-fluids and milli-fluids. However, these relatively

large particles cause problems, such as clogging micro-channels, corrosion of

pipes and increasing the pressure drop in the tube, which have a significant

effect on practical applications. A nanofluid was described as suspension of

different nanoparticle metals in various fluids in 1995 by Choi and Eastman as

described by Han [39].

Nanomaterials have important properties, such as large surface area to

volume ratio which makes nanoparticles more stably dispersed in base fluids

compared with micro-fluids and milli-fluids. Nanofluids maintain the trans-

port properties of the base fluid, and because of the homogeneous dispersion

of nanoparticles in the fluid, nanofluid behave like a single phase [40]. The in-

crease in thermal conductivity by adding even a little amount of nanoparticle

to the fluid is a most attractive characteristic of nanofluids, for example East-

man et al. [41] reported that by adding only 0.3% volume fraction of Copper

(Cu) nanoparticles with diameter 10 nm to Ethylene Glycol (EG), the thermal

conductivity increased by 40 %. Generally, the benefits of nanofluids are [2]:

• Higher thermal conductivity: large surface area of nanoparticles im-

proves the heat transfer and because the thermal conductivity of the

nanoparticles is greater than the base-fluid, thermal conductivity of

the nanofluid increases.

• Dispersability (Stability): because nanoparticles are very small and
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they have small mass, so their likelihood of sedimentation is insignif-

icant and this characteristic suggests the nanofluid are stable.

• Cooling without clogging in microchannels: High conducting fluid

and large heat transfer area are provided by combination of nanofluid

with microchannel and this cannot be attained with micro-particles

which have larger size and may clog the microchannel.

• Decreasing the rate of erosion: because nanoparticles are very small,

the momentum caused by these particles on pipe wall such as heat

exchanger, pipelines and pumps is much smaller and erosion is re-

duced.

The fluid produced in practice is a solid-liquid suspension (not nanofluid)

because the particles sediment after a specific time (days or months) depending

on the type of the particles and the base fluid. A true nanofluid should be

a completely new fluid with a new property not changing with time [40]; the

differences between true nanofluid and solid-liquid suspensions are highlighted

in Table 2.2.

Nanofluids are considered as a promising fluid for their unique features.

Therefore, they are used in different areas specially for the heat transfer pur-

pose. The next section presents a review of the application of nanofluid.

Table 2.2: Conventional solid-liquid suspensions compared to nanofluids

Criteria Conventional (solid-
liquid suspension)

Nanofluids

Stability Settle Stable
Surface/volume ratio Low High
Thermal Conductivity Low High
Clogging High Low
Pumping Power Large Small
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2.2.1 Applications of nanofluids

Nanofluids are commonly used by different areas such as transportation, en-

ergy generation, microsystems and chemical technology and biotechnology. For

example, it can be used to cool car engines, welding tools and high heat-flux

instruments like high power microwave tubes and high-power laser diode ar-

rays. It could be used in coolant flows through tiny passages in MEMS to

enhance the performance. Nanofluids can be a part of the nuclear applica-

tion to improve the heat flux in a forced convection loop. Nowadays, many

companies observe the potential of the nanotechnology for the manufacting

applications. In transportation commerce, nanocars, GM and Ford, among

others are concentrating on nanofluids research developments [42, 43, 44]. In

the US, 320 billion kWh of electricity which corresponds to 5.5 million barrels

of oil per year, could be saved, if the efficiency of the chillers enhanced by 1%

with the nanofluids [45, 46].

Heat exchangers can be smaller with enhanced heat transfer in vehicle

radiators and reducing the weight. Many methods are available to improve

heat transfer. The amount of the heat transfer can be calculated using the

equation bellow:

Q = hA∆T

Where Q is heat, h is heat transfer coefficient, A is heat transfer area, and

∆T is temperature difference. Heat transfer can be enhanced by increasing the

temperature difference. However, ∆T is limited by the material composition

and process restraints. For instance, in nuclear power the temperature should

not reach a maximum to avoid accidents. Furthermore, using the minimum

temperature to increase the temperature difference leads to reducing the rate

of nuclear reaction which reduces the efficiency of the system [47]. The surface
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area A can be increased, but, increasing the surface area is limited as well,

especially in microprocessors and micro-electro-mechanical system (MEMS).

Even in larger scales, the area is limited by the size and weight of the system

[47]. Heat transfer coefficient (h) can be improved by enhancing the thermal

properties of the heat transfer fluid. Adding ethylene glycol (EG) to water

reduces its freezing point and increases its boiling point. The thermal con-

ductivity of EG is relatively low compared to that of water and engine oils

are even worse heat transfer fluids than EG in thermal flow performance.

Adding solid particles of nano-scale to the coolant (creating a nanofluid) can

enhance the thermal properties and has the ability to enhance the heat ex-

change rates and fuel efficiency. This development could either be used to

reduce the size of cooling systems with the same heat transfer efficiency or re-

move more heat from the vehicle engine by keeping the same size of the cooling

system [47, 48, 49, 50, 51].

Many researchers studied the performance of the nanofluid as the heat ex-

changer fluid [52, 53, 54, 55, 56]. Pantzali et al. [54] investigated the efficacy

of nanofluids (water base 4 vol.% CuO) as coolants. They stated that when

the heat exchanger operates under turbulence conditions, the use of nanofluids

has a benefit, if the increase in the thermal conductivity is accompanied by a

marginal increase in viscosity, which seems very difficult to be achieved. On

the other hand, the researcher concludes that if the heat exchanger operates

under laminar conditions the use of nanofluids looks worth, however, it is con-

sidered as a high price and difficult to produce a stable nanofluid. In 2009

Lee JH [55] evaluated the effect of H2O − Al2O3 nanofluids as a new phase

change fluid for the thermal energy storage for cooling systems. The outcomes

suggested that the freezing rate of nanofluids was improved. They found that

the total freezing time can be saved by 20.5% by only mixing 0.2 wt. % Al2O3
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nanoparticles into water, Thus, the application of nanofluids in cooling indus-

try can improve the efficiency and the operating time of refrigeration systems.

Liu et al. [56] investigated the possible ways to enhance the performance of

water chillers using 0.1 vol.% of MWNT . They found that the increase of

thermal conductivity of the nanofluid relative to the base fluid is only 1.3% at

room temperature. Also, they stated that one of the possible mechanisms for

the significant rise of system performance is due to the dynamic dispersion of

the nanoparticles in the working fluid.

Generally, nanofluids can be classified according to their function in differ-

ent and specific areas as reported by Saidur et al.[57]. They classify nanofluids

into heat-transfer nanofluids, tribological nanofluids, surfactant and coating

nanofluids, chemical nanofluids, process/extraction nanofluids, environmen-

tal (pollution cleaning) nanofluids, bio- and pharmaceutical-nanofluids and

medical nanofluids (drug delivery and functional tissue–cell interaction). The

applications of the nanofluid can be summarized as: engine cooling, engine

transmission oil, in diesel electric generator as jacket water coolant, boiler ex-

haust flue gas recovery, heating and cooling of buildings, cooling of electronics,

cooling of welding, in transformer cooling oil, nuclear systems cooling, solar

water heating, drilling, heat exchanger, chillers, defence, space, high-power

lasers, microwave tubes, biomedical applications, lubrications, thermal stor-

age and drag reductions [57].

The synthesis of the nanofluid has a significant impact on the stability,

properties and the ability to transfer heat. In the next section, the method of

the synthesis of the nanofluid is reviewed.
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2.2.2 The synthesis and nature of Nanofluids

Nanofluids are prepared either by the one step or the two steps method. The

one-step method, which is developed by Eastman et al. [41] involves preparing

the nanoparticles and dispersing them to create a nanofluid simultaneously.

This method avoids the processes of drying, storage, transportation, and dis-

persion of nanoparticles, so agglomeration rate of particles is reduced and

the stability of the nanofluids is increased. On the other hand the one-step

method physically cannot produce nanofluids in large scale, and it is costly

[58]. Two-step preparation is done by mixing base-fluids with available nano-

materials obtained from different routes such as milling, grinding, and vapour

phase methods and by precipitation; most experimental studies depend on this

method [59, 60, 61, 62, 63, 64, 65] which is illustrated in the schematic Figure

2.4 .

Figure 2.4: Two-step preparation method of nanofluids.

An ultrasonic bath vibrator or higher shear mixing device is usually used

to mix nanoparticles with the base-fluid [66]. Some nano-powders have a ten-

dency to aggregate because of the high surface area and surface energy (the

excess energy at the surface of a material compared to the bulk); preventing

this problem and improving the stability of nanofluid can be done by steric

barrier (non-bonding interactions that influence the shape and reactivity of

ions, particles and molecules) around the particles as a coating layer, for ex-
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ample, when the particles are covered by polymeric surfactants, the particles

can generate a barrier to prevent aggregation. Also, an ionic surfactant can

be use, by which the particles are coated with specific charge coating (positive

or negative) and the particles repel each other. The behaviour of surfactants

under high temperature is also a significant concern because the temperature

effects on the physical properties of the surfactants themselves [58].

The preparation of nanofluids by two step method is well reported in the

literature. Wang et al. [67] and Li et al. [68] produced alumina nanofluids

using the two-step method. Xuan and Li [69] prepared a nanofluid of water

and transformer oil with commercially available copper nanoparticles using

the same method. [41] assumed that the two-step preparation method is more

appropriate to prepare nanofluids containing oxide nanomaterials than those

including metallic nanomaterials. Murshed et al. [70] used the same method

to prepare a TiO2 −H2O nanofluid. Lee et al. [71] prepared nanofluids made

with Nanotube (CNT ) and Al2O3 based in NH3/H2O to create enhanced

performance heat transfer solutions. Suganthi et al. [72] made preparations of

ZnO-Ethylene Glycol (EG) and ZnO − (EG)/H2O nanofluids and evaluated

their performance as coolant fluids. The time of the ultrasonication affects

the stability but it depends on the nature of the materials used. For example

Lee et al. [71] synthised the Al2O3 and Carbon nanotube (CNT ) based in

NH3/H2O by using the ultrasonic bath for 1 hour and leaving the solution for

72 hours to get a stable distribution. On the other hand Williams et al. [73]

used ZnO and Al2O3 based in water for +12 hours in ultrasonic bath without

getting a stable fluid. The main advantage for two step method is that it is

economical for producing large quantities of nanofluid.

The potential for using nanofluids in the different applications appears to

be promising. But the growth of the area is delayed by (i) conflict of agreement
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on results found by different researchers; (ii) poor suspensions and stability;

(iii) lack of theoretical understanding of the property changing mechanisms.

Studies on nanofluids focus on specific different challenges such as stability,

properties and the cost of nanofluids.

The stability of the nanofluid has a great influence on the properties and

consequently on the heat transfer; and the most stable nanofluid does not

necessarily have the most enhanced characteristics [74]. Eastman et al. [41]

found that thermal conductivity of the nanofluid (EG + 0.3 vol.% Cu) reduces

with time. They measured the thermal conductivity of nanofluids twice (2 days

and 2 months) after the preparation. They found that the fresh nanofluid

(after 2 days) has a higher thermal conductivity. They suggested that the

dispersion of some particles over a long period of time reduces the stability.

Lee and Mudawar [75] compared the stability of the nanofluid H2O + Al2O3

visually over time. They found by keeping the nanofluids for 30 days some

settling appeared. It showed long term degradation in thermal performance of

nanofluids may occur. Particles settling must be investigated carefully, as it

may cause clogging in the coolant pipes.

Some of the unstable nanofluids can by stabilized using a surfactant. But,

Choi et al. [53] stated that the amount of surfactant can have a deleterious

effect on viscosity, thermal properties and on physical and chemical stability,

and therefore it is recommended to control the amount and the type of the sur-

factant carefully. They also found that the method of preparing the nanofluid

has an effect on the stability. Fluid prepared with the single step method is

more stable than that prepared with the two step method, but unfortunately,

the single method is not used for manufacture over a wide range of combina-

tions. According to Wu et al. [76] the stability of the nanofluid depends on

the size of the nanoparticles. However, Hiemenz and Paul[77] state that the
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viscosity and the density of the base-fluid and the density of the nanoparticles

are the main effectors on the stability according to Stoke’s law (equation 2.2).

ν =
2R2

9µ
(ρp − ρl)g (2.2)

where ν is settling velocity of the particles, R is the average radius of the

particles, µ is the viscosity of the base-fluid and ρp and ρl are the density of

the nanoparticles and the liquid respectively.

In two separate studies [78, 79] Takabi et. al numerically studied the effect

of the hybrid nanofluid (two or more types of nanoparticle in the form of a

mixture or composite suspension in a basefluid [80]) which presented Al2O3 –

Cu / H2O effects on the heat transfer in a uniform heated circular tube for

turbulent and laminar regimes. They found that the heat transfer improved for

the hybrid nanofluid more than the pure water or Al2O3 / H2O. in the laminar

case, which was studied in [79] the Nusselt number (Nu) which presents heat

transfer enhanced by 7.2 % for the hybrid nanofluid compared with the base

fluid. However, in [78] which involved turbulent flow, with the wide range

of Re (104 – 105) and volume fraction of the nanoparticles (0 – 2 %) they

confirm that the maximum improvement in the Nu reaches to 32 % in the

hybrid nanofluid compared with the pure fluid.

The stability also depends on the type of base-fluid. Generally, the sus-

pension of particles in water and EG are more stable than in other liquids.

In the current study, the solution of liquid acetone-ZnBr2 is used as a base-

fluid. It was difficult to keep the stability with using a surfactant and a longer

sonication time [81].

Because the performance of the heat transfer in the VARS is affected by the

properties (such as density, viscosity, heat capacity and thermal conductivity)

of the working fluid and the numerical investigation also needs to identify
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these properties, the properties of the nanofluid are explored and reviewed in

the following section.

2.2.3 Properties of the nanofluid (analytical expressions and experimen-

tal observation)

This section will focus on some thermodynamic and transport properties which

are relevant to experimental studies and numerical models with nanofluids.

Thermal conductivity is given special attention, as it has more influence on

the results of heat transfer. The parameters having effect on the thermal con-

ductivity such as type of nanoparticles and base fluid, shape and concentration

of nanoparticles are also described. The most common experimental methods

used for the estimation of thermal conductivity will also be discussed. Some

relevant experimental results for nanofluid density, viscosity and specific heat

are also reported.

2.2.3.1 Density

Most researchers, who deal with nanofluids, calculate the density analytically

using the equation 2.3, depending on the physical properties of the particles

and fluids.

ρnf = (
m

V
)nf =

mf +mp

Vf + Vp
=
ρfVf + ρpVp
Vf + Vp

= (Φf )ρf + Φpρp

ρnf = (1− Φp)ρf + Φpρp (2.3)

Where

Φp =
Vp

Vf + Vp
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Where p and f refer to the particle and the base fluid respectively, m, ρ,

V and Φ are the mass, density, volume and volume fraction, respectively. As

can be seen, it is a straight forward mixture proportion relationship and there

is increase in the density by increasing the volume fraction of the particles

because the density of the particles is greater than the density of the fluid, and

the relationship is purely a linear combination of each, suggesting no molecular

level interactions and a straightforward suspension of the solid in the liquid.

Ho et al. [82] experimentally studied the effects of the temperature and the

volume fraction on the different properties of Al2O3/Water nanofluid and they

found that the density increases with increasing volume fraction and slightly

decreases with increasing temperature at the same rate as the base fluid as

illustrated in Figure 2.5. They found good agreement between experimental

and analytical results. Khanafer and Vafai [83] studied different experimental

and analytical results for different studies. They derived a correlation of the

density depending on the temperature for the results presented by [82] as shown

in equation 2.4.

ρnf = 1001.064 + 2738.619Φp − 0.2095T (2.4)

Figure 2.5: Effects of a) volume fraction and b) temperature on the density of the
nanofluid. [82]
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2.2.3.2 Viscosity

There are different models of viscosity developed in each theoretical and ex-

perimental field and most of these formulae are functions of volume fraction.

Viscosity of liquid with spherical particles can be expressed by Einstein equa-

tion (2.5).

µnf = µf (1 + 2.5Φp) (2.5)

Where µ is viscosity and this equation is suitable for volume concentrations

less than 3% because the interaction between the particles can be neglected

[39]. By increasing the concentration, particles suffer hydrodynamic interac-

tion and viscosity is no longer a function of volume fraction linearly but of

higher order. For example Brinkman [84] used equation (2.6)

µnf =
µf

(1− 2.5Φp)2.5
= (1 + 2.5Φp + 4.375Φ2

p + ...)µf (2.6)

Batchelor[85] studied the effect of the Brownian motion on the bulk stress

in a suspension of spherical particles and derived an alternative, equation (2.7),

they state that this equation is suitable for suspension with up to 10 vol.%

µnf = (1 + 2.5Φp + 6.2Φ2
p)µf (2.7)

Peyghambarzadeh [86] studied experimentally heat transfer in a radiator

using water and ethylene glycol (EG) based nanofluid. They used equation

(2.8) for water which was developed by [49].

µnf = (1 + 3.7Φp + 123Φ2
p)µf (2.8)

For the EG, they used equation (2.9) which developed by [87]
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µnf
µf

= 1 +
ρpυBd

2
b

72Cδ
(2.9)

Where υB (velocity of Brownian motion), δ (the average distance between

the centres of two particles) and C (correction factor) all found by equations

2.10, 2.11 and 2.12.

υB =
1

dp
(
18KbT

πρpdp
)(1/3) (2.10)

δ = (
πdp
6Φ

)1/3 (2.11)

C =
aΦ + b

µf
(2.12)

Where Kb is Boltzmann constant (1.38 x 10−23 m2kg/s2K), a=-0.00004

and b=7.13 x 10−7.

Equation 2.9 was evaluated by Delavari and Hashemabadi [88] and Ma-

soumi et al. [87]. Masomi et al. found it to be valid only when Φ ≤ −b/a. In

addition to theoretical equations there are experimental correlations. Khanafer

and Vafai [83] correlated the data for viscosity from [89] for Al2O3 based on

EG and the equation which they found is given by equation (2.13)

µnf = (1 + 0.164Φp + 302.34Φ2
p)µf (2.13)

Suganthi et al. [72] experimentally studied the performance on the heat

transfer of ZnO − EG nanofluid and they claim that the viscosity increases

with increasing the volume fraction only when volume concentration is less

than 0.25% and then it drops when the concentration of the particles is greater;
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Figure 2.6: a) Influence of nanoparticle volume concentration on relative viscosity
of ZnO–EG, nanofluids; viscosity increases with Φ, when Φ ≤ 0.25%, and decreases
when Φ ≥ 0.25% . b) Influence of nanoparticle volume concentration on relative
viscosity of ZnO–EG/water, nanofluids; viscosity decrease with increasing Φ for any
range of concentration [72]. c) Influence of small concentration of ZnO nanoparticles
in EG; viscosity ratio increase with increasing Φ [90]

but for ZnO−EG/water, viscosity decreases with increasing concentration for

any range of volume fraction and this result shows conflicting behaviour with

viscosity to those found in [90] who reported that the viscosity of ZnO −

EG increases with increasing nanoparticle loading as shown in Figure 2.6.

Suganthi et al. [72] justified the reduction by disturbance of the hydrogen

bonding network of ethylene glycol by ZnO nanoparticles and they developed

an empirical equation to calculate viscosity as shown in equation (2.14).
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µnf = (1 + 0.164Φp − 518.98ΦpT
−0.9014)µf (2.14)

There still exists a controversy regarding to the experimental finding of

the viscosity. Das et al. [91] found that the viscosity slightly changes with

increasing the shear rate which exhibited a non Newtonian behaviour, when

they measured it in water/Al2O3. However, Wang et al. [67] measured the

viscosity of the same fluid and they observed a non-Newtonian behaviour.

Wang et al. state that the viscosity increases by 90% over the base fluid when

the volume fraction of the Al2O3 is 10%, however Pak and Cho [92] showed that

the viscosity increases 200 time for the same concentration of nanoparticles,

as well as showing that the nanofluid has a Newtonian behaviour.

2.2.3.3 Specific heat capacity

The specific heat cp of the nanofluid has received little concern compared to the

other properties, but, the specific heat is important to assess the thermal per-

formance of the system working with nanofluid [93]. Some researchers showed

that the specific heat is strongly affected by the volume fraction [92, 94, 95,

96, 97, 98] . However, in other studies, the influence of the nanoparticles on

the cp is not considerable [99, 100].

Thermal equilibrium between nanoparticles and the base fluid is assumed

in order to calculate the heat capacity of the nanofluid through equation 2.15

which is used in many studies[86, 95].

(cp)nf = (
q

m∆T
)nf =

qf + qp
(mf +mp)∆T

=
(mcp)f∆T + (mcp)p∆T

(mf +mp)∆T
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(cp)nf =
(ρcp)fVf + (ρcp)pVp

ρfVf + ρpVp
=

(1− Φ)ρf (cp)f + Φpρp(cp)p
ρnf

(2.15)

This equation is again a straight forward linear combination based on mass.

Others used a simpler equation (equation 2.16) which is based on the mixing

theory for ideal gas mixture [93] to evaluate the thermal performance of the

nanofluid experimentally [75, 92, 94, 101], however some researchers used it

for the theoretical simulations and calculations [102, 103].

(cp)nf = (1− Φp)(cp)f + Φp(cp)p (2.16)

By using the data of [93] for Al2O3/water, good agreement was found

between the experimental results and equation 2.15, however, the results of

equation 2.16 has a big difference with the experimental. The results are

shown in Figure 2.7. The main outcome of this part of review is that equation

2.15 is more suitable to predict the actual results than the other model.

Figure 2.7: Comparison between experimental data of Zhou and Ni [93] (red points)
and models (2.15 & 2.16) of thermal capacity.
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2.2.3.4 Thermal conductivity

Analytical investigations

There are several theoretical models which are used by most studies to find

thermal conductivity. The first theoretical model was Maxwell in (1873) and

his model defined effective thermal conductivity of isotropic material with ran-

domly distributed spherical inclusions and it depends on the volume fraction

only as in equation 2.17 [2].

knf =
kp + 2kf + 2(kp − kf )Φp

kp + 2kf − (kp − kf )Φp

kf (2.17)

Where k is thermal conductivity. Hamilton-Crosser [104] modified the

Maxwell model by adding the shape factor to the model to be more accurate

in equation 2.18.

knf =
kp + (n− 1)kf + (n− 1)(kp − kf )Φp

kp + (n− 1)kf − (kp − kf )Φp

kf (2.18)

Where n is the shape factor and when n=3 (for spherical particles) Hamilton-

Crosser model is similar to that of Maxwell.

In (2004) Jang and Choi [105] modelled the thermal conductivity of the

nanofluid depending on the fluid properties and motion and the concentra-

tions of the nanoparticles shown in equation 2.19. In this model the energy

transport is by: 1) conduction of nanoparticles. 2) conduction of base-fluid.

3) collision between the particles and 4) micro convection caused by motion of

nanoparticles.

knf = kf (1− Φp) + kpΦp + 3C1
df
dp
kfRe

2
fPrfΦp (2.19)
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C1 is a proportionality constant, df is the diameter of fluid molecules, dp

is the diameter of the nanoparticle and Prf is the Prandtl number of the base

fluid.

Experimental investigations

Significant numbers of experimental and theoretical studies are done to in-

vestigate the enhancement of the thermal conductivity (TC) and heat transfer

(HT) in nanofluids. All these studies confirm that the thermal conductivity

increases by using nanofluid rather than the base-fluid alone, but there is dis-

agreement about the mechanism and the range of this improvement, because

there are contradictions in the results of the TC despite using the same par-

ticles, base-fluid and test conditions. In (2010) Lee et al. [71] found that the

heat transfer increased by 29% by adding 0.02 vol.% of Al2O3 to NH3/H2O,

and the heat transfer rate increased by 17% by adding 0.02 vol. % of CNT

to the same base-fluid. On the other hand, Shima and Philip [106] experi-

mentally studied the role of TC in EG based on Ag and Fe3O4 nanoparticles

and they found that low particle loading (1.16 vol.%) does not affect the TC

Also, they suggested that the low volume fraction of nanoparticles at a given

TC give the same heat transfer coefficient. Wang et al.[67] studied the TC

of nanofluid mixture using Al2O3 and CuO in (EG) and they found that the

TC of the nanofluid increases with decreasing particle size and they stated

that the enhancement of the TC depends on the dispersion technique and the

microscopic motions of the particles. Also, they added that the increase in the

TC is according to Maxwell’s law 2.17 and this claim is conflicted by Suganthi

et al. [72] who confirm that the thermal conductivity increases linearly with

concentration according to the equation 2.20.

knf = kf (1 + 7.926Φp) (2.20)
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Suganthi et al.[72] compared their correlation with the Hamilton Crosser

(2.18) model of thermal conductivity of dispersion of spherical particle, they

found that their gradient is greater than Hamilton Crosser model by 2.64. Jang

and Choi [105] observed that the largest increase in thermal conductivity is ap-

proximately 1.3% for 4nm diameter Au particles in Ethanol and they confirmed

that they cannot observe significant enhancement with small volume fraction

(less than 0.1%). They found that the maximum increase possible in nanofluid

with volume fraction less than 1% for spherical particles is 3Φkf . Xuan and Li

[69] studied the heat transfer in Cu/water nanofluid and they found that the

nanofluid shows TC enhancement from 0.24 to 0.78 by increasing the volume

fraction of Cu from 2.5% to 7.5%.

Table 2.3 summarises the enhancement in the thermal conductivity for

different types of nanofluid depending on the different studies. Because the

thermal conductivity is the most effective factor on the heat transfer and it

is affected by many parameters like volume fraction, type of the nanoparticle,

type of the base-fluid, particles size and shape and temperature, the effects of

these parameters reviewed in details in the following section.

Table 2.3: Summary of maximum enhancement in thermal conductivity for different
nanofluid as found in the literatures.

Base-fluid Particles Vol. fraction Size of particles (nm) Enhancement Ref.

Hexadecane
Ag 0-0.5% ≈ 4 8%

[106]
Fe3O4 0-8% ≈ 7 23%

EG Al2O3 0-8% 28 ≈ 40%

[67]

Water Al2O3 0-5.5% 28 ≈ 18%

EO Al2O3 0-7.5% 28 ≈ 30%

EG CuO 0-15% 23 55%

water CuO 0-10% 23 35%

Ethanol Au 085% 4 1.3% ± 0.8% [107]

Continued on next page
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Table 2.3 – Continued from previous page

Base-fluid Particles Vol. fraction Size of particles (nm) Enhancement Ref.

Oil Cu 7.5% ≈100 43%
[69]

water Cu 2.5-7.5% ≈100 78%

EG ZnO 4% 25-40 33%
[72]

EG-water ZnO 2% 25-40 17.26%

EG ZnO 5% 10-20 26.5% [108]

EG ZnO 6% ≈4.6 33% [90]

water
AL2O3 4% 38.4 8%

CuO 3.5% 24.4 10%

EG
CuO 4% 24.4 20%

[105]
Cu 0.5% 6 14%

EG
Cu 0.55% > 10 13%

[41]
Cu+ acid 0.25% > 10 42%

Water
AL2O3 4.5% ≈24.4 8%

[68]
CuO 3.5% ≈18.6 12%

EG
Al2O3 5% ≈24.4 17%

CuO 4% ≈18.6 22%

Water
TiO2 (rod) 5% 10*40(dia.*len.) 33%

[70]
TiO2 (Sphere) 5% 15 30%

Water Al2O3 4% 33 15% [82]

Water
Al2O3 4% 38.4 24%

[94]
CuO 4% 28.6 36%

EG-Water AL2O3 5% 60.4 29%
[109]

Po/glycerole Al2O3 5% 60.4 27%

Water TiO2 3% 21 7.4% [110]

CTAB
DWCNT 1% ≈70*7000 7.6%

[111]
MWCNT 0.6% 130*20000 34%

37



§2 LITERATURE REVIEW

2.2.3.5 Parameters influencing thermal conductivity

Volume fraction

Experimental studies show that thermal conductivity of nanofluids is affected

by many factors such as nanoparticle concentration, particle type, size and

shape, base fluid type and temperature. These factors can change the transport

and thermal behavior of the nanofluid. Amount and types of additives and

the acidity of the nanofluid were also shown to be effective in the thermal

conductivity enhancement.

According the literature, particles volume fraction of the most parameters

effects on the thermal conductivity. All these studies agreed that increase in

volume fraction enhances the heat transfer but they differ with the amount and

the cause of the increase. Some confirm that the increase in TC is linear with

volume fraction [67, 68, 72]. Wang et. al [67] found that the enhancement of

TC for Al2O3 and CuO dispersed in water, engine Oil (EO) and EG, experi-

mentally is linear and higher than that predicted via Maxwell law as explained

in Figure 2.8a. Suganthi et. al [72] who experimentally tested the heat trans-

fer in ZnO − EG and ZnO − EG-water found that ZnO − EG with 4 vol.%

nanoparticles and ZnO − EG-water with 2% nanoparticles increases linearly

the thermal conductivity by approximately 33.4% and 17.26% respectively.

Others found the the relationship between the TC and the particles con-

centration is nonlinear [59, 108]. Yu et al. [108] studied the TC and viscosity

for EG based nanofluid containing ZnO (10-20) nm diameter. They found

that the enhanced value of 5 Vol.% ZnO − EG nanofluid is 26.5% and this

increase is nonlinear with the volume fraction but by calculating the TC by a

theoretical model it appears as a linear relationship as shown in Figure 2.8b.

TC of the nanofluids is expected to be higher than the TC of the base

fluid, because the thermal conductivities of most solid materials are higher
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Figure 2.8: (a). Measured thermal conductivities of Al2O3–EG at different volume
fraction (experimentally and theoretically) [67]. (b) Measured the TC of ZnO−EG
for different nanoparticles concentrations [108].

than those of liquids. Increasing in volume fraction has limitation to get very

high percentage enhancement because of two reasons: firstly, density mismatch

between base-fluid and the particles is very large for example density of wa-

ter is 990 kg/m3 but for Al2O3 the density is 3970 kg/m3. Secondly, Cost

considerations.

Type of material

The type of particle material also shows a significant influence in TC and

heat transfer as shown in many studies [39, 94, 105, 111]. The effect of the

temperature on the TC was studied by Putra et al. [94], they found that the

TC increased by 36% and 24% by adding 4 vol% of CuO and Al2O3 respectively

to water at 51oC. Jang and Choi [105] studied the role of Brownian motion

to enhance TC using different types of nanoparticles. By adding 4% of Al2O3

to water the enhancement in TC is 8% and by adding 4% of CuO to water a

12% increase was observed. In the same study the enhancement around 14%

and 2% was found by adding Cu and CuO respectively to EG. This supports

the statement of Han [39] who says that the metallic nanoparticles have higher

thermal conductivity than oxides of those metals for the same volume fraction.

From these studies it is clear that the enhancement in the TC by nanofluid
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containing CuO is much better than the same fluid containing Al2O3, although

the thermal conductivity of Al2O3 is greater than CuO. These phenomena

confirm that the enhancement in the thermal conductivity is not dependent

on the TC for the material only but on the other properties like temperature,

density and size and shape of the particles.

Assael’s group [111] studied the thermal conductivity for both carbon

multi-walled nanotube (C −MWNTs) (130nm diameter ×20µm length) and

carbon double-walled nanotubes (C−DWNTs) (70nm diameter×7µm length)

dispersed in hexadecyl trimethyl ammonium bromide (CTAB). They found

the TC increased by 34% by adding just 0.6 Vol.% of (C − MWNTs) to

(CTAB) and by only 7.5% by adding 1% of (C − DWNTs). From their re-

sults it is clear that the enhancement in TC increases with increasing aspect

ratio (length to diameter ratio) in the nano-scale range.

