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Abstract

The thesis develops and computationally analyzes mathematical models for multi-

geometry heat-exchanger design and for multi-phase flow problems involving boiling

and bubble formation. Newtonian fluids, Newtonian-Fluid-Based- Nanofluids, and

non-Newtonian fluids are all considered in the thesis. The Newtonian-Fluid-Based-

Nanofluids (NFBN) are designed from the homogeneous mixing of a Newtonian base-

fluid with solid nano-particles. Water will be used as the Newtonian base-liquid and

two types of nano-particles will be considered, aluminium oxide (Al2O3) and titanium

oxide (TiO2) nano-particles. The non-Newtonian fluids in this thesis are modelled

via the Giesekus viscoelastic constitutive equations.

For the multi-geometry heat-exchanger problems, the thesis will focus attention

on counterflow heat-exchangers in cylindrical geometries, specifically counterflow,

double-cylinder heat-exchangers. The problem statement in this direction focuses

on the non-isothermal dynamics and heat-transfer characteristics for a counterflow,

double-cylinder heat-exchanger design with a viscoelastic fluid flowing in the core

(inner) cylinder and a Newtonian fluid flowing (in the opposite direction) in the

shell (outer annulus) region. Investigations are extended to investigate the effects

of using Newtonian-Fluid-Based-Nanofluids (NFBN) instead of ordinary newtonian

fluids in the outer annulus. The Giesekus viscoelastic constitutive model is used

to model and describe the rheological behaviour of the viscoelastic core-fluid. The

numerical algorithms for these problems are based on the Finite Volume Methods

(FVM) implemented on the OpenFOAM software. The numerical instabilities due to

the High Weissenburg Number Problem (HWNP) are resolved by employing either

the Discrete Elastic Viscous Stress Splitting (DEVSS) or the Log Conformation

Reformulation (LCR) techniques. The pressure-velocity coupling is resolved via the

Pressure Implicit with Splitting of Operator (PISO) approach. The results illustrate

xi



that the use of NFBN as the coolant fluid leads to enhanced cooling of the hot

core-fluid as compared to using an ordinary (nano-particle free) Newtonian coolant.

Specifically, the results illustrate that an increase in the nano-particle volume-fraction,

in the coolant shell fluid, leads to enhanced heat-exchange characteristics from the

hot core-fluid to the coolant shell-fluid.

The multi-phase flow investigations focus on the simulation of three-phase (solid-

liquid-gas) boiling flow and bubble formation problems in rectangular channels.

The numerical algorithms are also based on the Finite Volume Methods (FVM)

implemented on the OpenFOAM software. The numerical algorithms additionally

implement both the volume-of-fluid (VOF) methods for liquid-gas interface tracking

as well as the volume-fraction methods to account for the concentration of embedded

solid nano-particles in the liquid phase. Water is used as the base-liquid and the

solid phase is modelled via metallic nano-particles, both aluminium oxide (Al2O3)

and titanium oxide (TiO2) nano-particles are considered. The (aluminium oxide

or titanium oxide) nano-particles are homogeneously mixed within the water base-

liquid. The gas phase is considered as a vapour arising from the boiling processes of

the liquid-phase. In addition to the FVM and VOF numerical methodologies for the

discretization of the governing equations, the pressure-velocity coupling is resolved

via the PIMPLE algorithm, a combination of the Pressure Implicit with Splitting

of Operator (PISO) and the Semi-Implicit Method for Pressure-Linked Equations

(SIMPLE) algorithms. The simulations and results accurately capture the formation

of vapour bubbles in the two-phase (particle-free) liquid-gas flow and additionally

the computational algorithms are similarly demonstrated to accurately illustrate and

capture simulated boiling processes. The presence of the nano-particles is again

demonstrated to enhance the heat-transfer, boiling, and bubble formation processes.
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Chapter 1

Introduction

1.1 Summary

Studies into multi-domain heat-exchange processes and/or into solid-liquid-gas phase

change processes are of significant contemporary industrial importance and hence have

been a focus of many research investigations. Examples of industrial applications

include air-conditioning, refrigeration, power generation, pharmaceutical product

development, food processing, and polymer processing, etc.

The incorporation of viscoelastic fluids in heat-exchange and/or phase-change

investigations is fundamental in capturing the complex rheology and intrinsic

characteristics of the underlying fluids, specifically with due regard to contemporary

applications. The incorporation of viscoelastic fluids in heat-exchange and/or phase-

change investigations has however received scant attention in the existing literature.

The main reason behind the lack of inclusion of viscoelastic fluids in phase-change

investigations can be attributed to the fact that such processes involve heat-transfer

while the non-isothermal viscoelastic fluid models have only been recently developed.
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The complex rheology and dynamics of viscoelastic fluids makes them challenging to

study theoretically while experimental investigations are usually costly. In general

theoretical investigations of non-isothermal fluid flow (with either Newtonian or

non-Newtonian fluids) are quite challenging. The mathematical model equations

governing fluid flow, even in non-complex geometries, consists of coupled systems of

nonlinear Partial Differential Equations (PDEs) which are intractable to analytical

treatment. Such investigations have therefore increasingly focused on numerical and

computational solution techniques. The field of Computational Fluid Dynamics

(CFD) has unsurprisingly, therefore, become probably one of the fastest growing

areas of scientific computing. Modern CFD techniques can provide an in-depth

understanding of the behaviour of Newtonian and non-Newtonian fluids under various

and indeed complex physical and geometric conditions.

The investigations in this thesis will focus on computational analysis of the

non-isothermal dynamics of Newtonian and viscoelastic fluids (and nanofluids) in

single or multiply-connected geometries. The main underlying applications of the

investigations are to heat-exchanger dynamics and to boiling and bubble formation

processes. The numerical algorithms deployed in this thesis are derived from

the Finite Volume Methods (FVM). The computational solutions are obtained by

implementing the FVM algorithms on the OpenFOAM software platform.

1.2 Viscoelastic fluids

Viscoelastic fluids are a class of non-Newtonian fluids which exhibit a combination of

viscous and elastic behaviour. Viscoelastic fluids are also known as polymeric fluids

due to the fact that they comprise of long-chain polymer molecules. For a detailed

survey of the rheology of viscoelastic fluids, we refer the reader to, say, [1, 2, 3]. The

2



computational solution processes for viscoelastic fluid flows are prone to numerical

instabilities at high Weissenberg (We) or Deborah (De) numbers - leading to the so-

called High Weissenberg Number Problem (HWNP). The dimensionless parameters

(We and De) represent the ratio between the characteristic relaxation time of the

fluid and a characteristic time of the flow process. At a high We or De number the

elastic effects are more pronounced, leading to the dominance of solid like (elastic)

behaviour and hence also giving rise to the HWNP for the primarily fluid dynamics

focused CFD techniques, [4, 5].

The work in [6], investigated the non-isothermal viscoelastic fluid flow in 4:1 axi-

symmetric contractions. The viscoelastic fluid was modeled by the Oldroyd-B

constitutive equation. The temperature dependence of viscosity and relaxation time

were modeled via the Williams-Landel-Ferry (WLF) empirical relation. To mitigate

against numerical instabilities at high Deborah numbers, the Discrete Elastic Viscous

Stress Splitting (DEVSS) technique was employed. In the investigations of [7, 8],

the non-isothermal behavior of an Oldroyd-B fluid was also investigated. Instead of

the WLF model, they employed an Arrhenius approach to describe the temperature

dependence of viscosity and relaxation time. The Log Conformation Reformulation

(LCR) technique was utilized to address the numerical instabilities arising out of the

HWNP. In the works of [9, 10, 11] the non-isothermal viscoelastic effects are not only

implemented on the viscosities and relaxation times, but additionally incorporated

into the viscoelastic stress constitutive models. These investigations used appropriate

energy equations, see for example [9, 12], that were developed to thermodynamically

account for polymeric effects.

Heating and cooling applications are commonplace in many industrial processes. The

effects of non-Newtonian fluids in heating and cooling applications has subsequently

also found a lot of traction among many researchers. For example, [9, 10] explore the
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conductive-convective heat transfer between viscoelastic and Newtonian fluids in heat-

exchanger processes. The significant roles played by the viscoelastic fluids are explored

with a view to specific applications. The work in [13] investigated a forced convection

heat transfer of a viscoelastic fluid in pipes and channels under fully developed thermal

and hydrodynamic flow conditions. The effect of Weissenberg number, Brinkman

number, Nusselt number, and the Giesekus mobility parameter on the temperature

were investigated. In [14], the convective heat transfer of a viscoelastic fluid flowing

in a straight pipe or in a space between two parallel plates was investigated. The

Elastic Viscous Stress Splitting (EVSS) technique was used to resolve the numerical

instabilities arising from the HWNP. The work in [15] modelled conjugate heat

transfer of a simplified Phan–Thien–Tanner (PTT) viscoelastic fluid flowing past an

unbounded sphere under assumptions of constant viscosity and relaxation time.

1.3 Nanofluids

Heat Transfer Fluids (HTF) are of significant importance in industrial applications

such as in food production and electronics cooling. The development of efficient HTF,

specifically nanofluids, has captured the attention of many researchers leading to a

huge volume of numerous experimental, theoretical, and computational investigations.

Nanofluids are fluids containing solid, nanometer-sized particles – so called nano-

particles, and can provide impressive improvements in the thermal conductivity and

heat transfer properties of the corresponding base fluids. The term nanofluids was

first coined by [16] to describe the new class of HTF that display thermal properties

superior to those of their corresponding base fluids or of conventional particle fluid

suspensions.
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In work [17], the behaviour and heat transfer enhancement of Al2O3/water nanofluid

flowing inside a closed system designed for cooling of microprocessors was investigated.

It was observed that the addition of nano-particles enhanced the convective heat

transfer coefficient of the nanofluid with 6.8% particle volume concentration to as

much as 40% as compared to that of base fluid. The work in [18], examined the

enhancement of thermal conductivity of ethylene glycol in the presence copper oxide

(CuO). The nano-particle volume fractions dispersed in the base fluid were below

5% and as expected, the nanofluids with low concentrations of CuO nano-particles

produced higher thermal conductivities than that of the corresponding base fluids.

A further investigation was conducted by increasing particle volume fractions to

exactly 5% and thermal conductivity enhancement of up to 22% was observed. The

investigations in [19] reported an increase in thermal conductivity of up to 30% when

using different nanofluids, i.e., Al2O3/water, SiO2/water and TiO2/water. The work

in [20], studied the heat transfer enhancement of nanofluids composed of γ − Fe2O3

and a mixture of deionized water and ethylene glycol as a base fluid. Results

obtained illustrated higher thermal conductivity for the nanofluids than that of the

corresponding base fluids with thermal conductivity enhancement increasing with

increasing nano-particle volume fraction.

The numerical investigations of [21] simulated a laminar forced convection flow of

copper-water nanofluids inside isothermally heated micro-channels. An Eulerian two-

fluid nanofluid model was used and the governing equations for both phases were

solved using Finite Volume Methods (FVM). The set of discretized equations were

solved by employing the line by line method and the velocity-pressure coupling was

resolved by the SIMPLE algorithm. In research work [22], a developing laminar forced

convection flow of an Al2O3/water nanofluid in a circular tube subject to constant

and uniform heat flux at the wall was studied. Both single-phase and two-phase

models were employed with either constant or temperature dependent properties.
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The governing equations were solved using the control volume approach. The work in

[23], numerically investigated nanofluid flow and heat transfer characteristics between

horizontal parallel plates in a rotating system. The viscosity and effective thermal

conductivity of the nanofluid were evaluated using the Koo-Kleinstreuer-Li (KKL)

correlation. The governing Partial Differential Equations (PDEs) were numerically

solved using fourth-order Runge-Kutta methods. In the numerical modelling of

nanofluid suspensions in a geothermal heat exchanger, [24] employed FVM for the

discretization of the governing equations and implemented the PIMPLE algorithm

to dealing with the incompressibility condition. To ensure numerical accuracy and

stability, the value of the time step was chosen such that the maximum Courant

number was always less than 0.1. In [25], the effect of non-uniform heating on the

heat transfer characteristics for the fluid flow of Al2O3/water nanofluids through a

duct having a finite wall thickness subject to sinusoidal heat flux was simulated. The

nanofluid was modelled as a single-phase via an Eulerian-Lagrangian method. The

SIMPLE algorithm was used to resolve the pressure-velocity coupling. The convective

terms and diffusive terms were discretized using the upwind scheme and second order

difference scheme respectively.

1.4 Heat exchangers

A heat exchanger is a device that facilitates the heat exchange between two fluids

which are at different temperatures and which are separated by a solid wall, see for

example [9, 10]. Various types of heat exchangers have been developed for industrial

applications such as in refrigeration, food processing, heating and air conditioning

systems, power generation, and chemical processes. In power generation; evaporators,

super-heaters, condensers, and cooling towers are examples of heat exchangers used

in industrial power plants.
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An overview on the different types of heat exchangers in common use is given in

Figure 1.1.

Figure 1.1: Classification of Heat Exchangers, [194]

In [26], the heat transfer and pressure drop properties using 2D and 3D models of

louvered fin-and-flat tube heat exchangers were simulated. It was observed that at

high Reynolds numbers there was an increase in heat transfer rates where thermal

boundary layers developed. In [27], simulations of stirred yoghurt processing in a plate

heat exchanger were performed. The shear-rate dependence of viscosity was modelled

according to the Herschel–Bulkley constitutive model and the Arrhenius model was

employed for the temperature dependence of the viscosity. To describe the heat

transfer between the heated yoghurt and the coolant (water) two boundary conditions

were applied, i.e., variable and constant heat flux. The work in [28] numerically

modelled pressure loss in tubes of a heat-exchanger used in closed-wet cooling towers.
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Pressure drop was found to depend on the tube arrangement and on the water-to-air

ratio. Furthermore, pressure loss was seen to rise by 17% with the interference of

upstream air.

The work in [29] analysed the thermal behaviour of fluid media in a helical pipe

followed by a shell and tube heat exchanger with helically coiled tubes. Thermal

properties were presented in form of Deborah (De) and Nusselt (Nu) numbers.

Results obtained showed an increase in overall heat transfer coefficients for increasing

De and temperature dependent properties were in agreement with experimental

results. In investigations in [9, 10] modelled and numerically solved the conductive-

convective heat transfer between a heated core fluid (either viscoelastic or Newtonian)

and a coolant Newtonian shell fluid in double-pipe and cross-flow heat exchangers

respectively. Simulations results showed that a core viscoelastic fluid attained lower

temperature as compared to a core Newtonian fluid. The present investigation extends

this work from channel flow to pipe flow and to also include nanofluids.

Utilizing double pipe and shell and tube heat exchangers, [30] numerically and

experimentally investigated the heat transfer of Al2O3/Water nanofluids. The effects

of parameters such as hot and cold volume flow rates, nano-particle concentration,

and nanofluid temperature on heat transfer characteristics were analysed. Results

showed that heat transfer in both heat exchangers increased with increasing hot and

cold volume flow rates, nano-particle concentration, and nanofluid inlet temperature.

The work in [31], investigated heat transfer enhancement using a non-Newtonian

nanofluids in a shell and helical coil heat exchanger. Nanofluids and water

(Newtonian) were used on the shell side and tube side respectively. Results illustrated

that the Nusselt number increased with an increase in nanofluid concentration, shell

side fluid temperature, stirrer speeds, and Deans number.
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1.5 Phase change

Phase change is a process in which matter changes from one state (i.e. solid, liquid,

gas) to another. These changes occur when adequate energy is supplied to (or lost

from) the system. There are six different types of phase change phenomena namely,

freezing (liquid to solid), melting (solid to liquid), condensation (gas to liquid),

evaporation (liquid to gas), sublimation (solid to gas), and de-sublimation (gas to

solid). For a broader overview of phase change literature, we refer the reader, say,

to [32, 33, 34, 35, 36, 37, 38, 39, 40]. The current work focuses attention to liquid-

vapour phase change due specifically to boiling. Even though we ultimately focus

on three-phase (solid-liquid-gas) problems, the solid phase (nano-particles) will not

change phase and hence will always remain in the solid phase.

The boiling phenomena is encountered in a wide range of industrial applications such

as boilers, power generation, and distillation columns. Its widespread use is due to the

fact that in comparison to traditional heat transfer methods, a phase-change process

is a highly efficient heat transfer mechanism which can accommodate large heat fluxes

with relatively smaller temperature variations. Boiling is defined as a phase-change

process in which a heated surface causes an adjacent liquid to develop vapour and

vapour bubbles. The transition from liquid phase to gaseous phase occurs when the

vapour pressure of the liquid is equal to the atmospheric pressure exerted on the

liquid. Boiling can be divided into two classes, namely flow-boiling and pool-boiling.

