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a b s t r a c t 

In the past three decades, different physical models to describe the thermal conductivity enhancements 

of suspensions with micro- and nanoparticles with respect to particle sizes, shape, volume fraction etc. 

were established. However, none of these models considered the effect of shear, although an influence has 

been observed experimentally in a few studies for very high shear rates. Possible underlying mechanisms 

for shear induced thermal conductivity enhancement have not been explained in detail yet. 

In this article, the finite element method is used to evaluate how shear induced particle rotation and the 

velocity field around the rotating particle drives thermal conductivity enhancement. For nanoparticles it 

is found that particle rotation does not enhance the heat transfer inside the particle. However, within the 

Péclet number ( Pe = ˙ γ d 2 /a ) range of 0 − 300 , particle rotation linearly enforces the heat transport up to 

5 − 30% , mainly due to advective motion (eddies) around the particle. For high shear rates ( Pe > 500 ), 

the enhancement approaches a constant value, at which the particle material becomes irrelevant for the 

effective conductivity enhancement. In this case, asymmetric advective motion around the particle domi- 

nates the heat transfer. Note that the Péclet number range for which an advective motion plays a signifi- 

cant role is relevant for suspensions with micrometer-size particles but not for nanoparticle suspensions. 

In a final step, the influence of the shear-affected thermal conductivity is evaluated for a forced- 

convection laminar pipe flow with a parabolic velocity profile. Utilizing a thermal conductivity model 

which accounts for the local shear, the overall heat transfer enhancement in the channel flow is deter- 

mined. It is found that a 65% cross-section saturation with shear-induced enhancement is hard to be 

reached within the laminar flow region. Thus, the shear enforcements mainly take effect close to the 

pipe wall. 

© 2021 The Authors. Published by Elsevier Ltd. 

This is an open access article under the CC BY-NC-ND license 

( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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. Introduction 

The exploration of fluids with enhanced thermal properties can 

ave massive applications in heating and cooling systems of var- 

ous industries [1] . One of the branches among those attempts is 

o mix solid particles into the fluid to form the suspension. Ini- 

ially based on theoretical and experimental studies of suspen- 

ions containing millimeter- or micrometer-sized particles, vari- 

us effective medium theory models were developed, such as the 

axwell model [2] considering the volume fraction; the Hamilton 

nd Crosser model [3] including a shape factor for non-spherical 
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articles; and later Nan’s model [4] taking particle size, shape, vol- 

me fraction, orientation distribution and interfacial thermal resis- 

ance into consideration. All of these models consider a stagnant 

uid. 

Choi and Eastman [5] were among the first to utilize suspen- 

ions with particles of nanometer-size, so called Nanofluids, for 

hermal conductivity enhancement. Following their experimental 

ork, numerous research groups investigated the enhancement 

f thermal conductivity by nanoparticles. The experimental obser- 

ations showed inconsistent results which were hardly explain- 

ble by classical theoretical models [6,7] . Different mechanisms 

ere assumed to be responsible for the abnormal increase such 

s Brownian motion, liquid layering, interfacial resistances because 

f ballistic phonon heat transfer across the interface, clustering 
nder the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ) 
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Nomenclature 

Physical quantities 

ū average velocity of the Hagen-Poiseuille flow inside 

the circular pipe m/s 

˙ γ imposed shear rate on the fluid domain s −1 

˙ Q total heat flux through the upper or lower boundary 

of the domain W 

λ thermal conductivity of the material W/ (m · k ) 

〈 σ 〉 the average shear stress integrated on the boundary 

surface Pa 

μ dynamic viscosity of the fluid Pa · s 

ω angular velocity of the rotating spherical particle 

s −1 

φ volume fration on the particle in the base fluid 

→ 

τ shear stress on the surface of the particle Pa 
→ 

n normal direction of the surface 

a thermal diffusivity m 

2 /s 

Br Brinkman number indicating the ratio between heat 

produced by viscous dissipation and heat trans- 

ported by fluid ( Br = 

μ( ̇ γ l) 2 

λ(T upper −T lower ) 
) 

c p heat capacity J/ (kg · K) 

d diameter of the particle m 

k 0 the effective thermal conductivity with the fluid and 

the particle at rest W/ (m · k ) 

k ∞ 

the effective thermal conductivity of plateau at high 

shear rates W/ (m · k ) 

k eff the effective thermal conductivity with the fluid and 

the particle W/ (m · k ) 

l length of the domain m 

Nu a dimensionless number indicating the convective 

heat transfer compared to the thermal conductivity 

of the fluid 

Pe Péclet number indicating the ratio between the ad- 

vective heat flux and the conductive heat flux ( Pe = 

˙ γ d 2 

a ) 