Type of basefluid

According to Maxwell’s Model 2.17, as thermal conductivity of the base-fluid

increases, the enhancement of TC of the nanofluid decreases and most of the

experimental results agree with this model. For example, Jang and Choi [105]

found that water containing 4 Vol.% CuO has an enhancement in TC about

12% and this amount of improvement is lower than the enhancement in TC

which is caused by CuO−EG which was 20% for the same concentration, al-

though the thermal conductivity of water (0.609 W/m.K)is greater than EG

(0.258 W/m.K). Wang et al. [67] studied thermal conductivity for different

base-fluids (water, EG, Pump oil (PO) and engine oil (EO)) containing CuO

and Al2O3 nanoparticles. Their results show that the enhancement in TC for

EG containing nanoparticles is higher than other fluids with same type and

volume fraction of nanoparticles although, the TC of EG is lower than the

other basfluids. Engine oil shows slightly lower enhancement than the EG and
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water and pump oil have lower enhancement (kEG > kwater > kEO > kPO).

This phenomenon is contradicted by some researchers [69, 112]. Xuan and

Li [69] studied the heat transfer of water (k=0.609 W/m.K) and transformer

oil (k=0.136 W/m.K) containing Cu nanoparticles. They found that the en-

hancement in TC for Cu-water suspension was 75% for 7.5Vol%, while the

enhancement in TC of Cu-transformer oil was 43% for the same volume frac-

tion and under same condition.

Size of nanoparticles

The size of the particles has an effect on the thermal conductivity and there are

conflicting results related to this parameter. Some researchers [105, 112, 113,

114] found that the TC of the nanofluid increase as the size of the nanoparti-

cles decreases. Jang and Choi [105] explained this behavior by the increase of

the Brownian driven velocity of the particles; for smaller particles, velocity in-

creases and the heat transfer consequently improves as well as with the smaller

particles there is larger surface area to volume ratio. Kim et al. [113] studied

the effect of particle size on TC in ZnO-water and ZnO−EG by using three

different sizes of ZnO (10, 30 and 60)nm in diameter and they found that TC

of water mixed with 1 vol.% of 10 nm and 60 nm ZnO are 6.37(W/m.K) and

6.18(W/m.K) respectively as explained in Figure 2.9a. Duan [114] experimen-

tally studied the properties of the Al2O3-water and their results are partially

compatible with [105]. They found that TC increases with decreasing particle

diameter between 10-35 nm and this phenomenon reverses for diameter greater

than 35 nm. On the other hand, there are disagreeing opinions from some re-

searchers [115, 116] with these results. For example, Beck et al. [115] measured

TC of nanofluids with seven different sizes of Al nanoparticles (8-282) nm and

they found generally that heat transfer is reduced with decreasing particle size.

They observed also that the amount of enhancement for particle size less than
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50 nm in diameter is lower than those that have size greater than 50 nm and

they explained this by the thermal conductivity for smaller nanoparticles is

smaller itself than the larger nanoparticles. Their results are illustrated by the

Figure 2.9b. This principle was confirmed by Xie et al. [116], when they used

different sizes of Al2O3 in EG and they found better enhancement in TC using

large particles.

Figure 2.9: a) The effect of (ZnO) nanoparticle size on the TC of water (adapted
from [113]). b) Effect of (Al2O3) nanoparticle size on the TC (adapted from [115])

.

Shape of particles

There is a wide variation in enhancement of the heat transfer which is effected

by the shapes of the nanoparticles [70, 104, 111, 117, 118, 119]. Hamilton and

Crosser [104] were the first researchers who modified the Maxwell equation

(2.17) by including the shape factor and they found that the enhancement for

the fluid containing cylindrical particles is higher than those with spherical.

In 2005 Murshed et al. [70] investigated the enhancement in TC of water

containing TiO2 nanoparticles, with spherical (15 nm in diameter) and rod

shape (10 × 40) nm (diameter × length) and they found that for 5 vol.%

TC an enhancement approximately 33% for the fluid containing the rod shape

and 30% for the fluid containing the spherical shape. Timofeeva et al. [118]

studied the thermal properties of Alumina-EG/H2O nanofluid under the effect

of shape factor. They found that the enhancement in thermal conductivity
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and viscosity for nanofluid with cylindrical nanoparticles was greater than the

other shapes shown in Figure 2.10, but according to the Hamilton and Crosser

equation different results for TC can be obtained.

Figure 2.10: The shape factor of (Al) effects on the thermal conductivity [118]

.

Xie et al. [117] studied the thermal properties of SiC/water as well as

SiC/EG nanofluids using spherical shape (26 nm diameter) and cylindrical

shape (600 nm diameter). For both types of base-fluids they found that the

nanofluid with cylindrical nanoparticles enhances the TC greater than the

other fluid with spherical particles. For example, it was found that the 4.2

Vol.% spherical particles water enhances the TC by 15.8%, whereas 4 vol.%

of the water with the cylindrical particles in water enhances TC by 22.9%. In

(2005) Assael et al. [111] investigated TC in multi wall nanotube (MWNT )

and double wall nanotube (DWNT ) and they confirm that heat transfer and

TC increase by increasing the aspect ratio (length to diameter) of the particles.

According to Ozerinc et al. [119] CNT has general enhancement in thermal

conductivity of nanofluid greater than spherical shape and the reason for this

phenomenon is the heat transfer through a relatively long distance in the
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nanotube itself which has length in millimeters.

Temperature

Temperature has an influence on the TC and viscosity of the nanofluid, de-

pending on both of the particles and fluid temperatures. Jang and Choi [105]

modeled TC according to equation 2.19 which, depends on several parame-

ters including temperature. They found that the amount of enhancement in

the TC increases with increasing temperature. Murshed et al. [120] investi-

gated the TC of water, EG and engine oil (EO) mixed with Al2O3 and Al

nanoparticles. They also found that the enhancement increased with increas-

ing temperature as shown in Figure 2.11. The amount of improvement in TC

for Al/EO increased from 22% to 38% by increasing the temperature from 20

to 60oC and their result shows a good agreement when compared with Putra

et al. [94] who studied a temperature dependence of the TC enhancement of

nanofluid. An experimental study of natural convection heat transfer of Al-

water has been done by Ho et al.[82], they found TC enhancement increases

with increasing temperature and their results show good agreement with [94].

In (2009) Turgut et al. [110] measured TC of TiO2 (21 nm diameter)/water

which is synthesized by the two step method. The measurement was made

with varying temperature (13, 23, 40 & 55 oC) and they found that there is

no dependence of TC related to temperature but the temperature effect on

the viscosity, which decreases as temperature increased. There are conflict-

ing results reported by Masuda and others in (1993) who studied the thermal

properties of Al2O3 nanofluids. They confirmed that the enhancement of the

TC for 4.25 vol.% particles loading in water decreases with increasing tem-

perature, for example the enhancement decrease from 34% to around 27% by

decreasing the temperature from 32 to 67 oC [121].

After reviewing the effects of each parameter on the nanofluid properties,
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Figure 2.11: Thermal conductivity enhancement with Temp. for Al2O3 (80 nm)/EG
and Al (80 nm)/EO base nanofluid [120]

.

the relation between these parameters and nanofluid properties are summa-

rized in Figure 2.12 which explains how each parameter affects a single prop-

erty.

By presenting the fundamentals, synthesis and properties of the nanofluid, a

better understanding about the behavior and the effects of the nanofluid on the

heat transfer application is obtained. One aim of this research is investigating

whether the nanofluid is suitable for the binary VARS. This can be checked

using the fluid directly to the VARS experimentally, and via numerical method

of the processes involved in this work with validation, as will opened up in

following section.
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Figure 2.12: Effect of parameters on the properties of nanofluid.

.

2.3 Modelling Review

There are two kinds of models: empirical and mathematical. The empirical

model presents the data-set from a physical system or process which represents

the model while the mathematical describes the database from a system based

on physical laws. A model can be used to improve the process based on

analysing simulation data [122].

Both types of modelling are done by various researchers in application to

VARS. Gordon and Ng [123] studied the thermodynamic model for the absorp-

tion chiller using both theoretical and experimental methods and the principles
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which controlled the performance of the absorption chiller are fitted to the ex-

perimental data using the regression method. Joudi and Lafta [34] studied a

computer simulation model to find the performance of absorption refrigeration

using LiBr − H2O as a working fluid. The model was based on the energy

and mass balance on each part (generator, absorber, condenser and refriger-

ator) individually. A theoretical steady state model of NH3/H2O absorption

system was presented by Selverio and Figueiredo [124] and their theoretical

model confirmed that the efficiency of the absorber improves by increasing the

absorber heat transfer area, for example, the increase of approximately 40%

in the absorber heat transfer area enhances the COP by approximately 15%.

Kaynakli and Kilic [125] theoretically studied the performance of an absorp-

tion refrigeration system working with H2O/LiBr, using a thermal equilibrium

method in each part; they found that the Solution Heat Exchanger (SHX)

has more effect on the performance than Refrigerant Heat Exchanger (RHX)

and they found that the COP increased by 44% using SHX while only 2.8%

enhancement was found due using RHX. They found that the COP value in-

creases with decreasing the generator thermal load and the generator and the

absorber thermal load decrease by increasing the temperature of the generator

and the evaporator. Micallef and Micallef [16] presented a simple linear model

for an absorption refrigeration unit using both of H2O/LiBr and NH3/H2O;

they obtained results for both fluids without using the SHX and they set the

evaporator temperature constant and other temperatures were variable.

In 1987, Grossman et al. [20] developed a computer code in fixable and

modular form for simulating absorption system with different configuration

cycles and using various working fluids. The code is based on system units

which contain the governing equation for each component in the system and

the equations are solved simultaneously. There are two lines of calculations:
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1) temperature, pressure, volume fraction, vapour fraction, and mass flow

rate at each point of the system, 2) the heat transfer at each unit which is

restricted the COP. They found that the program successfully simulated the

single and the double cycle and dual-loop heat pump with the following working

fluids: (H2O/LiBr), (NH3/H2O), (NH3/LiBr − H2O), (CH3OH/LiBr −

ZnBr2). Sozen and Akcayol [126] used ANN method to study and model the

performance analysis of a solar-driven ejector-absorption refrigeration system

(EARS) with ammonia/water as a working fluid. Artificial neural network

(ANN) method is applied with 6-6-9-1 (6 input layers - 6 Hidden layers - 9

Hidden layers and 1 output layer) configuration used to solve the model of

the double effect series flow absorption chiller by [127]. The model predicted

the chiller performance depending on the temperature of the inlet and outlet

chilled water. They show that the result predicted with ANN , can be used to

predict the performance of the absorption chiller exactly. The ANN predicted

COP is ±1.2% error.

Generally, there are several types of model which are normally applied at

design stage of the absorption refrigeration, and these models are:

• Thermodynamic model (TD).

• Adapted Gordon-Ng model (GNA).

• Adapted characteristic equation method ∆∆t’.

• Artificial Neural network (ANN).

2.4 Numerical Modelling

There are no previous CFD models for vapour absorption refrigeration working

with nanofluids to our knowledge. CFD models have been done for the boiling

process as presenting the physical process in the generator in VARS and the

single and multiphase flow for the nano-binary-fluid. Therefore, it is important
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to review the literature related to these processes.

2.4.1 Boiling

Boiling is the phase change process happening when the solid surface temper-

ature is higher than the saturated temperature of the liquid. Boiling may take

place under quiescent liquid environments, which is described as pool boiling,

or under forced flow circumstances, which is described as forced convective

boiling or flow boiling which happen in the boiler of VARS. In the pool boil-

ing the process begins with natural convection boiling at the low temperature

difference ∆T between the surface and the bulk; this state gives a low heat

flux. Increasing the ∆T , the nucleate boiling regime appears and the heat flux

increases till it reaches to maximum or critical heat flux (CHF). Then, increas-

ing the ∆T generates a transition boiling or unstable film boiling regime and

it drops the heat flux because the contact area with the surface decreases, then

the boiling film generate and the heat flux increases even through there is no

contact area of the fluid with the surface; this is because the radiation heat

transfer across the film plays a significantly greater role as the excess temper-

ature increases (the pool boiling explained in Figure 2.13). In nucleate flow

boiling, the heat transfers due to a combination of two effects: (1) the bubble

formations and motions close the surface and (2) the direct sweeping of the

heater surface by the solution itself. The heat transfer mechanism is a combi-

nation of the nucleate pool boiling and a forced convection phenomenon [128].

The local heat transfer coefficient of the liquid under flow boiling depends on

the vapour concentration, phase velocities, heat flux, flow bath geometry and

direction, multiphase flow pattern, and fluid properties.
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Figure 2.13: Regimes of pool boiling in water at atmospheric pressure [128]

.

Boiling of nanofluid in experimental studies

Flow boiling heat transfer occurs in vapour absorption refrigeration sys-

tems as well as in various industrial areas, such as refrigeration systems in

many applications, power generation, chemical engineering, high-power elec-

tronics component cooling, and nuclear reactor cooling [129]. To improve the

heat transfer of the fluid, the behaviour and the properties of the fluid itself

must be enhanced. Nanofluids are an alternative to normal working fluids

for thermal and industrial applications, due to their modified thermo-physical

properties which can enhance the efficiency of processes such as boiling [130].

Improvements in flow boiling heat transfer systems can improve energy effi-

ciency and offer a route to reduce global energy consumption. In the United

States, air conditioners consume 6% from the electricity produced, which costs

annually $29 billion and consequently around 117 million metric tons of CO2

is released in to the environment [131].

The number of studies of nanofluid boiling has increased significantly over

the last decade with emphasis mainly on pool boiling rather than flow boiling,
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even though flow boiling has more applications (such as steam generation in

helically coil and the steam generation inside the nuclear reactor core) rather

than pool boiling [132]. There are several recent experimental studies on flow

boiling effects of nanofluids with significant consequences for enhancing boiling

heat transfer. Kim et. al [133] studied the enhancement of the flow boiling

CHF, the maximum heat flux for nucleate boiling, for alumina nanoparticle

based nanofluid in water at low pressure. They found that the CHF can im-

prove up to 30% with 0.01Vol.% of alumina nanoparticles. Henderson et al.

[134] studied the flow-boiling heat transfer of R-134a-based nanofluids in a

horizontal tube, and found that the nanofluid has an insignificant influence on

the flow pressure drop compared to the base fluid and that the heat transfer

coefficient increases to double over the base-fluid. Kim et al. [135] studied

subcooled flow boiling (boiling adjacent to a surface hotter than the saturated

temperature Ts, whilst the bulk temperature of the local fluid is below Ts)

using different types of nanofluid. They found that the heat transfer coef-

ficient and mass flux of the nanofluid increases during boiling and that the

flow boiling CHF (maximum heat flux is at the point of changing between

the transition and film boiling) was enhanced using nanoparticles. Boiling

heat transfer and pressure drop through a rectangular channel of nanofluid

is experimentally studied by Boudouh et al.[136]. Here, the local heat flux,

vapour volume fraction and heat transfer coefficient increase with increasing

nanoparticle concentration and varying axial location. CHF improvement dur-

ing forced convection of flow boiling of a nanofluid on a short heated surface

is experimentally studied by Ahn et al. [137]. They found that the nanofluid

flow boiling heat transfer is enhanced under forced convection and they sug-

gest that this enhancement is mostly caused by nanoparticles depositing on

the heater surface during boiling.
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Not all studies confirm the enhancement of boiling heat transfer as the

nanoparticles concentration increases. For example, Abedini et al. [138] in-

vestigated experimentally a comparison of nanofluid flow boiling in vertical

and horizontal tubes. They found that the subcooled flow boiling decreases

with increasing the concentration of TiO2 nanoparticles. They found that the

bulk temperature decreases at the end of the channel in the nanofluid com-

pared to water, implying that the vapour volume fraction increases in the

nanofluid. Witharana [139] in 2003 confirmed experimentally that the boil-

ing heat transfer coefficient behaviour of the nanofluid depends on the type

of the nanoparticles, where Au-water nanofluid showed a clear enhancement

in the heat transfer coefficient but SiO2-water and SiO2-ethylene glycol (EG)

showed weakening of the heat transfer coefficient. These results imply that

careful consideration of nanoparticle to base fluid is necessary to enhance heat

transfer.

Pool boiling characteristics are addressed by many researchers, with the

heat transfer behaviour varying significantly between studies. Several re-

searchers found the heat transfer coefficient is insensitive to nanoparticle con-

centration [140, 141] or even negatively correlated [91, 142]. However, others

have found an increase in the heat transfer coefficient with increasing con-

centration of the nanoparticles [143] and some studies confirm a significant

increase in the CHF even with low concentrations of nanoparticles [63, 140,

141, 144].

Kim et al. [144] found that the water based nanofluid significantly im-

proves the CHF compared with a pure fluid and enhancement of the CHF of

the water due to nanoparticle coating of the heater (prepared by deposition of

suspended nanoparticles during pool boiling of nanofluids, immersed in pure

water) increases as the concentration of the nanoparticles increases. They
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conclude that the reason for this improvement of CHF is the change of sur-

face microstructure and topography of the heater because of the nanoparticle

surface coating during pool boiling of nanofluids.

Boiling of nanofluid in numerical studies

There are several numerical studies dealing with boiling heat transfer ef-

fects in nanofluids using CFD. Hasheminia et al. [145] numerically studied

the effect of different parameters of forced boiling of nanofluids. They found

that the CHF in Al2O3 /water and SiO2/water nanofluids decreases with in-

creasing nanoparticle volume fraction. They justified this behaviour by stating

that the contact angle increases with increase in concentration because each

single particle may contact with other particles at more locations. They found

that the vapour volume fraction increases with increasing heat flux as a di-

rect result of the nanoparticle addition to the base fluid. Abedini et al. [146]

numerically investigated the subcooled flow boiling of nanofluids, finding that

the heat transfer coefficient increases with increasing nanoparticle concentra-

tion. They also found that in subcooled flow boiling, decreasing the inlet mass

flow rate can cause the heat transfer coefficient to rise or fall depending on

the effect of forced convection and latent heat transport on the overall heat

transfer coefficient. Experimental and numerical investigation of the dynamics

of bubbles in the nanofluid pool boiling was studied by Shoghl et al. [147].

They found that both CHF and boiling heat transfer coefficient were enhanced

by hydrophilic surfaces and worsened by hydrophobic surfaces and they found

that by addition of surfactant (SDS), the number of the bubbles with smaller

size increases because of the reduction of surface tension.

According to [132], Al2O3 and CuO are the most commonly investigated

nanoparticles materials used in flow boiling which present 42,2% and 20% of

the overall types used in boiling heat transfer respectively as shown in Figure
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2.14. Figure 2.15 shows that water is the main liquid used in flow boiling

(77.8%) followed by different refrigerants (17.8%).

Figure 2.14: Nanoparticle materials used in the experimental investigations of
nanofluid flow boiling. [132]

.

Figure 2.15: Working fluid used in the experimental investigations of nanofluid flow
boiling. [132]

.

From reviewing the boiling process, there are no works done related to flow

boiling of binary-fluid and nano-binary-fluid experimentally or numeri-

cally. Thus, there is a necessity to perform reliable experimental work using

a nano-binary-fluid (acetone-ZnBr2-nanoparticles) as a novel working fluid in

the VARS and create a new CFD method for flow boiling simulating boiling

of one component (acetone) from this mixture.

Heat transfer including boiling process of the multiphase fluid, could be
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modeled numerically via a single phase (consider the primary fluid is single

fluid by finding the fluid properties) or multiphase (use the properties of each

phase separately in the equations) flow. The following section investigates how

these two methods used by the other researchers.

2.4.2 Single and two phase models for nanoparticles simulations

The single and the two phase model can be presented in the boiler for the

VARS working with a binary nanofluid. Heat transfer in nanofluids can be

modelled using classical correlations (based on Maxwell) for single-phase fluids

with adjustment for properties with the nano-particles, such as those models

reported by some researchers [118, 148, 149]. Others have stated that the heat

transfer behaviour obeys a two phase model with variation due to concentration

of nano-particles varying in the flow. There is a debate in the literature about

which analysis provides a better prediction [81, 88].

Pantzali et al. [150] investigated a nanofluid of 4 Vol.% CuO in H2O

numerically and experimentally using a laminar flow on a plate heat exchanger.

By using the single phase model, they found that the flow rate of the nanofluid

required for a particular heat transfer rate was lower than the base fluid.

Utomo et al. [151] investigated using CFD the heat transfer coefficient

arising from alumina, titania and CNT nanofluids. They found that the ad-

dition of nanoparticles to liquids enhances the heat transfer coefficients by no

more than 10% at a constant turbulent velocity. They state nanofluids be-

haved as homogeneous mixtures with experimental Nusselt numbers following

classical relations developed for the single-phase approach, modified for the

mean nanoparticle concentration, being accurate to within ±10%. This uncer-

tainty is explained by movement of nanoparticles due to Brownian motion and

viscosity gradient due to concentration, with non-uniform shear rate having
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insignificant effect on heat transfer. Similar uncertainty was found previously

for metal oxide nanofluids [152] and for CNT nano-fluids [153].

A two dimensional single phase CFD model was numerically studied by

Demir et al [154] using Al2O3 and TiO2 in water nanofluid in a horizontal

pipe heat exchanger. They found that the heat transfer increased with the

concentration of nanoparticles. Goktepe et al. [155] studied the single and the

two phase models for nanofluid inside a uniformly heated tube. They found

that the convective heat transfer coefficient is more correctly predicted with a

two phase model than the single phase.

Amoura et al. [156] studied the heat transfer for three different types

of nanofluid (H2O/CuO, H2O/Al2O3 and H2O/TiO2) in horizontal tubes in

2D with different Reynolds number up to 600 and different volume fraction of

nanoparticles (0, 0.01, 0.02, 0.03 and 0.1) using a single phase technique. They

found that the Nusselt number of nanofluids is larger than that of the base fluid

and that the pressure loss coefficient reduces by increasing Reynolds number

for all types of nanofluids. Moraveji et al. [157] modelled fully developed

flow in a circular tube with laminar flow, assuming constant heat flux on the

tube wall, and using a single phase approach. With nanofluid (upto 6 wt.%

Al2O3 + water), they recorded higher heat transfer than base fluid. Akbari et

al. [158] showed, theoretically, the heat transfer improvement with increasing

Reynolds number (Re) and concentration of nano-particles in the nanofluid

solution (H2O/Al2O3). The two phase model was applied in three different

CFD based multi-phase approaches, i.e. volume of fluid (VOF), mixture and

Eulerian. The predictions by the multi-phase models are essentially the same.

Therefore, the less expensive model (VOF) is to be preferred for this problem.

For general multi-phase modeling there are two approaches for simulating.

Lagrangian-Eulerian is suitable for the low concentration of particles and as-
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sumes the Eulerian method for the base-fluid and Laqrangian for the solid

particles. Conversely, Eulerian-Eulerian approach is suitable for high volume

fractions because the calculation of many trajectories for the large dispersion

of particles makes the Lagrangian method impractical and non-representative

without a large number of particle injections [88, 158].

Apparently contradicting results in the literature can be related to the

method of comparison used. For example some experiments are based on

either constant Reynolds number (Re) or constant velocity. Pak and Cho [92]

states that the heat transfer is enhanced for turbulent flow of Al2O3-water

compared with the basefluid when Re is maintained constant between tests.

However, by considering the same value of the velocity for the same case,

the heat transfer of the nanofluid reduces. This is because, by adding the

nanoparticles to the basefluid the viscosity of the fluid increases, which means

the fluid needs more velocity to reach the value of the constant Re, with

related heat transfer enhancement by increased turbulence. Yu et al. [159]

studied analytically the effects of constant Re, constant velocity and constant

power pumping on the heat transfer coefficient improvement, by assuming that

the nanofluid obeys a ‘classical’, single phase, relation of the thermophysical

properties. They conclude that the constant pumping power comparison is the

most unambiguous; the constant flow velocity comparison can give quite good

results under certain conditions but the constant Reynolds number comparison

distorts the physical situation, because of changing properties (density and

viscosity) of the fluid, and therefore, should not be used.
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2.5 Summary

This review describes a brief history of refrigeration systems by reviewing a

principle and background of different type of vapour absorption refrigeration.

It concludes that the performance of each cycle depends on the design of sys-

tem and the working fluid and each cycle cannot be operated at temperature

lower than its limit. The working fluid including nanofluid which improves the

heat transfer of the system was studied by different researchers and their out-

comes can be summarized as properties of the nanofluid and type of base-fluid

considerably affect heat transfer, and these properties are affected by several

parameters: material; geometry of nanoparticle; volume fraction; temperature.

The viscosity of the nanofluid can either increase or decrease depending on the

base fluid. Different types of modelling are done for absorption systems: ther-

modynamic model; adapted characteristic equation method; artificial neural

network (ANN). Although CFD models of nanofluid boiling exist, no numer-

ical modelling or experimental results of the flow boiling for nano-salt-fluid is

found in the literature. This project aims to model the boiler of the absorption

refrigeration system numerically. As a start to the work, numerical modelling

of some previously published work to investigate the capability to model the

flow of the nanofluids with both single and two phase nanoparticle modelling

approach. It concludes that the two phase model has better predicted heat

transfer coefficient and Nu for experimental data than the single phase. as

confirmed in literature for other fluid. This project finds a suitable way to

assess vapour absorption systems working at low temperatures with acetone-

zinc bromide solution, with nanoparticles to enhance the process. The work

focuses on the modelling of the boiling process and produces novel CFD models

validated against a test campaign at laboratory scale.
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3.1 Introduction

T his Chapter explored a novel VAR solution consisting of dissolved salt in

refrigerant mixed with nanoparticles and we refer to it as a nano-binary fluid

(NBF) or nano-salt-fluid (NSF). The importance of this chapter are to use the

properties measured into the experimental work and the numerical modeling

also this part of work is giving a better understanding of the behavior of nano-

salt-fluid and how the properties affected by chanching the concentrations

of the salt and the nanoparticles. The study covers the properties of the

acetone/ZnBr2 as a binary (base) fluid and nanofluid by adding zinc oxide

(ZnO) and graphene (G), separately. The properties of acetone/ZnBr2 are

studied by Ajib and Karno [14]. To have criteria for the improvement of

the properties of nanofluid, some of the properties that were measured and

published by Ajib and Karno [14] are repeated. We have prepared the solution

with different concentrations of ZnBr2 and nanoparticles. In the following we

are going to illustrate the preparation method including the stability behavior

and the thermo-physical properties of this working solution (acetone/ZnBr2)

as a basefluid and nanofluid.
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3.2 Sources of the materials

The materials were purchased from different companies depending on the

quality and the price. Sigma-Aldrich company Ltd. provided the acetone

(Product code: 270725-1L), ZnBr2 extra pure (product code: 02128-1kg)

and ZnO nanoparticles (6 50nm) (product code: 677450-5g). However, the

Graphene nanoplatelets (6-8 nm thick × 5 microns wide) (catalog Number:

06− 0210/25g) were purchased from Strem chemical, Ltd. company.

3.3 Preparation

Two methods have been developed in creating nanofluids. The first is a single

(one)-step method and the second is a two-step method. The one-step process

can prepare uniformly dispersed nanoparticles, and the particles can be sta-

bly suspended in the base fluid. The two-step method consists of adding dry

nanoparticles to the base fluid as described in Figure 2.4. A dry nanoparti-

cles powder is prepared by inert gas condensation, chemical vapour deposition,

mechanical alloying or other suitable techniques, and the nano-sized particles

are then dispersed into a fluid in a second stage to synthesize a nanofluid.

Agglomeration of nanoparticles in the two step is higher than the one step,

especially in the process of drying, storage, and transportation of nanoparti-

cles. Agglomeration in a nanofluid will decrease the thermal conductivity. To

minimize the nanoparticle aggregations and improve the dispersion behaviour,

techniques such as ultrasonic agitation or the addition of surfactants to the

fluids are often used [73].

To prepare the binary nanofluid (acetone/ZnBr2− (ZnO) or (G)), a base-

fluid (acetone/ZnBr2) is prepared with various mass concentrations (40 wt.%

- 65 wt. % with increasing step 5%) of ZnBr2. During mixing the refriger-

ant (acetone) and the absorbent (ZnBr2), heat is released from the mixture,
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depending (proportional) on the amount of the ZnBr2 mixed and the temper-

ature of the solution may reach to 65 oC when 65 wt. % of ZnBr2 is added to

the acetone. This heat is generated as a result of dissolving the absorbent in

the refrigerant and breaking the bonds between the absorbent molecules and

atoms. Upon successful prepration of the solution, stability (both solutions

with ZnO & G) and Transmission Electron Microscope (TEM) analysis of the

samples provided as well as the properties of density, heat capacity, thermal

conductivity and viscosity of the solutions were measured and compared with

those data in Ajib and Karno [14].

3.3.1 Zinc Oxide (ZnO)(Suspension stability study)

The first experiment produced an acetone − ZnBr2/ZnO nanofluid with 50

wt. % of ZnBr2 and different volume concentration of ZnO, prepared with

the following steps:

1. 150 ml of the base fluid (acetone - ZnBr2) with 50 wt. % ZnBr2 was

prepared. The density of the base fluid is 1360 kg/m3 as measured.

Density(ρ) =
Mass(m)

V olume(V )
(3.1)

m = 1360kg/m3 × 150ml × 0.001l/ml × 0.001m3/l × 1000g/kg

m = 204g

So, 102 g of both of acetone and ZnBr2 was mixed to give 150 ml

of the solution, then the 150 ml sample was divided into six test

samples (25 ml) each.

2. Six different concentrations (0.005, 0.1, 0.3, 0.5, 1, 1.2 vol. %) of
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suspension of solid-liquid were made by adding ZnO nanoparticles(6

50nm).

To calculate the mass of ZnO, needed for 0.1 vol. %:

Volume of the solution: 0.025 l

Density of ZnO : 5610kg/m3

For 0.1 % Volume fraction of nanoparticals in 25 ml solution= 25ml×

0.001l/ml × 0.001m3/l × 0.001 = 25× 10−9m3

Mass of nanomaterial = 2.5× 10−8 × 5610 = 0.00014025 kg

= 0.14025 g

By applying the same procedure for the other concentrations the

mass of nanomaterials in each concentration are shown in a Table

3.1:

Table 3.1: Nanoparticles mass needed for each concentration.

Vol. concentration % 0.1 0.3 0.5 1 1.2
Mass (g) 0.14025 0.42075 0.70125 1.4025 1.683

The safety measures used in these processes are:

a) Fume cupboard.

b) Lab. coat, lab. Shoes and gloves.

c) Face mask.

d) Safety specs.

e) Spread a piece of foil in the working area surface to capture any

dropped material.

The solution samples are put into the sonication bath (38 KHz) model

SW1H produced by NICKEL-ELECTRO LTD., shown in Figure 3.1, for 2
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hours. During the sonication, some sedimentation appears with concentrations

1 and 1.2 vol. %, which was not dispersed by sonication.

Figure 3.1: The sonication bath used to prepare the nanofluid Ac-ZnBr2 − ZnO.