In flow-boiling the fluid motion is influenced by natural and force convection, whereas

in pool-boiling fluid motion is induced only by natural-convection. The boiling and

phase change investigations in this thesis will be limited to pool-boiling.

There are four types of boiling regimes i.e. natural convection, nucleate boiling,

transition boiling (in flow-boiling, this would translate to forced convective boiling),

and film boiling. One of the earliest research on the boiling phenomena was conducted
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by [32] who developed a boiling curve in which different stages of the boiling process

can be obtained, see Figure 1.2 for pool-boiling and Figure 1.3 for flow boiling, [33].

For a comprehensive overview with a detailed description of each boiling regime we

refer the reader, say, to [32, 33, 34, 35, 36].

Figure 1.2: Pool boiling curve, [33]

Figure 1.3: Flow boiling curve, [33]

Two-phase (liquid-gas) flows are a complicated phenomena which can take on various

geometrical arrangements according to the spatial distribution of the liquid and gas
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phases in a channel. These geometrical arrangements are known as flow patterns of

which there are six distinct flow patterns namely; stratified, wavy, plug, slug, annular

(or spray), and bubbly. The most cited flow regime maps reported in literature are

by [37, 38, 39] and for a detailed description for each flow pattern we refer to the

reader to good treaties of [40, 36]. Flow patterns and a corresponding flow-pattern

map are shown in Figure 1.4 [38] and Figure 1.5 [37] respectively.

Figure 1.4: Two-phase flow patterns, [38]

Figure 1.5: Flow pattern map, [37]
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The use of CFD for the computational analysis of liquid-gas phase change has

been conducted, for example in [41] who employed an Eulerian-Eulerian method

integrated with phase change models to simulate boiling flows. The simulations

were carried out using an axi-symmetric geometry and the Pressure-Implicit-with-

Splitting-of-Operators (PISO) algorithm was used to resolve the pressure-velocity

coupling. Furthermore, Gauss upwind, Gauss linear, and Gauss limited linear schemes

were used for discretization of spatial derivatives. For the turbulence modelling, the

k-ϵ turbulence model was adopted with bubble induced turbulence source terms. The

work in [42] used the Eulerian-Eulerian two-phase flow model to simulate boiling heat

transfer in pipe flow. The heated wall surface was modelled according to Kurul and

Podowski (RPI) model. In [43], boiling flows of refrigerants R-134a and R-22 in a

circular duct were simulated to examine flow boiling patterns. The Volume-of-Fluid

(VOF) method was utilized for interface capturing and the work also incorporated the

geometric reconstruction interpolation scheme. The PISO algorithm was employed

to resolve the pressure-velocity coupling. In modelling and numerical analysis of flow

boiling, [44] simulated liquid-vapour flow regimes in connection with conjugate heat

and mass transfer problem for specimen quenching. The VOF method and PISO

algorithm were employed as part of the solution process.

1.6 Finite Volume Methods (FVM)

The Finite Volume Methods (FVM)) are used to numerically solve Partial Differential

Equations (PDEs). FVM are well suited for all types of PDEs; elliptical, parabolic,

and hyperbolic. The discretization procedure involves changing volume integrals

into surface integrals using the divergence theorem. These surface integrals are then

evaluated as fluxes at each finite volume surface.
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FVM can be grouped based on the location where the solution values are stored, [45,

46]; namely cell-centered methods and vertex-centered methods. In vertex-centered

methods, the solution values are stored at the vertices of the grid and cells are created

around each vertex. In cell-centered methods, the solution is stored at the centre of

the cells. In the case of vertex-centered methods, investigations have been conducted

using different types of meshes; for example [47, 48, 49] – quadrilateral meshes, [50] –

rectangular meshes, and [51, 52, 53] – unstructured meshes. In cell-centered methods,

[54, 55] carried out investigations in rectangular meshes and [56, 57] used triangular

meshes.

The advantages of FVM are that they enforce conservation of quantities at a

discretized level, [58], and they seamlessly adapt to collocated arrangements thus

making them well suited for handling fluid flow problems in complex geometries. The

FVM gained a significantly important role in numerical simulations as a result of

work of [58, 59, 60]. FVM are the most flexible discretization methods used in CFD

owing to their ability to carry out discretizations into the physical space without

any transformation between the physical and the computational coordinate system.

The FVM are therefore probably the most efficient numerical methodologies for CFD

problems.

The work in [61] used FVM integrated with the Lattice Boltzmann method to simulate

viscoelastic fluid flows. The integrated scheme was validated using the Oldroyd-B

model and the linear PPT model with a Poiseuille flow, Taylor-Green vortex flow,

and a 4:1 abrupt contraction flow. In [62], viscoelastic fluid flow past a cylinder

using FVM in a non-orthogonal block-structured mesh was investigated. The high

resolution schemes MINMOD and SMART were used to represent convective terms

in the viscoelastic constitutive equations represented by either the Oldroyd-B or the

Upper Convected Maxwell (UCM) models. In the numerical investigation of the
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strength and pattern of secondary flows of viscoelastic fluid in a straight pipe, [63]

used the implicit FVM together with the SIMPLE algorithms. In [64], FVM with a

staggered grid were used in the numerical modelling of viscoelastic liquid flow. A third

order difference scheme was employed for the discretization of constitutive equations.

In simulating an unsteady three dimensional viscoelastic fluid flow through a porous

medium, [65] in agreement with [64], used FVM with a staggered grid.

In simulations of heat transfer using FVM, [15] numerically addressed the conjugate

heat transfer of a simplified PTT fluid flowing past an unbounded sphere. In

the computational analysis of the extrusion process in extrusion based additive

manufacturing, [66] developed a numerical model that incorporates a temperature

dependent non-Newtonian viscosity. In the case of phase-change problems, [67]

numerically investigated the thermal and fluid dynamic behaviour of two-phase flow in

double pipe evaporators and condensers. In the simulation of gas-liquid boiling flows,

[41] also implemented FVM successfully. In the computational analysis of nanofluid

based flows, [68] investigated a natural convective heat transfer of water/Al2O3

nanofluid in an inclined square geometry. FVM based on the SIMPLE algorithm

were used in solving the governing equations. When simulating natural convection

heat transfer of a copper-water nanofluids in a vertical cylindrical annulus with heat

sources, [69] employed FVM with SIMPLER algorithms.

The FVM are well-established numerical techniques in CFD research. Consequently,

FVM are built into many current commercial CFD software such as CFX/ANSYS,

FLUENT, PHOENICS, STAR-CD, and OpenFOAM. In this present work the FVM

are implemented on the OpenFOAM software.
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1.7 OpenFOAM

OpenFOAM (Open Source Field Operation and Manipulation) is an open-source

CFD software package that implements the Finite Volume Methods as the underlying

numerical methodology, [70]. OpenFOAM is a freely distributable software package

written in C++ programming language, [71] and has a CFD toolbox for over

sixty customized numerical solvers that can perform simulations of fundamental

CFD, combustion, heat transfer, turbulence modeling, electromagnetics, multiphase

flow, stress analysis, and even financial mathematics models. OpenFOAM is easily

extensible by design, making it convenient for users to incorporate their own models

since existing solvers can be modified.

In [72], an open-source toolbox, RheoTool, based on OpenFOAM was developed for

the simulation of viscoelastic fluid flows and Generalized Newtonian Fluids (GNF).

The work in [15] uses RheoTool to simulate conjugate heat transfer of a simplified

Phan-Thien-Tanner (PTT) fluid flowing past an unbounded sphere. The work in [73]

developed and integrated a viscoelasticFluidFoam solver into OpenFOAM to address

the numerical analysis of viscoelastic fluids. Vigorous testing was conducted using

different viscoelastic constitutive models; namely, Oldroyd-B, UCM, Giesekus, PTT,

Finite Extensible Nonlinear Elastic (FENE-P), and Pom-Pom. Stable and efficient

results were achieved. Investigations in [8] employed the viscoelasticFluidFoam solver

to simulate the non-isothermal behaviour of an Oldroyd-B fluid in a 4:1 axi-symmetric

contractions. [4] also utilized viscoelasticFluidFoam solver in the numerical analysis of

complex fluids governed by Rolie-Poly viscoelastic constitutive equations. In research

work [74], a simulation of viscoelastic fluid flow in a three dimensional lid-driven

cavity was conducted by employing the Log-Conformation Reformulation (LCR)

stabilization method in OpenFOAM. In the simulation of free surface viscoelastic fluid

flow, [75] modified the OpenFOAM solver viscoelasticFluidFoam by incorporating the
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Volume-Of-Fluid methodology. In addition to the already cited work, we refer the

reader to [5, 8, 6, 76] for more examples of viscoelastic fluid dynamics problems

implemented in OpenFOAM.

The OpenFOAM software is also well suited to handling nanofluid based flows which

are considered in this study. For example, [77] conducted a CFD analysis of a

laminar forced convective heat transfer of Al2O3/water nanofluid in a converging

micro channel heat sink with an imposed pressure difference. In [78], the thermal

and entropy generation in L-shaped porous cavity filled with nanofluids which

obey Buogiorno’s two-phase model was investigated. The governing equations

were discretized using FVM via OpenFOAM and a C++ code was added to an

OpenFOAM solver so as to be able to simulate the Buogiorno’s two-phase model

and entropy. In [79], a three dimensional analysis of forced convection of Newtonian

and non-Newtonian nanofluids in a horizontal pipe utilizing single-phase and two-

phase flow mathematical models was conducted. When numerically investigating the

relationship between nanofluid natural convection and nano-particles sedimentation,

[80] developed three new OpenFOAM solvers based on different approaches in both

single-phase and multi-phase directions. The work in [81] also successfully used

OpenFOAM in examining anisotropic heat transfer of ferro-nanofluids in partially

heated rectangular enclosures.

In the case of multi-phase fluid flows, [41] developed an Eulerian-Eulerian approach

coupled with a phase change code in OpenFOAM to simulate gas-liquid boiling

flows. In the simulation of nucleate boiling, [82] employed the volume-of-fluid

solver of OpenFOAM. In [83], an OpenFOAM two-phase solver designed by [84]

was further developed and validated for the numerical investigations of sub-cooled

nucleate boiling. In [85], a single condensing bubble behavior in a sub-cooled flow
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was investigated using a coupled Level Set and volume-of-fluid method model with

phase change properties in OpenFOAM.

1.8 Objective and organization of the thesis

We are in the process of developing a volume-of-fluid (VOF) method based Open-

FOAM solver for boiling and conjugate heat transfer in multi-region geometries,

specifically double-pipe heat-exchangers. It is important to mention that the solver

development process is laborious, requiring the merging of at least three solvers. The

work in this thesis marks the developmental stages of developing and testing the

individual solvers. The merging of the solvers into an integrated solver capable of

performing the general purpose simulations remains a work in progress. The chapters

presented in this thesis, in particular, therefore represent the foundational building

blocks. This notwithstanding, the work presented in the 3 main chapters in this

thesis demonstrate detailed computational studies on some specific non-isothermal

viscoelastic and nanofluid flows of practical interest to the envisaged general purpose

solver.

The organization of this thesis is as follows: In Chapter 2 we present the finite

volume computational analysis of the heat transfer characteristics in double-pipe

heat-exchangers with heated viscoelastic fluids and Newtonian coolants. In Chapter

3, we extend this work by incorporating nanofluids into the coolant fluids. In

Chapter 4, three-phase (nanoparticle-liquid-vapour) boiling and bubble formation

problems are investigated with phase-change in the liquid-vapour phases due to

boiling and condensation and an otherwise non-phase-changing solid (nano-particle)

phase. Concluding remarks are collated in Chapter 5.
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Chapter 2

Finite volume computational

analysis of the heat transfer

characteristic in a double-cylinder

counter-flow heat exchanger with

viscoelastic fluids∗

2.1 Abstract

This work presents a computational analysis of the heat-exchange characteristics in

a double-cylinder (also known as a double-pipe) geometrical arrangement. The heat-

exchange is from a hotter viscoelastic fluid flowing in the core (inner) cylinder to

∗The contents of this chapter are from [86]
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a cooler Newtonian fluid flowing in the shell (outer) annulus. For optimal heat-

exchange characteristics, the core and shell fluid flow in opposite directions, the so-

called counter-flow arrangement. The mathematical modelling of the given problem

reduces to a system of nonlinear coupled Partial Differential Equations (PDEs).

Specifically, the rheological behaviour of the core fluid is governed by the Giesekus

viscoelastic constitutive model. The governing system of coupled nonlinear PDEs

is intractable to analytic treatment and hence is solved numerically using Finite

Volume Methods (FVM). The FVM numerical methodology is implemented via the

open-source software package OpenFOAM. The numerical methods are stabilized,

specifically to address numerical instabilities arising from the High Weissenberg

Number Problem (HWNP), via a combination of the Discrete Elastic Viscous

Stress Splitting (DEVSS) technique and the Log-Conformation Reformulation (LCR)

methodology. The DEVSS and LCR stabilization techniques are integrated into the

relevant viscoelastic fluid solvers. The novelties of the study center around the

simulation and analysis of the optimal heat-exchange characteristics between the

heated Giesekus fluid and the coolant Newtonian fluid within a double-pipe counter-

flow arrangement. Existing studies in the literature have either focused exclusively

on Newtonian fluids and/or on rectangular geometries. The existing OpenFOAM

solvers have also largely focused on non-isothermal viscoelastic flows. The relevant

OpenFOAM solvers are modified for the present purposes by incorporating the energy

equation for viscoelastic fluid flow. The flow characteristics are presented qualitatively

(graphically) via the fluid pressure, temperature, velocity, and the polymer-stress

components as well as the related normal stress differences. The results illustrate the

expected decrease in the core fluid temperature in the longitudinal direction due to

the cooling effects of the shell fluid, whose temperature predictably increases in the

counter-flow direction.
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Nomenclature

Notation

()∗ Dimensional quantity

()c Core-fluid quantity

()sf Shell-fluid quantity

()w Connecting-wall quantity

()p Polymer contribution

()sol Solvent contribution

Variables

η Viscosity

F Body forces

λ Relaxation time

ρ Density

C Specific heat capacity

K Thermal-conductivity

p Pressure field

S Rate of deformation tensor

σ Total stress tensor

t Time

T Temperature field

τ Polymer stress tensor

U = (u, 0, v) Velocity field

x = (r, θ, z) Cylindrical coordinates
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Parameters

α Giesekus non-linear parameter

β Polymer to total-viscosity ratio

De Deborah-number

Pr Prandtl-number

Re Reynolds-number

Abbreviations

FVM Finite Volume Methods

HWNP High Weissenberg Number Problem

DEVSS Discrete Elastic Viscous Stress Splitting

LCR Log-Conformation Reformulation

2.2 Introduction

The understanding of the intricate dynamics (both the fluid-dynamics and thermody-

namics) of viscoelastic fluids has fundamental relevance to a vast array of industrial,

pharmacological, and biological applications. Indeed, non-isothermal viscoelastic

fluid dynamics finds wide application, say, to heating and cooling, power generation,

pharmaceutical product development, food processing, and polymer processing etc.

[1, 2, 3, 87]

The complex dynamics of viscoelastic fluid flow has also spawned the rapid

development of scientific computing techniques and related software, leading to a

rapid expansion of the traditional scope of the field of computational fluid dynamics

(CFD). The time dependent flow of viscoelastic fluids in complex geometries and
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under various conditions such as non-constant temperature, pressure, etc. (i.e.

the complex flow-dynamics of complex-fluids) is intractable to analytical treatment.

Indeed, the governing equations for complex-fluid (viscoelastic fluid) flow essentially

represent the superposition of highly nonlinear PDEs to the Navier-Stokes equations,

which themselves (in their full form) are intractable to analytical treatment. It

is therefore not difficult or surprising to see why the solution processes for the

complex flow-dynamics of complex-fluids must in practice reduce to numerical and

computational methodologies.

Viscoelastic fluid flow problems under non-isothermal conditions, as are considered

in this work, are governed by a highly nonlinear system of coupled PDEs describing

mass, momentum, and energy conservation, in addition to the stress constitutive

PDEs describing the rheological and polymeric behaviour of the specific viscoelastic

stresses. For a detailed overview of viscoelastic stress constitutive models we refer

the reader, say, to [1, 2, 3]. The incorporation of the non-isothermal effects to the

polymer-stress constitutive models is now a well developed field, see for example

[12, 88, 89, 6, 7, 8, 9, 10, 90, 15].