R radius of the circular pipe m 

Re shear Reynolds number indicating the inertia of 

fluid under shear compared to its viscosity 

Sk a dimensionless number named in this study to in- 

dicate the ratio between the shear induced thermal 

conductivity increment and its static thermal con- 

ductivity k 0 
T upper temperature defined at the upper boundary of the 

fluid domain K

T m 

the mean temperature of the fluid in the fully de- 

veloped Hagen-Poiseuille flow K

T lower temperature defined at the lower boundary of the 

fluid domain K

u 0 velocity at the upper and lower boundary in the 

shear direction according to the shear rate m/s 

Subscripts 

adv advection 

cond conduction 

f fluid 

p particle 

f nanoparticles or thermophoresis [1,8] . Including some of these 

echanisms leads to various model approaches extending the clas- 

ic models: for example, Koo and Kleinstreuer [9] included the ef- 

ect of Brownian motion; Xuan et al. [10] expanded the Maxwell 

odel considering the Brownian motion and aggregation struc- 

ure of nanoparticle clusters; Yu and Choi [11,12] developed the 
2 
axwell as well as the Hamilton and Crosser model including the 

ffect of interfacial nanolayers to the thermal conductivity; Avsec 

13] featured the model representing the phonon and electron 

eat transfer analysis of thermal conductivity for nanofluids bas- 

ng on statistical nanomechanics; Buongiorno [14] emphasized the 

mportant mechanisms contributing to the thermal enhancement 

f nanofluids are Brownian diffusion and thermophoresis. Thus, a 

on-homogeneous two-phase model was proposed to describe the 

ffect of the nanofluid on the convective transport. 

To resolve the problem of inconsistencies due to a broad range 

f synthesis processes, experimental measurement approaches, 

nd the often-incomplete characterizations of the nanofluid sam- 

les, the International Nanod Property Benchmark Exercise (INPBE) 

15] organized between September, 2007 and January, 2009 mea- 

urements by 34 organizations worldwide with standard samples 

f nanofluids. Based on this large set of experimental data, they 

oncluded that the classic effective medium theory is applicable 

or well-dispersed nanofluids and no anomalous enhancement of 

he stagnant thermal conductivity exists. So far, the enhancement 

f thermal conductivity of nanofluids is valid with descriptions 

rom mathematical models verified by experimental data. 

Former numerical investigations on nanofluids involved con- 

ective heat transfer for different flow geometries like pipe flow, 

arallel-plate flow, squeezing flow and jet flow etc., with differ- 

nt algorithms such as semi-analytical methods, finite difference 

ethod, finite volume method and lattice Boltzmann method [16] . 

xperimental data under laminar flow conditions in circular tubes 

an be found by Wen [17] , Kim [18] and Rea et al. [19] who mea-

ured the entrance region; further Hwang et al. [20] extended the 

ength and decreased the diameter of the tube to enable the fo- 

us on the fully developed region with uniform heat flux from the 

all; and Heyhat et al. [21] performed the fully developed flow 

ith the constant wall temperature boundary. Details on the pa- 

ameters adopted are listed in Table 1 . A direct comparison of the 

xperimental data with numerical simulation results using differ- 

nt effective thermal conductivity models (see Table 2 ) is difficult. 

specially because the experimental setup did not always match 

ith the assumptions made for the numerical investigation. Nev- 

rtheless, the comparison between the simulation by Ebrahimnia- 

ajestan et al. [22] and the experiment by Kim et al. [18] , also the

imulation by Haghshenas-Fard et al. [23] and the experiment by 

einali-Heris et al. [24,25] offered a hint, that the relative error be- 

ween experimental data and numerical results using single-phase 

ethod can be as high as 7.5%. This indicates that present effective 

hermal conductivity models cannot predict effects that take place 

n a moving liquid, for instance shear induced particle migration or 

hear induced particle rotation. 

