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Abstract

Numerical modelling of the dynamic behaviour of generalized-viscoelastic-fluid-
based nanofluids (GVFBNs) and viscoelastic-fluid-based nanofluids (VFBNs) has a
number of industrial applications such as in new battery technologies and phase-
change heat transfer devices. The computational results have shown that for certain
flow parameters values, some of the non-Newtonian fluids also known as complex
fluids (e.g. worm-like micellar solutions, granular flows, polymer solutions and some
polymer melts) reveal flow instabilities within the flow field, such as the emergence of
regions of different shear bands due to the flow induced material non-homogeneities.
It has also been observed that it is becoming increasingly clear that the thermal run-
way phenomenon should not be ignored in polymers or other complex fluids since
it may, in some instances, be as important as the complex rheology in differentiat-
ing susceptibility order for different types of nanofluids, for instance Newtonian
fluid Based Nanofluids (NFBN), Generalized Newtonian Fluid-Based Nanofluids
(GNFBN), Viscoelastic-fluid based nanofluids (VFBN) and Generalized viscoelastic
fluid based nanofluids (GVFBN). These computational observations laid the foun-
dation of this thesis.

We have investigated the improvement of heat transfer for GVFBN and VFBN by
homogenously mixed spherical shape nanoparticles. To incorporate the nanoparti-
cles in the governing equations we use a single phase nanofluid modelling approach.
Our mathematical models are governed by a system of non-linear, highly coupled,
time-dependent Partial Differential Equations (PDEs). We developed computa-
tional solutions in Matlab software for the resulting system of equations by using
an efficient semi-implicit finite-difference method, combined with a Crank-Nicolson
scheme. In addition, the effects of nanoparticles on fluid velocity, extra stresses,
temperature, and thermal conductivity are explored. Comparisons of the numerical
results for the nanofluids with those from the literature without nanoparticles show

excellent agreement.
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Nanofluid

For the development of industrial applications and research, the fluid and heat
transfer (HT) carry’s great importance. To enhance the order of the process is one
of the main themes of the scientists and physicists; this is possible to design the
process in which the energy can be transferred effectively. Heat transfer (exchange
of thermal energy from one body to another at various temperatures) performance
of a system is limited, due to the relatively poor thermophysical properties, of the
conventional working fluids (e.g, water, engine oil, ethylene glycol, propylene gly-
col (PG), viscoelastic and generalized viscoelastic etc.). Therefore to enhance the
thermophysical properties (i.e thermal conductivity, density, viscosity etc.) of the
conventional fluids seems to be the best way to obtain the efficiency in heat transfer
applications. The dispersion of uniformly tiny size particles having advance ther-
mophysical properties into regular fluids called “base fluids” to form a suspension
having improved thermophysical properties, thus show enhancement in the heat
transfer characteristics. The first research on nanofluids dates back to 1993 by Ma-
suda et al. [l]. Significant changes in the thermophysical properties like thermal
conductivity and viscosity of the based fluid (water) with the addition of 27 (nm)
TiO2, 13 (nm) Al203, and 12 (nm) SiO2 nanoparticles were measured. The term
“nanofluids” was introduced a couple of years later by [2] in Argonne National Lab-
oratory (ANL) in USA, and can be defined as the mixture of nanometre(nm) sized
particles (in between 1 to 100 nm size, called nanoparticles) which is stably and
uniformly suspended in conventional heat transfer fluids [3], as designed in Fig
ll:l]. This newly obtained nanofluids has improved thermal conductivity compared

to those used heat transfer base fluids and hence shows best hope for heat transfer.

Base Fluid:
ethylene glycol,
water, propylene

glycol, engine oil etc.

Nanoparticles:

A1203, CuO,  — NANOFLUID |
TiO2, ZnO etc.

Fig. 1-1 Schematic description of base fluid in combination with nanoparticles[4]
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The nanoparticles are used to enhance the thermal conductivity of the regular liquids
can be chemically stable metallic (i.e. copper, gold, silver) or non-metalic. In fact,
the thermal conductivities of the nanoparticles are one or more order(s) in magnitude
is higher than those of conventional heat transfer liquids, even at low concentration.
Choi et al. [p] stated that addition of less than 1% volume fraction of nanoparticles
increases the thermal conductivity of the base fluids approximately two times. The

following TableEl]: shows the relevant liquids and solids thermal conductivities [6].

It is clear from the TableEl!: that non-metallic liquids have lower thermal conduc-
tivity then those of non-metallic and metallic solids. This is the main purpose of
suspending nanoparticles having enhanced thermophysical properties into commer-
cial heat transfer fluids to develop superior thermal conductivity and advance heat
transfer properties [6, [7].

Diamond, SiC, Fe304, SiO2, BaZrO3, ZnO, CuO, AI203, Cu, Al, TiO2, Au, Ag etc.
are the frequently used nanoparticles for the production of nanofluids. In addition
to the above-named, carbon nanotubes (CNTSs) (e.g. multi walled carbon nanotubes
(MWCNTs) and single walled carbon nanotubes (SWCNTs)) and titanate nanotubes
(TNT) are used, as well[4].

The trends towards smaller sized suspenpended particles base fluids have now im-
proved its heat transfer capability and increased thermal conductivity. Previously
macro particles were under use with some improvements in heat transfer. Faster
sedimentation of particles, corrosion and packing of channels were the drawbacks
and difficult to manage. Smaller particles nanosized in base fluids came into use in
commercial use for improved heat transfer, so these proved superior to macro parti-
cles and led to era in the base fluids prodigma. Nanosized particles are more stable
[8] than micro being with bigger surface to volume ration approximately thousand
times more than micro particles. As a result, nanoparticles have an advantage over

microparticles in terms of stability [[].

It is necessary to mention here that the production of nanofluids is not simply
introducing nanoparticles into the base liquid, and mixing the mixture to form a
homogeneous mixture, but it involves different chemical and physical processes to
disperse the particles uniformly and effectively. There are mainly two methods used
for the preparation of nanofluids in the laboratory, namely the one-step method and
the two-step method [3]. The two-step method is often used in research because of
its low cost and simplicity. This method includes two steps. First, the nanoparticles,
nanofibers, or nanotubes are converted into a powder form by physical or chemical
operations (e.g. chemical vapor deposition (CVD) and inert gas condensation (IGC)

9.
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solids/liquids Material Thermal conductivity (W/mK)
Silver 429
Metalic Solids Copper 401
Aluminum 237
Diamond 3300
Nonmetalic Solids C‘a‘rbon nanotubes (CNTs) | 3000
Silicon 148
Alumina (A1203) 40
Metallic liquids Sodium (at 644 K) 72.3
Water (H20) 0.613
Nonmetallic liquids | Ethylene glycol (EG) 0.253
Engine oil (EO) 0.145

Table 1-1 Thermal conductivities of various solids and liquids [[7]

[9]). Second, the resulting powder is mixed with the base liquid by strong magnetic
force, ultrasonic stirring or homogenization [[10]. The main problem with the two-
step process is the aggregation of nanoparticles in conventional fluid. The two-
step process works pretty well for oxide nanoparticles, but not as well for metalic
nanoparticles. In the one-step process, the mixing and synthesis of nanoparticles
take place simultaneously. This method reduces the aggregation of nanoparticles
and avoids the transformation of the raw materials into powder, desiccation etc.
[11]. But one-step method is relatively expensive and cannot be applied on a large
scale [12]. The main methods for the preparation of nanofluids are shown in Fig @
[13].

1.2 An overview on the thermophysical properties of nanofluids

In this segment, some of the main theoretical and experimental models available

for thermophysical properties of nanofluids are presented.
1.2.1 Thermal conductivity (ks)

The measure of ability of a material to conduct heat is known as thermal con-
ductivity with W/mK is the measured of unit. Thermal conductivity is the most
important variable specifying the enhancement potential of nanofluids. As men-
tioned earlier, generally thermal conductivity of the base fluid is lower than the
nanofluids. There are different theoretical and experimental models in literature for

thermal conductivity but the most used ones are discussed here.
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Nanoparticles

Manofluid

Base Flud

l?‘ﬁ. 1-2 A schematic of the chemical and physical processes for the preparation of nanofluids

[13].

1.2.1.1 Theoretical models of (k,s)
The Maxwell model for the theoretical study of thermal conductivity (k,s) is
probably the first and frequently used theoretical model [] given as.

Ky + 2K5 + 2¢(Ks — K¢)
Knf =

(1-1)

K.
Ky + 2k5 — @(Ks — Kf) !
where «; and k¢ both are thermal conductivities of the nanoparticles as well as base
fluids accordingly. Spherical particles with smaller concentration (¢ << 1) can well
make use of this model. Hamilton and Crosser [] further expend the Maxwell
model by the addition of shape factor for nanoparticles to it as,

Kt (N = Dks+ (N = Dk, + k5)
T (R = Dy — ks — K7)

Ky. (1—2)

In the Eq(@) N is the empirical shape factor of nanoparticles. It is calculated by
N = 3/h, where i is the particle sphericity. Spherical particles have a sphericity
parameter as 1 and come to 0.5 for cylindrical shape particles. Bruggman []
worked out on the following model while studying interactions in between spherical
particles.
BN-D=+{3(1-8) -1} ++/A
Knp = l n . (1-3)

4 -
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where A = [(3N — 1)§—; +{3(1 =) - 1}]* + 8%

It is worth mentioning that the old models used for calculation of larger size(dimensions
of micrometer /milimeter) particles generally underestimated the thermal conductiv-
ity value as against the experimental data. Apart from this they can still be im-
plied for numerical computations of nanofluids flows. These old models have been
reassembled and revamped during several trials to avoid these biases and discrep-
ancies in calculations while making use of phenomenon involved in heat conduction
of nanofluids exemplified by aggregation, nanoparticle interaction, nanolayer (i.e.
liquid layering at molecular level between the liquid and particle interface) and
Brownian motion (also known as Pedesis, is defined as the random movement of
solid particles in a liquid due to the collision of the solid particles with the liquid
molecule [13]) of nanoparticles. Which are the major factors influence the heat
transfer enhancement of nanofluids.

The Brownian motion of the large size nanoparticles in the conventional approach
is neglected. As the nanoparticles size decrease to nanometre scale, the Brownian
motion of the nanoparticles and its effect on the neighbour liquid particles involve
heat transfer.

Xuan et al.[17] suggested a thermal conductivity model by considering the effect of
aggregation structure of nanoparticle clusters and Brownian motion. The suggested

model is expressed as,

(1-4)

K + 2Kf + 2()0(’(3 - Kf) Ps¥Cp.f 2Cb Tave
Knf = Kr — + .
Ks + 2K — @(Kg — Ky) 2k 3nduy

The model given in Eq.([l-4) to include the Brownian motion effect is among the
pioneer models. where C), , T,., d, are the Boltzmman constant, average temper-
ature of the nanofluid and diameter of the nanoparticles respectively. This model
depends on the size of nanoparticles, base fluid and nanoparticles thermal conduc-
tivity, nanoparticles volume fraction, temperature of the nanofluid, specific heat
capacity.

When nanoparticles are mixed uniformly in a based fluid, a thin layer of liquid is
formed around the surface of nanoparticles which is known as liquid nanolayer. A
thermal resistance known as “Kapitza resistance” is present at the interface of base
fluid and nanoparticles. According to Yu et al.[18], the layered molecules are in an
intermediate physical state between a base fluid and nanoparticle. Therefore, the
nanolayer of liquid molecules would be expected to lead to a higher thermal conduc-
tivity than that of the base fluid. This means that the nanolayer acts as a thermal
bridge between a nanoparticle and a base fluid, and so it is the key to enhancing

-5-
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thermal conductivity Yu and Choi.[19].
Yu and Choi.[19] modified the Maxwell model (in Eq()) to calculate the effective
thermal conductivity by considering the effect of nanolyer as follows,

3 Ky + 25 + 2¢(ks — kp)(1 + 9)’
f =5 ke 267 — @y — k(1 + 9)°

(1-5)

Where ¢ referred to the ratio of thickness of liquid nanolayer to the radius of oxide
nanoparticle which is normally used to 0.1. They assumed that the particles and the
nanolayer around each particle could be combined to form an equivalent particle and
there is no overlap of those equivalent particles because of the low particle volume
concentration. The models given in Eqs.(@, ) are also developed for spherical

shape metallic and oxide nanoparticles.

1.2.1.2 Experimental Models of (k)

With regard to experimental correlations, they were mostly obtained for Spheri-
cal metal and oxide nanoparticles. Maiga et al.[20] showed two correlations based on
experimental data. Thermal conductivity of A1203/EG and Al203/ water nanoflu-

ids as follows:

A1203/EG:
Knp = K7(28.905¢% + 2.8273¢ + 1) (1-6)
Al203 /water:
Knp = K (4.97¢0% +2.72¢ + 1) (1-7)

The correlations in Eqs.(@, @) were developed for nanoparticles of size 28 nm.
Khanafer and Vafai [21] suggested a general model for the thermal conductivity of
A1203 / water and CuO / water nanofluids such as:

Ks

0.613

47
Kng = Kkp (1 +1.0112¢ + 2.4375g0(d—) —0.0248¢ ( ) (1-8)

The above model applies to nanoparticle sizes from 13 (nm) to 80 (nm) and up to
15% of volume fractions. Ho et al.[22] give the following empirical model for the
thermal conductivity of aluminum oxide / water nanofluids, taking the size of the

nanoparticles 33 (nm).
Knp = Kp (1 +2.944¢ + 19.672¢%) (1-9)

The above relationship applies up to 4% of volume fraction.
In conclusion, most literature about nanofluids shows that thermal conductivity in-
creases with increase in temperature and volume concentration while it decrease

- 6-
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with increase in the size of particles [23]. There is many other theoretical and ex-
perimental correlations in literature, but they are specific to the type of nanofluid
tested, nature of the nanoparticles and base fluid, shape and size of the nanoparti-
cles [13, 23]. To date, a remarkable challenge to the nanofluid research is that there
is no general model which predicts thermal conductivity of nanofluids. For more

experimental and theoretical models of thermal conductivity see [13, 23, 24].

1.2.2 Viscosity (,s)

Resistance of a liquid to flow is known as viscosity and it is measured in terms
of pascal second (Pa s) or newton second per square metre (Ns/m?). Viscosity of
the base fluids is generally lower than that of nanofluids. With increase in the
concentration of nanoparticles, viscosity increases and the liquid may become non-
Newtonian liquid. The following is an overview of suitable models for the viscosity
of nanofluids based on Newtonian behaviour or fixed shear rate. The first models
as considered for thermal conductivity are derived from the theory of suspension
large spherical particles. However, it is also not possible to predict an increase in

viscosity of nanofluid by volume fraction [13].

1.2.2.1 Theoretical based Models of viscosity (17,s)
Based on Kinetic theory Einstein [25] proposed a model for the nanofluid vis-

cosity with volume fraction, ¢ of nanoparticles less then 1% as,
Ny = N1 +2.5¢). (1-10)

Brinkman [26] proposed viscosity equation for spherical shape nanoparticles which

is applicable upto 4% volume concentration as,

ny

s = T s (1-11)

For hybrid nanofluid Hussain et al. [27] and Farooq et al. [28] amend the Brinkmann
model [26] in the following form:

Ny

U — 1-12
Tt = 0= )2 (1-12)

Where ©Chnf = P1 + 7.
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1.2.2.2 Experimental based Models of viscosity (1,s)
Using experimental data of Al203/water nanofluids, Singh et al. [29] change
as an Einstein model in Eq.([L-10)

Mar = Np(1 + 10¢). (1-13)

Maiga et al.[20] showed two experimental correlations for the viscosities of wa-
ter/A1203 and Ethylene glycol(EG)/AlI203 nanofluids respectively as

Map =05 (12307 + 7.3 + 1). (1-14)

Mar = N7 (306 6% = 0.19.¢ + 1), (1-15)

Ho et al. [22] experimentally investigated the natural convective heat transfer of
Al203 / water nanofluids in three different sized vertical square enclosures and
give the following model based on experimental data for the viscosity of alumina
(A1203)/ water nanofluids. Here, the size of the nanoparticles is 33 nm (valid at
0 <4%).

Map = Mp (493> +222¢ + 1). (1-16)

It is notable from most articles on nanofluids that increase in volume fraction, ¢, in-
creases the viscosity, while increase in particle size and temperature reduce viscosity.
As the literature is rich about this topic, only a few theoretical and experimental
models were discussed. For complete overview, the reader can be refer to recent

review papers [[13, 24| and the references there in.
1.2.3 Density

The ratio of mass to volume is term as density and measured in terms of kg/m?.
With volume fraction ¢, the nanofluid density can be calculated in the following
form [30].

pn, = pr(1 = @) + pyp. (1-17)
This formula, generally accepted by most researchers.
1.2.4 Specific heat capacity

The amount of heat required to increase the temperature of one kg of a sub-
stance by one degree (1°) Kelvin (K) is term as specific heat capacity and having SI

_8-
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unite J/kg.K. The equation for specific heat capacity of nanofluids can be defined
as [21].
cp, (1 =) +psc)p,
c,, =L “OTPGY (1-18)
| Py

Where ¢, , is the specific heat capacity of nanoparticles and ¢, specific heat capacity

of base fluid. When the base fluid density is similar to that of nanoparticle [13] the

following common simplified equation is valid,

Cpoy = Cp, (1 = @) + Cp 0. (1-19)

Contrary to viscosity and thermal conductivity, only a few models are obtainable
and useful for density and specific heat capacity of nanofluids. However, to date, no
universal model has been possible to accurately predict the properties of nanofluids
for any combination of independent variables (nature of particles, diameter of par-
ticles, etc.). Various models are available in the literature leading to the results are

conflicting [31] and it is not clear which is the best for a certain situation [32].

In literature different types of approaches are available for the modling of gov-
erning equations corresponding to nanofluids.  Fig @ dispenses the major ap-
proaches for nanofluid flow modelling. This can be categorized as a single phase or

two phase approach.
1.2.5 Single phase

Essentially a nanofluids is a two phase fluid (solid-liquid), but for numerical
solutions under precise conditions some appropriate suppositions can be made to
model nanofluids as single phase fluids [13]. To get accurate results with single
phase modeling, it is very important to use the most appropriate correlations for
the effective properties of the nanofluid. The governing equations in case of single
phase model are solved for specific liquid phase. Compare to two phase model this
approach requires less computation space/time and has been used for several theo-
retical studies of nanofluids. This model can be further divided into three, including
homogeneous, Buongiorno [33] and thermal dispersion models [34]. We limit our

self in this thesis to homogeneous approach which is described in detail.

