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Concentrated suspensions, composed of solid particles and fluids, are used in many industrial applica-
tions. In this paper, we study the effects of temperature on the flow of a concentrated (dense) suspension
between two long rotating cylinders. The viscosity of the suspension is assumed to depend on tempera-
ture and volume fraction of the solid particles. Based on these concepts, a generalized viscosity model is
proposed and the model parameters are fitted with experimental data. The numerical results show good
agreement with the available experimental measurements.
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1. Introduction

Concentrated suspensions are complex fluids composed of solid
particles dispersed in a fluid, and are important in many industrial
applications, such as drilling fluids [1,2], ceramics and reinforced
polymer composites [3], coal slurries [4,5], and food engineering
[6], etc. Successful operation of these suspensions requires a thor-
ough understanding of the thermo-rheological properties of the
suspension, such as its viscosity, the particle distribution, and the
impact of the temperature field, etc. [7–10].

Suspensions composed of particles in a fluid can be considered
as multiphase materials, and specifically two-phase flow approach
can be used to study them. When the amount of the dispersed
(particle) phase is very small, not impacting the motion of the con-
tinuous (fluid) phase, then a ‘‘dilute phase approach”, sometimes
referred to as the Lagrangian-Eulerian approach can be used. This
is a one-way coupling. Alternatively, when the two phases are
interacting with each other influencing the motion and the behav-
ior of each other, a ‘‘dense phase approach”, sometimes called the
Eulerian-Eulerian (or the two-fluid) approach can be used. This is a
two-way coupling. In either approach, governing equations are
written for each component, and constitutive relations are needed
before one can solve a system of coupled differential equations to
obtain the velocity, temperature fields, etc. [see Soo [11] and Mar-
cus et al. [12], Massoudi [13,14]]. In addition to these two
approaches, a macroscopic (global) approach can be taken; here
the suspension is considered as a complex fluid whose properties
depend on the volume fraction of the particles, among other
parameters. In this paper we take this approach.

There are many published studies involving flow and heat
transfer in suspensions [7,8,15–18]. For example, Ahuja [19] stud-
ied heat transfer in suspensions of polystyrene spheres in aqueous
sodium chloride or glycerine; it was found that the thermal con-
ductivity of the suspensions can be three times as much as the
thermal conductivity of stationary suspensions. Shin and Lee [16]
experimentally investigated the rheological and thermal behavior
of dense suspensions in a shear flow where the effects of particle
size, particle concentration and shear rate were studied. In their
paper, a shear-thinning viscosity was observed; the thermal con-
ductivity was found to be strongly affected by particle concentra-
tion and particle size. Chen and Louge [17] theoretically explored
heat transfer enhancement of dense suspensions in fluids; heat
transfer enhancement is thought to be related to the agitation
and movement of the solid particles. This was modeled by coupling
the fluid and the solid phases through a particle concentration
source term. It is worth mentioning that in recent years, nanoflu-
ids, which are suspensions composed of base fluids with different
types of nanoparticles, have received much attention for their unu-
sual performance on enhancing heat transfer efficiency [20–25]. In
general nanofluids are usually considered to be dilute suspensions,
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and will not be discussed in this paper; for more details we refer to
the recent review articles [23,26–29] and several important
pioneering works [30–32].

In most situations, the suspension is modeled as a Bingham or
as a power-law fluid model [33,34]. It is known that the rheological
behavior of suspensions can be very complex. For example, the
shear viscosity of a concentrated suspension, in addition to being
dependent on the shear rate, could also depend on the volume frac-
tion of the particles, the temperature, the pressure, etc. Krieger
et al. [35], based on their experimental and theoretical studies
for concentrated suspensions, suggested that the viscosity can
depend on the shear rate and the volume fraction of the particles
(with various sizes). According to their study, the shear-thinning
property is dominant when the size of the (solid) particles is in
the micro scale range, but this effect diminishes as the particle size
increases. According to Briscoe et al. [36], the rheological behavior
of concentrated suspensions, such as drilling mud, can also depend
on pressure and temperature in applications, such as deep ocean
drilling operations [37].