Studies on shear-dependent thermal conductivities date back 

o Sohn and Chen [26] in 1981, conducting experiments with 

icrometer-scale particle suspensions. For this problem, the rel- 

vant parameter is the Péclet number Pe = ˙ γ d 2 /a, with ˙ γ de- 

oting the shear rate, d the particle diameter, and a the fluid 

hermal diffusivity. Sohn and Chen showed the effect of micro- 

onvection, e.g. the formation of eddies caused by shear-induced 

article rotation, on the thermal conductivity enhancement. They 

bserved an enhancement only at high Pe numbers (larger than 

00). For nanoparticle suspensions with Péclet numbers of order 

ne, researches assumed shear-dependent particle rotation being 

nsignificant for the convective thermal enhancement [17] . How- 

ver, the experimental studies on nanofluids under high shear rates 

y Shin and Lee [27] do not support this statement. By examin- 

ng polyethylene and polypropylene particles of 25, 100, 180 and 

00 μm size, a significant enhancement due to shear was observed 

or particles larger than 100 μm, with Péclet numbers ranging from 

0 to 200. Sun et al. [28] measured the heat transfer utilizing sili- 

on oxide (SiO 2 ) nanods with average particle diameters of 10, 20, 
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Table 1 

Former experimental investigations on laminar convective heat transfer of nanofluids inside a circular tube. 

Author, year Material Particle size Volume fraction Tube size Boundary condition 

Reynolds 

number 

Results example: 

convective increase 

Diameter Length 

Wen, 2004 Water-Al 2 O 3 27 − 56 nm 0%, 0.6%, 1%, 1.6% 4.5mm 0.97m Constant heat flux 500 − 2100 φ = 1 . 6% , 

Re = 1600 

x/D = 63 47% 

x/D = 173 14% 

Rea, 2009 Water-Al 2 O 3 50nm 0.6%, 1%, 3%, 6% 4.5mm 1.01m Constant heat flux 400 − 1900 φ = 6% 27% 

Water-ZrO 2 0.32%, 0.64%, 1.32% φ = 3 . 5% 3% 

Kim, 2009 Water-Al 2 O 3 20 − 50 nm 3.5% 4.57mm 2m Constant heat flux 1460 at entrance 15% 

at the exit 12% 

Water-C 3% at entrance 8% 

at the exit 5% 

Hwang, 2009 Water-Al 2 O 3 30nm 0.01%, 0.02%, 0.03%, 

0.1%, 0.2%, 0.3% 

1.81mm 2.5m Constant heat flux 

5000W/m 

2 

500 − 800 φ = 0 . 3% 8% 

Heyhat, 2013 Water-Al 2 O 3 40nm 0.1%, 0.5%, 1%, 1.5%, 

2% 

5mm 2m Constant wall 

temperature 

330 − 2100 φ = 0 . 1% , Re = 330 3% 

φ = 2% , Re = 2100 30% 

Table 2 

Former numerical investigation on laminar convective heat transfer of nanofluids inside a circular tube based on single-phase method with different effective thermal 

conductivity models. 

Author, year Material Tube size Boundary condition 

Input effective thermal 

conductivity model 

Results example: 

convective increase 

Diameter Length 

Maïga, 2005 Water-Al 2 O 3 

EG-Al 2 O 3 

1mm 1m Uniform wall heat flux 

2500 − 5000 W/m 

2 

Hamilton and Crosser 

(1962) 

φ = 7 . 5% at 

the exit 

63% 

Bianco, 2009 Water-Al 2 O 3 10mm 1m Uniform wall heat flux 5000, 

7000, 10,000 W/m 

2 

Hamilton and Crosser 

(1962) 

φ = 1% at the 

exit 

3.70% 

Haghshenas-fard, 2010 Water-Al 2 O 3 6mm 1m Uniform wall temperature Yu and Choi (2003) φ = 3% 

Pe = 2500 

average 

13% 

Ebrahimnia-bajestan, 2011 Water-Al 2 O 3 4.6mm 2m Uniform wall heat flux 

2090 W/m 

2 

Koo and Kleinstreuer 

(2004) 

φ = 6% at the 

exit 

22% 
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Fig. 1. Boundary conditions set on the computational domain illustrated by a 2D 

slice. 
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0, and 60 nm, with Pe in the order of 10 −5 . The experimental re-

ults revealed a shear-dependent thermal enhancement up to ca. 

0%. Both experimental results by Shin and Lee [27] and Sun et al. 

28] have in common that the shear-induced enhancement satu- 

ates for high shear rates (400 s −1 ). This could have not been ob-

erved by Sohn and Chen [26] because in their case the shear rate 

as limited to 25 s −1 . 

The aim of this paper is to quantify the influence of shear and 

article rotation on heat transfer enhancement. For this, numerical 

imulations using a finite element method have been applied. Ex- 

mining the simulation results, the shear-dependent thermal con- 

uctivity enhancement and the saturation behavior shall be ex- 

lained. Further, a shear-dependent correlation for the effective 

hermal conductivity is applied to determine the convective heat 

ransfer in a channel flow. 