Figure 3.2 shows nanofluid suspensions with different concentrations of

ZnO and different sonication options. For the 0.3 vol. % concentration (bottle

number 1), the solution converts to a brown colour because it was left in the

ultrasonic bath for 24 hrs (to check the effect of the long sonication period on

the stability of nanofluid). The heat generated through the sonication process

converts the solution colour from white to brown (the heat and (or) light

convert the zinc bromide-acetone solution to brown within, 24 hrs at ≈ 55oC

in brightly of laboratory; and 15 days with light at the lab temp. ≈ 20oC

is also enough to change the colour). Bottle number 2 was prepared without

sonication. The other samples were left in the ultrasonic bath for 2 hrs. It

is obvious from Figure 3.2 that the sonication process time, has no significant

influence on the time of the suspension (during this period, the progress went

with different concentrations and times of sonication. Unfortunately, there was

no time to revisit and study the effect of the sonication process time with a

single concentration of nanoparticles, which is more convincing). By comparing

the top part of the bottle 4 with the top part of the bottle 3 in Figure 3.2d, it

can be seen that the top part of the bottle 4 is clearer than the same region of

bottle 3, this is because, bottle 4 contains more concentrated nanoparticles and
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Figure 3.2: Sedimentation of different concentration of ZnO nanoparticles in acetone
- ZnBr2. 1- 0.3 vol. % 24 hrs Sonication. 2- 0.5 vol. %( without sonication). 3-
0.1 vol. % (2 hrs Sonication). 4- 0.5 vol. % (2 Hrs Sonication). 5- 1 Vol. % (2 Hrs
Sonication). 6- 1.2 Vol. % (2 hrs Sonication).

the particles are close to each other and because of the high surface area of the

nanoparticles, they gather and agglomerate to produce bigger agglomerations

of particles and consequently faster sedimentation, but in bottle number 3

the particles are separated by relatively large distance between them and they

need a time to reach each other and agglomerate. From this behaviour it is

concluded that the higher concentration of nanofluids sediment totally faster

than the dilute nanofluid.

To check the effect of surfactants, three samples were prepared with the

same concentration of the nanoparticles (0.5 vol.%) and by adding 1 wt. %

of the surfactants (Poly vinyl pyrrolidone (PVP), Sodium dodecyl sulphate
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(SDS) and Polyvinyl alcohol (PVA)) as shown in Figure (3.3). By comparison

with the settling time in Figure 3.2, it can be recognized that these types of

surfactants are initially effective on the sedimentation time of nanoparticles.

But after 1 hour, the surfactants gather on the top surface of the samples and

the particles start to settle. Also, the PVA can’t dissolve in the acetone /

ZnBr2 solution.

Figure 3.3: Settling of nanoparticles ZnO in the base fluid (Acetone / ZnBr2)
nanofluid for different times, using different surfactants.

3.3.2 Graphene (G)(Suspension stability study)

A sample of a nanofluid (acetone/ZnBr2-Graphene) was prepared with 50

wt. % ZnBr2 and 0.1 vol. % Graphene nanoplatelets (6-8 nm thick × 5

microns wide) provided by Strem company with catalogue number: 06-0201.

65



§3 PREPARATION AND PROPERTIES OF NANOFLUID

The sample is sonicated with a probe sonication for two hours using 45% of

maximum amplitude. The probe sonication was carried out using Cole-Parmer

750-Watt and 20 kHz Ultrasonic Homogenizer with Temperature Controller,

115 VAC, provided by Cole-Parmer fluid handling and analysis company as

shown in Figure 3.4.

Figure 3.4: Cole-Parmer 750-Watt Ultrasonic Homogenizer with Temp Controller;
115V. Item number: EW-04711-40.

The sample was kept in a stationary place after the sonication (Figure

3.5). It can be seen that the sample looks stable for 36 hours. After 72 hours

(last image on right) the particles settled partially. Some particles stick on

the bottle wall as shown in Figure 3.5. The temperature of the sample in-

creased with sonicating duration, because energy transfers from the probe to

the molecules and particles which increases their kinetic energy and veloc-

ity, consequently more collision and friction is produced, which increases the
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temperature. Increasing the temperature leads to evaporation of some of the

acetone, consequently, the ZnBr2 concentration in the solution increases and

makes the solution more dense and viscous.

Figure 3.5: A sample of a nanofluid acetone/ZnBr2-Graphene (ZnBr2=50 wt. %
and Graphene=0.05 vol. %), sonication time= 2 hrs and amplitude= 45%.

Figure 3.6: Samples of a nanofluid acetone/ZnBr2-Graphene (ZnBr2=50 wt. % and
Graphene =0.05 vol. %), Right sample had sonication time= 4 hrs and amplitude=
65%. and acetone added to compensate the evaporated acetone. Left sample had
sonication time= 2 hrs with amplitude= 45%.

To improve the stability of the solution another sample was prepared with

the same concentration of the first sample and sonicated for 4 hours with

amplitude 65% in order to break the smaller agglomerations. An amount of

acetone was added to the sample to compensate for loss of acetone due to

evaporation. The particles settled within 12 hours as shown in Figure 3.6

(right sample). The left sample is the old sample which is shown in Figure

3.5, shaken and used to compare between the samples in terms of the settling

time.
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A further two samples were prepared with 50 wt. % ZnBr2, with different

concentrations of graphene (0.05 and 0.2 vol. %) with 2 hrs sonication and

45% amplitude of the probe. During the sonication an amount of acetone was

added to the solution to compensate for loss of acetone by evaporation, the

amount of the additional acetone being calculated by measuring the weight of

sample before and after sonication:

Mass of added acetone = Mass before sonicating – Mass after sonicating.

As shown in Figure 3.7, the two samples on the right show reduction in

stability gradually. After 16 hrs, the particles have completely settled because

by adding acetone the density of the solution decreases which help the particles

to settle faster. The left sample is the same sample as used in Figure 3.5 in

different container.
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Figure 3.7: Samples of a nanofluid acetone/ZnBr2-Graphene (ZnBr2=50 wt. %),
the two samples on right had concentrations=0.05 and 0.2 vol. % with sonication
time= 2 hrs, amplitude= 45%. and acetone added to compensate the evaporated
acetone. Left sample had sonication time= 2 hrs, amplitude= 45%. Without adding
acetone.

Figure 3.8 shows the nanofluid acetone / ZnBr2 – Graphene with two con-

centrations of ZnBr2 and constant concentration of graphene (0.05 vol. %)

under different effects. The first four samples at the left hand side have the

same concentration of ZnBr2 (50 wt. %). Sample (a) was prepared without

sonication, sample (b) sonicated for 1 hour, sample (c) sonicated for 2 hours

and sample (d) sonicated with 2 hours then centrifuged for 30 minutes with

speed 500 rpm. However, sample (e) has a concentration 60 wt. % of ZnBr2

and 0.05 vol. % of Graphene and is sonicated for 30 minutes; all of these

samples are sonicated with 45% of the sonication power. Sample (f) has a con-

centration of 50 wt. % with 0.05 vol. % sonicated for 2 hours with 70% power

of the sonication and centrifuged for 30 minutes. Because of the high power

sonication in that particular case, the temperature of the solution increased

69



§3 PREPARATION AND PROPERTIES OF NANOFLUID

and a part of the acetone evaporated, therefore raising the concentration of

the nanoparticles and the ZnBr2.

For sample (a), the particles start to settle between 2 and 4 hrs and com-

pletely sediment by 24 hrs. Samples (b), (c) and (d) show that there are no

differences in stability between them while they have a better stability than

sample (a); this indicates that the sonication with 1 hour is enough to break

the agglomeration that can be achieved with that sonication power; keeping

the sample sonicated for longer time has no advantage; also centrifuging the

sample, which can remove the big agglomerations that are not separated by

sonication results in no improvement. Sample (e) shows a better stability than

the others, because with increasing concentration of ZnBr2 the density and

viscosity of the nanofluid solution increases, which helps the particles to settle

slowly according to Stokes Law (which calculates the velocity of the particles

ie. the free fall velocity in the stationary solution) Equation 3.2. As noticed,

after 5 days there are still some particles suspended.

υ =
(DH)2

18µ
(ρp − ρl) · g (3.2)

υ is the terminal velocity of the particles, ρp is the density of the particles,

ρl is the density of the base-fluid, g is the gravity and µ is the viscosity of the

base fluid.

To investigate how the concentration of the ZnBr2 affects the suspension

time of the nanoparticles, six samples were prepared (Figure 3.9) with different

concentrations of ZnBr2 (40 wt. % (far right) – 65 wt. % (far left)) with 5

% increase steps. The concentration of graphene nanoplates is constant (0.05

vol.%) and all the samples are sonicated for 1 hour with 45 % of the available

power of the probe sonicator. As seen the effect of density and viscosity is
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strongly reflected by the stability of the nanofluid. The lowest density and

viscosity solution (low concentration of ZnBr2) equal to 1.291 g/cm3 and

1.291 mPa.s [14], respectively, this solution can’t carry the particles for a long

time, the majority of the particles settle within 10 hours. According to the

theoretical equation 3.2 the particles will settle within 8 hours considering the

hydraulic diameter 2.514 µm, corresponding to the average of the nanoplate

diameter (5 µm) and the hydraulic diameter of the cross section of the thickness

of the plate (5 × 0.007 µm2). However, in the highest concentration of ZnBr2,

the particles start to settle after 2 – 5 days. The solution has density and

viscosity of 2.292 g/cm3 and 72 mpa.s [14] respectively. The Stokes equation

can not apply in this case because the density of the particles (1800 kg/m3)

is lower than the solution itself, so, according to this equation all the particles

should gather at the surface of the solution, which is not observed in reality.

But according to our measurement, the density is 1662 kg/m3 which is lower

than 1800 kg/m3 which makes the equations reflect the fact of the suspension.
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Figure 3.8: Samples of a nanofluid acetone/ZnBr2-Graphene (ZnBr2=50 wt. %,
graphene=0.05 vol. %), a) prepared without sonication, b) sonicated with ampli-
tude= 45% probe sonication for 1 hr, c) sonicated for 2 hrs, d) sonicated for 2 hr
and centrifuged, e) has a concentration of ZnBr2 =60 wt. %. and f) sonicated for
2 hours with 70% power of the sonication and centrifuged for 30 minutes
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Figure 3.9: Samples of a nanofluid acetone/ZnBr2-Graphene. With different con-
centration of ZnBr2 (40 wt. % (far left) – 65 wt. % (far right)) with 5 % increase
steps. The sonication time is 1 hour with 45 % of the probe total power. The
graphene concentration=0.05 vol. %).
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3.3.3 Transmission Electron Microscope (TEM) analyzer:

TEM is the primary technique to verify single particle dimensions and to iden-

tify agglomerations of particles. The electron beam can be used to see features

on the nanometer level. A major drawback to the use of TEM is that samples

must be dried out of solution in order to be attached to the carbon matrix

(grid). Therefore the particles are not exactly in nanofluid state and agglom-

eration might occur during drying.

TEM was performed using a JEOL 2100F transmission electron microscope

(field emission electron gun source, information limit 0.19 nm). TEM samples

were prepared by casting several drops of the sample solution onto copper-

mesh holey-carbon film TEM grids (Holey Carbon support films (HC range)

provide a carbon support film with a range of relatively small hole sizes, par-

ticularly suited for suspensions of nano and virus like particles as shown in

Figure 3.10 [160]) and dried under ambient conditions. A scanning transmis-

sion electron microscope (STEM) images were acquired using the JEOL digital

STEM system. Statistical analysis was performed using Image J software.

Figure 3.10: a- Copper mesh holey Carbon film. b- Holes in the carbon film. [160]
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Figure 3.11: Different TEM images of graphene from suspension in the pure acetone
on the Copper mesh holey Carbon film, a) shows a distribution of graphene from
acetone/graphene sample on the Carbon film, b) shows a particle stuck on the film,
c) show particles stuck on the film and d) shows the surface of the nanoplate view.

The nanoparticles dried from three samples were imaged with this tech-

nique, acetone based on 0.5 vol. % graphene; acetone/ZnBr2 based on both

0.5 vol. % graphene; 0.1 vol. % ZnO. The samples were dried without di-

lution to keep the concentration of the ZnBr2 at high level to see how they

separate out of the solution. Figure 3.11 shows the distribution of graphene

from the acetone/graphene sample on the carbon film. From Figure 3.11 the

grid size of the copper is 40 µm. However, the size of the carbon film’s holes

are different between 0.5µm & 20 µm. The Figure shows the suspension of the

graphene particles on both film and grid. The suspensions appear in different

colour levels between grey and black because of the thickness of the particles,

which is caused by the agglomeration. Whereas the thick part of the body

makes a black trace because the thick part prevents the electrons stream to
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pass through it and most of these electrons are scattered in the high angles.

While, the grey colour means a thin part of the body, which allows most of the

electrons to pass. Figure 3.11 (b) and (c) show particles stuck on the carbon

film. While Figure 3.11 (d) illustrates the surface of the nanoplate view. The

figure also show that there are different regions between light and dark, which

clarify how the layers of graphene overlaps on each other.

Figure 3.12: Different TEM images of graphene suspend in the acetone / ZnBr2 on
the Copper mesh holey Carbon film, a) nanoparticles distribute on the film between
the holes, b) single particle on the film and crystallization of the ZnBr2 (appears
as a black part), c) shows grains of the non crystallized ZnBr2, and d) shows some
particles on the film in different scale.

Figure 3.12 shows the graphene from the acetone-ZnBr2 sample on the

carbon film. From Figure 3.12 (a), the nanoparticles, which have a grey colour

distribute on the film between the holes. However the black colour is either

dried ZnBr2 or it is a several layers of graphene. The image shows also that

all the bodies have a dimension less than 300nm. From Figure 3.12 (b), a

small amount of the crystallization of ZnBr2 appears in a black colour at the

lab. light. From Figure 3.12 (c) and (d) it can be recognized that there are
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some grains of the non-crystallized ZnBr2, which have very small size (around

1 nm).

Figure 3.13 shows different images, illustrating the ZnO nanoparticles with

ZnBr2 behaviour on the copper grid and the carbon film for the sample

Acetone/ZnBr2 based on ZnO. Figure 3.13 (a) and (b) show random star

shapes inside the holes of the carbon film; this is caused by the crystallization

of the ZnBr2 with ZnO particles. Figure 3.13 (c) and (d) show very small

grains appear between the holes of the carbon film, which seem to be ZnBr2

crystals, because these grains just appear when the acetone / ZnBr2 is used

as a base fluid and they don’t appear when the acetone only is used as a base

fluid.

Figure 3.14 shows that there are spots on the carbon film between the

holes. These spots seem to be ZnO particles for three reasons, Firstly, they

don’t appear in the other samples; Secondly, the atomic number of Oxygen

(O) is 8, still lighter than the Bromide (Br) which has an atomic number equal

to 35. Therefore, the oxygen allows more electrons to pass through it, thirdly,

they appear to be of the right size (6 50nm).

Figure 3.15, shows the same image of 3.13 (a) but with different tech-

nique, called Scanning Transmission electron Microscope (STEM), which of-

fers unique imaging mode and enhanced microanalysis capability. Transmitted

electrons collected on axis in the STEM give the bright field or phase signal.

These electrons have either not been scattered at all or have been inelastically

scattered through angles of milli-radians or less.
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Figure 3.13: Different TEM images of ZnO suspension in the acetone / ZnBr2 on
the Copper mesh holey Carbon film, a & b) show a random star shape of the ZnBr2

crystallization and c & d) show grains appear between the hole of the carbone film.

Figure 3.14: TEM images of ZnO suspension in the acetone/ZnBr2 on the Copper
mesh holey Carbon film.
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Figure 3.15: STEM image of ZnO nanoparticles suspension in acetone/ZnBr2.
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3.4 Properties Investigations

3.4.1 Density

The density of acetone/ZnBr2 was measured for different concentrations of

ZnBr2 (40 - 65 wt. %) at 20 oC, the results found from this test show a sig-

nificant difference to the results measured for this particular fluid in the only

available published literature [14], as shown in Figure 3.16. An explanation for

this difference, it appears that [14] may have a methodology error to calculate

the density. The current method is:

1. Weigh a clean, empty and dry volumetric flask.

2. Pour solution which prepared with different concentration of ZnBr2

till the mark of scale (10 ml).

3. Weigh the sample.

From the weight and volume of the sample, the density is calculated. For

example the mass of the solution (acetone/ZnBr2) with 50 wt. % ZnBr2 is

13.602 g for 10 ml. That makes the density equal to 1360 kg/m3. While, in

the literature [14] it is calculated as 1581 kg/m3. The possible explanation

for this difference is the literature may assume that when the salt (ZnBr2)

is added and dissolved in the acetone, the volume of the total solution is the

same as the initial acetone volume. For example:

The mass of 10 ml acetone with density 790.5 kg/m3 is:

m = 790.5kg/m3 × 10ml × 10−6m3/ml = 790.5× 10−5kg(7.905g).

Add same quantity (7.905 g) of ZnBr2

msol = mAc +mZnBr2

msol = 7.905 + 7.905 = 15.81g

If the original volume of 10 ml is assumed:
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The density of acetone / ZnBr2(50wt.%ZnBr2) = (15.81 × 10−3)/(10 ×

10−6) = 1581kg/m3

Which is the value found in the literature, strongly indicating that the

previously published results contain an inherent error.

Table 3.2: Density of different concentrations of acetone / ZnBr2 as found experi-
mentally, from literature and if the volume of acetone not change when the ZnBr2

added.

Density as reported
in [14] (kg/m3)

Density as found
by assuming no
change in volume
(kg/m3)

Experimental den-
sity (kg/m3)

40 % 1293 1317.5 1164
45 % 1420 1437.2 1228
50 % 1581 1581 1360
55 % 1778 1756.6 1426
60 % 2013 1976.2 1550
65 % 2292 2258.59 1662

Figure 3.16: Density of acetone / ZnBr2 with different concentration of ZnBr2 as
measured experimentally at 20 oC and those based on the data from literature [14].

Table 3.2 shows the difference between the densities of different concentra-

tions of acetone / ZnBr2 as found experimentally, from literature and if the

volume of acetone not change when the ZnBr2 added. The volumetric flask

had a narrow neck, which reduces the error. The fluid level on the flask’s mark
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may have an error of ±0.5 mm and the diameter of the neck of flask is 10 mm,

which make the error volume:

Verr = Π
4
(0.01)2 ∗ 0.5 ∗ 10−3 = 0.3926 ∗ 10−7m3 = 0.0392ml

Volume of solution = 10 ml

Error = ±0.0392
10

100% = ±0.4%

Regarding the nanofluid, the density of the nanofluid is well represented

by a simple mixture combination method as explained in section 2.2.3.1. This

method is used by researcher dealing with a nanofluid via the CFD volume of

fluid (VOF) approach.

The density of the nanofluid increases with increasing concentration of ZnO

nanoparticles, for example, the density increases from 1368 to 1417 kg/m3 by

increasing the volume fraction from 0.001 to 0.012. From the Figure 3.17

it can be seen that the experimental results are approximately the same as

the theoretical density found by equation 2.3. The same behaviour applied

for the Graphene nanoparticles, whereas, the density of the solution with 60

wt. % ZnBr2 increases from 1550.025 to 1551.25 kg/m3 by increasing the

concentration of Graphene from 0.01 to 0.5 vol. % as shown in Figure 3.18.

To get a better idea of the actual data of the density and characterize the

uncertainty of these values, the measurement for each case was repeated five

times in different sized containers. After collecting all the data (as shown in

the Tables A.1, A.2 and A.3 in the appendix), the following characteristics

have been calculated [161]:

Average (xav): the average of all the values of the variable x which is density

in this case

xav =

∑N
i=1 xi
N

(3.3)
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where x is the measurement of the variable, and N is the number of mea-

surements.

Standard deviation (Sd): explains how the values of the measurement differ

from the mean value,

Sd =

√∑N
i=1(xi − xav)2

N
(3.4)

Standard error (Ser): estimates the standard deviation based on the pop-

ulation.

Ser =
Sd√
N

(3.5)

Uncertainty of the measurement (4x): it is the uncertainty in the single

measurement of x. Therefore, we know that x is somewhere between xmax and

xmin

4 x =
xmax − xmin

2
(3.6)

Uncertainty mean (4xav): the uncertainty of the mean value of x. There-

fore the real value of x is in the point around xav

4 xav =
4x√
N

(3.7)

On Figures 3.16, 3.17 and 3.18 the uncertainty of each measurement ap-

pears as the error bars (in the Figure 3.16 the error bars are very small). It

is clear that the uncertainty value of each case is very low compared to the

real value. The maximum values of the uncertainty, were 1229 ± 20, 1403 ± 6

and 1550 ± 3 for cases acetone/45 vol.%ZnBr2, acetone/50 vol.%ZnBr2 with
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0.01 volume fraction of ZnO and acetone/60 vol.%ZnBr2 with 0.005 volume

fraction of graphene, respectively.

Figure 3.17: Effect of the ZnO nanoparticle volume fraction on the density of
nanofluid experimentally at 20 oC and theortically based on equation 2.3.

Figure 3.18: Effect of the graphene nanoparticle volume fraction on the density of
nanofluid at 20 oC.

It is worth mentioning here that the true density of particles are more than

30 - 40 times the apparent density. Hence the volume of the solid was deter-

mined by calculating the equivalent weight of the solid using the true density,
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neglecting the weight of air trapped inside the sample. The density of graphene

is 1800 kg/m3. The measured weight for graphene nanoplate (without com-

pression) is 0.000503 kg for a 10 ml sample, which makes the apparent density

equal to 50.3 kg/m3 (true density = 35.78 × apparent density).

3.4.2 Viscosity

The viscosity of the acetone- ZnBr2/ZnO nanofluid was measured for differ-

ent concentrations of nanoparticles and different temperature (25, 30, 35, 40

and 45oC) using hts-VROC Viscometer Rheometer On a Chip produced by

RheoSense simply precise, shown in Figure 3.19. The measuring cell or “chip”

contains a rectangular slit flow channel constructed of borosilicate glass, with

a uniform cross-sectional area as shown in Figure 3.20. The sample is injected

at a constant flow rate though the flow channel where multiple pressure sen-

sors mounted within the base monitor the pressure drop from the inlet to the

outlet. The pressure drop is correlated with the shear-stress at the boundary

wall. The shear rate and shear stress are directly related to the geometry of

the rectangular slit and the flow rate which allow for viscosity measurements.

Figure 3.19: hts-VROC Viscometer Rheometer On a Chip.

85



§3 PREPARATION AND PROPERTIES OF NANOFLUID

Figure 3.20: Cell or “chip” which contains a rectangular slit flow channel constructed
of borosilicate glass, with a uniform cross-sectional area and multiple pressure sen-
sors.

The viscosity of the acetone/ ZnBr2 nanofluid with different concentrations

of ZnO at 25 oC is measured. The viscosity increased from 3.228 to 4.79 m

Pa.s with increasing concentration of nanoparticles from 0 to 1.2 vol. % as

shown in Figure 3.21. The measurement was repeated by the viscometer ten

times for each sample. The viscosity of the acetone alone was found to be 0.308

± 0.007 m Pa.s depending on the equation of uncertainty of measurement, the

maximum uncertainty was 0.4 mPa.s for the acetone / 50 vol.% ZnBr2 with

1.2 vol.% ZnO as shown in Figure 3.21. All data is presented in Tables A.4

and A.5 in the appendix.

Figure 3.22 shows the shear stress versus shear rate for 0.5, 1.0 and 1.2

wt.% nanofluids at 25 oC. The results for other concentrations samples are

similar. The linear relationship between shear rate and shear stress indicates

the Newtonian (i.e like a single phase liquid) behaviour of the acetone/ZnBr2

based ZnO nanofluids at a shear rate higher than 0.05 s−1 for all volume

fractions and temperatures investigated. This is more clearly shown in Figure

3.23, where the viscosity is plotted against the shear rate for the 0.5, 1.0 and

1.2 wt.% nanofluids at 25 oC and it shows that the viscosity is not changed
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Figure 3.21: Relation of the viscosity with the volume fraction of ZnO nanoparticles
in acetone / 50% ZnBr2 at 20 oC.

with changing shear rate. The Newtonian behaviour has also been observed

by Wang et al [67] and Das et al [91] for water–Al2O3 nanofluids, Wang et al

[67] for EG–Al2O3 nanofluids, Xuan and Li [69] for water–Cu nanofluids and

Chen et al. [162] for EG based on TiO2. This test covers a wide range of

shear rate (0.05 –60000 s−1) and the observed Newtonian behaviour for the

nano-salt-fluid for a first time.

Figure 3.24 shows the measured viscosity at different temperatures (25, 30,

35, 40 and 45 oC) for 0.0, 0.01, 0.1, 0.3, 0.5, 1 and 1.2 wt. % of ZnO sus-

pended in acetone/ZnBr2. the viscosity of the nanofluids is strongly affected

by the temperature, since, the viscosity decreases with increasing temperature.

By increasing the temperature the energies of both particles and molecules in-

crease and this leads to more activity and motion of the fluid and consequently

the viscosity drops. Effort was therefore made to find a relation between the

nanofluids viscosity and the temperature at each volume fraction of nanopar-

ticles as shown in equation 3.8. Table 3.3 shows the values of these constants

(A and B) for all the nanofluids samples. The Table also includes the R2
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Figure 3.22: Relation between the shear stress and the shear rate of the acetone /
50% ZnBr2 based on different concentration of ZnO at 20 oC.

which is a statistical measure of how close the data are to the fitted regression

line; the experimental data almost fit perfectly with the correlation line. Also,

the relation between viscosity, temperature and particles volume fraction are

correlated in one equation as shown in equation 3.9 using minitab software.

Figure 3.25 shows the same contents of Figure 3.24 but in a 3 dimensional

graph.

µ = AeBT (3.8)

µ = Exp(6.32− 0.0171T (K) + 29.7Φ) (3.9)
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Figure 3.23: Relation between the viscosity and the shear rate of the acetone / 50%
ZnBr2 based on different concentration of ZnO at 20 oC.

Table 3.3: Empirical constants of the equation 3.8

Vol. Fraction A B R2

0 677.6 -0.017 0.999
0.01 704.16 -0.017 0.998
0.1 852 -0.018 0.997
0.3 914.64 -0.018 0.9959
0.5 773 -0.018 0.9974
1 378 -0.016 0.998
1.2 419.35 -0.016 0.999

Figure 3.24: Relation between the viscosity of the nanofluid and the temperature
for the different volume fraction of the ZnO nanoparticles.
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Figure 3.25: Three dimensional surface explain the relation between the viscosity
(in m.Pa s), temperature (in Celsius) and the volume fraction.
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3.4.3 Thermal Conductivity

There are several theoretical models and correlations which are commonly used

to find thermal conductivity, as explained in section 2.2.3.4.

Thermal conductivity of the acetone-ZnBr2 for different concentrations of

ZnBr2 in the solution (40 – 65 wt. %) was measured using the thermal conduc-

tivity analyser C-THERM TCI produced by C-THERM TECHNOLOGIES as

shown in Figure 3.26. In this instrument, an amount of heat transfer is pro-

vided by applying a known current to the sensor (Modified transient plane

source (MTPS)) heating element. A guard ring surrounds the sensor coil to

guarantee the one dimensional heat transfer to the sample as shown in Figure

3.27 [163]. The temperature in the interface region between the sample and

the sensor rises due to the current which causes a change in the voltage drop

of the sensor element. The thermal properties of the sample are determined by

the rate of increase in the sensor voltage. The thermal conductivity is inversely

proportional to the temperature increasing at the region of contact between

the sensor and the sample [163].

Figure 3.26: Modified transient plane source (MTPS) sensor a)taken from C-therm
company website [163] and b) lab instrument.

It was found that the thermal conductivity of the solution decreases from

0.159 to 0.149 W/m.K with increasing concentration of ZnBr2 from 40 – 65

91



§3 PREPARATION AND PROPERTIES OF NANOFLUID

Figure 3.27: Illustration of how C-therm operation [163].

wt. % as shown in Table 3.4 and Figure 3.28. The thermal conductivity

of the pure acetone and solid ZnBr2 (salt) were measured separately by the

same method and found 0.164 and 0.1 W/m.K respectively. The Table shows

how the thermal conductivity of the salt solution decrease with increasing the

concentration of the salt.

Table 3.4: Relation of the thermal conductivity with the concentration of the of
ZnBr2 in the acetone/ ZnBr2 solution at 24 oC.

Concentration of
ZnBr2 wt.%

40 45 50 55 60 65

Thermal
conductivity
(W/m.K)

0.15927 0.15425 0.15242 0.15146 0.15053 0.14981

The solution of acetone /ZnBr2 with 50 wt. % ZnBr2 was converted to

nanofluid with five different concentrations (0.1, 0.3, 0.5, 1, 1.2 vol. %). The

thermal conductivity was measured after keeping these samples for 2 hours in

the sonication bath. The thermal conductivity increases from 0.152 to 0.168

W/m.K when the concentration of the Zinc Oxide nanoparticles increased from

0 to 1.2 vol. %, this means that the thermal conductivity increased by 10.53%
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Figure 3.28: Relation between the thermal conductivity and the concentration of
the ZnBr2 in the acetone / ZnBr2 solution at 20 oC.

as shown in Table 3.5. The enhancement in the thermal conductivity for the

specific nanoparticles is mainly dependant on several parameters such as type

of basefluid and the size of the particles. Table 3.6 shows how the improvement

in the thermal conductivity differs in the nanofluid (based on ZnO) when the

size and the volume fraction of the nanoparticles change.

Table 3.5: Thermal conductivity of the acetone/ZnBr2 − ZnO with increasing the
concentration of nanoparticles.

ZnO nanoparti-
cles (Vol. %)

Thermal
conductivity
(W/K.m)

Enhancement %

0 0.152 -
0.1 0.153 0.96
0.3 0.157 2.97
0.5 0.159 4.79
1 0.164 8.12
1.2 0.168 10.53
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Table 3.6: Maximum enhancement in thermal conductivity for different nanofluid
(based on ZnO) as found in the literatures.

Base fluid Vol. frac-
tion %

Size of par-
ticles (nm)

Enhancement Ref.

EG 4 25 - 40 33.4% [72]
EG - water 2 25 - 40 17.26% [72]
EG 6 ∼4.6 33% [90]
EG 5 10 - 20 26.5% [108]

Figures 3.29 and 3.30 present the relation between thermal conductivity

and volume fraction of the nanoparticles for acetone/ 50 wt. % ZnBr2 based on

ZnO and acetone/ 60 wt. % ZnBr2 based on graphene (because the graphene

is more stable in higher ZnBr2 concentration), respectively. They show also

how the experimental results differ with the theoretical which are based on

Maxwell 2.17 and Suganthi’s models 2.20. Figure 3.29 shows that the thermal

conductivity is proportional to the concentration of nanoparticles. The uncer-

tainty for each case with and without nanoparticles are calculated depending

on the uncertainty of measurement equation (half difference between maximum

and minimum values). The maximum values of the uncertainty are 0.005 and

0.004 for the cases concentration of ZnO 0.1 vol.% and volume concentration

of Graphene 0.1%, respectively (data shown in the Appendix Tables A.6, A.7

and A.8).

The experimental relationships compare well with the Suganthi model. The

Maxwell model does not fit well. Figure 3.30 shows the behaviour of the ther-

mal conductivity of the nanofluid based on graphene as a function of graphene

concentrations. The trend lines of these relations show a polynomial relation

which can expressed as:
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ZnO

k = 9432.7Φ3 − 172.7Φ2 + 2.0573Φ + 0.1518 (3.10)

Graphene

k = −107Φ4 + 257649Φ3 − 1429.6Φ2 + 3.9131Φ + 0.1506 (3.11)

Figure 3.29: Experimental and theoretical (based on Suganthi [72] and Maxwell’s
[2] Models) relation between thermal conductivity of the acetone / 50% ZnBr2 with
different concentrations of ZnO nanoparticles at 20 oC.
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Figure 3.30: Experimental and theoretical (based on Suganthi model [72]) relation
between thermal conductivity of the acetone / 50% ZnBr2 with different concen-
trations of Graphene nanoparticles at 20 oC.