In this paper, we model the suspension as a non-linear fluid
model where the shear viscosity depends on temperature and par-
ticle concentration, and particles migration is modeled by the con-
centration flux transport model proposed by Phillips et al. [38]. In
Sections 2 and 3, the governing equations of motion and the con-
stitutive relations for the stress tensor, the diffusive particle flux
vector and the heat flux vector are provided. In Section 4, the
numerical results are presented and analyzed. We first study the
isothermal flow of a suspension between two concentric cylinders;
we then consider effects of temperature and eccentricity.

2. Governing equations

If the effects of electro-magnetism and chemical reactions are
ignored, the governing equations, for a suspension, are the conser-
vation equations for mass, linear and angular momentum, particle
concentration, and energy [7]. For a complete thermo-mechanical
study, the entropy law should also be considered [see [39]].

2.1. Conservation of mass

@q
@t

þ divðqvÞ ¼ 0 ð1Þ

where q is the density of the suspension, @=@t is the partial deriva-
tive with respect to time, and v is the velocity vector. For an iso-
choric motion, divv ¼ 0.

2.2. Conservation of linear momentum

q
dv
dt

¼ divT þ qb ð2Þ

where d=dt is the total time derivative, given by
dð�Þ=dt ¼ @ð�Þ=@t þ ½gradð�Þ�v , b is the body force vector, and T is
the Cauchy stress tensor. The conservation of angular momentum
indicates that in the absence of couple stresses the stress tensor is
symmetric, that is, T ¼ TT.

2.3. Conservation of solid particles (particles flux)

@/
@t

þ v @/
@x

¼ �divN ð3Þ

The function / is an independent kinematical field called the
volume distribution or the volume fraction (related to concentra-
tion) with the property 0 6 /ðx;tÞ 6 /max < 1. Here the first term
on the left hand side denotes the rate of accumulation of particles,
the second term denotes the convected particle flux, and the term
on the right hand side denotes the diffusive particle flux. Following
[38], the diffusive particle flux N is composed of fluxes related to
the Brownian motion, the variation of interaction frequency and
the viscosity. Such a transport equation for the concentration of
particles (convection-diffusion) has been widely used to study flow
and heat transfer in suspensions [8,40,41].

2.4. Conservation of energy

For an incompressible fluid, the energy equation is,

@e
@t

þ divðevÞ ¼ T : L� divqþ qr ð4Þ

where e is the internal energy, L is the gradient of velocity, q is the
heat flux vector, and r is the specific radiant energy (which is not
considered in this paper). Thermodynamical considerations require
the application of the second law of thermodynamics or the entropy
inequality. The local form of the entropy inequality is given by (Liu,
p. 130):

q _gþ divu� qs P 0 ð5Þ
where gðx; tÞ is the specific entropy density, uðx; tÞ is the entropy
flux, and s is the entropy supply density due to external sources,
and the superposed dot denotes the material time derivative. If it
is assumed that u ¼ 1

h q, and s ¼ 1
h r, where h is the absolute temper-

ature, then Eq. (5) reduces to the familiar Clausius-Duhem
inequality

q _gþ div q
h
� q

r
h
P 0 ð6Þ

Even though we do not consider the effects of the Clausius-
Duhem inequality in this paper, for a complete thermo-
mechanical study of a problem, the second law of thermodynamics
has to be considered [39,42–44]. From the above equations, we can
see that constitutive relations are needed for T , q, N, and e. We
ignore the effects of radiation. We will discuss these modeling
issues in the next section.