1.2.5.1 Homogeneous Model
From a practical point of view, most nanofluids used to improve heat transfer
consist of very fine particles, typically smaller than 40 nm. Because of these small
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Physical models
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Fig. 1-3 Different approaches for the modeling of nanofluid flow []

dimensions, it is assumed that they can be easily fluidized and, therefore, can be
considered to behave like a fluid [] Homogeneous model is the simplest and
frequently used theoretical approach for the modelling of nanofluid flows. The main
suppositions in this model are given below []

o The slip velocity between the nanoparticles and the conventional liquid is zero.

¢ Solid particles are ultra fine and disseminate uniformly in the conventional fluid.
¢ Solid and fluid phases are in thermal equilibrium.

The above suppositions suggest that any thermal exchange and inter phase forces
between the solid particles and continuous liquid phase can be neglected. Therefore,
the resulting mixture can be considered as a classical mixture homogenous single
phase liquid, having certain effective properties. Fig Q designated the single phase

flow approximation in a tube for nanofluid flow.
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Homogenous model
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Fig. 1-4 A schematic of the single-phase homogeneous model [@]

The transport equation can be recast for nanofluids, taking into account the appli-
cation of homogeneous model is as follows:

Continuity equation:
V- (p,u) =0, (1-20)
Momentum equation for nanoﬁuids[]:
Pn, - Vu==Vp+V-{n,(Vu+Vu))}+F, (1-21)

In the above equation, p (u- V)u is the convection term, —V p is the pressure gradient,
and V- {n,, (Vu + (Vu)")} is the viscous diffusion term. All sources indicate that the
properties of nanofluids depend on the volume fraction of the particles as well as
on the respective properties of the base liquid and of the solid particles. Since the
properties of the base fluid depend on temperature (see Table:@ some of them we
will discuss in the coming chapters), the properties of the nanofluid also depend
on the temperature. Therefore, in this study, all the properties of nanofluids are
expressed as a function of volume fraction and temperature (which we will discuss

in the coming chapters).

Energy equation [@] :

V- (0ny o) UT = V- (k, VT) + Q (1-22)
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The left side of Eq() represents heat convection, V- (k,sVT) is heat conduction,
and Q is viscous dissipation function resulting from work done on viscous force [13].
The selection of a suitable model for the thermophysical properties of nanofluids (es-
pecially viscosity and thermal conductivity) is the biggest challenge with the single
phase homogeneous approach. These properties can be thought about as constant
(temperature dependent) or temperature independent, depending on the problem
and the characteristics of the mixture [13].

A lot of theoretical research has been done to model nanofluids using a homogeneous
(uniform) single phase model. Here is a brief description of some studies using ho-
mogeneous model. Maiga et al.[35] consider the problem of forced convection flow
of water/ Al203 and ethylene glycol(EG)/ Al203 nanofluids in a uniformly heated
tube exposed to a constant uniform heat flow (flux) in the wall. Roy et al.[36]
considered hydrodynamic and thermal fields of water/ A1203 nanofluids in a radial
laminar cooling system. Saha and Paul[37] used homogeneous single phase model
and temperature dependent properties to simulate turbulence of water based Al203
and Ti02 nanofluids in a horizontal tube under constant heat flow (flux) boundary
conditions. Demir et al. [38] simulated forced convection of A1203 and TiO2-based
nanofluids in a double-tube heat exchanger. A homogeneous single-phase model
was used to solve this problem. Numble et al.[39] investigated turbulence in (EG) /
water nanofluids containing A1203, CuO and SiO2 nanoparticles in a tube using a
homogeneous (uniform) single phase model with temperature dependent properties.
Morave et al. [40] carried out the study of convective heat transfer of water-Al203
nanofluids as a single-phase liquid in the area of tube development with constant
heat flow. Manca et al. [41] used a uniform (homogeneous) single phase approach
to analyze forced convection of alumina / water nanofluids in a two-dimensional
channel with uniform heat flow by assuming that the properties (i.e. thermal con-
ductivity, density etc) were temperature independent. Ahmed et al.[42] investigated
laminar convection heat transfer from a tube bank under the conditions of constant
wall temperature in cross-flow with Al203 nanofluids. Vajjha et al. [43] numeri-
cally investigated the flow and heat transfer performance of water/ ethylene glycol
(EG) based CuO and Al203 nanofluids in the tubes of a radiator. Mansour et
al.[31] applied a “homogeneoussingle phase fluid” approach to be able to study the

thermo-hydraulic behavior of nanofluids.
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1.2.5.2 Thermal dispersion model

The thermal dispersion model was investigated by Xuan and Roetzel [34] by
modifying the homogeneous single phase model. The Random and irregular move-
ments of nanoparticles accelerates the speed of energy exchange in nanofluid, and
causes small disturbances in both velocity and temperature. The intrinsic phase

mean value is defined similar to turbulence and is as follows:

u=u+u (1-23)

T=T+T (1-24)

Here, Eqs.( and ) u and T  represent the velocity and temperature fluctua-
tions due to the chaotic motion of the nanoparticles and the average values are given
e = — 1 . .
by u = v f\/f ud\/ and T v f\/f T d\/ where \/ is the volume of the working
fluid. By ignoring the interface between the liquid and the nanoparticles, the energy

equation is written:
V- (o, o V0T =V - (0, VT) =V - (py, cpp 0T (1-25)

The last term on the right hand side of the Eq() can be thought of as a term
for the additional heat flux caused by temperature and velocity fluctuations. The

heat flux generated by heat dissipation in the nanofluid is calculated as follows:
qa = —kaVT = (o, cp, ) u'T" (1-26)

Where «; is the dispersed thermal conductivity (showing, the contribution of thermal
dispersion in the improvement of thermal conductivity). Putting Eq. ([l-26) into

Eq.([1-25), the energy equation can be written in the following form:
V- (Ony oy UT =V - [(an + Kd)] vT (1-27)

Compare Eq() for nanofluids with the traditional single phase energy equation,
an additional parameter k; appears, which denote the thermal dispersion effect of
the nanoparticles in the nanofluid. The most important problem is determining the
correlation for the parameter k;. The approach to get k; is not presented here, but
readers can refer to Refs. [34, 44-49].

Several researchers have used single phase thermal dispersion model to simulate
the flow and heat transfer of nanofluids. Yang et al. [50] performed direct numer-
ical simulations (DNS) of turbulent flows of nanofluids to investigate the mecha-
nism of improved convection-induced heat transfer upon addition of nanoparticles
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into the conventional fluid. Taking into account the thermal dispersion effect of
nanoparticles, a new thermal dispersion term is introduced in the energy equation
for turbulent nanofluid flows, making the DNS of nanofluid turbulent flow with heat
transfer available. The newly established thermal dispersion correlation is validated
by comparing DNS results for heat transfer in turbulent nanoflud flow with experi-
mental data. single phase homogeneous model is considered with the assumption of
variable (temperature dependent) thermal conductivity by Ozering and co-workers
[45] to simulate water based Al203 nanofluid inside a tube with different bound-
ary conditions. They found that the numerical estimates of the heat transfer rate
(HTR) with this approach were lower than the experimental ones. Therefore, the
thermal dispersion model was also tested and got a good agreement with the exper-
imental data. Ameri et al.[p1] used thermal dispersion model in their modeling to
investigated the ability of nanofluids to improve heat transfer in a metal foam tube,
where in this paper, the nanoparticles distribution is assumed to be non-uniform. In
another study, Bahiraei and Vasefi [52] simulated laminar flows of various nanoflu-
ids in a horizontal tube geometry using both thermal dispersion and homogenous
correlations in which the non-uniformity distribution of the nanoparticles were in-
cluded in the thermal dispersion model. They found that with the increase of Re
and the particle loading, the thermal dispersion technique is more suitable than
the homogeneous to predict the experimental results. Akbaridoust et al.[53] inves-
tigated the flow of nanofluids in helically coiled tubes type geometry using both
thermal dispersion and homogeneous models. The results show that the homoge-
neous model has a lower accuracy than the thermal dispersion model. Kumar et
al.[p4] performed an analysis of flow and thermal field in water-based/Cu nanofluids
in a two-dimensional thermally driven cavity using single phase homogenous and
thermal dispersion model. Bahiraei and Hosseinalipour [b5] used a thermal disper-
sion model to simulate the convective heat transfer of water-based/TiO2 nanofluid
in a circular tube using unequal concentration distribution. In another research,
Bahiraei and Hosseinalipour [49] compared the effectiveness of the thermal disper-
sion technique (using unequal nanoparticles distribution) and the Euler-Lagrange
technique to predict the internal heat transfer rate (HTR) in a circular tube with
water based/alumina nanofluid. The results show that in terms of computational

accuracy and calculation time, the use of thermal dispersion approach is reasonable.
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1.2.5.3 Buongiorno model

In 2006, Buongiorno [33] proposed an improved model of thermal dispersion
(where the thermal conductivity and dispersion of the nanoparticles are considered
to be the main factors contributing to the improved heat transfer) and single-phase
homogenous (where only an increase in thermal conductivity was thought to be
responsible for improving heat transfer) [9]. Buongiorno studied the effects of seven
slip mechanisms, including: (1) inertia (2) thermophoresis (3) Brownian diffusion (4)
Magnus effect (5) diffusiophoresis (7) gravity and (6) fluid drainage and deduce that
thermophoresis and Brownian diffusion are the most important slip mechanisms in
nanofluids [13]. In, Buongiorno model, the relative velocity of the nanoparticle and
the influence of the regular fluid are described in a mechanical manner rather than
in the thermal dispersion model.

In, Buongiorno model, the relative velocity of the nanoparticle and the influ-
ence of the regular fluid are described in a mechanical manner rather than in the
thermal dispersion model. Considering the thermophoresis and Brownian effects,
and to avoid repetition, we discuss only the energy, we discuss only the energy
and concentration equations. the energy equation in the homogeneous model are

converted to [13],

VT - VT
V- (0uy €pp ) UT = V- (1, VT) + (p ), [DB VC - VT + Dy —] (1-28)
Concertation equation for the nanoparticles:
vT

In Eq. ( 1—2§ and i—2a) thermophoresis (or thermal diffusion coefficient) and Brow-

nian diffusion can be manifest respectively as [33],

Kny Tny
Dy =026—"—Cc-, (1-30)
2hng + Ky Pay

G, T

-t 1-31
3711, d (1-81)

B

where C, denote Boltzmann constant and d; diameter of the nanoparticles [13].

many investigations have been carried out regarding the analysis of convection heat
transfer of nanofluids on the basis of Buongiorno model. Garoosi et al. [b6] per-
formed numerical simulations of natural convection of water based nanofluids of
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Al203, Cu, and TiO2 in a 2D cavity consisting of several pairs of heaters and cool-
ers according to the Buongiorno method. In other studies, Garoosi et al.[56, 57]
analysed mixed convection and natural convection of water based Al1203 nanofluids
in a square cavity using the Buongiorno model. Sheremet and Pop [58] studied
natural convection in a square porous enclure filled with nanofluids using a Buon-
giorno model taking into account the effects of thermophoresis Brownian diffusion.
Shehzad et al. [59] addresses in his article the effect of convective heat transfer of
nanofluids using the Buongiorno model in a wavy channel with constant pressure
gradient. The simultaneous effects of thermophoresis and Brownian motion have
been discussed. [60] carried out a comparative analysis of the oscillatory stagnation
point flow of nanofluids. by discussing both the Buongiorno and phase flow mod-
els for oscillatory stagnation point flows and presenting a comparison between the

theoretical and experimental models.
1.2.6 Two phase

Nanofluids have the characteristics of a two-phase fluid. In the two phase,
behaviour of nanofluids, the nanoparticles and base liquid are projected as separate
individual phases with different features such as velocity difference and temperature
difference. In such environments the particles move in relation to base fluids. This
velocity of particles in relation to base fluids is termed as slip velocity as it is in
no way associated to the no-slip boundary condition. Assessing and trailing the
movement in between nanoparticles and base fluids, the two phase phenomenon
may give more detailed and realistic outcomes and hence used for several theoretical
studies [61, 62]. Such trails needs much computer space and computation time and
the relevant models are complex compare to single phase approach. Two different
groups in general are assigned to the two phase approaches. These are Eulerian-
Eulerian and Fulerian-Lagrangian models. Eulerian-Eulerian models state that base
fluids and nanoparticles phase are taken as continuation of each other (and this
approach is preferred for high solid volume fractions[32]), while Eulerian-Lagrangian
(the most suitable approach in case of low solid volume fractions, is the Lagrangian-
Fulerian which analyzes the based liquid according to the Eulerian hypothesis and
particle phase according to the Lagrangian hypothesis [32]) state that the base
fluid is continuum and nanoparticles are discrete phase. FEulerian-Lagrangian is
also known as discrete phase approach [13]. In this phase model nanoparticles is
assessed and its path calculated and determined [63] and references their in. Singh
et al. [64] suggests that for micro-channels, the Eulerian-Lagrangian approach is
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suitable for high Re conditions and the single phase techniques is suitable for low
Re conditions. Sato et al.[@] investigate through this approach the mechanism of
turbulent transport and two phase heat by solid particles suspended in a gas flow.
While assuming the temperature field is not affected by enthalpy. Fig@ explain the
phenomenon of Eulerian-Eulerian and Eulerian-Lagrangian models with blue arrows
pointing fluid path and red arrows pointing the particle path. Eulerian-Lagrangian
need more time for its assessment and calculation as compared to Eulerian-Eulerian.
In fact, there are different Eulerian-Eulerian models see Fig B The Eulerian-

Lagrangian gives more solid results and its model can be implied for a variety of

Y h

problems.
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%. 1-5 A schematic of the concept of Eulerian—-Eulerian and Eulerian—Lagrangian approaches

[13].

1.3 Methods of heat flows

Heat flows from higher to lower temperature materials when two object have
distinct temperature (T). Transfer of internal energy of one substance to the other is
termed heat transfer. Heat transfer generally consists of three mechanisms, including
conduction, convection and radiation, and seldom occurs by its own. heat transfer.
Each of these mechanisms can become sub-branches [@]
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1.3.1 Conduction

The direct heat transfer from one substance to other due to the collision of
atoms and molecules is known as conduction. This type of heat transfer occurs in

solids.
1.3.2 Convection

Energy transferred due to particles motions in relation to each other is called

conviction. Fig@ shows some convection mechanisms and their sub-types.
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Pﬁ. 1-6 A schematic of the Concept of Types of heat transfer mechanisms and their sub-types

[67].

1.3.2.1 Force convection
In force convection, fluid motion is created by an external source like a fan
or pump. This is one of the main forms of heat transfer in electronics cooling, air

conditioning systems, in numerous other technologies and heat exchangers.
1.3.2.2 Natural or free convection

Free or natural convection occurs in various industries such as solar cells, air and
space, food industry, solar and nuclear collectors, etc [@] Natural or free convection
phenomenon is generated by density variation in a fluid due to temperature (T)
variation and exemplified by smoking out of fire or flow of blast wave moving across
vacuum gradient.
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1.3.2.3 Mixed convection

When forced and natural convictions are combined, a phenomena known as
mixed conviction occurs. It also results from coupling of buoyant and pressure forces.
This is the combination of natural convection and forced convection phenomenon’s

or it takes place when both buoyant forces and pressure forces interrelate.
1.3.3 Radiation

Emission of electric or electromagnetic energy needing no mode of transfer is
radiation energy. Liquids and gases depend on radiation and conviction for energy

transfer while solid only do it via conduction.
1.4 Rheology and compelx fluids

Rheology, a term first coined by Professor Eugene Bingham with the suggestions
of his colleague, Markus Reiner, in nineteen twenties at Lafayette College Indiana
USA. “ta panta rhei” encouraged this concept saying that in a given time scales
everything will flow [68]. Due to overlapping properties materials cannot be easily
graded as solid or liquids. Trial time observation or experiment and material time
scale to relax, affect this classification. Deformation or time needed beyond stress
yielding point is the time scale of the material.

Silicone material known as “Silly putty” exemplifies it i.e. it flows slowly in longer
time scale, thus acts like a liquid but acts as solid for shorter time scales deformation
process. The dimensionless number “Deborah” is used to denote the ratio of time of
relaxation to that of observation. For low value of Deborah number viscous fluids
like behaviour dominates and at high Deborah number the material act as a solid.
For in between values the material is characterized as complex fluids.

Rheology holds a key importance in industrial and academic world especially for
Complex fluids since a comprehensive study is needed to confer material status,
standard of the complete material and studying their varied properties when dif-
ferent parameters are applied. The historical study of rheology can be found in
[69], [70] and the references there in. Newton’s Law of viscosity hold for the defor-
mation properties of all classical Newtonian fluids and their flow is modelled using
the Navier Stokes Equations. The mechanical properties of non-Newtonian fluids
are unrelated to the pattern of classical Newtonian fluids and cannot be defined
by a single set of equations. This then establish base of the field of rheology; i.e.
to account for mechanical characteristic (the deformation and flow behaviour) of
non-Newtonian fluids which is also term as complex fluids. Existence and value of
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such fluids in daily life has made rheology an inevitable chapter of physics. Most
of the industrial physiobiological events make use of the rheological principles. In
these industrial and biological processes rheology has been subdivided into a diverse
field to deal with each different entity. Examples are bio-rheology (dealing with
blood, soft tissues and its derivatives). Other examples rheology of food and food
products, polymer rheology, chemo-rheology and rheology dealing with suspension
and its related substances.

