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ABSTRACT

Heat transfer is important in many applications. For instance, due to the decrease in size of electronics, it
becomes more necessary to have efficient and smaller cooling systems. In order to increase the effect of the
cooling liquids used, it might be interesting to add extra solid particles with a high conductivity, to possibly
increase the effective heat transfer from the wall to the liquid. These particles can be separated in 2 categories:
point particles, with a very small size compared to the flow phenomena, and finite sized particles, which due
to their larger size are able to significantly influence the fluid flow. In this thesis, the finite sized particles
and their effect on the effective conductivity have been analyzed by using a CFD code. The main focus has
been on the effect of the mechanical and thermal Stokes numbers, which give an indication about the time
required for the particles to react to changes in surrounding flow and temperature compared to the relevant
flow time scale.

To investigate the effect of large particles on the effective conductivity of a fluid a numerical method to
solve heat transfer inside a fluid and between fluid and particles has been implemented. This method, based
on an immersed boundary method combined with DNS, is able to solve both isolated particles and extremely
high conductivity particles. To solve the heat transfer for finite conductivities, a volume of fluid method has
also been implemented. These methods have been verified by comparing the simulation results to known
results for single sphere heat transfer and conservation of energy.

With this code, the influence of the thermal and mechanical Stokes numbers have been analyzed for
laminar Couette flow. In order to gain a better understanding of the underlying heat transfer mechanics, it
has been assumed that the natural convection is negligible and the density ratio between the particle and the
fluid is taken to be equal to one (no effects of gravity). From this it appeared that the effective conductivity
of a suspension can be split in 3 components: the non-moving conductivity, an enhancement due to fluid
convection induced by the particles and an increase in heat transfer due to particle convective heat transfer.

The non-moving conductivity is only dependent on the conductivity of the particles and the fluid, and
on the particle concentration. It stays close to constant independent of Stokes numbers. In contrast, the
fluid convection appeared to scale significantly with the mechanical Stokes number and with the particle
concentration. This appeared to be due to the increase in particle inertia resulting in more movement in
wall normal direction and as a result moving more fluid in wall normal direction. The particle convection
appeared to not only scale with the thermal Stokes number and the particle concentration, but also with the
mechanical Stokes number. This increase was caused by the particles being able to absorb and release more
thermal energy for higher thermal Stokes numbers, and thus transport more heat from the hot wall to the
cold wall.

Finally the resulting effective conductivity and effective viscosity of the suspension were compared and
it was shown that it is possible to enhance the heat transfer more than the viscosity, but only by either intro-
ducing a small amount of highly conductive particles, or by introducing well-conducting particles with very
low mechanical Stokes numbers. It appeared to not be possible to increase the heat conductivity more than
the viscosity for particles with equal or lower conductivity compared to the fluid.
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LITERATURE STUDY

Heat transfer is important in many applications. For instance, due to the decrease in size of electronics, it
becomes more necessary to have efficient and smaller cooling systems such as heat exchangers. In order
to increase the effect of the cooling liquids used, it might be interesting to add extra solid particles with a
high conductivity, to possibly increase the effective cooling of the heat exchanger. While the effect of these
particles is quite well understood if the particles are extremely small (nanometer size) [4], the effect of larger
(micro /millimeter sized) particles, which have a size able to significantly alter the flow and heat transfer pro-
files, is much less understood. These particles commonly have mass densities comparable to the fluid density
in order to be well distributed throughout the fluid, and thus have lower conductivities than the nanometer
sized particles, which can be metal particles since the density has a smaller inluence on the total distribution
in the nanometer scale.

1.1. HEAT TRANSFER IN NANOFLUIDS

Much research has been done on the effect of nanoparticles in fluids. These particles are assumed to be
small enough compared to the flow scales that they can be considered as point particles. These particles
furthermore have high thermal conductivities and densities compared to the fluid. This work has not only
been focused on the effect of particles on the temperature and velocity profiles in channel flow [26], but work
has also been done to better understand the statistical heat transfer properties of nanofluids, which could be
used to simplify calculations with nanofluids by specifying the effective parameters ¢ erf, Peff, Kepr [23] [4].
These papers show that, by introducing a small concentration of nanometer sized highly conductive particles,
the thermal conductivity can be greatly enhanced.

It is further shown in [23] that increasing the diameter of these suspension particles further enhances the
effective thermal conductivity. This increase has to do with the increase of the particle time scales for the
mechanical and thermal response, respectively[14]:

d2

S (1.1.1)
18Vf pf
Pr c
Ty = 67 p—m PP (1.1.2)
Nu cp,f

These timescales are defined for spherical particles in the Stokes flow regime. The thermal timescale can be
further simplified by assuming the heat transfer from the particles to be conduction dominated, resulting in
a Nusselt number of 2. This assumption is valid as long as the velocity difference between the particle and
surrounding fluid is small.

In the same paper of [14], however, it is shown that, for a turbulent flow, increasing the inertia of the par-
ticles, and thus increasing the mechanical timescale, causes the particles to be less affected by turbophoresis
(movement of particles to regions of lower turbulence intensity) and thus be less concentrated near the wall
compared to low inertia particles (which are more affected by turbophoresis). This decrease in concentration
of highly conductive particles near the wall causes the effective heat transfer towards the flow to decrease by
14-27% [14]. This indicates that for larger particles, the thermal conductivity does not necessarily increase by
introducing highly conductive particles.
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Figure 1.1: Different flow regions for finite sized particle suspensions in Poiseuille flow and estimation for the effective viscosity ratio
[10].

All the articles mentioned in this subsection, however, have been regarding particles which are small com-
pared to the lowest length scales of the flow (the Kolmogorov and Batchelor scales in a turbulent flow), and
can thus be considered as point particles. Significantly less research has been done for the effects of larger
particles.

1.2. FINITE SIZED PARTICLES

When the suspension particles become larger and the particle volume fraction increases, the particles can
no longer be considered point particles. Since the particles are comparable in size to flow phenomena like
eddies, the particles now significantly influence the flow. This was shown in [10], where it was noted that for
high Reynolds number channel flows, the main contribution of momentum transport switches from Reynolds
stresses towards particle stresses for increasing particle concentration flows. This effect was shown to cause
the flow to have an extra flow regime next to laminar and turbulent flow: inertial shear thickening flow. In
this regime, turbulent effects are limited to the near wall region, while the centre of the flow is dominated by a
smooth, laminar like flow. The different regions, depending on Reynolds number and particle concentration,
can be seen in figure 1.1.

It was shown in [15] that, for low Reynold number flows, the effective viscosity of a suspension containing
finite sized particles can be described as function of the particle volume fraction and an effect due to the
particle inertia. The effect of particle inertia can be estimated by an increase in the effective volume of the
particle due to the formation of micro structures within the flow. The result from this is a simple equation for
the effective viscosity:

+A 2
Hert (148 $+ad 1.2.1)

ur 1-(p+Ad) Pmax
In this equation, B is a constant (approx. 1.25-1.5), ¢ is the volume fraction of the particles, ¢4 the
maximum concentration for random packed spheres (= 0.6) and A¢ is the extra excluded volume due to the
particles forming micro-structures in the flow. In the low particle concentration, low Reynolds number (no
extra excluded volume) limit, this equation becomes % =1+2B¢. Using B=1.25, this becomes equal to the

analytic solution for the dilute suspension viscosity as formulated by [6].

1.3. METHODS FOR SIMULATING FINITE SIZED PARTICLE SUSPENSIONS

Several methods exist for simulating the motion of a fluid with finite sized particles. These methods range in
accuracy of describing the fluid motion and the ability to correctly represent the interface conditions between
the particles and the fluid (see figure 1.2). In the first 3 methods mentioned in figure 1.2, the interactions be-
tween the fluid and the particles (or in case of the figure, gas bubbles) is modeled based on (semi-)empirical
relations. This is required due to the resolution of chosen mesh and the solving method, while being suffi-
ciently small to represent the overall behaviour of the mixture quite well, not being sufficient enough to be
able to accurately represent the boundary interactions and small scale flow phenomena.

The fourth method mentioned in the figure is direct numerical simulation (DNS). In this method, the grid
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Figure 1.2: Methods for solving particle flows [5]

cells on which the fluid equations are solved are sufficiently small to be able to represent all of the fluid scales
and also to accurately represent the fluid-particle interactions. The downside of this, however, is that the grid
cells need to be much smaller than in the other methods, resulting in significantly more computing time.
While this might be a problem for this method if used for engineering, it is not for research. The capability to
fully and accurately represent all scales of the fluid motion and fully represent the particle-fluid interactions
makes this method ideal for research into better understanding the physical phenomena appearing during
heat and mass transfer. This knowledge can then be used to determine the relations for the interactions
and the statistical mean properties of the suspension for the other methods mentioned in figure 1.2. The
suspension particles can be included in DNS in two different manners: either as point particle or as finite
sized particle. While for both methods the fluid phase gets completely resolved, the point particle approach
models the particles by means of drag forces based on relations. In contrast, for the finite sized particles, the
particle-fluid interface is completely resolved, which results in the forces acting on the particle without the
need for other relations.

One final group of methods are the mesh free methods [5], in which instead of a mesh, the fluid is seeded
with tracer particles flowing freely with the fluid [18]. On these tracer particles, the equations for the fluid
are then solved. While these methods allow for great flexibility concerning the geometry and the amount of
particles and fluid phases, the implementation is quite complex due to the large amount of interpolations
needed and the boundary conditions implementation is less intuitive [18].

Considering these different methods, a DNS method is best suited to determine the effect of finite sized
particles in suspensions due to being able to fully solve the flow and heat transfer, and being implementable
in a physical manner which allows for creating a better understanding of the suspension mechanics. In the
remainder of this section, several DNS methods will be explained and some of their advantages and disad-
vantages will be given.

1.3.1. ARBITRARY LAGRANGIAN-EULERIAN METHOD

In the arbitrary Lagrangian-Eulerian (ALE) method, a grid is used to discretize the complete fluid volume,
while going around the volume occupied by the particles. If the particles in the fluid move, the grid around
the particles needs to be adapted to conform to the new particle position [7]. This allows for precise control
of the size of the grid cells, refining the grid near the particle boundary to better represent the boundary
conditions, while allowing for a larger cell size away from the particles to limit the required amount of total
grid cells needed. The downside of this, however, is that the movement of the grid involves adapted equations
for the fluid phase to incorporate the moving grid and extra equations for the movement of the grid itself,
which need to be solved for each time step. Furthermore, since the grid itself can deteriorate due to large
movements of the solid phase (like particles flowing away from their original position), the whole domain
needs to be re-meshed occasionally, which involves not only generating a new grid, but also interpolating
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Figure 1.3: Grid used for ALE method for two different particle positions|7]

the data from the old grid onto the new grid [7]. Due to this, the ALE method is unsuitable for solving heat
transfer and mass transfer for finite sized particle suspensions since the particles inside these suspensions
exhibit large movements.

1.3.2. IMMERSED BOUNDARY METHOD
In the immersed boundary method (IBM), a Cartesian grid is used over the whole fluid domain [22]. This
grid needs to be sufficiently small to be able to fully represent both the fluid movement and the boundary
conditions. Due to the grid size being constant, in contrast to the ALE method, this method results in more
grid cells compared to other methods. The increase in computational time due to this increase in grid cells,
however, is partly lowered due to the grid being Cartesian and thus allowing for simple and efficient solvers
[71.

In the IBM, the boundary condition between the particles and the fluid is applied by means of an addi-
tional force in the Navier-Stokes equations [3] and an additional heat source in the thermal energy equation
[20]:

Pf(z—l:+(u-V)u)=—Vp+us2u+f (1.3.1)
T
Prlps (E +(u-V) T) =V-(kfVT) +q (1.3.2)

The advantage of describing the boundary conditions in this manner is that the interaction force for the
boundary condition is equal to the force that is exerted on the particle combined with the force exerted on
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Figure 1.4: A: determining the boundary velocity by means of linear interpolation and distributing the force to the nearest fluid element
[7]. B: interpolating the velocity and distributing the forces by means of a distributed delta function [3]. The blue triangles and dots
represent the Lagrangian points located on the boundary, with the triangles corresponding to the two drawn interpolation kernels
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the fluid occupying the particle volume. This results in the following coupling between the force exerted on
the particle and the force applied to the fluid in order to fulfill the boundary conditions [3]:

d
F,=- av - —f urdV
p (fvpf Prai b, "

There are several options for determining the fluid velocity on the boundary, in order to calculate the
required force, and the distribution of this boundary force. The most simple is to use linear interpolation
between the Lagrangian boundary point and the two neighbouring fluid cells to determine the velocity (see
figure 1.4), and then exert the calculated boundary force onto the nearest fluid grid cell outside the particle.
While this fulfills the boundary condition, it causes oscillations in the forces each time the particle passes
over a fluid cell centre and the forcing term is switched to the next fluid cell [7]. Furthermore, the direction
which is used for the interpolation becomes fairly arbitrary.

A more accurate method for determining the velocity at the particle boundary and for distributing the
boundary forces is to use an interpolation function [7]. This function allows for a more even spreading of the
velocity and forces over a small region, lowering the oscillations due to the particle velocity. The downside
of this, however, is that multiple Lagrangian boundary points can spread their force to the same fluid point.
This causes the boundary condition to not be exactly fulfilled [3]. A solution to this is to apply a multidi-
rect forcing scheme [8], in which after the boundary forces are distributed the new boundary velocities are
determined and the boundary conditions are checked. If they are not fulfilled, new boundary forces are de-
termined and distributed and added to the already distributed forces. This iterative scheme enables accurate
representation of the boundary conditions.

(1.3.3)

1.3.3. GHOST CELL METHOD

The ghost cell method is an adaptation of the immersed boundary method, in which the forcing is not applied
both inside and outside of the particle on the fluid domain, but the forcing is applied only on a fluid cell inside
the particle, the so-called ghost cell [21]. In this method, ghost cells are mirrored on the particle boundary (see
figure 1.5) and on these image points, the fluid properties are determined by interpolating from neighbouring
points. Next, extrapolation between this mirror point and the boundary is used to determine the velocity
required in the ghost cell point, which then is directly applied to the ghost cell in order to fulfill the boundary
conditions on the particle boundary [21].

The advantage of directly applying a velocity on the interior ghost cell is that the boundary condition
can be exactly fulfilled without the need of extrapolating forces from the particle boundary onto the fluid
cells, and thus spreading the effect of the interface. One of the major disadvantages, however, is that by
using cells on the edge of the particle domain the same oscillations occur as with the linear interpolation
IBM [25]. Furthermore, by using linear interpolation between the image point and the ghost cell point, a
linear flow profile is created in the near particle wall region, which might not be realistic. While it is possible
to reduce these two disadvantages by using higher order interpolation (using more exterior fluid points),

- . - I - .
£
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o
. / o) cG| o
//
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Figure 1.5: Interpolation used for the ghost cell method in which an interior fluid cell (G) is is mirrored to the point (I) on which the fluid
properties are determined [2]
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this will greatly increase the computational cost since this requires that data is interpolated to more points
[24]. Furthermore, a disadvantage that is only increased by using higher order schemes, is that the ghost
cell method is more complex to program due to not only the need of continuously updating which cells are
considered the current ghost cells for the current particle position, but also due to the extrapolation of the
velocity towards the ghost cell and the need for determining the exact location of all the interpolation points
[24].

1.4. HEAT TRANSFER FOR FINITE SIZED PARTICLES
For heat transfer by means of finite sized particles an important parameter is the Biot number: the ratio of
heat transfer between the fluid and particle, and inside the particle, defined as:

_ hed,

Bi
) kp

(1.4.1)

In this equation A, is the heat transfer coefficient between the fluid and the particle. The two extreme
cases of this Biot number are non conducting particles (Biot infinite) and perfectly conducting particles (Biot
0). These cause a different behaviour. For the Biot 0 particles, the large thermal conductivity causes the par-
ticle to have a uniform temperature. This results in the temperature of the fluid surrounding the particle
getting forced to the particle temperature and thus the fluid directly surrounding the particle also has a uni-
form temperature. This furthermore causes the fluid near to a particle to display strong thermal gradients to
match the particle temperature.

In contrast, for the Biot infinite particles, no heat gets transferred through the particle, and thus no tem-
perature gradient exists in the fluid near the particle surface. The inside of the particle displays an extremely
high gradient near the surface, while having a constant and uniform temperature on the inside. This results
in the initial temperature of the particle not influencing the heat transfer, since no heat can be exchanged
between the particle and the fluid.