The investigations in [6, 7] employed the Oldroyd-B viscoelastic constitutive model

to simulate the non-isothermal flow behaviour in 4:1 axi-symmetric contractions

under various conditions. Both investigations employed the finite volume numerical

methodologies. In their analyses, they opted for an Arrhenius approach in the

thermodynamical modelling of temperature dependent fluid properties. The issues

related to the non-isothermal viscoelastic flows at high Weissenberg numbers are

explored in [8] also via Oldroyd-B viscoelastic constitutive models.

The work in [9] numerically investigated, via finite difference methods, the heat

exchange between a core viscoelastic fluid and a Newtonian shell fluid in a double-pipe
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heat exchanger. Similar investigations, using the finite difference methods, for cross-

flow heat exchangers were conducted in [10]. Both of these investigations employed

non-isothermal Giesekus viscoelastic constitutive models to describe the rheological

behaviour of the polymer stresses. The work in [15] investigated the conjugate

heat transfer of a simplified Phan–Thien–Tanner (PTT) fluid [91] flowing past an

unbounded sphere. The simulations carried out in their work assumed constant

physical properties and the set of governing equations were solved via the finite volume

methods in OpenFOAM via the rheoTool solver [72].

Viscoelastic fluid flows are prone to numerical instabilities at high Weissenberg (We)

or Deborah (De) numbers, leading to the so-called HighWeissenberg Number Problem

(HWNP). At a high We (or De) numbers the elastic effects are more pronounced and

the fluids largely exhibit solid-like behaviour. This solid-like behaviour is thus the

primary source of the numerical instabilities which use fluid-based computational

algorithms. The Discrete Elastic Viscous Stress Splitting (DEVSS) technique [6,

76, 75] and the Log Conformation Reformulation (LCR) methodology [92, 93] have

been developed to address the HWNP. Other methods have also been developed

for these purposes, these include a variant of the DEVSS method called the Elastic

Viscous Stress Splitting (EVSS) technique [94], special interpolation schemes [95, 96],

and techniques coupling momentum and viscoelastic stress constitutive equations

[97, 98, 99, 100, 101].

The present investigation is motivated by the counter-flow heat-exchanger investiga-

tions in [9, 102, 103, 104]. Given the need to develop (or account) for industrial heat-

exchanger designs of complex geometries, say in bubble column reactors, distillation

columns, helical heat exchangers, etc. the current investigates also takes motivation

from the finite volume computations, which allow for arbitrary shaped geometries.

The cylindrical geometry has been explored in many fluid dynamical applications,
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see for example [87, 105, 106] and serves as the motivation for the present work. The

OpenFOAM software package implements the finite volume numerical methodologies

and a number of FVM solvers for viscoelastic fluids have been built into OpenFOAM,

[72, 75].

The robustness of finite volume computations in complex geometries via OpenFOAM

is well documented, [72, 75]. In addition to the already cited examples such as

[6, 7, 15, 72, 75], the investigations in [4, 5, 107] illustrate the versatility of the

OpenFOAM platform in resolving complex fluid dynamical problems. The purpose

of the present study is primarily, therefore, to extend the counter-flow heat-exchanger

investigations of [9, 108] to the OpenFOAM framework so as to lay the groundwork

for heat-exchanger investigations in more complex geometries. As in [9, 108], the

counter-flow arrangement is chosen for its demonstrated optimality as compared to

either parallel-flow or cross-flow arrangements.

For more comprehensive overview of the design, performance, and analysis of heat

exchangers in various geometries and configurations, we refer the reader to the

following recent works [109, 110, 111, 112, 113, 114, 115].

The remainder of the chapter is organized as follows. Section 2.3 gives the details

of the physical model problem and corresponding governing equations. Section 2.4

focuses on the development and implementation of the numerical methodologies

including the numerical stabilization techniques, i.e. the DEVSS and LCR methods.

Section 2.5 gives the graphical illustrations and discussion of the model results.

Concluding remarks follow in section 2.6.
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2.3 Mathematical Modelling

2.3.1 Physical model

Fig. 2.1 gives an illustration of the physical model under investigation.

Figure 2.1: Schematics of the model problem.

Two cylindrical pipes with one located concentrically inside the other are arranged

to form a double-cylinder (double-pipe) arrangement. Both cylinders are considered

to of length L in the longitudinal, z-direction. The inner cylinder (referred to as the

core) has a radius Rc. The inner cylinder is symmetrically surrounded by an outer

one (referred to as the shell) with a radius Rs where clearly Rs > Rc. The model

admits the cylindrical coordinate system (r, θ, z).

Axi-symmetric conditions are assumed and hence all flow quantities will be considered

independent of the angle θ. Specifically, the velocity vector v = (u, v, w) reduces to

v = (u(r, z), 0, w(r, z)). The fluid flow in the respective annuli will otherwise be
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considered as laminar, incompressible, time-dependent, and non-isothermal driven by

appropriate pressure gradients.

A heated viscoelastic fluid is confined to core region and hence will be referred to as

the core fluid. A colder (coolant) Newtonian fluid fills the shell region (and is hence

also referred to as the shell fluid) and flows in the opposite direction to the core fluid,

leading to the counter-flow arrangement.

2.3.2 Dimensional governing equations for core-fluid

The core fluid is described by an incompressible, non-isothermal, viscoelastic fluid.

The (2D) governing equations for the core fluid include [9, 10] the mass conservation,

∇∗ ·U ∗
c = 0, (2.1)

the momentum conservation,

ρ∗c

(∂U ∗
c

∂t∗
+U ∗

c · ∇∗U ∗
c

)
= −∇∗p∗c +∇∗ · σ∗

c + F ∗
c , (2.2)

and the energy conservation,

ρ∗cC
∗
pc

(∂T ∗
c

∂t∗
+ T ∗

c · ∇∗T ∗
c

)
= Q∗

Dc
−∇∗ ·Φ∗

q + h∗
c(T

∗
w − T ∗

c ). (2.3)

In Eqs. (2.1) - (2.3), the asterisks (∗) represent dimensional variables, the underscore

()c relates to the core fluid, ∇ is the gradient operator, Uc the velocity field, ρc the

density, t the time, pc the pressure field, σc the total stress tensor, Fc represents

body forces, Cpc the specific heat at constant pressure, Tc the fluid temperature,
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QDc the internal heat production, Φqc the heat flux vector, Tw the connecting wall

temperature, and hc and hs are a convective heat transfer parameters.

The total stress tensor is defined as,

σ∗ = −p∗cI
∗ + τ ∗

c + η∗cS
∗
c ,

where I∗ is the identity tensor, η∗c is the core fluid viscosity, τ ∗
c is the polymer-stress

tensor, and

S∗ =
[
∇∗U ∗

c + (∇∗U ∗
c )

T
]
,

is the rate of deformation tensor. The internal heat production is defined as,

Q∗
Dc

= γτ ∗ : S∗
c + (1− γ)η∗solS

∗
c : S∗

c ,

where η∗sol is the solvent viscosity and γ is a viscoelastic non-isothermal parameter,

for more details, we refer the reader to [9, 10, 6, 116]. The heat flux will be described

via Fourier’s law

Φ∗
q = −κ∗

c∇∗T ∗
c ,

where κ∗
c is the thermal conductivity. The polymer-stress tensor is governed by the

Giesekus viscoelastic constitutive model,

τ ∗ + α∗τ ∗2 + λ∗
∇
τ ∗ = η∗pS

∗
c , (2.4)

where α∗ is the Giesekus nonlinear parameter, λ∗ is the relaxation time, η∗p is the

polymer viscosity, and
∇
τ ∗ is the upper convected time derivative;

∇
τ ∗ =

∂τ ∗

∂t∗
+ (U ∗

c · ∇∗)τ ∗ − (∇∗U ∗
c )τ

∗ − τ ∗(∇∗U∗
c )

T .
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The viscosity and relaxation time are assumed constant. The total viscosity is

expressed as

η∗c = η∗sol + η∗p.

2.3.3 Non-dimensional governing equations for core-fluid

The introduction of non-dimensional variables and dimensionless parameters can help-

fully reduce the number of variables in the governing equations. The dimensionless

parameters of interest are the Reynolds number (Rec), the Prandtl number (Prc),

the Deborah number (De), and the ratio of the polymer to total viscosity (β). Using

scaling variables such as the maximum centerline velocity (U∗
c0
), the pipe length (L∗),

etc. leads to the following dimensionless parameters and non-dimensional variables,

t =
U∗
c0

L∗ t
∗, τ =

L∗

η∗cU
∗
c0

τ ∗, pc = ρ∗U∗
c0

2p∗c , Uc =
U∗
c

U∗
c0

z =
z∗

L∗ , ∇ = L∗∇∗, Sc =
L∗

U∗
c0

S∗
c , µc =

η∗c
η∗c0

Rec =
ρ∗cU

∗
c0
d∗

η∗c0
, P rc =

C∗
pcη

∗
c0

K∗
c

, De =
λ∗
0U

∗
c0

d∗
, β =

η∗p0
η∗c0

hc =
L∗2

K∗
c

h∗
c , α =

L∗

η∗c0µ
∗
cU

∗
c0

α∗.
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The resultant non-dimensional governing equations read,

∇ ·Uc = 0, (2.5)

(∂Uc

∂t
+Uc · ∇Uc

)
= −∇pc +

1

Rec
∇ · [τ + Sc], (2.6)

Rec Prc

(∂Tc

∂t
+Uc · ∇Tc

)
= ∇2Tc + [γ(τ : Sc) + (1− γ)(1− β)Sc : Sc] + h(Tw − Tc),

(2.7)

τ + ατ 2 +Dec
∇
τ = β Sc. (2.8)

2.3.4 Governing equations for shell-fluid

The shell-fluid is assumed to be Newtonian and, given the thin annulus region that

forms the shell, the shell-fluid is assumed to flow unidirectionally with velocity field

Us = (0, 0, ws). The governing equations for the shell-fluid flow are otherwise similar

to those for the core-fluid system but without the polymer-stress contributions and

the 2D aspects. The equations, in non-dimensional format, for the mass, momentum,
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and energy conservation for the shell fluid are respectively,

∂ws

∂z
=0, (2.9)

∂ws

∂t
+ ws

∂ws

∂z
=

1

Res

(
µs

∂2ws

∂r2
+

µs

r

∂ws

∂r
+ 2µs

∂2ws

∂z2

)
+

1

Res

(
2
∂µs

∂z

∂ws

∂z
+

∂µs

∂r

∂ws

∂r

)
, (2.10)

ResPrs

(∂Ts

∂t
+ ws

∂Ts

∂z

)
=
(∂2Ts

∂r2
+

1

r

∂Ts

∂r
+

∂2Ts

∂z2

)
+ 2µs

[
2
(∂ws

∂z

)2
+
(∂ws

∂r

)2]
+ hs(Tw − Ts). (2.11)

2.3.5 Governing equation for connecting wall

The shell-fluid and core-fluid are separated by a connecting wall across which

convective heat transfer occurs. The governing equation for the temperature in the

solid connecting wall is the one-dimensional heat conduction equation, which in non-

dimensional form reads,

∂Tw

∂t
=

∂2Tw

∂z2
+ hc (Tc − Tw) + hs (Ts − Tw) . (2.12)

2.4 Numerical and Computational Methodologies

The finite volume methods are implemented on the OpenFOAM software platform

to obtain the computational solutions to the model equations, Eqs. (2.5) - (2.12).

We adapt the viscoelasticFluidFoam and rheoMultiRegionFoam which have been

developed on the OpenFOAM platform, see for example [75], and which are suitable
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for the simulation of the viscoelastic fluid flow. The solvers are modified for the

present purposes by incorporating the energy equation for viscoelastic fluid flow, i.e.

Eq. (2.7).

The computational mesh for the double-pipe geometry, Figure 2.2, is created via the

OpenFOAM mesh generation functionality, blockMesh. In OpenFOAM language, this

mesh is implemented over a blockMeshDict file, in which the geometry is conveniently

defined and results are viewed using the Paraview software.

Figure 2.2: Computational mesh for the double-pipe geometry.

2.4.1 Pressure correction

The computational solution of incompressible pressure linked fluid flow equations

is complicated by the reality that there is no explicit pressure equation to solve.

Compressible flows on the other hand would, for example, have the ideal gas

equation or some similar empirical law linking the pressure to the density and

temperature. The incompressibility conditions, Eqs. (2.5) and (2.9), do not add

any such useful information on the pressure. Various techniques have been developed
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to overcome this challenge around pressure linked fluid flow equations. The current

investigation employs one such technique, the Pressure-Implicit-with-Splitting-of-

Operators (PISO) algorithm, see for example [117]. The PISO algorithm can be

summarized as follows:

1. Initialize the flow fields; i.e. velocity U , pressure P , stress τ , and temperature

T .

2. For the LCR approach, replace and solve the stress equations using conformation

tensor D (see later) or alternatively,

3. for the DEVSS approach, solve the polymer-stress equations for τ .

4. Solve the momentum equations to compute the intermediate velocity field U ∗∗.

5. Using the intermediate velocity field, U ∗∗, estimate a pressure field, P ∗∗.

Subsequently perform a correction of the intermediate velocity field and obtain

the new velocity, U ∗∗∗, which must satisfying mass conservation.

6. The updated velocity, U ∗∗∗, is then used to compute the stresses, τ ∗∗, and

temperature, T ∗∗, via the respective stress and energy equations.

7. Update U , p, τ , T withU ∗∗∗, P ∗∗, τ ∗∗ and T ∗∗ respectively and repeat the above

steps until the required accuracies are achieved or until the required number of

iterations is reached.
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2.4.2 Simulations of the non-isothermal viscoelastic core-

fluid flow

Initial and boundary conditions

The initial conditions are assumed to be zero for all fluid variables inside the core

region, except for temperature which is initially set to 300K. At the inlet section of

the core region, the velocity is maintained at 2m/s while pressure is assigned a zero-

gradient boundary condition. We maintain zero initial conditions for the polymer-

stresses throughout the core region. At the outlet, pressure is set to zero and a zero-

gradient is used for all other fluid variables. The usual no slip boundary conditions

are imposed for velocity at the pipe walls. Zero-gradient boundary conditions are

implemented for pressure at the walls within the core region. The wall boundary

condition for polymer-stresses are obtained via linear extrapolation, [9].

Discretization schemes for core region

As already indicated, the viscoelasticFluidFoam solver is employed to obtain the

computational (FVM) solutions to the governing equations for the viscoelastic fluid

flow. Given the transient nature of the model problem, the time derivatives are

approximated in the solver via the implicit Euler scheme. The linear scheme with

Gaussian integration is applied on space-gradient terms. For the convective terms, a

Gauss first order upwind scheme is implemented. The Laplacian terms are treated

via Gauss linear corrected (second order and bounded) schemes.

The systems of linear equations generated by the above time-and-space discretizations

are handled as follows. A Bi-Conjugate Gradient Stabilized (BiCGStab) solver is

used for the velocity, temperature, and polymer-stress constitutive equations. For

the velocity and polymer-stress constitutive equations, the BiCGStab solver is used
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in conjunction with the Incomplete LU with zero fill-in (ILUO) pre-conditioners.

On the other hand, for the temperature equation, the BiCGStab solver is applied in

conjunction with the Diagonal Incomplete LU (DILU) pre-conditioners. The pressure

equation is solved using a Conjugate Gradient (CG) method using a Cholesky pre-

conditioner.

2.4.3 Coupled simulations for the core, shell, and connecting-

wall

Initial and boundary conditions

Core-fluid:

As already indicated for the core fluid system, the initial condition for velocity and

temperature, at the pipe inlet, are prescribed (say to 2m/s and 300K respectively)

while the polymer-stresses are initialized as zero. A zero gradient boundary condition

is used for pressure. At the outlet, all fluid variables are assigned a zero-gradient

boundary condition with an exception of pressure with a value of zero. At the walls

of the pipe, no-slip boundary conditions are implemented for the velocity, linear

extrapolation boundary conditions are employed for the polymer-stresses, and a zero-

gradient boundary condition is imposed for the pressure. A coupled temperature-

boundary condition is applied at the interface of the core-fluid and the connecting-

wall. In the OpenFOAM framework, such a boundary condition is built into the

RheoTool and rheoMultiRegionFoam solvers to ensure continuity of the heat flux

across domain interfaces, see [72].
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Shell-fluid:

The initial and inlet boundary conditions for the shell region, velocity, temperature,

and pressure, are similar to those for the core fluid. At the outlet, the velocity and

temperature are assigned zero-gradient boundary conditions while pressure is set to

zero. At the walls, no-slip boundary conditions are assumed for the velocity while

a zero-gradient boundary condition is used for pressure. As with the core-fluid/wall

interface, a coupled temperature-boundary condition is applied at the interface of the

shell-fluid and the connecting-wall.