Resistance to flow in practical applications is the intrinsic behaviour of the fluids
response to stress or deformation. This behaviour is term as viscosity n of the flu-
ids. Newtonian fluids exhibits constant viscosity at a given temperature, pressure
and concentration despite deformation rates put on the fluids. All fluids however
show variation in viscosity with changes in these variables i.e. temperature, pressure
and concentration. There are different empirically proven non isothermal viscosity
models in the literature [71] as given in Table:@ where By, B,, C;, C, are empiri-

cal constants. In general, temperature, pressure, time, shear rate, polymerization

Vogel’s model n(T) = noexp (T 7 )
Arrhenius model n(T) = ngexp (%)
Reynold’s model n(T) =noexp (B, T)
Nahme model n(T) = nyexp (T Lo )
William-Landel-Ferry (WLF) model | n(T) = noexp (g‘(fT TT";)
Fulcher model log,m(T)) = =B, + l;' 1;)0

Table 1-2 Different Non-isothermal viscosity models [71].
rate (polymeric foams) [72] and volume fraction [73] all variables affect viscosity of
the fluid. Non-Newtonian fluids exhibit unique characteristics of shear rate depen-
dency. The only known Boger fluids are exempted from this phenomenon. These
fluids exhibit no shear rate dependency. So the Newtonian viscosity model has put
limitations on Newtonian fluids in majority of rheological implications. Apart from
respective constitutive models for viscosity of Newtonian and Non Newtonian flu-
ids this behaviour can also be described and explained by mathematically drawn
empirical constitutive equations of the fluid stresses. The total stress for a fluid is

denoted by o, as,
o=-Vp+r, (1-32)

Where p is the fluid pressure and 7 is the extra stresses. So, the fluid dynamical
system of equations under this framework is derived from the well-known laws of
physics i.e. conservation of mass, momentum, and heat energy respectively define
as:
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P
PV (ou) =0, (1-33)
ot
D
pFl; =0 +pF, (1-34)
DT
(0cp) T = =PV -u+V-(VT)+ 0+ ¥, (1-35)

where D/Dt = 0/0t +u - V is the material derivative and V is the standard gradient
operator and F is the body forces (say due to magnetic effects, gravity, buoyancy
etc). Other notations are standard with fluid dynamics. Eqs.( ) where
derived for Newtonian fluids by two famous scientist Navier and Stokes in the 1900

century [74].
1.4.1 Newtonian Fluids

Newtonian fluids are the one obeying Newton’s law of viscosity (given by a great
scientist sir Isaac Newton) that is in simple shear flow,the shearing force per unit
area, F/A, symbolize in tensor notation by 7 need to produce the motion is directly
proportional to the shear rate (velocity gradient, “g—;” (in case of one dimensional))

v symbolize in tensor notation by §, Mathematically it can be written as:
T=2nS (1-36)
Where the deformation tensor S is defines as
S =Vu+ (Vw2 (1-37)

The constant of proportionate n is called dynamic viscosity or absolute [75, [76].
Viscosity in case of Newtonian fluid is independent on shear rate, polymerization
rates (in case of reacting polymer foams) or time while it depends on temperature,
concentration and pressure. The superscript 7 show transpose of the matrix. On
the other hand, it can be stated as those fluids in which the graph of shear stress
vs deformation rate (strain) is a linear curve passes through the origin as shown in
Fig B But some experiments results indicates that this simple linear relationship
between the shear stress and deformation rate is insufficient in practical application
for the flow and deformation behaviour of a large class of fluids [69]. Moreover, no
elastic properties are present in these fluids. Water, oil, all gases, glycerine, gasoline,
alcohol, simple organic liquids, thin motor oils and low molecular weight inorganic
solutions, are the typical examples of Newtonian fluids.
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Bingham Plastic Pseudoplastic-shear thinning

Newtonian

Shear stress

Dilatant-shear thickening

Shear rate

Fig. 1-7 Graphical representation(taken from [77]) of various types of non-Newtonian flu-
ids,rheological behaviour.

1.4.2 Non-Newtonian Fluids

The fluids in which shear forces are not proportional to the rate of change of
strain (deformation force) are non-Newtonian fluids and are broadly classified as
complex fluids. It can also be stated as “fluids deviating from Newton’s law of
viscosity are non-Newtonian fluids”. Thus it is explained that viscosity is not only
affected by temperature, pressure and concentration but also a function of shear

stress and shear rate. The relation of these two variables is:
ny)=1t/y (1-38)

Complex fluids behaviour such as those acquired from high molecular weight liquids
like polymers solution or polymer melts (polymers are long chain molecules build
up from macromolecules called monomers which is combined together chemically).
The macromolecular structure has the tendency to form clusters and significantly
lead to non-linear behaviour between the applied stresses and the resulting strains
(deformation rates). This non-linear behaviour between stress and strain makes
these fluids non-Newtonian. This is a very major group of fluids with extensive
industrial implementations in chemical engineering and biophysics.

Generally, non-Newtonian fluids further sub-divided as having three behaviours |75~
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77] shown in Fig .

Non-Newtonian Fluids

Time independent Time-dependent Visco-elastic

Fig. 1-8 Different types of non-Newtonian fluids

1.4.3 Time independent

Sub set of fluids for which at a given point the shear-rate is only dependent on
the instantaneous shear stress at that point. Many empirical equations are present
([76] and the references their in) to model the observed relations between “t,,”
and “g—;f” (in case of one dimensional) for time independent fluids. They may be
appropriately constituted for many engineering applications by the power law model,
which for one-dimensional flow becomes [[76].

Ty =k (@) OF Ty =1 (Z_;) n#l (1-39)
where n =k (g—:)n_l is term as apparent viscosity. Where n is index of flow behaviour
and k is index of consistency. Eq.([1-39) reduce to “Newton law of viscosity” for
n=1.

Time independent fluids have three subclasses [75-77] shown in Fig .

Time independent Fluids

Pseudoplastic or shear thinning Dilatant or Shear thickening Ideal or Bingham-plastic

Fig. 1-9 Different types of time independent behaviours

1.4.3.1 Shear thickening

A group of fluids showing an obvious increase in apparent viscosity with the
rise of deformation rate (i.e. n > 1 [76], as shown in Fig ) It is also named as
“Dilatant fluids” and exemplified by suspension of sands and corn starch, water and
maize meal etc. Majority of such fluids acts as shear thinning in environments with
low and very low shear rates [75].
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1.4.3.2 Shear thinning

As against shear thickening these fluids exhibits to reduce their apparent viscos-
ity as the shear rates is increased (i.e. n < 1 [[76], as shown in Fig ) Exemplified
by paints and its related substances. These characteristics make these substances
useful to be used over the walls and other smooth surfaces using brushes and ap-
plicators. These fluids apply evenly and flow smoothly when force is removed that
is when the brushing element is removed and these do not trickle down [[75]. Other

examples are polymer solutions, paper pulp in water and colloidal suspensions [76].

1.4.3.3 Bingham plastics

The phenomena of threshold shear stress required to start flowing in a bunch
of fluids. This threshold stress can also be named as yield stress. These fluids
acts like solids below the yield stress exemplified by toothpaste and tooth lozenges.
After the yield stress point these fluids start flowing like ordinary fluids see Fig
B. Visco-plastic fluids also fall under this subclass. These subclass fluids showing
a proportional relationship to shear stress and shear rate but graph do not touch
baseline and do not pass through the origin. Drilling muds, mayonnaise and clay

suspension [75, [76] are few more examples exhibiting this behaviour.
1.4.4 Time dependent

A fluid whose viscosity depends on the flow duration is called time dependent

non-Newtonian fluids. Which is further divided into two sub classes shown in Fig

Time dependent

T

Thixotropic fluids Rheopectic fluids

Fig. 1-10 Different types of time dependent behaviours

1.4.4.1 Rheopectic fluids:

Application of strain over a longer time (shearing time) increases the apparent
viscosity (n as given in ), this phenomena of time dependency of strain rate
is “Rheopectic” characteristic of fluids. For these fluids shear stress is gradually
increases to obtain constant shear rate. These can be exemplified by body synovial
fluids [[75], protein solutions and ink in the printing machines [[76].
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1.4.4.2 Thixotropic fluids:
Exactly to Rheopectic fluids or anti Rheopectic pertain to their opposing char-

acteristics i.e. These fluids show a decrease in apparent viscosity (7) with time under
a constant applied shear stress Such fluids become thinner with gradual increase in
shear stress before reaching to a constant shear rate. These can be exemplified by

many paints, Yoghurt, crude oil [75] and [76].
1.4.5 Viscoelastic Fluids

Hooke’s law valid till the point proportionality reach. An ideal solid elasticity
is the exhibition of this law. Viscoelastic fluids also known as memory fluids express
characteristics of solid-like (elastic) and liquid-like (viscous) with deforming force
[75]. Examples of these materials are dense colloidal suspensions (corn starch mixed
in water), polymer solutions and melts, suspension of hard and deformable entities
i.e. capsular or lipid bodies, biological cells. The prime flow pattern of viscoelastic
fluids include rod climbing (when mixed and stirrup), extrudate swell and tubeless
siphoning off. Other than the examples discussed above, there are also other cases
such as, When stirring or jolting, egg white moves up the container [75].
Viscoelastic fluids are modelled through linear viscoelastic models at low deforma-
tion rate while having non-linear viscoelastic behaviour for higher time scale de-
formation process. Polymeric fluids are viscoelastic substances with their particles
depending on the deformation force for its received stress and strain. Deborah num-
ber, a dimensionless number measure this characteristic denoted by De. At low
Deborah number liquid-like characteristics dominate and at high Deborah number
solid like characteristics dominate. When De = 0 shows a purely viscous character-
istics [[7§]. For complete history and explanation of viscoelastic fluids, we refer the
reader to the excellent literature in [69, 79).

Viscoelastic fluids manifest complicated characteristics pertaining to their complex
response due to fluid stresses when deformation force is applied. They behave in-
versely to stresses applied than the inelastic fluids responding proportionally under
applied stresses as per Newton’s law of viscosity. Supportive constitutive stress
models are added to the Egs. ( ) to completely explain their mechanical
response. Different viscoelastic fluids have different constitutive stress equations. A
list of constitutive model equations is given in Table@. These equations remain
same (objective) in term of work and energy produced when any possible arbitrary
motion occur. Stress constitutive models rely on micro chemistry of the fluids shown
by algebraic, differential, integral and integro differential forms [74]. The Giesekus
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Table 1-3 List of different constitutive models [[74].

Model Name Equation
Oldroyd-B T+ 1=28
John-Segalman T+A71= 2nS

Leonov

T+/l‘7'+%1'2=2775

Phan-Thien-Tanner

exp (%)T +A7=218

3) A
<|—%>+”T’“) v S
(Ly) — Ul
FENE-P R e
L™+ s V_ 5 (@)P+Q/Tr(T))
FENE-CR (W)T + 4 7= (L) g
EPTT exp (—E”TTZ’(T)) T+A71=21S8
. 1= \} % S, Tr(t
Rolie-Poly % = —%(T -1)- 2(,1—,:()) [T + B(TT())(T - I)]

constitutive equation (with suitable adjustment to incorporate the volume fraction
of nanoparticles which will be discus in the coming chapters) will be focus in this

thesis. The equation is presented as,

v

T+ T+e1> =278, (1-40)

where ¢ is the Giesekus non-linear parameter (taking & = 0 reduces to the Oldroyd-
v

B model), A is the reptation relaxation time and T denote the upper convective

derivative and given as,

v Dt

=— -Vu-t—7-(Vu)". 1-41
=5 u-v—7-(Vu) ( )

1.5 Thermal runway

In inflammable substances thermal runway is a challenge, producing blasts and
accidents. Such accidents increases in the form of moving fluids in pipes, industrial
set ups, machinery and automobile sector. This is correlated with extraordinary
exothermic reactions and chemical kinetics that are aggravated with temperature
(T) increase. This phenomenon can be mitigated by using heat reduction techniques
shown by [80]. This will be a marvellous job, to mathematically build up a condition
to recognize the point of ignition at its earliest time. It could be of great importance
if ways and means are sorted out to prevent and prolong this thermal runaway time.
Various studies have been conducted to understand the role of liquid visco-elasticity
in lowering the temperature of liquids [81], [82], [83]. At the end, it is also important
to recognise the importance of temperature at “blow up point” (critical point).
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1.6 Shear banding

Shear banding also called shear localization is known to happen not only in
rocks. Apart from rocks, this phenomenon can also be observed in viscoelastic
substances. This band (shear band) is a narrow rim of high strain produced shear
stress manifested by Fig two hypotheses clarify the occurrence and formation of
these bands. Both of these theories make use of the mechanism of shear and strain
produced when a material is subjected to any type of shear force.

The first theory involves the mechanism of melting of molecules secondary to plastic
material heating in response to excessive shear forces. The second mechanism of
shear banding is explained by the compressive shear stress leading to the hardening
of the materials. Fig shows opposite shear forces working on the fluid between
two moving walls. The adjacent fluid layer to the lower plate moves in the shear
force direction. Likewise, the lower fluid layer moves in the opposite direction with
the lower plate. Because of plastic deformation and compressive shear forces at the
middle region, establish three shear bands. Different shear-rates created by different

fluid layers varying velocities lead to these shear bands [84].

Shear

5 0 o o

T

Shear banding.

/

i

Shear

Fig. 1-11 Schematic of Shear banding phenomenon in viscoelastic fluids(taken from [84]).

Two distinct shear bands being relevant to high shear-rate as well as low shear-
rate created along the velocity profile were obviously noted by [85]. Particles in

927 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

the shear belt are highly strained opposed to other regions by cause of high heat as
well as high shear-rate. That discontinuity in shear-rate make a bend in the fluent
substances. Moreover, certain viscoelastic fluids, for some values of parameters,
submit a non-monotonic relationship between shear stress and the shear rate. In
addition, there are many constitutive models ( like Johnson-Segalman [86, 87]),
(ROly-Poly, [88]) that exhibition shear banding. We use, as in [8§], the Giesekus
model. The choice of that latter model is possibly like it has completely developed
heat equation. Extreme shear banding phenomenon can cause deformation and harm
to tractable substances which attracts mathematical concern as scientists make an

attempt to get the sort of harm created.
1.7 The Finite Difference Method (FDM)

As mentioned earlier the complex rheology of the Newtonian and non-Newtonian
fluids is quite challenging task for numerical simulations. They are modelled math-
ematically using Partial Differential Equations (PDEs) which are then solved by
using different (i.e. FDM, FEM and FVM etc.) numerical techniques. Among these
the finite difference techniques is extensively used and will discuss here to carry out
all the simulation in this thesis. Similar to other numerical schemes while assessing
and solving Differential Equations (DEs), finite difference method and it’s func-
tional principle is based to approximate a differential operator using a differential
quotients obtained from the Taylor series, instead of derivatives in computations and
equations. These are discussed as the Partial Differential Equations are converted
into a more usable and solvable system of algebraic differential equations [89]. The
solution of the system of equation is calculated on the grid point by discretising the
domain as shown below. Each grid point(or node see Fig ) denotes the unknown
value of the field variables. We assume the uniform grid (i.e the distance between
two nodes both in time and space are equal). Taking as one-dimensional case to
make it simple we can derive the approximation to first derivative. Let us consider
a function u(y) which is minimum three times differentiable in the neighbourhood

of y, then by the Taylor theorem expansion:

0
u(y + Ay) = u(y) + Ay 6—$ + O((AY))? (1-42)

By setting Ay = h, truncating the series to first order and rearranging gives

ou u(y+h)—u®y)

— = 1-43

ay h ( )
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1,j+1

i-1,] ] =14

Fig. 1-12 Solution mesh [84]).

This is called forward difference. The truncation error is of order O(h). In a similar
way, we can expand the u(y — Ay) to first order term as we did for u(y + Ay), to get
ou uly)—uly+h)
o = wy—uwy=n ; Y (1-44)
This is known as backward difference with the same truncation error of approxi-
mation. To improve the accuracy we take the difference of two resulting truncated
Taylor’s expansion of u(y + Ay) and u(y — Ay) we obtain
Ou u(y+h) —uly—h
ay 2h

(1-45)

The Eq () known as central difference with error of order O(h*), which is better
than other two. The central difference are used in an analogous way to approach
second order derivative as

Ou uly+h) —2uy) +uy —h
dy h

(1-46)

Now let us suppose u(t,y) is a regular and smooth function of time t and space y.
suppose the step size be Ay = h and the time step to be set as Ar = k. We use a grid
or mesh with point at equal distance with nodes defined as (¢,, x;) = (nk, ih) with n, i
are non- negative integers. At the grid point (¢,, x;) the approximation of solution
is shown as u!. The space derivatives of order first and second are approximated by
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central difference while the time derivative can be approximated with three probable

schemes i.e. implicit, explicit and Crank-Nicolson [90)].

Implicit Scheme: when ‘g—‘; is approximated making use of backward difference method
at time step t,,; and approximating the spatial derivative via implication of central
difference method at the point x;. Implicit method is numerically convergent, accu-
rate and stable for large time step Ar but difficult to implement [91].

Explicit scheme: when ‘g—‘; is approximated while using the forward difference tech-
nique at time step f, and approximating the spatial derivative while making use of
the central method at the point x;. This technique is easy to implement but less

accurate and work for small values of time step size.