1.4.1. COMPOSITE MATERIALS

The simplest case of heat transfer in suspensions is when there is no fluid flow and no particle movement.
In this case, results developed for composite materials can be used. One of the earliest results predicting the
increase in effective conductivity is from Maxwell, in which no interaction between the spherical particles is
assumed, resulting in [16]:

ko 3¢

—=1+—— 1.4.2

kf kp+2kf _(p ( )
kp—kg

When, in stead of a random particle distribution, a more even distribution is assumed, higher order ap-
proximations can be used. These approximations assume a small amount of influence between the particles.
One of these models, formulated by Rayleigh, corrects the model of Maxwell by adding higher order terms,
resulting in [16]:

ki 3
k_0 =1+ kp+2k; . kp—kr \ 11073 (449
I BT -9+ 1569 gk | 9103 +

A different model, which also incorporates the effects of thermal interface resistance between the particles
and the fluid is formulated by Bruggeman [16]:

3/(1-a)
¢! 3_ kg (1+2a)/(1-@) ]’j—; - %(l -a) ¢
Pk 1- % -q)
7 (1.4.4)
- 2kpRint
==

The parameter R;,; in this equation is the interface thermal resistance. A different model, based on empir-
ical results, is the Lewis-Nielsen model. While this model does not include effects of interface resistance,
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Figure 1.6: Non moving suspension conductivity as predicted by different models for composite materials for well conducting, Biot 0
particles, and for isolated, Biot co particles.
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Figure 1.7: Difference between the conductivity as predicted with different composite conductivity models relative to the prediction
based on the Maxwell model for well conducting, Biot 0 particles(left), and for isolated, Biot co particles(right).

it is able to include the effects of particle size and particle pattern by introducing the maximum particle
concentration[16]:

ko _ 1+AB¢
kf 1-By¢

kp

b _
B=" (1.4.5)

k_j:+A

1_
1//:1+ ;pmax)(p
max

A is defined as the shape factor of the particles, equal to 1.5 for spherical particles. A comparison between
those models for the limiting cases of Biot 0 and Biot co can be seen in figure 1.6, and the relative difference
between the more advanced models and the model from Maxwell can be seen in figure 1.7. For the Brugge-
man model, it is assumed that the contact resistance between the fluid and the particles is negligible, and for
the Lewis-Nielsen model a maximum particle concentration of 60% is used, which corresponds to random
loosed packed spheres.

What can be seen is that the difference between the Maxwell model and the Rayleigh model is extremely
small. The difference between the Maxwell model and the other two models, however, is larger. Since, the
Maxwell model is simplest in use, and does not require the interface thermal resistance (which will also not
be modeled) and the maximum packing (which could range from 0.5 to 0.7 [16]), it is chosen to use this model
for the rest of this master thesis when comparison to the non-moving particle conductivity is required. While
this will give a rough approximation of the conductivity, it should be remembered that, depending on the
particle distribution, differences up to 10% could occur for 20% particle concentrations.
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1.4.2. HEAT TRANSFER IN SUSPENSIONS
Experimental research with regards to particle heat transfer in moving suspensions has been done by [11]
with neutrally buoyant PMMA particles in a mixture of triton and water. Based on these experiments, they
suggest that a linear relation exists between the effective heat transfer coefficient and the Peclet number and
volume fraction. The relation they suggest is:

Kefd _ 14 pppe (1.4.6)

Kf

Numerical research into the heat transfer by finite sized particles in Couette flow has been done by [1] by
using an IBM to solve for the fluid and particle velocity field, and using a finite difference approach for the
discretization of the heat transfer equation, combined with a volume of fluid approach for the local proper-
ties. In this volume of fluid approach, the volume fractions of the fluid and solid in the current cell are used
to determine the heat conductivity of that cell. They furthermore assumed that the heat capacity per cell is
constant (0 fcp = PpCp,p )-

They used this to investigate the effect of the particle inertia on the effective conductivity. While it ap-
peared that for low particle inertia (Rep, < 8) the correlation mentioned in eq. 1.4.6 is approximately valid, for
higher particle Reynolds numbers, and thus particle inertia, large deviations were shown from this equation.
It was furthermore shown in [1] that while for low particle concentrations the main effect of the particles with
regards to the effective heat conductivity is the enhanced fluid mixing caused by the presence of the parti-
cles, for larger particle concentrations, the convection of the thermal energy due to the particles itself also
becomes a significant factor.

It is also shown in [1] that a similar effect exists as was shown for nanofluids [14], in which the effective
conductivity for suspensions with low particle conductivity heavily depends on the particle Reynolds num-
ber, and thus on the particle inertia. For particles with conductivity up to the conductivity of the fluid itself,
only an increase in effective conductivity can be reached when the particles have a high inertia, while a sig-
nificant decrease in effective conductivity appears when the particles are small and thus have a low inertia.
For highly conductive particles, even at low volume fractions and low particle Reynolds number, the effective
conductivity was shown to always increase compared to the conductivity of the fluid.

1.4.3. IMMERSED BOUNDARY METHOD FOR HEAT TRANSFER

The method used to solve heat transfer with the IBM or the ghost cell method is very similar to using these
methods to solve the velocity field. The only major difference is that, in contrast to the velocity field, sev-
eral different boundary conditions are possible depending on the properties of the particles (high thermal
conductivity, isolated particles) [17].

When the Biot number of the particles is very low, the particles can be assumed to have an uniform tem-
perature. In this case, the IBM for the temperature distribution has only slight differences with the velocity
IBM, with the only difference being one extra constant in the heat transfer equation (p being replaced with
pcp). This does not influence the method itself, which can be applied in the same manner as the velocity
IBM.

For high Biot number particles, however, the particles don't exchange any heat with the surrounding fluid.
This is modeled by [17] by using an extra layer of Lagrangian points outside of the particle. The current
temperature is interpolated to this point and the Lagrangian point on the surface, after which an IBM heat
flux is applied on the point on the surface to force its temperature towards the temperature of the point
inside the fluid. Since by distributing this heat flux to the surrounding few fluid elements by means of a
discrete delta function not only the temperature on the boundary is influenced, but also the temperature of
the interpolation point inside the fluid, this process needs to either be iterated until the boundary condition
is fulfilled, or the outside interpolation point needs to be placed sufficiently far away from the particle surface
point such that the heat flux spreading does not influence these points [17].

A different method to apply the boundary condition to the particle surface could be to directly impose
that the temperature inside the particle should not change. This can be done by determining the change of
internal temperature near the particle surface. At the surface, this temperature change can be compensated
by creating 3 different correction terms (an imposed temperature gradient in x, y, and z direction) which
then can be distributed over the surrounding fluid to force the thermal energy back to the outside of the
particle. While this will fulfill the boundary condition (although, just like with all the IBM distributions, this
needs to be iterated), this method has not been found in any scientific article. One possible drawback of this
method is that it will create a strong, almost discontinuity like, temperature gradient at the particle interface.
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This method will thus require a numerical discretization method for the fluid able to solve for discontinuous
temperature distributions.

Both the IBM (using an extra shell of points in the fluid domain for the isolated particle boundary condi-
tion) and the ghost cell method, adapted for heat transfer are compared in [17]. While for a constant temper-
ature boundary condition, the ghost cell method gives more accurate results near the boundary compared to
the IBM without multidirect forcing scheme, applying the IBM with multidirect forcing significantly improves
the accuracy near the boundary with just 1 extra IBM iteration. For the isolated and constant heat flux bound-
ary conditions however, the only methods performing reasonably well are the ghost cell method and the IBM
with 3 and 6 extra force iterations. What can be seen is that the IBM adapts not only the heat flux at the wall,
but also inside of the fluid domain and thus on the interpolation point inside the fluid domain.This causes
the IBM with six extra iterations to performs worse for the case of a constant heat flux boundary compared to
the three iteration case [17] because extra energy gets added by the IBM.

1.5. OPEN QUESTIONS

As has been said in the above, a lot of research has already been done with regards to nanofluids [26] and
the effect of their particles on the statistical heat transfer properties. For particles with a size comparable
or larger than the small scale flow phenomena however, much less research has been done. Simulations
have been done for dilute suspensions, in which the particles were still modeled as point particles by [9].
This point particle approach was chosen because the particle-particle interactions were negligible due to the
small amount of particles. The effects of finite sized particles on the thermal conductivity has been analyzed
in [11] (experimental) resulting in a relation for the average effective conductivity, butin [1] it has been shown
that for more dense suspensions and for suspensions with a higher particle Reynolds number, this equation
is not valid. What has not been investigated, however, is what the effect of the mechanical and thermal time
scales (as defined for point particles) is on the statistical properties for finite sized particles. In [1] it is shown
that some effect of particle inertia exists, but due to constraints by their assumptions, they were only able
to investigate the effect of the particle size and the particle thermal conductivity, while having to keep the
particle thermal capacity constant, which resulted in the thermal and mechanical time scales being coupled.
No research has been done yet for finite sized particles with regards to the effects of the combination of these
two time scales towards the effective thermal conductivity. The heat transfer in dense suspensions has neither
been studied in much detail. Furthermore, while for heat transfer IBM studies have been done by imposing
the Dirichlet boundary condition (imposed temperature on the boundary), only little is done with regards
to the homogeneous Neumann boundary condition (constant heat flux or isolated particle) combined with
IBM. The only applied techniques are the ghost cell method and applying an extra shell of Lagrangian points
around the particle, while it has not been tried to impose that no temperature change occurs in the particle
by using an extra imposed temperature gradient to force the thermal energy to return to outside the particle.

1.6. GOAL

The above open questions result in the following goal:

Determine if a relation exists for the statistical mean effective thermal conductivity for a dense suspension
in the inertial shear thickening flow regime (¢ = 0.2) and a more dilute suspension in the laminar flow regime
(¢ = 0.1) composed of finite sized spherical particles by varying the thermal and mechanical particle time
scales while keeping all other properties of the flow and the particles constant. Furthermore, determine if
this contribution is due to the enhanced mixing caused by the finite sized particles or if this is caused by
the increase in thermal conductivity resulting from the addition of the particles or particle convective heat
transfer.

In order to limit the scope, the following assumptions and limitations are made: Only particles with a
density equal to the surrounding fluid density (o = pj,) are investigated, while in the flow regime in which
the forced convection dominates over the natural convection (Gr/Re? << 1). Furthermore, the complete
analysis will only be done for, what would be without the addition of particles, laminar Couette flow. This is
the same type of flow as used in other papers by [1] [11], allowing for the results to be compared. Furthermore,
this will cause a more even distribution of the particles compared to Poiseuille flow.



10 1. LITERATURE STUDY

1.7. CHOSEN METHOD

In order to reach the above goal, the IBM code from [3] is adapted to be able to solve the temperature distri-
bution for the cases of constant temperature particles, isolated particles and conducting particles. 2 methods
for solving the heat transfer inside the particles, which is required for finite Biot numbers, are also imple-
mented: One based on the volume of fluid method, the other based on the IBM with an interior particle grid.
For the implementations required for these particles, first the relevant equations and boundary conditions
will be determined in chapter 2. These equations are implemented in the code according to the numerical
method as detailed in chapter 3.
This code will be verified by comparing the results for the following cases in chapter 4:

* Flow without particles

— Check if a linear temperature profile is formed for both constant wall heat flux and constant wall
temperature without and with a flow velocity

— Check if a parabolic profile is formed with uniform wall heat flux boundary conditions and a dis-
tributed heat sink for all the fluid

¢ Single fixed particle

— Compare heat transfer from particle with results based on heat transfer from a sphere

— Verify correct boundary condition by having isolated walls and an initial condition in which the
particle and flow have different temperatures, check if all heat is conserved and an uniform tem-
perature is reached

— Check if an isolated particle doesn’'t add any heat to the flow
* Single moving particle

— Verify correct boundary condition by having isolated walls and an initial condition in which the
particle and flow have different temperatures, check if all heat is conserved and a uniform tem-
perature is reached

* Two colliding particles

— Verify that collision heat transfer is working correctly (no thermal energy created or lost during
the collision).

* Large amount of non moving particles

— Compare with results for heat conductivity for composite materials (see section 1.4.1) to verify
correct overall performance of the code

— Change simulation parameters to determine limits of applied method with regards to numerical
stability

The successfully validated particle simulation code will be used for Couette flow to analyze the effects of
changes in thermal and mechanical time scales. The flow through a channel for multiple different combina-
tions of these time scales for isolated particles and uniform temperature particles will be analyzed.

The method implemented for finite Biot number particles will be used to investigate if the effects that
appear for both the isolated and the perfectly conducting particles also occur for more realistic particles and
what the effect of the particle conductivity is on the overall heat transfer. Finally, a relation for the effective
conductivity and the effective viscosity will be formulated based on the simulations, and these relations will
be used to gain an insight in the effect of the mechanical and thermal timescales on the increase in conduc-
tivity compared to the increase in viscosity.
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Figure 1.8: Grid cell (i,j,k) with the pressure being computed at the center of the cell and the velocities at the cell borders (with the lower
borders belonging to the previous cell) by using the staggered grid (dotted line for the x-velocity cells)

1.8. STARTING POINT: AN ALREADY EXISTING CODE

Since the starting point is an already existing code [3] which solves the velocity and pressure within the fluid,
and the rotation, velocity and location of the particles, the basis of this code will be explained here. For an
overview of the code, see figure 1.10.

1.8.1. FLUID DISCRETIZATION

The code uses a staggered Cartesian grid. On this grid, the Navier-Stokes equations are solved. In order to do
this, the forces acting on the fluid cells are determined, after which the equations are integrated using a low
storage Runge-Kutta 3 scheme:

At 32 32
gl 68 20 —(=)Vp+ —rhst’s) (1.8.1)
oF 60 60
At 25 17 25 17
u*t+l,2 — ut+1,1 +— (_(_ _ —)Vp + _rhstJrl,l _ _rhst,?)) (182)
P 60 60 60 60
At 45 25 45 25
L3 12 2 (_(— - )Vp+—rhs't? —rhs”l'l) (1.8.3)
P 60 60 60 60

The definition of the location of the pressure and velocities is given in figure 1.8. These velocities are
eventually corrected by a pressure correction scheme in order to fulfill the conservation of mass equation.
Furthermore, the boundary conditions are enforced by assigning velocities to the fluid cells just outside the
top and bottom wall. This allows for enforcing the no slip (or matching wall velocity) and no penetration
boundary conditions.

1.8.2. IMMERSED BOUNDARY METHOD

The immersed boundary method forces are determined by first interpolating the velocity with a discrete delta
function [7] to the Lagrangian points on the particles. Next, the IBM forces are determined on these La-
grangian particle points, after which these forces are distributed back to the fluid points:

Up =) 0y, (x-Xpu" (1.8.4)
* _ Up B UZ
= A B (1.8.5)
fi=Y6v,(xp - X)F; (1.8.6)

With these forces, the fluid velocities are corrected for the presence of the particles:
yP*FLT _eteLr + fTAt(a, + Br) (1.8.7)

And finally, the pressure correction is applied to come to the correct velocity of the Runge-Kutta iteration
step.
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1.8.3. PARTICLE DISCRETIZATION
The particles are modeled as solid spheres. For these spheres, the velocity in the centre and the rotation
around the centre are determined for each Runge-Kutta iteration step by:

Ut+1,r — Ut+l,r—1 +Fr At(ar +ﬁr) (1 8 8)
e T .8.
Vit
_ At(ar+ Br)
+1,r _  r+1,r-1 r+Pr
ol =@l +M;I—p_p (1.8.9)
The forces and moments acting on the particle are determined by:
ur _ ur—l
ik~ gk
Fr ==Y F'Vigercen— Y —2— 22y (1- ) (1.8.10)
X sz x VLagr.ce % INCEY) f 2
vioor v v wl o —wl S r
* * gk i,j,k y i,j,k 2 i,j,k Z
M. =—|Y (Fir,+Fir)V, -y 2 Vil - 1.8.11
X QZP( ylyT1hz 2) VLagr.cell Vzp Atla+p) r(1—¢) ( )

In which the first term is the force or moment originating from the IBM force applied to fulfill the boundary
condition, and the second term is a correction due to the ghost-fluid, the fluid in the cells occupied by the
particle, also being influenced by the IBM force.