3. Constitutive equations

3.1. Stress tensor

In general, we think, the constitutive equation for the stress ten-
sor of a concentrated suspension should be given by a non-
Newtonian (non-linear) model [see [45]] and it may include a vis-
cous stress and a yield stress [see [7]]:

T ¼ Ty þ Tv ð7Þ
where Ty is the yield stress and Tv is the viscous stress tensor. In
this paper, we will not consider the effect of the yield stress and
we assume that, in general, the viscous stress can be represented
by a generalized power-law fluid model, where

Tv ¼ �p1þ lrðp; hÞ 1� /
/max

� ��b

P
m
2D ð8Þ

lr ¼ lr0e
C10phEu�C20p

kB ðh�hc Þ ð9Þ

P ¼ 2trD2; D ¼ 1
2
ðLþ LTÞ; L ¼ gradv ð10Þ

Here, 1 is the identity tensor, p is the pressure, h is temperature,
/ is the volume fraction, tr is the trace operator,P is an invariant of
D where D is the symmetric part of the velocity gradient, Eu is
related to an ‘‘activation energy”, kB is the Boltzmann constant,
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C10, C10 and hc are constants related to the effect of temperature,
and m is the power-law exponent. Also, in the above equation,
we have separated the dependency of the shear viscosity on the
pressure, the concentration, the temperature, and the shear rate,

where, lrðp; TÞ, 1� /=/maxð Þ�b, andP
m
2 represent the effect of pres-

sure and temperature, volume fraction and shear-thinning (or
shear-thickening), respectively. Also, when m < 0, the fluid is
shear-thinning, and when m > 0, the fluid is shear-thickening. This
model, to a large extent, depends on Krieger’s work which provided
a correlation for the viscosity of suspensions as a function of parti-

cle concentration l ¼ lrð1� /=/mÞ�1:82
� �

[35], where /m is the

maximum packing value for volume fraction, where the suspen-
sion begins to exhibit solid-like behavior. In the remainder of this
study, we ignore the shear rate dependency of the viscosity. Note
that in certain applications, such as blood flow, the shear-rate
dependency of the viscosity cannot be ignored [46,47]. Further-
more we also ignore the dependency of l on the pressure. In many
applications, such as deep ocean drilling operations, polymer
melts, slag, etc., this effect should be included [36,48–50]. The form
of the stress tensor studied in this paper is,

Tv ¼ �p1þ lr0e
C10hEu�C20
kB ðh�hc Þ 1� /

/max

� ��b

D ð11Þ

As shown in Eq. (8), the viscosity is a function of the particle
concentration and temperature, and if b ¼ 2:5, the model obeys
the Einstein-Roscoe relation [51,52]. We should mention that there
are alternative ways of modeling non-homogenous suspensions
[see for instance Massoudi and Vaidya [53,54]]. In Section 3.2 we
discuss the modeling of the particle flux N.

3.2. Particle flux

As noted by [9], the particle transport flux, in the volume frac-
tion equation, can be due to sedimentation, the Brownian motion,
etc. In this study, due to the large size of the particles, we ignore
the Brownian motion. Then the diffusive particle flux becomes:

N ¼ Nc þ Nl ð12Þ
where Nc is the flux due to particle interactions and Nl is the flux
associated with spatial variations in the viscosity. Based on [38],
we assume:

Nc ¼ �a2/Kcrð _c/Þ ð13Þ

Nl ¼ �a2/2 _cKlrðlnlÞ ð14Þ

_c ¼ ð2DijDijÞ1=2 ¼ ðPÞ2 ð15Þ
where a is the characteristic length associated with the particles
(e.g. radius), r is the gradient operator, _c is the local shear rate, l
is the effective viscosity, and Kc; Kl are empirically-determined
coefficients. According to Phillips et al. [38], Nc accounts for the
effect of the spatially varying interaction frequency due to collisions
between particles, while Nl accounts for the effect of the spatially
varying viscosity. Mathematically Nc and Nl are responsible for
the particles migration, causing non-homogenous distribution of
the particles. Seifu et al. [55] noted that the particle flux could be
expressed as,
Table 1
Boundary conditions.