Connecting wall:

Coupled temperature-boundary condition are applied at the interfaces on either side

of the connecting wall, i.e. to both the wall/core-fluid interface and the wall/shell-

fluid interface.

Discretization schemes for the coupled simulations

Core-fluid region:

The time derivatives are discretized via the implicit Euler scheme. A second order

bounded Gauss linear scheme is used for the discretization of Laplacian terms. The

least squares scheme is employed for the discretization of the gradient terms. The

convective terms are discretized via a Universally Bounded Interpolation scheme

(Cubista).

The solutions of the systems of linear equations for temperature, velocity, and

polymer-stresses utilize a Preconditioned Bi-Conjugate Gradient (PBiCG) solver in
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conjunction with a simplified Diagonal Incomplete LU (DILU) pre-conditioner. The

pressure equation is solved with a Preconditioned Conjugate Gradient (PCG) solver

using Diagonal Incomplete-Cholesky (DIC) pre-conditioners.

Shell-fluid region:

As with the core-fluid region, time derivatives are discretized with the implicit Euler

scheme and a second order bounded Gauss linear scheme is employed for gradient

terms. The Laplacian terms use a Gauss linear orthogonal scheme while Cubista and

Gauss linear schemes are used in the discretization of convective terms.

The solver for the temperature and velocity equations is the PBiCGStab solver with

a DILU pre-conditioner. A Geometric-Algebra Multi-Grid (GAMG) solver is used in

conjunction with a DIC pre-conditioners for the solution of the pressure equation.

Connecting wall:

The gradient terms are discretized using the Gauss linear scheme, the Laplacian terms

employ the second order bounded linear scheme, and the time derivatives utilize the

implicit Euler scheme. In solving the temperature equation a PCG solver with DIC

pre-conditioners is used.

Numerical stability via the DEVSS technique

Numerical stability is of fundamental importance in any computational and numerical

methodologies. the viscoelasticFluidFoam solver employs the Discrete Elastic Viscous

Stress Splitting (DEVSS) numerical stabilization technique in order to address

numerical instabilities that may be attributed to the High Weissenberg Number

Problem (HWNP).
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In the DEVSS method an additional elliptic operator [99, 118] or diffusion term

is added to each side of the momentum equations. In the subsequent time-

discretizations, this elliptic term is evaluated implicitly on the left-hand side and

explicitly on the right-hand side. The elliptic terms may be enhanced via scaling them

with the polymeric viscosity, ηp, a process which further stimulates the stabilization

of numerical iterative methods [76, 119]. Following the DEVSS technique, the

momentum equations therefore take the form,

ρ
(∂U
∂t

+U · ∇U
)
−∇ · (ηs + ηp)∇U = −∇p−∇ · (ηp∇U) +∇ · τ + ρF . (2.13)

Numerical stability via the LCR technique

The Log-Conformation Reformulation (LCR) approach is implemented for numerical

stabilization in the RheoMultiRegionFoam solver. In the LCR approach, the

polymeric-stress tensor τ is replaced with the logarithm of the conformation tensor,

D, where,

τ =
ηp
λ
(D − I). (2.14)

The process to recast the stress constitutive equation in terms of the logarithm of

conformation tensor (log-conformation) starts from replacing τ , from Eq. (2.14), in

the stress constitutive equation. This initial process leads to the equation for the

conformation tensor,

∂D

∂t
+ (U · ∇)D − (D · ∇UT +∇U ·D) = −1

λ
fR(D), (2.15)
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where fR(D) is a polynomial function of the conformation tensor, [92]. The

conformation tensor, D, is positive definite and hence can be diagonalized,

D = R ·Λ ·RT , (2.16)

where R is an orthogonal tensor containing as its columns the eigenvectors of D

and Λ is a diagonal matrix, the diagonal elements of which are the corresponding

eigenvalues of D.

The next step in the LCR technique then involves obtaining the natural logarithm of

the conformation tensor, D, i.e. Θ = logD. In particular,

Θ = logD = R · logD ·RT . (2.17)

Following [92, 93], the velocity gradient, ∇U , can be decomposed as,

∇U = Ω+B +N ·D−1, (2.18)

where Ω and N are anti-symmetric tensors and B is a symmetric, traceless tensor

which commutes with D. Eq. (2.15) therefore reduces to,

∂Θ

∂t
+ (U · ∇)Θ− (ΩΘ−ΘΩ)− 2B = R

[1
λ
(Λ−1 − 1)

]
RT , (2.19)

In a two-dimensional flow, the eigen-decomposition of D can be expressed as,

D = R

λ1 0

0 λ2

RT , (2.20)
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where λ1 and λ2 are eigenvalues of D and also,

RT (∇U)R =

m11 0

0 m22

 , B = R

m11 0

0 m22

RT , Ω = R

δ 0

0 −δ

RT

(2.21)

where

δ =
(m12 +m21)

(λ2 − λ1)
.

2.5 Numerical Results and discussion

2.5.1 Mesh Convergence

The mesh independence (or alternatively mesh convergence) in the present simulations

is illustrated in Figure 2.3. The mesh sizes in Figure 2.3 correspond to the number

of computational cells in Table 2.1.

Table 2.1: Mesh sizes corresponding to Figure 2.3.

mesh 1 120,000 cells

mesh 2 203,125 cells

mesh 3 315,000 cells

The numerical simulations incur quite high computational costs, especially noting the

huge number of computational cells involved. It is imperative to carefully balance

the mesh convergence requirements, on the one hand, against the computational

costs on the other hand. Figure 2.3 illustrates mesh independence for the three

mesh sizes given in Table 2.1. Noting the mesh independence as illustrated, the
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Figure 2.3: Illustration of mesh independence.

subsequent simulations in this work are all conducted via mesh size 1, i.e., with

120,000 computational cells.

2.5.2 Parameter values

Unless indicated otherwise, the following parameter values are used in the ensuing

computations, Rec = 0.6, Res = 90, De = 0.4, Prc = 0.8, Prs = 3, α = 0.2, λ = 0.5,

β = 0.5, ηsol = 0.1, ηp = 0.1, K = 1.
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2.5.3 Flow characteristics in the core region

Fig. 2.4 illustrates the velocity profiles in the core region at a fixed z values and across

the pipe diameter. Specifically, the graphical results in Fig. 2.4(a)-(c) illustrate the

view that one would observe if we were to slice the core cylinder at some point z

and then measure the fluid velocity across the (sliced) pipe cross-section. Fig. 2.4(a)

shows the 3D parabolic profile that one would observe if the fluid were to gush at them

from across the sliced cross-section. Similarly, Fig. 2.4(b) gives a contour illustration

of the 3D profile and Fig. 2.4(c) is a 2D rendering of the parabolic profile. Fig. 2.4(d)

gives an illustration of the fluid velocity in the z-direction, and shows as expected

that the maximum velocities are located at the center of the channel and diminish

towards the walls.
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(a) 3D Surface plot (b) Contour plot

(c) 2D Cross-section (d) View along pipe length

Figure 2.4: Velocity profiles
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Figs. 2.5 and 2.6 are, respectively, the illustrations for the temperature and pressure

profiles. Each of these illustrations is analogous to the velocity profiles as given in

Fig. 2.4 and explained above.
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(a) 3D Surface plot (b) Contour plot

(c) 2D Cross-section (d) View along pipe length

Figure 2.5: Temperature profiles
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(a) 3D Surface plot (b) Contour plot

(c) 2D Cross-section (d) View along pipe length

Figure 2.6: Pressure profiles
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The first and second normal-stress differences, N1 and N2 are respectively defined as,

N1 = τzz − τrr and N2 = τrr − τθθ = τrr,

where the final equality in the second normal-stress difference, N2, equation results

from the fact that τθθ = 0 for the axi-symmetric flow under consideration.

Figs. 2.7, 2.8, 2.9, and 2.10 are, respectively, the illustrations for N1, N2, τrr, and τzz.

As required, the first normal-stress difference is non-negative, N1 ≥ 0.
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(a) 3D Surface plot (b) Contour plot

(c) 2D Cross-section (d) View along pipe length

Figure 2.7: First normal stress difference (N1) profiles
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(a) 3D Surface plot (b) Contour plot

(c) 2D Cross-section (d) View along pipe length

Figure 2.8: Second normal stress difference (N2) profiles
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(a) 3D Surface plot (b) 2D Cross-section

Figure 2.9: Diagonal stress profiles, τ11 = τrr

(a) 3D Surface plot (b) 2D Cross-section

Figure 2.10: Diagonal stress profiles, τ33 = τzz
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2.5.4 Heat-exchange characteristics

Fig. 2.11 shows the variation of the maximum core-fluid temperature (i.e. the

temperature along the centerline, r = 0, of the core region) as we move from the

inlet at z = 0 to the outlet at z = 4. In Fig. 2.11, the core region is therefore oriented

from left (at z = 0) to right (at z = 4).

Figure 2.11: Core-fluid temperature profile from the inlet at z = 0 to the outlet at
z = 4. Moving from left to right

The core-fluid temperature expectedly decreases along the longitudinal direction, from

the high values at the inlet, z = 0, to the outlet at z = 4 where the lowest core-fluid

temperatures are recorded. The observed reduction of the core-fluid temperature

in the longitudinal (z) direction demonstrates the utility of the heat-exchanger,

50



specifically the hotter core-fluid is cooled by the colder shell-fluid via heat-exchange

processes across the connecting wall.

Figure 2.12: Shell-fluid temperature profile from the inlet at z = 4 to the outlet at
z = 0. Moving from right to left

The shell-fluid temperature therefore expectedly behaves in the opposite manner

to the core-fluid temperature, see Fig. 2.12. In the double-cylinder counter-flow

arrangement, the shell fluid enters from the opposite end and moves in the opposite

direction to the core-fluid.

In particular, the shell-fluid temperature expectedly increases along the longitudinal

direction, from the high values at its inlet, z = 4, (which is located at the outlet
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for the core-region) to the shell-outlet at z = 0 (which is located at the inlet for the

core-region) where the highest shell-fluid temperatures are recorded.

The observed increase in the shell-fluid temperature in the counter-flow direction to

the core-fluid similarly demonstrates the utility of the heat-exchanger, specifically

the shell-fluid at the shell-exit (z = 0) would have absorbed the heat from across the

entire length (from z = 4 ↘ z = 0) and hence would be expectedly hotter than the

shell-fluid still close to the entry stages to the shell region.

Figure 2.13: Connecting wall temperature profile

Fig. 2.13 illustrates the required behaviour of the wall temperature. The wall

temperature would naturally be higher in the vicinity of the regions where the highest

core-fluid temperatures are observed and vice versa. The magnitudes of the wall
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temperature would be correspondingly lower than those of the core-fluid due to the

convective heat-exchange taking place across the connecting-wall, from the hotter

core-fluid to the colder shell-fluid. Similarly, the magnitudes of the wall temperature

would still be higher than those of the shell-fluid due to the constant contact of the

connecting-wall with the core-fluid whose temperature still remains higher than that

of the shell fluid.

For these reasons, our future work will be focused on employing shell-fluids of

various material and rheological compositions in order to enhance the heat-exchange

characteristics and hence improve the efficiency of the heat-exchanger design.

2.6 Concluding Remarks

The results obtained in this Chapter set the groundwork for important applications,

say to food processing, in which viscoelastic behaviour would be a significant factor.

Indeed, the results obtained in this study, and the view to potential applications,

lay the groundwork for follow-up work that would involve optimization investigation

regarding the optimal design of the coolant composition and rheology. For example,

contemporary research has demonstrated the heat transfer enhancement of nanofluids

as compared to the corresponding base fluids. This is the context and framework of

the next chapter in which investigations will focus on coolant fluids that are composed

of nano-particles of varying volume fractions. Such fluids, i.e. base fluids containing

nano-particles, are the so-called nanofluids.
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Chapter 3

Modelling and Analysis of

Viscoelastic and Nanofluid Effects

on the Heat Transfer

Characteristics in a Double-Pipe

Counter-Flow Heat Exchanger∗

3.1 Abstract

This study computationally investigates the heat transfer characteristics in a double-

pipe counter-flow heat-exchanger. A heated viscoelastic fluid occupies the inner core

region, and the outer annulus is filled with a colder Newtonian-Fluid-Based Nanofluid

(NFBN). A mathematical model is developed to study the conjugate heat transfer

characteristics and heat exchange properties from the hot viscoelastic fluid to the

∗The contents of this chapter are from [120]
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colder NFBN. The mathematical modelling and formulation of the given problem

comprises of a system of coupled nonlinear partial differential Equations (PDEs)

governing the flow, heat transfer, and stress characteristics. The viscoelastic stress

behaviour of the core fluid is modelled via the Giesekus constitutive equations. The

mathematical complexity arising from the coupled system of transient and nonlinear

PDEs makes them analytically intractable, and hence, a recourse to numerical and

computational methodologies is unavoidable. A numerical methodology based on the

finite volume methods (FVM) is employed. The FVM algorithms are computationally

implemented on the OpenFOAM software platform. The dependence of the field

variables, namely the velocity, temperature, pressure, and polymeric stresses on

the embedded flow parameters, are explored in detail. In particular, the results

illustrate that an increase in the nano-particle volume-fraction, in the NFBN, leads

to enhanced heat-exchange characteristics from the hot core fluid to the colder shell

NFBN. Specifically, the results illustrate that the use of NFBN as the coolant fluid

leads to enhanced cooling of the hot core-fluid as compared to using an ordinary

(nano-particle free) Newtonian coolant.

3.2 Introduction

The development of efficient heat-transfer-fluids (HTF) continues to attract the

attention of scientists and engineers given the widespread applications. The develop-

ment and enhancement of efficient HTF has been widely investigated experimentally,

theoretically, and computationally, see for example [121, 122, 123, 124, 125, 126,

127, 128, 129, 130, 131, 132, 133, 134]. Such widespread investigations have

been conducted with a view to the important industrial applications of HTF,

say, to polymer processing, food and beverage processing, chemical processing,

pharmaceutical manufacture, etc.
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The concept and development of nanofluids has largely arisen as a route to heat-

transfer-rate (HTR) enhancement and efficient performance of HTF. Nanofluids are

a dispersion of solid (metallic) nanometer-sized particles (nano-particles) in a base-

fluid. The available literature, see for example [129, 135, 136, 137, 138], has shown

that nanofluids exhibit higher thermal conductivities as compared to the conventional

(and corresponding) base-fluids. The literature specifically demonstrates that such

higher thermal conductivities of nanofluids lead to increases in heat-transfer-rates

(HTR) as compared to the corresponding base-fluids. Additionally, ongoing research

has demonstrated that the attractive heat-transfer characteristics of nanofluids can

be further improved via various methods including increasing the Brownian motion of

the embedded nano-particles suspended in the base-fluids [139, 140, 141], increasing

volume-fraction of the embedded nano-particles [142, 143, 144], increasing the fluid

layers around the embedded nano-particles [139, 140], etc. The present research

specifically explores the effects, on HTR enhancement, of nano-particle volume-

fraction (i.e., concentration of nano-particles) in the nanofluid.

In comparative investigations on the thermal conductivities of nanofluids versus the

corresponding base-fluids, [145] reported that up to 30% increase in the thermal

conductivity can be observed in nanofluids generated from various nano-particle/base-

fluid combinations, e.g., Al2O3-water, SiO2-water, and TiO2-water. Similar results

were also reported in [121] using CuO-water, Al2O3-water, and Co-oil nanofluids.

The authors in [146] claimed a 100% increase in thermal conductivity for a range of

volume-fractions 0.5–10% of aluminium particles in a water base. The results of [147]

showed that a Cu-ethylene glycol nanofluid with a volume fraction of 0.3% produced

a 40% increase in thermal conductivity. The investigation in [128] reported up to

78% rise in thermal conductivity for Cu-water nanofluids at a 7.5% volume fraction

of nano-particles.
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Akin to thermal conductivity enhancements investigations, studies have also been

conducted on the effect of nanofluids on convective heat-transfer. The authors in [148],

for example, investigated the performance of a nanofluid containing carbon nanotubes

and observed that the convective heat-transfer rate can be as much as 3.5 times higher

than that of the corresponding water base. Similarly, the authors in [149], using

an Al2O3-water nanofluid, reported a convective heat-transfer rate rise of 40%. The

investigations in [150] and [151], on the convective heat-transfer coefficient of deionised

water with a dispersion of Cu nano-particles for both laminar and turbulent flows in

a tube, demonstrated higher convective heat-transfer coefficients for the nanofluids

than for the deionised water base.