The particle position gets updated by means of central Euler time integration:

41 11 t+1,r+Ut+1,r—1

+1,r _ yt+1,r—

Xp —Xp +At(a’r+ﬁr)f (1.8.12)
Similar equations as described here for the velocity and displacement in x direction, and the rotation around
the x axis are used for the other directions. The code also includes a model for the collision between particles
and the behaviour of the fluid when particles get very close to each other. However, since these models are
not necessary to understand the working of the already existing code, and to understand the additions made
to this code to be able to solve the heat transfer, these models will not be explained here.

1.8.4. PARALLELIZATION

Since this code is a DNS code, it requires the fluid cells to be smaller than relevant flow phenomena to resolve
all the relevant scales. This means that the grid cells get very small, and thus a lot of grid cells are used. In
order to be able to do this, the code is written in such a manner that it can be run on multiple cores. For the
fluid domain, this is done by splitting up the fluid domain in equally sized smaller parts. One core solves the
fluid equations for one part of this total domain. In order to do this, it is necessary for the core to not only
know the information of the grid cells in the domain that is being solved itself, but it is also necessary to know
information about the surrounding cells. To give this information, a so called halo (see figure 1.9) is used.
This is a shell of cells around the core its fluid domain, which are being solved by different cores. This halo

Figure 1.9: Fluid domain of a single core top view (dotted area) with the halo required for the fluid integration (dark grey) and the IBM
force iterations (dark and light grey)
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gets updated by sending information from the core solving the neighbouring fluid domain to the core solving
this fluid domain. This is done each time before the fluid equations are solved.

For the interpolation of the fluid velocity towards the Lagrangian particle points a larger halo is necessary,
since the interpolation function uses information from up to 1.5 cells away. This thicker halo is updated
before each IBM force iteration. Furthermore, since the forces are also distributed up to 1.5 cells away from
the current points, the forces applied to the halo need to be send to the relevant core and summed up to the
other forces for those cells.

The particles are assigned to a core (a so called particle master) which contains the fluid domain they are
located in. When the particles move, and they end up in a different fluid domain, all relevant information is
transferred from the current core to the new core. It is also required, however, to provide information about
Lagrangian points which are outside the current fluid domain of the particle master to the cores that calculate
the information for this domain. In order to do this, the Lagrangian points of a a particle are distributed over
the domains based on where they are located. During this distribution, not only the locations get assigned
to different cores, but also the velocity of these Lagrangian points (dependent on the particle velocity and
rotation rate) are assigned to these points. To do this, it is required that the master not only sends information
to the neighbouring cores about the location of particles, but the particle master also sends the velocity and
rotation rate to the relevant cores.

Finally, once the IBM forces of all Lagrangian points are determined, the total sum over all Lagrangian
points in the fluid domain of the moments and forces acting on the particle are send to the particle master.
This particle master then sums up the information send from the up to 3 other cores, and finally performs
the integration for the particle velocity, position and rotation rate.
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EQUATIONS

In this chapter, the equations for the velocity and temperature will be given. Furthermore, the boundary
conditions will be given.

2.1. MOTION EQUATIONS

These equations are already implemented in the code. The equations of motion are composed of the Navier-
Stokes equations for the fluid:

0 1
6—':+(u.V)u=—p—pr+va2u+f @.1.1)
V-u=0 (2.1.2)
And the Newton-Euler equations for the particle motion:
v, Yo / avepr2 f av (2.1.3)
- — + — .
Pp¥p dt Pr fo prt Vnu
1, %r f Av+pr2 f av (2.1.4)
- — + — .
pdt pf Vanf prt Vprxu

2.1.1. BOUNDARY CONDITIONS
Fluid-wall no slip and no penetration boundary conditions:

uxlwall = uz'wall =0 (2.1.5)
4yl i = Vwali (2.1.6)

Fluid-particle no slip boundary conditions:
ur=Up+wpxr (2.1.7)

2.2. HEAT TRANSFER EQUATIONS
The still to be implemented equations are the advection diffusion equation for the heat transfer in the fluid:

an )
Prp,f (Eﬂu-V)Tf):ka Tf+q (2.2.1)
The equations for the uniform temperature particles is given by:
dTy
ppprprF = Q (222)
While the equations for the finite Biot particles is given by:
0Ty
PpCpp ¥+((Up+wpxrp)-V)Tp =V-(kpVT) +q (2.2.3)
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2.2.1. BOUNDARY CONDITIONS
Fluid-wall boundary conditions:

Isothermal wall:
Tt|wanr = Twatl (2.2.4)
Constant heat flux or isolated wall:
(=kpVT) 1| 0y = Guali (2:2.5)
Fluid-particle boundary condition:
Biot=0 (uniform particle temperature):
T, =Ty (2.2.6)
Biot=co (isolated particle):
(kfVTf)-np=0 (2.2.7)
Finite Biot (conducting particles):
Ty, =Ty and (kgVTy)-np = (kpVTy) ny (2.2.8)

The fluid-particle boundary conditions are applied by using the heat flux terms in the equations for the fluid
(@) and particles (Q). These 2 heat fluxes are coupled for Biot 0 particles by:

(2.2.9)

Q f ds f —deV
== - c
QqL V,,pf nf Dt

In this equation, qy is the heat flux being prescribed on the fluid before distributing this heat flux from
the particle boundary towards the surrounding fluid elements. The second integral represents the extra heat
added to the fluid occupying the same space as the particle, which is deduced from the total added heat in
order to determine the heat flux from the particle to the fluid in the fluid domain.
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For the space discretization, the same grid is used as for the already existing fluid velocity solver. The temper-
ature of each fluid cell is defined in the cell centre. The location of each cell is described with the subscript
i,j,k, in which i is the cell number in x direction, j in y direction and k in z direction. Furthermore, the bound-
ary conditions are defined at the bottom of cell i,j,1 for the lower wall and at the top of cell i,j,ktop for the top
wall, by describing either a temperature or a flux at these cell edges.

3.1. DISCRETIZED EQUATIONS

The thermal energy equation (eq. 2.2.1) can be discretized by using a finite volume method combined with
a central difference method for the space discretization, and the same third order low storage Runge-Kutta
scheme as is used in the current code for the velocity field [3]. This results in:

T™*=T""'+a,AtRHS ' + B,AtRHS 2 (3.1.1)

For the first Runge-Kutta step (r=1) "' = T", RHS"~! = RHS" and the coefficients for the Runge-Kutta
scheme are: a; =32/60, 81 =0, a2 =25/60, 2 = —-17/60,a3 =45/60 and B3 = —25/60.
The expression for the right hand side can be determined by using a finite volume discretization resulting

in:
RHS=(0;+0,+0;) (3.1.2)
with:
0. —x Tiv1,j,k =275k + Tic1,j k . (Wi-1,j, ) (Ti-1,j ke + Ti i) — Wi j) (Tivn,jok + Tijx) -
x_ dx? 2dx o
In this equation, x = ; I;f o7 and this equation can be used in a similar manner for the heat flux in y and z
P

direction.

While this works for the uniform temperature particles, since these will result in a continuous temperature
profile, this space discretization will result in oscillations for the isolated particles, which will have discontin-
uous temperature jumps between the inside and outside of the particle. In order to resolve this, a second
order upwind discretization is also implemented for the fluid convection term, resulting in:

Tiv1,jk = 2T jk+ Ti1,j & N Wi jkW-Tio1,jkc+ A=) Ty 1) — Ui j k(A=) Ty e+ Wa Ti k)

Ox=x dx? dx
ui1,j (V- (Tic1je— Tia, j) + A=W ) (Ti k= Tivn, k)
Y 2dx
y Ui j (=) (Tix, ok — Tisvz,jg) + W (T joe = Ti,j,0)) (3.1.4)
2dx o

The variables w_ and v are either equal to one if the corresponding velocity at the cell edge is positive, or 0
if the velocity is negative, and vy is one except when the fluid cell and its neighbour display large temperature

17
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gradients. In this case, y is set to be 0, which causes the first order upwind scheme to be used locally. This
scheme is, just like the central difference scheme, second order accurate, with the exception of the places
where for stability reasons the first order upwind discretization is applied.

With this estimate for the temperature, the IBM heat flux can be determined after which the actual tem-

perature can be determined by:
;

T' =T + At(ay + fr)—2 3.1.5)
Prep.f
The same discretization can be applied to the particles (only required for Biot=0) resulting in:
At +
T, =T, "+ arar+fr) o (3.1.6)

PpCp.pVp

3.2. BOUNDARY CONDITION IMPLEMENTATION

The wall boundary conditions can be directly included in the equation for the RHS by substituting the terms
for the heat transfer in z direction by the following expression for an isolated or constant heat flux top wall:

—T;ix+Tiik (Wi i -1 (T i k—1+ T i k)
HZ=>K( i,j,k i,j,k 1)+ i,j,k-1 i,j,k—1 i,jk + quwall 3.2.1)
dz? 2dz prcprdz
For a constant temperature top wall the expression for the RHS becomes:
2Twaii+ Ti i k-1—3T; i (Wi i k=1)(Ti i x=1+ Ti i k)
9231(( wall i,j,k-1 1,],k)+ i,j,k-1 i,j,k-1 i,j,k (3.2.2)
dz? 2dz

The same can be done for the lower wall. In these equations, the no-penetration wall boundary condition is
already included by removing the advective heat flux terms at the top of the cell.

3.3.IBM HEAT FLUX TERM

3.3.1. UNIFORM TEMPERATURE PARTICLE (ZERO BIOT CASE)

For the case that the Biot number of the particle is very low, the boundary condition that needs to be fulfilled
is that the temperature of the fluid on the particle boundary is equal to the temperature of the particle. This
can be done by first interpolating the fluid temperature to each Lagrangian particle point:

T/ =) 6v,(x-X)T"" 3.3.1)

Figure 3.1: Fluid cells influenced by spreading of the IBM heat flux for single temperature particles (only red squares) and the IBM
temperature gradient for isolated particles (red and green squares) from the Lagrangian point on the particle (blue square). The dots
are the points to which the temperature gradients in x direction (orange dots) and in y direction (pink dots) are spread, which then
influence the fluid points. Black circle indicates the range of the discrete regularized delta interpolation/spreading function for the
shown Lagrangian point (blue dot).
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After which an IBM heat flux correction can be determined based on the temperature difference between the
Lagrangian point fluid temperature and the particle temperature:

T,-T;

m 3.3.2)

Q" =pseps
Which can then be distributed over the surrounding fluid cells using the same function as used for the fluid
temperature interpolation:

q" =) 6v,(x-X)Q" (3.3.3)

In which 6y, (x— X}) is the discrete regularized delta function used for the interpolation between the fluid
points and the particle points. With this g" the final fluid temperature can be determined by 3.1.5. After
determining this temperature, the above process can either be repeated to come to a more exact estimate,
which better fulfills the boundary conditions, or, if the boundary conditions are sufficiently accurate, the total
heat flux of the particle can be determined. It is required to iterate this to get a more exact boundary condition
due to the overlap between interpolations and thermal energy spreading because of the discrete regularized
delta function influencing cells up to 1.5 cell away. This causes the Lagrangian points to influence each other,
resulting in that even though the amount of thermal energy distributed should force the temperature towards
the particle temperature, the energy spread from neighbouring Lagrangian particle points results in this not
being exact.

Once the IBM iterations are completed, the total heat change felt by the particle can be determined by:

-1 -1
Tir,j,k(p;ﬂ - Tir,j,k(pz
At(a+ )

Q =~ ZQ* VLagr.cell_prCp,fo (3.3.4)
a, v,

After which this total heat flux can be used to update the particle temperature. In this expression, the first
term is the total heat applied to both the fluid and the ghost fluid. The second term corresponds to the
thermal energy change in the ghost fluid during the Runge-Kutta step and thus is subtracted to come to the
heat flux applied from the particle to only the fluid domain.

3.3.2. ISOLATED PARTICLE (INFINITE BIOT CASE)

For an isolated particle, the boundary condition that has to be fulfilled is that no temperature change ap-
pears for the fluid elements inside the particle domain (the ghost fluid). In order to do this, the current and
preferred temperatures are extrapolated to the particle boundary (see figure 3.2 for relevant cells):

T} now = 2 26v,(x = XD T ") (3.3.5)
Ty pref =2 20v; (%= X1) Tprerpp (3.3.6)

In which ¢, indicates if the current element is inside the fluid (¢, = 0) or particle (¢, = 1) domain. Both the
current fluid temperature and the preferred (constant) particle temperature are interpolated to reduce the
error caused by using the interpolation only inside the particle. This preferred temperature is the temperature
of the fluid underneath the particle when the particles and fluid are initialized at the beginning of the code.
While this interpolation function only gives an approximation of the actual value if used one sided, by also
interpolating the constant preferred temperature (which is also the internal fluid temperature that should be
obtained for isolated particles) this function can be used without large errors.

These interpolated temperatures should be equal to each other once the IBM iterations are completed.
To do this, a temperature gradient is determined at the particle surface. This gradient should force the heat
that entered the particle during the fluid temperature solver to outside the particle, while conserving thermal
energy. This temperature gradient, normal to the particle surface, can be determined by:

*
TL,pref - TL,now ﬂ

(VT np)cor = (a+ P)At K

(3.3.7)

This temperature gradient can then be split in x, y and z components by multiplying them with the unit
normal vector to the particle:

VTeor=(VT- np)cor ny (3.3.8)
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Figure 3.2: Example for the one sided interpolation region (shaded red) for the Biot infinite numerical method, the cells which are used
for the temperature interpolation (red squares), the region to which the x temperature gradients are spread (red and green shaded) and
the cell edges affected by the spreading (orange dots).

These gradients in x, y and z direction are then interpolated to the fluid cell edges both inside and outside the
particle, where they influence two fluid cells, one of which looses thermal energy due to the gradient, and the
other which obtains thermal energy.

dTdxcor| .y =06v, (xp— X1)(VTcor - 1y) (3.3.9)

This equation can be applied in a similar manner for dTdy and dTdz for all the y and z boundaries. From
these gradients, the correction of the heat flux per cell can be determined using a finite volume approach to
sum up the temperature gradients applied to the cell edges:

c :K(dex00r|—xb_dexCOr|xb N deycor‘_yh_deJ’corbb N deZCgrLzb—dezwrbb

3.3.10
dx dy dz ) ( )

In which only the cells influenced by the spreading (see figure 3.1) are calculated. With this correction, the
change in heat flux caused by the isolated particles can be determined by summing up all the contributions

from all the Lagrangian particle points:
-

__ Cc (3.3.11)
Pfep.f
With this extra heat exchange determined, the new temperatures at the fluid cell centers can be determined
and either the above process can be repeated to more accurately represent the boundary conditions, or the
next Runge-Kutta iteration step can be started, since for isolated particles, there is no need to update the
particle temperature.

This ensures that no heat is added or removed to the fluid, and that all the heat that initially, due to the
fluid temperature solver, gets removed from the flow, gets re-added to the approximate same location. Due
to the formulation using the gradients, this furthermore ensures that no heat is created or destroyed and if a
small error still exists after the IBM iteration, this remaining heat gets removed in the next IBM loop.

In order to prevent large fluid temperature discontinuities due to the presence of the isolated particle, a
new particle temperature is defined based on the particle position every few hundred time steps. When this is
done, not only the particle temperature changes, but also the temperature of the fluid underneath the particle
is adapted to prevent the particle from absorbing or releasing any thermal energy. The precise amount of time
steps between these corrections is dependent on how much the particles move perpendicular. An as large
as possible time in between corrections will ensure that the leftover heat from the previous IBM correction
will get removed as much as possible, while a small time between corrections will reduce the size of the
discontinuity in the fluid temperature field, which will increase the stability of the fluid temperature solver.

3.3.3. PARTICLE-WALL INTERACTIONS
Since the interpolation function requires the fluid temperature from up to 1.5 cells away, it is required to
define the temperatures inside of the wall. To do this, two extra planes of fluid cells are added below the i,j,1
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and above the i,j,ktop cell planes. These 4 additional planes are not updated with the fluid temperature solver,
but instead are directly assigned the wall temperature. This wall temperature is either a constant value for a
constant temperature wall, or the value of the fluid cell above the wall to enforce the no thermal gradient at
the wall boundary condition. This causes the wall, from the perspective of the Lagrangian particle points, to
behave as having a uniform temperature throughout its complete thickness.

The interpolation function is also used for the spreading of the thermal energy. The implementation of
this is different depending on the wall boundary condition. For the isolated wall boundary condition the
thermal energy that would be distributed to cells inside the wall is pushed up into the fluid domain. This
makes the wall act as if it is not absorbing any heat, while assisting with the fluid cell stuck between the
wall and the particle to quickly adapt its temperature to the particle temperature. In contrast, for a uniform
temperature wall the IBM heat fluxes applied to the wall are added to the total thermal energy transported
from the wall to the fluid. This means that the particles themselves are able to conduct heat directly to the
wall if they come within 1.5 cells distance. After the complete IBM iteration loop, the wall temperatures are
reassigned to fit with either the constant wall temperature, or isolated wall bounary condition.