Crank-Nicolson Scheme: This scheme is the midpoint and average of the two tech-
niques discussed earlier in the above. This scheme make use of central difference
method at time #,,;/, and repeat central difference at space point x;. In comparison
the Crank-Nicolson scheme is numerically stable, convergent and accurate for small

time step but quite extensive to implement [90)].
1.8 Outline of the thesis

This dissertation consists of five chapters, which is organised as followed: In
chapter 2 the investigations are based on the “Computational analysis of the dynam-
ics of generalized- viscoelastic-fluid-based nanofluids (GVFBNs) subject to exother-
mic reaction in shear flow” whereas, those in chapter 3 are based on the “Non-
isothermal pressure-driven flow of generalized viscoelastic-fluid-based-nanofluids in
a channel”. In the subsequent chapter 4 is the “Computational analysis of shear-
banding in simple-shear-flow of viscoelastic-fluid-based nanofluids subject to exother-
mic reactions”. Followed by chapter 5 which provides “Computational analysis of
non-isothermal dynamics of gravity driven flow of viscoelastic-fluid-based nanoflu-
ids down an inclined plane”. Each chapter for the numerical scheme used has a
brief graphical presentation of the spatial and temporal convergence. Furthermore,
each of the thesis chapters has a detailed introduction and conclusion which ad-
dresses research questions along with corresponding findings that are relevant to
understanding nanofluids. Finally, chapter 6 ends the thesis with the “Conclusion”,
which synthesizes findings of the empirical research chapters in relation to the over-

arching research question and study objectives as well as the future work.
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Chapter 2 Computational analysis of the dynamics of
generalized- viscoelastic-fluid-based-nanofluids
subject to exothermic reaction in shear ﬁovvm

ABSTRACT

In this chapter we focuses on a novel problem that describes laminar simple
shear-flow of generalized-viscoelastic-fluid-based nanofluids (GVFBN) containing
spherical shaped nano-particles under non-isothermal conditions but with isother-
mal wall-temperature boundary-conditions is investigated. The GVFBN model is an
extension of the VFBN to include shear-rate dependent viscosity effects. The Gener-
alized non-isothermal Giesekus constitutive model (which is reducible to generalized
Oldroyd-B model) with essential modifications for thermodynamics is used to ac-
count for the viscoelastic effects. Spherical shaped nano-particles are homogeneously
mixed to the viscoelastic base fluid. To characterize the shear-thinning-viscosity,
a viscosity-constitutive-model of the Carreau-type is employed. A temperature-
dependent thermal conductivity is also considered. Additionally, empirical models
are employed to account for to the nano-particle effects on the thermal conduc-
tivity. We use an efficient, semi-implicit, numerical scheme, based on finite differ-
ence methods (FDM), to obtain the numerical solutions of the model equations.
The numerical scheme is computationally implemented in MATLAB. Results are
graphically presented in both a qualitative and quantitative sense with regards
to the various embedded parameters. Specifically, the thermodynamic and fluid-
dynamical impacts of variations in the volume fraction of nano-particles are explored.
In summary, we notice enhanced thermal conductivity and hence also increased
temperature with increasing nano-particle volume fraction. The GVFBN model
accounts for all four nanofluid types, Generalized-Newtonian-fluid-based nanoflu-
ids (GNFBN), Newtonian-fluid-based nanofluids (NFBN), Generalized-viscoelastic-
fluid-based nanofluids (GNFBN), and viscoelastic-fluid-based nanofluids (VFBN).
The comparative thermal runaway susceptibility of the four nanofluid types is pre-
sented and we demonstrate that the order of susceptibility from the most to the

least susceptible is GNFBN, NFBN, GVFBN, VFBN.

!The contents of this chapter are from khan et.al [92]
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2.1 Introduction

The enhancement, reduction, or improvement of heat transfer characteristics
in fluids is of fundamental practical importance many industrial applications. The
heating and cooling operations in heat exchangers and microelectronics are obvious
examples. In addition to heat transfer enhancement, nanofluids are used in many

other industrial applications, transportation, electronics, biomedicine, and food pro-
duction, [93, 94|

The addition of nano-sized particles (which are generally referred to as nano-particles)
to an existing base-fluid will naturally change important thermodynamic proper-
ties and characteristics of the resultant particle-fluid mixture. Mixing of nano-
particles with a base-fluid gives an emulsion or suspension that is generally termed
a nanofluid, [2]. Two possibilities arise with regards the composition of a nanofluid-
either the nanofluid resembles, a two-phase, concentrated suspension of nano-particles
heterogeneously mixed in the base-fluid; alternatively the final nanofluid mixture is

a single-phase homogeneous emulsion or solution.

The addition of nano-particles (via either the two-phase or single-phase processes)
to a base-fluid is essentially aimed at improving the thermodynamic properties of
the original base-fluid. Nanofluids dynamics generally, therefore, finds wide appli-
cation in the design of Heat-Transfer-Fluids (HTFs). As an example, [95] designed a
nanofluid from a mixture of copper (Cu) nano-particles with deionized distilled wa-
ter. They experimentally demonstrated that the comparative ratios of the effective-
thermal-conductivities of the resultant nanofluid as compared to those of the original
(particle free) fluid (deionized distilled water in this case) increases from a low of
1.24% to a high of 1.78% in the case where the mixture volume-fraction of the copper
nano-particles is raised from a low of 2.5% per volume to a high 7.5% per volume.
Using an ethylene glycol (EG) base-fluid, the researchers in [96] studied the effective
thermal conductivity of the resultant nanofluids, resulting from an addition of 0.3%
volume fraction Cu nanoparticles. This suspension of Cu nanoparticles in an EG
base fluid enhanced the thermal conductivity by 40% . The work in [97] reported
a 20% enhancement in thermal conductivity of a suspension of 4% volume, 35 nm

size copper-oxide (CuQ) particles in an EG base fluid.

Many other nanofluids, formed from both metallic and non-metallic nano-particles
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show considerable enhancement (increase) in the effective-thermal-conductivities
when compared to the original (particle free) fluid, [98]. For example, investigations
in [B6, 99] on heat-transfer properties in laminar (nanofluid) flow of aluminium-
oxide/ethylene-glycol and aluminium-oxide/water nanofluids and report noticeable
improvement in the heat-transfer-rate (HTR). Given their documented HTR en-
hancement and increased thermal-condictivities, nanofluids are therefore, not sur-
prisingly, now widely used as the standard with regards heat-transfer-improvement
fluids. Effective-thermal-conductivities of industrial nanofluids are naturally de-
pendent on such properties as the size, the shape, and the volume-fractions of the
embedded nano-particles. Possible methods of improving the heat-transfer char-
acteristics of nanofluids therefore include, among others, increasing the Brownian
motion of nano-particles suspended within the base-fluid, increasing the contact
surface-area of the nano-particles, and increasing the contact of liquid layers around
the nano-particles[[100, [101].

The mathematical modelling and numerical analysis of nanofluid dynamics depends
on whether the single-(homogeneous mixing)-phase (P1) or two-(heterogeneous mixing)-
phase (P2) approach is adopted. The heterogeneous-mixing approach requires, in
addition to the usual fluid dynamical equations, a concentration equation for the
suspended nano-particles. In the single-phase approach, as adopted in this paper,
the fluid dynamical equations are modified to include a volume fraction function
for the homogeneously mixed nano-particles. Indeed, empirical models have been
developed to include the nano-particle volume fraction into the constitutive models

for the fluid viscosity, thermal conductivity, etc..

In the P2 approach, differences in the velocities of nano-particles and base-fluid
play significant roles in HTR enhancement characteristics of resultant nanofluids.
For water-based 1% by volume Cu-nanofluids in a pipe, [102] employed the P2
model to investigate HTR enhancement. Results demonstrated that the P2 ap-
proach gave better HTR enhancement than the single-phase homogeneous mixture
(P1) approach. The computational (Eulerian) based two-phase approach, adopted in
[103] to simulate the HTR characteristics of copper-water nanofluid (micro-channel)
flow compared very well with experimental data. An Eulerian-Lagrange two-phase
approach, [104] was similarly employed to investigate the HTR characteristics for

copper and aluminium-oxide nanofluid flow.
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The results of [20, B6] demonstrate that, under certain conditions, the base-fluid and
nano-particles can reach a state of thermal equilibrium and both move with uniform
velocity. In such cases, the nanofluid system would be homogeneous and hence the
single-phase approach would be more appropriate to simulate such flows. This is
the approach adopted in this paper. Mixing (solid and metallic) nano-particles to a
base-fluid would naturally raises the resultant nanofluid effective-viscosities as com-
pared to the base-viscosities of the original (particle free) fluids [105, [106]. These
viscosity-altering effects of the nano-particles must be factored into the viscosity-
constitutive-modelling. Implications for the real physical systems and applications
mean that the increased drag, that results from the increased viscosities, would ne-
cessitate corresponding increases in the fluid driving forces, such as pumping pres-

sures, etc.

Rather than employing usually costly driving force enhancement techniques such
as increasing the pumping pressures, an increasingly popular approach to drag re-
duction is the use of turbulent drag-reducing fluids, Toms [107]. Turbulent drag-
reducing fluids are viscoelastic liquids made by adding tiny amounts of polymers
or surfactants to a Newtonian liquid, see for example [108] who demonstrated that
reduction of drag and HTR enhancement happen simultaneously. Qi et al. [109] sim-
ilarly studied the correspondence between HTR enhancement and turbulent drag-

reducing properties.

The turbulent drag-reducing-liquids, in combination with the HTR enhancing nano-
particles, produce the unique (nano)fluid that we term VFBN [110]. The work in
[111] experimentally demonstrated that both viscoelastic fluids and VFBNs signifi-
cantly induce drag-reduction in turbulent-flows and additionally that use of VFBNs
lead to HTR enhancement.

Thermal runaway (blowing up of temperature in a finite time) is an actual phys-
ical problem that can cause explosions in flammable materials. The flow of fluids
which are subject to exothermic reactions can indeed lead to self-ignition and ther-
mal runaway. This phenomenon, being closely linked with exothermic reactions
and chemical kinetics can be mitigated by employing heat reduction techniques [80)].
Various investigations have been conducted to understand the role of fluid viscoelas-
ticity in fluid-temperature reduction [80], [112], [82], [113], [114], [115], [116], [83],
[117], [118], [15], [119]. Magnetic effects and energy dissipation of viscoelastic fluids
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and nanofluids are also investigated in [120-128].

Motivated by the above literature, the main aims of this paper are to explore the
HTR characteristics of GVFBN;, essentially, therefore, investigating the combined
effects of nano-particles and viscoelasticity. Specifically, we investigate the charac-
teristics of the nanofluids formed by adding nano-particles to each of the four most
general fluid types; Newtonian, Generalized Newtonian, viscoelastic, and General-
ized viscoelastic. The following sequence is adopted in the paper. Section 2.2 gives
the development and details of the underlying mathematical equations and mod-
els. The FDM-based numerical-algorithms as well as the basic (graphical) tests and
fundamental efficacy of the computational methodologies are given in Section 2.3.
The main results are presented graphically in Section 2.4, including the parameter-
sensitivity of solution variables. Concluding and related remarks are given in section
2.5.

2.2 Problem Formulation

Fig. El! gives a schematic geometry of the physical flow model.

* *
T* = T* W =Ur R
- W mmmmmemmmmmmmmm oo > y = h
""""""""" ’Va
............. > ’ y*
nanofluid ~ --------- ol
______ .;/’
. —_—
-_——— 3k
/’ .x
*
T* = T‘TV ut = 0 V' = 0

Fig. 2-1 Geometry of the model problem.

Underlying flow assumptions are otherwise summarized as follows:

e The physical setup of the model problem is a Couette-type shear-flow of
GVFBN enclosed by two parallel walls of infinite (longitudinal) extent.

o The walls are located (apart) at a vertical parallel distance of h*.

o We assume that the upper-wall is located at height y* = h*, and moves to the
right at the constant speed of u* = U7.

e This results in a simple shear flow, driven by the moving upper plate and
whose velocity is independent of the longitudinal direction, x*.
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o The lower-plate is fixed, with velocity u* = 0, and located at height y* = 0.

o Given that we are only interested in simple shear flow, the pressure will be
considered constant.

e Both the lower and plates are maintained at the isothermal temperature
T =Ty,

The governing (nano) fluid-dynamics equations (i.e. continuity, momentum, energy,

etc.) for the GVFBN are defined in Egs. (El] - ) below.

V' -u' =0, (2-1)
~ Du*
=Vt + V- (0), 2-2
Pt T P (o) (2-2)
* : _ * * * * * * E*
(pcp)nf W =-V -¢q +0p+ Q" A" C" exp T (2—3)

Here u* represents the GVBNF velocity, Prf the GVBNF density, T* the GVBNF
temperature-field, ¢, ; the GVBNF specific heat capacity, p* the GVBNF pressure-
field, o* the total stress-tensor. E* the activation-energy, C* the residue-concentration,
A* the Arrhenius-prefactor, Q* the energy-released due to exothermic-reaction, see
[80], and R* is the gas constant.

The total stress tensor is defines as,

. s B
o =17+ —
(V1-9)

where the polymeric tensor, 7%, is described by the non-isothermal Giesekus model,

S,

the nano-particle volume-fraction is ¢, and the deformation-rate-tensor is,
S*=Vu +(Vu).

The operators, D/(Dt* = d/ot" + u* - V* and V* are respectively the substantive

derivative and the gradient. The heat-flux vector follows Fourier’s law,
¢, = V', T,

with &7 ; the temperature-dependent nanofluid thermal-conductivity [113]. For vis-
coelastic materials, (mechanical) energy is partially saved and partially dissipated
[114] and the dissipation function is therefore defined as,
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* *

Op=———85" ' Vu +y§S: 77+ -7y
T (VT-er 2u

(h+Td™) - 6). (2-4)

where the irreversibility component * . V'u" represents mechanical dis-

T
(VT -9y
sipation and the component, yS* : 7", is the reversibility part.

In Eq. (@), G* is the shear Modulus, A* is the relaxation time, v is a constant with
range, 0 <y < 1. The constant vy is incorporated to model the energy reversibility
due to the elastic behaviour of viscoelastic (nano) fluids. The choice y = 1 corre-
sponds to the case of pure entropy elasticity [114] in which the material behaves as
purely viscous and the mechanical energy is released as work done. On the other
hand, the choice y = 0 corresponds to the case in which mechanical energy is stored
as elastic energy, and the material behaves as purely elastic [114, 115]. The inter-
mediate values 0 < v < 1 correspond to a linear combination of the stress work
and dissipation. The notation (:) represents the double dot product between two

tensors. The conformation tensor, b*, is linked to the polymer stress tensor, T*, via

Eq.(2-3),
T =G(B'b - 1), (2-5)

where B* is a material constant. The polymer stress tensor 7* is described by the

non-isothermal Gisekus constitutive model, [116],

v* D T -T;, ))] 7,
T —T* _— ln = S*9 2_6
Dt ( ( T;, (VT =) (2-6)

. . . . Ve
where the upper convective time derivative, T , is define as,

Dt*
Dr*

V*
T =

-Vu -t -1 (Vu). (2-7)

In Eq. (@), 17, is the polymer viscosity and 75 is the solvent viscosity, so that the

total viscosity, n* is,
W(T) = (T + 7(T). (2-8)

We assume that the temperature dependence of both the relaxation time and the

solvent viscosity follow Nahme-type laws,

T"-Ty,

Ty

(2-9)

/l*:/lgT—vfexp(— —W),

T*

), 15 = Ny €XP (—
w

- 37 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

where Aj and 7, respectively denote constant relaxation time and solvent viscosity
under isothermal conditions.
Addition to temperature dependence, the polymer viscosity is also assumed to

be shear rate dependent, following a Carreau model, [112],

0= ot sy = m) (1 0 y?)

= (210

T*—T;;,)
W 9

exp (—
where ¥* represents the shear rate,

7= +/S:S/2.

The reference viscosities, 7,7 and n,; respectively represent polymer viscosity at
infinite shear rate and polymer viscosity at zero shear rate. The power, n, models

shear-thinning and shear-thickening properties.
2.2.1 Dimensionless equations

We introduce the following non-dimensional variables,
Non-dimensional variables

x:x—*,t:—ft*,V_h*V*, =—,T= .
h h U; aTy,
P ; M xr nUr ,
p = s ns = _*a 77 = _*a /l = YR = . £,
P} U3 P x; h
h* h* A h*
T=——0xn,5S=—8,G= -G, (2-11)
n U; n n U;

Dimensionless parameters

The dimensionless parameters of interest are the; Reynolds number (Re), Brinkman
number (Br), Deborah number (De), activation energy parameter (@), Prandtl num-
ber (Pr), Peclet number (Pe = Re - Pr, Frank-Kamenetskii parameter (6;), and the
ratio of the polymer to the total viscosity (8). These are defined as follows,

ﬁz—p,Dez 0T Re= i) , Pr= il ,Br:n, L.
n* h* n K KpaTy

) :Q

» )t R'T:
Renf:QRe, Penf:(p p)fPe a = LA >
K R T,

Pr (pcp)f ’ E*

exp (—Cl;) (2-12)

- 38 -



Chapter 2 Computational analysis of the dynamics of generalized- viscoelastic-fluid-based-nanofluids
subject to exothermic reaction in shear flow

The nanofluid quantities (,7) are obtained from a combination of the volume frac-

tions (¢) of the base fluid (¢) and the nanoparticles (),

prp=¢pst (L =@)psr, (Pcplur =@ Pcp)s + (1 =@)(pcy)y.

Introducing the non-dimensional variables and dimensionless parameters into the

governing equations yields the dimensionless equations listed below.

Vou=0, (2-13)
D
Re, Fl: = —Re, Vp + V- (o), (2-14)

DT

Py - = =V (K VT) + Br Qp + 6, exp(HaT), (2-15)
2 3 v _ 2 _ np(T)
T+ &7+ De A(T) [‘r T (n(l + aT))] -8 (2-16)

In Eqgs. ( - ), ¢ is the dimensionless Giesekus non-linear parameter (taking

& = 0 reduces to the Oldroyd-B model), the dimensionless total stress tensor is,

ns(T)

2 g
(V1 =)

where the dimensionless deformation rate tensor is,

S =Vu+Vu).

The dimensionless upper convective time derivative is,

v Dt
=— -—Vu-t—-7-(Vu)". 2-17
=5 u-t—71-(Vu) ( )

The dimensionless dissipation term for the single-mode non-isothermal Gieskus

model is,
(D . _ ~ G iy _
Op = o Nt S:Vu+yS:t+(1-7) eI (h+Td™-6),  (218)

where the polymeric stress tensor (7) and conformation tensor (b) are related

by,

t=Gb-1I). (2-19)
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The dimensionless temperature dependent viscosities, thermal conductivity, and re-

laxation times are,

n(T) = (1 - g) exp(—aT), so that () = (\71(_—2)5 (2-20)
1D =L (1 =D (14 @92) T e, 5 = (?;?——_T;)s (2-21)
n=n(T) + 1, T),  with 7, = (\/1—+¢)5 (2-22)

AT) = —— exp(-aT), (2-23)

oy = AN = = Dby =) gy (2-24)

Ky + (1 =N)kr + dlkr — Ky)

It is customary to recast Eq. () in terms of the thermal conductivity ratio,
Kr/ks. In Eqgs. ( - ), m > 1 is the shear-rate viscosity parameter, 0 <n <1
is the shear-thinning parameter, A, is a thermal conductivity parameter, N is the
empirical shape factor (for spherical shaped nanoparticles, 8§ = 3, [15]). The shear-
rate viscosity parameter, m, gives the ratio of zero shear-rate to the infinite shear-rate
viscosities. The value m = 1 indicates that the viscosity is independent of shear-
rates, as would obtain for Newtonian fluids and for ordinary viscoelastic fluids. The
Generalized Newtonian fluid model is obtained by taking m = 8 and De = 0. The
choice De = B = 0 represents a Newtonian fluid. For more details, we refer the
reader to [82].