Even though nanofluids may physically never be truly homogeneous mixtures, the

mathematical modelling of nanofluids is nonetheless generally divided into the two

classes, namely single-phase (homogeneous) and two-phase (heterogeneous), see for

example [152, 153, 154]. In the single-phase model, which is adopted in the present

work, the nanofluid is treated as a homogeneous fluid mixture and the conventional

fluid dynamical governing equations are modified to incorporate the volume-fractions

of the embedded nano-particles, see for example [152, 153]. In the two-phase

model, the base-fluid phase has its own fluid-dynamical governing equations, and

a concentration equation is required to account for the effects of the suspended nano-

particles, see for example [154]. Empirical investigations for the two-phase models

have demonstrated that for nanofluids with low nano-particle volume fractions, the

Lagrangian–Eulerian formulation is preferred, see for example [155], in which this

approach was employed in analysing the HTR effects of Cu and Al2O3 nano-particles

under turbulent flow conditions. For the reverse scenario of nanofluids with high

nano-particle volume fractions, the more suitable approach would be the Eulerian–

Eulerian formulation, see for example [156], who conducted numerical simulations for

57



laminar forced convection heat-transfer of Cu-water nanofluids in isothermally heated

microchannels.

In addition to the above motivations and literature on HTF, with regards to

industrial heating and cooling applications, the present study is additionally spurred

on by the investigations in [152, 153]. The investigations in [152, 153] specifically

explored the non-isothermal effects of various viscoelastic-fluid-based nanofluids.

Additional motivation arises from the works in [9, 86], which investigated the heat

exchanger dynamics using particle-free viscoelastic and Newtonian fluids. The present

investigation is aimed at the need to add to the literature on the development, design,

and performance of industrial heat exchangers with a focus on the use and effects

of nanofluids. The current work may also be extended to heat-exchange problems

involving phase change and boiling, in which case the important surface-tension effects

would need to be accounted for, including the effects to the energy conservation,

see [157].

The present work employs finite volume computational methodologies implemented

on the open-source OpenFOAM software platform [86, 101, 72, 73]. The OpenFOAM

software platform offers the flexibility and convenience to incorporate new compu-

tational fluid dynamics (CFD) models via modifications of already-existing solvers,

see for example [4, 5, 107, 8, 6]. The additional purpose of this work is therefore

the development of a solver, under the OpenFOAM framework, for heat exchange

investigations involving viscoelastic fluids and Newtonian-Fluid-Based Nanofluids

(NFBN).

The chapter is structured as follows. In Section 3.3, the mathematical model

formulation is presented. The development of numerical algorithms is given in Section

3.4. In Section 3.5, graphical computational results and discussion of results are

presented. Finally, the concluding remarks are given in Section 3.6.
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3.3 Mathematical Model

Two hollow concentric cylindrical pipes are arranged in a double-pipe geometry with

an inner cylinder (the core) located inside an outer cylinder (the shell), see Figure

3.1. Both cylinders are of equal length, L, in the longitudinal direction, i.e., the

z-direction.

Figure 3.1: Schematics of the model problem.

The inner (core) cylinder has a radius Rc in the radial direction, i.e., the r-direction,

and is symmetrically surrounded by an outer cylinder (the shell) of radius Rs, with

0 < Rc < Rs. The cylindrical coordinate system (r, θ, z) is adopted, with r in the

radial direction, θ in the angular direction, and z in the longitudinal direction.

Axi-symmetric conditions are assumed, and hence, all flow field variables will be

considered independent of θ. For example, the velocity field would therefore be of

the form V = (u(r, z), 0, w(r, z)), where u is the velocity component in the radial (r)

direction and w is the velocity component in the longitudinal (z) direction.
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Laminar, incompressible, time-dependent, and non-isothermal conditions are addi-

tionally assumed. A heated/hot viscoelastic fluid occupies the inner core region and

flows, say in the positive z-direction. A colder NFBN fills the outer annulus and flows

in the opposite direction to the core fluid leading to the counter-flow arrangement.

3.3.1 Governing Equations for Core-Fluid

In dimensional terms, the governing mathematical equations for the viscoelastic core-

fluid are derived from the conservation of mass, momentum, and energy, respectively,

detailed in Equations (3.1)–(3.3):

∇∗ ·U ∗
c = 0, (3.1)

ρ∗c

(
∂U ∗

c

∂t∗
+U ∗

c · ∇∗U ∗
c

)
= −∇∗p∗c +∇∗ · σ∗

c + F ∗
c , (3.2)

ρ∗cC
∗
pc

(
∂T ∗

c

∂t∗
+ T ∗

c · ∇∗T ∗
c

)
= Q∗

Dc
−∇∗ ·Φ∗

qc + h∗
c(T

∗
w − T ∗

c ). (3.3)

The asterisks ∗ in Equations (3.1)–(3.3) represent dimensional variables, the subscript

()c denotes core-fluid, ∇∗ is the gradient operator, U ∗
c is the velocity field, ρ∗c the

density, t∗ the time, p∗c the pressure field, σ∗
c the total stress tensor, F ∗

c represents

body forces, C∗
pc is the specific heat at constant pressure, T ∗

c is the temperature field

of the core fluid, Q∗
Dc

the internal heat production, Φ∗
qc the heat flux vector, T ∗

w is the

connecting wall temperature, and h∗
c and h∗

s are a convective heat-transfer parameters.

The total stress tensor is given by:

σ∗
c = −pc

∗I∗ + τ ∗
c + η∗cS

∗
c ,
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where I is the identity tensor, τ ∗
c represents the polymer-stress tensor, and

S∗
c =

[
∇∗U ∗

c + (∇∗U ∗
c )

T
]
,

is the rate of deformation tensor. The internal heat production is expressed as:

Q∗
Dc

= γτ ∗ : S∗
c + (1− γ)η∗solS

∗
c : S∗

c ,

where η∗sol is the solvent viscosity and γ is a viscoelastic non-isothermal parameter;

for the full details, we refer the reader to [6, 9]. The heat flux is mathematically

expressed by Fourier’s law:

Φ∗
qc = −K∗

c∇∗T ∗
c ,

where K∗
c is the thermal conductivity. The Giesekus viscoelastic constitutive

equations are employed to model the polymeric stresses:

τ ∗ + ε∗τ ∗2 + λ∗
∇
τ ∗ = η∗pS

∗
c ,

where ε∗ is the Giesekus nonlinear parameter, λ∗ is the relaxation time, η∗p is the

polymer viscosity, and
∇
τ ∗ is the upper convected time derivative defined as:

∇
τ ∗ =

∂τ ∗

∂t∗
+ (U ∗

c · ∇∗)τ ∗ − (∇∗U ∗
c )τ

∗ − τ ∗(∇∗U ∗
c )

T .

The relaxation time and viscosity are assumed constant with the total viscosity

given by:

η∗c = η∗sol + η∗p.
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3.3.2 Governing Equations for Shell-Fluid

A Newtonian-Fluid-Based Nanofluid (NFBN) is assumed for the shell-fluid flowing in

the outer annulus. The subscript ()sf , in the flow variables, is used to denote shell-

fluid and the subscript ()nf represents nanofluid. The governing equations for the

shell-fluid flow are otherwise similar to those for the core-fluid system, but without

the polymer-stress contributions. The equations, in a dimensional form, read:

∇∗ ·U ∗
sf = 0, (3.4)

(ρsf )
∗
nf

(
∂U ∗

sf

∂t∗
+U ∗

sf · ∇∗U ∗
sf

)
= −∇∗p∗sf +∇∗ · σ∗

sf , (3.5)

(ρsfCpsf )
∗
nf

(
∂T ∗

s

∂t∗
+ T ∗

sf · ∇∗T ∗
sf

)
= Q∗

Dsf
−∇∗ ·Φ∗

qsf
. (3.6)

where (ρsf )
∗
nf is the NFBN density, σ∗

sf the total stress tensor, (ρsfC
∗
psf

)∗nf the NFBN

specific heat capacity, Q∗
Dsf

the internal heat production, and Φ∗
qsf

the heat-flux

vector. The total stress tensor for the shell-fluid is defined as:

σ∗
sf =

η∗sol√
(1− φ)5

S∗
sf ,

where φ is the nano-particle volume-fraction. The internal heat production is defined

as:

Q∗
Dsf

=
η∗sol√

(1− φ)5
S∗

sf : ∇∗U ∗
sf .

The heat-flux vector follows Fourier’s law:

Φ∗
qsf

= −K∗
nf∇∗T ∗

sf ,
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where K∗
nf is the nanofluid thermal conductivity, which is defined as:

K∗
nf =

K∗
s + (1− ℵ)K∗

f + (1− ℵ)φ(K∗
f −K∗

s )

K∗
s + (1− ℵ)K∗

f + φ(K∗
f −K∗

s )
(1 + αA2T

∗
s ),

where A2 is a thermal-conductivity parameter and ℵ is an empirical shape-factor. For

spherical-shaped nano-particles, which are assumed in the present work, ℵ = 3, [158].

The nanofluid quantities, ()nf , are obtained from linear combinations of the volume-

fractions, φ, of the base-fluid contribution, ()f , and the nano-particle contribution,

()s. For example:

ρ∗nf = φ(ρsf )
∗
s + (1− φ)(ρsf )

∗
f ,

(ρsfCpsf )
∗
nf = φ(ρsfCpsf )

∗
s + (1− φ)((ρsfCpsf )

∗
f .

3.3.3 Governing Equation for the Connecting Wall

The shell-fluid and core-fluid are separated by a connecting wall through which heat-

exchange occurs. The governing equation for the connecting wall temperature, T ∗
w,

follows the one-dimensional heat conduction equation:

∂T ∗
w

∂t∗
=

∂2T ∗
w

∂z∗2
+ h∗

c(T
∗
c − T ∗

w) + h∗
sf (T

∗
sf − T ∗

w). (3.7)
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3.4 Numerical Algorithms and Computational Method-

ologies

Equations (3.1)–(3.7) are solved numerically using Finite Volume Methods (FVM).

The FVM numerical algorithms are implemented on the OpenFOAM software

platform. The OpenFOAM computational solvers that are developed in the present

work are adapted and modified from both the viscoelasticFluidFoam and the

rheoMultiRegionFoam solvers, which pre-exist on OpenFOAM, see for example [72,

73]. These two pre-existing solvers are well adapted to viscoelastic flow simulations,

and hence, they are well suited as starting points for the development of the

viscoelastic computations required in the present work.

The computational mesh for the double-pipe geometry, Figure 3.2, is created using

the OpenFOAM mesh generation functionality called blockMesh. In OpenFOAM

language, this mesh is implemented over a blockMeshDict file, in which the geometry

is conveniently defined and results are viewed using the Paraview software.

Figure 3.2: Computational mesh for the double-pipe geometry.
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Viscoelastic flow computations are prone to numerical difficulties which arise at high

Weissenberg, We, or alternatively at high Deborah, De, numbers, leading to the so-

called High-Weissenberg-Number-Problem (HWNP). The higher the Weissenberg (or

Deborah) number, the more pronounced would be the elastic effects, in which case

the viscoelastic fluid largely exhibits solid-like behaviour leading to the numerical

instabilities for the fluid-based computations. Both the Discrete-Elastic-Viscous-

Stress-Splitting (DEVSS) [73, 76] and the Log-Conformation-Reformulation (LCR)

techniques [92, 93] are employed to mitigate against numerical instabilities arising

from the HWNP.

3.4.1 DEVSS Technique

In the Discrete-Elastic-Viscous-Stress-Splitting (DEVSS) method, employed in the

viscoelasticFluidFoam solver, an additional elliptic operator [99] is added on each

side of the momentum equations. The stabilising effects of the elliptic terms may

be enhanced by scaling them with the polymeric viscosity, ηp, [76, 119]. Under the

DEVSS technique, the momentum equations take the form:

ρ

(
∂U

∂t
+U · ∇U

)
−∇ · (ηs + ηp)∇U = −∇p−∇ · (ηp∇U) +∇ · τ + ρF . (3.8)

3.4.2 LCR Technique

The Log-Conformation-Reformulation (LCR) approach is implemented for numerical

stabilisation in the RheoMultiRegionFoam solver. In the LCR approach, the

polymeric-stress tensor, τ , is replaced with the logarithm of the conformation tensor,

D, where:

τ =
ηp
λ
(D − I). (3.9)
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The process to recast the viscoelastic-stress constitutive-equations in terms of the

logarithm of conformation tensor (log-conformation) requires that the stress tensor,

τ , be initially replaced (in the viscoelastic-stress constitutive-equations) by the

conformation tensor, D, via Equation (3.9). This initial process leads to the

alternative constitutive equations for the conformation tensor:

∂D

∂t
+ (U · ∇)D − (D · ∇UT +∇U ·D) = −1

λ
fR(D), (3.10)

where fR(D) is a polynomial function in the conformation tensor [141]. Since D is

positive definite, it can be diagonalised that:

D = R ·Λ ·RT , (3.11)

where R is an orthogonal matrix containing, as its columns, the eigenvectors of D,

and Λ is a diagonal matrix with corresponding eigenvalues of D. The second step

in the LCR technique is based on the realisation that it would be more efficient to

solve constitutive equation in terms of the logarithm of D (i.e., introduce and solve

for, Θ = logD, in the constitutive equations) rather than solving directly for D. In

particular:

Θ = logD = R · logΛ ·RT . (3.12)

Following [92, 93], the velocity gradient, ∇U can be decomposed as:

∇U = Ω+B +N ·D−1, (3.13)
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where both Ω and N are anti-symmetric and B is a symmetric traceless tensor which

commutes with D. Equation (3.10), therefore, reduces to:

∂Θ

∂t
+ (U · ∇)Θ− (ΩΘ−ΘΩ)− 2B = R

[
1

λ
(Λ−1 − 1)

]
RT . (3.14)

In a two-dimensional flow, the eigen-decomposition of D can be expressed as:

D = R

λ1 0

0 λ2

RT , (3.15)

where λ1 and λ2 are eigenvalues of D, and also:

RT (∇U)R =

m11 0

0 m22

 , B = R

m11 0

0 m22

RT , Ω = R

δ 0

0 −δ

RT ,

(3.16)

with:

δ =
(m12 +m21)

(λ2 − λ1)
.

3.4.3 Pressure Correction

Unlike for compressible flow, where empirical relations such as the ideal gas law

allow for a direct/explicit pressure-linked equation, the solution processes for pressure-

linked equations for incompressible fluid flow on the other hand are complicated by

the reality that there is no explicit pressure equation to solve. Numerical solutions

for pressure-linked equations of incompressible fluid flow have led to the develop-

ment of various techniques to overcome this difficulty. The current investigation

employs the Pressure-Implicit-with-Splitting-of-Operators (PISO) algorithm, see for

example [117], to deal with this challenge. The PISO algorithm can be summarised

as follows.
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1. Initialise the field variables: velocity U , pressure p, polymeric stresses τ , and

temperature T .

2. For the LCR approach, solve for the conformation tensor D and Θ = logD.

3. For the DEVSS approach, solve directly for the polymer stresses, τ .

4. Solve the momentum equations for the intermediate velocity field, U ∗∗.

5. Using the intermediate velocity, U∗∗, estimate a new pressure field p∗∗.

Subsequently, perform a correction of the intermediate velocity field and obtain

the new velocity U ∗∗∗, which must satisfy mass conservation.

6. The updated velocity U ∗∗∗ is then used to compute the polymer-stresses τ ∗∗

and temperature T ∗∗ via the stress constitutive equations and energy equations,

respectively.

7. Go to step 1 with the field variables U , p, τ , T , respectively, replaced with

U∗∗∗, p∗∗, τ ∗∗, and T ∗∗ and repeat the steps until the required accuracies are

achieved or until the required number of iterations is reached.

3.4.4 Core-Fluid Simulations

Initial and Boundary Conditions in Core Region

The initial conditions are assumed to be zero for all fluid variables except for core

temperature, which is initially set to 300 K. At the inlet regions of the pipe sections,

the velocities are kept at 2 m/s while pressure is assigned a zero gradient boundary

condition. The polymer-stresses are initially fixed at zero throughout the core region.

At the outlet, a zero gradient condition is assigned for all fluid variables except for

pressure, which is set to zero. The usual no-slip boundary conditions are imposed for
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velocity at the pipe walls. A zero gradient condition is imposed for polymer-stresses

at the pipe walls.

Discretisation Schemes for Core Region

Since the model problem is transient in nature, time discretisation is crucial and

must be implemented in a way that enhances numerical stability and convergence.

The time derivatives are, therefore, approximated via an implicit Euler scheme. A

linear scheme with Gaussian integration is applied on space derivative terms, i.e., the

gradient terms. A Gaussian first order upwind scheme is used for the discretisation of

the convective terms. The Laplacian terms are discretised via bounded, second-order

Gaussian linear corrected schemes.