3.4. STABILITY

In this section, the stability of the heat coupling between the particle and the fluid for the Biot 0 particles
is examined. Since the new fluid temperature surrounding the particle is forced towards the old particle
temperature, and based on this heat flux the particle temperature is updated, the coupling is explicit. This
could create instabilities when low heat capacity ratios between the particle and fluid are chosen.

In order to investigate this, a few simplifications are made. First it is assumed that the heat transfer from
the particle towards the fluid is large compared to the conductive heat transfer in the fluid. The initial con-
ditions are chosen to be a uniform fluid temperature (both the fluid and the ghost fluid) and a temperature
difference between the fluid and particle of AT,;;. Furthermore, to simplify the interpolation function, the
position of all the Lagrangian points is assumed to be on fluid cell boundaries, resulting in the interpolation
of the temperature and distribution of the thermal energy to only be dependent on 2 fluid cells in x, y and z
direction (see figure 3.3). This allows to describe the volume of the particle itself and the affected fluid as:

4

V,= 5m,f‘, (3.4.1)
4
V= gn((rp+dx)3—(rp—dx)3) (3.4.2)
The heat capacity of the complete particle and the affected fluid can then be described as:

4 3

Cp.p=PpCpp- 37 (3.4.3)
4 3 2

Cons = prep-5m(2dx +6dxr)) (3.4.4)

Assuming a temperature difference AT,;; between the fluid and the particle, the heat transferred by the par-
ticle to the fluid to fulfill the Biot 0 particle boundary condition is equal to:

Q=CprATo1q (3.4.5)

This heat transfer results in a thermal energy change in the particle of %Q, the other half of the energy being
applied to the ghost fluid. This corresponds to equation 3.3.4, with the integral over the Lagrangian points

2dx

Figure 3.3: Assumption made for determining the stability with regards to the location of the fluid cell centres (black circles) and the
Lagrangian particle points (red circle) causing the discrete delta interpolation function (red line) to only influence two fluid points.
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being equal to Q, and the ghost fluid temperature change integral being %Q. This heat flux causes the fluid
and ghost fluid temperature to be equal to the old particle temperature, and new temperature difference
between the particle and the fluid (A T},.,) when the temperature of this particle is updated of:

1
ATpew 3Q 1 pgepy ((@)3+3ﬂ) (3.4.6)

AToia  Cpp ATora  ppcpp \\Tp Tp

This ratio, in order for the temperature difference between the particle and the fluid to decrease during the
time steps, needs to be smaller than 1, resulting in the following criterion for the stability:

c dx\* d
M>(—x) 434 (3.4.7)

Prlpf 'p p

Using this criterion for the values for % 1/8, 1/16 and 1/24 results in a lower limit on z; Z ’? of 0.38, 0.19
and 0.13. The actual method might be stable for lower values due to conduction and convection in the fluid

resulting in an extra contribution towards decreasing the temperature difference.

3.5. HEAT TRANSFER INSIDE PARTICLES (FINITE BIOT CASE)

In this section, the numerical methods for two different methods to solve heat transfer for finite Biot numbers
will be explained. One of these methods will be based on the immersed boundary method, coupled with a
grid inside the particle to solve heat transfer on the particle inside. The other method will be based on the
volume of fluid method, in which the heat transfer properties on the fluid grid are dependent on the presence
of a particle. This method requires only the heat transfer to be solved on the fluid grid (which for this method
combines both the fluid and particle temperatures), and only uses the immersed boundary method for the
fluid and particle motion.

3.5.1. LAGRANGIAN PARTICLE GRID IBM

In order to simulate finite Biot number particles, it is necessary to solve the heat transfer equations inside the
particles. To do this, a grid is created at the surface of the particle (figure 3.4). This grid is fixed to the particle,
and also rotates with the particle. The centre of these cells corresponds to the location of the Lagrangian
particle points. This grid can be scaled to also create grids on the inside. This results in the particle grid in
radial direction only having two neighbors, the grid cell in the next and previous grid shell. The cells have up
to 6 neighbors (most have 5) in the same particle shell. All the grid points are numbered, and the connections
between these grid cells are saved as a connectivity list, which also contains the distances between the cell
centres and the areas of the interfaces.

Figure 3.4: Small portion of the grid at the particle surface used to solve heat transfer inside the particle. The blue lines indicate the
connections between neighbouring cells, the black lines indicate the cell edges
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Since this grid moves and rotates with the particle, the only heat between grid cells is exchanged by con-
duction. This causes the discretized heat equation to become:

Osnet1 +0raa + Qcell
T" . =772l AL+ Br) —= = = ©-51)
pi,shell p.i,shell ppCp,chell

The IBM heat source Q only exists for the outside shell. In this above equation, the heat fluxes are determined
by:
Teonn— Tself

Oshetr = ) Asel kp———— (3.5.2)
she coznn self,connp dist
Tri1— Tself Tro1— Tself

0, = Aself,r+lkp +Aself,r—1kp (3.5.3)

dist dist
In these equations, dist is the distance between the cell centres which varies slightly per grid cell and con-
nection.

The heat source Q is, in contrast to the Biot 0 particle, determined on a per point basis. In order to do this,

a correction factor to account for the energy lost or added by the ghost fluid is determined by:

corr=1- —Qéh(m 3.5.4)
tot
The ghost thermal energy flux and the total flux are determined on a per particle level by:
Qtor = Z Q* VLagr.cell (3.5.5)
Qp
T =T 7%
L] L]
- bRy 3.5.6
Qghost %Pfcp,f At(a+ p) fPp ( )

The term Q™ is determined by using eq. 3.3.2 by using the temperature of the grid cell instead of the uniform
particle temperature.
With this correction, the cell heat flux due to the heat exchange with the fluid can be approximated by:

Qcel1 = Q* Vlagr_cell -corr (3.5.7)

This approximation assumes that the change in thermal energy of the ghost fluid is caused by each La-
grangian particle point equally. This is a good approximation if either the particle temperature is high com-
pared to the surrounding flow, or if the particle is in a surrounding fluid with almost no heat gradient. If none
of these conditions are fulfilled, the correction applied will result in an extra contribution to the conductiv-
ity of the particle, by applying the heat flux not to the cell where the thermal energy should enter, but to a
different cell. While this might be a problem when wanting to exactly determine the heat transfer properties
of the suspension, this method is accurate enough to determine the overall behaviour of the suspension and
the effect large changes in particle thermal conductivity will have on the overall thermal conductivity of the
fluid.

Another disadvantages is that, due to the particle shell being influenced by the immersed boundary
method being small compared to the complete particle, this method is only stable for larger values of ¢y,
compared to the Biot 0 particle method. The big advantage of this method, however, is that the particle and
fluid grid can be sized differently, and thus allow for large differences in heat transfer properties between the
particle and the fluid.

3.5.2. VOLUME OF FLUID METHOD

The volume of fluid method solves both the particle and fluid heat transfer on the same grid [1]. In order to
do this, the heat conductivity is volume averaged over the cell walls and the thermal capacity of the cell is
determined by using the volume average of the thermal capacities of the fluid and particle. This results in the
following equations for the heat fluxes:

0= (Hx,f+9x,,,+6y,f+0y,,,+92,p+92,f) (3.5.8)
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In this equation, the heat fluxes through the cell edges are determined by:

Tivv,jk— Tijk Tiv,jk— Tijk
Qx,dey dZ(kf(pf,x_;_—] / +kf(pf,x_—] /
dx dx (3.5.9)
Ti-1,jk+ Tijk Tijk+ Tijk
+ ui—l,j,k(l’f,x—pfcp,ff ~ULj kP fx+PfCp,f 2 )

The interface phase indicator ¢y 4 used in this equation is the amount of fluid present in volume be-
tween the cell centers of the ijk cell and the i+1,j,k cell. This volume corresponds to the cell used in the
staggered grid for determining the u; jx velocity (see figure 1.8). Similar, the ¢, phase indicator corre-
sponds to the fluid present in the u; 1 ;x staggered grid cell. The heat fluxes in y and z direction, and the heat
fluxes due to the particles are determined in a similar manner.

When a particle moves, the heat capacity of the cells near the particle boundary changes if the particle
heat capacity is not equal to the fluid heat capacity. If the temperature of the cell center was used as measure
of the total thermal energy inside the cell, energy would be created when a particle boundary enters the cell
due to the increase in cell averaged heat capacity [19]. The inverse, energy being lost, would happen behind
particles when the particle leaves a cell. In order to prevent this, and allow this method to be applied for cases
in which the particle and fluid heat capacity differ, the cell enthalpy instead of the cell temperature is used
for the energy time integration:

H =H '+a,At0" ' +p,At0"2 (3.5.10)

After which this cell enthalpy can be converted to the cell temperature by:
HI‘
~dxdydz(prcp, P+ PpCop®p)

r

(3.5.11)

This temperature can then be used to determine the heat fluxes for the next Runge-Kutta time integration
step, and to provide outputs using the same methods as used for the single particle temperature methods.

For this method, after having computed the new fluid temperatures, no temperature IBM correction to
account for the presence of the particles is needed. It is furthermore not required to keep track of, and update,
the temperature of each particle independently.

The advantage of this method is that no IBM correction is required for the temperature field to account for
the presence of the particles. When, however, due to a large difference in heat conductivity or heat capacity
between the fluid it is required to use smaller grid cells for solving the heat transfer inside the particle, it would
be required to use smaller grid cells in the complete domain. The interface in this method is also smeared
over a complete cell, which causes this method to smooth out the particle fluid interfaces not only on the
fluid side (as is the case for the IBM method), but also on the particle side.

3.6. PARALLELIZATION

The parallelization for the heat transfer is implemented in a similar manner as was done in the already ex-
isting code. A halo region around the fluid domain of a core is used which contains information about the
temperature of the neighbouring cells. This halo gets updated before the fluid heat transfer equation is solved
(the velocity halos are updated beforehand, when the flow velocity is solved). For the IBM heat flux, it is re-
quired to have a 2 cell thick halo region around the domain for the fluid temperature. This halo needs to be
updated each IBM iteration loop before the temperatures are interpolated from the fluid to the Lagrangian
particle points. For the isolated particles, it is furthermore required to use a halo for the cell centered phase
indicator, since for the isolated particles interpolation, the phase indicator is required for all the cells within
1.5 cells distance from the Lagrangian point. Finally, the IBM heat flux being applied to cells within a halo are
sent back towards the core solving these fluid cells and are summed up with the already determined IBM heat
flux for these cells. The heat fluxes being applied for each particle are also sent to each particle master, which
then sums these heat fluxes (from at most itself and 3 other cores) to determine the new particle temperature
and sends this back to all the cores containing Lagrangian points belonging to this particle.

For the Lagrangian grid IBM method, instead of sending one single temperature per particle, each master
informs the other relevant cores of the temperature for each point on the outside shell. The master sends,
next to these temperatures, also the grid cell number of these points to the other cores. With this grid cell
number, the IBM heat fluxes on a per point basis can be send back to the particle master and applied to the
correct points. The particle master can then perform the integration of the heat conduction equations for the
inside of the particle.
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In contrast to all other methods, for the volume of fluid method, it is not required to send any information
about the particle temperature or the IBM fluxes to neighbouring cores or particle masters. The only sent and
received information for the cores are halos. The halos that require updating are not only the temperature
halo and velocities, but also the cell centered and border phase indicators. These all need to be updated
before the heat fluxes for the fluid equations are determined.






CODE VERIFICATION

It is not possible to compare the results from simulations for moving dense suspensions to actual test results
because experimental results for finite sized, neutrally buoyant, well conducting and fully isolated particles
are not available. Furthermore, comparing results directly to such complex cases will not indicate where
possible errors are made within the code. For these reasons, it is necessary to verify the code by simulating
simplified cases. This will be done in this chapter, which not only serves to show the code is working correct
and accurate, but also will show the limitations with regards to the heat capacity ratio. In the end of this
chapter, the two different methods for the heat transfer inside particles will also be compared, and the most
suitable method will be selected for the remainder of the simulations.

4.1. FLUID TEMPERATURE SOLVER VERIFICATION
To verify the correct working of the fluid temperature solver, three benchmark cases were simulated (table
4.1), all without any particles in the flow. In the first two simulations, a heat flux boundary condition was
used on the top wall, and a constant temperature boundary condition was used on the bottom wall. This,
combined with the thermal properties, would cause a converged simulation to have a linear profile ranging
from 100 °C at the top wall to 0 °C at the bottom wall. In order to verify this, both the temperature profile
and the velocity profile were plotted. The initial temperature of the fluid was set to be a constant temperature
profile to determine if indeed the solution would converge to the correct profile. The results from these sim-
ulations are given in figure 4.1. Since these results form a linear temperature profile from 0 °C at the bottom
wall to 100 °C at the top wall for both the no flow case (only conduction) and the Couette flow case (conduc-
tion in wall normal and convection in parallel to wall direction), the implementation for the fluid temperature
solver seems to be correct.

To further verify the correct working of the fluid temperature solver, a sink term was introduced into the
heat flux equations. This heat sink term has a value such that the total energy of the fluid is kept constant, and

Table 4.1: Properties of the particleless flow verification cases

| Property | Ovelocity [ Couette flow | Wall bound flow
L(x,y,2) [m] | 0.5x0.5x0.24 | 0.5x0.5x0.24 0.5x0.5x0.24
N(x,y,2) 50x50x48 50x50x48 50x50x48
cores(x,y,z) 2x2x1 2x2x1 1x1x1
Viop [m/s] 0 -1 1
Vbor [m/s] 0 1 1
Reya11! Repuik - 1000 1000
Cp,f [J/(kgK)I 40 40 40
Pf [kg/mg] 1000 1000 1000
kf [J/(mKs)] 6.0 6.0 6.0
BCrop CClUIm?s)] | Q=2500 Q=2500 Q=500
BCpor [°Cl/1J1(m?*s)] T=0 T=0 Q=500
Tinit,fluid [°Cl 50 50 0

27
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Figure 4.1: Results for the Couette flow verification case, when converged, plotted for a plane perpendicular to the flow direction. The
no flow verification case shows the same temperature distribution.
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Figure 4.2: Results for the uniform particleless flow case with an evenly spread heat sink for a cut-through line in height direction

thus the heat added by the boundary conditions gets evenly removed throughout the fluid. If the temperature
solver is indeed working correctly, this will result in a parabolic temperature profile for the fluid temperature
with the following solution:
q Lo 4 .5
T(z)=——(z--h)*"+—nh O<z<h 4.1.1

(=) Zkf (2 2 ) 24kf “ ( )
Here g is the heat sink per volume term, equal to § = —(Q;op +Qpo;). The results from this simulation are given
in figure 4.2, with a line plot in wall normal direction which can be compared to the expected flow pattern.
The root mean square error between the analytic solution and the result from the simulation is equal to:

Tuna — Tsim)?
error = L (Tana — Tsim) -100% = 0.053 % (4.1.2)

VEZ(Tana)?

This furthermore shows that the temperature solver for the fluid is correctly working and that all thermal
energy is conserved during the simulation.

4.2. SINGLE UNIFORM CONSTANT TEMPERATURE SPHERE
To verify the correct working of the zero Biot boundary condition, a single sphere in the middle of a large
volume of fluid is simulated (properties of simulation in table 4.2). This is done for both the case of no flow,
and with an uniform flow velocity. In order for the uniform flow velocity case to correspond to known ana-
lytic solutions, the inflow temperature is set to 0°C, compared to the circular boundary condition for all other
cases. Furthermore, the u,v and w velocities are forced to be equal to 0,1 and 0 respectively at the first Im in
y direction to remove the effect of the circular boundary condition. While this will result in incorrect results
in the velocity and temperature profiles close to the circular boundary, it is assumed that the particle is suf-
ficiently far away from the boundary for this effect on the heat conductivity from the particle to the fluid to
be negligible. Furthermore, the particle position is fixed to prevent the particle from moving from its centre
position.