. Methods 

.1. Heat transfer simulation of single particles in shear flow 

In a first attempt, the suspended particles are assumed to be 

venly distributed in the base fluid under shear flow conditions. 

his includes the absence of any clustering or redistribution ef- 

ects (e.g. by shear or thermophoresis) and allows to investigate 

 representative fluid volume with periodic boundary conditions 

nd a single particle centrally located inside. This assumption is 

onsidered applicable in the range of volume fractions below 20%, 

here in the view of rheology, particle-particle interactions in di- 

ute suspension are neglectable [29] . To access the heat transfer 

ate through this fluid layer including the particle, a computational 

omain as shown in Fig. 1 is applied. Fixed velocity boundary con- 
3 
itions of −u 0 / 2 at the bottom and u 0 / 2 at the top impose the

hear flow. For the temperature, the upper and the lower bound- 

ry are set to a constant value. All other domain boundaries are of 

eriodic type. The ratio between domain and particle size defines 

he volume fraction. The three-dimensional domain as well as the 

pplied mesh are shown in Fig. 2 . Computations are performed us- 

ng COMSOL Multiphysics®. 
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Fig. 2. Geometry and mesh of the single sphere particle rotating model including 

112,946 tetrahedral elements in the bodies and 8560 triangle elements on surfaces. 
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The fluid dynamic problem is defined by the mass and momen- 

um conservation equations for an incompressible fluid and sta- 

ionary state conditions which read 

· → 

V 

= 0 , (1) 

→ 

V 

·
(
∇ 

→ 

V 

)
= −∇ P + μ∇ 

2 
→ 

V 

. (2) 

The rotation speed of the particle ω is a direct result from the 

mposed shear rate ˙ γ . This is a direct response to the shear forces 

cting on the particle. The position of the particle is fixed. Thus, a 

ossible translatory motion, that can only be caused due to numer- 

cal truncation errors in the fully symmetric and laminar problem, 

s suppressed. 

To model this interaction, two different approaches are utilized: 

(1) The time-dependent fluid-structure interaction (FSI) solver, 

hich fully couples fluid dynamics and solid mechanics. In this 

ase, the fluid exerts a force on the particle such that the rotat- 

ng velocity converges during the simulation to a final value. (2) A 

teady state simulation without full coupling of fluid dynamic and 

olid mechancis, where a guessed particle rotation velocity is im- 

osed. In this case, a force on the particle remains which would ac- 

elerate or decelerate the particle. Iteratively adapting the rotation 

elocity until the tangential shear stress on the particle surface 
→
τ

anishes will lead to the equilibrium rotation speed. 

The shear stress on the particle surface is evaluated by 

→ 

τ = 

→ 

n 

·ε, (3) 

ith the viscous stress tensor 

= μ

(
∇ 

→ 

V 

+ 

(
∇ 

→ 

V 

)T 
)

= 

⎡ 

⎣ 

2 μ du 
dx 

μ
(

du 
dy 

+ 

dv 
dx 

)
μ

(
du 
dz 

+ 

dw 

dx 

)
μ

(
du 
dy 

+ 

dv 
dx 

)
2 μ dv 

dy 
μ

(
dv 
dz 

+ 

dw 

dy 

)
μ

(
du 
dz 

+ 

dw 

dx 

)
μ

(
dv 
dz 

+ 

dw 

dy 

)
2 μ dw 

dz 

⎤ 

⎦ . (4) 

For model validation, the angular velocity ω is calculated for 

he two-dimensional case of a rotating cylinder and presented in 

ig. 3 together with literature data. Good agreement is obtained 

ith the velocity being smaller than half of the shear rate ˙ γ and 

eing dependent on Reynolds number [30] [31] . Both solution ap- 

roaches (time-dependent FSI solver and the statistic solver) pro- 

ided the same results. 

For the particle in the three-dimensional domain and a 

eynolds number of range 0 . 024 − 0 . 335 , the angular speed calcu-

ated utilizing both approaches takes the value of ω/ ̇ γ ≈ 0 . 47326 

nd is also consistent with the second-order approximation by Lin 

/ ̇ γ = 1 / 2 − 0 . 1538 Re 1 . 5 [32] . 
4 
The effective viscosity is another quantity suitable to compare 

nd validate the model results. The relative viscosity could be ob- 

ained by the average shear stress 〈 σ 〉 on the upper or lower 

oundary, as validated by Xu et al. [33,34] 

μeff 

μf 

= 

〈 σ 〉 / ̇ γ
μf 

(5) 

able 3 provides data for two different fluids and two different 

hear rates. All four values are close to the theoretical value of 

.2 calculated with the model of Batchelor [35] . According to the 

heory for dilute suspensions, the relative viscosity is independent 

rom rotational speed and only varies with volume fraction. 