3.4.4 Specific heat capacity

Specific heat capacity is measured for acetone/ZnBr2 with different mass con-

centrations of ZnBr2 (40, 45, 50, 55, 60 and 65 wt. %) as a basefluid. It is

also measured for this solution as a nanofluid, based on ZnO nanoparticles

with different concentrations (0.1, 0.3, 0.5, 1 and 1.2 wt. %) and Graphene

nanoplates with concentrations 0.01, 0.05, 0.1, 0.3 and 0.5 vol. %. A TA

instrument Q10 Differential Scanning Calorimetry (DSC) was used which is a

thermo-analytical technique in which the amount of heat needed to rise the

temperature of a sample and a reference sample is measured as a function of

temperature as shown in Figure 3.31. The measurement was done by heating

up three pans shown in Figure 3.32 (crucibles (Al) (bottom) and DSC-lid (Al)

(top)). The first pan is empty, the second one has a reference material in this

case sapphire (α–Al2O3) used with known specific heat at different tempera-

tures. The third pan contains the sample of the nanofluid. The specific heat of

the samples was calculated through equation 3.12 which is found in the ASTM
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international standard test method for determining specific heat capacity by

DSC [164].

cps = cpst
lsmst

lstms

(3.12)

Where cps is specific heat of the sample, cpst is specific heat of the standard

sample, ms is the mass of the sample, mst is the mass of the standard sample

(sapphire), ls the difference of heat flow between the empty pan and the sample

and lst is the difference of heat flow between the empty pan and the standard

sample. The difference of the heat flow can be found through Figure 3.33

which presents the relation between the heat flow and the temperature for the

tested and standard samples.

Figure 3.31: Differential Scanning Calorimetry DSC, which used to find a Cp for
the acetone/ZnBr2 based ZnO nanofluid.

Figure 3.34 illustrates an inverse relation between the heat capacity and the

mass concentration of ZnBr2. The Figure also shows that there are differences

with results from literature [14], although, both results are found using the

same technique (DSC). However, different models of DSC instrument may
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Figure 3.32: Crucibles (Al) (bottom) and DSC-lid (Al) (top).

Figure 3.33: The DSC output graph of the relation of heat transfer and the temper-
ature for the empty pan, standard sample sapphire and the test sample (ZnBr2).
This Figure should be printed in colour.

create this difference. Whereas, Ajib and Karno ([14]) used a DSC 7, however,

a DSC Q10 is used in the current tests. Figure 3.35 shows that the specific heat

capacity is inversely proportional with particles (ZnO) concentration because

the specific heat of these particles is low (0.487 J/g.K) compared with the

specific heat of the base fluid (1.14 J/g.K). Figure 3.35 also shows that the

difference between the theoretical results found using equation 3.13 and the

experimental results increase for a higher volume fraction. Equation 3.13 is a

simple mixture method used for thermal analysis of the nanofluid [86, 93].

(cp)nf = ( q
m∆T

)nf =
qf+qp

(mf+mp)∆T
=

(mcp)f∆T+(mcp)p∆T

(mf+mp)∆T
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(cp)nf =
(ρcp)fVf + (ρcp)pVp

ρfVf + ρpVp
=

(1− Φ)ρfcpf + Φpρpcpp
ρnf

(3.13)

Also, the specific heat is measured for the acetone and solid ZnBr2 and

they were 2.12 and 0.329 J/g.K respectively, and which are 2.16 J/g.K and

76.21 J/mole.K (0.3384 J/g.K) in the literature [14, 165] respectively.

To convert 1 mole of ZnBr2 to gram:

The molar mass for Zn = 65.38 g/mole and for Br = 79.904 g/mol.

Molar mass for ZnBr2 = 65.38 + (2 × 79.904) = 225.188 g/mol.

cp = 76.21 (J/K.mol) × 1/225.188 (mol/g) = 0.3384 J/g.K.

To check the validity of the specific heat measurement the sample with 1

wt. % ZnO was repeated 10 times. The average value of the specific heat

was found to be 1.02 J/g.K with standard deviation 0.0895 and standard error

equal to 0.0283. Furthermore, as for the other properties, the uncertainty

is calculated using the uncertainty of the single measurement equation, the

maximum uncertainty is 0.135 when the concentration of ZnBr2 is 50 wt.%

without nanoparticles and 0.065 when the concentration of Graphene is 0.01

vol.% ( see the data in Tables A.9 and A.10).

The relation between heat capacity of the nanofluid and the volume con-

centrations of nanoparticles (Graphene) has been illustrated in Figure 3.36.

It shows the same behaviour of the last nanofluid (acetone / ZnBr2 – ZnO).

The inverse relation appears between the heat capacity and the concentration

of graphene as well as a difference between experimental results which show a

polynomial relation (3.14) and those found by equation 3.13.
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(cp)nf = 7× 107Φ4 − 817492Φ3 + 3108.7Φ2 − 5.6325Φ + 1.0198 (3.14)

Figure 3.34: Relation between the specific heat capacity of acetone / ZnBr2 with
different concentrations of ZnBr2 experimentally and compare with results from
literature [14].
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Figure 3.35: Relation between the specific heat capacity and nanoparticles con-
centration experimentally and theoretically (using equation 3.13) for the solution
acetone/ 50% ZnBr2 based ZnO.

Figure 3.36: Relation between the specific heat capacity and nanoparticles con-
centration experimentally and theoretically (using equation 3.13) for the solution
acetone/ 50% ZnBr2 based Graphene.
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3.4.5 The size of the nanoparticles

The size of the nanoparticle was measured using Dynamic Light Scattering

(DLS) manufactured by Malvern Instruments. DLS is a technique used to

measure the size (hydrodynamic diameter) of the particle in sub-micron scale,

dispersed in a liquid. The measurement of the particle size is done through the

Brownian motion which can be defined as a random motion of particles due

to the effectiveness by the solvent molecules that surround them. The smaller

particles are affected further by the surrounding liquid molecules and move

faster than the larger particles. During the measurement, the temperature

should be fixed because the viscosity of the liquid is related to the temperature.

The size of the particle is calculated from translation diffusion coefficient using

Stokes-Einstein equation [166]:

DH =
kbT

3ΠµD
(3.15)

Where

DH is hydrodynamic diameter, D is translational diffusion coefficient (ve-

locity of Brownian motion), k is Boltzmann Constant, T is temperature, and

µ is dynamic viscosity of the liquid.

The diameter that is measured in a DLS technique is the diameter of a

sphere particle that has the same transitional diffusion coefficient (velocity of

Brownian) as the particle in the solution. The particle transitional diffusion

coefficient depends on the size of the particle, surface structure which affects

the diffusion speed, as well as the concentration and the type of electrical

charge in the medium.

In DLS, the particle diffusion velocity caused by the Brownian motion is

measured by determining how the intensity of the scattered light fluctuates
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when detected using a suitable optical arrangement. The mechanism of the

DLS is by illuminating a particle by a laser and the sample cell is viewed by

using forced glass screen. A speckle pattern would be seen as shown in Figure

3.37. This pattern will be fixed both in particle size and location because the

whole system is stationary. The dark patches appear when the phase additions

of the scattered light are mutually destructive and cancel each other (Figure

3.38A). The bright patches of light in the particle pattern appears when the

light scattered from the particles arrives with the same phase and interfere

constructively to form a bright patch (Figure 3.38B) [166].

Figure 3.37: Schematic representation of the speckle pattern [166].

For the particles undergoing Brownian motion, a speckle pattern is detected

and the speckles are in constant motion. This is because the new patterns are

created due to the phase addition from the moving particles. The intensity of

these patterns depends on the speed, and size of the particles.

Figure 3.39 schematically illustrates typical intensity fluctuations devel-

oped from a dispersion of large and small particles. The larger particles cause

the intensity to fluctuate slower than the smaller particles. It could be mea-
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Figure 3.38: The observed signal bases on the phase pattern of the scattered light
falling. A) two beams with opposite phase makes the outcome zero intensity detec-
tor. B) two beams with the same phase and enhance each other resulting in the sum
of the intensity detector [166].

sured from the spectrum of frequencies contained in the intensity fluctuations

developing from the Brownian motion of particles, but it is inefficient to do

that. The best way is to use a digital auto correlator instroment [166].

The particle size was measured using Dynamic Light Scattering DLS at

25 oC for two samples of acetone/ZnBr2 based on 0.1 vol. % and 1.2 vol.

% ZnO respectively and two samples of acetone/ZnBr2 based on 0.1 vol. %

and 0.5 vol. % graphene. For all the samples, the scattered angle of the laser

line is 173o (forward incident). It was found that the size of the particle in

dilute concentration (0.1 wt. % ZnO) solution is 8450 nm (8.45 µm) and it is

22800 nm (22.8 µm)for the high concentration (1.2 wt. % ZnO), however, for

graphene was 23.54 µm and 35.41 µm for the diluted and the high concentra-

tion, respectively. All sizes are caused by particle agglomeration and they are

very large compared with the nanoscale particles size. The differences between

these sizes is caused by the distance between the particles in the solution. In

the high concentration solution, the particles are close to each other and they

have a higher chance of gathering and creating large particles. However in the

dilute solution the distance between the particles is relatively bigger, and the
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Figure 3.39: Typical intensity fluctuations for the large and small particles [164].

particles have a low opportunity for gathering. These results show that the

agglomerating rate for the ZnO is higher than the graphene, which explains

that the shapes of the particles also has an impact on the agglomeration.

The velocity of the particles (free fall velocity) in the stationary solution

can be calculated by Stokes law (equation 3.16):

ν =
DH

2

18µ
(ρp − ρl)g (3.16)

Where ν is the terminal velocity of the particles, ρp is the density of the

particles, ρl is the density of the base-fluid, g is gravitational constant and µ

is the viscosity of the base fluid. Using equation 3.16 to calculate the velocity

of the particles in the solution, the velocity will be 5.11× 10−8 m/s for dilute

concentration and 3.726 × 10−7 m/s for a higher concentration solution thus

particles will need 11.3 and 1.55 days respectively, to totally settle in the

bottom of the 5 cm long bottle.
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The distance between the nanoparticles in the base-fluid depends on the

stability of the nanofluid and the size and concentration of the nanoparticles.

By assuming stability state of the nanofluid, the distance is calculated by cal-

culating the empty spherical space around each nanoparticle. By introducing

the volume of the single nanoparticle and the concentration, the volume of the

nanoparticles and the number of the nanoparticles in the 1 litre sample can

be calculated. The spherical space around each nanoparticle has been calcu-

lated depending on the number of the nanoparticles and the sample size. The

distance between two particles is found to be equal to double the spherical

space radius. Table 3.7 below shows the number of the nanoparticles and the

distance between them in one litre basefluid.

Table 3.7: Suggested numbers and distances between the graphene and ZnO
nanoparticles with the different concentration

Graphene (6-8 nm x 5 µm) ZnO (D=50nm)
Concentration Number of

nanoparticles
×1016

Distance
(nm)

Number of
nanoparticles
×1016

Distance
(nm)

1% 1820 47.2 1.91 464
0.5% 910 59.4 0.955 584
0.3% 546 70.5 0.573 693
0.1% 182 102 0.191 1000
0.05% 91 128 0.0955 1260
0.01% 18.2 219 0.0191 2154

3.4.6 Do the nanoparticles transfer with the vapour during the boiling?

Because of the tiny size of the nanoparticles and the low density of the graphene,

there is a question raised: do the nanoparticles transfer with the vapour during

the boiling? To answer this question, an experiment was done. The idea of

this experiment was: vigorous boiling of a nanofluid with a high temperature,

condense the generated vapour by a condenser then collect the condensed sam-

106



3.4. PROPERTIES INVESTIGATIONS

ple in another flask and check for any graphene transfers. The equipment used

in this experiment are:

• Flask 100 ml with two necks (to boil the nanofluid solution).

• Flask 50 ml (to collect the condensed acetone).

• Glass Liebig condenser.

• Heater (EMA Heating and Stirring Electromantles (EMA0250/CEB

250ml – Tmax = 450oC)).

• Digital thermometer.

• Two stands to hold the flasks on.

The description of the rig is as follow:

The big flask is held in a stand and put on a heater (without contacting the

hot metal grid of the heater). One neck of the big flask is connected to a side of

the glass condenser by a connector adapted for the purpose to bend downwards

into the flask; the other side of the condenser is connected to the collection

flask which is supported by the other stand through a standard connection.

The condenser is cooled by tap water through a plastic pipe. The thermometer

sensor is passed through a rubber bung in the other neck of the big flask into

the solution as shown in Figure 3.40.

Two types of nanofluids are tested acetone – Graphene and acetone/ZnBr2

– Graphene. When the heater is turned on the temperature of the solution

increases gradually and starts to boil at 56 oC, while the acetone/ZnBr2 –

graphene boiled at 58 oC. The temperature increased till 100 oC to generate a

strong boiling, implying a vapour pressure of about 3 bar gauge. The generated

vapour condensed in the condenser due to the temperature difference between

the wall and the vapour. Because of the inclined position of the condenser, the

condensed acetone moved to the collection flask. The collected acetone was
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left for two hours (enough time to settle the graphene, just in case there are a

very small amount of the particles transferred) and it was quite clear, showing

acetone without particles as shown in Figure 3.41.

Figure 3.40: Rig of evaporation and condensation of nanofluid, used to check the
possibility of transferring a nanoparticles with a vapour during the boiling.

.

Figure 3.41: A clear acetone collected from the condensation of acetone vapour,
which confirm that there are no nanoparticles transfer with a vapour during the
evaporation or boiling processes of nanofluid.
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3.4.7 Summary

In this Chapter, different aspects of a novel solution consisting of dissolved salt

in refrigerant, mixed with nanoparticles which is described as nano-binary fluid

or nano-salt-fluid were studied, including preparation and different properties.

The solution which was acetone /ZnBr2 based on different concentrations of

ZnO and graphene nanoparticles was prepared with the two steps technique.

This solution is recommended as a promising liquid for the absorption refriger-

ation system, and this study aims to investigate the potential for improvement

in thermal properties of the nanofluid. The main findings from this part of

work can be summarized by the following points:

1. Acetone/ZnBr2 changes colour to brown under effects of light and

heat.

2. The high concentrated nanofluid sedimens faster than the dilute

nanofluid.

3. The surfactants (PVA, PVP and SDS) have insignificant impacts on

improving the nano-binary-fluid.

4. The probe sonication have better effects than the sonication bath

for enhancing the stability.

5. The density of the basefluid has a significant effect on the stability

of the nanofluid. With a concentration of 65 % ZnBr2 which makes

the solution dense (1550 kg/m3), the liquid stays stable for 48 hrs.

6. The density of the solution increases as the concentrations of the salt

or nanoparticles increase.

7. A considerable difference is found between the experimental density

and those in the literature due to the error in the methodology used

in the literature.

8. Viscosity of the solution increases with increasing the concentration
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of the salt or the nanoparticles.

9. A reverse relationship was observed between the temperature and

the viscosity.

10. The nano-salt-fluid prepared shows a Newtonian behaviour depend-

ing on a wide range of shear rate.

11. The thermal conductivity of the pure solution drops from 0.159

to 0.149 W/m.K with increasing the salt concentration from 40-65

wt.%.

12. The thermal conductivity of the nanofluid increases by 10.5% and

4.6%with increasing the concentration of the ZnO from 0 to 1.2%

and graphene from 0-0.5%, respectively.

13. The heat capacity decreases with increasing the salt or the nanopar-

ticles concentrations.

14. The agglomeration size caused by ZnO is bigger than those caused

by graphene, whereas, the agglomeration size affected by the concen-

tration and the type of the nanoparticles. the particle size become

8.48µm, 22.8µm, 23.5µm and 35.4µm when the volume fractions are

0.1% ZnO, 1.2% ZnO, 0.1% graphene and 0.5% graphene.

15. The nanoparticles stay with the liquid phase and not transfer with

the vapour even during strong boiling.
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4
EXPERIMENTAL STUDY OF FLOW BOILING IN THE VARS

4.1 Introduction

T his chapter describes the high pressure part of the VAR system test rig

and investigates the performance of the working fluid. The rig evaluates the

heat transfer improvement in the boiler side of VARS by use of nanofluid

instead of the normal binary fluid, which is acetone/ZnBr2 in this case. Flow

rate, temperature and the concentration of the nanoparticles are varied to

observe the heat transfer and the fluid flow characteristics. The tests validate

the results of new numerical method for modelling part of this work, which

simulates the boiling of the salt-nanofluids, in order to justify the use of the

CFD as a design tool for VARS. In this chapter:

• The rig description section presents the combination of the test rig

together with the aid of a diagram and plots describing the process

of the experiment and test rig. It includes also the combination of

the working solutions of the VARS.

• Results section to present the outcomes of the test campaign and

offer explanation for the observations in the experiment.

• Conclusions section to present the main outcomes of this experimen-

tal work.
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4.2 Rig description

The test rig, is described in Figures 4.1 - 4.5. Figure 4.1 and 4.2 illustrate

overall layout, Figure 4.3 and 4.4 show the micropump and the controller and

Figure 4.5 shows the boiler. The rig comprises of the following components as

illustrated in Figure 4.1:

1. 1 litre loading (weak solution) reservoir (WSR).

2. A R400BL conical revolution micropump (made by TCS Microp-

umps Company), which is controlled by a pulse width modulation

flow rate controller which, transports the weak soloution (WS) from

the WSR to the boiler via an EPDM rubber tube (made by fisher

scientific) which is chemically compatible with the acetone/ZnBr2

solution.

3. Boiler consists of a 250 W strip heater (15 cm length) fixed to the

flat plate heat exchanger on the lower face of the rectangular boiler

channel; K-type thermocouples equally spaced by 3 cm are inserted

from the top surface of the channel position at 5 locations and extend

to the midway in the height of the boiler channel as shown in Figure

4.5.

4. The temperature of the boiler is controlled via a PID controller type

Omega (CSi8D series).

5. After the boiler, the strong solution (SS) with the acetone vapour

(refrigerant) passes to the SS reservoir (SSR) with Dreschel head on

top to separate the refrigerant from the SS.

6. The refrigerant passes to the condenser (Liebig condenser) which is

cooled by tap water (flow rate =26 g/s).

7. The condensed refrigerant is collected in the refrigerant reservoir

(RR).
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8. Both the refrigerant and the strong solution reservoirs are ended

by valves at their bases. The ends of the last two reservoirs are

connected with the WSR using a three way connector.

Thermocouples are connected to the rig as described below:

• 5 thermocouples measure the temperature of the flow solution in the

boiler (T1-T5).

• 1 thermocouple measures the temperature of the boiler wall from

bottom for the heater control through the PID (T6).

• 1 thermocouple measures the temperature of the solution at the exit

of the boiler (T7).

• 1 thermocouple measures the temperature of the solution at the

entrance to the condenser (T8).

• 1 thermocouple measures the temperature of the tab water (T9).

• 1 thermocouple measures the temperature of the pump surface (just

for cases of nanofluid) to check the pump temperature during the

process (T10).

• 1 thermocouple measures the temperature of the refrigerant at the

exit of the condenser (T11).

• 1 themocouple measures the temperature of the strong solution at

the exit of SSR (T12).

The thermocouples are sealed with graphite ferrules into Swagelok unions.

A GE unik 5000 pressure sensor (0-3 bar absolute) measures vapour pressure

between the S.S reservoir and condenser via Swagelok unions. The Swagelok

unions are connected to the glass fittings using EPDM rubber tube and o-clips.

All thermocouples are connected to the National Instrument (N.I) type TC (NI

9213) and the pressure sensor connected to TC (NI 9219). The N.I interface

is connected to the P.C. The flow rate of the micropump is controlled through
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the on-board potentiometer on the controller provided by TCS Micropumps

Company as shown in Figure 4.4.

Figure 4.1: Equipment schematic of the high pressure side of the VARS.
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Figure 4.2: Photo of the high pressure part of the vapour absorption refrigeration
system experimental test rig.
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Figure 4.3: The feeding system of the absorption refrigerator experimental test rig,
shows the power supply, the Micropump (R400BL) and the flow controller.

Figure 4.4: The flow controller provided by TCS Micropumps Company. Input
Voltage 12-30 V(dc), Flow can be controlled via an on-board Potentiometer. Or a
0-5 V signal and Operating Temperature 0 - 80 oC.
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Figure 4.5: Strip heater and boiler used in this experiment. Type Caloritech, 250
W.

4.3 Experimental procedure

Acetone / ZnBr2 with 50 wt.% ZnBr2 is prepared by dissolving 500 g of

ZnBr2 into 500 g of acetone which make 0.734 litres depending on the mea-

sured density of 1362 kg/m3. Tests on effects of boiler temperature and flow

rate were conducted and after each test, the rig was flushed with acetone.

The density of the solution is checked in case of acetone evaporates through

the joints or some salt crystallises in the joints. In the cases that density dif-

fered from the original density prior to test, less than 5 ml in each case of

acetone was added to the solution. After base fluid tests, a new sample of

acetone / ZnBr2 with the same volume (0.734 L) is prepared to make up a

nano-salt-fluid sample with the identical formulation of base fluid.

According to the density of graphene (1800 kg/m3) and the volume fraction

of the nanoparticles loading required, a quantity of the nanoparticles were

mixed with the basefluid. For example in case of 0.1 vol. %.

0.734× 10−3m3 × 0.001× 1800(
kg

m3
) = 0.00132kg(1.32g)
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Adding this amount of nanoparticles to the solution has insignificant influ-

ence on the total density. It is not possible after each test to find if there is loss

of nanoparticles from the solution which may adhere the joints or on the pipe’s

walls or settle somewhere in the reservoirs. The solution is sonicated before

each test with a probe sonication for 30 minutes to break the agglomerations

and after each test acetone was used to flush the rig to remove any residual

salts and nanoparticles.

After preparing the working fluid (acetone / ZnBr2 with different concen-

tration of nanoparticles), the solution is loaded to the weak solution reservoir

(WSR) and all connections checked. The pump is operated without the boiler

being heated to measure the flow rate of the system by collecting the solution

in the SSR for several volume levels (the SSR is marked for different levels

showing different volumes). The flow rate is controlled through the poten-

tiometer on the controller to get each specific flow. The temperature of the

bottom plate of the heater is controlled also by the PID controller.

The solution is passed through the pump from WSR to the boiler, where

it starts to boil. Acetone vapour (refrigerant) is generated, then both the

solution and the refrigerant pass into the SSR. The refrigerant filling all the

empty space in the SSR as it expands and pushes the air (in the rig before

operating) to the condenser and the refrigerant reservoir (RR). By increasing

the vapour in the rig, the pressure increases. Because of accumulation of the

cold air (non condensable gas) in the system, the refrigerant can not condense

in the condenser. To extract the air, the join between the condenser and the

RR is opened and closed quickly when the pressure reaches around 1.3 bar.

When the join opened the pressure decreases, and after closing the join, more

vapour is generated which increases the pressure again to 1.3 bar. The join

is opened and closed again to extract more air. At the third time, all the air
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is expelled out and just a warm refrigerant is still in that part of the rig as

vapour. The condenser then starts to condense the refrigerant effectively see

Figure 4.6. The temperature of the flow in the condenser is rapidly increase

to the saturation temperature. After that the pressure of the system stabilizes

when the condensation and the boiling rate equalize. The condensing rate is

calculated by measuring the flow rate of the refrigerant which collects in the

RR in the same way that the flow rate into the boiler is calculated depending

on collecting the SS. Both the SS and the refrigerant mix again in the 3 way

connector to produce a WS which is collected in the WSR then the process is

continued.

Figure 4.6: The temperature of the condenser and the pressure of the system as
a function of time. In case (flow rate 3.6 ml/s, 180 oC and 0 concentration of
nanoparticles).
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4.3.1 Controlling the boiler temperature

The temperature of the boiler is controlled by the PID temperature controller,

which has a thermocouple connected to the bottom surface plate of the heater

as shown in Figure 4.5. The PID controls the temperature of the point that

connects to within 6-8 oC. For example when set on 180 oC, the power turns

on when the temperature reaches 178 oC and cuts off when it reaches 182

oC, but because of the thermal capacity of the boiler, its temperature reaches

to 186 oC before starting to cool down. So, the bottom surface temperature

of the boiler varies between 178 and 186 oC. The outer bottom surface is

different to the inner surface of the boiler that is in contact with the flow as

shown in Figure 4.5. To measure the difference between them, a separate test

checked the temperature of the bottom surface and measured the temperature

of the inner surface, by extending one of the thermocouples to touch the inner

surface and record the data. In each case both temperatures are measured

with time and the difference in average recorded temperature at the stable

situation is calculated by (Tlower−sur − Tinner), it was found that the difference

varies depending on the lower surface temperature. But it settles after 180

oC on 27 oC difference as shown in Figure 4.7. Each case was repeated 5

times to get better accuracy. The error bars calculated for each case as a half

difference between the maximum and minimum values representing uncertainty

in the measurement. For example, in the 180 oC case, the minimume and the

maximum temperature difference between the bottom surface and inner surface

were 29.1 oC & 26.1 oC. Figure 4.8 shows how the temperature difference

varied with time between the two surfaces.

The saturation temperature of the pure acetone or even salted acetone is

below 72 oC, however, the solution needs to heat up till 180 oC to give a good

results presented by a sufficient generation rate of acetone vapour, which be
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enough to keep the rig work sustainability.

Figure 4.7: Temperature difference between the bottom and the inner surface of the
boiler.

Figure 4.8: Difference between the temperatures of the controlled surface in the
boiler inner surface (adjacent with the solution) in the specific time (PID set on 180
oC).
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4.3.2 Calculation and measurement of the flow rate and heat transfer

parameters

The outcome from the experiment, was assessed by heat flux, heat transfer co-

efficient, Rohsenow correlation constant, viscosity of the nanoparticles cloud,

electrical power to heater and the concentration of the salt and the nanopar-

ticles in the solution.

Flow boiling heat transfer is complicated and difficult to correlate as it

depends on two effects, the bubble creation within the flow near the heated

surface and the convection of liquid over the surface. There are no general

correlations for flow boiling. The heat transfer rate combines two sources,

nucleate boiling and forced convection as shown in equation 4.1 [128]:

q” = q”
w + q”

c (4.1)

Where q” is over all boiling heat transfer, q”
w is the nucleate boiling heat

transfer and q”
c is single phase convection boiling heat transfer.

The nucleate regime boiling is calculated using the most successful corre-

lation used by many researchers such as [167] and [168]. This correlation was

developed by Rohsenow (equation 4.2) and it applies on clean smooth surfaces

and depends mainly on the properties of the fluid as well as a constant Csf

referred to as the Rohsenow constant which depends on the particular fluid

interaction with the surface.

q”
w = µlhfg[

g(ρl − ρv)
σ

]0.5[
cp,l(Tw − Tsat)
PrlCsfHfg

]3 (4.2)

µ is the viscosity, hfg is latent heat, σ is surface tension, Csf Rohsenow

constant (dimensionless) and Hfg is enthalpy.

The Csf of acetone / ZnBr2 on stainless steel (boiler metal) is unknown.
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Csf found depending on the equation 4.2 using the electrical power input for all

the cases (different flow rate and different wall temperature) and the average

Csf was calculated which equals to 0.217. Table 4.1 shows all values of the Csf

as found based on experiments.

Table 4.1: The values of the Csf at different flow rate and wall temperature.

Flow rate
(ml/s)

Csf Temperature
(oC)

Csf

2.31 0.21 160 0.177
3.35 0.217 170 0.198
3.66 0.2155 180 0.217
4.27 0.22 190 0.239
7.1 0.222 200 0.255
Average 0.217 Average 0.217
Total average 0.217

The single phase heat flux q”
c was found by ([128])

q”
c = hc(Tw − Tm) (4.3)

hc =
Nuk

d
(4.4)

Nu = 0.019Re4/5Pr0.4 (4.5)

Re =
ρud

µ
(4.6)

where Nu is Nusselt number, Re is Reynold number, u is the mean velocity

of the flow and D is the hydraulic diameter of the channel. The 1D velocity

of the flow can be found as

υ = v̇(
ml

s
)× 1

10−6
(
m3

ml
)(

1

Ā
) (4.7)
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υ is velocity, v̇ is volumetric flow rate and Ā is the cross section area of the

boiler.

In this way, the volume rate of the solution through the boiler was set

before each test by knowing the flow rate in the system.

The overall heat transfer coefficient in the boiler calculated using equation

4.8

U =
q”
c

(Tw − Tm)
(4.8)

The average power consumed by the heater is calculated depending on the

time (on and off) as the boiler connects to the PID controller. When the power

is on, the boiler warms up till a specific temperature (set up via the PID) and

the heater gets 244 Watt from the source during that time. When it turns

off the boiler cools down till 2 oC under the set up temperature then it works

again. For all the cases, the heater takes 30 seconds to warm up 4 oC, and 120

seconds to cool down by 4 oC .

Average power from the boiler = power × average time on = 244× 30
150

=

48.8W .

The mass flow through the boiler is calculated by volume flow (measured

before the test) and the density of the solution (measured in separate test).

ṁliq.in−boiler = v̇liq.in−boiler × ρAc/ZnBr2 (4.9)

Because the weight concentration of the ZnBr2 in the boiler is 50% then

the mass of both the acetone and the ZnBr2 are the same (liquid mass flow/2).

Acetone flow rate to the SSR is the difference of the acetone flow between

the boiler and condenser. The concentration of acetone and ZnBr2 in the SSR

is calculated from acetone flow rate in the SSR as described below.
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Figure 4.9: Consumption the electric power by the heater controlled by the PID
controller.

ṁAc.in−SSR = ṁAc.in−boiler − ṁAc.in−condenser (4.10)

ΦAc.in−SSR = ṁAc.in−SSR/(ṁliq.in−boiler − ṁliq.in−condenser) (4.11)

Concentration of the salt is:

ΦSaltin−SSR = 1− ΦAc.in−SSR (4.12)

Acetone vapour volume flow rate in the condenser is calculated from the

acetone liquid in the RR and the density of the acetone vapour.

v̇vap.in−condenser =
ṁAc.in−RR

ρAc.vap.
(4.13)

General liquid mass flow in the SSR is the difference of the solution mass

flow on the boiler and acetone flow in the condenser.
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The solution volume in the SSR is calculated by the weight and density of

the solution.

v̇liq.in−SSR =
ṁliq.in−SSR

ρAc/ZnBr2
(4.14)

Then, the total volume of the SSR is the summation of liquid volume in

the SSR and the vapour volume in the condenser.

v̇total−in−SSR = v̇liq.in−SSR + v̇vap.in−condenser (4.15)

The vapour and the liquid volume fraction out of the boiler is calculated

from the outcome of previous calculations.

Φvap =
Vvap.−in−condenser
Vtotal−of−SSR

(4.16)

Φliq. =
Vliq.in−SSR
Vtotal−of−SSR

(4.17)

4.4 Error Analysis:

The aim of the experimental measurements were to make a validation with

the numerical results as well as studying the effect of different parameters

(heater temperature, flow rate and the concentration of nanoparticles) on the

saturation temperature, pressure and condensed acetone in the condenser and

the heat transfer in the boiler. These measurements are subject to inaccuracy

due to uncertainty of these measurements. Always, there are errors built in

all measurements. Error is defined as the difference between the measured

and true values. However, the actual value of a quantity is not often known

and therefore, the error is not known. The uncertainty which is a method
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of approximating the limits of error with some confidence and describing the

quality of experimental data.

Instrument limitation, random error and systematic error are the only types

of error which accompany any experiment. Any measuring instrument can

only be used to measure with a certain level of accuracy. Random errors are

produced by random variations in a measurement system (caused by a small

change in the experiment environment). However, random uncertainty esti-

mates the limits of random errors. Systematic error is the difference between

averaged measured value and the true value. It’s caused by calibration errors,

scale reading errors, and data acquisition errors (error which does not change).

Systematic uncertainty estimates the limits of systematic errors. And when a

parameter is not directly measured, but calculated from two or more directly

measured parameters (like the heat flux and the heat transfer coefficient in

the current experiment), the uncertainty in the calculated parameter must be

calculated from those in the measured parameters from which it is determined.

This is the idea of propagation of uncertainty.