Boundary Pressure Velocity

Inner wall Fixed flux (0) Fixed value ðX
Outer wall Fixed flux (0) Fixed value (0
N ¼ �a2Kc/
2 _cr ln _c/lKl=Kc

� �� � ð16Þ
We can see that ln _c/lKl=Kc

� �
is a field potential incorporating

mechanisms that can cause migration of particles. Phillips et al.
and Subia et al. [9,38] assumed that Kc; Kl, are constants. In this
paper, we apply the empirical correlation proposed by Tetlow
et al. [40],

Kc

Kl
¼ 1:25/þ 0:075 ð17Þ

where Kl ¼ 0:62, and the two constants in Eq. (17) were fitted with
the experiments performed by Tetlow et al. [40]. Next we discuss
the modeling of e, the specific internal energy.

3.3. Internal energy

In general, the internal energy density is related to the specific
internal energy e and is given by,

e ¼ qe ð18Þ
As shown by Dunn and Fosdick [56] for a second grade fluid, the

specific internal energy e is related to the specific Helmholtz free
energy W through:

e ¼ Wþ hg ¼ e h; A1; A2ð Þ ð19Þ
where A1 and A2 are the first and second Rivlin-Ericken tensors,
where A1 ¼ Lþ LT, A2 ¼ dA1

dt þ A1Lþ LTA1;g is the specific entropy
and h is the temperature [57]. In this paper, we simply assume that

e ¼ cph ð20Þ
where cp is the specific heat capacity of the suspension. Substitute
Eq. (20) into (18) and allowing for cp to be weighted by /, we have,

e ¼ ð1� /Þqf0cpf0 þ /qs0cps0
h i

h ð21Þ

where cpf0 and cps0 are the specific heat capacity of the pure fluid
(with no particles) and the solid particles, respectively. Next, we
discuss the modeling of the heat flux vector.

3.4. Heat flux vector

The classical theory of heat conduction, first proposed by Four-
ier [58] (see also Winterton [59]) states that the heat flux vector is
related to the temperature gradient, where

q ¼ �krh ð22Þ
where k is the thermal conductivity of the material. For complex
materials, k can depend on concentration, temperature, etc., and
in fact, k becomes a second order tensor for anisotropic materi-
als. [For more information about the effective thermal conductiv-
ity concept in porous media and multiphase flows, see [60]
(p.129) and [61–63]]. In this paper, we use Eq. (22) and assume
that k can be replaced by an effective thermal conductivity. Jef-
frey [64] derived an expression for the effective thermal conduc-
tivity which includes the second order effects in the volume
fraction [65]:

k ¼ jM 1þ 3n/þ n̂/2
h i

þ Oð/3Þ ð23Þ
Volume fraction Temperature

RiÞ Fixed flux (0) Fixed value
) Fixed flux (0) Fixed value



Fig. 1. Geometry of the two concentric cylinders. The radii of the inner and the outer cylinders are 0.64 cm and 2.38 cm, respectively. The rotational speed of the inner
cylinder is 60 RPM [40].

Fig. 2. (a) Steady-state volume fraction profiles obtained by simulations and compared with the experiment of [40] and (b) velocity profiles by simulations when the bulk
volume fraction, �/, is 0.1, 0.2, 0.3, 0.4 and 0.5 and when the diameter of the suspened particles is 1.497 mm.

Fig. 3. Development of the volume fraction profiles in the region between the two
concentric cylinders after the rotation of the inner cylinder has started, when the
bulk volume fraction, �/, is 0.5 and the diameter of the suspened particles is
0.128 mm.
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where

n̂ ¼ 3n2 þ 3n3

4
þ 9n3

16
xþ 2
2xþ 3

� �
þ 3n4

26
þ . . . ð24Þ
where

n ¼ x� 1
xþ 2

ð25Þ

x ¼ k2
k1

ð26Þ

where x is the ratio of conductivity of the particle to that of the
matrix, kM is the conductivity of the matrix (fluid). More recently,
Pabst [66] has derived a relationship for the effective thermal con-
ductivity of a suspension,

k ¼ 1� 3
2
/þ 1

2
/2 ð27Þ

In this paper we will use Eqs. (22)–(26).