The results for this are compared to the analytic results from [13] ( Nu = 2 + (0.4ReY’ + 0.06Re%*)Pr4)
and [12] (Nu=2+ 0.6Re2‘5Pr0‘33 ) for a constant temperature sphere in an infinite fluid.
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The results are a Nusselt number of 2.2 for the no flow case and a Nusselt number of 6.7 for the uniform
flow velocity case. The temperature distribution for no flow velocity is shown in figure 4.3 and for a uniform
flow velocity in figure 4.4. It can be seen that for the case of no flow, the fluid domain is too small to be
considered infinite (which is required for the analytic solution). This explains why the Nusselt number of the

simulation is slightly higher compared to the analytic solution.

Table 4.2: Properties of the single sphere verification cases

| Property | Ovelocity | Uniform flow velocity |
L(x,y,2) [m] | 5.0x5.0x5.0 5.0x7.5x5.0
N(x,,2) 80x80x80 80x120x80
cores(x,y,2) 2x2x1 2x2x1
Viop [m/s] 0 1
Vbor [m/s] 0 1
Rey, - 1000
Reg, - 200
pPr 0.25 0.25
Cp.f [J/(kgK)] 40 40
of lkg/md] 100 100
kg [J/(mKs)] 0.5 80.0
BCtop [°C] T=0 T=0
BCpo: [°C] T=0 T=0
Tinit,fluid [°Cl 0 0
Tinflow [°C] 0 0
Ny 1 1
Xp(x,y,2) [m] | 2.5,2.52.5 2.5,3.75,2.5
dp [m] 1 1
Tinit,p [°C] 1 (fixed) 1 (fixed)
Nuexpected [13] 2.0 6.4
Nuexpectea [12] 2.0 7.3
Nusimulation 2.2 6.7

Figure 4.3: Resulting temperature for the single sphere no flow verification case when converged plotted for a plane parallel to the flow

direction through the middle of the sphere.
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Figure 4.4: Resulting temperature and velocity for the single sphere with uniform flow verification case plotted for a plane parallel to the
flow direction through the middle of the sphere.

4.3. SINGLE UNIFORM TEMPERATURE COOLING SPHERE

To verify the correct working of the heat equation of the particle, and to check if the heat in the fluid in the
same spot as the particle is correctly calculated and extracted from the particle heat transfer, simulations
were done for a cooling uniform temperature sphere in an initial cool fluid (see table 4.3). The parameters
for the heat capacity were chosen such that, if the code was working correctly, both the particle and the fluid
would end up with a temperature of 10°C. Furthermore, the top and bottom boundary condition were set
to be isolated walls, such that all the energy contained in the simulation at the start, should still be present
at the end of the simulation. For the first two simulations (zero velocity and Couette flow), the particle was
fixed in place, for the third simulation, the particle was free to move. This last simulation is to not only verify
the conservation of the thermal energy in the simulation, but also to verify the particle information being
correctly transferred between cores when the particle changes position.

The results of these simulations are an end temperature of 9.999°C for all the flow cases. This means that
for the all cases, the thermal energy lost is at most 0.011% of the total thermal energy present at the start of
the simulations. This loss is probably due to the correction for the heat transferred to the ghost fluid. Further-
more, since the moving particle case also shows these results, it can be concluded that the communication of
particle data between cores is working correctly.

Table 4.3: Properties of the single cooling sphere verification cases

| Property | Ovelocity | Couette flow | Poiseuille flow
L(x,y,2) [m] | 3.0x3.0x3.0 3.0x3.0x3.0 3.0x3.0x3.0
N(x,y,2) 48x48x48 48x48x48 48x48x48
cores(x,y,2) 2x2x1 2x2x1 2x2x1
Viop [m/s] 0 -1 0
Vot [m/s] 0 1 0
Re a1 ' Repyik 0 1000 1000
Cp,f [J/(kgK)] 100 100 100
pf lkg/m3] 1000 1000 1000
lcf [J/(mKs)] 1200.0 1200.0 1200.0
BCiop (W/m? Q=0 Q=0 Q=0
BCpot (W/m?] Q=0 Q=0 Q=0
Tinit,fluid [°C] 0 0 0
N, 1 1 1
dp (m] 1 1 1
Xp(x,¥,2) [m] 1.5,1.5,1.5 1.5,1.5,1.5 moving
Tinit,p [°C] 100 100 100
Cp,p [J/(kgK)] 561.845 561.845 561.845
Py lkg!m®] 1000 1000 1000
Tend,expected [°C] 10.000 10.000 10.000
Tend,simulation [°C] 9.9991 9.9990 9.9989
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4.4, SINGLE ISOLATED SPHERE

In order to verify the working of isolated particles, simulations were done in which instead of giving the parti-
cle temperature at the location of the particles, the temperature of the ghost fluid inside the particle is shown.
The simulation parameters and initial conditions were used as shown in table 4.4. The results are shown in
figure 4.5.

What can be seen from the results, is that the temperature of the fluid in the same position of the particle
stays constant. This indicates that no heat is removed or added to the fluid domain by the addition of the iso-
lated particle. what furthermore can be seen for the no flow case, is that the isotherm contour line approach
the particle boundary perpendicular to the particle, which further shows the correct working of the isolated
particle. The disturbances in the isotherm contour lines very close to the particle are caused by the finite
resolution of the data (48 grid cells per direction, and thus data points), which causes the contour lines in
the presence of the large temperature difference between the inside and outside of the particle to show small
deviations from expected results.

Table 4.4: Properties of the single isolated sphere verification cases

| Property | Ovelocity | Couette flow | Poiseuille flow |
L(x,y,2) [m] | 3.0x3.0x3.0 | 3.0x3.0x3.0 3.0x3.0x3.0
N(x,y,2) 48x48x48 48x48x48 48x48x48
cores(x,y,2) 1x1x1 2x2x1 2x2x1
Viop [m/s] 0 -1 0
Vot [m/s] 0 1 0
Reya11 | Repyik 0 1000 1000
Cp,f [J/(kgK)] 100 100 100
PF lkg/m® 1000 1000 1000
k¢ [J/(mKs)] 1200.0 1200.0 1200.0
BCrop [°C) T=100 T=100 T=100
BCpo; [°C] T=0 T=0 T=0
Tinit fluia [°C] 0 0 0
Ny 1 1 1
dp [m] 1 1 1
Xp(x,y,2) [m] 1.5,1.5,1.5 1.5,1.5,1.5 moving

Figure 4.5: Resulting fluid temperature for the single isolated fixed (top left), Couette flow (top right), and moving Poiseuille flow(bottom)
sphere verification cases plotted for a plane parallel to the flow direction through the middle of the sphere. The red circle indicates the
current particle position.
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Figure 4.6: Total correction applied per IBM iteration step normalized with the first step for the Biot 0 particle (blue) and Biot infinite
particle (red).

4.5. REQUIRED AMOUNT OF IBM ITERATIONS

To fulfill the particle boundary condition, it is required to iterate the IBM loop a few times (as described in
section 3.3.1).In order to find the minimum required amount of IBM iterations, the non moving, no flow
cases from section 4.4 and 4.2 are repeated. With these cases, the IBM heat flux correction is determined by
summing up all contributions of the Lagrangian points:

e=)_ > lql (4.5.1)

L i)k

The absolute heat flux is used here since otherwise this would always result in zero for the isolated particle
case. These results, normalized by the heat removed in the first iteration, are plotted in figure 4.6. The results
given here are for converged simulations, but non converged simulations show almost the same convergence.

What can be seen is that, for both the Biot 0 and Biot infinite particles, the largest IBM corrections are
applied in the first 4 iterations. Furthermore, after 6 to 8 iterations, the error does not lower anymore. This is
probably due to the way the error is determined, by using the absolute heat flux applied. A further reason the
error is not decreasing anymore is the Lagrangian points overlapping and constantly correcting each others
correction. From these results, it thus can be concluded that 5 IBM iterations are sufficient.

4.6. COLLIDING PARTICLES

To verify that particle collisions do not add or remove any thermal energy from the flow for both the Biot 0 and
infinite particles, simulations were done in which 2 particles were initialized such that they should collide in
the middle of the fluid domain. As further verification, simulations with a single particle colliding with the
wall were also done (see table 4.5). For the Biot 0 particles, it was further checked if the temperatures of the
particles changed faster at the moment the particles collided. In order to verify that no energy is added, the
fluid boundary conditions are isolated walls.

For the colliding particle cases, what can be seen is that almost no thermal energy is added or removed
from the flow. This indicates that the collision between particles doesn’t cause any problem. Furthermore, it
was seen that for the Biot 0 particle, the temperature of the particles quickly changed when they were close
to or colliding with each other.

For the Biot 0 wall collision case, the difference in temperature is of the same order as was the case for the
moving Biot 0 sphere. Furthermore, the result from the isolated sphere case shows a very small error. From
this, it can be concluded that wall collisions don’t cause any problem.
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Table 4.5: Properties of the colliding particles verification cases

Property Particle collision | Particle collision | Wall collision | Wall collision
Biot 0 fore} 0 fo'e}

L(x,y,2) [m] 3.0x10.0x3.0 3.0x3.0x3.0

N(x,y,2) 48x160x48 48x48x48

cores(x,y,z) 2x2x1 2x2x1

Viop [m/s] 0

Vbor [m/s] 0

Pr 1

Cp.f [J/(kgK)] 100

pr lkg!m3)] 1000

kg [J/(mKs)] 1200

BCiop (Wim?] Q=0

BChot (W/m?] Q=0

Tinit,fluid [°C] 50

Ny 2 2 1 1

dy [m] 1 1 1 1

Pp lkg/m®] 1000 1000 1000 1000

Cpp [J/(kgK)] 561.845 - 561.845 -

Xp1,init(X, 1, 2) [m] 1.5,2.5,1.5 1.5,2.5,1.5 1.5,1.5,1.5 1.5,1.5,1.5

Up1,init(u, v, w) [m/s] 0,1,0 0,1,0 0,0,-0.5 0,0,-0.5

Tpl,init [°Cl 0 - 100 -

Xp2,init(X,¥,2) [m] 1.5,7.5,1.5 1.5,7.5,1.5 - -

Upz,init(u, v, w) [m/s] 0,-1,0 0,-1,0 - -

Tp2,init [°C] 100 - - -

Tend,expected 50.000 50.000 55.000 50.000

Tond,simulation 50-4.11-107° 50-1.45-107% 55.011 50-2.55-107%
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4.7. LARGE AMOUNT OF NON-MOVING PARTICLES

To verify the overall correct working of the code, a large number of randomly distributed, non-moving parti-
cles are simulated in a non-moving fluid (properties of simulation in table 4.6). These results are compared
to results from the Maxwell equation (see also section 1.4.1):

ko 3¢
7" 1 ot » 4.7.1)
kp—Ky

which is valid for particle volume fractions below 25 % and for randomly distributed non moving particles
and non moving liquid. This equation becomes for the limiting cases of Biot 0 and infinite:

ko 3¢ .

—=1+— For Biot=0 (4.7.2)
kg 1-¢

ki 3

f 1232 RerBiot=oo 4.7.3)
kg 2+4¢

The results from these simulations are an effective conductivity of 180.6 J/(mKs) (+3% off) for Biot 0
particles and an effective conductivity of 72.5 J/(mKs) (-0.2%) for isolated particles. This verifies that the
overall working of the code for the heat transfer in finite sized particle suspensions is correct.

Table 4.6: Properties of the large amount of particles verification cases

] Property \ Biot 0 particles | Biot oo particles
L(x,y,2) [m] 5.0x5.0x5.0 5.0x5.0x5.0
N(x,y,2) 80x80x80 80x80x80
cores(x,y,2) 2x2x1 2x2x1
Cp,f [J/(kgK)] 100 100
or lkg/m3] 1000 1000
kf [J/(mKs)) 100.0 100.0
BCtop [°C] T=100 T=100
BCpoy [°C] T=0 T=0
Tinit,fluia [°C] 50 50
N, 48 48
dy [m] 1 1
Tinit,p [0 Cl 50 -

Cp.p [J/(kgK)] 500 -

Op lkg/m3] 1000 1000
¢ (%] 20.1 20.1
ko,expected U/ (mKs)] 175.5 72.6
ko simutation  [J/1(mKs)] 180.6 72.5
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Figure 4.7: Temperature distribution for the non moving large amount of particles case for Biot 0 at a cross section plane in yz direction.
The temperatures shown are the fluid and particle temperature.

80

Figure 4.8: Temperature distribution for the non moving large amount of particles case for isolated particles at a cross section plane in
yz direction. The temperatures shown are the fluid and ghost fluid temperatures.
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4.8. STABILITY

The coupling between the particles and the fluid creates a lower limit on the values for zi—‘;, as determined in
section 3.4. Since this was an upper limit, the verification case for the large amount of nén-moving particles
is used with different values for the particle heat capacity to determine the actual limit. This resulted in sim-
ulationsup toa EZ—:? of 0.25 being stable and simulations for a i’;—’? of 0.2 or lower being unstable independent
(dx = 1

r 8
unstable according to section 3.4, this means that the conclusion of section 3.4, that the given equation poses
an upper limit and the actual simulations might still be stable for lower values of i;—'?, is correct.

of the time step size used. Since the fluid cell size used ) would result in simulations below 0.38 to be

4.9. FINITE BIOT NUMBER PARTICLES

In this section, the two implemented methods mentioned in section 3.5 to simulate finite Biot numbers will
be verified. It will furthermore be determined which of the two methods is more suitable to solve heat transfer
in particle suspensions.

4.9.1. LAGRANGIAN PARTICLE GRID IBM

To verify the correct working of the heat transfer inside of the particle and the coupling with the surrounding
fluid by means of a correction factor as described in section 3.5.1, verification was done. The first verification
was the same as the 0 velocity case from table 4.3 with a particle conductivity equal to the fluid conductivity,
which was to verify that the correction factor worked to correct the heat exchange between the particle and
fluid on a per point basis for the heat sent to the ghost fluid. The result from this was an end temperature of
0.10033°C when the parameters were chosen such that the expected end temperature, should all energy be
conserved, was 0.10000 °C. This is only a 0.33% error, which although larger than for the Biot 0 verification
cases, is still quite small. This thus verifies the correct working of the correction factor to make the particle
conserve thermal energy.

However, when verifying the correct heat transfer by simulating a large number of non-moving particles,
stability issues due to the small outer shell thickness of the particles arose. This issue has to do with the ex-
plicit coupling between the particle shells and the fluid. This is the same instability mechanic as described in
section 3.4. These issues could only be resolved by increasing the thermal capacity of the particles to 10 times
the thermal capacity of the fluid. This caused further problems since this increase in thermal capacity would
mean that there would be strong temperature gradients near the particle surface, and thus would require
smaller particle grid cells, thus thinner particle shells, and thus result in the original problem where a further
increase in heat capacity is needed to keep this method stable. This makes this method of simulating heat
transfer for finite Biot numbers unsuitable for any simulations except when only needing a rough estimate
for high thermal capacity particles.

4.9.2. VOLUME OF FLUID METHOD

In order to determine if the volume of fluid method is correctly implemented and if this method is suitable to
simulate particle suspensions, several simulations were run as verification. The first verification was the same
as done for the Lagrangian particle grid IBM (table 4.3, 0 velocity case) with the fluid and particle conductivity
equal, checking if the energy in the simulation is conserved. This simulation resulted in an end temperature
0f 0.094°C, where 0.1000° C was expected. This error of 6% is mostly caused during the initialization, in which
the correct temperatures and enthalpies are assigned to each cell. When looking at the overall thermal energy
present during the simulation, it is seen that except for the energy loss during the initialization, no further
energy is lost.

This simulation was repeated for a moving particle (table 4.3, Poiseuille flow), which produced similar
results concerning the thermal energy loss. However, a small increase in temperature at the front, and an
decrease in temperature at the back appeared. This is probably caused by the sudden change in the thermal
capacity of the cells when the particle enters or leaves the cell. This temperature error appeared to scale
with the particle over the fluid thermal capacity. Thus this method is only usable for thermal capacity ratios
relatively close to unity (also time step size dependent). This error is only a local, nonphysical, temperature
increase/decrease, and does not cause any instabilities as long as the heat capacity ratio is not chosen too
big. This is unlike the low thermal capacity for the Lagrangian particle grid IBM method, where the method
became unstable for too low heat capacity ratios. This makes this method suitable to investigate the effect of
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the thermal and mechanical timescales, but only for a thermal capacity ratio near unity, and only to get an
estimate of the actual thermal conductivity.