2.2.2 Initial and boundary conditions
The following initial and boundary conditions apply,

u0,y)=0, T,y =0, 7(0,y)=0, O<y<l, (2-25)

wt,0)=0, u@l)=1, T(t0)=0, T(1)=0, t>0. (2-26)

Given the hyperbolic nature of the polymer stress equations, the corresponding
boundary conditions are reconstructed from the main flow, [112].
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2.3 Numerical Solution

Computational solutions of the governing equations follow finite difference nu-
merical methodologies with semi-implicit treatment, see for example [83, 117, [119,
129, 130]. The terms that will be considered implicit are computed at the n+¢ (time
level), with 0 < ¢ < 1. Except possibly at boundaries, central-difference approxima-
tions will be used to compute the space derivatives. For shear-flow, we have zero

pressure-gradient, Vp = 0. The numerical scheme for the fluid velocity is,

Re u™h —u® =92, )(n> Jove 9 (,7 ") (2-27)
nf At ay 12 nf (9 2 ay

where

e — é:u(nﬂ) +( - é:)u(n)'

The velocity therefore updates in time to, u®*V, via the equation,

2

+ (Rens + 2r)u™V = ruliV = Repu” + (1 - g)Az(ns);’;Z 5" u™

(n+1)
-1

9 0
At —7" 4+ (1 - B) At — w9 D)W (2-28
+A T + (1= ) At o, (2-28)

where

The resultant system of algebraic equations represent a diagonally dominant tri-
diagonal linear system. The discretized temperature equation reads,
oT i 0 0 T™
Pe,r— =k, T ¢ 70 — (") +Br Q" + 6, exp|———]. 2-29
For — ™ gy? oy ay' Op + 01 x| 17w (2-29)
Rearranging the Eq. () similarly leads to a diagonally dominant tri-diagonal

system,

n n n n a n
—r T + (Peyp +2r)TED = 1 TUTY = Peyy T()+(1—§)Atknf$T()

e Ly & K+ AtBr (.} | 5= 0 o 2 + 8 exp ™
dy 6y * dy l+aT®

A

0 G
+AtBry W —u® + (1 = )AtBr ——— I, + Tr (b~ = 6),  (2-30
ryT,, ay (I-v) FZDe/l(T)(l r(b™)-6), ( )

where
¢ At
I =G¢Kyf—=.
fAy2
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The semi-implicit scheme for the extra stress tensor, T is,

D) _ )

79 4 g ()™ 4+ De Z(")T = explicit terms.
The solutions for the tensor components, 7"V 7"V and 7% therefore follow
directly,
(DeA™ + &£ AH) T = explicit terms. (2-31)

The 'right hand side’” expressions for 71, T, and 7, are,

n (n) 3
[Ded™ — (1 - &A1 7)) + At De 2™

0 0
T(l'g (9y u™ + T(I’;)a log(l + aT(”))]

— et (T3, +13,), (2-32)

_ - d )
[De 2™ — (1 — £)A] 7% + At De 1™ [T;”; 3" u® + 7 3y 1o (1+ aT<">)]

0
+ At (Np)ny 6_yu(n) — e At (T)1T12 + Ty), (2-33)

_ ; 0
[De A" — (1 — £)Af] T2 + At De A™ 700 — 5y Lo (1+aT™) - eAt(r}, +13).  (2-34)

2.4 Results

Graphical results are presented for the velocity (u), temperature (T'), polymeric-

stress components (711, T12, T22), and the normal stress difference, Ny,
Ny =111 — 122.

Unless otherwise indicated, the following list of values, for the embedded parameters,

will be assumed,

@=01 Br=1, Re=1, Pr=1, De=3, y=0.5, f=0.6, Ay = 0.01,
At=001, t=50, G=103, m=2, 6§,=0.1, 1=001, n=05, =1,
=004, £6=0, A, =02, N=3. (2-35)

2.4.1 Devolvement of steady solutions

Figs. (@ - @) show the development (in time) of solutions until steady-states
are reached. Figs. (@) and (@) show that, 75, = 0, and hence that Ny = 71, -7 =
T11. This is the case in all our computations and hence the graphs of both N; and
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T, are omitted thereafter. Likewise, steady-state solutions for velocity reproduce
the same linear graph and will be omitted in the subsequent analysis. Fig. (@) is

designed to show the maximum values of all fluid variables at steady state, t = 50.

0.9

0.8

0.7

0.6

0 t=50

velocity
o o o o
no wW S [$a)
T T T T

o
pry

Fig. 2-2 Transient development of velocity profiles to steady state.

2.4.2 Temporal and spatial convergence

We now demonstrate the temporal and spatial convergence of our numerical
algorithms using different time step and mesh sizes. Figs. (@) and () show

that the solutions are independent of time step and mesh sizes.
2.4.3 Parameter dependence of solutions

We turn our attention to investigating the parameter-dependence of solutions.
Figs. ( - ) illustrate the effects of varying values of ¢ on the GVFBN tem-
perature, thermal-conductivity and polymeric-stresses respectively. As expected
and in line with the behaviour of heat transfer fluids (HTFs), the nanofluid tem-
perature and the thermal conductivity both increase with increasing nano-particles
volume fraction, see Figs. (R-11) and () This is physically acceptable, since the
higher the concentration of heat-conducting nanoparticles, higher the corresponding
thermal-conductivity of the resultant nanofluid, and hence, the higher the temper-
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Fig. 2-3 Transient development of temperature profiles to steady state.
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Fig. 2-4 Transient development of 71; stress profiles to steady state.

atures in the nanofluid. The polymer-stress components exhibit opposite behaviour
to temperature and thermal conductivity and decrease with increasing nano-particle

volume fraction, see Figs. () and ()
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Fig. 2-5 Transient development of 71, stress profiles to steady state.
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Fig. 2-6 Transient development of 75, stress profiles to steady state.

Fig. () shows, as expected, an increase in GVFBN temperature with in-
creasing strength of exothermic-reactions, i.e. increasing 6;. The polymeric stresses,
on the other hand, decrease with increasing Frank-Kamenetskii parameter (6;) see

- 45 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

1.6, \ \ 1 1
15+ ot
1.4+ B
Loo oo
o W
1.2+
- ——t=5
z ——1=10
11 ——t=40
—6—1=50
1 u
0.9 i
08 il
0.7 | | | | | | | | |
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1

y

Fig. 2-7 Transient development of first normal stress difference, Ny, profiles to steady state.
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Fig. 2-8 Time development of maximum and median flow quantities.

Figs. (R-17) and () The exothermic-reaction parameter (6;) should be carefully
controlled to mitigate against thermal runaway. Fig. () gives an illustration of
thermal-runway for the different fluid types. Evidently, the GNFBN have greatest
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Fig. 2-10 Dependence of solutions on mesh size.

susceptibility to thermal blow-up and runaway, followed by NFBN, and then by
the GVFBN and lastly the VFBN (m = 1). These results are consistent with the

result of [, ] Figs. () and () illustrate the variation of solutions for
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different values of the viscosity ratio, 8. A rise in B, increases in polymer viscosity
and expectedly increases the polymeric-stresses (711, 712 as well as the first-normal-
stress-difference, N;). Given the energy storage capabilities of viscoelastic (poly-
meric) fluids, the elastic liquids will always therefore attain lower temperatures as
compared with corresponding in-elastic (i.e. Newtonian and generalized Newtonian
liquids). This explains the results in Figs. (2-17) and () Generalized viscoelas-
tic fluid based nanofluids (GVFBN) have comparatively higher temperatures than
normal viscoelastic fluid based nanofluids (VFBN) with m = 1, see Fig. ()

0.25 = = (.0
= = 0.02
—— = (.04
== = (.06
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Fig. 2-11 Effects of nanoparticles volume fraction, ¢, on temperature.

Figs. ( - ) show the effects of variations in the Brinkman-number, Br.
The solutions behave similarly to variations in §;. The only difference here is the
absence of the thermal runaway phenomenon given that the temperature growth
is linear rather than exponential, see [@] Fig. () shows that temperature in-
creases with increasing Br, This is physically realistic because viscous heating of the
fluid particles within the flow channel causes temperature to rise with increasing
Br, while fluid viscoelasticity shows an opposite behaviour, see Figs. () and (@
@) Similarly to the behaviour with respect to the exothermic reaction parameter,
Fig. () shows that the Generalized-Newtonian-fluid-based nanofluids (GNFBN)
show the least resistance to fluid temperature increases, followed by Newtonian-fluid-
based nanofluids (NFBN), and then by generalized-viscoelastic-fluid-based nanoflu-
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Fig. 2-13 Effects of nanoparticles volume fraction, ¢, on 71;.

ids (GVFBN) (with m # 1 and B # 0), and finally the normal viscoelastic-fluid-based

nanofluids (VFBN) with m = 1 being the most resistant to temperature increase.
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Fig. 2-14 Effects of nanoparticles volume fraction, ¢, on thermal conductivity.

The temperature behaviour in response to variations in m is similar to that with
respect to either Br or §;, see Fig. (R-27). As before, the polymer stresses behave
oppositely to the fluid temperature. Specifically, the polymer stress components,
711 and 71, decrease with increasing m, see Figs. (), and () The variations
of solutions with varying shear-thinning parameter, n, are illustrated in Figs. (@
@) - () The behaviour of solutions with varying values of n is similar to the
behaviour for m, with differences only in the magnitude of the increase/decrease

of quantities. Negligible effects are however noticed in the nanofluid temperature.
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Fig. 2-15 Effects of the exothermic reaction parameter, ;, on nanofluid Temperature.
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Fig. 2-16 Thermal runaway, with increasing ¢, for different nanofluid types.
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Fig. 2-17 Effects of exothermic reaction parameter, §;, on 7y;.

0.54
PPy ! «iiss;;. —0—61=0.5
—0—61=1.0
0.53: —=0=15
! ——0,=2.0
0.524 : . : =
0.51 !
o
e
0.5 b
0.49- -
4
0487 . B : -
;
0.47 | | | | | | | | |
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 09 1
y

Fig. 2-18 Effects of exothermic reaction parameter, §;, on 7.
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Fig. 2-19 Effects of viscosity ratio, 8, on fluid temperature.
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Fig. 2-22 Effects of viscosity ratio, 8, on 713.
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Fig. 2-24 Variation of maximum fluid Temperature with Brinkman number, Br.
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Fig. 2-26 Effects of Brinkman number, Br, on 71,.
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Fig. 2-27 Effects of shear-rate viscosity parameter, m, on fluid Temperature.
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Fig. 2-28 Variation of maximum fluid temperature with shear-rate viscosity parameter, m.
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Fig. 2-34 Effects of shear-rate viscosity parameter, n, on ;.
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2.5 Concluding Remarks

We numerically investigated the thermophysical characteristics of generalized-
viscoelastic-fluid-based nanofluids (GVBNF) in shear flow subject to exothermic
reactions. Our mathematical model was based on a single-phase nanofluid model in
which the nano-particles are homogeneously mixed with the generalized viscoelas-
tic fluid base-fluid. We demonstrated that the nano-particle volume-fractions play
fundamental roles in the fluid-dynamical and thermo-dynamical properties of the re-
sultant GVFBN. Specifically, the effective nanofluid thermal-conductivity and the
nanofluid temperature both increase while the shear-viscosity decreases with in-
creasing nano-particle volume-fraction. The GVFBN model accounts for all the
four nanofluid types, Generalized-Newtonian-fluid-based nanofluids (GNFBN, De =
B = 0), Newtonian-fluid-based nanofluids (NFBN, De = 8 = y = 0), Generalized-
Viscoelastic-fluid-based nanofluids (GNFBN), and Viscoelastic-fluid-based nanoflu-
ids (VFBN, m = 1). The comparative thermal runaway susceptibility of the four
nanofluid types is presented and we demonstrated that the order of susceptibility
from the most to the least susceptible is GNFBN, NFBN, GVFBN, VFBN. Similar
susceptibility results are documented in the literature for ordinary base-fluids, with-
out nano-particles [82]. The results are of important industrial significance, say in

heat exchanger design and in other heating and cooling applications.
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Chapter 3 Dynamics of Non-Isothermal Pressure-Driven

Flow of Generalized Viscoelastic-Fluid-Based
Nanofluids in a Channel

abstract

The investigation considers numerical analysis and computational solution of
unsteady, pressure driven channel flow of a generalized viscoelastic-fluid-based nanofluid
(GVFBN) subject to exothermic reactions. Temperature dependent fluid thermal
conductivity is considered and the flow is subject to convective cooling at the walls.
The non-isothermal generalized Giesekus constitutive model is employed for the
GVFBN. A Carreau model is used to describe the shear-rate dependence of fluid
viscosity and exothermic reactions are assumed to follow Arrhenius kinetics. An
efficient semi-implicit numerical technique based on the finite difference method is
applied to obtain computational solutions to the model equations. The compu-
tational methodologies are built into the MATLAB software. The effects of the
various fluid and flow parameters, specifically the nanoparticle volume-fraction are
explored. The results demonstrate that those parameters which only directly cou-
ple to the energy equation (but are otherwise indirectly coupled to momentum and
stress-constitutive equations, say via the temperature dependent viscosities and re-
laxation times) would only show prominent effects on fluid temperature but not on
the fluid velocity or the polymer stresses. The results also demonstrate, as in the lit-
erature on exothermic flows, that the values of exothermic-reaction parameter must
be carefully controlled as large values would lead to thermal runway phenomena.
The illustrated results are consistent with the existing literature and additionally
add novel new contributions to non-isothermal and pressure-driven channel flow of

GVFBN under convective cooling conditions.

!The contents of this chapter are from khan et.al [131]
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3.1 Introduction

A mixture of metallic (silver, copper, etc.) nanometre-sized particles suspended
in a conventional base-fluid (water, oil, etc.) is referred to as a nanofluid. For a
comprehensive description of nanofluids and their utility, in the heat-transfer-rate
(HTR) characteristics, the reader is referred to, [92].

Optimal material conditions for, say, fluid viscosity and thermal conductiv-
ity may be enhanced by simultaneously using several types of nanoparticles (say
three different types) of various shapes, sizes, density, etc. in the same nanofluid
mixture, see for example [132, 133]. The present research focuses on the effects
of shear-dependent viscosity and fluid elasticity and hence will use homogeneous

nanoparticles of one kind for illustrative purposes.

Similar investigations, as in [92], on thermodynamic properties and effects of
various types of nanofluids have been conducted, say in [20, B6, 93, 95-106, 110,
134-138]. The importance of such investigations cannot be overstated, especially
considering the novel applications of nanofluids to thermal-conductivity and HTR
improvement, micro-fluidics, fuel-cell development, chemotherapy, thermal storage,

electronic cooling and heating, etc.

A vast majority of the research on nanofluid flow has been conducted with
Newtonian base fluids. The recent developments in non-isothermal constitutive-
models for viscoelastic fluid flow and their related applications, see for example [82,
92,112, 116, 117, [119, 139] have made it possible for the extension of the Newtonian
based-fluid models to more general non-Newtonian (and specifically viscoelastic)
fluid based nanofluids. The current work represents such an extension to viscoelastic

nanofluidics, specifically using GVFBN.

The extensions to more general non-Newtonian fluid based nanofluids is not
simply a theoretical and mathematical nicety but is rather driven by the vast and
contemporary relevance to industrial, technological, and medical applications of non-
Newtonian fluids in general and viscoelastic fluids in particular, see [140]. The work
in [92] focused on novel development and analysis of GVFBN in shear-driven iso-
baric flows. The current work extends this analysis to non-isobaric (pressure driven)
channel flow of GVFBN. Additionally, instead of the isothermal wall boundary con-
ditions employed in [92], the current work explores symmetrical convective cooling

on the channel walls.
The chapter is organized in the following sequence. Section 3.2 summarizes
the model and governing equations. Section 3.3 gives the numerical algorithms
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and computational methodologies for the model problem as well as preliminary test
results on temporal and spatial convergence. The exploration and discussion of the
effects of the various embedded parameters is detailed in Section 3.4. Concluding

remarks follow in section 3.5.
3.2 Problem Formulation

The schematic of the model problem is displayed in Fig. .

. . u =0
convective cooling V' =a*
—_—
y*
nanofluid _—
—_—
—_— x*
convective cooling u' =0 y =-a

Fig. 3-1 Geometry of the model problem.

An incompressible GVFBN is subjected to unsteady, laminar, pressure-driven flow
of in a channel formed by two infinitely long parallel walls. The GVFBN is as-
sumed to have both variable shear-viscosity and variable thermal-conductivity and
is susceptible to exothermic reactions following Arrhenius theory. The x*-axis is
considered parallel to the flow direction and the y*-axis perpendicular to it.

Following the model developments in Chapter 2 (see Eq. ()), the ap-
propriate dimensionless parameters of current interest are the Reynolds number
(Re), ambient-temperature parameter (6,), Brinkman number (Br), Deborah num-
ber (De), activation-energy parameter (@), Prandtl number (Pr), Peclet number
(Pe = Re - Pr), Frank-Kamenetskii parameter (6;), Biot number (Bi) and the ratio
of the polymer-to-the-total viscosity (8),

n* /1* U* p* U*a* c * n* T* _ T* * U*2 h* «
ﬁ:_f:’ De: 0*0’ Re: f *0 ’Pr: pf* ’Ha:—*o9 Bl": T’* O*, Blz— *a9
n h n Ky aT; K aT; k;
n Cpn R T * A* C* g*2 1
- P (o cp)y E* K; R* T;?

The nanofluid quantities (,r) are obtained from linear combinations of the

volume-fractions (¢) of the base fluid (;) and of the solid nanoparticles (), e.g.