4. Results and discussion

Using Eqs. (7)–(10), (12)–(17) and (21)–(26) in Eqs. (1)–(4), we
obtain a set of partial differential equations which need to be
solved numerically. To obtain numerical solutions to the governing
equations, we build our PDEs solver using the libraries provided by
OpenFOAM [67]. In the following sections, we first look at the
isothermal flow of a suspension between two rotating cylinders;
later in the paper, we consider the effect of temperature on the sus-
pension flow. The PDEs are given below:

@q
@t

þ divðqvÞ ¼ 0 ð28Þ



Fig. 4. Geometry of the two eccentric cylinders. The radii of the inner and the outer cylinders are 0.64 cm and 2.54 cm, respectively. The eccentricity ratio is
� ¼ E=ðRo � RiÞ ¼ 0:5. E is the distance between the center of two cylinders. The rotational speed of the inner cylinder is 90 RPM.

Fig. 5. The evolution of the volume fraction field as the inner cylinder rotates using our simulation (left) and experiment (right) [9]. The experimental results are reused by
permission.

Fig. 6. Streamlines and velocity fields at different RPMs.

Fig. 7. Viscosity as a function of temperature. The average volume fraction of the
solid particles is 0.345. The suspension is made of water, various additives and solid
particles, and its density is 2.2 g/cm3.
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q
@v
@t

þ ðgradvÞv
� �

¼ �gradpþ divðlr0e
C10hEu�C20
kBðh�hc Þ 1� /

/max

� ��b

DÞ

ð29Þ

@/
@t

þ v @/
@x

¼ divða2/Kc _crð/ÞÞ
þ div a2/Kcrð _cÞ/þ a2 _cKlrðlnlÞ/2� � ð30Þ
ð1� /Þqf0Cpf0 þ /qs0Cps0

� � @h
@t

þ ðgradhÞv
� �

¼ lrðp; TÞ 1� /
/max

� ��b

D

 !
: Lþ div jMð1þ 3n/þ n̂/2Þrh

� �
ð31Þ

Subject to the boundary conditions shown in Table 1:
For each geometry, a mesh (in)dependency study is performed.

We consider two-dimensional flows, where the velocity, the
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volume fraction and the temperature fields, using the Cartesian
coordinate system ðx; y; zÞ, are assumed to be given by:

v ¼ vxðx; y; tÞex þ vyðx; y; tÞey
/ ¼ /ðx; y; tÞ
h ¼ hðx; y; tÞ

8><
>: ð32Þ
4.1. Isothermal flow between two rotating cylinders

4.1.1. Concentric cylinders
Flow of a suspension between two rotating cylinders occurs in

many industrial application such as journal bearing [68,69] and
drilling fluid between the drill pipe and the casing [2,70]. The
geometry can be idealized as shown in Fig. 1. We assume that
the radii of the two cylinders are 0.64 cm and 2.38 cm, the viscosity
of the suspending fluid ðlrÞ is 2.1 Pa s at 28 �C, the diameter of the
suspened particles is 1.497 mm and the inner cylinder rotates at 60
RPM (These values are based on the experiments of [40]). Tetlow
et al. looked at this problem by assuming a fully developed Couette
flow; they obtained a good agreement between their numerical
predictions and their experimental measurements [40]. Fig. 2
shows the results for steady-state flow by comparing the numeri-
cally obtained volume fraction and velocity profiles and experi-
mental observations when the bulk volume fraction, �/, is 0.1, 0.2,
0.3, 0.4 and 0.5 [40]. For the details of the experimental techniques,
see [40]. It can be seen that the results of our simulation match
reasonably well with the experimental observations. We also
notice a non-linear velocity profile when �/ ¼ 0:5. Furthermore as
�/ decreases the particle volume fraction profiles gradually lose
Fig. 8. (a) The particle concentration, (b) the velocity and (c) the temperature profiles for
293 K.
their non-linearity and the velocity profiles become similar to
the case of the Newtonian fluid implying the fluid behaves more
like a linear fluid as the particle volume fraction decreases.