In the current experiment, all the previous types of the error exist, and these

errors affect the final results of the calculated parameters. The measuring

instruments used in this experiment have a tolerance, for example, for the

thermocouples is ±2.5 oC and for the pressure transducers is ±0.04% of the

scale (makes the maximum error in the pressure 3 bar × 0.0004 = ±0.0012 bar)

[169]. The tolerance in the thermocouples affect directly on the calculations of

the heat flux then the heat transfer coefficient. Also, the heater temperature

could not be controlled perfectly through the PID controller. For example,

when the controller is set on 180 oC, the temperature of the heater fluctuated

between 178 oC to 186 oC or so as shown in Figure 4.8, and this has an effect

on the heat transfer to the solution and the amount of the generated vapour.
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There are differences between the temperature of the hot surface which is

adjacent to the solution (inner surface of the boiler) and the controlled surface

and this difference changes from one case to another. For example at 160, 170

and 180 oC the differences are 22.4, 25.1 and 27.4 oC and stable approximately

at the last value for the other controlled temperature (190 and 200) oC as shown

in Figure 4.7. In this experiment, it was dependent on the average value of

the differences of 180, 190 and 200 oC. Furthermore, the water supply to the

condenser could not be controlled, the tap was fully opened which will affect

the acetone condensing rate. The last point of error regarding the rig is losing

heat in many sections in the rig i.e. losses from the wall of the heater, walls

of WSR, walls of SSR and the tubes.

On the other hand there are errors caused by the solution during the prepa-

ration (weighing and checking their volume) the nanofluid. This will have

effects on the properties of the running solution. Another source of error is

measuring the properties of the solution itself (mentioned with details in chap-

ter 3). A tiny error in the properties will effects directly on the calculation of

the heat transfer, which calculated by Rohsenow equation 4.2. Also, there are

some random errors which cannot be controlled such as:

• Changing the properties of the solution by changing the laboratory

temperature during the test. The temperature of the first day of the

test was 23 oC and it was fluctuated between 20 and 26 oC and this

will affect the properties of the solution and heat loss rate to the

environment.

• Some salts and nanoparticles stuck in the rig (in the joins and the

tubes) which has an effect on the concentration of the ZnBr2 and

nanoparticles in the solution and consequently, effect on the mea-

sured and calculated results.
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• Some acetone vapour may escape from the rig during the ventilation

(opening the joint between the condenser and the RR to extract the

cold air from the rig), also, this with affect on the concentration.

• Amount of acetone vapour condensed on the wall of the SSR. So, not

all the vapour generated in the boiler condenses in the condenser.

And this happen even before the condenser starts condensing ace-

tone.

The flow rate also has an influence on the outcome, specially, at the case

of studying the effect of the temperature and the effect of the nanofluid while

the flow rate is maintained constant. One case for the pure basefluid with

temperature (180 oC) repeated 5 times and in each case the volumetric flow

rate measured showed a small difference, then the uncertainty of the other

parameter was calculated using the uncertainty of the mean value for each

parameter using equation below:

Uncertainty(M) =
Xmax−Xmin

2
√
Average

(4.18)

The measured values and the uncertainties calculated are in acceptable

range which was 3.685 ± 0.040 ml/s for the flow rate and 8703.89 ± 85.14

W/m2 for heat flux, the data are shown in Table 4.2. This range of error can

be applied on all other cases because of the similarity between them.

4.5 Effects of the nanoparticles volume fraction with constant boiler

temperature and flow rate:

Flow boiling in channels has more applications in thermal engineering systems

than pool boiling, and it has the potential to improve the heat transfer, CHF,

and energy efficiency of thermal systems. Many parameters affect the process

of flow boiling such as the solution type, roughness of the heated surface, mass
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Table 4.2: shows the measured values with the uncertainty for data measured and
calculated for 5 trails for one case for pure acetone / ZnBr2 solution and controlled
temperature =180 oC.

Parameter 1st

trial
2nd

trial
3rd

trial
4th

trial
5th

trial
AverageMeasured

value
Flow rate
(ml/s)

3.57 3.61 3.66 3.7 3.75 3.658 3.685±0.040

q (W/m2) 8558 8618 8653 8745 8939 8703 8704±85
h
(W/m2.K)

103.1 103.6 103.9 104.1 105.2 104 104±0.5

Tmean (K) 343 342.8 342.7 342 341 342.3 342.3±0.4
Tsat (K) 335.3 335.1 335 334.7 334 334.8 334.8±0.3
Cond.
Flow
(ml/s)

0.075 0.076 0.0772 0.0785 0.08 0.0773 0.0773±0.0011

flux, vapour quality, flow regime, flow direction, channel size, and subcooling.

The process is also affected by the properties of the solution and the physi-

cal properties and the concentration of the nanoparticles in the case that a

nanofluid is used.

In this part of the work, we studied the effect of increasing nanoparticles in

the base fluid on the pressure, heat transfer, heat transfer coefficient, satura-

tion temperature of the system, average boiler temperature and the condenser

flow rate. The nanoparticles concentration used in this study were (0.1, 0.2,

0.3, 0.4 and 0.5 vol. %) with a constant flow rate and temperature of the lower

surface of the boiler of 3.63 ml/s and 180 oC, respectively. The pump used

in this experiment broke twice at a concentration of 0.5 vol. % as the tem-

perature of the pump significantly increases with nanoparticles concentration.

The increase in the temperature is caused by three factors, (1) increasing the

viscosity of the nanofluid with increasing the concentration, (2) increasing the

concentration enhances the heat transfer (will discuss later in this section),

consequently, the fluid becomes hotter and this raises the temperature of the

pump, (3) increasing the nanoparticles increases the thermal conductivity of

the fluid and by making a collision and friction with the pump wall more en-
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ergy transfers to the pump. Figure 4.10 shows the temperature of the pump

with different concentration of the nanoparticles in the base fluid. From the

Figure it’s clear that the pump temperature increase with the concentration,

and at 0.5 vol. % the pump collapsed because of the high temperature.

Figure 4.10: Temperature of the pump at different concentration of nanoparticles.

The concentration of the nanoparticles has an effect on the pressure of the

system. There are many studies related to the pressure drop across the heating

section (between the inlet and the outlet due to frictional losses) but no study

is found related to the overall pressure of a boiling system. Generally, it was

reported that the pressure loss in nanofluids is always greater than those of

the base fluid and it increases as the nanoparticle loading increases because of

the friction losses and higher viscosity of the nanofluid compared with the base

fluid [75, 136, 170]. Yu et. al [171] carried out an experimental investigation

of subcooled flow boiling of Al2O3/water nanofluids with two nanoparticle

loadings of 0.01 and 0.1 vol. % in a circular stainless steel tube with 1.09 mm

ID. They found that the pure water has much larger pressure drop oscillations

than the Al2O3/water nanofluids, and that the oscillations decreased with

increasing the nanoparticle volume fraction, and they thought that this effect

is due to nanoparticle deposition on the channel surface as well as the thinning

of thermal boundary layer due to shear-induced nanoparticle redistribution.
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Also, there are some studies which claim that there is an insignificant effect of

the nanoparticles on the pressure loss [134, 172, 173].

Our study investigated the pressure behaviour in the high pressure part of

VAR system, related to the vapour pressure rather than pipe losses. It was

found that that the pressure increases (in the region of stable operation) as

the concentration of the nanoparticles increases as shown in Figure 4.11. The

pressure increased from 1.17 bar to 1.2 bar when the concentration increases

from 0.1 % to 0.4 %. The reason for this is the nanoparticles enhance the

heat transfer and the fluid takes more heat from the hot surface, then the

temperature of the solution increases which generates more acetone vapour,

consequently, increases the pressure of the system due to intensification of the

boiling. The line of the highest concentration was cut at 2500 (s) because the

pump broke down at that time. Because the pressure is affected by concentra-

tion, the saturation temperature at the condenser side for pure acetone is also

affected as shown in Figure 4.12.

Figure 4.11: Developing the pressure of the system at different nanoparticles con-
centrations.
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Figure 4.12: Developing the saturation temperature (at the entrance of the con-
denser) of the system at different concentration of nanoparticles.

Figure 4.13 shows that the heat transfer coefficient and the heat flux of the

heater increases (in a parabolic shape) as the concentration of the nanoparticles

increases. The reasons for this increase is increasing the loading of the nanopar-

ticles which enhances the thermal properties of the nanofluid and Brownian

motion of the nanoparticles which generates more collisions between them-

selves, with the molecules of the fluid and with the surface of the heater;

therefore, as acetone evaporates on the surface, the particles take the heat

from the surface away into the liquid. These effects have more impact than

increasing the vapour near the wall which decreases the heat transfer. The

heat transfer coefficient and the heat flux are increasing from 104 W/m2.K

and 8.65 kW/m2 to 167 W/m2.K and 13.16 kW/m2, respectively, when the

particles loading increases from 0 vol. % to 0.5 vol. %.

The condensing rate of acetone vapour is highest at the maximum concen-

tration of nanoparticles (0.35 ml/s) and the lowest at pure acetone / ZnBr2

(0.077 ml/s). This means that the condensation rate increases around 3.6

times with increasing the loading from 0 to 0.5 vol. % as shown in Figure

4.14. Because of that, the salt concentration in the SSR increases also as more
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Figure 4.13: Relationship between the heat flux and the heat transfer cofficient in
the boiler with the different concentration of nanoparticles.

acetone leaves the solution which is shown in the same Figure (orange points).

For the same reason the concentration of the nanoparticles increases in the

SSR.

Increasing the concentration of the nanoparticles, enhances the average

temperature of the liquid in the boiler which, starts at 342.7 K at 0 % and

ends at 347 K at 0.5 vol. %, because the high thermal conductivity of the

nanoparticles, increases the heat transfer with increasing nanoparticles loading.

With increasing pressure of the system, the saturation temperature of the pure

acetone in the condenser increases, consequently, the temperature difference

of the saturation and the wall temperature increases which has an effect on

the condensation process in the condenser. The saturation temperature of the

acetone increases from 332.7 K to 335 K when the concentration increases from

0 to 0.5 vol. % as shown in Figure 4.15.

The temperature at the outlet (thermocouple 5) from the boiler can be

taken together with the strong solution reservoir concentration and the pres-

sure in the high pressure side of the system to extrapolate the point on the

graph shown in Figure 4.16. The temperature indicated shows that the ther-
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Figure 4.14: Relationship between the ZnBr2 concentration in SSR and the con-
densed acetone flow rate in the condenser with the different concentration of
nanoparticles.

mocouple represents the combination of the liquid boiling in touch with a

vapour which when released is superheated above the saturation temperature

corresponding to the boiler ambient pressure.
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Figure 4.15: Relationship between the saturation temperature of acetone in the con-
denser, the average boiler temperature and the temperature recorded at thermocou-
ple 5 (closest to the outlet section) with the different concentration of nanoparticles.

Figure 4.16: The P-T chart of the acetone in the salt solution acetone / ZnBr2 [14]
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4.6 Effects of the boiler temperature at constant flow rate on base-

fluid:

In this study the effect of the wall temperature is investigated for the base fluid

(acetone / 50wt.% ZnBr2). The reason of using just the basefluid is to reduce

the amount of costly nanoparticles used as well as determining similarity of

the behaviour between the basefluid and nanofluid. 5 different surface tem-

peratures (160, 170, 180, 190 & 200 oC) were included to study the effect on

boiling of the salt solution at the constant flow rate (3.35 ml/s). The heat flux

increases as ∆Tsat increases to reach the CHF then it decreases with increasing

∆Tsat to create transient boiling and film boiling regions as shown in Figure

4.17 [174]. As mentioned, the bottom surface was controlled at the control

point (shown in Figure 4.6) and this surface is different from the inner surface

which is in contact with the fluid (explained in 4.3.1).

The surface temperature has an influence on the pressure generated in the

system as shown in Figure 4.18 which explains that the pressure increases with

increasing surface temperature, e.g. at 160 oC it is 1.16 bar and at 200 oC the

pressure stabilized at 1.39 bar. Also, increasing the wall temperature, leads to

reducing the time needed for stabilization (in steady operation the condenser

flow should be balanced with the boiler flow, to make condensing rate equal

to the boiling rate to keep the pressure in the system stable. This also means

that the system could not stabilize until the condenser starts to work). At

160 oC, the pressure stabilized after 40 minutes, however, it is stabilized in 25

minutes for the 200 oC case. At higher temperature more vapour is generated

which produces higher pressure due to increased concentration of SS and yield

of vapour at higher temperature. The saturation temperature of the pure

acetone is different from that mixed in the salt solution depending on the

chart shown in Figure 4.16 by [14]. The high pressure affects the saturation
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temperature as shown in Figure 4.19. The saturation temperature of the pure

acetone, measured at the entrance of the condenser, increases with increasing

temperature of the boiler. The green points on each curves in Figure 4.19

mean that the acetone starts to condense, and these points also show that

the acetone condenses faster at a higher boiler temperature. The condensing

process starts before stabilising the pressure for example in case of 411 K the

condensing starts at 1680 seconds, however, at 446 K it starts at 600 seconds.

Figure 4.17: The characteristic boiling curves of water / Al2O3 nanofluid, (a) the
film boiling, (b) the minimum heat flux (MHF) point, (c) the transient boiling, (d)
the maximum heat flux point or critical heat flux (CHF), and (e) the nucleate boiling
[174].

The average temperature of the vapour/liquid mixture leaving the boiler

depends on the boiler temperature and it is just a few degrees above the

saturation temperature between 343 K and 349 K. This is because the vapour

phase is the majority at the boiler exit, and the vapour temperature in the

boiler is either at the saturation temperature of the acetone in the salt solution

or few degrees above (superheated stage), however, the temperature of the

liquid phase (not measured in this work) could be higher than the saturation

temperature of the acetone in the salt solution.
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Figure 4.18: Developing the pressure of the system at different boiler temperature
at 3.35 ml/s.

From the tests identifying different boiler temperatures, we found that

the average temperature in the boiler measured by the 5 thermocouples in-

creases with increasing boiler temperature (expected behaviour) and the av-

erage boiler temperature varies between 69.1 oC at 160 oC to 76.3 oC at 200

oC. The increasing in saturation temperature of the pure acetone as the boiler

temperature increases is shown in Figure 4.20. It can be said that the aver-

age temperature shown in this Figure is approximately equal (or greater with

small difference) to the saturated temperature of the acetone in the salt so-

lution. It can be observed also that the temperature difference between the

average boiler temperature and the temperature recorded by thermocouple 5

in case of 180 oC is lower than the difference between these two temperature in

the case with presence the nanoparticles (shown in Figure 4.15). The reason

for that is with nanoparticles, more heat transfer to the liquid due to the high

conductivity of the nanoparticles consequently the liquid be warmer.

Many studies such as [91, 175, 140, 176, 143] show that the relationship

between the heat flux and the temperature difference between the wall and

the saturation (∆Tsat.) is linear. However, [137] found a linear relationship but
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Figure 4.19: Developing the saturation temperature (at the entrance of the con-
denser) of the system at different boiler temperature.

with two gradients; a slight initial slope, then the gradient increases. Another

study ([177]) found an exponential relationship between the heat flux and

∆Tsat.. This relation appears because, by increasing ∆Tsat., transient and film

boiling take place, which decreases the rate of heat flux. In our study the

∆Tsat. was between 102 oC and 135 oC and the overall heat transfer coefficient

(U) (calculated in equation 4.8) increased approximately linearly but the heat

flux (q”
w) reflects a quadratic relationship increasing with increasing ∆Tsat. (as

shown in Figure 4.21), suggesting that the process is in the nucleate boiling

range. By increasing the ∆Tsat. in our cases, the relation becomes quadratic

according to the left side of the typical positive skew curve seen in heat flux

versus ∆Tsat. for flow boiling heat transfer indicating a condition well within

the nucleate boiling regime.

Because of boiling, the acetone evaporates, and the concentration of the salt

rises in the SSR, the concentration increases more as the boiler temperature

increases, but even at the highest temperature (200 oC), the mass fraction

increases only from 0.5 to 0.512 as shown in Figure 4.22. The Figure also

shows how the condensed acetone flow rate in the condenser increases with

increasing boiler temperature, since the condensing rate equals the evaporating
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Figure 4.20: Relationship between the saturation temperature of acetone in the
condenser, the average boiler temperature and the temperature recorded at thermo-
couple 5 (closest to the outlet section) with the different controlled temperature of
the boiler.

rate in the boiler. Increasing the rate of condensing acetone means more liquid

acetone flow into the evaporator (not investigated in this study), which may

help to improve the performance of the evaporator in the VARS in case of

applying a good heat exchanging with the load (evaporator heat source).
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Figure 4.21: Relationship between the heat flux and the heat transfer coefficient in
the boiler with the different controlled temperature of the boiler.

Figure 4.22: Relationship between the ZnBr2 concentration in SSR and the con-
densed acetone flow rate in the condenser with the different controlled temperature
of the boiler.
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4.7 Effect of the flow rate at constant boiler temperature on base-

fluid:

Four different flow rates of basefluid without nanoparticles (2.31, 3.66, 4.27 and

7.1 ml/s) are used to investigate the influence of the flow on the heat transfer,

temperature at the outlet, vapour generation in the boiler and the pressure of

the system which controls the saturation temperature and the condensation

rate of the condenser. The controlled temperature of the boiler was 180 oC.

Thermocouples and sensors measure the temperature at different points and

the pressure of the system. At the slowest flow rate (2.31 ml/s), the pressure

starts from the atmospheric and rises gradually to 1.2 bar. At this pressure,

the saturation temperature of the pure acetone is 60 oC and for salty acetone

(50wt. %) is 74 oC [14]. The pressure and the temperature at the condenser

inlet behave as shown in Figure 4.6. The pressure changes when the valves of

the SSR and RR are opened and closed. The pressure in the system increases

to a constant value with closing both of the valves. The flow control valve at

outflow from the SSR and the RR are manually operated ball valves. For each

experiment the precise position of the valve was adjusted until a steady level

was observed in both the SSR and RR during steady operation.

The acetone in the condenser is pure acetone, however, it is salty liquid

in the boiler which makes the saturation temperature of the acetone in the

condenser lower than the superheated acetone vapour in the boiler. The sat-

uration temperature in the condenser was measured but in the boiler it could

not be measured because the thermocouples of the boiler measured the tem-

perature of the mixture phases (liquid and generated vapour). In addition,

the saturation temperature of the acetone in the salty solution varied with

different evaporation rate of acetone because the concentrations of the ZnBr2

differed (as shown in Figure 4.16).
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The fluid in the boiler, suffers temperature increase as it flows over the

heated plate. The temperature is measured by five thermocouples which ex-

tend to the middle of the section as shown the Figure 4.5. Also the vapour

volume fraction increases during the flow, and at the outlet of the boiler, the

vapour volume fraction is more than 90% depending on the case. Evaporating

the acetone in the boiler makes the concentration of the salt (ZnBr2) increase

in the SSR.

From Figure 4.23 it is clear that the pressure at the stable region increases

with decreasing the flow rate of the fluid, this is because with increasing the

flow rate, less vapour is generated and then less pressure is produced as the

boiling flow changes. This affects directly the saturation temperature at the

condenser as shown in Figure 4.24. The Figure shows that the saturation

temperature decreases with increasing velocity in the boiler for the same reason

mentioned previously.

Figure 4.23: Developing the pressure of the system at different flow rate at the boiler
temperature 180 oC.

The average temperature of the boiler increases with increasing flow rate.

For example the boiler flow temperature increased from 67 oC to 73 oC when
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Figure 4.24: Developing the saturation temperature (at the entrance of the con-
denser) of the system at different flow rate.

the flow rate increased from 2.31 to 7.1 ml/s as shown in Figure 4.25. This

behaviour happens because, with higher velocity, less vapour is generated so

more liquid exists in the boiler, and with lower flow, more vapour is generated

which generally cannot be warmer than the saturation temperature. Because

the heat capacity of the liquid is higher than the vapour, then the liquid gains

more heat and becomes warmer. Furthermore, with higher velocity, the fluid

makes more circulations and gains more heat from the boiler. This is true

for a certain (limited) range of values of the flow rate, after that the average

temperature of the solution should decrease with increasing the velocity, as

described by the general form of the boiling heat transfer.

Figure 4.25 also shows the temperature of the acetone in the condenser

decreases with increasing flow rate, as explained previously. It decreases from

64 to 59 oC when the flow rate increases from 2.31 to 7.1 ml/s. This is be-

cause with increasing the velocity, less vapour is generated which decreases

the pressure of the system and consequently the saturation temperature. The

concentration of the ZnBr2 in the SSR becomes more than 50wt. % with
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Figure 4.25: Relationship between the saturation temperature of acetone in the con-
denser, the average boiler temperature (average temperatures which measured from
the thermocouples (1-5) of the boiler) and the temperature recorded at thermocouple
5 (closest to the outlet section) with the magnitude of the boiler flow rate.

increasing the flow rate depending on the velocity. The concentration of the

ZnBr2 increases due to evaporating more acetone which means with lower ve-

locity, more ZnBr2 concentration in the SSR as shown in Figure 4.26. Figure

4.26 shows how the condensed acetone flow decreases with increasing boiler

flow rate as the system producing balance between the evaporation and con-

densation rates. The condensed acetone flow rate decreased from 0.104 ml/s

to 0.0712 ml/s by increasing the flow rate in the boiler from 2.31 to 7.1 ml/s.

Figure 4.27 shows that the heat flux and the heat transfer coefficient of

the heated surface increase as the flow rate increases. The heat flux and the

heat transfer coefficient increase from 7878 W/m2 and 92.9931 W/m2.K to

9931 W/m2 and 124.5 W/m2.K respectively, as the flow increases from 2.31

to 7.1 ml/s. Heat transfer coefficient is the ratio of the heat flux against the

temperature difference between the solid surface and boundary layer, and the

heat transfer depends on the thermal conductivity of the boundary layer and

its thickness. Changing the velocity influences the surface temperature and

the measured bulk fluid flow temperature. The velocity might change (e.g.,

decrease) and the thickness of this laminar sub-layer where heat transfer is
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Figure 4.26: Relationship between the ZnBr2 concentration in SSR and the con-
densed acetone flow rate in the condenser with the magnitude of the boiler flow
rate.

conductive will be affected. As a result the heat transfer coefficient increases

in case of decreasing velocity. There is also increase in the heat transfer due

to connective effect on the temperature of the medium (sink) just behind the

boundary layer which is induced by the motion.

Figure 4.27: Relationship between the heat flux and the heat transfer coefficient in
the boiler with the magnitude of the flow rate.
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4.8 Summary

This study used a new nanofluid (nano-salt-fluid) acetone /ZnBr2 based on

graphene nanoparticles as the working fluid in the higher pressure part of a

vapour absorption refrigeration system to look at how the different concentra-

tion of the nanoparticles (0 – 0.5 vol.%), boiler temperature (411, 418, 426,

436 and 446 K) and flow rate (2.31 - 7.1 ml/s) affect the behaviour of flow

boiling. Also, the preparation and the properties of the new solution has been

investigated. The results obtained can be summarized as:

• The Rohsenow constant of acetone / ZnBr2 based Graphene on the

stainless steel found as 0.217 depending on the Rohsenow nucleate

boiling correlation and the power input.

• The stabilized pressure of the system will decrease with decrease in

the concentration of the nanoparticles due to less vapour generation

consequently, the saturation temperature decreases also.

• An exponentially increasing relationship appears for increasing the

heat flux and the heat transfer coefficient with increasing the parti-

cles loading.

• Increasing the concentration of the nanoparticles, increases the vapour

generation. When the system reaches balance state, the condensa-

tion rate increases too, consequently, the salt concentration in SSR

increases.

• With increasing the boiler temperature the vapour generation in-

creases which increases the pressure and the saturation temperature.

• The heat flux and the heat transfer coefficient also rises with increas-

ing Twall–Tsat.

• The average boiler temperature increases with increasing the flow

rate. Because with higher flow rate, less vapour is generated, means
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more liquid exist in the boiler then the fluid can gain more heat to

become warmer. This also, make the saturation temperature in the

condenser decrease.

• The heat transfer coefficient and the heat flux proportional with the

flow rate in the system.
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5
EVALUATION OF SINGLE AND TWO PHASE MODELS FOR THE

NANOFLUID HEAT TRANSFER

5.1 Introduction

I n this chapter a CFD model is presented to compare and evaluate both

of the single and multiphase schemes using nano-salt-fluid (acetone / zinc bro-

mide with zinc oxide suspension) in a flat tube. This assessment demonstrates

the best model for heat transfer in a nanofluid, which can predict the experi-

mental results of the boiling process and which model represents the zinc oxide

nanoparticles as a distinct fluid phase. The cases of laminar and turbulent

flow are explored numerically for acetone / ZnBr2 with various nanoparticle

concentrations. The velocity is varied between 1.5 and 6 m.s−1, representing

typical heat exchanger conditions. Reynolds number depends significantly on

the salt and nanoparticles concentration.

A flat tube model, simulating part of an automotive heat exchanger pro-

vides a good base model for the test. There are several studies dealing with

nanofluid flow in a flat tube [86, 88, 178, 179, 180, 181, 182]. Peyghambarzadeh

et. al [86] experimentally studied heat transfer in a car radiator using H2O/EG

mixed with different amounts of aluminium oxide Al2O3 nanoparticles. They
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found that the nanofluid enhanced the heat transfer 40% more than the base

fluid. Delavari and Hashemabadi [88] presented a CFD model of the heat

transfer of the Al2O3/H2O and Al2O3/EG nanofluids in the same situation,

testing the validity of the single phase and two phase models against experi-

mental results of Peyghambarzadeh et. al [86] concluding that only the two

phase model gives good representation of the physical system. They found

also the Nusselt number increased by a factor of two by adding 1% Al2O3 to

water.

In order to provide validation for the numerical simulations, the case of the

experimental work of Peyghambarzadeh et. al [86] and the numerical work

of Delavari and Hashemabadi [88] are numerically repeated with both models

(single and two phase) to prove that the method works in our context. We

then apply the same method with our alternative nano-fluid to evaluate its

potential for use as the heat transfer fluid in a vapour absorption cycle. This

chapter includes:

• Geometry and assumptions to present the computational method of

the shape of the geometry.

• Description of the single and the two phase model with the main

equations governing each model.

• Boundary conditions for the novel refrigerant simulation.

• Results and discussion:

– Justification of mesh structure, where four mesh sizes were

selected in order to achieve a minimum number of cells

with accurate results.

– Validation of this work, which includes a comparison with

the results of the previous works dependant on the single

and the two phase models.
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– Effects on the centreline velocity.

– Effects on the turbulence intensity.

– Effects on the wall shear stress and skin friction.

– Effect on the heat transfer coefficient.

• Conclusions to present the main findings of this assessment.

5.2 Geometry and assumptions

The geometry is repeated from the work of Peyghambarzadeh et al. ([86])

and Delvari and Hashemabadi ([88]) in order to validate the method. The

geometrical arrangement in Figure 5.1, is a flat tube with 31 cm length and 0.53

cm hydraulic diameter. The system is closed, the nanofluid is in-compressible,

it is at steady state and under Newtonian flow and it is identical to that in

[88]; evaporation of the acetone is neglected; density of the solution is constant

under different pressures; the temperature and inlet velocity are constant;

thermal equilibrium is assumed between the base fluid and the nanoparticles;

the entering velocities of the fluid and the particles are the same. According

to the length of the channel (0.31 m) and the average velocities of the solution

(1.5 – 6 m/s), the average time for the solution to pass through end to end is

between 0.05 – 0.2 s. The properties of all the materials (nanoparticles and

the nanofluid) with different concentrations of the salt and nanoparticles are

measured as explained in chapter 3 and used directly in these models.

5.3 Single phase model

This model deals with the nanofluid as a homogeneous fluid which mainly de-

pends on the properties of the nanofluid. Most researchers suggest that this

model is very suitable for low concentrations of nanoparticles [183] but accord-

ing to the results of [88, 158] this model still under predicted heat transfer even
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Figure 5.1: Dimensions of the symmetric flat tube in this study in mm (Not to
scale).

for these small concentrations. The important step in this model (in the cur-

rent study) is to use the laboratory measurement of the properties (as found

in chapter 3) or use the most reliable correlations to find the properties of the

nanofluid even though there are no universal correlations that can predict the

properties of the nanofluid exactly and the properties of particular nanofluids

are not available in many cases. All the properties used in this modelling are

those measured in chapter 3. In this model the continuity (5.1), momentum

(5.2) and energy (5.4) equations are:

∇.ν = 0 (5.1)

ρnf (∇.ν)ν = −∇P + (µnf + µt)∇2ν (5.2)

Where

µt = Cµ
K2
t

ε
(5.3)

Where µt is turbulence viscosity, Cµ is empirical constant equals 0.09, Kt

is turbulence kinetic energy and ε is rate of dissipation.
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ρnfcpnf (∇.ν)T = knf∇2T (5.4)

The Nusselt number in each simulated case can be calculated from the flow

solution field by extracting the heat transfer coefficient at the wall (hnf−CFD)

and:

NuCFD =
hnf(CFD).DH

knf
(5.5)

5.4 Two phase CFD methodology

For the two phase model, there are two approaches for simulation: Lagrangian-

Eulerian which is suitable for low volumetric concentration and assumes the

Eulerian for the continuous fluid (base-fluid) and Lagrangian for the solid par-

ticles which are tracked as discrete particles. Eulerian-Eulerian is more suitable

for high volume fraction of the particles because the model uses a reference co-

ordinate for each particle in the Lagrangian approach but in the Eulerian, the

model uses just one reference coordinate for all particles (simulate the parti-

cles as a continuous phase). The calculation of many trajectories for the large

dispersion of particles makes the Lagrangian method impractical and non-

representative without a large number of particle injections and Lagrangian

fails to give a representation of the volume taken by the discrete phase in the

continuous phase. This is demonstrated by Delavari and Hashemabadi [88],

therefore, the Eulerian-Eulerian approach is used. The viscous model used

in this method is standard k-epsilon model, with enhanced wall treatment,

which is a near-wall modelling method that combines a two-layer model with,

so-called enhanced wall functions. If the near-wall mesh is fine enough to be

able to resolve the viscous sub-layer, then the enhanced wall treatment will

be identical to the traditional two-layer zonal model. However, the restriction
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that the near-wall mesh must be sufficiently fine everywhere might impose

too large a computational requirement. The multiphase model is the mixture

method and the SIMPLE scheme is used for the pressure-velocity coupling;

the first order upwind method is used for all of momentum, volume fraction

and the turbulent kinetic energy and PRESTO method is used for pressure

velocity coupling [184]. The governing equations of the continuity, momentum

and energy equations [88, 184] are:

Continuity

∇.(ρm~νm) = 0 (5.6)

Momentum

(ρm~νm).∇~νm = −∇Pm +∇.(µm∇~νm) + ρmg +∇.
n∑
k=1

Φkρk~νdr,k~νdr,k (5.7)

where

~νm =

∑n
k=1 Φkρk~νk
ρm

(5.8)

ρm =
n∑
k=1

Φkρk (5.9)

µm =
n∑
k=1

Φkµk (5.10)

~νdr,k = ~νk − ~νm (5.11)
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Energy

∇.
n∑
k=1

Φk~νk(ρkEk + P ) = ∇.(kef∇T ) + SE (5.12)

where

Ek = hk −
P

ρk
+
ν2
K

2
(5.13)

Masoumi et al. ([87]) developed a formula to calculate the viscosity of the

particle cloud for the second phase, with respect to the Brownian motion of

particles:

µnf
µf

= 1 +
ρpνBd

2
p

72Cδ
(5.14)

Where νB is velocity of Brownian motion, δ is the mean distance between

the centres of two particles and C is a correction factor found by equations

5.15 - 5.17.