The systems of linear equations generated by the above space-time discretisations

are solved via efficient and robust linear algebraic techniques. Specifically, a

Bi-Conjugate Gradient Stabilised (BiCGStab) solver is used for the discretised

velocity, temperature, and polymer-stress constitutive equations. For the discretised

velocity and polymer-stress constitutive equations, the BiCGStab solver is applied in

conjunction with the Incomplete LU with zero fill-in (ILUO) pre-conditioners. For

the discretised temperature equation, the BiCGStab solver is used in conjunction

with the Diagonal Incomplete LU (DILU) pre-conditioners. The pressure equation is

solved with a Conjugate Gradient (CG) method using a Cholesky pre-conditioner.
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3.4.5 Coupled Simulations for Core-Fluid, Shell-Fluid, and

Connecting Wall

Initial and Boundary Conditions for Coupled Simulations—Core-Fluid

As already mentioned for the core fluid system, the initial conditions for temperature

and velocity, at the core inlet, are 2 m/s and 300 K, respectively, while the polymer-

stresses are initialised as zero. Pressure is assigned a zero-gradient boundary

condition. At the core outlet, all fluid variables are assigned a zero-gradient

boundary condition with an exception of pressure, which is set to a value of zero.

At the pipe walls, no-slip boundary conditions are imposed on the velocity, linear

extrapolation boundary conditions are applied to the polymer-stresses, and a zero-

gradient boundary condition is employed for the pressure. A coupled temperature-

boundary condition is applied at the interface of the core-fluid and the connecting

wall. In the OpenFOAM framework, such a boundary condition is built into the

rheoMultiRegionFoam solver to ensure continuity of the heat flux across domain

interfaces, see [72].

Initial and Boundary Conditions for Coupled Simulations—Shell-Fluid

The initial and inlet boundary conditions for the shell region, velocity, temperature,

and pressure, are similar to those for the core fluid. At the outlet, the velocity and

temperature are assigned zero-gradient boundary conditions while pressure is set to

zero. At the walls, no-slip boundary conditions are used for the velocity, while a zero-

gradient boundary condition is applied for the pressure. As with the core-fluid and

the connecting wall interface, a coupled temperature-boundary condition is employed

at the interface of the shell-fluid and the connecting wall.
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Initial and Boundary Conditions for Coupled Simulations—Connecting

Wall

The coupled temperature-boundary condition is applied at the interfaces on either

side of the connecting wall, i.e., to both the connecting wall/core-fluid interface and

the connecting wall/shell-fluid interface.

Discretisation Schemes for Coupled Simulations—Core-Fluid

The time derivatives are discretised using the implicit Euler scheme. A second-order

bounded Gauss linear scheme is used in the discretisation of Laplacian terms. The

least squares scheme is applied on the space-gradient terms. The convective terms are

discretised via a Universally Bounded Interpolation scheme (Cubista). The solutions

of the systems of linear equations for temperature, velocity, and polymer-stresses

employ a Preconditioned Bi-Conjugate Gradient (PBiCG) solver in conjunction with

a simplified Diagonal Incomplete LU (DILU) pre-conditioner. The pressure equation

is solved with a Preconditioned Conjugate Gradient (PCG) solver using Diagonal

Incomplete-Cholesky (DIC) pre-conditioners.

Discretisation Schemes for Coupled Simulations—Shell-Fluid

The implicit Euler scheme is used to discretise time derivatives and a second-order

bounded Gauss linear scheme is utilised for space-gradient terms. The Laplacian

terms are treated via Gauss linear orthogonal schemes. For convective terms the

Cubista and Gauss linear schemes are employed. The solver for the discretised

temperature and velocity equations is the PBiCGStab solver with a DILU pre-

conditioner. A Geometric-Algebra Multi-Grid (GAMG) solver is used in conjunction

with a DIC pre-conditioner for the solution of the pressure equation.
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Discretisation Schemes for Coupled Simulations—Connecting Wall

The space-gradient terms are discretised using the Gauss linear scheme, while

Laplacian terms employ the second-order bounded linear scheme. The time

derivatives are treated via the implicit Euler scheme. The temperature equation

for the connecting wall is solved using a PCG solver in conjunction with a DIC pre-

conditioner.

3.5 Numerical Results and Discussion

3.5.1 Mesh Convergence

The mesh independence (or alternatively mesh convergence) in the present simulations

is illustrated in Figure 3.3. The mesh sizes in Figure 3.3 correspond to the number

of computational cells in Table 3.1.

Table 3.1: Mesh sizes corresponding to Figure 3.3.

mesh 1 120,000 cells

mesh 2 640,000 cells

mesh 3 800,000 cells

Given the huge computational costs incurred in running the simulations with such

high numbers of computational cells, it is prudent to balance the requirements of

mesh convergence, on the one hand, and computational costs, on the other. Figure

3.3 illustrates mesh independence for the three vastly different mesh sizes. For

these reasons, all subsequent simulations in this work are conducted via mesh size
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1, i.e., with 120,000 computational cells. It should be remarked that similar mesh

independence was observed with much fewer than 120,000 computational cells.

Figure 3.3: Illustration of mesh independence.

3.5.2 Dimensionless Parameters

As detailed in [86], it is desirable to report the results with respect to dimensionless pa-

rameters. This allows the results to be translated more generally to pipes/geometries
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of arbitrary size and also to general flow conditions. Results that are based on specific

geometric dimensions and specific flow conditions would otherwise be case-specific and

not easily generalisable. The relevant dimensionless parameters for the core region

are, respectively, the Reynolds number (Rec), the Prandtl number (Prc), the Deborah

number (De), the ratio of polymer to total viscosity (β), and the Giesekus nonlinear

parameter (ε):

Rec =
ρ∗cU

∗
c0
L∗

η∗c
, P rc =

C∗
pcη

∗
c

K∗
c

, De =
λ∗U∗

c0

L∗ , β =
η∗p
η∗c

, ε =
L∗

η∗cµ
∗
cU

∗
c0

α∗,

where U∗
c0

is a reference flow velocity in the core region, say, the constant core-fluid

velocity at the inlet. The relevant dimensionless parameters for the shell region are,

respectively, the Reynolds and Prandtl numbers, as well as the ratio of nano-particle

to base-fluid thermal conductivities:

Res =
ρ∗sU

∗
s0
L∗

η∗s
, P rs =

C∗
psη

∗
s

K∗
f

, κ =
K∗

s

K∗
f

,

where U∗
s0

is a reference flow velocity in the shell region, say, the constant shell-fluid

velocity at the inlet.

Unless otherwise indicated, the subsequent simulations are carried using the following

parameter values:

core-fluid: Rec = 0.6, P rc = 0.8, De = 0.4, ε = 0.2, β = 0.5,

shell-fluid: Res = 90, P rs = 3,

thermal-conductivity: κ = 654.16, ℵ = 3, α = 0.2, A2 = 0.5, φ = 0.2.

The thermal conductivity ratio, κ, is calculated from the values, Ks = 401 Wm−1K−1

and Kf = 0.613 W/(m·K). In the subsequent graphical results, if any of the above
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parameters are varied, it is understood that the other parameters will be kept at the

given values.

3.5.3 Numerical Validation

The absence of nano-particles (κ = ℵ = A2 = φ = 0) reduces the present investigation

to that in [86]. Simulations with κ = ℵ = A2 = φ = 0 give the same results as in [86].

3.5.4 Response of Flow Variables to Variations in Nano-

particle Volume-Fraction

Figures 3.4–3.10 demonstrate the effects of varying the nano-particle volume-fraction,

φ, on the flow variables, respectively, the velocity, temperature, pressure, diagonal

polymer stress components, and the normal stress differences. The first and second

normal-stress differences, N1 and N2, are, respectively, defined as:

N1 = τzz − τrr and N2 = τrr − τθθ = τrr,

where the final equality in the second normal stress difference, N2, results from axi-

symmetry assumptions, τθθ = 0. The first normal-stress difference remains non-

negative, N1 ≥ 0, as required.
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Figure 3.4: Effects of nano-particle volume-fraction, φ, on the core-fluid velocity.

Figure 3.5: Effects of nano-particle volume-fraction, φ, on the core-fluid pressure.
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Figure 3.6: Effects of nano-particle volume-fraction, φ, on the core-fluid
temperature.

Figure 3.7: Effects of nano-particle volume-fraction, φ, on the diagonal stress
component, τrr.
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Figure 3.8: Effects of nano-particle volume-fraction, φ, on the diagonal stress
component, τzz.

Figure 3.9: Effects of nano-particle volume-fraction, φ, on the first normal stress
difference, N1.
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Figure 3.10: Effects of nano-particle volume-fraction, φ, on the second normal stress
difference, N2.

The results illustrated in Figures 3.4–3.10 give the expected parabolic profiles. Of

particular note are the important effects of the nano-particles volume-fraction, φ,

on the core-fluid temperature, as shown in Figure 3.6. The core-fluid temperature

decreases as φ increases. This clearly indicates that increases in the nano-particles

volume-fraction, φ, increase the heat-transfer-rates from the hot core-fluid to the

colder shell-nanofluid. Specifically, increases in the nano-particles volume-fraction,

φ, increase the thermal conductivity of the shell-nanofluid, enhancing its coolant

characteristics.

Figures 3.11–3.16 demonstrate the effects of varying the Prandtl number on the core-

fluid flow field variables.
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Figure 3.11: Effects of Prandtl number, Pr, on the core-fluid velocity.

Figure 3.12: Effects of Prandtl number, Pr, on the core-fluid temperature.
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Figure 3.13: Effects of Prandtl number, Pr, on the diagonal stress component, τrr.

Figure 3.14: Effects of Prandtl number, Pr, on the diagonal stress component, τzz.
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Figure 3.15: Effects of Prandtl number, Pr, on the first normal stress difference,
N1.

Figure 3.16: Effects of Prandtl number, Pr, on the second normal stress difference,
N2.

82



The results illustrated in Figures 3.11–3.16 similarly give the expected parabolic

profiles. Of particular note are the expected effects of the Prandtl number on the

core-fluid temperature, as shown in Figure 3.12. The core-fluid temperature decreases

as the Prandtl number increases. This is a consequence of the fact that the Prandtl

number acts to dampen the strengths of the heat conduction and the heat sources.

Figures 3.17–3.22 demonstrate the effects of varying the Reynolds number on the

core-fluid flow field variables.

Figure 3.17: Effects of Reynolds number, Re, on the core-fluid velocity.
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Figure 3.18: Effects of Reynolds number, Re, on the core-fluid temperature.

Figure 3.19: Effects of Reynolds number, Re, on the diagonal stress component,
τrr.
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Figure 3.20: Effects of Reynolds number, Re, on the diagonal stress component,
τzz.

Figure 3.21: Effects of Reynolds number, Re, on the first normal stress difference,
N1.
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Figure 3.22: Effects of Reynolds number, Re, on the second normal stress difference,
N2.

The results illustrated in Figures 3.11–3.16 again give the expected parabolic profiles.

Of particular note are the expected effects of the Reynolds number on the core-fluid

velocity, as shown in Figure 3.17. The core-fluid velocity increases as the Reynolds

number increases. This follows naturally from the observation that the Reynolds

number is directly proportional to the inlet velocity and is also inversely proportional

to the fluid viscosity. An increase in the inlet velocity and/or a decrease in the fluid

viscosity would act to increase the core-fluid Reynolds number. We also notice from

Figure 3.18 that the core-fluid temperature increases with an increasing Reynolds

number.

Figures 3.23–3.28 demonstrate the effects of varying the Deborah number on the

core-fluid flow field variables.

86



Figure 3.23: Effects of Deborah number, De, on the core-fluid velocity.

Figure 3.24: Effects of Deborah number, De, on the core-fluid temperature
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Figure 3.25: Effects of Deborah number, De, on the diagonal stress component, τrr.

Figure 3.26: Effects of Deborah number, De, on the diagonal stress component, τzz.
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Figure 3.27: Effects of Deborah number, De, on the first normal stress difference,
N1.

Figure 3.28: Effects of Deborah number, De, on the second normal stress difference,
N2.
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As can be observed from Figures 3.25–3.28, an increase in the Deborah number

increases the elastic effects in the core-fluid. The results illustrated in, say, Figures

3.25 and 3.27, demonstrate that the elastic effects are more pronounced closer to the

inner pipe walls and away from the pipe centerline.

3.5.5 Response of Flow Variables in the Longitudinal Direc-

tion

All the graphical results thus far are presented in the radial direction, across the

inner pipe diameter. For this reason, the results have been symmetric about the

pipe centerline. It is important to also illustrate the development of the solutions in

the longitudinal direction (i.e., the flow direction) in response to variations in flow

parameters.

Figure 3.29 illustrates the behaviour of the core-fluid temperature in the longitudinal

direction, in response to variations in the nano-particle volume-fraction, φ.

The results of Figure 3.29 show, as expected, that the core-fluid temperature decreases

from the initial high values at the inlet to lower values at the outlet. This is the

hallmark of a heat exchanger design and function—that a hot fluid is cooled as it

flows and interacts with a colder fluid in a connected channel even when the two

connected channels containing the hot and cold fluids, respectively, are separated by

a solid wall.
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Figure 3.29: Effects of nano-particles volume-fraction φ on the core-fluid
temperature. Fluid moving from inlet at z = 0 to outlet at z = 4, i.e., flow direction
is from left to right (−→).

Additionally, Figure 3.29 illustrates, as also shown in the corresponding Figure

3.6, that the core fluid temperature decreases with increasing nano-particle volume-

fraction, φ. As already explained under Figure 3.6, this clearly indicates that

an increase in the nano-particles volume-fraction, φ, correspondingly increases the

thermal conductivity of the shell-nanofluid, and hence, also increases the heat-

exchange characteristics from the hot core-fluid to the colder shell-nanofluid.

Figure 3.30 illustrates the behaviour of the shell-fluid temperature in the longitudinal

direction, in response to variations in the nano-particle volume-fraction, φ.

The results of Figure 3.30 show, as expected, that the shell-fluid temperature will

increase from the initial low values at the inlet to higher values at the outlet. This is

again the hallmark of a heat exchanger design and function—that a coolant fluid is

heated as it flows and interacts with a hotter fluid in a connected channel even when
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the two connected channels, respectively, containing the coolant and hot fluids, are

separated by a solid wall.

Figure 3.31 illustrates the behaviour of the connecting wall temperature in the

longitudinal direction, in response to variations in the nano-particle volume-fraction,

φ. The connecting wall temperature would roughly average the core-fluid and shell-

fluid temperatures, and hence, the behaviour of the connecting wall temperature

largely mirrors the average behavior of the core-fluid and shell-fluid temperatures.

Of specific note is that the connecting wall temperature decreases with increasing

nano-particle volume-fraction, φ.

Figure 3.30: Effects of nano-particles volume-fraction φ on shell-fluid temperature.
Fluid moving from inlet at z = 4 to outlet at z = 0, i.e., flow direction is from right
to left (←−).
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Figure 3.31: Effects of nano-particles volume-fraction, φ, on the connecting wall
temperature.

Figures 3.32 and 3.33, respectively, illustrate the behaviour of the core-fluid

temperature and the shell-fluid temperature, in the longitudinal direction, in response

to variations in the Prandtl number, Pr. The results are similarly explained as those

in Figure 3.12.
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Figure 3.32: Effects of Prandtl number, Pr, on core-fluid temperature. Fluid
moving from inlet at z = 0 to outlet at z = 4, i.e., flow direction is from left to
right (−→).
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Figure 3.33: Effects of Prandtl number, Pr, on shell-fluid temperature. Fluid
moving from inlet at z = 4 to outlet at z = 0, i.e., flow direction is from right to left
(←−).

Figures 3.34 and 3.35, respectively, illustrate the behaviour of the core-fluid

temperature and the shell-fluid temperature, in the longitudinal direction, in response

to variations in the Reynolds number, Re. The results are similarly explained as those

in Figure 3.18.
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Figure 3.34: Effects of Reynolds number, Re, on core-fluid temperature. Fluid
moving from inlet at z = 0 to outlet at z = 4, i.e., flow direction is from left to right
(−→).
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Figure 3.35: Effects of Reynolds number, Re, on the shell-fluid temperature. Fluid
moving from inlet at z = 4 to outlet at z = 0, i.e., flow direction is from right to left
(←−).

Figure 3.36 illustrates the behaviour of the core-fluid temperature, in the longitudinal

direction, in response to variations in the Reynolds number, Re. The results are

similarly to those in Figure 3.24 for the radial direction.
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Figure 3.36: Effects of Deborah number, De, on the core-fluid temperature. Fluid
moving from inlet at z = 0 to outlet at z = 4, i.e., flow direction is from left to right
(−→).