Fig. 3 shows the development of the volume fraction profiles
after the rotation of the inner cylinder has started, with bulk vol-
ume fraction, �/ ¼ 0.5. To show the particle migration more clearly,
we consider smaller sized particles, for example, a 0.128 mm diam-
eter. As the inner cylinder begins to rotate the particles gradually
move toward the outer cylinder; this is more obvious near the
cylinder walls. That is, particles migration is more intense at the
start of the motion.
4.1.2. Eccentric cylinders
It is well known that the effect of the eccentricity on the flow

between two rotating cylinders can be significant [2]. Fig. 4 shows
the geometry where the inner and the outer cylinder radii are
0.64 cm and 2.54 cm, respectively, and the eccentricity ratio is
� ¼ E=ðRo � RiÞ ¼ 0:5; where E is the distance between the centers
of the two cylinders. Here we assume that the inner cylinder
rotates at 90 RPM, and the bulk volume fraction, �/, is 0.5 [9].

Fig. 5 shows the variation of the particle volume fraction field,
using simulations, for different numbers of revolutions of the inner
cylinder. The experimental data can be found in [9]. A good agree-
ment has been achieved between simulations and experiments.
Both results show that after the inner cylinder has started rotating,
the particles gradually begin to move to the outer (stationary)
cylinder. After a large number of revolutions of the inner cylinder,
such as 3000, it is observed [see Fig. 5] that a particle depletion
zone near the rotating cylinder and a zone with a high particle
different values of the outer wall temperature. The temperature of the inner wall is
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concentration in the wide-gap region between the two cylinders
appear.

Fig. 6 shows the streamlines and the velocity fields. We can see
the emergence of two different flow patterns: one is the (main)
flow region around the inner cylinder and the other is the recircu-
lation/secondary flow region in the wide gap. A similar pattern is
also observed for the volume fraction field as shown in Fig. 5.
The streamlines for the main flow region are similar to the flow
pattern between the two concentric cylinders. The velocity in the
recirculation zone is very small, which leads to a low local shear
rate distribution. According to Eq. (16), due to the low shear rate,
the field potential in the circulation zone is small and this causes
a particle flux variation from the main stream to the circulation
region where we notice a high particle concentration.
Fig. 10. Volume fraction fields for different values of the wall temperature of the
outer cylinder. The inner wall temperature is 293 K.
4.2. Flow and heat transfer between two rotating cylinders

In many engineering problems, the effects of temperature on
the flow field needs to be considered, for example the flow of
nanofluids [71], the bearing load [68], and the flow of drilling fluids
[36]. In this part of the paper we consider the flow of a suspension
under non-isothermal conditions. The values of the material
parameters in Eq. (8) are fitted using the experimental measure-
ments of Wang et al. [72]: lr0 ¼ 0:4153 cP, C1 ¼ C10Eu

kB
¼ 2:3981,

C2 ¼ C20
kB

¼ 46:3226 K and hc ¼ 182:3742 K. In their measurements,

the shear rate varied from 0 to 1020 s�1; the shear viscosity was
found to be independent of the shear rate, see Wang et al. [72].
Comparison between the fitted expression and the experimental
data are shown in Fig. 7. The bulk volume fraction is 0.345. The
density of the (drilling) suspension is 2.2 g/cm3 and it is composed
Fig. 9. (a) Particle concentration, (b) velocity and (c) temperature profiles for different
of water, various additives and solid particles. The particle density
is 4.48 g/cm3. jM andx are chosen as 0.6485 W/(m�1 K�1) and 2.0,
respectively [73]. The diameter of the solid particles is kept the
same, i.e., 1.497 mm. We assume that the wall temperatures of
the inner (hi) and the outer cylinders (ho) are given. That is, we
assume constant temperature boundary conditions at both the
values of the inner wall temperature. The temperature of the outer wall is 373 K.



Fig. 11. (a) Volume fraction profiles for different values of the wall temperature of the outer cylinder; (b) Velocity profiles for different values of the wall temperature of the
outer cylinder. The inner wall temperature is 293 K.
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cylinder walls. In addition, all other flow conditions, such the rotat-
ing speed of the inner wall, etc., are the same as the previous cases.