The stationary heat transfer problem is governed by the conser- 

ation equation 

c p 
→ 

V 

·( ∇T ) = λ∇ 

2 T (6) 

This equation is solved based on the converged solution of the 

elocity field. With the Brinkman number Br = μ( ̇ γ l) 2 / [ λ(T upper −
 lower )] being smaller than 10 -3 , viscous dissipation is neglectable. 

The effective thermal conductivity is evaluated by dividing the 

otal heat flux perpendicular to the upper or lower surface ˙ Q by 

he imposed temperature difference and the distance l (length of 

he domain). 

 eff = 

˙ Q 

l · 
T 
. (7) 

The conductivity enhancement due to particle rotation is com- 

ared to the thermal conductivity with the nanofluid and the par- 

icles at rest k 0 . Thus, the enhancement rate is defined by 

k = 

k eff − k 0 × 100% . (8) 

k 0 
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Table 3 

Computed relative viscosity of dispersions of volume fraction φ = 7% with different fluid material comparing to the effective medium theory model. 

Material μeff 

μf 
at ˙ γ = 500 s −1 [present study] μeff 

μf 
at ˙ γ = 30 0 0 s −1 [present study] μeff 

μf 
=1 + 2 . 5 φ + 5 . 2 φ2 [Batchelor, 1972] 

Water 1.196 1.213 1.200 

Silicon oil mixed with kerosene 1.195 1.195 1.200 
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.2. Heat transfer in fully-developed pipe flow with shear dependent 

hermal conductivity 

The influence of a shear dependent thermal conductivity on 

 laminar pipe flow is estimated on an analytical basis. In gen- 

ral, high shear rates can lead to shear thinning effects of com- 

lex dispersions. However, for dilute nanofluids (such as consid- 

red here with volume fraction below 7%), the influence of the 

hear-thinning is neglectable [36] . As such, the velocity profile in 

he pipe is assumed to be of parabolic shape (Hagen-Poiseuille re- 

ult). 

 ( r ) = 2 ̄u 

(
1 − r 2 

R 

2 

)
(9) 

nd the resulting local shear rate is given by 

˙ ( r ) = 

∣∣∣∣∂u 

∂r 

∣∣∣∣ = 

4 ̄u 

R 

2 
r, (10) 

here ū denotes the average velocity and R the pipe radius. With 

he boundary condition of constant heat flux, the temperature pro- 

le can be obtained by integrating the energy equation 

c p 

(
u 

∂T 

∂z 

)
= k 

[
1 

r 

∂ 

∂r 

(
r 
∂T 

∂r 

)
+ 

∂ 2 T 

∂z 2 

]
. (11) 

With uniform heat flux boundary condition, the temperature 

ncrease in flow direction takes the constant value of ∂ T /∂ z = 

 ̇ q 
′′ 
/ (Rρc p ̄u ) = const . Thus, the second derivate vanishes. Because 

he thermal conductivity depends on the local shear rate, the ef- 

ective thermal conductivity k eff ( ̇ γ ) is used to replace k leading to 

he equation 

∂ 2 T 

∂r 2 
+ 

1 

r 

∂T 

∂r 
= 

u ( r ) 

k eff ( r ) 

2 ̇

 q 
′′ 

R ̄u 

. (12) 

To determine the effective heat transfer coefficient, 

 eff = 

˙ q 
′′ 

T ( r = R ) − T m 

, (13) 

quation (12) is numerically solved for the unknown wall tempera- 

ure T (R ) . The mean temperature of the fluid T m 

, which is the ref-

rence temperature for the heat transfer coefficient, is calculated 

y the integration of 

 m 

= 

∫ 
A ρc p u ( r ) T ( r ) dA 

ρc p ̄u A 

= 

4 

R 

2 

∫ R 

0 

r 

(
1 − r 2 

R 

2 

)
T ( r ) dr. (14) 

. Results and discussion 

.1. Advective heat transfer of the rotating particle 

In a first step, the heat transfer enhancement by the additional 

dvective heat transport of the rotating particle is analyzed. For 

his, the heat flux from the bottom of the sphere to the top of the

phere is theoretically addressed without considering any contri- 

ution due to the outside fluid. In case of a non-moving sphere, 

he heat transport is purely by conduction such that the total heat 

ux density scales with 

˙ 
 p , cond = λp 


T 
. (15) 
d 

5 
If the sphere rotates with a given speed, an advective heat flux 

ontribution arises which scales with the velocity. 