3.6 Concluding Remarks

The results of this Chapter illustrate that an increase in the nano-particle volume-

fraction, in the coolant NFBN, leads to enhanced heat exchange characteristics from

the hot core fluid to the coolant shell NFBN. Significantly, the results illustrate that

the use of NFBN as the coolant fluid leads to better heat-transfer characteristics as

compared to using an ordinary/conventional (particle-free) Newtonian coolant. The

results also demonstrate that the efficacy of the NFBN as a coolant is enhanced

with increasing nano-particle volume-fraction. The next Chapter expands on these

concepts and investigates the effects of nano-particles and nanofluids in boiling flow

problems, specifically the enhancement of boiling and vapour formation via nano-

particles and nanofluids.
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Chapter 4

Volume-of-fluid based finite-volume

computational simulations of

three-phase nanoparticle-liquid-gas

boiling flow problems in vertical

rectangular channels∗

4.1 Abstract

This study develops robust numerical algorithms for the simulation of three-phase

(solid-liquid-gas) boiling flow and bubble formation problems in rectangular channels.

The numerical algorithms are based on the Finite Volume Methods (FVM) and

implement both the volume-of-fluid (VOF) methods for liquid-gas interface tracking

as well as the volume-fraction methods to account for the concentration of embedded

∗The contents of this chapter are from [159]
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solid nano-particles in the liquid phase. Water is used as the base-liquid and the solid

phase is modelled via metallic nano-particles (both aluminium oxide and titanium

oxide nano-particles are considered) that are homogeneously mixed within the liquid

phase. The gas phase is considered as a vapour arising from the boiling processes of

the liquid-phase. The finite volume methodology is implemented on the OpenFOAM

software platform, specifically by careful modification and manipulation of existing

OpenFOAM solvers. The governing fluid dynamical equations, for the three-phase

boiling problem, take into account, the thermal conductivity effects of the solid (nano-

particle), the momentum and energy equations for both the liquid-phase and the gas-

phase, and finally the decoupled mass conservation equations for the liquid- and gas-

phases. The decoupled mass conservation equations are specifically used to model

the phase change between the liquid- and gas- phases. In addition to the FVM

and VOF numerical methodologies for the discretization of the governing equations,

the pressure-velocity coupling is resolved via the PIMPLE algorithm, a combination

of the Pressure Implicit with Splitting of Operator (PISO) and the Semi-Implicit

Method for Pressure-Linked Equations (SIMPLE) algorithms. The computational

results are presented graphically with respect to variations in time as well as in

the nano-particle volume fractions. The simulations and results accurately capture

the formation of vapour bubbles in the two-phase (particle-free) liquid-gas flow and

additionally the computational algorithms are similarly demonstrated to accurately

illustrate and capture simulated boiling processes. The presence of the nano-particles

is demonstrated to enhance the heat-transfer, boiling, and bubble formation processes.

4.2 Introduction

Three-phase, solid-liquid-gas flows are a subset of the broader category of multi-

phase flows. The turbulent nature of multi-phase flow that contain the liquid-gas
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phases make the mathematical models for such flows highly intractable to analytical

solution or treatment. A recourse to computational-fluid-dynamics (CFD) techniques

is therefore unavoidable in the mathematical solution and simulation of the multi-

phase flow problems that contain the liquid-gas phase. Indeed, the coupled and non-

linear nature of multi-phase in general make them intractable to analytical treatment.

Great progress has been made over the years in developing computational tools that

can complement experimental investigations of multi-phase flows. Investigation into

multi-phase flow problems have largely therefore been conducted via experimental or

CFD techniques. Important CFD techniques that have been developed to track the

complex mixing and interactions in, say, liquid-gas phase change flows include the

volume-of-fluid (VOF) method, see for example [160, 161, 82, 162]; Eulerian-Eulerian

techniques, see for example [42, 163, 164]; and the Lagrangian tracking of individual

particles, see for example [165, 166, 167]. The VOF method has proved to be an

excellent tool specifically for interface tracking in liquid-gas phase change problems,

see for example [168, 148, 149].

The work in [160] employed VOF methods to numerically investigate boiling flow

using an R-141B refrigerant in a horizontal coiled pipe and their results were in

good agreement with experimental data. The investigations in [171] numerically

simulated the transient heat transfer process, during nucleate boiling, using an

HFE-700 refrigerant via a VOF based OpenFOAM solver. In these simulations,

the VOF method was coupled with the Level Set(LS) approach to more accurately

capture the exact position of the interface. The research in [162] developed a VOF

based OpenFOAM solver to simulate a broad range of boiling, condensation, and

evaporation problems within a single environment. The work in [172] employed a

Hart evaporation model, based on VOF, FVM, and PISO algorithms implemented

in OpenFOAM, for interface tracking. The VOF interface tracking methods coupled
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with the FVM numerical methodologies were also employed in [173] to model phase-

change processes in two-phase fluid flow. Validation tests using the 1D Stefan-

Problem and a 2D axi-symmetric film boiling were conducted, in [173], and simulation

results were in excellent agreement with analytical results. The investigations in

[174] used the color-function volume-of-fluid (CF-VOF) interface tracking methods in

OpenFOAM to simulate boiling and condensation processes. Additionally, the surface

tension was modelled via the continuous-surface-force (CSF) model and the pressure-

velocity coupling was resolved by employing the PISO algorithm on a collocated grid.

A comprehensive discussion on the VOF-linked color-functions and mollified color-

functions as well as mathematical descriptions of the CSF, and related continuous-

surface-stress (CSS) models can be found, say in [175] in which. The work in

[175] investigated the deformation and break-up of liquid droplets in a two-phase,

droplet-matrix mixture and the pressure correction was conducted via the SIMPLE

algorithms.

Various phase-change models have been developed to characterize the phase-change

phenomenon for liquid-gas flows, these include the Scharge model [176], Tanasawa

model [177], Lee model [178], Sun model [181] and temperature recovery model [182].

The Scharge model is based on modelling the pressure difference on each side of the

two-phase flow interface. Specifically, this pressure difference results in differential

saturation temperatures across the interface and the phase change mass flux is

calculated from the mass balance at the interface. The Tanasawa model simplifies the

Scharge model by assuming a constant saturation temperature on both sides of the

interface. The Lee model is a derivative of the Scharge model in which it is assumed

that the boiling process occurs at a constant pressure across the interface. The Sun

model, simplifies the sharp interface model (which assumes that the heat received

by the interface is used in evaporation) by removing the thermal conductivity of the
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gaseous phase. In the temperature recover model, it is assumed that the interface

cells reach the thermal equilibrium condition immediately.

The present work incorporates a solid (nano-particle) phase to existing two-phase,

liquid-gas, problems and, in turn, the Lee model, [178] which has indeed been

widely used in two-phase, liquid-gas boiling flow simulations, see for example

[183, 184, 185, 186, 187], is employed. The present study simulates the liquid-gas

phase change (boiling) process using the VOF and FVM based OpenFOAM solver

interCondensatingEvaporatingFoam and additionally incorporates a solid (nano-

particle) phase via a volume-fraction parameter and relevant modifications to the

thermal conductivity functions and hence also to the interCondensatingEvaporat-

ingFoam solver. This solver supports evaporation and condensation between fluid

and vapour for non-isothermal immiscible fluids using VOF interface capturing. The

broader aims of the present research are to develop multi-domain and multi-phase

flow solvers, modified from the solvers used in the present work, for the purposes of

multi-domain heat-exchanger simulations with phase change. Specifically, such an

solver would be capable of resolving the multi-domain heat-exchanger flow problems,

such as those presented in [86, 120], with combined multi-phase flow effects such as

in the present work.

4.3 Physical and Mathematical Model

The physical model geometry is represented by a vertical rectangular channel of

vertical length 4m and horizontal width 1m, see illustration in Fig. 4.1. The fluid

motion is induced only by natural-convection, a thermodynamic phenomenon referred

to as pool-boiling.
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Figure 4.1: Schematic of model problem

The computational modelling in the present two-phase, liquid-gas flow study will

require an efficient method to continuously track (in space and time) the liquid-vapour

interface. The well developed volume-of-fluid (VOF) method will be employed for

these purposes – to track the liquid-vapour interface. Specifically, the VOF method

uses a volume-fraction indicator, say α, to describe the volume-fraction of one phase

(say the liquid phase) at any point and time in a computational cell within the

flow field, [188]. The volume-fraction α in the present sense will therefore be taken to

indicate the ratio of the liquid volume in a computational cell to the total cell volume.

It therefore easily follows that if the cell is completely filled with liquid, then α = 1,

if the cell is completely filled with vapour, then α = 0, if the cell is half filled with

liquid, then α = 0.5, if the cell is three quarter filled with liquid, then α = 0.75, etc.
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This leads to the following definition of the volume-fraction α

α(y, t) =


0 vapour phase,

0 < α < 1 mixing region,

1 liquid phase.

The flow quantities; i.e. the density (ρ), heat capacity (cp), viscosity (µ), and thermal

conductivity (K), of the three-phase mixture may therefore be computed, in each

computational cell, as the linear combinations of the respective contributions from

the nanofluid phase, ()nf , and the vapour phase, ()v,

ρ = αρnf + (1− α)ρv, (4.1)

ρ cp = α(ρ cp)nf + (1− α)(ρ cp)v, (4.2)

µ = αµnf + (1− α)µv, (4.3)

K = αKnf + (1− α)Kv, (4.4)

where, ()nf , represents the homogeneous nanofluid mixture formed from the combina-

tion of solid nano-particles, ()s, that are homogeneously embedded in the base-liquid,

()bl, phase. What we have so far referred to as the liquid-phase, should therefore

more correctly now be referred to as the base-liquid phase. Specifically, the three-

phase mixture is composed of nano-particles, a base-liquid, and a vapour. The nano-

particles and base-liquid are homogeneously mixed to form the nanofluid.

The nanofluid density, heat capacity, and viscosity are calculated from a combination

of the solid (nano-particle) contribution, ()s, and the base-liquid contribution, ()bl,
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see for example [120, 152, 153, 189, 190],

ρnf = φρs + (1− φ)ρbl, (4.5)

(ρ cp)nf = φ (ρ cp)s + (1− φ) (ρ cp)bl, (4.6)

µnf =
µbl

(
√
1− φ)5

. (4.7)

where φ ∈ [0, 1] is the volume-fraction of the nano-particles,

φ =


0, 0% of nano-particles by volume in nanofluid,

0 < φ < 1, 100φ% nano-particles by volume in nanofluid,

1, 100% nano-particles by volume in nanofluid.

The thermal conductivity for the nanofluid is empirically determined, see for example

[120, 152, 153, 189, 190], the following empirical formula is adopted,

Knf =
Ks + (1− ℵ)Kbl + (1− ℵ)φ(Kbl −Ks)

Ks + (1− ℵ)Kbl + φ(Kbl −Ks)
(1 + εA2 T ), (4.8)

where ε and A2 are thermal-conductivity parameters and ℵ is an empirically

determined nano-particle shape-factor. For spherical-shaped nano-particles, ℵ = 3,

[120, 152, 153, 189, 190].

4.3.1 Conservation equations

The dynamical governing equations for the nanofluid and vapour phases are obtained

from the conservation laws, namely the conservation of mass, momentum, and energy,

respectively given as,
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∂ρ

∂t
+∇ · (ρU) = 0, (4.9)

∂

∂t
(ρU) +∇ · (ρU U) = −∇p+∇ ·

[
µ(∇U +∇UT )− 2

3
(∇ ·U)I

]
+ ρ(Fg + Fσ),

(4.10)

∂

∂t
(ρcpT ) +U · ∇(ρcpT ) = ∇ · (K∇T ) +Q, (4.11)

where U the velocity field, p the pressure field, Fg is the gravitational force field,

Fσ is the force due to surface-tension, T the temperature field, cp the specific heat

capacity at constant pressure, and Q represents heat sources. The surface-tension, Fσ,

is calculated using the continuum-surface-force (CSF) model for the cells containing

the nanofluid-vapour interface [175, 191],

Fσ = σ
ρnf αnf κvNv + ρv αv κnfNnf

0.5 (ρnf + ρv)
,

where σ is the surface tension of the nanofluid, αv is the vapour volume fraction, αnf

is the nanofluid volume fraction, ρv is the vapour density, ρnf is the nanofluid density,

κv is the curvature of the vapour phase, κnf is curvature of the nanofluid phase. In

our notation, we assume αnf = α and αv = 1−αnf = 1−α. The unit normal vectors

are defined as,

Nnf =
∇αnf

|∇αnf |
, Nv =

∇αv

|∇αv|
.

In the Lee model, [178], which is adopted in the present work, the continuity (mass

conservation) equation, Eq. (4.9) is not solved directly for the combined phases,

as with the momentum and energy equations, Eqs. (4.10) and (4.11). The mass

conservation equation will therefore be solved, for each phase, via Lee’s phase change

model.
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4.3.2 Phase change model

The phase change is model is described via Lee’s model [178]. This model is based

on the assumption that mass is transferred at a quasi-thermo-equilibrium and at

constant pressure. The mass transfer depends mainly on the shared and saturated

temperatures. Accordingly, the mass conservation equations for the volume fractions

of the nanofluid and vapour phases are respectively,

∂αnf

∂t
+∇ · (Uαnf ) =

Snf

ρnf
, (4.12)

∂αv

∂t
+∇ · (Uαv) =

Sv

ρv
. (4.13)

The source terms due to phase change, Snf and Sv are adopted from Lee’s phase

change model, [178],

Snf = Cnf ρnf αnf ρnf
T − Tsat

Tsat

T ≥ Tsat, (4.14)

Sv = Cv ρv αv ρv
Tsat − T

Tsat

T < Tsat, (4.15)

where Tsat is the saturation temperature of the nanofluid, T is the temperature

of the three-phase mixture, Cnf and Ce are empirically determined phase change

coefficients, [183, 192, 160, 193]. The values of C must be chosen such that they

maintain the interfacial temperature reasonably close to the saturation temperature

and also prevent divergence problems. We adopt the value C = Cnf = Cv = 1500s−1

used in [178].
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4.3.3 Turbulence modelling

The turbulence modelling is achieved via the Shear Stress Transport (SST) model,

see [179, 180], which essentially combines the best aspects of the k-ω and the k-ε

formulations,

D

Dt
(ρk) = Σ− β∗ρkω +∇ · [(µ+ σkµt)∇k] (4.16)

D

Dt
(ρω) =

γ

ν̂t
Σ̂− βρω2 +∇ · [(µ+ σωµt)∇ω] + 2(1− F1)ρσω2

1

ω
∇k · ∇ω. (4.17)

The production terms, Σ and Σ̂, are,

Σ̂ =

[
µt

(
∇U +∇UT − 2

3
(∇ ·U)I

)
− 2

3
ρkI

]
∇U ,

Σ = min{Σ̂, 10β∗ρkω},

where I is the unit tensor. The kinematic eddy viscosities are,

νt =
µt

ρ
=

a1k

max{a1ω, γ̇F2}
,

ν̂t = max{νt, 10−8},

where γ̇ is the invariant measure of the rate-of-strain, i.e. the absolute value of the

strain rate,

γ̇ = |S| =
√
2S : ST , where S =

1

2

[
∇U + (∇U)T

]
.
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The material derivative D/Dt is,

D

Dt
(#) =

∂#

∂t
+U · ∇(#),

For ease of comparison with the notation of [179, 180], Eqs. (4.16) and (4.17) may

also be cast in tensorial index notation, for example, Eq. (4.16) can be recast as,

∂

∂t
(ρk) +

∂

∂xi

(ρUik) = Σk − β∗ρkω +
∂

∂xi

[
(µ+ σkµt)

∂k

∂xi

]
,

with,

Σ̂k =

[
µt

(
Ui,j + Uj,i −

2

3
∇ · Uk,kδij

)
− 2

3
ρkδij

]
Ui,j,

Σk = min{Σ̂k, 10β
∗ρkω},

The blending functions, F1 and F2, are similarly defined as in [179, 180],

F1 = tanh


{
min

[
max

( √
k

β∗ωY
,
500ν

Y 2ω

)
,
4ρσω2k

CDkωY 2

]}4
 ,

F2 = tanh

[max

(
2
√
k

β∗ωY
,
500ν

Y 2ω

)]2 ,

where the closure coefficient, CDkω, is defined as,

CDkω = max

(
2ρσω2

1

ω
∇k · ∇ω, 10−10

)
.
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In index tensor notation, we can write,

∇k · ∇ω =
∂k

∂xi

∂ω

∂xi

.

The coefficients embedded in the SST model are calculated from the blending

function, F1, using the formulas such as,

β = F1β1 + (1− F1)β2, γ = F1γ1 + (1− F1)γ2, etc.

where ()1 and ()2 represent the coefficients of the k-ω and the k-ε model respectively.