4.2.1. Concentric cylinders
Fig. 8 shows the profiles for the particle volume fraction, veloc-

ity and temperature for different values of the wall temperature of
the outer cylinder. From Fig. 8(a), we can see that as the wall tem-
perature of the outer cylinder increases, the volume fraction distri-
bution becomes more non-uniform, where the particle
concentration near the inner wall drops dramatically. From Fig. 8
(b) we also observe that a lower temperature for the outer cylinder
produces some nonlinearity in the velocity profiles. This may be
attributed to the competing effects between the volume fraction
and the temperature on the suspension viscosity: the value of
the volume fraction and temperature increase along the radial
direction, while according to Eqs. (8) and (9) they have the
opposite effect on the suspension viscosity. This may cause a more
uniform viscosity distribution as the temperature difference
between the inner and the outer walls increases. Fig. 8(c) shows
the profiles for the temperature distribution. As the temperature
for the outer wall changes we observe that the temperature
distribution becomes a bit more nonlinear.

Fig. 9 shows the effect of changing the inner wall temperature.
Comparing Figs. 8 and 9, we can see that the effect of the inner and
the outer wall temperatures on the flow pattern are similar. That is,
when the temperature of the inner and the outer walls are identi-
cal, the profiles for the volume fraction and the velocity distribu-
tion are similar. From the results of our previous parametric
studies [8], we know that for the case of steady-state Couette flow,
the temperature gradient has an effect on the flow field. Therefore,
we may conclude here that the temperature difference between
the inner and the outer cylinders influences the flow pattern.

4.2.2. Eccentric cylinders
The geometry is shown in Fig. 4. Fig. 10 shows the particle con-

centration field for different values of the outer wall temperature.
As the outer wall temperature changes, the pattern for the volume
fraction field does not change much. Near the inner cylinder, the
volume fraction is the smallest, and there exists a region in the
wide gap with high particle concentration. We also notice that
the volume fraction field changes more dramatically near the inner
cylinder.

Fig. 11 shows the concentration and the velocity profiles for dif-
ferent values of the outer wall temperature. In general, along the
radial direction for the narrow-gap and for a large portion of the
wide-gap between the two cylinders, there is a gradual increase
in the values of the particle volume fraction; this is similar to the
case of the two concentric cylinders. Interestingly, for the cases
presented here, near the outer wall, there are two peaks for the
concentration, see Figs. 5 and 6. These two peaks may be attributed
to: (1) Secondary flow and flow circulation which contribute to
particle sedimentation; (2) The high particle concentration in the
narrow gap is convected to the middle of the wide gap and forms
a thin layer of high particle concentration. For the velocity profiles
shown in Fig. 11(b), a flow separation is observed in the wide-gap
region.
5. Conclusions

The results of our simulations are compared with the available
experiments for the isothermal condition. For cases with
non-uniform temperature field, the viscosity term is fitted with
the experimental data. We have looked at a two–dimensional flow
between two long vertical pipes, and therefore the effect of gravity
is ignored. For inclined or horizontal flows, solid particles may set-
tle (due to gravity). For these types of processes, transport flux of
solid particles caused by gravity should also be included in the flux
equation (for more information see [74–76]). We have studied the
flow and heat transfer in dense suspensions between two rotating
concentric and eccentric cylinders. Based on the work of Briscoe
et al. [36], Krieger [35], a generalized viscosity model which
depends on the volume fraction, temperature and the shear rate
is proposed; the parameters are fitted with the available experi-
mental data. The volume fraction distribution is obtained by using
a concentration flux transport model. The results indicate a good
agreement between the experiments and the numerical simula-
tions. Through these numerical simulations, we find that the tem-
perature field has an obvious effect on the flow. For the flow
between two eccentric cylinders, the temperature difference
between the inner and the outer cylinders creates a layer of low
particle concentration near the inner cylinder.
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