˙ 
 p , adv = ρp c pp u 
T . (16) 

The Péclet number characterizes the ratio between the two heat 

ransfer mechanisms 

 e p = 

˙ q p , adv 

˙ q p , cond 

= 

ud 

λp /ρp c pp 
= ud/a p , (17) 

ith a being the thermal diffusivity. For an aluminum-oxide 

anoparticle with the thermal diffusivity a Al 2 O 3 
= 8 . 23 × 10 −6 m 

2 /s, 

nd a size of d = 6 × 10 −8 m (nanoparticle) or d = 1 × 10 −4 m (mi-

roparticle), the velocity needs to be in the order of 100 m/s or 

 . 08 m/s respectively to have a comparable contribution of con- 

uction and convection. Because of this very high velocity, which 

ranslates to a shear rate of 2 . 3 × 10 9 s −1 or 820 s −1 , the contribu-

ion of the advective transport from the nanoparticle is neglectable 

or all shear rates and inside the microparticle for small shear 

ates. Conduction remains the dominant mechanism. 

.2. Advective heat transfer of the surrounding liquid 

The flow field in a shear flow without particles is strictly paral- 

el to the wall. Thus, there is no contribution to heat transfer by an 

dvective velocity component in wall normal direction. However, 

he flow field including a rotating particle shows a velocity compo- 

ent in wall normal direction (y-direction in Fig. 4 ). This velocity 

ontributes to the heat transport yielding to an advective heat flux 

ensity of 

˙ 
 f , adv = ρf c p f u 
T . (18) 

A direct comparison between the heat conduction through the 

uid and the heat advection is given by 

 e f = 

˙ q f , adv 

˙ q f , cond 

= ud/a f . (19) 

Using again the size of the particle as a characteristic length, 

nd the transport properties of water, the wall normal veloc- 

ty requires to be in the order of 2 . 5 m/s for nanoparticle or

 . 5 × 10 −3 m/s for microparticle for an equivalent contribution. This 

alue for the velocitiy can be obtained for shear rates in the or- 

er of 4 × 10 7 s −1 for nanoparticles or 15 s −1 for microparticles. The 

ommon flow inside a microchannel such as the one used in the 

xperiments by Rea and Hwang [19,20] adopts a volume flux of 

round 10 − 20 cm 

3 /s, which results in a maximum shear rate at 

all in the order of 10 3 s −1 , far below the threshold of nanosized

articles for an equivalent effect of advection. Thus, for nanofluids 

n channel flow the advection due to the particle rotation is ne- 

lectable. 

.3. Shear-induced heat transfer enhancment by particles 

In the previous sections, the effect of particle rotation and flow 

eld alteration was discussed separately. Here, both effects are 

ombined by solving both, the flow and the temperature field for 

ifferent shear rates inside and outside of the rotating particle. In 

ine with the experimental investigation of Shin and Lee [27] , the 

aterial properties of silicone kerosene mixture and polyethylene 

articles with the size of d = 1 × 10 −4 m are used. Fig. 5 presents
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Fig. 4. The stream line of the velocity field simulated with a rotating particle in the center at Pe = 100 (a); and the resultant temperature field with the isothermal contour 

lines (b). 

Fig. 5. The effective thermal conductivity ratio for polyethylene particles in a sili- 

con oil and kerosene mixture presented in dimensionless form as function of Pe . 
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Fig. 6. Heat transfer contributions from the heat conduction inside the particle and 

the convective heat transfer outside the particle (y-axis in blue on the left side). The 

total convective heat transfer can be further divided into two sections: the flow on 

the left section transfers heat upwards; while the flow on the right section trans- 

feres heat downwards (y-axis in orange on the right side). (For interpretation of the 

references to colour in this figure legend, the reader is referred to the web version 

of this article.) 
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t
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i

he results for the effective thermal conductivity ratio for Péclet 

umbers from zero to 900. Therein, k 0 is calculated based on the 

imulation results for a non-moving particle. The simulation results 

gree well with the experimental data and show a quasi-linear 

ncrease up to a Péclet number of 300. Beyond that Péclet num- 

er, the thermal conductivity ratio converges to a plateau with the 

alue k eff /k 0 ≈ 1 . 36 . 

In order to identify the reason for a) the linear increase and b) 

he plateau, a more detailed investigation of the flow field and the 

eat flux is performed. For this, the different heat transfer contri- 

utions through the center-plain of the particle at y = 0 are evalu- 

ted. 