νB =
1

dp
× (

18kbT

Πρpdp
)1/3 (5.15)

δ = (
Πdp
6Φ

)1/3 (5.16)

C =
aΦ + b

µf
(5.17)

Where kb is Boltzmann constant (1.38 × 10−23m2kg/s2K or J/K), a =

−4×10−5 and b = 7.13×106−7 and it is found to be valid only when Φ < -b/a

(Φ < 2%). For the two phase model, the software calculates the properties of

the nanofluid implicitly for varying concentration of nano-particles according

to equations 5.10.
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This technique which is finding the viscosity of the cloud of nanoparticles

in the fluid is used by [87], however [86, 88] used a different strategy to find

the viscosity of the nanoparticles using trial and error; the viscosity of the

nanoparticles was varied until the pressure drop and Nusselt number of the

very dilute nanofluid, pure ethylene glycol at Re=2440, and pure water at

Re=9350, were equal. We confirm that the methods are equivalent in effect.

5.5 Boundary condition for the novel refrigerant simulation

Initially a validation exercise was conducted, repeating the simulation of Delavari

and Hashemabadi to prove correct application of the method. Following this

validation, the numerical calculation was done with laminar and turbulent flow

conditions for the proposed nanofluid depending on the mass concentration of

acetone. To keep the velocity of the fluid comparable to that used in the liter-

ature ([86, 88]), Reynolds number was taken in four ranges as shown in Table

5.1.

Table 5.1: Reynolds number at different mass fractions of acetone.

Acetone mass
fraction

30% 40% 50% 60% 70%

Re 150-300 1500-3000 5000-10000 15000-
25000

15000-
25000

The temperature of the inlet flowing nanofluid is 323 K, the turbulence

intensity is in the order of 10%, and the hydraulic diameter is 0.53 cm. A

convection boundary condition was assumed for the wall from outside with the

heat transfer coefficient at the wall specified as 150 W/m2K and the external

air temperature as 303 K as set in [86, 88].
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5.6 Results and discussion

5.6.1 Justification of mesh structure

The commercial code Ansys R© Fluent is used to simulate this flow situation

using the Eulerian-Eulerian method (mixture model). Four mesh sizes were

selected in order to achieve a minimum number of cells with accurate results.

The meshes were compared by the heat transfer coefficient on the wall using

50 wt. % ZnBr2 in the solution with a turbulent flow (Re=8000). The results

shown in Table 5.2 were very similar especially for meshes (2, 3 & 4) but

because meshes 3 & 4 have more nodes, and therefore lengthier simulation,

the best mesh regarding accuracy and time was mesh 2 as shown in Figure

5.2. The computer used has processer 3.7 GHz (Intel R© Xeon R© CPU E5—1620

v2 @ 3.7GHz) with the memory (RAM) 32 GB.

Figure 5.2: Mesh #2 used in this study.

Table 5.2: Mesh independence study of the fully developed region using ace-
tone/50wt.% ZnBr2 with Re=8000.

Mesh (x × y × z) h (W/m2.K) clock time
for simulation
(min)

1 130 × 130 × 15 3150.01 12
2 140 × 140 × 20 3151.916 14
3 150 × 150 × 20 3151.927 18
4 180 × 160 × 22 3151.933 25
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5.6.2 Validation of the CFD Modelling

To validate the accuracy of this model, the experimental data of the heat

transfer improvement using water based nanofluid (Al2O3 / H2O) as a coolant

in a car radiator which was presented by Peyghambarzadeh et al. [86] was

compared to the corresponding current numerical results. Peyghambarzadeh

et al. conducted uncertainty analysis for their experiments depending on the

single sample uncertainty zeroth order (defined as fixed and random errors pre-

sented by the instrumentation, with no contribution from the process) analysis

method for each measurement, which is described by Moffat [185]. They stated

that the uncertainty of the Nu (18% 24<Nu<120) is caused by the error in Re

(5.5% 1200<Re<23000) and the measured temperature. Furthermore, they

compared their experimental Nu with the correlation of Xuan and Li [40] and

they found a good agreement presented by 7% (vertical bar) error for the

nanofluid Al2O3 / H2O as shown in Figure 5.3. The Figure also shows how

the 18% error of the measured Nu appears on the graph as the horizontal bar.

Figure 5.3: Comparison between the experimental Nu from [86] and the predicted
Nu from [40]. Horizontal error bars are experimental uncertainty (18%) [86]; vertical
error bars are error of analytical prediction (7%) [40]. This Figure is reproduced by
permission from [86].
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The validation of the simulation work with an experimental work has been

done previously in many studies, such as the validations in [88, 186]. In our

work, the same geometry of Peyghambarzadeh et al [86] is built in Ansys R©

Fluent and the same boundary conditions and properties of the nanofluid are

applied in the numerical model (using the method described previously) as in

the physical experiment. The results of the enhancement of Nusselt number

as a function of the nanoparticles volume fraction, and of Nusselt number as

a function of the flow rate show an acceptable agreement with the previous

experimental work as shown in Figure 5.4 and Figure 5.5 respectively. Figure

5.4 shows the relation of enhancement of Nu with nanoparticle concentration

at Re of 13800 and 23000 and inlet temperature of 308 K. It shows at most a 4

% discrepancy between the experimental and the two phase model numerical

work, however this rate increased in case of the single phase to 16 %. Figure 5.5

shows Nu as a function of flow rate at the nanoparticle volume fraction of 1 %

in both experimental (previous work) and CFD (current work), with maximum

difference between the experiment and two phase numerical results of 9 % but

with the single phase model it reaches to 43 %. The two phase model shows

a better prediction than the single phase. The difference of the two phase

technique could be caused by some factors such as particle size, which affects

the viscosity, and temperature dependent properties and the Brownian motion

of the particles which affects the thermal conductivity [69, 186, 187].

The accuracy of these techniques (single and two phase) is also investigated

through comparison with another numerical work [88]. The same materials

with the same volume fraction of nanoparticles is used with the same Re range.

The results of the Nusselt number as a function of volume fraction of each value

of Reynolds number shows a good agreement as illustrated in Figure 5.6. Since

the model works well with water/ EG based Al2O3, then it is now applied to
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Figure 5.4: Comparison between the enhancement in the Nusselt number as a func-
tion of a nanoparticle volume fraction in water at 308 K for different Re in the cases
of two phase, single phase of the current study and the previous experiment results
of [86].

.

Figure 5.5: Comparison between Nusselt number as a function of a flow rate at the
nanoparticles volume concentration of 1 % for different Re in the cases of two phase,
single phase of the current study and the previous experiment results of [86].
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Figure 5.6: Comparison between Nu as function of volume fraction in present study
and the numerical study of [88] for a- single phase and b- two models using water
mixed with ZnO nanoparticles.

the salt-solution (acetone / ZnBr2 based ZnO nanoparticles) to check the

performance of the heat transfer prior to modeling the more complex case of

the fluid in flow boiling. The following sections show the effects of different

variations (salt and nanoparticles concentrations and Re) for both single and

tow phase flow on different parameters such as flow velocity, turbulence and

heat transfer.

5.6.3 Effects on the centreline velocity for the novel nanofluid

To understand the behaviour of the velocity development along the tube and

how the various parameters affected it, the centreline velocity is analysed under

the effects of the variation of the concentrations of both acetone (60 wt.% and

70 wt.%) and nanoparticles (0, 0.1%, 0.5%, 1%, and 1.5%) at Re equals 25000.

This provides a reasonable representation of the variation of flow dynamics

between the various cases. Centreline velocity is usually the maximum velocity

in the pipe and it is greater than the average velocity. For example, for a

laminar circular pipe flow, the maximum (centreline) velocity is equal to double

the mean velocity and in the rectangular duct the maximum velocity is 1.5 of

the average velocity [188].
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The centreline velocity has a development length and settles to a final

constant value (Figure 5.7). The centreline velocity decreases slightly by in-

creasing the concentration of the nanoparticles as shown in Figure 5.8 due to

increasing density and the viscosity of the nanofluid. Increasing acetone de-

creases the density, but the viscosity drops significantly, for example, it drops

from 1.29 mPa.s to 0.63 mPa.s [14], when the mass fraction of acetone in-

creases from 60wt. % to 70wt. %, the shape of the centreline velocity profile

is correspondingly more uniform along the length (Figure 5.7). Thus although

decreasing density implies increasing velocity, the viscosity increase flattens

the velocity profile. According to the data collected from different cases in the

present work, the maximum velocities in the laminar and turbulent flow for

all cases with all concentrations are:

for laminar

υcl = 1.4υav (5.18)

for turbulent

υcl = 1.15υav (5.19)
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Figure 5.7: Centreline velocity along the tube with different concentration of ZnO
nanoparticles and 60 wt.% & 70 wt.% of acetone at Re of 25000.(Present in colour).

Figure 5.8: Centreline velocities as function of nanoparticles volume fraction at dis-
tance 0.15m from the inlet of the tube, for the both cases the acetone concentrations
60wt.% and 70wt.%.
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5.6.4 Effects on the turbulence intensity

Turbulence intensity is the ratio between the root mean square of the turbulent

velocity to the average velocity in the same location. Figure 5.9 shows that

the turbulence intensity slightly decreases by increasing the concentration of

nanoparticles along the tube (starts from 0.1 m to show the steady state region

only) because by increasing the volume fraction of nanoparticles the density

of the solution increases, consequently the velocity drops. The mass fraction

of the acetone in the solution has an influence on the turbulence as shown in

Figure 5.9 which illustrates that decreasing the acetone fraction leads to an

increase in turbulence intensity.

Turbulence intensity has a higher value at the entrance of the pipe, it

decreases for the first 5 cm from the entrance and increases to stability after

10 cm. Figure 5.10 illustrates that the turbulence intensity increases with

increasing Reynolds number because of the increase in the turbulence velocity.

Figure 5.9: Turbulence intensity along the tube with different concentration of ZnO
nanoparticles and 60% & 70% of acetone at Re of 30000.
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Figure 5.10: Turbulence intensity along the tube with different Re at mass concen-
tration of acetone 50% and concentration of ZnO nanoparticles 0.015.

5.6.5 Effects on the wall shear stress and skin friction

Since each turbulence model simulates the boundary condition, the value of

y+ is an important parameter to predict the effects of the boundary layer. The

average y+ at the tube wall (for the case Re=8000, acetone concentration =50

wt. % nanoparticles concentration= 0.5 vol. %) was calculated. Enhanced

wall treatment was implemented in the turbulent flow simulation, which should

produce a y+ value equal to one. The average y+ at the tube wall is 8.1 for the

curved edge of the wall (semi-circular wall) and 0.98 for the flat wall. The good

agreement with the existing results, shows that the application of the method

in our case is reliably repeated and the curved wall segment has negligible

effect due to the y+.

The magnitude of the wall shear stress, τw = µdu
dy

and the skin friction

coefficient Cf = τw
0.5ρυ2

describe the heat transfer by virtue of the Reynolds

analogy, h =
Cf

2
.

The effect of the acetone mass fraction on the wall shear stress is illustrated

in Figure 5.11. The shear stress decreases sharply when the acetone concentra-

tion increases from 30 wt.% to 40 wt.%, the change becomes smoother between
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40 wt.% and 55 wt.% and above that the stress becomes stable. The increase

in the flow velocity and Re lead to increase in the wall shear stress has ex-

pected. The effect of the nanoparticles concentration is negligibly small on the

wall shear stress as shown in Figure 5.12.

Figure 5.11: Relation between wall shear stress and the acetone concentration at
different velocity and 0.01 volume fractions of nanoparticles.

Figure 5.12: Relation between wall shear stress and Re different concentration of
ZnO nanoparticles and 60 wt.% & 70 wt.% of acetone.

Figure 5.13 shows that the skin friction decreases with increasing acetone

mass fraction as expected from the lowering of viscosity. It also illustrates

that the skin friction decreases slightly with increasing the volume fraction

of nanoparticles at 60% acetone. This is observed to a lower extent at 70%
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acetone. Reducing the acetone concentration and the Reynolds number to less

than 60% and 15000 respectively, causes the skin friction to increase with in-

creasing volume fraction of ZnO (Figure 5.14). This result partially contradicts

the result of Delavari and Hashemabadi [88] who stated that the skin friction

only increases as the nanoparticles volume fraction increases in EG/water. For

a high Re (low viscosity, e.g. 60-70 wt. % acetone) particles cause a reduction

in skin friction; this may be explained by decreased interaction of particles,

which are carried by the convective stream of fluid, in the steep velocity gradi-

ent boundary layer. However, for the low Re (i.e. low acetone or high viscosity)

similar to the case of Delavari and Hashemabadi study [88] and for the 40 -

50 wt. % acetone case in the current work, the behaviour of the particles near

to the surface may be different due to the less steep velocity gradient giving

more time for particle interaction.

Table 5.3 details the skin friction variation with volume fraction of nanopar-

ticles with high acetone content (i.e. 60 wt. % & 70 wt. %) at 0.2m from

the entrance (the developed region). It shows clearly that the skin friction

increases with increasing the nanoparticles concentration and decreases with

increasing both of Re and the concentration of acetone.

Table 5.3: Skin friction (×10−3) at different volume fractions at distance 0.2m from
the inlet of the tube.

Nanoparticles
VF

Skin
friction
(acetone
50wt.%
Re=2500)

Skin
friction
(acetone
50wt.%
Re=12000)

Skin
friction
(acetone
60wt.%
Re=20000)

Skin
friction
(acetone
70wt.%
Re=20000)

0 60.76 14.20 6.02 1.7
0.001 60.81 14.21 6 1.69
0.005 60.9 14.22 5.95 1.67
0.01 61.04 14.24 5.89 1.65
0.015 61.58 14.34 5.88 1.64
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Figure 5.13: Skin friction along the tube with different concentration of a nanopar-
ticles at Re=20000 and for acetone 60wt.% and 70wt.%.

Figure 5.14: Skin friction along the tube with different concentration of a nanopar-
ticles for acetone 40wt.% with Re=2500 and 50wt.% with Re of 12000.
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5.6.6 Effect on the heat transfer coefficient

Heat transfer coefficient (h) along the tube was investigated in both the single

and two phase model simulation cases under the same conditions. With single

phase, acetone 40wt.% and the volume fraction of nanoparticles 1.5%, heat

transfer coefficient is 1800 W/m2.K at the entrance of the tube and slightly

decreases as the Reynolds number decreases as shown in Figure 5.15.

In the two phase model, the heat transfer coefficient starts at a higher value,

decreases sharply for the first several centimetres and then decreases linearly

to the end of the tube. In addition, Figure 5.15 shows that the heat transfer

increases with increasing Reynolds number, and this is likely to be because the

velocity of the fluid increases which leads to an increase in turbulent motion

of the particles and molecules which consequently leads to more heat transfer.

Figure 5.16 shows the enhancement of the local heat transfer related to

the concentration of nanoparticles; for the two phase model with acetone mass

fraction 50% the enhancement reaches 180%, but in the single phase model a

very poor enhancement is noticed and this behaviour is confirmed by many

previous studies [14, 158, 189].

The difference between the single and the two phase models in calculating

heat transfer coefficient happens because in the single phase model the heat

transfers through the collisions between the molecules of the liquid and the

molecules transport heat; but in the two phase model the heat transfer, in

addition, is enhanced by collision between molecules and particles (Brownian

motion), collision between the nanoparticles and these particles also transport

heat within the material.

As shown in Figure 5.17 the heat transfer coefficient increases with increas-

ing acetone mass fraction and the velocity of the fluid at 1% of nanoparticles

concentration; this behaviour happened because with a low concentration of
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Figure 5.15: Variation of the heat transfer coefficient along the tube wall in both of
single and two phase approaches for the same values of Re.(Presents in colour)

Figure 5.16: Variations of the numerical results of hnf/hbfwith different concentra-
tion of nanoparticles in single and two phase approach (at acetone concentration of
50%).(Presents in colour)
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acetone (for example 30 wt. %) the density and the viscosity of the fluid are

very high 2617 kg/m3 and 0.2633 Pa.s [14] respectively, thus, the particles

and the molecules cannot move with high random motion and consequently

the heat transfer has the lowest value especially with a low temperature. The

Nusselt number increases with volume fraction increase of nanoparticles. The

Nusselt of the acetone/ZnBr2 (acetone 50 wt. %, 60 wt. % and 70 wt. %) is

greater than the Nusselt of H2O/Al2O3 which was used by [88] for the same

volume fraction and Re as shown in Figure 5.18, this seems to be because the

rate of the convection to conduction for the acetone/ZnBr2 higher than the

H2O/Al2O3.

Figure 5.17: Relation between heat transfer coefficient and acetone mass fraction
with different velocity of fluid and volume fraction of nanoparticles of 0.01.

Table 5.4 shows numerical results for the two phase approach of the heat

transfer coefficient with different concentrations of acetone, different concen-

trations of nanoparticles and different Reynolds numbers. From the equations

which calculate the properties of the nanofluid, the density, viscosity and ther-

mal conductivity increase and the specific heat decreases with increasing the

concentration of nanoparticles. Concentration of the nanoparticles has a sig-

nificant effect on heat transfer coefficient; concentration of acetone also has
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Figure 5.18: Nusselt number as function of the volume fraction for different Re and
for the H2O/Al2O3 case [88] and acetone /ZnBr2 (acetone 60%)/ ZnO for a two
phase model flow.

Table 5.4: Numerical results of the heat transfer coefficient with different concen-
tration of acetone and nanoparticles and different Re.

Acetone mass fraction Re
0% 0.1% 0.5% 1% 1.5%

h(W/m2.K)

30%
200 1158 1360 1942 2559 3106
250 1231 1463 2095 2763 3357
300 1289 1550 2227 2942 3576

40%
2000 2641 3009 4356 6243 8013
2500 3017 3415 4860 6483 8281
3000 3384 3823 5372 7090 8657

50%
8000 3336 3792 5330 6874 8192
12000 4290 4877 6875 8856 10526
15000 5150 5856 8239 10599 12580

60%
20000 4786 5420 7458 9343 10841
25000 5799 6575 9016 11286 13074
30000 6788 7672 10536 13163 15229

70%
20000 3636 4106 5554 6809 7754
25000 4400 4967 6702 8196 9318
30000 5145 5804 7817 9545 10835
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a significant effect on the variation of Re, which consequently significant ef-

fects on the heat transfer. The Brownian motion effect of the nanoparticles

in the fluid has a significant impact on increasing the heat transfer for the

nanofluid. The boundary layer thickness decreases because of the random mo-

tion of nanoparticles in the fluid and this leads to increasing the heat transfer

between the wall and the bulk fluid [178].

5.7 Summary

Laminar and turbulent mixed convection of acetone/ZnBr2 − ZnO nanofluid

inside a flat tube were studied numerically using a single phase and a two phase

mixture approach. The validation of this work was confirmed by repeating a

case for a nanofluid (Al2O3−H2O) which was used by the experimental work

of Peyghambarzadeh [86] and numerical work of Delavari and Hashemabadi

[88]. From the validation process it was verified that the two phase model

gives a much better prediction than the single phase model as described in the

literature. A good agreement was found from the validation, demonstrating

reliable implementation of the method. The main part of the study goes on

to show that for the acetone/zinc bromide solution with ZnO nanoparticles,

the heat transfer increases with Re and concentration of both nanoparticles

and acetone, as expected from the theory. The two phase method shows a

strong effect of the nanoparticles on improving the heat transfer, which given

the reliability of the method in the previous case of [88], provides reasonable

confidence in a positive outcome in the event of using the fluid in a heat transfer

situation like the absorption refrigeration cycle.

Wall shear stress increases with increasing Re and decreases with increas-

ing acetone concentration because the viscosity of the fluid decreases; it is not

altered noticeably by changing the concentration of nanoparticles. Increasing

174



5.7. SUMMARY

the wall shear stress indicates improving heat transfer to the wall, therefore

there is not a direct heat transfer benefit due to nanoparticles by the wall

shear stress. The behaviour of the skin friction depends on the concentration

of acetone as well as Re as reflected in the wall stress. The effect of increas-

ing concentration of nanoparticles on the skin friction is significantly affected

by acetone concentration and Re: the skin friction decreases with increasing

concentration of nanoparticles at 70wt. % of acetone and Re of 20000, but

it increases with increasing volume fraction of the nanoparticles at 60wt. %

of acetone and Re of 15000. We suggest that this may be due to particles

interaction increasing in the low Re velocity gradient, where there is increased

interaction time as suggested in the formulation of nanoparticle cloud viscosity

used. The overall performance of the solution with the nanoparticles shows a

promising enhancement for the heat transfer challenge of the vapour absorp-

tion refrigeration system, since an enhancement of up to 180% of basefluid

can be achieved with only 1.5% volume fraction of particles. The concentra-

tion of the salt solution base fluid has a significant effect on the heat transfer

enhancement together with the nanoparticles.
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6
NUMERICAL STUDY OF FLOW BOILING OF THE NANO-SALT-FLUID

IN THE BOILER

6.1 Introduction

A new technique of a numerical solution characterizing the boiling process

of nano-salt-fluid using four phase flow is described in this chapter. This

technique evaluates the enhancement of the heat transfer in the boiling process

of the novel fluid and investigates the behavior of the fluid in the boiler under

the effect of different variations such as nanoparticles concentration, boiler

temperature and the flow rate. In this Chapter:

• Summarizing the literature of the boiling process.

• Describing a novel method of the boiling process used in this study.

• Describing the mathematical modeling of this method.

• Describing the geometry, the mesh and the boundary condition with

the validation of the method.

• Quantifying the mixture model by showing the effects of each vari-

ation on the behavior of heat transfer and fluid flow.

• Visualizing the flow with the VoF and mixture models.
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6.2 Summary of related literature and justification for research

Enhancement of heat transfer properties of fluids can reduce the size of heat

transfer systems and operational cost [146]. Flow boiling heat transfer oc-

curs in vapour absorption refrigeration systems as well as in various industrial

areas, such as refrigeration systems, power generation, chemical engineering,

high-power electronics component cooling, and nuclear reactor cooling [129].

Improvements in flow boiling heat transfer systems can improve energy effi-

ciency and offer a route to reduce global energy consumption. To improve the

heat transfer of the fluid, the behaviour and the properties of the fluid itself

should be enhanced. Nanofluids (i.e. homogeneous base fluids interlaced with

nano-scale particles that are modified with chemical/physical processes such

as sonication and adding surfactants) are an alternative to Newtonian fluids

for thermal and industrial applications due to their modified thermo-physical

properties which can enhance the efficiency of boiling process [130].

A considerable amount of research has been devoted to the investigation

of heat transfer in the nanofluids numerically. This subject has received much

attention from research workers:[81, 88, 102, 154, 180, 182, 183, 187, 189, 190,

191, 192]. A critical review of the heat transfer in the nanofluid is given

by [129, 130]. Many researchers studied the boiling process of the nanofluid

experimentally [63, 112, 134, 137, 138, 144, 174, 193, 194, 195]. Just a few

works dealing with a numerical analysis of the nanofluid boiling were found

[145, 146, 147, 196]. However, there remains much to be investigated and un-

derstood about the nanofluid boiling behaviour, and in particular the effects

of the concentration of the nanoparticles in the solution. Moreover, reports

on the mechanism of the flow boiling numerically are limited and there is no

study found related to modelling and analysing nano-salt-fluid flow numeri-

cally. The validation of CFD models requires experimental data that charac-
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terise the important flow parameters and over a wide range of values. In this

chapter, a description of the CFD model and the results obtained will be pre-

sented and discussed. From the literature, forced convection for the nanofluid

including experimental and numerical studies of flow and pool boiling for dif-

ferent types of nanoparticles in different basefluids has been reviewed. The

current work adds a new line in this area, by studying and developing a novel

CFD application technique simulating a four phases flow situation of boiling

of nano-binary-fluid (for acetone / ZnBr2 based on Graphene nanoparticles).

The aim of this part of the work is to provide a better mechanism for un-

derstanding the heat and mass transfer behaviour of acetone boiling in the

ZnBr2 nano-salt-fluid under the effect of different variables in a rectangular

symmetric boiler (part of a proposed VARS system). A user defined function

(UDF) code was identified from the available literature ([197]) and used for

the mass transfer and the phase change. This study uses both the mixture and

VoF (volume of fluid) models with various boiler temperatures, inflow veloci-

ties and nanoparticles concentrations to find out what each model can offer in

terms of characterizing the flow.

Different flow conditions (e.g. heat flux, heat transfer coefficient, flow rate

in the condenser, pressure of the system) and nanofluid characteristics (e.g.

boiling point temperature and the saturation temperature of the pure acetone

in the condenser) are found using the results of experiment cases. In order to

achieve an beneficial simulation, the results should present a real motion of the

fluid. Therefore, the simulation was run under similar conditions to those used

in the experimental investigation of this thesis so that a proper comparison

with the experiments can be performed. The agreement is found to be both

qualitatively and quantitatively satisfactory. CFD modelling cannot be a total

exchange for experimental works, but it offers scope for investigation which
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would be impossible to provide with physical experiments. Simulate different

flow conditions and environments without the effort and expenses needed for

real experiments is possible with CFD. Once a CFD model of a particular case

setup has been validated as being of reasonable accuracy (by validating with

real experimental results), the parameters governing the fluid flow can then be

varied to suit different flow conditions using CFD simulations.

6.3 Method

There are two methods of simulating heat and mass transfer and flow of a

nanofluid in Reynolds-averaged Navier–Stokes equations (RANS) CFD: the

first method is a single phase approach with effective physical properties such

as thermal conductivity, heat capacity, density and viscosity of a single com-

posite fluid representing the characteristics of the nanofluid in bulk ([58]).

The second method is a two (or multi-) phase approach, which defines the first

phase as a fluid and the second phase as a fluid cloud of nanoparticles (solid

properties represented in a dispersed medium) as described in last chapter.

The two phase model is found in literature to provide improved predictions

over the single phase model for the prediction of heat transfer in liquid flow

situations ([88, 158]) and to provide useful indications of the behaviour of

proposed novel nanofluids ([81]); such as the two phase method with Eulerian-

Eulerian approach applied in this work. Further to the nanofluid component

simulation, a part of the acetone in the binary fluid (acetone / ZnBr2) will

evaporate due to heating.

To make just the acetone evaporate from the solution (acetone / ZnBr2),

the salt solution is proposed as a two component fluid, the first fluid is acetone

and the second fluid is acetone / ZnBr2 and just the first fluid (acetone)

undergoes evaporation. For example, when the concentration of the acetone
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is 50wt. % in the solution (acetone / ZnBr2), it is proposed that the pure

acetone is 25wt. % which is undergoing the evaporation and the other 25 wt. %

is the concentration of acetone in the solution (acetone / ZnBr2). The reason

for this technique is that the CFD method cannot separate and evaporate

a specific component of the homogeneous solution. Therefore, four phases

are represented in this work: 1- the solid phase as a cloud of nanoparticles,

2- the first liquid phase (pure acetone), 3- the second liquid phase (acetone

/ ZnBr2) and 4- the vapour phase (acetone vapour). During and after the

evaporation, the nanoparticles stay mixed with the liquid phase, consequently,

the concentration of the nanoparticles in the solution at the outlet of the boiler

is higher than the inlet section because a part of the liquid (pure acetone) will

evaporate, and the liquid volume flux will be correspondingly less.

The mixture method is used to solve the boiling case but it does not show

the bubble formation. Therefore, the VoF model is applied separately. It can

model two or more immiscible fluids, and can show how the vapour phase

behaves. Unlike the mixture method, fluids having different densities do not

interpenetrate, and separation occurs.

In our VoF method, the densities of the nanoparticles and the liquid phases

are artificially made to be the same (using equation 6.1) to overcome the

buoyant separation and keep the solution well mixed using the equation below,

but the density of the vapour is physically correct. However, in the mixture

model the real densities of the phases were used.

ρ =
n∑
k=1

ρkΦk (6.1)

Generally, both methods offer different observations: the mixture method

shows interpretation and stratification of the continuum and describes the

phases behaviour. The VoF method is particularly useful for observing the
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general behavior of the vapour bubble. Both methods use the two-phase ap-

proach for the nanoparticles.

The concentration of acetone liquid (25 %) undergoing evaporation was

chosen after comparing the results of the heat flux (HF), heat transfer co-

efficient (HTC) and the temperature at the outlet section of the boiler for

different amounts of acetone liquid (20 %, 23 %, 25 %, 27 % and 29 %) against

the experimental results at 153 K boiler temperature and 3.66 ml/s flow rate

and two different nanoparticles concentration 0 vol% and 0.3 vol%. For both

cases, HF and HTC are more predicted the experimental results at the high

concentration of liquid acetone, however, the outlet temperature predicts the

experimental results at the low concentration. The 25 % concentration of liq-

uid acetone was chosen as the standard concentration for running the models

because it is collecting a sensible results of all parameters as shown in Table

6.1. The 29 % of the liquid acetone means that there is 21 % of acetone mixed

with 50 % ZnBr2, which makes the concentration of ZnBr2 in the working

solution 70 %. This is the maximum concentration of salt (ZnBr2) that can

dissolve in 30 % of acetone. The properties of the salt solution which used in

the numerical modelling were also found till this level of concentration.

The instigation of bubble nucleation in the numerical model does not di-

rectly consider surface nucleation sites. It assumes that where the thermody-

namic criteria for bubble generation are satisfied, that a bubble will form. This

relies on the assumption that there are appropriate surface imperfections in

the heated surface, which we consider to be a reasonable approximation given

the surface roughness of a typical heated surface in the order of micrometres.
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Table 6.1: Comparisons of the results of the heat flux (HF), heat transfer coefficient
(HTC) and the temperature at the outlet section of the boiler for different concen-
tration of the liquid acetone (undergoing the evaporation) with the experimental
results of these parameters.

VF=0.003, T=153 oC & v̇ = 3.66ml/s VF=0, T=153 oC & v̇ = 3.66ml/s

Liq. acetone

concentration

HF
(kW/m2)

HTC
(W/m2K)

Tout
(K)

HF
(kW/m2)

HTC
(W/m2K)

Tout
(K)

20 %
(Ac/ZnBr2 = 80%)

10.5 139 355 13 133 355.3

23 %
(Ac/ZnBr2 = 77%)

10.2 133 353 13.4 134.4 355

25 %
(Ac/ZnBr2 = 75%)

9.8 124 352.7 13.8 136.6 353.7

27 %
(Ac/ZnBr2 = 73%)

9.7 123 351 13.8 139 352.5

29 %
(Ac/ZnBr2 = 71%)

9.75 122 350.3 13.9 142 351.7

Experimental 9.7 123 354 13.8 144 357

6.4 Mathematical model

The liquid acetone, acetone/ZnBr2 and nanoparticles cloud are miscible and

well mixed phases. Therefore, it is best solved and presented via the mixture

model. A mixture model can be used for homogeneous multiphase flows with

very strong coupling and phases moving at the same velocity. The mixture is

assumed to be incompressible fluid. Alternatively, VoF represents interaction

of immiscible fluids. The governing equations used for the transient evapora-

tion process are applied using models provided by Ansys Fluent R© ([184]) and

a UDF code for a mass and energy source terms.

In the mixture method, the following equations apply:
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Momentum:

∂

∂t
(ρ~ν) +∇.(ρ~ν~ν) = −∇P +∇.(µ∇~ν) + ρg + ~F +∇.

n∑
k=1

Φkρk~νdr,k~νdr,k (6.2)

Energy:

∂

∂t

n∑
k=1

ΦkρkEk +∇.
n∑
k=1

Φk~νk(ρkEk + P ) = ∇.(keff∇T ) + SE (6.3)

where P is pressure in kg/m.s2, and

Ek = hk −
P

ρk
+
ν2
k

2
(6.4)

And SE is a source term of energy in (J/m3.s).

The standard k-ε, turbulence model is used, ([184]) for turbulence kinetic

energy (k) and dissipation rate (ε). The standard k-ε model is valid only for

fully turbulent flows, appropriate for a boiling fluid.