Par=eps+ (L= pr (P =@+ (1=9)(pcy)y.
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The appropriate dimensionless governing equations are,

V-u-= O, (3_2)
D
Re,; — = ~Re,, Vp + V- (o), (3-3)
Dt
DT
Pe,/ - = -Vv. (an VT) +Brop + 6, exp(1 N aT)’ (3-4)
_ D T
T+e1>+ De AT) [‘Y' -7 — (In(1 +05T))] = LS (3-5)
Dt (V1-9)
with,
T D
—rg D S=Vu+Vu), T=—-Vu-t-7-(Va)'.  (3-6)
(VT o) b

The dimensionless dissipation term for the single-mode non-isothermal Giesekus

model is,

A

0p = — 1D
(V1-9)

where the polymeric stress tensor () and conformation tensor (b) are related

S:Vu+yS:t+(1-7y) (h+Ted™) - 6), (3-7)

2De A(T)
by,
t=Gb-1I). (3-8)

The dimensionless temperature dependent viscosities, thermal conductivity,

and relaxation times are,

1s(T)

ns(T) = =p) exp(=aT), @)y = ; 3-9

LTy 39

v,T) = -1 /12% (_QT), n :M, 3-10

@ T) = |8+ m=D(1+@72) " | e = s (310)
with,

. 7
n=n4T)+n,(7,T), Ny = ——=, (3-11)
’ L (T
AT) = exp(-a T), (3-12)

1+aT
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Ky + (1 =N)kr — (N = Dk — k)
Ky + (1 =N)kr + o(kp — Ky)

(1+aA,T). (3-13)

an =

In Eqgs. (@ - ), m > 1 is the shear-rate-viscosity parameter, 0 < n < 1 is the
shear-thinning parameter, N is the empirical shape factor (where N = 3 for nanopar-
ticles of spherical shape), [? |. The shear-rate viscosity parameter, m, gives the ratio
of zero shear-rate to the infinite shear-rate viscosities. The value m = 1 indicates that
the viscosity is independent of shear-rates, as would obtain for Newtonian (nano)
fluids and for ordinary viscoelastic (nano) fluids. The generalized-Newtonian-fluid-
based nanofluid (GNFBN) model is obtained by taking § = 0 (and m # 1) and
De = 0. The choice De = 8 =0 and m = 1 represents a Newtonian nanofluid refer to
(82, 92].

3.2.1 Initial and boundary conditions

Given the symmetric flow geometry for the pressure-driven flow, it is sufficient to
consider only the upper half channel y € [0, 1] instead of the full channel y € [-1, 1].

The following initial- and boundary- conditions therefore apply,

u@0,y)=0, T@©0,»=0, 7(0,y)=0, for 0<y<I, (3-14)

ﬁu(t 0)=0 ﬁT(t 0)=0, for >0 (3-15)

ay ’ - ) ay ) - B .

u(t,1) =0, gT(I, 1)=-Bi[T(¢,1)-6,], for t>0. (3-16)
y

3.3 Numerical Solution

The semi-implicit finite-difference numerical and computational methodologies
are based on the ideas described in [82, 92]. The velocity equation is descretized

thus,

uth

Renf Ar

d 9
= Re, G+ 1)) + ((ns)(") u™o + —

(n) 7

where G = g—i = 1 denotes the constant pressure-gradient in the flow direction.The

velocity updates in time via the scheme,
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62
—ru" + Rep + 2r)ul™V = il = Reyp u” + Reup G+ (1= &) A ()} m5u™  +

j+1 nf a 2
9 9 "
At a_yrgg +(1 —ﬂ)At—u ( s (3-18)
where
o At
ry = f(m),(lf) A—yQ

The resultant system of algebraic equations represent a diagonally dominant tri-
diagonal linear system. The semi-implicit finite-difference method for temperature

equation follows similarly,
T
l+aT®

O _ 0 9 g O 0 K" +Br ol +6, exp(

Pews 5y = K47 2 5T oy ) (3-19)

Specifically, the temperature updates in time via the scheme,
(n+1) (n+l) (n+1) ) & ()
—I"QT]._I +(P€nf+21"2)Tj T Pen T + (1 —é‘:)Alan a—T
i

d d a T®™
+At —T™ —«" + AtBr ()" [ —=u| +06 —
0y (9yK"f v )"f ay” 1 eXp 1+aT®

] G
+AtBry W —u® + (1 = )AtBr ——— I, + Tr (b~ = 6),  (3-20
ry T g + (1= NMBroem (i Tr (™) —6), - (3-20)

where
¢ At
ry = EKyr —.
f Ay2

The equations for the extra stress tensor, T Eq. (@), are solved analogously,

(n+8) 2y T T "
T +e(t7)" + DeAd A = explicit terms.
The solutions for the various tensor components therefore follow directly,
(De A™ + & Ay TV = explicit terms. (3-21)

The explicit terms for 711, 712 and 75, are respectively,

[DeA™ — (1 - H)A] T + At De 2™

0 0
(n) n (n) n
T oo (9y u™ + T o PN log(l + aT" ))]

— At (12, +12), (3-22)

_ . 9 d
[DeA™ — (1 — A1 7% + At De A [T;"; 3" u® + 74— gy 1o (1+ ch("))]
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0
+ At (1p)ny a—yu(n) —eAt(T1T12 + Ty, (3-23)

_ - 0
[De 2™ = (1 — £)AL] 7 + At De A™ T;”;a—y log(1+aT™) - e At(5, + 7 - 127p).

(3-24)
3.4 Results

Unless otherwise indicated, the following list of values, for the embedded vari-

ables and material parameters, will be assumed,

=01, Br=1, Re=1, Pr=1, De=2, y=05, =0.2, Ay =0.01,
At=0.1,1=50, G=103, m=12, 6,=0.1, 1=001, n=0.5, £ =1,
¢=004, £6=0, A, =02, Bi=1, 6,=0.1, N=3. (3-25)

The above will constitute the default variable and parameter values in this study.
In the subsequent graphical results, it will be assumed and understood that, where
variable and parameter values are not explicitly stated, they will be given by the

default values.
3.4.1 Convergence in time and space

It is important to validate the utility of a numerical and computational algo-
rithm before deploying it to solving physical problems. Figs. @, @, @, and
@ show, as required, that the computational algorithms are independent of both
time-step and mesh size - specifically, the algorithms give the same results for a

large range of time-steps and mesh sizes.
3.4.2 Transient development of solutions to steady state

Given the focus on unsteady flow, it is equally important (in addition to the
demonstration of time-step and mesh size convergence) to demonstrate that the
algorithms are capable of capturing the transient (time) development of steady so-
lutions, including the capabilities to also illustrate the final steady-state solutions.
Figs. @ and @ show, as required, the development of solutions in time until

steady states are reached.
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Fig. 3-7 Transient development of steady maximum flow quantities.
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3.4.3 Parameter dependence of solutions

Fig. @ gives an illustration of the variation of flow quantities with ¢, the
volume-fraction of the embedded nano-particles. The results show an increase in the
flow quantities with increasing ¢. The increase in fluid temperature with increasing
¢ is obvious, given that the increased volume of heat conducting nano-particles

would directly also increase fluid thermal conductivity, see Fig. @

Fig. 3-8 Response of flow quantities to variations in ¢.

The increase in fluid temperature naturally also decreases the fluid viscosity and
hence also diminishes the viscous drag effects, hence the increase in fluid velocity

with increasing ¢ as observed in Fig. @
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Fig. 3-9 Response of nanofluid thermal-conductivity to variations in ¢

Fig. 3-10 Response of flow quantities to variations in Re.
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Viscous effects are inversely proportional to the Reynolds number, Re. Alter-
natively, high speed flows are synonymous with high Reynolds numbers. Fig.
therefore demonstrates, as expected, an increase in velocity with increasing Re. As
a result of the higher velocities, temperature increses as shown in .

Fig. shows the dependence of flow quantities with Brinkman number, Br.
Since Br is directly connected to the strength of the heat sources, the fluid temper-
ature (and hence also the fluid velocity) are expected to increase with increasing Br
as illustrated in Fig. . The polymeric stress component 717, on the other hand,
decreases with increasing Br.

The reaction of low quantities to changes in the Prandtl number, Pr, is shown in Fig.
. Both temperature dissemination and the thickness of the thermal boundary
layer condense as the Prandtl number Pr increases. Physically, the Prandtl number
Pr is inversely proportional to thermal diffusivity, an increase in the Prandtl number
leads to worsening thermal diffusion. As a result, temperature decreases

The reaction of flow quantities to changes in the Prandtl number, Pr, is shown in
Fig. . A high Prandtl number, Pr, implies a fluid with poor thermal conduc-
tivity, resulting in a smaller thermal boundary layer structure. Furthermore, when
the amount of Pr rises, the rate of thermal diffusion reduces. With rising Pr, the
VEBN temperature should drop. These expected outcomes are shown in Fig.
accordingly.

The Prandtl number indirectly enters the momentum and polymeric-stress
equations via the temperature dependence of the viscosity. For these reasons, small
variations in Pr have no discernible influence on the fluid velocity and polymeric-
stress components, Fig. . The activation-energy parameter, @, has similar
effects to those of Br, see Fig. . The increase of fluid temperature with increas-
ing a as illustrated in Fig. can be directly linked to the increase of nanofluid
thermal-conductivity, «,r, with increasing a, see Fig. .

Fig. illustrates the required increase in fluid velocity with increased pres-

sure driving-force.

The behaviour of fluid temperature with variations in the exothermic-reaction pa-
rameter 0, is similar to that with respect to Br given the linkages of these parameters
to the heat sources, see Fig. . The major difference is that the fluid temperature
increases linearly with increasing Br whereas the fluid temperature increases expo-
nentially with increasing &y, see [82]. The possibility of thermal runway phenomena
therefore looms large with regards to increases in 6; due to exponential temperature
growth. Indeed, for large values of the exothermic-reaction parameter ¢;, the steady
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Fig. 3-13 Response of flow quantities to variations in a, where §; = 0.001.
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Fig. 3-14 Response of nanofluid thermal-conductivity, k¢, to variations in a.

state solutions would not be attainable - the solutions would blow up in finite time,
see Fig. .

The respective behaviour of flow quantities with variations in the viscoelastic
parameters, y and De, are illustrated in Fig. and Fig. respectively.
As expected, the polymeric (viscoelastic) stresses increase with increasing De.
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Fig. 3-16 Response of flow quantities to variations in ;.

It is also noticed, as expected, that the fluid temperature increases with increasing
¥ given the dominance of entropic heat dissipation (over energetic heat storage) for
larger values of y.

The heat exchange between the ambient environment, the channels walls, and
the nanofluid is related to the Biot number Bi, see Eq. () Enhanced convective
cooling at the channel walls is directly related to higher Bi. The cooled walls in turn

77 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

max

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35

5

Fig. 3-17 Finite time blow-up of fluid temperature for large value of 4.
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Fig. 3-18 Response of flow quantities to variations in y.

lead to lower nanofluid temperatures in the bulk flow. Fig. therefore illustrates,
as expected, the decrease in (bulk) nanofluid temperature with increasing Bi.
The nanofluid viscosity (at constant shear-rates) increases with increasing shear-
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Fig. 3-20 Response of flow quantities to variations in Bi.

thinning parameter, m. An increase in m therefore increases resistance to flow (due
to the higher viscosity) and hence leads to a decrease in fluid velocity as shown in
Fig. . A decrease in both the fluid temperature and the polymeric stresses with
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increasing m is also noticed.

08

Fig. 3-21 Response of flow quantities to variations in m.
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3.5 Concluding Remarks

The investigation employed efficient and convergent semi-implicit numerical
and computational algorithms based on the finite difference methods to analyze
the non-isothermal, pressure-driven, channel-flow of a generalized-viscoelastic-fluid-
based nanofluid (GVFBN) subject to convective cooling at the channel boundaries.
The assumed mathematical model is based on a single-phase (constant concentra-
tion) nanofluid mixture in which the nanoparticles are homogeneously mixed with
the generalized-viscoelastic-fluid base. The research results are explored in qualita-
tive (graphical) detail illustrating the effects of the variations of the fundamental
embedded parameters on the flow quantities, specifically; the fluid velocity, fluid
temperature, and polymer-stresses. The results demonstrate that those parameters
which only directly couple to the energy equation (but are otherwise indirectly cou-
pled to the momentum and stress-constitutive equations, say via the viscosities and
relaxation times) would only show prominent effects on nanofluid temperature but
not on the fluid velocity or the polymer stresses. The results also demonstrate, as in
the literature on exothermic flows, that the values of exothermic-reaction parameter
must be carefully controlled as large values would lead to thermal runway phenom-
ena. The present results are consistent with the existing literature and additionally
add novel new contributions to non-isothermal and pressure-driven channel flow of

GVFBN under convective cooling conditions.
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Chapter 4 Computational analysis of shear-banding in
simple-shear-flow of viscoelastic-fluid-based
nanofluids subject to exothermic reactions

ABSTRACT

We investigate the shear-banding phenomena in non-isothermal simple-shear-
flow of a viscoelastic-fluid-based nanofluid (VFBN) subject to exothermic reactions.
The polymeric (viscoelastic) behaviour of the VEBN is modelled via the Giesekus
constitutive equation, with appropriate adjustments to incorporate both the non-
isothermal and nanoparticle effects. Nahme-type laws are employed to describe the
temperature dependence of the VFBN viscosities and relaxation times. Arrhenius
theory is used for the modelling and incorporation of exothermic reactions. The
VFBN is modelled as a single-phase homogeneous-mixture and hence the effects of
the nanoparticles is based on the volume-fraction parameter. Efficient numerical
schemes based on semi-implicit finite-difference-methods are employed in MATLAB
for the computational solution of the governing systems of partial differential equa-
tions. The fundamental fluid-dynamical and thermodynamical phenomena such as
shear-banding, thermal-runaway, and heat-transfer-rate (HTR) enhancement are ex-
plored under relevant conditions. Important novel results of industrial significance
are observed and demonstrated. Firstly, under shear-banding conditions of the
Giesekus-type VFBN model, we observe remarkable HTR and Therm-C enhance-
ment in the VFBN as compared, to NFBN. Specifically, the results demonstrate that
the VFBN are less susceptible to thermal runaway than are NFBN. Additionally,
the results illustrate that the reduced susceptibility of the Giesekus-type VFBN to
thermal-runaway phenomena is further enhanced under shear-banding conditions, in
particular when the nanofluid becomes increasingly polymeric. Increased polymer-
viscosity is used as the most direct proxy for measuring the increase in the polymeric

nature of the fluid.

IThe contents of this chapter are from khan et.al [141]
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4.1 Introduction

Research into the enhancement of heat-transfer-rate (HTR) and thermal-conductivity
(Therm-C) characteristics of nanofluids has gained wide contemporary traction, see
for example [20, B6, 92-98, [100-106, 109, [110, 135-138]. The evidence of the effi-
cacy of nanofluids (formed from mixtures of metallic-nanoparticles and base-fluids
such as water or oil) in HTR and Therm-C enhancement is now widespread, com-
monly accepted, and hence such nanofluids are now extensively used for these pur-
poses. Similar investigations have been conducted on the use of various, natural
and synthetic, fluid properties for the enhancement of certain characteristic that
are desirable for applications. Fluid viscoelasticity has indeed received wide at-
tention in this regard specifically for the improvement of certain industrial, do-
mestic, and medical applications. Such widespread use of the viscoelastic (poly-
meric) fluids, for the improvement and enhancement of, say, HTR and Therm-C,
emulsion-polymerization, drag-reduction, etc. can be found for example in [82, 86—
88, 92, 110, 112, 116, 117, 119, 135, 139, 142-144].

The present study extends the investigations in [92] to the conditions of shear-
banding. Specifically, the current investigation explores the novel contributions
of shear-banding phenomena to HTR and Therm-C enhancement. Alternatively
and additionally, the current investigation extends the studies in [88], [119] , and
[86] (all of which focused on the flow be-haviour and thermodynamics of particle-
free viscoelastic fluids) to nanofluids, specifically VEFBN modeled by the Giesekus
constitutive model. The study in [88] investigates shear-banding phenomena using
the Rolie-Poly two-fluid viscoelastic constitutive model and the investigations in

[119] and [86] employ the Johnson-Segalman viscoelastic constitutive model.

Shear-banding phenomena in shear-flow of viscoelastic fluids represents observ-
able and physical discontinuities in the shear-rate profiles of the flow-velocity and
finds wide industrial and domestic application, say in emulsion-polymerization and
drop break-up [144]. The main mechanism for shear-banding in [88] falls under the
category of what are termed flow-induced inhomogeneities. On the other hand, the
mechanism for shear-banding in [[119] and [86]falls under the category of constitutive
instabilities. The researchers in [88] however demonstrated that their finite-volume-
method (FVM) based numerical and computational algorithms (implemented on the
OpenFOAM software) were capable of reproducing the shear-banding characteris-
tics via either mechanism, using the Johnson-Segalman, Giesekus, and Rolie-Poly
viscoelastic constitutive models. Shear-banding phenomena has been observed in
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the shear-flow of polymeric fluids of various types including, for example, worm-like
micelle solutions [145, 146], polymer-solutions [147], foams [148], telechelic-polymers
[149], granular-flows [150], soft-glasses [151], and polymer-melts [[152].

The Chapter is structured as follows. Section 4.2 presents the physical and
mathematical model. Section 4.3 outlines the numerical and computational algo-
rithms. Section 4.4 lists the graphical and qualitative results. The concluding

remarks are provided in Section 4.6.
4.2 Problem Formulation

We consider plane Couette-flow (simple-shear-flow) as depicted on the schematic

in Fig. El]

* *
T* — T* = UT % *
- W mmmmeemmmmemmmmm o - y = h
________________ ,’”
_____________ t’ y*
nanofluid ~ ---oee- ol
______ -;I’
; .
-——- 3
77 X
* _
T =T, u =0 y'=0

Fig. 4-1 Geometry of the model problem.

The variables appearing in Fig. Ell are the velocity field, u(t, y), the temperature
field, T'(z,y), the time .z, and the 2D Cartesian space coordinates, x = (x,y).