Fig. 6 shows the three dominant heat transfer contributions. 

irst, heat conduction through the particle inside (blue line with 

lled dots); second, the convective heat transport by conduction 
6 
nd advection through the left section ( x < −0 . 5 D, red dashed line

ith triangles pointing to the left) and, third, through the right 

ection ( x > 0 . 5 D, red dashed line with triangles pointing to the

ight) (see Fig. 7 ). The latter two contributions are divided because 

he wall normal velocity v points in opposite direction. While the 

onvective heat transport through the fluid linearly increases with 

he shear rate and the increase in velocity v , the heat conduction 

hrough the particle decreases. The reason for the decreasing heat 

onduction is a quasi-isothermal layer formed around the particle 

y the fluid flow, which is illustrated in Fig. 4 . This isothermal layer

s a result of the reduced temperature gradient caused by the ad- 
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Fig. 7. Two sections to compute the convective heat transfer. 
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7 
itional advective heat transfer contribution in the fluid. The result 

f the linear increase of the convective heat transfer through the 

eft and right section leads to the saturation of the total heat con- 

ection, namely the plateau at high Pe . 

.4. Influence of particle properties on heat transfer enhancement 

Because it is found that the heat transfer by conduction through 

he particle becomes less important for higher rotation veloci- 

ies, it’s expected that the particle properties in this case do not 

nfluence the overall heat transfer. To confirm this assumption, 

he effective thermal conductivity at high shear rates is deter- 

ined for different particle materials, e.g. polyethylene, silicon- 

xide, aluminum-oxide, and copper-oxide, whose parameters are 

isted in Table 4 . 

Fig. 8 shows the absolute value of the effective thermal conduc- 

ivity (plot b,d) and the effective thermal conductivity ratio (a,c) 

or the different particle materials and fluid properties (silicon oil 

 kerosene mixture (a,b) ; water (c,d)). As expected, the effective 

hermal conductivity increases first with shear rate. However, for 
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Table 4 

Different material properties used to validate the irrelervance of thermal conduc- 

tivity of material on the effective thermal conductivity at high shear rates. 

Material 

Density 

[kg/m 

3 ] 

Thermal conductivity 

[W/(m ·K)] 

Heat capacity 

[J/(kg ·K)] 

Fluid 

Water 997.1 0.613 4179 

Silicon oil mixed 

with kerosene 

915 0.159 1910 

Solid 

CuO 6315 33 531 

Al 2 O 3 3970 25 765 

SiO 2 2650 1.4 705 

Polyethylene 900 0.35 1900 

Table 5 

Computed effective thermal conduction of dispersions of volume fraction 

φ = 7% with different particle material in water comparing to the effective 

medium theory model. 

Material k 0 [present study] k 0 = λf 
λp +2 λf +2 φ(λp −λf ) 

λp +2 λf −φ(λp −λf ) 
[Maxwell, 1881] 

CuO 0.7439 0.7435 

Al 2 O 3 0.7415 0.7410 

SiO 2 0.6527 0.6524 

PE 0.5925 0.5918 
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igher shear rates, all values converge to the same value indepen- 

ent from the particle material. For a less viscous fluid like wa- 

er with higher Reynolds number and a decreasing ratio between 

article rotation speed and shear rate (see Fig. 3 ), there is still a

ontinuous increase in effective thermal conductivity with higher 

éclet number. For a high viscous liquid with low Reynolds num- 

ers, the ratio between particle rotation speed and shear rate re- 

ains almost constant, which results in a saturation behavior of 

he effective thermal conductivity with higher Péclet numbers. 

Considering the effective thermal conductivity ratio, which is 

ery often shown in experimental studies, might result in a differ- 

nt interpretation. Because the effective thermal conductivity ratio 

epends on k 0 (fluid and particle at rest), which varies from differ- 

nt inserting materials listed in Table 5 , the relative thermal con- 

uctivity increase does not converge for the various particle ma- 

erials. Comparing the determined value of k 0 to Maxwell’s model 
ig. 9. The convective heat transfer for the fully-developed Hagen-Poiseuille flow conside

lue); and the radius proportion of the cross-sectional area which reaches the saturation 

8 
2] for this quantity shows as expected excellent agreement. Note 

hat the Hamilton and Crosser model [3] and Nan’s model [4] are 

dentical to Maxwell’s model if considering only the sphere with- 

ut interfacial thermal resistances. 