In order to calculate the phase volume share, the volume fraction expression

is used as follows

∂

∂t
(Φvρv) +∇.(Φvρv~νm) = −∇.(Φvρv~νdr,k~ν) + SM (6.5)

A user defined function (UDF) for the mass and energy source terms (the

UDF code provided in appendix B) due to evaporation is included. The UDF

for mass source SM in (kg/m3.s) for each phase was developed depending on

the mass and energy source terms (equations 6.6 - 6.7), previously defined by

Lee in 1980 ([198]). These formulae have been validated and used successfully

by several different authors, see for example ([196, 197, 199, 200]).
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SM =


0 Tl < Tsat

εΦlρl
|Tl−Tsat|
Tsat

Tl ≥ Tsat

(6.6)

SE = εΦlρl
|Tl − Tsat|

Tsat
∆Hfg (6.7)

Where Hfg is the enthalpy of the evaporation, Tsat is saturation tempera-

ture and ε is a time relaxation factor with unit 1/s, which can be calculated

via equation 6.8.

ε =
6

db
β

√
M

2ΠRTsat
L(

Φvρv
ρl − ρv

) (6.8)

Where db is bubble diameter which we assumed an average is 2mm (calcu-

lated as an average of different diameters measured for different single bubbles

of the vapour volume fraction contour during the simulation of VoF model), β

is accommodation coefficient, M is molar mass of acetone (0.058 kg/mole), R

is universal gas constant (8.314 J/mol.K), L is latent heat for acetone (518000

J/kg), Φv is vapour volume fraction.

The accommodation coefficient (fraction of number of molecules entering

the liquid phase to number of molecular collisions with the surface) is treated

commonly as a two-step process: 1- the vapour molecules strike the surface

then they are adsorbed, 2- the vapour can enter into the bulk of surrounding

liquid. Consequently, if β is equal to unity, each molecule striking the surface

enters into the liquid and is not adsorbed.

The viscosity of the nanoparticles cloud is calculated by equations 5.14 -

5.17 together with the viscosity of the combination of the base fluid alone and

of the cloud of nanoparticles as expressed in equation 5.10 (explained in the

last chapter).

The VoF method was also applied to illustrate the behaviour of the vapour
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distinct from the liquid. The continuity equation for volume fraction performs

the tracking of interfaces between the phases. The previously defined energy

and mass source terms apply here as well as the viscosity term for the nano-

particles.

1

ρk
[
∂

∂t
(ρkΦk) +∇.(ρk~νkΦk) = SM + ṁlv (6.9)

Where Φk is volume fraction of the phase k, l refers to liquid, v refers to

vapour, i.e. ṁlv is the mass transfer from the liquid to the vapour phase.

The volume fraction equation is solved by explicit time discretization. In

the explicit method for the transient simulation, ANSYS Fluent’s standard

finite-difference interpolation structures are applied to the volume fraction

values that were calculated at the previous time step.

αn+1
k ρn+1

k − αnkρnk
∆t

V +
∑
f

(ρkU
n
f α

n
k,f ) = [SE + ṁlv]V (6.10)

n + 1 and n are indices for current and previous time step respectively. α

is face value of the qth volume fraction, V is volume of cell and Uf is volume

flux through the face, based on normal velocity.

The momentum and Energy equations are:

∂

∂t
(ρ~ν) +∇.(ρ~ν~ν) = −∇P +∇.(µ∇~ν) + ρg + ~F (6.11)

∂

∂t
(ρE) +∇.(~ν(ρE + p) = ∇.(keff∇T ) + SE (6.12)

Where E is the energy which can be calculated through the following rela-

tion:
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E =

∑q
k=1 ΦkρkEk∑q
k=1 Φkρk

(6.13)

Where Ek for each phase is dependent on the specific heat of that phase and

the temperature. The properties ρ and keff (effective thermal conductivity)

are common between liquid phases (as explained in 6.3). The source term, SE

contains the radiation and any other volumetric heat sources. To get more

understanding of the fluid behaviour in the boiler, turbulence intensity (ratio

of the root mean square of the velocity variation to the average velocity) is

also investigated depending on the equation 6.14.

I =
ν̀

νave
= 0.16(ReDH

)−1/8 (6.14)

where

ν̀ =

√
(ν2

1 + ν2
2 + ν2

3 + ...+ ν2
n)

n
(6.15)

The discretisation scheme in this work is first order; investigation of the

effect of using either second order or QUICK demonstrated negligible differ-

ences for the solution criteria inspected. First order demonstrated acceptable

accuracy when compared against the validation experimental data, and the

shorter simulation times were necessary for the large number of transient nu-

merical solutions that were solved. Geo-reconstruct scheme (represents the

interface between fluids using a piecewise-linear approach and it assumes that

the interface between two fluids has a linear slope within each cell, and uses

this linear shape for calculation of the advection of fluid through the cell faces.

It uses when the cell is near the interface between two phases. In fluent it

is the most accurate and is applicable for general unstructured meshes.[184])

adopted for volume fraction.
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6.5 Geometry and boundary condition

A flat plate boiler channel is chosen which is suitable for mounting on the back

of a solar PV array to provide cooling of the concentrated solar energy surface

during operation. In practice the size would be 30cm square, but we take a

smaller channel within this larger design, and only the lower section is heated

in order to separate the effect of boiling and flow downstream. The geometry

used is shown in Figure 6.1, in which a half section with symmetry plane x-z

is modelled.

Fluid flows in the horizontal direction. The boundary condition at the

inlet is a constant velocity and the outlet is outflow, which is obeyed in fully-

developed flows where the diffusion flux for all flow variables in the exit direc-

tion is zero as used previously in similar cases e.g. ([196, 145]). A constant

wall temperature is assumed for the heated lower wall and the two other walls

(one of the sides and the top) are adiabatic. The gravity direction is vertically

downward and there are no significant gradients in the flow direction. A sym-

metric boundary is seen in the front view (on the y=0 plane) (other side wall)

shown in Figure 6.1.

Figure 6.1: Geometry and the boundary conditions of the symmetric boiler used to
boil the solution acetone/ZnBr2 with graphene nanoparticles.
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A no-slip condition is applied for liquid and vapour phase velocity on the

channel surface. The total simulation time depends on the flow rate (time

needed for fluid to pass from the inlet section till the outlet section) for which

a time step size of 0.005 seconds is used (takes approximately 15 hours of wall

clock time). The following flow conditions are investigated which simulate a

proposed experimental boiler condition, as tested in the experimental work of

chapter 4:

• Inlet flow rate 2.31, 3.66, 4.27 and 7.1 ml/s;

• Hot wall temperature 411, 418, 426, 436 & 446 K;

• Mass fraction of the ZnBr2 in the entering solution is 50 wt. % and

• Volume fraction of the nanoparticles is 0, 0.1, 0.2, 0.3, 0.4 and 0.5

vol. %.

The vessel pressure is at atmospheric and it is appropriate for low temper-

ature boiling in the order of 340K. This study does not present the simula-

tion of the change in the vapour saturation temperature as the concentration

changes. In reality, as salt concentration increases, saturation temperature

increases, and there will be reduced vapour production for a particular boiler

temperature as the concentration changes with proceeding evaporation (e.g.

at the atmospheric, acetone will boil at Tsat=330K, but 50% solution boils at

Tsat=340K). (see log P-T diagram for the solution acetone – zinc bromide plot

on (see Figure 4.16 [14])). In the work presented here, saturation temperature

is maintained at 309K. The properties of each phase used in this model are

in Table 6.2 the viscosity of the nanoparticles cloud is calculated via equation

5.10 & equations 5.14-5.17.
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Table 6.2: properties of each phase used in the numerical analysis

Density
(kg/m3)

Viscosity
(kg/m.s)

Thermal
conductivity
(W/m.K)

Specific heat
(J/kg.K)

Acetone
liquid

791 0.000331 0.18 2160

Acetone
vapour

0.498 8.5× 10−6 0.0145 4.374

Ac/ZnBr2 1825 0.2633 0.145 780
Nanoparticles 5606 0.002252

(cloud)
36 40.3

6.6 Mesh independence study:

CFD simulations are computationally complecated. The size of the grid mesh

has a significant influence on the outcome accuracy and the time of running

of the simulation. Mesh independence investigations are achieved to find a

minimum mesh density required to give an accurate results with shorter run-

ning time. And further, refining the mesh would not change the results and

integrated quantities. In practice, mesh independence depends when further

mesh refinement yields only small and therefore small changes in the numerical

solution found.

In order to identify the minimum mesh density, mesh sensitivity analysis

was performed. Different regular hexahedral (Figure 6.2 a) and hexahedral

bias (higher density grids near the hot wall as shown in Figure 6.2 b) grid

sizes ((x,y,z): (121, 41, 41), (151, 51, 51), (161, 61, 61) & (151, 71, 71)) were

taken to choose the best mesh regarding accuracy and solution time of the

simulation. The meshes were compared by the generated vapour mass flow

and heat transfer coefficient on the wall using the same boundary condition

(50 wt. % ZnBr2 in the solution, the hot surface temperature=426 K, inlet

flow rate = 3.66 ml/s, and the particles volume fraction = 0.1 vol. %). Table

6.3 shows that the results are very similar in the regular cases 2, 3 and 4 more
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than the bias cases, even showing the simulation running times were the same,

therefore, mesh number 2 in the regular shape was chosen because it provided

a balance between simulation running times and solution accuracy.

Figure 6.2: Cross-sectional view of the 151 × 51 × 51 grids, a- regular hexahedral
grid b- hexahedral bias grid.

Table 6.3: Mesh independence study for the case 50 wt.% ZnBr2, the hot surface
temperature=426 K, inlet velocity = 3.66 ml/s, and the particles volume fraction
= 0.1 vol. %.

# Mesh
(x,y,z)

ṁvap ×
10−6(kg/s)

Heat
flux(W/m2)

Simulation
running
time
(hour)

Regular Bias Regular Bias
1 121,41,41 6.68 6.82 8282 8281 10
2 151,51,51 6.5 6.49 8285 8286 15
3 161,61,61 6.48 6.45 8285.3 8288 22
4 151,71,71 6.47 6.43 8285.5 8289 27

6.7 Validation of mixture method applied to boiling flow

In order to validate the outcomes of the numerical simulations to be reason-

able and objective, they should compare with experimental results based on

quantitative parameters found under the same operating conditions such as the

geometry configuration, flow rates, temperature, pressure and fluid properties.

190



6.7. VALIDATION OF MIXTURE METHOD APPLIED TO BOILING FLOW

Nanofluid model validation

The forced boiling results from the experimental work in chapter 4 are used

to validate the numerical models. Same operating condition (boiler tempera-

ture, flow rate and nanoparticles concentration) of all the cases were repeated.

The comparison was achieved based on different parameters (heat flux, heat

transfer coefficient, temperature of the out section and the center-line temper-

ature) measured or calculated from experimental data for these parameters in

the varying nano-particle concentration study (boiler temperature = 426 K

& flow rate = 3.66 ml/s). Figure 6.3a shows that the experimental and the

numerical results of the heat transfer coefficient and the heat flux have a good

agreement except at the last point which is for the highest concentration of

nanoparticles. The experimental results seem to show the start of an expo-

nential growth in temperature at that point, but the numerical model shows a

continuing linear trend. The temperature of the mixture on the centre-line also

shows comparable results between both the experimental and the numerical as

shown in Figure 6.3b. Figure 6.3c illustrates how the averaged exit tempera-

ture for the different cases shows the agreement between the experimental and

the numerical.

Basefluid validation

For the base fluid solution with different boiler temperatures and flow rates,

the CFD results of the heat flux and the heat transfer coefficient showed good

agreement with the experiment results as shown in Figure 6.4a and Figure

6.5a. There is reasonable agreement on the center-line temperature as shown in

Figure 6.4b and Figure 6.5b. In all cases the heat flux and the heat transfer co-

efficient show better agreement than the temperatures. The heat flux depends

on many parameters such as the properties of the fluid and the nanoparticles

as used in both the CFD and the experimental model. But the tempera-
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(a)

(b)

(c)

Figure 6.3: Comparison between the experimental and numerical model for varying
concentration of nanoparticles, a) heat flux and heat transfer coefficient, b) centreline
temperature and c) average temperature at the out section.
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(a) (b)

Figure 6.4: Comparison for base fluid between the experimental and the numerical
model, a) heat flux and heat transfer coefficient vs. boiler temperature and b)
centreline temperature vs. axial position.

(a) (b)

Figure 6.5: Comparison for base fluid between the experimental and the numerical
model, a) heat flux and heat transfer coefficient vs. flow rate and b) centreline
temperature vs. axial position.

tures in the experimental side depend on the heat transferred to the solution

and the position of the thermocouple from the center, which do not exactly

match with pinpoint precision the numerical data point in a numerical cell with

length 1mm, height 0.3mm and width 0.35mm (see Table 6.3, grid 2). The

temperature in the experiment taken by the part of the thermocouples which

extend approximately 7.5mm in the solution (it is not exact the centerpoint of

the channel), this also, causes the difference between the experiment and the

numerical.

Figure 6.4b and Figure 6.5b also show the temperatures of the boiler at

entrance are different between cases, this is because the temperature in the SSR

varies depending on the boiler temperature and the flow rate. The temperature
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of the heater was difficult to control in the experiment. For example, when

the temperature was set at 426 K on the controller, the power to the boiler

was activated when its temperature dropped to 424 K, then the power cut off

when the temperature reached 426 K but the temperature increased till 432

K because of the high heat capacity of the boiler. The temperature of the

boiler dropped down gradually, so the average temperature of the boiler was

still a little over 426 K.

Generally, it was found that the model has a reasonable agreement with the

experimental data. The CFD model can be used to investigate a full details

of the flow characteristics in the following sections.

6.8 Quantifying the flow with the mixture model

6.8.1 Effect of nanoparticle concentrations

Figure 6.6 shows the relation between the acetone vapour mass flux produced

through the boiling process and the nanoparticle concentration. It can be

seen that the boiling rate is proportional to the particle volume fraction; the

particles have a high thermal conductivity, therefore the thermal diffusion term

(∇.(keff∇T )) in equation 6.3 is enhanced by the effective thermal conductivity.

This makes the acetone liquid reach the saturation temperature more quickly

and evaporates, consequently more vapour is generated.

The velocity (and hence mass flow rate) of the solution has an influence on

the boiling rate. For example, the case of 50 wt. % ZnBr2, Th (temperature

of the hot surface) equal 411 K and the concentration of the particles equal

0.5 vol. %, the mass flow rate of the vapour is 5.42×10−6kg/s (vapour volume

fraction = 0.928) at flow rate 3.66 ml/s. This value increases to 6.1×10−6kg/s

(vapour volume fraction = 0.939) when the flow rate change to 2.3 ml/s. The

boiling rate is inversely proportional with velocity, because with lower velocity
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Figure 6.6: Relation between the produced acetone vapour mass flux and the
nanoparticle volume fraction for different velocity and temperature and 50 wt. %
ZnBr2 in the solution.

the liquid has more time in contact with the hot surface which helps to generate

more vapour as determined by the convective term (∇.
∑n

k=1 Φk~νk(ρkEk +P ))

in equation 6.3.

The temperature also has an influence on the phase change process, e.q.

for 0.5 vol.% nanoparticles, the acetone vapour mass flux drops from 6.95 ×

10−6kg/s (vapour volume fraction = 0.949) at 426 K (temp of the hot surface)

to 5.42× 10−6kg/s at 411K at the same velocity. Increasing the temperature

gradient at the wall causes more heat transfer to the liquid, by the diffusion

term in equation 6.3, which makes even the acetone located near the hot surface

(not just the adjacent) undergo evaporation.

As shown in Figure 6.7, the heat flux and the heat transfer coefficient are

affected by the particle volume fraction, the temperature of the hot plate and

the velocity of the fluid. The heat transfer coefficient increases with increasing

velocity of the fluid, due to increased turbulence, represented by the k − ε

model, which in turn provides a more efficient mixing of the thermal energy
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Figure 6.7: Relation between the average heat transfer coefficient and heat flux with
nanoparticle volume fraction for different velocity and temperature and 50 wt. %
ZnBr2 in the solution.

in the fluid. It also increases with temperature of the hot surface, despite

increased vapour generation, which should drop the heat transfer coefficient

due to lower mixture conductivity with vapour. This is because the boiling

process is in the nucleate boiling region and it doesn’t reach the critical heat

flux (CHF), so heat flux increases as the wall temperature increases. Figure

6.7 also shows that the heat transfer coefficient increases as the particle con-

centration increases because, increasing the particle loading leads to increase

in the boiling rate as evidenced in Figure 6.6; hence due to the increased fluid

mixing of the very low density vapour rising in the liquid there is a consequent

increase in the heat transfer. This also explains the increase in the surface

heat flux. For example, the surface heat transfer increases from 8.5 kW/m2 to

11.5 kW/m2 by increasing the particles loading from 0 to 0.5 vol. % in case of

surface temperature of 426 K and flow rate of 7.1 ml/s.

The centreline temperature of the solution along the tube increases with

particle concentration as shown in Figure 6.8 as a direct consequence of mixing
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the highly conductive nanoparticles into the keff term in equation 6.3. The

soundness of the two phase approach to modelling here, as distinct to the

single phase approach and as described in ([81]) is proven in the literature.

This technique depends on the nanoparticles being an independent phase in

the mixture, and this effect of enhanced centreline temperature would not be

seen in the single phase model.

Figure 6.8: The effect of volume fraction of particles on the centreline temperature
along the pipe at 50 wt. % ZnBr2 concentration, Th = 426K, and flow rate =
3.66ml/s. (present in colour).

Figure 6.9 shows how the temperature out of the boiler behaves with vari-

ous parameters. The temperature increases with increasing the nanoparticles

concentrations; it increases also with increasing the surface temperature but

drops with increasing the flow rate. The reason for the flow rate effect relates

to the residence time over the hot plate; the heat transfer coefficient increases

with increasing velocity due to increased Nu, but the contact time of the fluid

with the hot surface is shorter and the contact time dominates regarding tem-

perature of the fluid due to the capacity rate (C = ṁ.cp).
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Figure 6.9: The effect of the concentration of the nanoparticles, surface temperature
and the flow rate on the average outlet temperature of the mixture solution in the
boiler.

Figure 6.10 shows turbulence intensity (equation 6.16 ([201])).

I =

√
1
3
(ū2 + ῡ2 + ω̄2)

U∞
(6.16)

The turbulence intensity of the nano-solution during boiling is affected by

the concentration of the nanoparticles for two reasons; the first reason is with

the two phase flow, the random motion of the nanoparticles (reflected in equa-

tions 6.3 & 6.7 where as the energy source is defined which will affect kinetic

energy directly) which affects on the stream of the flow; the second reason

is increasing the generation of vapour which rises vertically. Figure 6.10 also

shows that the turbulence intensity increases with increasing surface temper-

ature which also increase vapour generation, however it drops with increasing

the flow rate, demonstrating that the dominating contribution to turbulence

and therefore to convective mixing is not the liquid Nu contribution, but the

gross liquid motion generated by the low density vapour rising.

Figure 6.11 shows the relation between the generated vapour volume frac-
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Figure 6.10: The effect of the concentration of the nanoparticles, surface temperature
and the flow rate on the turbulent intensity of the mixture solution in the boiler.

Figure 6.11: Developing of acetone vapour in the boiler with a time during the
boiling of nanofluid (Th= 426 K and flow rate = 3.66 ml/s).

tion of acetone in the domain with time. The vapour volume fraction increases

with time up to 6 seconds, after which point the amount of vapour stabilizes

because the boiler is open at the end with outflow exit boundary condition.

Figure 6.11 also shows that the generated vapour increases as the concentration

of the nanoparticles increases as stated previously.
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Table 6.4: The concentration of the Graphene and ZnBr2 in the liquid phase at the
exit section of the boiler in different cases of Acetone-ZnBr2/graphene boiling.

Th = 426K, flowrate = 3.66ml/s Th = 446
K, ṁ =
3.66ml/s

Th = 426
K, ṁ =
7.1ml/s

Graphene vol. frac-
tion (in)

0.001 0.003 0.005 0.005 0.005

Graphene vol. frac-
tion (out)

0.00105 0.00307 0.00513 0.00515 0.0051

ZnBr2 vol. frac-
tion (in)

0.1580 0.1580 0.1580 0.1580 0.1580

ZnBr2 vol. frac-
tion (out)

0.175 0.181 0.188 0.191 0.185

ZnBr2 wt. concen-
tration (out)

0.53 0.54 0.5514 0.556 0.565

During boiling, the concentration of components of the liquid solution

changes since the concentration of liquid acetone, ZnBr2 and nanoparticles

change with the evaporation. This causes the volume fraction of the ZnBr2

and Graphene nanoparticles in the liquid solution to increase depending on the

concentration itself, the boiler temperature and the velocity. Table 6.4 presents

the volume concentration of the nanoparticles and the ZnBr2 in both the inlet

and the outlet sections of the boiler for different temperatures of the heater and

flow velocity of the solution. At Th = 426K and flow rate = 3.66 ml/s the inlet

volume fraction of ZnBr2 and graphene are 0.158 & 0.001 respectively, which

increase at the outlet to 0.175 & 0.00105 respectively. Through increasing the

vapour volume fraction, the concentration of the ZnBr2 and nanoparticles in

the liquid also increase, because by increasing the nanoparticles concentration,

the heat transfer is enhanced which stimulates the generation of more vapour

(this works as a circular actions). By comparing the results for the last three

columns, it can be seen that with increasing temperature of the heater and de-

creasing velocity of the fluid, the concentration of both ZnBr2 and graphene

increase at the outlet section. In both cases the evaporation of the liquid

acetone is increased.
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6.8.2 Effects of the boiler temperature

Figure 6.12 shows that heat transfer increases as the boiler temperature in-

creases. With increasing boiler temperature, more heat will transfers to the

liquid at a particular time, which makes the acetone reach the boiling temper-

ature quicker, and some acetone may evaporate at a small distance from the

hot surface. This will increase the vapour volume fraction and the vapour flow

rate in the boiler as illustrated in Figure 6.13.

Figure 6.12: Relation between the heat flux and heat transfer coefficient and the
boiler temperature for different velocity and particles concentrations with 50 wt. %
ZnBr2 in the solution.

Increasing the vapour in the domain will decrease the effective combined

viscosity of the vapour infused liquid and increase the local velocity which

directly increases the Re and consequently the turbulence intensity as shown in

Figure 6.14. Because of increasing the amount of heat transfer to the solution

with increasing the boiler temperature, there is an expected increase in the

temperature at the out going section of the boiler (Figure 6.15). The results
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Figure 6.13: Relation between the productions of acetone vapour mass flux and
vapour volume fraction and the boiler temperature for different velocity and particles
concentrations with 50 wt. % ZnBr2 in the solution.

and observed behaviours of studying the effects of the boiler temperature are

proved experimentally as explained in the section 6.7 .

Figure 6.14: The effect of the boiler temperatures on the turbulent intensity of the
mixture solution in the boiler at different particles concentration and the flow rate.
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Figure 6.15: The effect of the boiler temperature on the outlet temperature of the
mixture solution in the boiler with different surface temperatures and the flow rates.

6.8.3 Effects of the flow rate

The effects of the flow rate variation with various heater temperatures are

shown in Figure 6.16; there is a slight increase in heat transfer, and the heat

transfer coefficient corresponds to the heat flux in all the cases. This is be-

cause the wall temperature is the same for each specific case and there are a

slight differences in the mean temperature caused by the flow variation. The

vapour generation drops as the velocity increases because the solution has less

contact time with the hot surface, as described in the previous section. This

results specifically for one domain or one cycle of the solution rotation in the

rig. This behaviour demonstrated by the experimental results in Figure 4.26.

However, Figure 6.17 shows the generation of the vapour for passing the solu-

tion through the numerical domain from inlet to the outlet (vapour decreases

with increasing the flow rate). This leads to reduction of turbulence intensity

since it is proportional with vapour generation as shown in Figure 6.18
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Figure 6.16: Relation of the heat flux and heat transfer coefficient with the flow rate
variation for different boiler temperature and particles concentrations with 50 wt.
% ZnBr2 in the solution.

Figure 6.17: Relation of the productions of acetone vapour mass flux and vapour
volume fraction with the flow rate variations for different boiler temperature and
particles concentrations with 50 wt. % ZnBr2 in the solution.
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Figure 6.18: The effect of the solution flow rate on the turbulent intensity of the
mixture solution in the boiler at different particles concentration and the boiler
temperatures.
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6.9 Visualising the flow

This flow behaviour includes three miscible phases and one immiscible phase

(acetone vapour) which can be represented by the VoF model to show its

behaviour. Figure 6.19 shows the development of the acetone vapour from the

nanofluid solution (acetone/ZnBr2 based on graphene nanoparticles) on the

symmetry plane of the boiler in case of (flow rate=3.66 ml/s, Tw=426 K and

Φ=0.5 Vol. %) for several time steps up to 25s. At t=0.2 s the vapour is visible

and it quickly increases with time. The vapour ascends to the top surface by

the first second and it gathers there. During the gathering of the vapour at

the top of the channel, the vapour volume expands by further production and

moves quickly (faster than the other phases) toward the exit. The amount

of the vapour at the top increases gradually because the generation rate of

the vapour is more than that which exits through the outflow boundary until

t=8 s, and then the generation rate and the exit are approximately equal.

Consequently the amount of the vapour at the top and the exit vapour rate

become constant as is represented by the same quantity of the vapour in the

boiler volume at 10 and 25 seconds.

The last image in Figure 6.19 shows how the vapour phase develops on

several cross sections of the boiler at the 25th second. Whenever the solution

flows in the boiler, there are two parameters effecting boiling rate; firstly,

the evaporation makes the concentration of the salt increase consequently less

acetone liquid contacts the hot surface and this reduces the rate of bubble

generation. Secondly, as a consequence of that, in the boiler the liquid gains

more heat from the hot surface due to improved thermal contact which makes

more heat transfer.

Figure 6.20 shows the concentration and the distribution of the phases in

the symmetric section for different time steps in the case, flow rate=0.366
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Figure 6.19: Developing of the vapour of acetone in acetone/ZnBr2 based on
graphene nanoparticles at the symmetric view of the rectangular boiler up to 15
second. (Flow rate=3.66 ml/s, Tw=426 K and Φ=0.5 Vol %) at the VoF method.
(present in colour)
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ml/s, Tw=426 K and Φ=0.5 Vol. %. In this case the process is solved with

the mixture model and the contours can be used for each phase (except vapour

phase) with the alternative colour bars (concentration). During the first sec-

ond, the acetone vapour generates and rises, then the vapour expands faster

than the liquid mixture flow toward the out section as seen in the VoF model.

At any point and in any time step, the phases present are as shown in the

colour bar, and the rest of the mixture is the vapour phase. For example, at

the location indicated by a point in time, step 0.5s (step 1) at the top of the

channel, the concentration of acetone, graphene and acetone/ZnBr2 are the

same as the inlet concentrations (0.57, 0.005, 0.425) with no vapour at that

point. At the same position at time step 2 the volume fraction of acetone,

graphene and acetone/ZnBr2 are 0.44, 0.0077 and 0.325 respectively, the ace-

tone vapour volume fraction can be calculated from the balance of the missing

proportion to be 0.2273. In 20 seconds time at that point the major phase is

vapour with volume fraction of 0.929. A sample of these data is presented in

Table 6.5. The last image in Figure 6.20 shows the process in the boiling on

the cross sections (separation distance of 1 cm between the sections) of the

boiler at the 20th second.

Table 6.5: Concentrations of all phases (acetone liquid, Graphene cloud,
acetone/ZnBr2 and acetone vapour) at the symmetric view of the rectangular boiler
at the same point indicated in Figure 6.20 at different time steps, for the case (flow
rate=3.66 ml/s, Tw=426 K and Φ=0.5 Vol. %) at the mixture model.

Position Concentrations
Acetone/ZnBr2 graphene Acetone

(Liquid)
Acetone
(Vapour)

Step 1 0.57 0.005 0.425 0
Step 2 0.44 0.0077 0.325 0.2273
Step 3 0.18 0.0031 0.134 0.683
Step 4 0.04 0.00035 0.03 0.9296
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Figure 6.20: Distribution of all phases (acetone liquid, vapour, acetone/ZnBr2 and
graphene cloud) at the symmetric view of the rectangular boiler up to 20 seconds.
In specific conditions (Flow rate=3.66 ml/s, Tw=426 K and Φ=0.5 Vol %) for the
mixture model. Last image is the cross section of the boiler in different points at
the 20th second. (present in colour).
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Figure 6.21 also illustrates those cross sections more clearly, it shows that

in 1 cm cross section the original phase is in the middle section surrounded

by the mixture (liquid and generated vapour), which is caused by the heater

from the bottom, rising the generated vapour (appears in green) at the side

and gathering the vapour and the mixture at the top. The vapour volume

fraction increases towards the walls. The vapour occupies the top region of

the boiler then expands to the exit. Moving away from the entrance, the

vapour volume fraction increases, the original phase shrinks and mixes with

the vapour phase. In the last sections of the boiler, it’s clear that the major

phase is vapour. Figure 6.21 also shows that there is no film boiling in all the

sections of the boiler (no dark blue which refer to pure vapour in contact with

the heater) which proves the process is still in the nucleate boiling region as the

calculations done in the subject 4.3.2. This is because the ∆Tsat is relatively

low and the acetone mixes with the salt, which is not evaporated and this

causes some fluid to be in touch with the surface. In the mixture model

the phase change appears gradually on different levels of saturated vapour;

however the phase change happens rapidly without passing through saturation

levels. The mixture method can predict the behaviour of the flow and the

concentrations of the phases but cannot predict the development of the bubbles

in the phase change (vapour phase).
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Figure 6.21: Distribution of all phases (acetone liquid, vapour, acetone/ZnBr2 and
graphene cloud at different cross sections of boiler at 20 seconds. (Flow rate=3.66
ml/s, Tw=426 K and Φ=0.5 Vol %) for the mixture model. (present in colour).
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6.10 Summary

The mixture method compares well against literature on repeating the boiling

model in a pure fluid with nano particles. This chapter proceeds to apply

the method in the case of the salt solution nano-fluid and demonstrates the

characteristics that should be observed in the physical situation of sub-cooled

boiling in a constant cross section rectangular channel, with a heated bottom

section.

The nanoparticle concentration is low, in the order of upto 0.5% by volume

since this provides sufficient property enhancement, whilst allowing for a sta-

ble suspension. The results show that vapour production rate increases with

nano particle concentration due to the enhanced thermal diffusion due to the

nano particles causing faster heating of the nanofluid. Likewise, reducing the

velocity increases vapour production (although, lower velocity will reduce the

heat transfer coefficient), due to the increased residence time over the heated

section. Increasing the heated surface temperature also produces greater yield

of vapour in the range tested, since the regime considered is nucleate boiling

prior to critical heat flux and no film boiling is observed.

Analysis of heat transfer coefficient shows it increases with wall temperature

and Reynolds number. The particle population density increases in the region

of the hot surface due to intense boiling which raises thermal diffusivity, further

enhancing the effect, and leading to further bubble generation and this leads to

increased mixing. Centreline temperature shows that velocity decrease leads

to increased temperature, but only slightly since increased vapour generation

at the wall reduces local thermal diffusion. Increased temperature of the hot

surface leads to increased centreline temperature; increase in nano particle

concentration also has an effect on increasing centreline temperature.

Overall, the mixture method shows that an effect can be seen of the nano-

212



6.10. SUMMARY

particle concentration which is related to the complex flow dynamics of vapour

generation and turbulence. The model allows for the effect of nano-particle

concentration increase due to evaporation, and simulates its effects. The flow

dynamic effects of increasing temperature and velocity are as expected, but

complicated by the boiling action and the effect on thermal diffusion and con-

vective mass transport. The model accounts for density variation in the liquid,

allowing the denser concentrated solution to sink to the bottom of the channel,

which raises the temperature in that region due to the intensely boiled solution

closest to the hot surface, relative to the less boiled solution which rises to the

upper levels since the regions of the solution with more acetone are less dense.