4.2.1 Model assumptions

o We assume the flow of a VFBN in a channel of infinite longitudinal extent. We
therefore assume that the flow is fully developed in the x-direction and hence
that flow quantities are independent of x. This allows us to focus attention
on the primary effects of shear-banding on HTR and Therm-C enhancement
without the complications of 2D (or indeed 3D) computations.

o We assume that the shear-banding is driven by constitutive instabilities via
the Giesekus viscoelastic constitutive model. The exact mechanisms of shear-
banding, whether via constitutive instabilities or via flow inhomogeneities,
are still areas of active research. Indeed, even for shear-banding via consti-
tutive instabilities, at least two viscoelastic constitutive models have been
advanced. None of these considerations however detract from the primary
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aim to investigate the broader effects of shear-banding on HTR and Therm-C

enhancement.

o We assume spherical nanoparticles that are homogeneously mixed with the

base-fluid. The size, shape, distribution, orientation, etc. of the nanoparti-

cles is still a wide open areas with regards to investigating the optimal con-

ditions for HTR and Therm-C enhancement. None of these considerations

however detract from the primary aim to investigate the broader effects of

nanoparticles on HTR and Therm-C enhancement.

4.2.2 Dimensionless governing equations

The development of the governing equations for the VFBN is adapted from

Egs. (El] - ) Using the notation of Egs. (, ), the relevant equations in

dimensionless form are,

with,

Penf E =-V. (anVT) + Br Op + 6, eXp(

r+e72+Ded(T) F —rg (In(1 + a/T))] -

V-u=0,

Du

Reyr Dr =—-Re, s Vp+ V- (0),

Dr

1+a/T)’

n,(T)

()
(VT=9)
ny(T)
() = (1=B) exp(=aT), (M = —=——,
LTy
(1)
(VT=9y

n
Ty = ———
T (JT=9p

exp(_a T)a

Op=yS: 7+ -7y

np(T) = IBe(_a T)7 (np)nf =

n =nT) +n,(T),

AT) = 1+aT
Kt (=K = (r = DGy — )
T ke + (1=K + Blky — Ky)

-85 -

—S
(V1 -9y

(1+aA,T).

(4-10)



Dissertation for the Doctoral Degree in Science, University of Cape Town

Where
o=7+M)uyS, S=Vu+Vu)'. (4-11)

The non-dimensional variables and dimensionless parameters used in Egs. (@
m— ) are defined in the Nomenclature at the end of the article. In particular, p
is the pressure field, ¢ is the Giesekus non-linear parameter, o is the Total-stress
tensor, § is the rate of deformation tensor, T is the polymer-stress tensor, (17,),f is the
solvent-viscosity for the nanofluid, (1,),; is the polymer-viscosity for the nanofluid,
(m)ny is the total-viscosity for the nanofluid, (),; is the thermal-conductivity for the
nanofluid, « is the activation-energy parameter, 8 is the polymer to total-viscosity
ratio, Br is the Brinkman-number, ¢; is the Frank-Kamenetskii parameter, De is
the Deborah-number, Pr is the Prandtl-number, Pe is the Peclet-number, Re is the
Reynolds-number, and the subscript (), represent nanofluid. Each os the nanofluid
quantities, ()¢ , is obtained as a linear combination of the contributions from the

solid nanoparticles, ();, and the base-fluid, ();

Ons = 605 + (1 =)0y

The notations V and 7; represent the usual gradient and material-derivative opera-

tors respectively.
4.2.3 Initial and boundary conditions

The following initial and boundary conditions apply,

u0,y)=0, T@O,y)=0, 70,y)=0, for 0<y<lI, (4-12)

ut,0)=0, T(0)=0,u(t,1)=0, T 1)=0, for t>0. (4-13)
4.3 Numerical and computational algorithms

The semi-implicit numerical scheme for the longitudinal velocity component is,

U _

Renf At

0 0
=R " G+ — (’l) s (n) (n+§) + — ; (n) 4-14
Cnf ayT ((77 )nf (9 2 ay (77 ) ( )

where

e = gu(n+1) +(1- é:)u(n).

The longitudinal velocity therefore updates in time to u*? via,
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0
—riu ("H) + (Re, s + 2 )u("+]) r 5’:1) Re, s G + Renfu + At (9yT(1nz)
0? 6 , 0
_ (n) (n) _ - () _
HL= O M) 5u + (L= Al S (4-19)
where
At
_ m AL
r = f(ns)nf Ay2
A similar semi-implicit numerical scheme for the temperature is,
oT i 0 0 T™
Pe, — L _pere) o T pm L <n> +Bro™ +6 — . 4-16
g0 T s g2 oy gy B +orexp\ T | (4H16)
leading to,
0?
=TV + (Peyy +2r)T Y = nTITY = Peyy T + (1 - €) At iy ﬁT(”)
0 iy 9w w (0 w) w9
+At@T( ) ayK +2(1 = y)At Br (3,),7 5 u”| +2AtBryt) — 5 u™,  (4-17)
where
¢ At
ry =E&Kyp —.
Finally, the semi-implicit numerical scheme for the polymeric-stress is,
_ ) _ )
7 4 g (7)™ + De /l(”)T = explicit terms..
This leads to the direct solution,
(De A" + & AH) ") = explicit terms. (4-18)
where the respective explicit terms are,
De 1™ 1 Af] (n) At De 1™ (n) 0 u™ (n) 0 1 1 (n)
[De A = (1 = &At] 7, + At De A Tu@y +T11(9 og( +aT )
— e At (15, + 13,), (4-19)
i) ) 1 [z w9 o
[De A = (1 = &At] 7}, + At De A T226 +T126 10g(1+ozT )
0
+ At (np)nf a—yu(") — At (T11T12 + T12T22), (4—20)
- - 0
[De 2™ — (1 — £)A] 7% + At De A™ 700 — 5y Lo (1+aT™) - eAt(r}, +13).  (4-21)
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4.4 Graphical and qualitative results

Unless otherwise indicated, the following list of default values will be assumed

for the various quantities and parameters,

a=001, Br=1, Re=1, Pr=1, De=2, y=0.5, =0.2, Ay =0.01,
At=0.01, t=50, 6, =05, (=1, $=0.04, =05, A, =02, y =3. (4-22)

4.4.1 Time development of steady smooth solutions

Figs. @ - @ show the development (in time) of flow quantities until steady
states are reached. Specifically, Fig. 2 illustrates the transient development of
nanofluid velocity, u, and nanofluid temperature, T. The fluid flow is driven by shear
forces acting longitudinally on the upper wall. Initially the bulk fluid is at rest. We
notice from Fig. @, as required, that the fluid velocity develops steadily in time
from the initial state until the linear shear flow profile is achieved. Similarly, the fluid
temperature is initially at zero throughout the flow geometry. As the flow develops in
time, the exothermic reactions and mechanical dissipation processes taking place in
the bulk flow lead to inevitable temperature increases in the bulk fluid. The channel
walls are otherwise maintained at isothermal temperatures. We therefore notice
from Fig. (@), as expected, that the bulk flow temperature gradually increases in

time until steady state parabolic temperature profiles are reached

(.
{10
=i ))

01:50

Fig. 4-2 Development of steady velocity and temperature profiles.

Figs. and @ show the time development of polymer stresses, 711,722, T12,
and hence also of the second normal stress difference Ny = 711 — 1o N1 = 11 — 22.
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As with the velocity and temperature profiles we notice that the polymer-stresses
converge to fixed (reproducible) steady state solutions. The fixed (reproducibility)
nature of the converged steady solutions is specifically illustrated in Fig. @ where
the same converged values are obtained irrespective of the subsequent time of ad-
ditional computation. For example, once the solutions converge to steady state at,
time t= 20, then extending the computations to say, time t = 100, will not change

(qualitatively and quantitatively) the steady solutions.

"
Ry] T

-5 I SS—
==
-i:))

0150 Rl

=

W77 T T 1T U5 T a2 0.5
==i-5
s 1 0 P

etz 0t:-5)

Fig. 4-4 Development of steady 71, and N; profiles.
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Fig. 4-5 Development of steady maximum flow profiles.

4.4.2 Mesh-size and time-step and convergence

Figs. @ and @ demonstrate, as required, that our numerical algorithms
are independent of both mesh size and time-step. Specifically, the computational
algorithms efficiently reproduce the expected solutions for a broad range of mesh-

sizes and time-steps.
4.4.3 Development of Shear-banding

As noted in the introduction, shear-banding phenomena in shear-flow of
viscoelastic fluids represents observable and physical discontinuities in the shear-
rate profiles of the flow-velocity. Shear-banding phenomena has been observed in
the shear-flow of polymeric fluids of various types including, for example, worm-
like micelle solutions, polymer-solutions, foams, telechelic-polymers, granular-flows,
soft-glasses, and polymer-melts.

As also noted in the introduction, there are two main scientifically agreed
mechanisms for shear-banding, namely flow-induced inhomogeneities and constitu-
tive instabilities. The Rolie-Poly viscoelastic constitutive model has been developed

to explain shear-banding phenomena via flow-induced inhomogeneities.
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Fig. 4-7 Dependence of solutions on mesh size.
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The Johnson-Segalman and Giesekus viscoelastic constitutive models allow for
the mechanisms of shear-banding phenomena via constitutive instabilities if certain
values of the viscoelastic material-parameters are taken.

Specifically, when 8 = 0.95 and & = 2 in the Giesekus constitutive model, we

note that the steady solutions exhibit shear-banding phenomena, see Fig. @
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Fig. 4-8 Development of shear-bands for the Giesekus model with 8 =0.95, & = 2.

As already indicated, and as in [86], the shear-banding phenomena depicted
in Fig. @ is linked to the viscoelastic parameters, specifically the polymer-to-total-
viscosity ratio (8) and the Giesekus nonlinear parameter (&) in the present study.
In [86] the shear-banding was linked to (8) and the Johnson-Segalman parameter.
Taking & = 0 reduces the Giesekus viscoelastic constitutive model to the Oldroyd-B
model which is not capable of exhibiting shear-banding as illustrated in Fig. @
Similarly, varying the values of 8 shows that the onset and prevalence of shear-

banding is linked to higher values of B, as long as the value of & is high enough, see

Fig.
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Fig. 4-9 Absence of shear-bands for Oldroyd-B model with 8 = 0.95, £ = 0.
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Fig. 4-10 Development of shear-banding with increasing g where & = 2.
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The phenomena of shear-banding via constitutive instabilities is extensively in-
vestigated in [@] using the Johnson-Segalman viscoelastic constitutive model. In
particular, it is conclusively demonstrated in [@] that shear-banded solutions are es-
sentially weak solutions of the governing partial differential equations for viscoelastic
fluid flow and alsothat an infinite number of possible such solutions exist for any set
of shear-banding material-parameters. However, the results in [@] illustrate that for
each such set of shear-banding material-parameter values, the computational results
will always reproduce the same unique (albeit weak) solution! The unique selected
shear-rate path has been scientifically explained using the concept of stress diffusion
as demonstrated in [@]

Figs. |4—1]l and |4—12‘ illustrate the transient development of steady shear-

banded solutions, demonstrating, as in [@, @] the robustness and reproducibility

of the shear-banded solutions.

=is10
=s20
s . , e
015l

Fig. 4-11 Development of steady velocity and temperature profiles with g = 0.95, & = 2.

4.4.4 Thermal runway

In industrial applications involving exothermic reaction, it is fundamental to
ensure thermal stability and avoid thermal-runaway phenomena. Thermal run-away
can be demonstrated by increasing the values of the exothermic-reaction parameter,
0. Fig. #-13 illustrates the effects of §; on the steady-state VFBN velocity and
temperature, specifically the drastic increase of temperature with increasing 6.

Fig. gives a comparative illustration of the thermal-runaway phenomena
for Newtonian-fluid-based and viscoelastic-fluid-based nanofluids, i.e. NFBN and
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Fig. 4-12 Development of steady polymeric-stress profiles with g = 0.95, ¢ = 2.

VEBN. The results for the Giesekus type VEBN computations are consistent with
those in [@] which are based on the particle-free Oldroyd-B fluid computations. In
particular, our results demonstrate that NFBN are more susceptible to thermal-
runaway than are the VFBN. This is consistent with the results in [@] Essentially,
the current results and those in [82] demonstrate that fluid viscoelasticity funda-
mentally acts to reduce large temperature build- ups in the exothermic shear-flow
setup and hence can be used to mitigate against rapid and finite-time temperature
blow-up, i.e. thermal-runaway. The present study will additionally demonstrate that
shear-banding phenomena can further enhance these favourable HTR characteristics

of viscoelastic fluids, thus extending the scope of the investigations in [, ]
4.5 Parameter dependence of solutions under shear-banding conditions

The dependence of thermal-runaway on ¢, and that of shear-banding on 8 and
€ have already been illustrated.

We now demonstrate more generally the sensitivity of the flow variables (so-
lutions) to variations in these and other embedded parameters under shear-banding
conditions, i.e. 8 =0.95, ¢ =2.

Fig. shows the dependence of the VFBN temperature field and thermal-
conductivity on nanoparticle volume-fraction, ¢. As expected, both the VFBN tem-
perature and thermal- conductivity increase with increasing ¢. This is clear expected
since the higher the con- centration of heat-conducting nanoparticles (i.e. higher ¢)
the higher the corresponding Therm-C capabilities of the resultant nanofluid and
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Fig. 4-14 Exponential increase of temperature with ¢, for various nanofluids where g = 0.95,
e=2.

hence also the higher the temperatures in the nanofluid. Fig. shows the depen-
dence of the VFBN velocity and temperature on the Brinkman number, Br. Being
directly proportional to the heat-sources in the energy equation, increases in the
Brinkman number, Br, would correspondingly increase the fluid temperature. Fig.
also illustrates that the Brinkman number would not affect the shear-banded
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Fig. 4-15 Sensitivity of VFBN temperature and thermal-conductivity to variations in ¢.

nature of the velocity profile.

Fig. 4-16 Sensitivity of VFBN velocity and temperature to variations in Br.
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As with the thermal-runaway analysis presented earlier (see Figs. and @
@) as well as the comparative literature, say [82, 86], Fig. shows, as expected,
that the VFBNs are more resistant to temperature increases that NFBN.

Fig. 4-17 Comparative dependence of nanofluid temperature on Br and 8.

Fig. additionally shows, as already expected, that the nanofluid temper-
ature increases with increasing Br but decreases with increasing polymer viscosity,
B. This further illustrates the viability of viscoelasticity (for which the polymer vis-
cosity is a proxy) in dampening unwanted temperature increases and temperature
blow-ups. As in [82], Fig. shows that the increase of temperature with respect
to Br is linear for viscoelastic flow as opposed to the exponential increase observed
with respect to d;. This therefore means that increases in Br are not expected to

lead to thermal-runaway in shear-flow of VFBN.
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We conclude by demonstrating the expected increase of both the VFBN
temperature and thermal-conductivity with increasing activation-energy parameter,
a, see Fig. . As would be logically expected, the higher the activation-energy
strength, the faster the exothermic-reaction processes and hence also the higher the
nanofluid thermal-conductances and obtainable temperatures as illustrated in Fig.

1-1§.

Fig. 4-18 Sensitivity of VFBN temperature and thermal-conductivity to variations in a.
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4.6 Concluding Remarks

We employed a versatile and convergent numerical and computational algo-
rithm, based on semi-implicit finite-difference-methods to study the shear-banding
and thermal-runaway characteristics of VFBN which use Gisekus base-fluids. We
observed remarkable HTR and Therm-C enhancement in the VFBN under shear-
banding conditions of the material parameters. Specifically, we demonstrated that
the VFBN are less susceptible to thermal runaway than NFBN and other types of
nanofluids and that this reduced suspeptibility to thermal-runaway phenomena is
further enhanced under shear-banding conditions - in particular, under increased

polymer-viscosity conditions.
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Chapter 5 Computational analysis of non-isothermal
dynamics of gravity driven flow of
viscoelastic-fluid-based nanofluids down an
inclined planem

abstract

The paper explores the gravity-driven flow of viscoelastic-fluid-based nanoflu-
ids (VFBN) along an inclined plane under non-isothermal conditions and convective
cooling on the free surface. Newton’s law of cooling is invoked for the convective
heat-exchange with the ambient and at the free surface. The Giesekus viscoelastic
constitutive model, with appropriate modifications to account for non-isothermal
effects, is employed to describe the polymeric effects. The unsteady and coupled
non-linear Partial Differential Equations (PDEs) describing the model problem are
obtained and solved via efficient semi-implicit numerical-schemes based on the Fi-
nite Difference Methods (FDM). The computational solution algorithms are imple-
mented in the MATLAB software. The responses of the flow variables to variations
in the various fundamental flow parameters are explored graphically and discussed
qualitatively. Specifically, the novel responses (of the VFEBN velocity, VFBN tem-
perature, VEBN thermal-conductivity, and VFBN polymeric-stresses) to variations
in the volume-fraction of embedded nanoparticles are illustrated. Such novel re-
sponses of the VFBN flow variables to variations in nanoparticle volume fraction

provide the main framework for the fundamental contributions of this study.

!The contents of this chapter are from khan et.al [153]
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5.1 Introduction

Dispersion of highly conductive tiny metallic particles within a fluid (Such as

water, oil, etc.) is the most obvious and effective method of improving/enhancing
the heat-transfer-rate (HTR) characteristics and thermal-conductivity properties of
the fluid. The size and texture of the metallic particles is clearly fundamental, large
particles can lead to sedimentation, clogging, etc. while coarse-grained particles can
cause abrasion, etc. For these reasons, nanometer-size particles (nanoparticles) are
used [20, B6, 92106, 110, 131], 135-138, 141]
As in the cited references, we use the term nanofluid to describe the suspension of
nanoparticles in a base fluid. A variety of industrial applications (say to heating
and cooling) and medical applications (chemotherapy, etc.) of nanofluids are well
documented in the cited references. Noting the fundamental importance of the rhe-
ology of the base-fluid to the contemporary applications of nanofluids, the studies,
in [92, 131, [141] focus attention on non-Newtonian (specifically polymeric) base-
fluids under various flow conditions. The widespread importance of non-Newtonian
fluids, both the Generalized Newtonian Fluids (GNF) as well as the polymeric
(viscoelastic) fluids, in contemporary application is quite clear, see for example
(82, 88, 92, [110, 112, 116, 117, 119, 131}, 135, 139, 141-144]

The current study builds on the investigations in [92, 131, 141] and extends
these investigation to free-surface, gravity-driven, thin-film flows with convective
heat exchange at the free-surface. Additionally and alternatively, the current work
extends the combined (particle-free) fluid-dynamics studies in [82] and [112] to the
inclusion of nanoparticles and hence to nanofluid-dynamics.