The values of these coefficients are given in [179, 180],

k-ω : σk1 = 1.176, σω1 = 2.000, κ = 0.41, γ1 = 0.5532, β1 = 0.0750, β∗ = 0.09, cl = 10,

k-ε : σk2 = 1.000, σω2 = 1.168, κ = 0.41, γ2 = 0.4403, β2 = 0.0828, β∗ = 0.09.

4.4 Numerical and Computational Methodologies

A uniform 2D mesh, as shown in Fig. 4.2, is used in the simulations. The

computational mesh grid is created using the OpenFOAM mesh generation tool,

blockMesh.

The OpenFOAM software implements finite volume methods (FVM) as the standard

numerical methodology for the solution of governing equations. The interConden-

satingEvaporatingFoam solver which already exists on the OpenFOAM platform is

designed for two-phase, liquid-gas, boiling flow simulations. This solver is adopted

and modified as necessary to fit the simulations in the present work, specifically,
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Figure 4.2: Mesh grid

the inclusion of the solid (nano-particle) phase and hence also incorporating relevant

modifications to the embedded parameters such as the base-liquid density, viscosity,

specific heat capacity, and thermal conductivity.

The multi-phase mixture is initially at rest with an initial temperature of 373K and

pressure at 105 kg/m3. The turbulence parameters, k, ε, νt, and ω are all set to 1. At

the bottom wall, the inlet temperature is set at 390K and the inlet velocity is set

to 2m/s. Standard no-slip boundary conditions are imposed on the velocity at the

vertical (solid) walls. The wall function boundary condition is implemented for the

turbulence parameters. The inlet-outlet boundary condition is also implemented for

turbulence parameters except for νt for which a calculated boundary condition is used.

At the outlet, zero-gradient boundary conditions are considered for temperature and

velocity while a calculated boundary condition is used for the pressure.

The pressure-velocity coupling is resolved via the PIMPLE algorithm, a combination

of the Pressure Implicit with Splitting of Operator (PISO) and the Semi-Implicit
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Method for Pressure-Linked Equations (SIMPLE) algorithms. A combination of

Gauss linear, Gauss upwind, and Gauss interface compression are used for the

discretization of spatial derivatives. The first order implicit Euler method is used

for the discretization of time derivatives. The discrete systems of algebraic equations

are solved via robust linear algebraic techniques with appropriate smoothers. A

symmetric Gauss-Seidel smoother is employed for the temperature, velocity, and

pressure equations. The pressure equation is otherwise solved via the Preconditioned-

Conjugate-Gradient (PCG) technique in conjunction with Geometric-Algebra-Multi-

Grid (GAMG) and Diagonal-Incomplete-Cholesky (DIC) pre-conditioners. Turbu-

lence equations are solved using the Preconditioned Bi-Conjugate Gradient Stabilized

(PBiCGStab) solver with a Diagonal-Incomplete-LU (DILU) pre-conditioner.

4.5 Results and discussion

Unless otherwise indicated, the following default values for the embedded flow

quantities will be assumed in the subsequent analysis.

General quantities:

Number of computational cells (M1) 100,000 cells

Final computational time 10 s

Volume fraction (φ) 0.2

Initial fluid temperature 373K

Inlet fluid temperature 390K

Inlet fluid velocity 2m/s

Initial fluid pressure 105 kg/m3

Water, H2O:
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Viscosity of water 0.001 kg/m/s

Density of water 997.10 kg/m3

Specific heat for water 4180 J/K/kg

Thermal conductivity for water 0.6071W/m/K

Aluminium Oxide Al2O3 nano-particles:

Density of Al2O3 nano-particles 3970 kg/m3

Specific heat for Al2O3 nano-particles 765 J/K/kg

Thermal conductivity for Al2O3 nano-particles 40W/m/K

Titanium Oxide TiO3 nano-particles:

Density of TiO3 nano-particles 4250 kg/m3

Specific heat for TiO3 nano-particles 686.2 J/K/kg

Thermal conductivity for TiO3 nano-particles 8.9538W/m/K

4.5.1 Mesh dependence

Unlike laminar flows for which reproducible steady-state solutions would be expected

after a certain time, turbulent flows are not expected to settle to reproducible steady

states. In other words, time convergence to reproducible (identical) steady-state

solutions would not be expected for turbulent flow. Even though the quantitative

solutions would be expected to differ as indicated, the qualitative behaviour of the

turbulent flow solutions would still be expected to be similar. Fig. 4.3 gives the

results obtained from using three different mesh sizes; M1,M2,M3; and as expected,

the quantitative solutions are different but the qualitative behaviour is similar.
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(a) M1 = 100, 000 cells (b) M2 = 114, 400 cells (c) M3 = 121, 900 cells

Figure 4.3: Mesh dependence of solutions for a water-Al2O3 nanofluid.

4.5.2 Numerical validation - two-phase flow

To validate the efficacy of the numerical and computational methodologies employed

in this investigation, the well documented two-phase, water-air, boiling flow problem

in a horizontal channel is considered. The various flow patterns for such two-phase,

water-air, boiling flow in a rectangular horizontal channel are illustrated in Fig. 4.4

which is adapted from [38].

The 2D horizontal channel mesh used in the validation tests is shown in Fig. 4.5,

generated via the OpenFOAM mesh generation tool, blockMesh.

The computational results obtained using the numerical approaches of the present

investigation, as displayed in Figs. 4.6, 4.7, 4.8, and 4.9 respectively replicate the

expected flow patterns, shown in Fig. 4.4 which is adapted from [38], corresponding

to stratified flow, way flow, plug flow, and bubbly flow.
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Figure 4.4: Two-phase flow pattern, adapted from [38]
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Figure 4.5: Mesh generation for two-phase flow pattern computations.

Figure 4.6: Stratified flow pattern
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Figure 4.7: Wavy flow pattern

Figure 4.8: Plug flow pattern

Figure 4.9: Bubbly flow pattern
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4.5.3 Nanofluid results

The transient results, illustrating the evolution in time of the flow patterns for the

three types of multi-phase fluid-mixtures, namely; a two-phase water-vapour mixture;

a water-vapour-Al2O3 nanofluid mixture; and a water-vapour-TiO2 are shown in Figs.

Figs. 4.10, 4.11, 4.12, and 4.13.

(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.10: Snapshot of solutions for multi-phase mixtures at time t = 2.5s.

The computational results shown in Figs. 4.10, 4.11, 4.12, and 4.13 are able

to accurately simulate the boiling process and to subsequently also capture the

formation of vapour bubbles as time progresses. As time progresses, the hotter

fluid progressively becomes dominant leading to boiling and the formation of vapour

bubbles. The results demonstrate that the boiling process and hence also formation of

vapour bubbles (denoted by the blue areas in the graphs) is significantly enhanced for

the nanofluid cases than for the ordinary water case. The bubbly regions are identified

by the regions of low temperature, i.e. the blue areas on the graphs. The explanation
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(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.11: Snapshot of solutions for multi-phase mixtures at time t = 5s.

(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.12: Snapshot of solutions for multi-phase mixtures at time t = 7.5s.

for this is straightforward. The region inside the air/vapour bubbles will always

be significantly cooler than that in the surrounding continuum liquid (water in this
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(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.13: Snapshot of solutions for multi-phase mixtures at time t = 10s.

case). Plumbers generally use this simple test in domestic and industrial applications

to check the flow properties and heating efficiencies of domestic or industrial geysers.

By placing your hand under a tap of running hot water, if there is a significant presence

of bubbles, then the water would not be as hot as expected from (or recorded on) the

source-geyser thermostat settings.

The qualitative results for both types of nanofluids, H2O-Al2O3 nanofluid and H2O-

TiO2, are similar despite the distinctly different properties of the constituent nano-

particles. The reason reduces to the realization that the properties of the resultant

nanofluids at the operating temperatures and volume fractions are in fact similar.

This is illustrated in Table 4.1 using the temperature, T = 390K, and the volume

fraction, φ = 0.2.

Specifically, Table 4.1 shows that even though, say, the thermal conductivities

of Al2O3 and TiO2 nano-particles are quite different – respectively 40W/m/K

and 8.9538 W/m/K; the respective thermal conductivities of the corresponding
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Table 4.1: Comparative properties of water, nano-particles, and nanofluids at T =
390K and φ = 0.2

Al2O3 TiO2 H2O H2O-Al2O3 H2O-TiO2

Density, kg/m3 3970 4250 997.10 1591.68 1647.68
Specific heat, J/K/kg 765 686.2 4180 3497 3481.24
Thermal conductivity, W/m/K 40 8.9538 0.6071 29.294551 30.295152

nanofluids, water-Al2O3 and water-TiO2, are practically similar – 29.294551W/m/K

and 30.295152W/m/K. These nanofluid thermal conductivities are significantly

(nearly 50 times) higher than the corresponding thermal conductivity of water,

0.6071W/m/K which explains the results in Figs. 4.10, 4.11, 4.12, and 4.13.

The results therefore clearly imply that the heat conduction properties, and hence

also the boiling and bubble formation processes, may be enhanced by employing

nanofluids of increasing nano-particle concentration. The results of Figs. 4.14, 4.15,

and 4.16; which are respectively for φ = 0.05, φ = 0.1, and φ = 0.2; provide the

relevant confirmation.

(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.14: Solutions for multi-phase mixtures at time t = 10s and φ = 0.05.
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(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.15: Solutions for multi-phase mixtures at time t = 10s and φ = 0.1.

(a) Water (b) Water-Al2O3 nanofluid (c) Water-TiO2 nanofluid

Figure 4.16: Solutions for multi-phase mixtures at time t = 10s and φ = 0.2.

As before, the qualitative results for both types of nanofluids, H2O-Al2O3 nanofluid

andH2O-TiO2, are similar despite the distinctly different properties of the constituent
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nano-particles. As before, the reason reduces to the realization that the properties

of the resultant nanofluids at the operating temperatures and volume fractions are in

fact similar. This is illustrated in Table 4.2 using the temperature, T = 390K, and

the volume fraction, φ = 0.2.

Table 4.2: Comparative thermal-conductivities of water, nano-particles, and
nanofluids at T = 390K.

Al2O3 TiO2 H2O H2O-Al2O3 H2O-TiO2

Thermal conductivity, φ = 0.05 40 8.9538 0.6071 19.264274 19.438368
Thermal conductivity, φ = 0.1 40 8.9538 0.6071 22.229736 22.619839
Thermal conductivity, φ = 0.2 40 8.9538 0.6071 29.294551 30.295152

The results therefore clearly indicate that the thermal conductivities of the nanofluids,

and hence also their corresponding heat conduction properties and hence also

the boiling and bubble formation processes would be enhanced by increasing the

concentration (volume fraction) of the embedded nano-particles. The results of Figs.

4.14, 4.15, and 4.16; which are respectively for φ = 0.05, φ = 0.1, and φ = 0.2;

provide the relevant confirmation.

4.6 Concluding Remarks

The results of this Chapter accurately capture the formation of vapour bubbles

in the two-phase (particle-free) liquid-gas flow and additionally the computational

algorithms are similarly demonstrated to accurately illustrate and capture simulated

boiling processes. The presence of the nano-particles is demonstrated to enhance

the heat-transfer, boiling, and bubble formation processes. The investigation lays

the important groundwork to develop computational algorithms for the simulation of

heat-transfer problems in coupled geometries, such as heat-exchangers problems of
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Chapters 1 and 2 – under conditions of phase-change, boiling, condensation, variable

nano-particle concentration, etc.
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Chapter 5

Concluding Remarks

The thesis develops and computationally analyzes mathematical models for multi-

geometry heat-exchanger design and for multi-phase flow problems involving boiling

and bubble formation. Newtonian fluids, Newtonian-Fluid-Based- Nanofluids, and

non-Newtonian fluids are all considered in the thesis. The Newtonian-Fluid-Based-

Nanofluids (NFBN) are designed from the homogeneous mixing of a Newtonian base-

fluid with solid nano-particles. Water will be used as the Newtonian base-liquid and

two types of nano-particles will be considered, aluminium oxide (Al2O3) and titanium

oxide (TiO2) nano-particles. The non-Newtonian fluids in this thesis are modelled

via the Giesekus viscoelastic constitutive equations. The main results of the thesis

are given in Chapters 2, 3, and 4.

In Chapter 2, coupled fluid-dynamical and thermodynamical characteristics are

investigated in the context of a double-cylinder, counter-flow, heat-exchanger with

a heated viscoelastic core fluid and a coolant Newtonian shell fluid. A robust

and stabilized finite volume numerical methodology is employed to simulate the

combined heat-exchange characteristics and fluid dynamical responses. The finite

volume numerical methodology is implemented on the OpenFOAM software platform,
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onto which the energy equation for viscoelastic fluid flow is also incorporated. The

computational results for the fluid quantities, namely the velocity, temperature,

pressure, and polymer-stress components are illustrated graphically and discussed

qualitatively. The results show the required heat-exchange behaviour, the coolant

fluid flowing in the outer shell acts to cool down the heated core fluid and the

connecting-wall temperature averages out the temperature of the two fluids which

are separated by the wall. The results obtained set the groundwork for important

applications, say to food processing, in which viscoelastic behaviour would be a

significant factor. Indeed, the results obtained in this study, and the view to

potential applications, lay the groundwork for follow-up work that would involve

optimization investigation regarding the optimal design of the coolant composition

and rheology. For example, contemporary research has demonstrated the heat transfer

enhancement of nanofluids as compared to the corresponding base fluids. Our follow-

up investigations will therefore focus on coolant fluids that are composed of nano-

particles of varying volume fractions. Such fluids, i.e. base fluids containing nano-

particles, are the so-called nanofluids.

Chapter 3 computationally investigates the heat transfer characteristics in a double-

pipe counter-flow heat exchanger, with a heated/hot viscoelastic fluid occupying the

inner core region and a colder Newtonian-Fluid-Based Nanofluid (NFBN) flowing in

the outer shell region. The NFBN is modelled as a single-phase homogenous nanofluid

in which the fluid-dynamical and thermodynamical contributions of the embedded

nanoparticles are tracked via an appropriate nanoparticle volume-fraction function.

A robust numerical methodology based on the finite volume methods (FVM) is

employed to solve the complex coupled system of nonlinear PDEs. The FVM

algorithms are computationally implemented on the OpenFOAM software platform.

The dependence of the field variables on the embedded flow parameters, namely the

velocity, temperature, pressure, and polymeric stresses, is explored qualitatively and

127



quantitatively. Specifically, the results illustrate that an increase in the nanoparticle

volume-fraction, in the NFBN, leads to enhanced heat exchange characteristics from

the hot core fluid to the colder shell NFBN. Significantly, the results illustrate that

the use of NFBN as the coolant fluid leads to better heat-transfer characteristics as

compared to using an ordinary/conventional (particle-free) Newtonian coolant. The

results also demonstrate that the efficacy of the NFBN as a coolant is enhanced with

increasing nanoparticle volume-fraction. The effects of the volume fraction parameter

and Prandtl number were observed to be insignificant on the velocity field, pressure

field, and polymer-stress components. Similarly, the effects of the Deborah number

were observed to be insignificant on the velocity and temperature fields.

The investigations in Chapter 4 develop robust numerical algorithms for the

simulation of three-phase, solid-liquid-gas, boiling flow problems in rectangular

channels. The numerical algorithms are based on the finite-volume-methods (FVM)

and implement both the volume-of-fluid (VOF) methods for liquid-gas interface

tracking as well as the volume-fraction methods to account for the concentration

of embedded solid nano-particles in the liquid phase. Water is used as the base-liquid

and the solid phase is modelled via metallic nano-particles (both aluminium oxide and

titanium oxide nano-particles are considered) that are homogeneously mixed within

the liquid phase. The gas phase is considered as a vapour arising from the bolling

processes of the liquid-phase. The finite volume methodology is implemented on the

OpenFOAM software platform, specifically by careful modification and manipulation

of existing OpenFOAM solvers. The computational results are presented graphically

with respect to variations in time as well as in the nano-particle volume fractions.

The simulations and results accurately capture the formation of vapour bubbles

in the two-phase (particle-free) liquid-gas flow and additionally the computational

algorithms are similarly demonstrated to accurately illustrate and capture simulated

boiling processes. The presence of the nano-particles is demonstrated to enhance
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the heat-transfer, boiling, and bubble formation processes. The investigation lays

the important groundwork to develop computational algorithms for the simulation

of heat-transfer problems in coupled geometries, such as heat-exchangers, and

under conditions of phase-change, boiling, condensation, variable nano-particle

concentration, etc.
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