But the contour plots reveal that the liquid constituents remain in the same

proportion, such that there is no buoyant stratification other than the vapour

fraction.

Turbulence intensity offers a good indication of the enhancement of mix-

ing in the boiling flow, showing a clear enhancement of turbulent mixing with

increased nanoparticle concentration. Given the complexity of the flow dy-

namics indicated in the other data from the models, this is a useful indicator

of nanofluid effectiveness in boiling. The sensitivity of the results to ingoing

turbulence intensity level variation was found to be negligible.

The VoF method is applied to show that the dynamics of bubble generation

indicate the trends of behaviour observed in the mixture model, but highlights

the particular regions of bubble volumetric concentration in discrete packets.

The overall behaviour is seen to be very similar to the concentration profiles

observed in the mixture model.

The models indicate that enhancement of the boiling process by applica-

tion of the nano-particles is a complex interaction not just dependent on the

enhancement due to the nanofluid effects but also the characteristics of in-
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teraction between vapour and liquid constituents in the heat transfer region.

The indication is that a small proportion of nanoparticles can offer a benefit

on providing improved boiling at lower temperatures where the temperature

potential above saturation reduces. The CFD model technique can provide ca-

pacity characteristics for ultimate design and flow configuration which result

in flows producing nucleate boiling regime.
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7
CONCLUSIONS AND RECOMMENDATIONS

T his Chapter highlights the main conclusions form this study and the re-

lated recommendations for further work which logically follow on from it.

7.1 Conclusions

Investigation of the effects of the nanoparticles on improving heat transfer in

the VARS with acetone / ZnBr2 base fluid was the main aim of this work.

In particular, this work reflects the heat transfer in flat PV panel (presented

as the boiler in this work) to make use of low grade heat from solar PV. This

study focused on the high pressure part of the VARS which includes the boiler.

A novel numerical method is developed to simulate the boiling process of the

working fluid (nano-salt-fluid) in the boiler, which was a symmetric rectan-

gular duct. The preparations for execution of this process involved different

actions; the working fluid of acetone / ZnBr2 was prepared and converted

to nanofluid with different concentration of nanoparticles. The properties of

the nanofluid for all concentrations were tested experimentally (Chapter 3).

The single and two phase models for the nanoparticles simulation in the CFD

models are significant for the numerical results of the system. Therefore, choos-

ing the best model to represent boiling processor required evaluation of both

models (Chapter 5). Every numerical model needs validation to evaluate the
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range of the applicability. To achieve that, an experimental rig of the high

pressure part of VARS has been built (Chapter 4). Identical boundary con-

ditions of flow rate, temperature and pressure of the experiments are applied

in the boiling process numerical model which is the core work of this thesis

(Chapter 6). The simulation show that it is unlikely VARS can be used with

solar photo-voltaic (PV) waste heat because it give 80 oC under the vacuum

condition, which cannot take the solution to the boiling state. In this work,

the minimum suitable surface temperature for the boiling was found as 138 oC

at the atmospheric pressure.

In chapter 3: A suggested novel VARS fluid consists of a binary fluid

mixed with nanoparticles (ZnO and Graphene) which we call a nano-binary

fluid or nano-salt-fluid. The fluid was prepared with different concentrations of

nanoparticles using the two step technique of the nanofluid preparation. The

purposes of this study are to investigate the improvement of the fluid properties

using nanofluid. It was found that the surfactants (PVA, PVP and SDS) have

no impacts on the stability of the nano-salt-fluid. However, the density of the

basefluid has a significant influence on the stability. With a concentration of 65

% ZnBr2 which makes the solution more dense (1550 kg/m3) the liquid stayed

stable for 48 hrs. The density of the solution increases as the concentrations

of the salt increases.

Viscosity of the solution increases as the concentration of the salt or the

nanoparticles increase and increasing the temperature reduces the viscosity.

The nanofluid prepared shows a Newtonian behaviour over a wide range of

shear rate. Improving the thermal conductivity has the most significant influ-

ence over the heat transfer process. It was found that the thermal conductivity

of the pure solution rises from 0.149 - 0.159 W/m.K with dropping the concen-

tration of the salt from 65 wt.% to 40 wt.%. However, the thermal conductivity
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of the nanofluid increases by 10.5 % and 4.6 % with increasing the concen-

tration of the ZnO from 0 to 1.2 vol.% and Graphene from 0 to 0.5 vol.%,

respectively. The last property investigated was heat capacity which found it

drops with increasing the concentration of both the salt and the nanoparticles

concentrations. It is observed that agglomeration size leads to enhanced by

the concentration and the type of the nanoparticles, it was found also that the

agglomeration size of ZnO is bigger than those caused by Graphene. Stability

of the nanofluid is a key unreserved challenge for successful application at an

operational scale.

In chapter 4: This part of work validates the numerical model of the

boiling process, and proves that the system is working with the presence of

nanoparticles. Different characteristics of concentrations of the graphene (0 –

0.5 vol. %), boiler temperature (411, 418, 426, 436 and 446 K) and flow rate

(2.31 - 7.1 ml/s) are used to discover how each variable quantity affects the

behaviour of flow boiling. The most important outcomes from this Chapter are,

firstly, the Rohsenow constant of acetone /ZnBr2 based graphene on smooth

stainless steel is found as 0.217, depending on the Rohsenow nucleate boiling

correlation over the range of power input tested (48.8 W). The stable level of

the vapour pressure (happens when the evapouration rate in the boiler equal

to the condensation rate) in the system increases with increasing concentration

of nanoparticles, and consequently, the saturation temperature increases. The

presence of nanoparticles leads to increased heat transfer coefficient, which

helps to improve heat transfer during the boiling process, creating a higher

vapour production rate and more concentrated exiting strong solution.

Increasing the boiler temperature will increase the vapour generation, vapour

pressure and the saturation temperature. The heat transfer coefficient and the

heat flux are found proportional with the boiler temperature. Also, the av-
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erage boiler temperature increases with increasing the flow rate. With higher

flow rate, less vapour generates meaning more liquid exists in the boiler which

means the fluid can gain more heat to become warmer. The heat transfer

coefficient and the heat flux also proportional with the flow rate in the system.

In chapter 5: For the multiphase flow, there are two mechanisms for mod-

elling nanoparticles in the fluid: single and two phase flow. To evaluate which

of these models can predict the heat transfer of the system more accurately, an

investigation of the comparisons took place. These two approaches are applied

using acetone/ZnBr2 − ZnO nanofluid inside a flat tube with laminar and

turbulent mixed convection using a mixture method. From the section 5.6.2

it was found that the two phase model gives a much better prediction than

the single phase model. This behaviour may cause by the Brownian motion,

which effects on the thermal conductivity and the particles size, which effects

on the viscosity of the fluid.

The main part of the Chapter goes onto show the effects of the nanoparticles

concentration in the salt-fluid, concentration of the acetone in the solution and

the Re on the heat transfer. The two phase method shows the strong effect

of the nanoparticles on improving the heat transfer which provides reasonable

confidence in a positive outcome in the event of using the fluid in a heat transfer

situation like the absorption refrigeration cycle.

Wall shear stress increases with increasing Re and decreases with increasing

acetone concentration as the viscosity of the fluid decreases; but the nanopar-

ticles do not show a noticeable change. The behaviour of the skin or surface

friction depends on the concentrations of acetone and nanoparticles as well as

Re as reflected in the wall stress. The effect of increasing concentration of

nanoparticles on the skin friction is significantly affected by acetone concen-

tration and Re: the skin friction decreases with increasing concentration of
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nanoparticles at 70wt. % of acetone and Re of 20000, but it increases with

increasing volume fraction of the nanoparticles at 60wt. % of acetone and Re

of 15000. We suggest that this may be due to particle interaction increasing

in the low Re velocity gradient, where there is increased interaction time as

suggested in the formulation of nano-particle cloud viscosity used.

The overall performance of the solution with the nano-particles shows

promising enhancement for the heat transfer challenge of the vapour absorp-

tion refrigeration system, since an enhancement of up to 180 % of basefluid

can be achieved with only 1.5 % volume fraction of ZnO particles. The con-

centration of the salt solution base fluid has a significant effect on the heat

transfer enhancement together with the nanoparticles.

In chapter 6: This chapter is involved with the core part of this thesis. A

novel numerical method of boiling nano-salt-fluid is presented using the same

geometry and boundary conditions as the experiment. This method deals

with four phases to allow just one component (acetone) to evaporate from the

system and demonstrates the characteristics that should be observed in the

physical situation of sub-cooled boiling in a constant cross section rectangular

channel, with a heated bottom section.

Increasing the nanoparticles raises the production rate of the vapour be-

cause of the thermal diffusion enhancement causing faster heating of the nanofluid.

Likewise, the vapour production increases with reducing the velocity, due to

the increased residence time over the heated section. Increasing the boiler sur-

face temperature produces greater yield of vapour, since the regime considered

is nucleate boiling prior to critical heat flux and no film boiling is observed.

The heat transfer coefficient increases with increasing boiler temperature

and flow rate. The nanoparticle population rises in the region of the hot sur-

face due to intense boiling which raises thermal diffusivity, then more bubbles
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generate. Increasing the flow rate causes a drop in temperature, but only

slightly. Increasing the boiler temperature or particles loading will rise the

average temperature of the solution. The turbulence intensity is increase by

increasing each of the nanoparticles concentration, boiler temperature and the

flow rate.

The mixture method can show the effects of the nanoparticles on the com-

plex flow dynamics of the boiling process as well as the vapour generation.

The particles concentration increases due to the evaporation and the model

simulates this effect. Boiler temperature and velocity effect on the system

are as expected, but it is complicated by the boiling process and nanoparticle

presence.

The VOF model cannot indicate the output character of the process, but

it can illustrates the dynamic bubble generation and behaviour during the

boiling. VOF model is affected by variation of the density of each phase.

Therefore, the densities of the inlet phases are unified to avoid sinking of the

heavier phase.

Overall, the models specify that improvement of the boiling process using

nano-particles is a complex collaboration. It is dependent on the enhance-

ment due to the nanofluid effects and the characteristics of interaction between

vapour and liquid constituents in the heat transfer region. The indication is

that a small proportion of nanoparticles can offer a benefit on providing im-

proved boiling at lower temperatures where the temperature potential above

saturation reduces.
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7.2 Recommendations

A number of avenues are opened up by this work or previous numerical or

experimental work. In the following there are some recommended points for

future work.

• Regarding the core of this work (numerical work):

– Use a wider range of the boiler temperature (200 oC < T

< 160 oC) and inlet velocity (7.1 ml/s < υ̇ < 2.3 ml/s)

and analyse their effects.

– Use a higher concentration of nanoparticles with different

types and investigate their effects numerically.

– Develop a new model for absorbing the vapour by the

nano-salt-fluid (can include the points above) for the ab-

sorber.

– Develop a CFD model by considering the change in the

acetone saturation temperature and pressure dependant

on the acetone concentration in the boiler. (In each cell,

when a part of the acetone evaporates the concentration of

acetone will change in that cell which affects the saturation

temperature of acetone).

• Regarding the experimental side:

– Preparing a different type of nanofluid with different metal-

lic nanoparticles such as Cu, Fe, Al and CNT or hybird

nanoparticles such as Al2O3 as they have high thermal

conductivity.

– Try more methods to get a stabilized solution before us-

ing it in the system by using different types of surfactant,

ionizing the nanoparticles or changing the PH of the base-
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fluid.

– Measure more properties such as surface tension to find

how the variation in the nanoparticles concentration effect

on these properties.

– Doing the experimental work with a full design (including

the higher and lower pressure side of VARS), in order to

include the absorber.

– Do a mathematical analysis to calculate the outcome from

each component and compare them with both the numer-

ical calculations and experimental work.

– All the experiment can be repeated under vacuum or dif-

ferent pressure (0-1 bar) (current work done under atmo-

spheric pressure).
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[9] A Zacaŕıas, M Venegas, R Ventas, and A Lecuona. Experimental assessment of

223



REFERENCES

Ammonia adiabatic absorption into Ammonia–Lithium Nitrate solution using

a flat fan nozzle. Applied Thermal Engineering, 31(16):3569–3579, 2011.

[10] Guozhen Xie, Qingping Wu, Xiaoming Fa, Lirong Zhang, and Pradeep Bansal.

A novel Lithium Bromide absorption chiller with enhanced absorption pres-

sure. Applied Thermal Engineering, 38:1–6, 2012.

[11] Jongsoo Jeong, Kiyoshi Saito, and Sunao Kawai. Static characteristics and

efficient control of compression-and absorption-type hybrid air conditioning

system. International journal of refrigeration, 34(3):674–685, 2011.

[12] Junye Hua, Yaping Chen, Yaodong Wang, and AP Roskilly. Thermodynamic

analysis of ammonia–water power/chilling cogeneration cycle with low-grade

waste heat. Applied Thermal Engineering, 64(1):483–490, 2014.

[13] Ratha Z Mathkor, Brian Agnew, Mohammed A Al-Weshahi, and Fathi La-

trsh. Exergetic analysis of an integrated tri-generation organic rankine cycle.

Energies, 8(8):8835–8856, 2015.

[14] Salman Ajib and Ali Karno. Thermo physical properties of Acetone–Zinc bro-

mide for using in a low temperature driven absorption refrigeration machine.

Heat and Mass Transfer, 45(1):61–70, 2008.

[15] J Patek and J Klomfar. A computationally effective formulation of the thermo-

dynamic properties of LiBr/H2O solutions from 273 to 500 K over full com-

position range. International Journal of Refrigeration, 29(4):566–578, 2006.

[16] D Micallef and C Micallef. Mathematical model of a vapour absorption re-

frigeration unit. International Journal of Simulation Modelling, 9(2):86–97,

2010.

[17] SA Tassou, JS Lewis, YT Ge, A Hadawey, and I Chaer. A review of emerging

technologies for food refrigeration applications. Applied Thermal Engineering,

30(4):263–276, 2010.

[18] Satha Aphornratana. Theoretical and experimental investigation of a combined

ejector–absorption refrigerator. 1994.

[19] Ali Karno and Salman Ajib. Thermodynamic analysis of an absorption refrig-

224



REFERENCES

eration machine with new working fluid for solar applications. Heat and Mass

Transfer, 45(1):71–81, 2008.

[20] G Grossman, K Gommed, and D Gadoth. A computer model for simulation

of absorption systems in flexible and modular form. ASHRAE Trans.;(United

States), 93(CONF-870620-), 1987.

[21] V Boopathi Raja and V Shanmugam. A review and new approach to minimize

the cost of solar assisted absorption cooling system. Renewable and Sustainable

Energy Reviews, 16(9):6725–6731, 2012.

[22] KR Ullah, R Saidur, HW Ping, RK Akikur, and NH Shuvo. A review of solar

thermal refrigeration and cooling methods. Renewable and Sustainable Energy

Reviews, 24:499–513, 2013.

[23] Z.Y. Xu and R.Z. Wang. Absorption refrigeration cycles: Categorized based

on the cycle construction. International Journal of Refrigeration, 62:114 –

136, 2016.

[24] L Garousi Farshi and SM Seyed Mahmoudi. Performance comparison of the

double effect Lithium Bromide / Water absorption chiller:Series, Parallel and

reverse parallel,Conference: 10th International Conference on Clean Energy

(ICCE-2010)At: Famagusta, N. Cyprus. 2010.

[25] GP Xu, YQ Dai, KW Tou, and CP Tso. Theoretical analysis and optimization

of a double-effect series-flow-type absorption chiller. Applied thermal engineer-

ing, 16(12):975–987, 1996.

[26] GP Xu and YQ Dai. Theoretical analysis and optimization of a double-effect

parallel-flow-type absorption chiller. Applied thermal engineering, 17(2):157–

170, 1997.

[27] MB Arun, MP Maiya, and S Srinivasa Murthy. Equilibrium low pressure

generator temperatures for double-effect series flow absorption refrigeration

systems. Applied thermal engineering, 20(3):227–242, 2000.

[28] MB Arun, MP Maiya, and S Srinivasa Murthy. Performance comparison of

double-effect parallel-flow and series flow Water–Lithium bromide absorption

225



REFERENCES

systems. Applied thermal engineering, 21(12):1273–1279, 2001.

[29] YL Liu and RZ Wang. Performance prediction of a solar/gas driving double

effect LiBr/H2O absorption system. Renewable Energy, 29(10):1677–1695,

2004.

[30] DS Kim and CHM Machielsen. Evaluation of air-cooled solar absorption cool-

ing systems. In International Sorption Heat Pump Conference, Shanghai,

China., 2002.

[31] S Arivazhagan, R Saravanan, and S Renganarayanan. Experimental studies

on HFC based two-stage half effect vapour absorption cooling system. Applied

Thermal Engineering, 26(14):1455–1462, 2006.

[32] Berhane H Gebreslassie, Marc Medrano, and Dieter Boer. Exergy analysis of

multi-effect Water–LiBr absorption systems: from half to triple effect. Renew-

able energy, 35(8):1773–1782, 2010.

[33] MR Conde-Petit. Thermophysical properties of NH3 +H2O solutions for the

industrial design of absorption refrigeration equipment. M. Conde Engineer-

ing, Zurich, Switzerland, 2004.

[34] Khalid A Joudi and Ali H Lafta. Simulation of a simple absorption refrigera-

tion system. Energy conversion and Management, 42(13):1575–1605, 2001.

[35] DS Kim and CA Infante Ferreira. Air-cooled LiBr–Water absorption chillers

for solar air conditioning in extremely hot weathers. Energy Conversion and

Management, 50(4):1018–1025, 2009.

[36] Arzu Sencan, Kemal A Yakut, and Soteris A Kalogirou. Thermodynamic anal-

ysis of absorption systems using artificial neural network. Renewable Energy,

31(1):29–43, 2006.

[37] Jian Sun, Lin Fu, and Shigang Zhang. A review of working fluids of absorption

cycles. Renewable and Sustainable Energy Reviews, 16(4):1899–1906, 2012.

[38] DR Lide. Dr 2003–2004 crc handbook of chemistry and physics. Boca Raton,

FL, itd: CRC Press,, 2003.

[39] Zenghu Han. Nanofluids with enhanced thermal transport properties. PhD

226



REFERENCES

thesis, 2008.

[40] Yimin Xuan and Qiang Li. Investigation on convective heat transfer and flow

features of nanofluids. Journal of Heat transfer, 125(1):151–155, 2003.

[41] JA Eastman, SUS Choi, Sheng Li, W Yu, and LJ Thompson. Anomalously

increased effective thermal conductivities of Ethylene Glycol-based nanofluids

containing copper nanoparticles. Applied physics letters, 78(6):718–720, 2001.

[42] Shinpyo Lee and Stephen U-S Choi. Application of metallic nanoparticle sus-

pensions in advanced cooling systems. Technical report, Argonne National

Lab., IL (United States), 1996.

[43] Sarit K Das. Nanofluids—the cooling medium of the future, 2006.

[44] Xiang-Qi Wang and Arun S Mujumdar. A review on nanofluids-part II:

Experiments and applications. Brazilian Journal of Chemical Engineering,

25(4):631–648, 2008.

[45] Subelia Senara Botha. Synthesis and characterization of nanofluids for cooling

applications. PhD thesis, University of the Western Cape, 2006.

[46] V Sridhara, BS Gowrishankar, Snehalatha, and LN Satapathy. Nanofluids —

A new promising fluid for cooling. Transactions of the Indian Ceramic Society,

68(1):1–17, 2009.

[47] Michael Peter Beck. Thermal conductivity of metal Oxide nanofluids. Georgia

Institute of Technology, 2008.

[48] S Choi. Development and applications of non-Newtonian flows, Editors: DA

Siginer, and HP Wang, 1995.

[49] Yimin Xuan and Wilfried Roetzel. Conceptions for heat transfer correlation

of nanofluids. International Journal of Heat and Mass Transfer, 43(19):3701

– 3707, 2000.

[50] SUS Choi, Wenhua Yu, John R Hull, ZG Zhang, and FE Lockwood. Nanofluids

for vehicle thermal management. Technical report, SAE Technical Paper, 2001.

[51] P Keblinski, SK Nayak, P Zapol, and PM Ajayan. Charge distribution and

stability of charged carbon nanotubes. Physical review letters, 89(25):255503,

227



REFERENCES

2002.

[52] Deborah Elcock et al. Potential impacts of nanotechnology on energy transmis-

sion applications and needs. Technical report, Argonne National Laboratory

(ANL), 2007.

[53] Cheol Choi, HS Yoo, and JM Oh. Preparation and heat transfer proper-

ties of nanoparticle-in-transformer Oil dispersions as advanced energy-efficient

coolants. Current Applied Physics, 8(6):710–712, 2008.

[54] MN Pantzali, AA Mouza, and SV Paras. Investigating the efficacy of nanoflu-

ids as coolants in plate heat exchangers (PHE). Chemical Engineering Science,

64(14):3290–3300, 2009.

[55] Joo Hyun Lee. Convection performance of nanofluids for electronics cooling.

Stanford University, 2009.

[56] MinSheng Liu, Mark ChingCheng Lin, and ChiChuan Wang. Enhancements

of thermal conductivities with Cu, CuO, and carbon nanotube nanofluids and

application of MWNT/Water nanofluid on a Water chiller system. Nanoscale

research letters, 6(1):297, 2011.

[57] R Saidur, KY Leong, and HaA Mohammad. A review on applications and chal-

lenges of nanofluids. Renewable and sustainable energy reviews, 15(3):1646–

1668, 2011.

[58] Wei Yu and Huaqing Xie. A review on nanofluids: Preparation, stability

mechanisms, and applications. Journal of Nanomaterials, 2012, Article ID

435873,:17, 2012.

[59] SUS Choi, ZG Zhang, Wu Yu, FE Lockwood, and EA Grulke. Anomalous

thermal conductivity enhancement in nanotube suspensions. Applied physics

letters, 79(14):2252–2254, 2001.

[60] MJl Assael, C-F Chen, I Metaxa, and WA Wakeham. Thermal conductiv-

ity of suspensions of carbon nanotubes in Water. International Journal of

Thermophysics, 25(4):971–985, 2004.

[61] Ho Chang, Tsing-Tshih Tsung, Liang-Chia Chen, Yi-Cheng Yang, Hong-Ming

228



REFERENCES

Lin, Lee-Long Han, and Chung-Kwei Lin. TiO2 nanoparticle suspension prepa-

ration using ultrasonic vibration-assisted arc-submerged nanoparticle synthe-

sis system (ASNSS). Materials Transactions, 45(3):806–811, 2004.

[62] Sidi El Becaye Maiga, Cong Tam Nguyen, Nicolas Galanis, and Gilles Roy.

Heat transfer behaviours of nanofluids in a uniformly heated tube. Superlat-

tices and Microstructures, 35(3):543–557, 2004.

[63] In Cheol Bang and Soon Heung Chang. Boiling heat transfer performance

and phenomena of Al2O3/Water nano-fluids from a plain surface in a pool.

International Journal of Heat and Mass Transfer, 48(12):2407 – 2419, 2005.

[64] HB Ma, C Wilson, B Borgmeyer, K Park, Q Yu, SUS Choi, and Murli Tiru-

mala. Effect of nanofluid on the heat transport capability in an oscillating

heat pipe. Applied Physics Letters, 88(14):143116, 2006.

[65] Yujin Hwang, Jae-Keun Lee, Jong-Ku Lee, Young-Man Jeong, Seong-ir

Cheong, Young-Chull Ahn, and Soo H Kim. Production and dispersion stabil-

ity of nanoparticles in nanofluids. Powder Technology, 186(2):145–153, 2008.

[66] Sayantan Mukherjee and Somjit Paria. Preparation and stability of nanofluids

- A Review. IOSR Journal of Mechanical and civil engineering, 9(2):63–69,

2013.

[67] Xinwei Wang, Xianfan Xu, and Stephen U. S. Choi. Thermal conductivity

of nanoparticle - fluid mixture. Journal of Thermophysics and Heat Transfer,

13(4):474–480, 1999.

[68] S Li and JA Eastman. Measuring thermal conductivity of fluids containing

Oxide nanoparticles. J. Heat Transf, 121(2):280–289, 1999.

[69] Yimin Xuan and Qiang Li. Heat transfer enhancement of nanofluids. Inter-

national Journal of heat and fluid flow, 21(1):58–64, 2000.

[70] SMS Murshed, KC Leong, and C Yang. Enhanced thermal conductivity of

TiO2/Water based nanofluids. International Journal of thermal sciences,

44(4):367–373, 2005.

[71] Jin Ki Lee, Junemo Koo, Hiki Hong, and Yong Tae Kang. The effects of

229



REFERENCES

nanoparticles on absorption heat and mass transfer performance inNH3/H2O

binary nanofluids. International Journal of Refrigeration, 33(2):269–275, 2010.

[72] KS Suganthi, V Leela Vinodhan, and KS Rajan. Heat transfer performance

and transport properties of ZnO–Ethylene Glycol and ZnO–Ethylene Glycol–

Water nanofluid coolants. Applied energy, 135:548–559, 2014.

[73] WC Williams, IC Bang, E Forrest, LW Hu, and J Buongiorno. Prepara-

tion and characterization of various nanofluids. In Proceedings of the NSTI

Nanotechnology Conference and Trade Show (Nanotech’06), volume 2, pages

408–411, 2006.

[74] A. Ghadimi, R. Saidur, and H.S.C. Metselaar. A review of nanofluid stability

properties and characterization in stationary conditions. International Journal

of Heat and Mass Transfer, 54(17):4051 – 4068, 2011.

[75] Jaeseon Lee and Issam Mudawar. Assessment of the effectiveness of nanofluids

for single-phase and two-phase heat transfer in micro-channels. International

Journal of Heat and Mass Transfer, 50(3):452 – 463, 2007.

[76] Daxiong Wu, Haitao Zhu, Liqiu Wang, and Lumei Liu. Critical issues in

nanofluids preparation, characterization and thermal conductivity. Current

Nanoscience, 5(1):103–112, 2009.

[77] Paul C Hiemenz and Paul C Hiemenz. Principles of colloid and surface chem-

istry, volume 9. M. Dekker New York, 1986.

[78] Behrouz Takabi and Hossein Shokouhmand. Effects of Al2O3 – Cu/Water

hybrid nanofluid on heat transfer and flow characteristics in turbulent regime.

International Journal of Modern Physics C, 26(04):1550047, 2015.

[79] Behrouz Takabi, Amir Mirza Gheitaghy, and Pedram Tazraei. Hybrid Water-

based suspension of Al2O3 and Cu nanoparticles on laminar convection effec-

tiveness. Journal of Thermophysics and Heat Transfer, (null):523–532, 2016.

[80] Jahar Sarkar, Pradyumna Ghosh, and Arjumand Adil. A review on hybrid

nanofluids: Recent research, development and applications. Renewable and

Sustainable Energy Reviews, 43:164–177, 2015.

230



REFERENCES

[81] Hayder I. Mohammed, Donald Giddings, Gavin S. Walker, and Henry Power.

CFD assessment of the effect of nanoparticles on the heat transfer properties of

acetone/ZnBr2 solution. Applied Thermal Engineering, 128:264 – 273, 2018.

[82] CJ Ho, WK Liu, YS Chang, and CC Lin. Natural convection heat transfer

of Alumina-Water nanofluid in vertical square enclosures: an experimental

study. International Journal of Thermal Sciences, 49(8):1345–1353, 2010.

[83] Khalil Khanafer and Kambiz Vafai. A critical synthesis of thermo-physical

characteristics of nanofluids. International Journal of Heat and Mass Transfer,

54(19):4410–4428, 2011.

[84] HC Brinkman. The viscosity of concentrated suspensions and solutions. The

Journal of Chemical Physics, 20(4):571–571, 1952.

[85] GK Batchelor. The effect of Brownian motion on the bulk stress in a suspension

of spherical particles. Journal of fluid mechanics, 83(01):97–117, 1977.

[86] SM Peyghambarzadeh, SH Hashemabadi, SM Hoseini, and M Seifi Jamnani.

Experimental study of heat transfer enhancement using Water/Ethylene Gly-

col based nanofluids as a new coolant for car radiators. International Com-

munications in Heat and Mass Transfer, 38(9):1283–1290, 2011.

[87] N Masoumi, N Sohrabi, and A Behzadmehr. A new model for calculating

the effective viscosity of nanofluids. Journal of Physics D: Applied Physics,

42(5):055501, 2009.

[88] Vahid Delavari and Seyed Hassan Hashemabadi. CFD simulation of heat

transfer enhancement of Al2O3/Water and Al2O3/Ethylene Glycol nanofluids

in a car radiator. Applied Thermal Engineering, 73(1):380 – 390, 2014.

[89] NA Frankel and Andreas Acrivos. On the viscosity of a concentrated suspen-

sion of solid spheres. Chemical Engineering Science, 22(6):847–853, 1967.

[90] MJ Pastoriza-Gallego, L Lugo, D Cabaleiro, JL Legido, and MM Piñeiro.
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B
UDF SOURCE CODE

********************************************************************

UDF for identifying the phase change in the boiling process

*******************************************************************

#include ”udf.h”

#include ”sg mphase.h”

#define T SAT 310

#define LAT HT 511000

DEFINE SOURCE(vap src, cell, pri th, dS, eqn)

{

Thread * mix th, * sec th;

real m dot v;

mix th = THREAD SUPER THREAD(pri th);

sec th = THREAD SUB THREAD(mix th, 1);

if(C T(cell, mix th) = T SAT )

{

m dot v = 0.42 * C VOF(cell, sec th) * C R(cell, sec th) * fabs(C T(cell,

sec th) - T SAT)/T SAT;

dS[eqn] = 0.;

}
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if(C T(cell, mix th)=T SAT)

{

m dot v = -0.42 * C VOF(cell, pri th) * C R(cell, pri th) * fabs(T SAT -

C T(cell,pri th))/T SAT;

dS[eqn] = -0.42 * C R(cell, pri th) * fabs(C T(cell, pri th) - T SAT)/T SAT;

}

return m dot v ;

}

DEFINE SOURCE(liq src, cell, sec th, dS, eqn)

{

Thread * mix th, *pri th;

real m dot l;

mix th = THREAD SUPER THREAD(sec th);

pri th = THREAD SUB THREAD(mix th, 0);

if(C T(cell, mix th) ¿= T SAT)

{

m dot l = - 0.42 * C VOF(cell, sec th)*C R(cell, sec th)*fabs(C T(cell,

sec th) - T SAT)/T SAT;

dS[eqn] = - 0.42 * C R(cell, sec th) * fabs(C T(cell, sec th) - T SAT)/T SAT;

}

if(C T(cell, mix th)=T SAT)

{

m dot l = 0.42 * C VOF(cell, pri th) * C R(cell, pri th) * fabs(T SAT -

C T(cell,pri th))/T SAT;

dS[eqn] = 0.;

}

return m dot l;
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}

DEFINE SOURCE(enrg src, cell, mix th, dS, eqn)

{

Thread * pri th, * sec th;

real m dot;

pri th = THREAD SUB THREAD(mix th, 0);

sec th = THREAD SUB THREAD(mix th, 1);

if(C T(cell, mix th) ¿= T SAT)

{

m dot = - 0.42 * C VOF(cell, sec th)*C R(cell, sec th) * fabs(C T(cell,

sec th) - T SAT)/T SAT;

dS[eqn] = -0.42 * C VOF(cell, sec th) * C R(cell, sec th) * LAT HT/T SAT;

}

if(C T(cell, mix th) = T SAT)

{

m dot = 0.42 * C VOF(cell, pri th) * C R(cell, pri th) * fabs(T SAT -

C T(cell, pri th))/T SAT;

dS[eqn] = 0.42 * C VOF(cell, pri th) * C R(cell, pri th) * LAT HT/T SAT;

}

return LAT HT*m dot; }
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