Finally, to verify the correct working of the heat transfer for both the fluid and the particles, a large number
of non-moving particles was simulated (table 4.6) for the thermal conductivity ratios of 0.1, 1 and 10, and
these results were compared to equation 1.4.2. The expected effective thermal conductivity ratio is 0.7620,
1 and 1.5327. The results from the simulations are 0.766 (+0.5%), 1 and 1.64 (+6%). Since these errors are
of the same order of magnitude as for the Biot 0 and infinite simulations, and are probably also caused by
the assumption for the used equation that each particle behaves as if it was in an infinite fluid. These results
indicate that the heat transfer is working correctly.

In conclusion, since this method allows for varying the heat capacity ratio around 1, with only small errors
for heat capacity ratios of 1/1.1 and 1.1/1, this method is suitable for determining the effect of the thermal
and mechanical timescales on the effective thermal conductivity. It should be noted, however, that since
the grid cells in the fluid are always the same size as inside the particles, that if a large thermal conductivity
ratio is used, the time step size needs to be lowered to keep the simulation stable. This is because it is not
possible to increase the particle cell size on its own. Furthermore, simulating with small conductivity ratios
might not be very precise, since this would cause large thermal gradients on the inside of the particle. These
thermal gradients can’t be simulated except when the overall grid cell size is reduced, causing the low thermal
conductivity ratio simulations to either be less precise, or require much more grid cells.






SIMULATIONS AND RESULTS

5.1. SIMULATION PARAMETERS

All simulation were done for Couette channel flow with the constant parameters as shown in table 5.1, un-
less specifically specified otherwise for several verification cases. It was chosen to have the walls move in 'y
direction. All these parameters are normalized with the particle diameter. The changed parameters are the
mechanical particle response time (for all cases) and the thermal particle response time (only for 0 and finite
Biot numbers). These are defined as:

2
dp pp__dp Ppdp

Tm= = — —-Re 5.1.1
m 18Vf of 18Vanl of L, wall ( )
_ Cp,p
T =3t Pr-—— (5.1.2)
Cp.f
These timescales are varied by changing the wall Reynolds number defined as Re,,4;; = V‘”{jlf’ Le (by changing

the fluid viscosity) in order to change the mechanical timescale, and by changing the heat capacity ratio to
determine the changes in thermal timescale.

All simulations were done with a grid cell size of Z—; = 1/16. This grid size was shown to be sufficiently
small for solving the fluid equations [3], and since by using a Prandtl number of 1 the thermal and mechanical
length scales are supposed to be approximately equal, should also be sufficient for solving the temperature.
For the Biot 0 particles and finite Biot particles the central difference space discretization was used, for the
isolated particles the second order upwind space discretization was used (as described in section 3.1).

In section 5.3, the results for simulations with a constant particle concentration of 20% are given, in or-
der to get an understanding of the effect of these timescales. Next, in section 5.4 and 5.5, the effect of the
particle conductivity will be determined by simulating isolated particles and heat transfer inside the parti-
cles. To verify the validity of these timescales, the results for simulations with a different channel height are
given in section 5.6. Finally, in section 5.7, the effect of the particle concentration is analyzed, resulting in an
understanding of the heat transfer behaviour for suspensions in laminar Couette flow.s.

Table 5.1: Parameters kept constant during the simulations unless specified otherwise

Property \ Value H Property \ Value ‘
Ly [m] 8 Ny 128
Ly [m] 12 Ny, 192
L, [m] 6 N, 96
coresy 4 coresy 6
unll,top [m/s] -1 Vwall,por  [m/s] 1
Thot [°Cl] 0 Ttop [°Cl] 1
Prandtl 1 & 1
Pp
d m] | 1

39
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5.2. DATA PROCESSING
The results from the simulations are processed in order to give a better insight in both the effect of the chang-
ing parameters on the effective heat transfer coefficient, and the underlying mechanisms.

The effective heat transfer coefficient is determined by:

Ttop - Ti,j,kmax dxdy
Jrop =) : (5.2.1)
i 0.5dz LxLy
Tij1— Thor dxdy
Tvor =) : (5.2.2)
~ 05dz  LyLy
L
keff,rop = qmpm (5.2.3)
L
keffpor = quTszot (5.2.4)

Due to the moving particles, no steady state will be reached. This causes the heat transfer on the top wall
and on the bottom wall to be slightly different and thus also causes a difference between the heat transfer
coefficient based on the heat transfer of the top and bottom wall. To define a mean effective heat transfer
coefficient, the average of both these top and bottom heat transfer coefficients is time averaged, resulting in
the average effective heat conductivity.

Furthermore, to better understand the contribution of the particles to the overall heat transfer, both the
advection and diffusion terms due to the fluid and the particle are determined at the top border of each cell:

1, ifQ; jx=@rijk1=1
Xijk=40 it i jx=@fijke1=0. (5.2.5)
undefined, otherwise
dxdy
Gadv,f k= > Wi kPrCpf-0.5(Tsijksr + TrijidX (5.2.6)
LxLy i
dxdy
Gadvpk = 77 Z Wy,i,i,kPpCp,p-0.5(Tp i jk+1+ Tpij i) (L= %) (5.2.7)
LxLy i
dxd Triiks1—Triik
daif.f.k = kaf L] LU (5.2.8)

LyLy dz

ij
The interface phase indicator is used to prevent using a discontinuous temperature to determine the prop-
erties at the cell boundary. From these results per time step, the average thermal advection and diffusion
contributions of the fluid and the particle can be determined at each horizontal cell layer by averaging over
time steps sufficiently far away from the starting time:

- 1

Gadv,fk = ﬁzqadu,f,k (5.2.9)
t ng

_ 1

qadv,p,k = ﬁzqadv,p,k (5.2.10)
t ng

_ 1

qdif.f.k = ﬁzqdif,f,k (5.2.11)
t ng

_ Ttop — Thot

ddif,pk = kEff—OpL = - (qadv,f,k +4dif,fkt qady,p,k) (5.2.12)

Z

The definition for the average diffusion in the particle is chosen in this manner since it can’'t be determined
directly from the outputs due to the particles having an uniform temperature (for the 0 and infinite Biot cases)
and thus being unable to define the amount of heat transported due to diffusion in the particles. This defini-
tion is based on the conservation of energy, that all energy transported at the top, should also be transported
in the rest of the fluid. While it is possible to formulate the particle diffusion directly for the intermediate
Biot cases, this would only serve to verify the correctness of either this particle diffusion, or the overall wall
conductivity. It was thus chosen to use the same method to determine the particle conduction for all cases.
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Based on these, the averaged contributions of the fluid and particle conduction and convection towards
the overall conductivity can be determined for each height by:

Kaav,f,k L,

I Ry . S (5.2.13)
kf Gaduv.fk kf(Ttop — Thor)

With these contributions per height the overall contributions towards the effective thermal conductivity can

be determined by:

Kadvf 1 « Kadv,fk

- (5.2.14)
kg Nz ky

In a similar manner, the contributions of the fluid conduction, and the particle conduction and convection
are determined. These averaged properties give an insight in the effect of the particles towards the overall
effective heat conductivity.

Next to these averaged thermal properties, the stresses acting on the moving upper and lower wall are
also saved. This is used for the effective viscosity of the suspension to be obtained in a similar manner as the
effective conductivity in equation 5.2.1-5.2.4. This allows for determining the ratio between the increase in
effective conductivity over effective viscosity, and thus allow determining if the increase in effective thermal
conductivity is worthwhile.

The last average quantities determined are the time averaged particle and fluid temperature at each hor-
izontal cell layer, and using a volume of fluid approach the time averaged particle and fluid concentration
also at each other horizontal cell layer. These give an indication about the distribution of the temperature
and concentration of the particles. This furthermore allows splitting the channel in a centre and wall region,
each with their own temperature and velocity gradient. This will eliminate the effect of the presence of the
wall for the centre region, and thus allow for determining the effective conductivities for a uniform shear flow
case.

5.2.1. CONVERGENCE

To determine if enough time was simulated for the results to be converged to statistical averages, the moving
average of the effective total conductivity, the effective conductivity per component for the full channel and
the effective conductivity per component at 1/4, 1/2 and 3/4 channel height are used. The resulting moving
averages for the total thermal conductivity and centre of channel component conductivity for the medium
mechanical and thermal timescale simulations can be seen in figure 5.1. The main indication of convergence
appeared to be the heat transfer components at single heights. This was checked for all simulations.

Moving average of heat conductivity N1Ic:1ving average of single height heat transfer components
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Figure 5.1: Moving averages for the Biot 0 simulations for a thermal timescale of 15s and a mechanical timescale of 5s.
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Figure 5.2: Sample of the instantaneous heat transfer coefficient based on the top wall heat flux (red) and the bottom wall heat flux (blue)
for thermal timescale of 45s and a mechanical timescale of 15s.

5.3. RESULTS FOR ZERO BIOT PARTICLES

The results given in this section are for simulated suspensions with highly conductive particles, causing them
to have an uniform temperature. The used thermal and mechanical timescales are shown in table 5.2. These
combinations of mechanical and thermal timescales are chosen such that they allow for the comparison of
results as function of changes in thermal and mechanical timescale separately.

The simulations were run up to the point that the average conductivity and the average heat transfer prop-
erties did not show any oscillations anymore. In most cases, this meant the simulations took 8 hours. The rea-
son these simulations took quite long was that, while the temperature distribution in the fluid quite quickly
adapts to the boundary condition, the particle movement influences the heat transfer at the walls. This causes
the heat transfer at the wall to be dependent on the particle positions, and thus causes the heat transfer at
the wall to show oscillations (see figure 5.2, most notable for higher mechanical particle timescales). Since
the overall particle motion is slower than the fluid flow motion adapting to the particles near the wall, low
frequency oscillations with higher frequency peaks can be seen. The high frequency peaks that can be seen
are due to the flow around near wall particles and due to particle collisions, the larger oscillations are due to
more particles at the current time-step being present near one of the walls compared to the other wall.

Another reason for the simulations taking long to be converged enough is that for the heat transfer profiles
in height direction, the convection of the particles requires the simulation to be sufficiently long to not show
the influence of the individual particles. This effect is strongest for the low mechanical timescale (the particles
move only a little in height direction), and high thermal timescale cases (each moving particle immediately
causes a large contribution to the overall heat transfer).

Table 5.2: Parameters changed between simulations. For a mechanical timescale of 1.66, the timescale ratio of 27 is also simulated.

’ Property \ Variable changed \ Values of property \ Values of variable

Tm Reyall 1.66 5.0 15 | 187 560 1680
TinlTm CpplCp,f 1 3 9 | 1/3 1 3
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5.3.1. OVERALL EFFECTIVE CONDUCTIVITY
The effective thermal conductivity resulting from the simulations for the Biot 0 particles is given in figure 5.3.
As can be seen in these bar graphs, the thermal timescale only has a significant influence on the contribution
of the particle convection to the overall heat transfer. For the cases in which the mechanical particle timescale
was changed, it can be seen that the main change in contributions to the total conductivity is the particle
convection. It should furthermore be noted that for all the simulated cases, the effective viscosity increases

more than the thermal conductivity increases.
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5.3.2. HEAT TRANSFER PROFILES

The contributions towards the overall heat transfer resulting from the fluid and particle conduction and con-
vection are given in figure 5.4 for changes in thermal particle timescale and in figure 5.5 for changes in me-
chanical particle timescale.

What can be seen is that a change in thermal timescale mainly changes the effect of the particle con-
vection in the centre of the channel, and changes the particle conduction in the region close to the wall.
The increase in heat transfer by convection in the centre of the channel can be explained by the increase
in thermal timescale causing the particles to require a longer time to adapt to changes in the surrounding
fluid temperature. This causes the particles to absorb or release more energy before an thermal equilibrium
between the particles and the surrounding fluid is reached. Because of the particles absorbing or releasing
more thermal energy, more energy is transported from the hot wall at the top to the bottom wall and this thus
causes an increase in effective thermal conductivity.

For an increasing mechanical timescale, the main change in the centre of the channel is the fluid con-
vection. This increase in fluid convection can be explained by an increase in mechanical particle timescale
causing the particles to take longer to adapt to flow velocity changes. Once a particle has a velocity in the
height direction, it will keep this velocity longer for a higher mechanical response time. This will cause more
movement in the fluid for higher mechanical particle timescales, and moving particles are more likely to also
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Figure 5.4: Heat transfer profiles with varying thermal particle timescale and constant mechanical particle timescale with the same
grouping as used for figure 5.3 (left column).
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influence other particles to move in height direction (either due to direct collisions, or due the surrounding
flow field). This all causes the fluid to mix in height direction in the region of large particle movements, and
thus causes a larger heat transfer due to fluid convection, resulting in a higher thermal conductivity for a
higher mechanical particle response time.

The change in heat transfer due to particle conduction can be explained by the infinitely conductive par-
ticles trying to match the temperature of the surrounding fluid to the particle temperature. If the surrounding
fluid mixes more, the surrounding fluid in the centre of the channel will have a smaller temperature differ-
ence. This causes the particles to transfer less thermal energy to keep matching the fluid temperatures around
the particle, and thus causes a lower contribution of the particle conduction to the overall heat transfer in the
centre of the channel for high particle mechanical timescales.

The increase of thermal conductivity due to particle conduction near the wall is a result from the increase
in heat transfer in the centre of the channel. The reason the particles react more to this change in the centre
of the channel is because of the high conductivity of the particles. They will conduct all heat instantly in order
to match the temperature of all the fluid surrounding the particle. Since in the near wall region, the top or
bottom of the particles is very close to the constant temperature walls, this means that all heat that is able to
be transferred in the centre will be transferred by the particles towards the walls. This increase is much more
visible for changes in mechanical timescale than it is for changes in thermal timescale since not only the
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Figure 5.5: Heat transfer profiles with varying mechanical particle timescale and constant thermal particle timescale with the same
grouping as used for figure 5.3 (right column).
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%

Figure 5.6: Distribution of particles in channel height for mechanical particle timescales of 5/3 (solid line), 5 (dashed line) and 15 (dot-
dashed line).

enhanced mixing for larger particle timescales increases the total heat transfer more than the particle con-
vection, but for an increasing mechanical timescale, the particle concentration near the wall also increases,
which also results in an increased particle conduction heat transfer. In figure 5.6, this particle concentration
distribution can be seen. The increased particle concentration near the wall for higher mechanical timescales
is caused by the increase in mechanical timescale giving the particles more vertical movement, which causes
the blocking effect of the wall to be more visible and significant.
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Figure 5.7: Results for the large channel height Biot 0 particle simulations with a constant thermal timescale of 22.5s and a mechanical
timescale of 2.5s and 7.5s.
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5.3.3. LARGER CHANNEL HEIGHT

To verify that the large particle conduction peaks near the walls are indeed the result of the presence of the
wall, simulations were done for a channel with a height of 12 particle diameters. These simulations were
done for a thermal timescale of 22.5 and mechanical timescales of 2.5 and 7.5. The mechanical, and thus
thermal, timescales are chosen differently compared to the smaller channel height cases in order to prevent
the Reynolds number getting close to the turbulent flow regime (used Reynolds numbers are 560 and 1680).
Furthermore, only 2 different mechanical timescales are simulated, since it appeared from previous results
that the lower 2 timescales vary only a small amount, while the difference between the upper 2 timescales is
much more notable.

The results are given in figure 5.7. It can be seen that the inner region has an approximate constant heat
transfer profile, with the exception of the fluid convection for the large mechanical particle timescale. Fur-
thermore, the particle concentrations also show a more constant profile, with only an increase in concen-
tration showing in the near wall region up to 1 particle diameter away. Finally, it should be noted that the
decrease in particle concentration near the walls results in the increase in effective viscosity is closer to the
increase in effective thermal conductivity compared to the 6 particle diameter height channel.

From these simulations with a larger channel height it can be concluded that the 6 particle diameter chan-
nel is sufficiently large to analyze the influence of the changes in thermal and mechanical particle timescale
for both the near wall region and the centre of the channel qualitatively.