The following sequence is adopted in the paper. Section 5.2 outlines the de-
scription of the physical and mathematical models. The development and implemen-
tation of the numerical and computational algorithms as well as the fundamental
efficacy and convergence tests of the computational methodologies are given in Sec-
tion 5.3. The main results are presented graphically and discussed qualitatively in

Section 5.4. Concluding remarks follow in section 5.5.
5.2 Problem Formulation

A schematic of the model problem is sketched in Fig. lS:l]

o A thin-film of nanofluid (VFBN) of height A* (in the direction normal to
inclined wall) flows down the inclined plane. The inclined wall/plane makes
an angle 6 with the horizontal.
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o The x*-axis is taken parallel to inclined wall and the y*-axis is taken perpen-
dicular to the inclined wall. The superscript (*) denotes dimensional variables
and the remainder of the variables are otherwise similar to those described

in chapter 2.

 The solid boundary (the inclined wall) is kept at a constant temperature T,
and we assume convective cooling at the free-surface following Newton’s law
of cooling.

o The motion of the fluid is exclusively gravity-driven and hence the pressure-
gradient in the x*-direction stays zero. Alternatively the pressure in the
x*-direction stays constant. Naturally, the pressure in the y*-direction is
non-constant increasing from atmospheric pressure at the free surface to the
maximum pressure at the inclined wall.

o No-slip velocity boundary conditions are assumed along the rigid inclined
wall. The velocity boundary conditions at the free-surface naturally also

arise from the zero-shear-rate requirements.

_free surface

. o’ T
\\\ ay* =Y, 7K

=H T -T,
oy ( W)

uw=0,T*

nanofluid .

Fig. 5-1 Schematic of the model problem.

Following the notations of chapter 2 Eq.(2.11) and [112] the governing dimen-
sional equations for the VFBN are,
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vV eut =0, (5-1)
Pt o = VP AV (0 408 F, (5-2)
(pcp)nf W =-V*. ¢q + QD +r, (5-3)

where g* is the gravitational acceleration and F = (sin 6, — cos §) denotes body
forces. The term r* denotes heat-sources, due to exothermic reaction(as discused in
Chapter 2, 3,4) or thermal radiation. these terms will be neglected in this study as

their effects have been comprehensively investigated in Chapters 2, 3 and 4.

Dimensionless parameters

The dimensionless parameters of interest are the; Reynolds number (Re), Brinkman
number (Br), Deborah number (De), activation energy parameter (@), Prandtl num-
ber (Pr), Peclet number (Pe = Re - Pr), Grashof number (Gr), Biot number (Bi),
and the ratio of the polymer to the total viscosity (8). These are defined as follows,

ﬂ:n[?:o, De: oo*oo, :f—*’ PI'_ pf* ,Br:n:o oo*’
e h ns Ky KeaTy
’ P (pcp)f E Us kO

The nanofluid quantities (,) result from linear combinations of the volume-

fractions (¢) of the base-fluid () and the nanoparticles (y),

pap=eps+ (L= pr. (P =P cy)+(1=¢)(pcy)y.

The resultant dimensionless equations are,

V-u=0, (5-5)
Du

Renf FI = —Renf Vp+V.(o)+ Re,,f GrF, (5-6)
DT

Pe,s D -V. (an VT) + Br QOp, (5-7)
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np(T) S
(V1-9)

The dimensionless dissipation term for the single-mode non-isothermal Giesekus

e+ DeA(T)|F -1 DBt (n(1 + aT))] - (5-8)

model is,

n5(T)
)———S: S
(V1—¢p

The dimensionless (temperature-dependent) viscosities, relaxation-time and thermal-

Op=vyS:t+(1-vy (5-9)

conductivity are,

1ns(T)

ns(T) = =-p)exp(-=aT), Q) =—F—2, (5-10)
(VI-¢)
_ n,(T)
(T) =B, (s = ——, 5-11
Up ﬁ np f (m)s ( )
n=n0) 40 (1), My = ————, (5-12)
(V1-¢)

AT) = Tr o7 exp(—aT), (5-13)

Kyt (I =N)kr = (X = Dk = K5)
Knf = o+ (1 ~ N)Kf n ()O(Kf Z k) (I1+aA,T). (5—14)

5.2.1 Initial and boundary conditions
The dimensionless initial- and boundary- conditions are,

u0,y)=0, T@0,y)=0, 70,y)=0, 0<y<lI, (5-15)

0 0
ut,0)0=0, —ut,1)=1, T¢0)=0, —T(1)=-BiT{1), t>0. (5-16)
dy dy

Due to the hyperbolic structure of the equations for the polymeric-stresses,

their relevant boundary-conditions are reconstructed from the main flow, [112, 131].
5.3 Numerical Solution

The semi-implicit numerical algorithm for the velocity component is,
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W —u” 9w o 9
- @ L n ('l+§) (n) .
Re,y A7 = ayle ((Us)nf P su" + — Oy (ns) )+ Re,s Gr sin,

(5-17)

where
e — gu(nﬂ) +( - é:)u(n)'

The velocity therefore updates at the new time-step, u"*?, via,

62
-7y u(”+1) + (Re,r + 21 )u rlujr:'ll) Re,; u?” + (1 = &) At (1, )5,’? By Su ®
0 (9
+Atgqﬂ”+(1—ﬁ)At (nQ“%+AﬁR%fGrsme, (5-18)
Y y '
where

()
é: (ns)nf A 2"

This represent a (diagonally-dominant) tri-diagonal linear algebraic system of

equations. The discretized temperature equation is obtained similarly,

oT 0? 0 0
Pe, =W Z_pere) L = ) (n) +B (”) 5-19
N or = r g2 oy oy (5-19)

The temperature therefore updates at the new time-step, 7"V, via,
0?
—n TV + (Peyy + 2r) T — T = P%]“H{l—@Amwg—ﬂm
y?
8 .0 d .\ )
+AE T ") +2(1 = y)At Br ()} | =u®| +2AtBry 7] —u®,  (5-20
ay oy (1 =ArBr(@m,) Ay FYTagt (5-20)

where

The semi-implicit numerical scheme for the polymeric-stress, T is,

D) _ 20

79 4 g ()™ + De Z(”)T = explicit terms.
The solutions for the tensor components, 7\, 7% and 752" therefore follow
directly,
(De 2™ + &€ ATV = explicit terms. (5-21)

The explicit terms for 711, 712 and 7y, are respectively,

_ . 9 d
[Deﬂ@>—(1—@9AﬂrﬁW+ArDeA@>Tgkw m)+Tﬁzalog@s+aTm»]
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—eAt (T%l + 7%2), (5_22>

_ ] d d
[De 2™ — (1 - &)A7% + At De A" [T;'Qa—yu(") + Tg*ga_y log (1 + aT<">)]

0
+ AL (17p)ny a_y”(") —eAI(T1Ti2 + T12T22), (5-23)

_ ; 9
[De 2™ = (1 — £)A] 7% + At De A® T;”;(?—y log(1+aT™) - eAt(1}, +13)).  (5-24)

5.4 Results

Graphical results are presented for the velocity (u), temperature (T'), polymeric-

stress components (711, T12,T22), using the below list of default values,

=001, Br=1, Re=1, Pr=1, Gr=1, Bi=1, De=2, y=0.5, §=0.2, Ay =0.01,
At=0.1,1t=50,=1,6=45 ¢=004, e=1, A, =02, N=3. (5-25)

5.4.1 Time devolvement of steady solutions

The time development of flow variables from the initial states until steady
solutions are reached is illustrated in Figs. and @

5.4.2 Time-step and mesh-size convergence

Figs. @, @, @, and @ illustrate, as required, that our computational algo-
rithms are independent of both time-step and mesh size. Specifically, the algorithms
efficiently produce the required solutions for a wide range of expected time-steps and

mesh-sizes.
5.4.3 Code validation

A similar investigation to the current one was conducted in [112] using the
Oldroyd-B constitutive model and in the absence of nanoparticles. The Oldroyd-B
model is obtained from Giesekus model by taking € = 0. The absence of nanopar-
ticles reduce to ¢ = 0. The study in [112] therefore used the ordinary Oldroyd-B
constitutive model with constant thermal-conductivity, A, = 0. By taking € = 0,¢ =
0,A, = 0 in our current model, our VFBN results reduce to those for a normal
viscoelastic (Oldroyd-B) fluid and are exactly the same as those in [112].
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Fig. 5-5 Time-step independence of solutions.

5.4.4 Sensitivity of solutions to embedded parameters

We present a representative sample of the behaviour of low quantities with vari-

ations in the embedded parameters. The response of the VFBN thermal-conductivity
to variations in ¢ is illustrated in Fig. @ As expected, the VFBN thermal-

conductivity increases with increasing ¢.
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It naturally therefore follows that the VFBN temperature increases with in-
creasing ¢. This expected response of the VFBN temperature to variations in ¢
is illustrated in Fig. @ With increasing temperatures comes a reduction in vis-
cosity and hence we expect the VFBN velocity to increase with increasing VFBN
temperature. This expected increase of the VFBN velocity to variations in ¢ is also
illustrated in Fig. @ Lastly, Fig. @ demonstrates an increase in the polymeric-
stresses with increasing .

Similar responses (as with ¢) of the VFBN thermal-conductivity to variations in

both the thermal-conductivity parameter, A, and the activation-energy parameter,

a are respectively illustrated in Figs. and .
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Fig. 5-8 Variation of VFBN thermal-conductivity with ¢.

Fig. shows the response of flow quantities to variations in the Prandtl
number, Pr. In general, a high Prandtl number , Pr indicates that the fluid has a
poor thermal conductivity, resulting in a thinner thermal boundary layer structure.
In addition, when the amount of Pr increases, the thermal diffusion rate decreases.
The VFBN thermal-conductivity (and hence also the VFBN temperature) are ex-
pected to decrease with increasing Pr. These expected results illustrated in Figs.
and respectively.

The behaviour of VFBN relaxation time with variations in the Deborah number,
De, is illustrated in Fig. . We notice that an increase in the Deborah number,
De increases the elastic effects in the fluid, therefore the VFBN relaxation time

increases with increasing De.

- 111 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

1 - 1 -
' o,
’ ‘\
08t 2/ / 08 N
%'/ s
06t R 0.6t \
> > 1
0.4f s _,‘5,.’.-" ' 0.4 x"~-""
0.2 ,_f,r-v-":". 0.21 T o
0 ,.’1:‘/" ; ; ; 0= Pl T. i i
0 0.1 0.2 0.3 0.4 0.5 0 0.01 0.02 0.03 0.04
u T
1 1 0=00
| | - =002
08 08 Ay
0.6 0.6¢ - =006
> > -.)...}‘.
0.4} 0.4r : “,
\
02f 0.2 \
0 0 ‘ ‘ ‘ ‘
-0.05 0.15 -0.02 0 0.02 0.04 0.06 0.08
1
12
Fig. 5-9 Variation of VFBN flow quantities with ¢.
1
0.9+
0.8+
07+
06+
>0.5F
0.4+
03+
0.2
01+
1 1 1 1 1 1 1 1
o 1.0001  1.0002 10003  1.0004  1.0005  1.0006  1.0007  1.0008  1.0009  1.001
an

Fig. 5-10 Variation of VFBN thermal-conductivity with A,.

- 112 -



Chapter 5 Computational analysis of non-isothermal dynamics of gravity driven flow of
viscoelastic-fluid-based nanofluids down an inclined plane

0.9

0.8

0.7

> 0.5

0.4

0.1

| | | | | |
01 1.0001 1.0002 1.0003 1.0004 1.0005 1.0006 1.0007 1.0008

an

Fig. 5-11 Variation of VFBN thermal-conductivity with a.

Pr=6.2

| - ==Pr=20
09 Pr=40
—Pr=50

0.7

0.6

0.3

0.2

| | | | | | |
01 1.0001 1.0002 1.0003 1.0004 1.0005 1.0006 1.0007 1.0008

an

Fig. 5-12 Effects of Pr on VFBN thermal-conductivity.

- 113 -



Dissertation for the Doctoral Degree in Science, University of Cape Town

0.9

0.8

0.7

0.6

>0.5

0.4

0.3

0.2

0.1

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035
T

Fig. 5-13 Effects of Prandtl Number, Pr, on VFBN temperature.

0.45

Fig. 5-14 Effects of De on VFBN relaxation time.

- 114 -



Chapter 5 Computational analysis of non-isothermal dynamics of gravity driven flow of
viscoelastic-fluid-based nanofluids down an inclined plane

5.5 Concluding Remarks

Efficient semi-implicit numerical and computational algorithms, based on the
finite difference methods, were employed to investigate the thermo-physical char-
acteristics of a non-isothermal, gravity-driven flow of a thin-film, viscoelastic-fluid-
based nanofluid (VFBN) flowing down an inclined plane subject to convective cool-
ing at the free surface. The numerical and computational algorithms were checked
for convergence in both space and time and were also positively validated against
the results in the existing literature. A single-phase nanofluid model, in which
metallic nanoparticles of spherical shape are homogenously mixed (ensuring non-
sedimentation) to a viscoelastic base fluid of the Giesekus type, was adopted. The
results illustrate that the volume-fraction of the embedded nanoparticles play fun-
damental roles in the fluid-dynamical and thermo-physical properties of the VFBN.
Specifically, the VFBN thermal-conductivity, VFBN temperature, VFBN velocity,
and VFBN polymeric stresses (in particular, the first normal stress difference) all
increase with increasing nanoparticles volume-fraction. The results are of fundamen-
tal importance to heating and cooling applications, specifically to heat-transfer-rate

(HTR) enhancement via nanoparticles and nanofluidics.
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Chapter 6 Conclusions

This thesis focuses on computational analysis of generalized viscoelastic fluid
based nanofluids (GVFBNs) and viscoelastic fluid based nanofluids (VFBNs) flows
using single-phase homogeneous approach, under different physical and geometrical
conditions. In particular, four nanofluids flow problems motivated by relevant in-
dustrial applications are considered. This final chapter provides a summary of the
goals and objectives presented in the beginning chapters of this thesis.

Our first study (chapter 2) limits attention to Couette-type flow whose stress
behaviour is described by reduced generalized non-isothermal Oldroyd-B model from
generalized non-isothermal Gieskus model with suitable adjustment to incorporate
the nanopartilces. We conduct numerical investigations on the combined effects of
wall no-slip and isothermal conditions on the resulting shear driven flow between
two parallel plates. The nanofluid temperature, thermal conductivity and viscoelas-
ticity are shown to increase with increase of nanoparticles concentration. The study
further investigates the relationship between the thermal loading properties and
the corresponding viscoelasticity of the nanofluids. Higher nanofluid viscoelastic-
ity has been shown to lead to higher susceptibility to temperature increase (ther-
mal runaway phenomena). In particular, susceptibility order for different types of
nanofluids is Newtonian-fluid-based nanofluids (NFBNs), Generalized-Newtonian-
fluid-based nanofluids (GNFBNSs), Viscoelastic-fluid-based nanofluids (VFBNs) and
Generalized-viscoelastic-fluid-based nanofluids (GVFBNs). These findings are no-
tably similar to those found in the literature without the use of nanoparticles.

In a related second study (chapter 3), again the stress behaviour is described by
reduced generalized non-isothermal Oldroyd-B model from generalized non-isothermal
Gieskus model with suitable adjustment to incorporate the nanoparticles. This time
we conduct the numerical investigations on the combined effects of wall no-slip and
symmetric convective heat exchange with the ambient conditions on the resulting
pressure driven channel flow. The addition of nanoparticles has the same effect on
nanofluid velocity, temperature, thermal conductivity and viscoelasticity as studied
in chapter 2.

The appearance of instability, represented by shear bands, has been observed
experimentally in the flow of certain complex fluids whose behavior under stress can
be described by viscoelastic constitutive correlations. Chapter (4) is about to the
flow of VFB nanofluids in a channel described by one of these constitutive models,
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the non-isothermal Gieskus model. We conduct numerical study on the combined
effect of wall no-slip and isothermal conditions on shear driven flow of Gieskus type
nanofluids. Strong shear banding phenomena was observed for certain parameter
values. The fluid temperature and thermal conductivity has been shown to increase
with the increase of nanoparticles, as the wall slides, under shear banding conditions.
Under relevant conditions of wall slip and shear banding, the study further illustrates
the relationships between VFBNs viscoelasticity and the respective thermal loading
properties. In particular, it has been shown that the higher viscoelasticity of VFBNs
leads to lower values of the critical exothermic reaction parameter, thereby leading
to rise susceptibility to thermal runaway phenomena. In other words we can say
that viscoelastic fluid based nanofluids possess better thermal loading properties as
compared to Newtonian based nanofluids.

In the final chapter 5, Computational analysis of the dynamics of Viscoelastic-
fluid-based nanofluids (VFBNs) subject to Gravity Driven flow was carried out,
whose stress behaviour is governed by non-isothermal Gieskus model. Again it was
observed that the nanofluid temperature and thermal conductivity increases with
the increase of nanoparticles concentration and activation energy parameter. Our
results also show an inverse relationship between temperature and Deborah number
De. The computational results were also compared without nanoparticles results
in literature by reducing Gieskus model to Oldroyd-B model. These results are
particularly consistent with those reported in the literature.

The above presented problems have been modeled mathematically using com-
plex couple and nonlinear Partial Differential Equations (PDEs) and the stress equa-
tions were modeled using the non-isothermal Giesekus model (an extension of non-
isothermal Oldroyd-B model). There are different numerical methods (like Finite
Element, Finite Volume etc.) in literature to solve this type of equations, however,
in this thesis these equations were solved using the semi-implicit finite difference
method as discussed in chapter one, which was found to be unconditionally stable
and efficient numerically. This is because it is capable of combining the stability of
the implicit method with the accuracy of the method. Also, implementing Crank-
Nicolson scheme on implicit terms increases stability. The algorithm has been tested

for space and time convergence.
Future work

These presented problems could be extended to hybrid nanofluids. For the
same problems to model the viscoelasticity of nanofluids apart from non-isothermal
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Gieskus model we can use, Johnson-Segalman (JS), Diffusive Johnson-Segalman
(DJS) and Phan-Thien-Tanner constitutive models. We can also use second and

third grade fluids as a base fluids.
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