5.3.4. CENTRE OF CHANNEL HEAT TRANSFER

To further analyze the influence of the thermal and mechanical timescales, the inner heat transfer profile is
further analyzed. To be able to do this, the heat transfer contributions are scaled, using that the total heat flux
is constant throughout the channel height, based on the total thermal conductivity in the inner channel by

means of:
i keff,wall Tmp_ Tpor

_ (5.3.1)
ky ky L
keff,inner _ i Linner (5.3.2)
kf kf Tinnertop_ Tinnerbvot o

With the inner region height (L;er) spanning the height from 2 to 4 particle diameters, and the inner top
and bottom temperatures being the time averaged mean fluid temperatures at these heights. Next the inner
heat transfer contributions are determined by:

kudv,f,inner _ 1 Z kadv,f keff,inner (5.3.3)
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Figure 5.8: Overview of region used for centre of channel analysis with graphs giving the average temperature (left), velocity (centre) and
concentration (right) in height direction for particles (orange) and fluid (blue). The results shown here are for the Biot 0, 15s mechanical
timescale, 45s thermal timescale results.
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Figure 5.9: Heat transfer in centre of channel for constant thermal timescale (left) and mechanical timescale (right) for low (x markers),
medium (square markers) and high (* markers) Stokes numbers.
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Figure 5.10: Effective heat conductivity in centre of channel for constant thermal timescale (left) and mechanical timescale (right). Solid
lines correspond to the simulation results, dotted lines correspond to the results from the curve fit for low (x markers), medium (square
markers) and high (* markers) Stokes numbers.
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With similar equations for the fluid diffusion heat transfer and the particle heat transfer. The factor i korr
is used to switch from the full channel height and temperature difference to the centre of channel height and
temperature difference.

The resulting heat transfer contributions are shown in figure 5.9 in a double logarithmic plot, to account
for the large difference in magnitudes. The horizontal axis contains the Stokes number based on the thermal
and mechanical timescale:

Vinnertop — Vinnerbot

Stk =T (5.3.4)

Linner
Vinnertop — Vinnerbot

Stk =Tm (5.3.5)

Linner

In which Vinnerrop and Vinnerpor are the time averaged mean fluid velocities at the top and bottom of
the inner region taken. What can be seen is that for the inner region, increasing the mechanical timescale
significantly increases the contribution of the fluid convection to the total heat transfer and slightly increases
the contribution of the particle convection. In contrast, increasing the thermal timescale only increases the
contribution of the particle convection, while all other contributions stay almost constant.

In order to investigate the influence of the timescales more quantitatively, curves are approximately fitted
to these heat transfer contributions. This resulted in the following curve fit for the total heat transfer in the
centre of the channel for a centre particle concentration of 24% (and an overall concentration of 20%):
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Figure 5.11: Results for the Biot infinite simulations with a varying mechanical timescale of 5/3s, 5s and 15s.
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With the parameters D¢, Dy, Ar, Ap possibly being dependent on the parameters that were kept constant
for the simulations (Biot number, Prandtl number, concentration, density ratio). The values for the current
parameters are approximately equal to: Dy = 0.97,D) = 1.3, Ar = 0.35, A, = 0.041. The comparison of this
curve fitted equation to the thermal conductivity resulting from the simulations can be seen in figure 5.10.

5.4. RESULTS FOR INFINITE BIOT PARTICLES

The same analysis as was done for Biot 0 particles is repeated for the Biot infinite particles. While more
calculations are required in order to fulfill the isolated particle boundary condition and for the second or-
der upwind discretization, the particles not absorbing any heat caused the averaged heat transfer profiles to
converge faster. This meant that these simulations also took around 8 hours each, while simulating less time-
steps. Since the thermal capacity of the isolated particles doesn't play a role in the heat transfer since they
don’t absorb or release any thermal energy, only changes in mechanical particle timescale were simulated.

5.4.1. FULL CHANNEL RESULTS

The results from these simulations are shown in figure 5.11. It can be seen that the only two significant con-
tributions towards the heat transfer are related to the fluid. The small amount of heat transfer due to the
particle diffusion visible in the line graph, which should not occur in isolated particles, could be due to two
sources. The IBM spreading affecting a small area in stead of releasing the thermal energy in the exact same
spot that it entered might results in heat transfer due to particle conduction. Another reason might be that,
even though the upwind scheme should be more stable than the central difference scheme, small oscillations
in the solution were still observed near the particles. Since the strongest thermal gradients occur near the
walls due to enhanced fluid mixing in the middle, this is also where most of these oscillations occurred. It
can be seen in the heat transfer profiles that indeed the largest particle diffusion contributions are in the near
wall regions.
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Figure 5.12: Isolated particles suspension heat transfer in centre of channel for constant thermal timescale (left) and effective heat
conductivity in centre of channel for constant thermal timescale (right). Solid lines correspond to the simulation results, dotted lines
correspond to the results from the curve fit

Furthermore, while the fluid conduction decreases slightly in the centre of the channel, the large increase
in fluid conduction near the walls to adapt to the larger amount of heat being conducted makes the total
fluid conduction over the whole channel almost constant. The large increase in fluid convection is similar to
the increase in fluid convection for the Biot 0 particles. This increase is also caused by the particles taking a
longer time to adept to changes in velocity, and thus mixing the fluid in the height direction more when they
obtain a vertical velocity, either due to collisions or due to interaction between particles through the fluid.

From this it can be concluded that the same effects occur as for the Biot 0 particles. The fluid and particle
conduction stay close to constant, while the increase in mechanical particle timescale greatly enhances the
effect of the fluid convection.

5.4.2. CENTRE OF CHANNEL RESULTS

Similarly to the Biot 0 simulations, a region of up to 2 particle diameter from the wall shows a different be-
haviour compared to the core of the flow. In order to analyze the core flow, the same analysis as was done
for the Biot 0 particles was repeated (see figure 5.12). In this analysis, the equation resulting from the Biot 0
particles was used and the following coefficients were obtained: Dy = 0.73, D, = 0.021, Af = 0.56, A = —, in
which the particle advection coefficient could not be obtained due to the thermal timescale being 0.

It is interesting to note that the curve still shows the same trend as obtained from the Biot 0 simulations.
Furthermore, the sum of the diffusion coefficients (0.75 and 2.27) show a clear effect of the particle conduc-
tivity. When compared to the non moving particle solution from equation 1.4.2 for a centre concentration of
24% (0.68 and 1.95) it can be seen that, while these are not an exact match, they are strongly correlated. This
could indicate that instead of using the fluid and particle conduction as separate terms, these two terms can
be combined and based on the non-moving effective conductivity. The main difference between the obtained
effective conductive heat transfer and the conductivity resulting from the non moving particle equation could
be caused by particles being close to each other and forming layers due to the particle motion. It was seen
in the verification for a large amount of non moving particles (section 4.7) that the particle interaction has
an influence on the obtained thermal conductivity. For non moving particles, these interactions were just
due to the random positioning of the particles, but for moving particles, they tend to collide and organize in
layers thus the assumption of an infinite medium around each particle becomes even less valid, which could
explain the larger deviation from this equation.

It can also be seen that the fluid advection coefficient for the isolated particles is somewhat close to the
fluid advection coefficient for Biot 0 particles. This might indicate that the effect of the particles mixing the
fluid and thereby enhancing the heat transfer is only weakly dependent on the conductivity of the particles
itself.

5.5. RESULTS FOR FINITE BIOT PARTICLES

To verify that the conductive heat transfer is strongly related to the non moving suspension conduction, and
to verify that the fluid convection term is indeed independent of the particle conductivity, a few simulations
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for finite Biot particles were done. Since the implemented volume of fluid method is most stable for a ther-
mal capacity ratio of 1, the simulations were done at this thermal capacity ratio, and thus the thermal and
mechanical timescales are coupled. However, based on the previous results, it should be possible to deduce
the independent effects of both the timescales.

The simulations were done for the same mechanical timescale as used before, and a thermal conductivity
ratio between the fluid and the particles of 1/3, 1 and 5. These values were chosen to span a wide range be-
tween the previous cases, while also spanning a range between the non moving suspension heat conductivity
ratios. The Biot numbers corresponding to these heat conductivity ratios are equal to 6, 2 and 2/5, assum-
ing only a small effect of forced convection towards the total heat transfer due to a low velocity difference
between the fluid and particles, and thus a Nusselt number of approximately 2.

5.5.1. TOTAL CHANNEL RESULTS

The results for the total channel height heat transfer are given in figure 5.13. It can be seen that the most
significant change in the thermal conductivity results from the increase in particle diffusion, and a small in-
crease in fluid diffusion. Furthermore, the heat transfer contributions due to the fluid and particle advection
stay almost constant for constant timescales.

When looking at the heat transfer profiles in figure 5.14 it can be seen that indeed the fluid and particle
convection show a similar behaviour for all cases independent of the thermal particle conductivity. The small
differences between the cases can be explained by a change in particle conductivity changing the overall
heat distribution around the particles, and thus slightly changing the location at which the thermal energy is
available to be convected.
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Figure 5.13: Results for a varying particle conductivity for the full channel height. the results for the kp/ky¢ = 0 particles are from Biot
infinite IBM particle simulations, the results for the kj/k = co IBM particles from the Biot 0 simulations and the intermediate conduc-
tivities are from VOF simulations.
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5.5.2. CENTRE OF CHANNEL RESULTS

The same centre of channel analysis is also applied to the finite Biot cases. The results can be seen in figure
5.15. What can be seen is that the same curve fit used for the Biot 0 and infinite particles represents the
overall behaviour correctly, but shows larger deviations for high mechanical (and thus also thermal) particle
timescales.

The coefficients for the curve fit (based on equation 5.3.6) are given in table 5.3. From these coefficients,
it seems that there is indeed a strong correlation between the non-moving suspension thermal conductivity
and the total diffusion in the centre of the channel. Furthermore, the advection coefficients are only slightly
dependent on the thermal conductivity ratio, and thus the particle Biot number. This indicates that for low
particle timescales, the thermal conductivity ratio is the most important parameter for increasing the ther-
mal conductivity of the suspension. When the mechanical timescale is increased, however, the effect of the
conductivity of the particles itself stays almost constant, while the effect of the fluid convection increases due
to the enhanced mixing induced by the particles. This leads to the most significant contribution for higher
mechanical particle timescales being the fluid convection. The downside of this increase, however, is that
this increase comes together with an increase in effective viscosity, and thus introduces more losses. For
increasing the effective conductivity without increasing the effective viscosity, the thermal timescale can be
increased. While the effect of this timescale on the total effective conductivity is low compared to the increase
in mechanical timescale, it gives a small boost to the overall conductivity, while not having the negative effect
of increasing the effective viscosity.

Table 5.3: Parameters resulting from the curve-fit for the finite Biot number particles and the earlier results for Biot 0 and infinite parti-
cles. Also includes the effective conductivity for non moving suspensions based on equation 1.4.2 for a centre particle concentration of
24%.

Parameter \ kp/kf=1/3 \ kplkr=1 \ kplkr=5 H k,,/kfzo \ kp/kfzoo ‘

D¢ 0.75 0.73 0.87 0.73 0.97
Dy 0.19 0.37 0.84 0.021 1.3
Ay 0.48 0.48 0.43 0.56 0.35
Ap 0.061 0.054 0.045 - 0.041
D¢+ Dy 0.95 1.1 1.7 0.75 2.3
kol ks 0.80 1.0 1.5 0.68 2.0
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Figure 5.16: Simulation results for the different wall velocity case for a constant thermal timescale and Reynolds number

5.6. ACCURACY OF TIMESCALES

While the results given in this chapter show a clear correlation to the mechanical and thermal timescales,
these timescales are defined for point particles. To verify that this correlation is indeed dependent on the
timescale, and not on the changes in thermal capacity ratio and Reynolds number, 3 simulations were done
for a thermal timescale of 15 and a mechanical timescale of 5/3, 3 and 15. The mechanical timescale is varied
by changing the wall velocity, while keeping the Reynolds number constant at 560 by also varying the fluid
viscosity.

The results from this are given in figure 5.16. It can be seen that a change in mechanical timescale by
means of the wall velocity while keeping the thermal timescale constant (by adapting the thermal capac-
ity ratio) only primarily the particle convective heat transfer. Based on previous results, this would indicate
no changes in mechanical timescale while the thermal timescale is decreased. When, however, instead of
the thermal and mechanical timescale, the thermal and mechanical stokes number are used to specify the
particle characteristics, the mechanical Stokes number stays constant, while the thermal Stokes number de-
creases, due to the changed thermal capacity ratio to keep a constant thermal timescale. This corresponds to
earlier results, in which due to the wall velocity not being changed, the relation between the Stokes number
and the timescales stayed constant. This thus indicates that the particle timescales are not a good indica-
tion of the heat transfer behaviour of the suspension, but rather the thermal and mechanical Stokes number
should be used, which for the full channel height can be defined as:
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Figure 5.17: Simulation results for the 10.5 and 6 particle diameters high channel at the low, medium and high Stokes numbers.



56 5. SIMULATIONS AND RESULTS

2
1ppdp
Stky=--L-LR 5.6.1
m=y oy L% Cwall ( )
C
Stky, =3 Stky, Pr-22 (5.6.2)

Cp.f

To further validate these Stokes numbers, simulations were done with a different channel height. The
used particle diameter over height ratio was 1/10.5, and the simulated Reynolds numbers were 560, 1680 and
5040, which correspond approximately to the mechanical Stokes number cases for the Biot 0 particles. The
thermal Stokes number was kept constant.

What can be seen (figure 5.17) is that the results for Stokes number 5/9 and 5/3 correspond quite well,
thus verifying the correctness of the mechanical Stokes number as relevant parameter. The results for the
Stokes number of 5, however, differ quite a lot, mainly due to the large difference in fluid convective heat
transfer. While this might indicate that the Reynolds number itself is also an important parameter, a more
logical explanation for this is that, due to the high Reynolds number used for the large channel, the flow
regime of this case is not in the inertial shear thickening flow regime, but in the turbulent flow regime. This
indicates that the main role of the Reynolds number for the heat transfer in the inertial shear thickening flow
regime is to define the limits of the flow region in which the Stokes number similarity is valid.

5.7. EFFECT OF PARTICLE CONCENTRATION

Since it appeared from the previous simulations that for the particle concentration of 20% the effective vis-
cosity always increases more compared to the effective heat conductivity, it is interesting to look at the effect
of the particle concentration on both the effective conductivity and the effective viscosity.

5.7.1. PARTICLE CONCENTRATION DIFFERENCES

Simulations were done for mechanical Stokes number of 5/9, 5/3 and 5 (1, = 5/3,5,15s, Rey,4;; = 187,560,
1680), a thermal Stokes number of nine times the mechanical stokes number (7, = 15,45, 135s) and Biot 0
particles. The particle concentrations were chosen to be 1%, 5%, 10%, 20% and 30%, thus spanning a range
between near to no particles, up to half the maximum possible particle concentration. The Stokes numbers
were chosen such to include the whole range of mechanical Stokes numbers previously used while only using
the highest thermal Stokes number since the mechanical Stokes number significantly influences the effective
heat transfer, while a large thermal Stokes number is needed to see any effect of the particle convection.

The full channel results for the heat transfer are given in figure 5.18 and the particle distributions are
given in figure 5.19. What can be seen is that for the low particle concentration cases up to 10% the increase
in effective heat conductivity is larger than the increase in effective viscosity. This result was also seen in [1],
in which for well conducting particles the increase was bigger up to 10%, and for ill-conducting particles up
to 3%.

From the results, however, it is clear that the mechanics of the increase in conductivity between the two
Stokes numbers shown is completely different. For the medium Stokes number cases, the increase is mainly
due to the conductivity of the fluid and particles itself, with a slight addition of fluid and particle convection
for denser suspensions. In contrast, the main increase in thermal conductivity for the high Stokes number
cases is due to the fluid convection. Even for the 1% suspension, the effective heat conductivity is significantly
increased. This increase can be attributed to the very small amount of particles inducing mixing as soon as
they collide and start moving in height direction. Since the particles have enough inertia to significantly
influence the flow, the fluid starts to behave turbulent-like. This also explains the large difference in effective
viscosity between the two Stokes number cases. For medium mechanical Stokes number the flow is laminar
with a near to constant velocity gradient, while for high Stokes number, the velocity gradient near the wall is
significantly larger and thus the effective viscosity felt by the wall is significantly larger.

For the high Stokes numbers cases, it can also be seen that the fluid convective heat transfer decreases
with increasing concentration. This is probably both because of a decrease in volume of the fluid due to
the increased particle concentration, and due to the larger amount of particles limiting the movement of the
fluid by them keeping their own direction and velocity due to having a relative large amount of inertia. This
decrease in fluid convection, while the total conduction increases because of the increase in concentration,
causes the maximum effective conductivity to not appear for the densest suspension but for the 5% and 10%
suspensions. This indicates that even when particles are added to maximize the thermal conductivity, while
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Figure 5.18: Results for the varying particle concentration cases based on the full channel results. Results for the low Stokes number
cases not shown, these were similar to the medium (left) Stokes cases.

the effective viscosity is not important, a denser suspension doesn’t always result in an increase in effective
conductivity.

When trying to apply the same analysis for the centre of the channel heat transfer, it appeared that for
the low particle concentration cases the mechanical Stokes number decreased due to the mixing caused in
the centre of the fluid by the high inertial particles. This caused the centre of the channel to have a very
low velocity gradient, while the wall velocity gradient increased. This decrease in velocity gradient caused
the mechanical Stokes number to decrease between the medium and high full channel mechanical Stokes
number.

Because this resulted in a decrease of the heat transfer components for an increased centre of channel
Stokes number, it was not possible to analyze the centre of flow heat transfer by using exponential functions
in the same manner as was done for the previous, 20% suspension, cases. This indicates that the heat transfer
behaves completely different for laminar and turbulent flows for low particle concentrations. Since these
different regimes do not exist for high particle concentrations, since the flow regime is always in the inertial
shear thickening regime [10], it is possible to do this analysis for higher mechanical Stokes numbers for high
particle concentrations.
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Figure 5.19: Particle concentration distribution for varying suspension densities.
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Figure 5.20: Heat transfer contributions towards the overall effective conductivity for the 20% (solid line) and 30% (dashed line) particle
concentration cases.

When looking at the heat transfer contributions for the denser suspensions in figure 5.20, it can be seen
that the lines for the fluid and particle advection are not parallel to each other. This thus indicates that
changes in particle concentration also result in changes in the behaviour of the heat transfer, and thus the
exponents of equation 5.3.6 also change. This made it not possible to apply the previously used curve-fit to
analyze the behaviour of different concentrations suspensions quantitatively.

5.7.2. LOW CONCENTRATION LAMINAR SCALING

To investigate the effect of the particles in the fully laminar, low concentration regime, more simulations
were done for particle concentrations of 1, 5 and 10 %, with Reynolds numbers of 187, 373, 560, 747 and 1120,
which correspond to mechanical Stokes numbers varying from 0.83 to 2.1. The thermal capacity ratio is taken
to be 1 and 3, corresponding to a thermal stokes number of 3 and 9 times the mechanical stokes number. The
simulations were done with Biot 0 particles, and the other parameters are as defined in table 5.1.

From these cases, the simulations which do not show any signs of transition towards a turbulent flow
structure are selected. A clear example of the difference between the laminar and turbulent flow heat transfer
can be seen in figure 5.21. The parameters used for this case resulted in a flow in the region of transition
between laminar and turbulent flow. This resulted in the instantaneous heat transfer displaying peaks when
the flow temporarily behaved turbulent-like, and low heat transfer when the flow behaved laminar-like.

The heat transfer contributions for both the full channel height as the core of the channel can be seen in
figure 5.22 and the overall thermal conductivity can be seen in figure 5.23. What can be seen is that the con-
duction and the fluid convection are the most significant and the particle convection provides a somewhat
relevant contribution for the 10%, high thermal Stokes number case.

The same method as was used for the quantitative analysis of the 20% concentration cases was used to
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analyze these results. This resulted in an equation predicting the behaviour of the effective conductivity as
function of the mechanical and thermal Stokes numbers, and the particle concentration for the complete
channel height:

k k
% = k_" + ApSthy (1 — ) + ApStkOEStEES 1 (5.7.1)
f f

For the core channel, in which a close to constant temperature and velocity gradient exist, the equation

found is:

kerysi ki
% = k_" + ApSthy PPl — ) + ApSIkY Stk Pl (5.7.2)
f f

The resulting predictions, based on these equations can be seen in figure 5.23. The used constants are
Ap =1.0,A, =037 for the full channel and Ap =3.0,A, =024 for the channel core. The constant 115_3 is

the non-moving thermal conductivity due to conduction for the average location of the particles, which is
independent of the mechanical and thermal Stokes number.

It is interesting to note that, even though the scaling of the thermal conductivity depends differently on
the thermal and mechanical Stokes number for the complete channel and core channel, the influence of the
concentration is similar in both equations. For the fluid convective heat transfer, two separate effects exist:
an increase in mixing due to the increased amount of particles, and a decrease in fluid advective heat transfer
due to a decrease in fluid for increased particle concentration. In contrast, the particle heat convection only
depends on the concentration increase, since this will both increase the available amount of particles to move
thermal energy, and increase the amount of collisions between particles, which cause more vertical particle
movement.

When comparing these results to the results obtained for the 20% concentration cases, it appears that
the prediction given here for variable concentrations not correspond to the 20% concentration prediction.
This is probably due to this prediction being based on dilute suspensions, in which particle collisions (and
their corresponding defining collision parameters) do not play a significant role for dilute suspensions. In
contrast, for the 20 % and 30 % suspension cases, the particle collisions become much more important. This
different behaviour in thermal conductivity scaling corresponds to the different flow regimes mentioned in
section 1.2, thus indicating that different thermal scaling behaviour appears for the different suspension flow
regimes.

Stk  =21,Stk

L =18.8

top wall
bottom wall 1

0 500 1000 1500 2000 2500 3000 3500 4000
time (s)

Figure 5.21: Instantaneous heat transfer based on the top wall flux and the bottom wall flux for a flow case in the laminar-turbulent
transition regime.
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Figure 5.22: Contributions towards the overall thermal conductivity for 1% (x markers), 5% (square markers) and 10% (* markers) for
thermal Stokes numbers of 3 (dashed line) and 9 (solid lines) times the mechanical Stokes number. Results for the full channel height on

the left and centre of channel on the right.
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Figure 5.23: Effective heat conductivity for different particle concentrations in the fully laminar flow regime resulting from simulations
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Figure 5.24: Comparison between fitted curve and simulation results with the curve for the effective viscosity based on the Eilers fit (left)
and the corrected Eilers fit (right) for 1%, 5% and 10% concentrations.

5.8. EFFECTIVE VISCOSITY

Since not only a high thermal conductivity is important for efficient heat transfer but the increase in effec-
tive viscosity is also significant, in this section a more detailed look is given to the effect of the mechanical
Stokes number onto the effective viscosity. An useful relation for predicting the behaviour of the viscosity of
suspensions is, as also mentioned in the literature study, the Eilers fit [15]:

2

Heff _(14p Perr

_ (5.8.1)
Hr 1=efr!Pmax

By using this equation with ¢,,,x = 0.60 and fitting it to the simulation results for the fully laminar channel
flow, an expression for the effective particle concentration based on the influence of the mechanical Stokes
number can be determined:

Perr =+ APStkyt = ¢(1+ AStky) (5.8.2)

The results of this fit can be seen in figure 5.24. What can be seen is that, even though the general trend is
the same, large deviations occur for low and high mechanical Strokes numbers. This can be corrected by
introducing an extra dependence on the Stokes number in the maximum concentration, resulting in a better
fit with:

Gerp=P(L+ASLh)) (5.8.3)
Gmax=0.6-C Stk?ﬁs (5.8.4)

With the values A=0.4, B=1.15 and C=0.12. This relation is shown in figure 5.24. What can be seen is that
this curve almost perfectly fits the simulation results for 5% and 10% suspensions. The viscosity still differs

Figure 5.25: Results for the excluded volume for low Reynolds number (left) and high Reynolds number (right) particles, and thus low
and higher Stokes number particles, from [15](colored spheres) and a rough indication of the effect of the excluded volume (shaded area)
on the effective particle shape.
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Figure 5.26: Effective viscosity based on the Eilers fit (left) and the corrected Eilers fit (right). Shaded region indicates that the properties
are extrapolated, non shaded region means the properties are interpolated from the simulation results.
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Figure 5.27: Effective conductivity based on curve fit for the fully laminar flow region for a thermal Stokes number of 0 (left) and 5

(right). Shaded region indicates that the properties are extrapolated, non shaded region means the properties are interpolated from the
simulation results.

between the Eiler fit prediction and the simulation results for the 1% cases. This difference is probably due to
the extremely low amount of particles, and thus the increased influence of the initial position of the particles.

The decrease in maximum concentration and increase in effective concentration can be explained with
the results from [15]. The increase in effective concentration is due to the particles having an excluded re-
gion behind them where no other particles can exist. This effect is indicated in figure 5.25, where a rough
indication of the shape of the excluded region is given.This might also explain the decrease in maximum
possible concentration, since this excluded region changes the particles by adding a somewhat cone shaped
shape to the back of the particles, which makes them stack less efficient, and thus have a deceased maximum
concentration.

When looking back to the results used for the verification for the timescales in figure 5.17, it can be seen
that the effective viscosity is dependent on the mechanical Stokes number and not directly on the Reynolds
numberas long as the flow remains in the same flow domain, since a factor 3 difference between the same
Stokes number different channel height cases exist. This indicates that the increase of the effective concen-
tration being coupled by the Stokes number and not the Reynolds number seems to be correct.

With predictions for the effective conductivity (figure 5.27) and the effective viscosity (figure 5.26) being
possible due to the determined relations, the ratio between the conductivity and viscosity can be determined.
This results in the contours shown in figure 5.28. Even though between 10% and 20% the flow regime switches
from laminar to inertial shear thickening and thus making the predictions less valid, he contours are deter-
mined up to a particle concentration of 15% to indicate the overall behaviour for denser suspensions. Simi-
larly, a mechanical Stokes number of 2.5 might not be realistic while limiting the Reynolds number to stay in
the laminar flow regime, but this region is given to make the influence of the Stokes number clearer.
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The first thing that can be seen in these contour plots is that the same behaviour exists in the fully lami-
nar regime compared to the inertial shear thickening regime: For large particle concentrations, the effective
viscosity increases faster than the effective conductivity with increases in mechanical Stokes number. For a
particle concentration of 15%, this ratio is bigger than one up to a mechanical Stokes number of 0.9 (for ther-
mal Stokes number 0) and decreases fairly rapidly with increased Stokes number down to 0.4 for a mechanical
Stokes number of 2.

For low particle concentrations, the dependence of the conductivity and viscosity on the Stokes number
is much smaller. This results in a near to constant ratio for concentrations up to 1.5%. Both the influence of
the particles and the influence of the particle collisions in this region are too low to significantly influence the
viscosity and the conductivity. It can furthermore be noted that the effect of the thermal Stokes number in
the fully laminar regime is low, increasing the ratio at most a few percent.

From this it appears that the highest conductivity over viscosity is reached for high concentration, low
Stokes number suspensions. In this case, the particles have a low influence on the fluid and have little colli-
sions and movement in height direction. This results in the effects of the convection of both the fluid and the
particles towards the heat transfer being negligible, but also causes the mixing within the fluid to be reduced
and thus have a lower wall friction. In this case, the main increase in the conductivity viscosity ratio is due to
the increase in static conduction in the suspension by the addition of well-conducting particles.

This effect can also be seen in figure 5.29. This figure uses the relation 5.7.1, combined with the result from
section 5.5.2 that the advection coefficients only slightly vary with the particle Biot number, to approximate
the conductivity over viscosity ratio for suspensions with an equal fluid and particle conductivity. Since this
figure gives results for particles with the same conductivity as the fluid, any enhancement in thermal con-
ductivity, and thus an increase in conductivity viscosity ratio is due to the enhanced mixing by the presence
of particles. The ratio is close to 1 for near to no particles, and only decreases with the addition of more parti-
cles. While increases in the Stokes number result in near to no change for low concentrations, These changes
significantly decrease the ratio for higher Stokes numbers. This thus indicates that adding particles with a
conductivity up to or lower than the fluid conductivity will not make the fluid more efficient in transferring
heat when also considering the frictional losses.
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Figure 5.28: Ratio between the predicted effective conductivity and viscosity as function of the concentration and the mechanical Stokes
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CONCLUSION AND RECOMMENDATIONS

The heat transfer in Couette channel flow for both dilute and more dense suspensions has been analyzed in
the previous chapter. From this, it can be concluded that the non-dimensionalized thermal and mechanical
timescales, the thermal and mechanical Stokes numbers, are important parameters for the effective conduc-
tivity for suspensions. Next to these parameters, the suspension concentration and the conductivity of the
particles were also shown to play an important role.

For dense suspensions (¢ = 0.2) at low Stokes numbers, the main contribution towards the effective con-
ductivity results from the addition of particles with a high conductivity. When well conducting particles are
added, the effective conductivity will increase, while if particles with a lower conductivity than the fluid are
added, the effective conductivity will decrease. When the mechanical Stokes number is increased, the par-
ticles start moving more in wall-normal direction due to particle-particle interactions. This also causes the
fluid to mix more in height direction, and thus significantly enhancing the heat transfer due to fluid convec-
tion. Since the particles themselves also absorb and release heat, the particle convective heat transfer also
starts becoming slightly more important for higher mechanical Stokes numbers, and increases significantly
with increases in thermal Stokes number. This increase is due to the particles absorbing more energy when
the thermal Stokes number is high, and thus transporting more thermal energy from the top hot wall to the
bottom cold wall.

In the fully laminar dilute (¢p <= 0.1) suspension flow regime, the same effect exists as for dense suspen-
sions, but due to the lower amount of particles, the overall contribution of the particle induced fluid convec-
tion and the particle advection is less. It is, however, possible to formulate a relation which, as function of not
only the Stokes numbers but also the particle concentration and the non-moving suspension conductivity,
predicts the effective conductivity. This equation confirms that the effects of the particles only start enhanc-
ing the heat transfer for higher Stokes numbers, while for very low Stokes numbers, the only enhancement to
the effective conductivity is by increasing the non-moving conductivity.

When looking at the effective viscosity, the effect of the increased particle inertia due to an increased me-
chanical Stokes number can be included in the effective concentration and maximum concentration. This
gives a good approximation of the effective conductivity, with which the ratio between the thermal conduc-
tivity and the viscosity were analyzed. What was seen is that for well-conducting particles, this ratio is only
bigger than 1 for either low concentrations or low Stokes numbers, while for higher mechanical Stokes num-
bers the viscosity increases more than the conductivity. For ill-conducting particles however, the increase in
effective viscosity is always larger compared to the increase in effective conductivity. This indicates that while
it is possible to enhance heat transfer by introducing high Stokes number ill-conducting particles, it is only
possible to give a bigger boost to the heat transfer compared to the friction by introducing highly conductive
particles with either a low particle concentration (dilute suspensions), or a low mechanical Stokes number
(particles behaving as tracer particles).

6.1. RECOMMENDATIONS

In this thesis, the influence of the mechanical and thermal Stokes number have been analyzed. The mechan-
ical Stokes number has been verified to be an important parameter by changing the Reynolds number and
the channel height. This has not been done for the thermal Stokes number. Thus it might be interesting to
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do simulations with different Prandtl numbers. This will require analyzing the required grid size for different
Prandtl numbers, and thus will also increase the understanding of the accuracy of the code.

What would be interesting to analyze in the future would be the turbulent flow regime. The complete
analysis of this report is done for laminar flow, in which no mixing occurs without particles. This is in contrast
to a turbulent flow, where mixing occurs naturally. This could possibly lead to the particles not causing any
additional enhanced mixing and thus not causing any additional fluid convection. It might even be possible
that by adding particles the fluid movement gets limited, causing a decrease in fluid convection and thus a
decrease in effective conductivity due to the addition of particles.

It also might be interesting to look at the effects of density differences between the particles and the fluid.
While this has been assumed to be nonexistent for this thesis, real particles with high thermal conductivity
are mostly metals and thus have high densities compared to liquids. This density difference might cause
the concentration near the bottom wall to be significantly higher compared to the top wall. This in turn will
probably results in a difference in the heat transfer behaviour near the top and bottom wall. This might results
in particle conduction being significant near the bottom wall. In contrast, near the top wall, less particles will
appear and thus the effects of fluid conduction will probably be more significant. Furthermore, the lower
particle concentration near the top wall might induce more mixing than the very high particle concentration
near the bottom wall.

Another interesting effect to look at when looking at density differences is the effect of natural convection
towards the effective conductivity. While this might not have significant influences on heat transfer with a
hot top wall and a cold bottom wall, when the wall temperatures are exchanged, the natural convection in
the fluid will probably cause an extra contribution towards the fluid convection in height direction and thus
enhance the effective conductivity.

Finally it would be interesting to look at Poiseuille flow. While the flow used, Couette flow, allows for
analyzing different flow regions due to having a close to constant shear rate in the centre, it is not a commonly
used flow type for applications where heat transfer is important. A more realistic flow would be Poiseuille,
pressure driven, flow between 2 flat plates. It might also be interesting to look at pipe flow instead of channel
flow, since for practical applications pipe flow is more common than channel flow.
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