.5. Influence of the shear-dependent thermal conductivity on the 

eat transfer in fully-developed pipe flows 

Based on the 3D simulation results as shown in Fig. 5 , an 

pproximation of the shear induced effective thermal conductiv- 

ty can be drawn with a threshold value Pe ∞ 

= 300 , a satura- 

ion value ( k/k 0 ) ∞ 

= 1 . 36 , a slope value ∂ k/∂ Pe = k 0 ( ( k/k 0 ) ∞ 

−
) /Pe ∞ 

= 1 . 95 × 10 −4 
, leading to an effective thermal conduction 

odel considering the shear: 

 = 

{
∂k 
∂Pe 

· P e P e < P e ∞ 

k 0 ·
(

k 
k 0 

)
∞ 

P e ≥ P e ∞ 

(20) 

This could be applied further to shear related forced convection 

odels to investigate its macro influences. 

For the fully-developed Hagen-Poiseuille flow, the average ax- 

al velocity ū and the radius of the circular tube R are two in- 

ependent variables. In dimensionless form, the Reynolds number 

e = 2 ̄u R/υ decides the absolute value of the velocity profile. In 

erms of heat transfer in the thermally fully developed pipe flow, 

he dimensionless heat transfer coefficient (Nusselt number) takes 

he value of 4.36 (with constant axial wall heat flux boundary con- 

ition and in the absence of thermal energy sources, viscous dis- 

ipations, flow work) [37] for constant fluid properties. If the ther- 

al conductivity depends on the shear rate, an additional dimen- 

ionless number can be introduced, which we denote by Sk . This 

umber is defined by 

k = 

4 

ū 
R 

· ∂k 
∂ ̇ γ

k 0 
, (21) 

ith 

∂k 

∂ ˙ γ
= 

∂k 

∂P e 
· ∂P e 

∂ ˙ γ
= 

d p 
2 

k f /ρf c p f 
· ∂k 

∂P e 
(22) 

nd scales the gradient of thermal conductivity with respect to the 

hear rate (∂ k/∂ ˙ γ ) /k 0 to the mean shear rate of the fluid flow u/R .

 physical definition of this dimensionless number is provided in 

ppendix A. 
ring the shear-induced effective thermal conductivity enhancements of the fluid (in 

k ∞ (in orange) in relation to the dimensionless variable Sk . 
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Based on these two independent dimensionless variables, Re 

nd Sk, the overall enhancement in convection is presented in 

ig. 9 (left). The convection coefficient expressed in Nusselt num- 

er depends not significantly on the Reynolds number, but largely 

n Sk . 

Because of the saturation behavior of the single particle’s ther- 

al conductivity enhancement, also the heat transfer coefficient 

eaches a plateau for high values of Sk . With increasing Sk, the 

ross-sectional area increases in which the thermal conductivity 

eaches saturation (see Fig. 9 , right). For Sk = 1 , more than 65% of

he radial cross-sectional area is saturated with the maximal ther- 

al conductivity k ∞ 

/k 0 = 1 . 36 . 

The final question that needs to be answered is, whether a 

alue of Sk ≈ 1 can be obtained in realistic applications. According 

o the definition of Re and Sk (21) the two physical independent 

uantities can be presented as 

¯
 = 

√ 

Re · Sk · μk 0 

8 ρ ∂k 
∂ ̇ γ

, (23) 

 = 

√ 

Re 

Sk 
·

2 μ ∂k 
∂ ̇ γ

ρk 0 
. (24) 

To reach a value of Sk = 1 in a laminar pipe flow using water

s liquid with CuO nanoparticles of 100 nm diameter ( ∂ k/∂ ˙ γ ≈ 4 ×
0 −5 ), the pipe radius must be smaller than 5 × 10 −5 m to keep Re 

ithin laminar range, which is not realistic. Using viscous silicon 

il-kerosene mixture as liquid with CuO microparticles of 100 μm 

nstead, ( ∂ k/∂ ˙ γ ≈ 4 × 10 −6 ), the resulted constrains is the radius 

maller than 4 × 10 −3 m while the average velocity ū in order of 

0 m/s, which is not easy to realize either. 

. Conclusion 

Utilizing three-dimensional numerical simulations of a rotating 

article in a shear flow, the influence of high shear rates on heat 

ransfer is analyzed. In addition, the effect of shear on the heat 

ransfer in a full-developed Hagen-Poiseuille flow is presented. 

ithout taking into account the effect of shear on other fluid prop- 

rties (e.g. viscosity), the findings of this study can be summarized 

s follows 

1. For nanoparticles, the contribution of the advective transport 

inside (due to the rotary movement) and outside the rotating 

particle is irrelevant, compared to the conduction through the 

particle. 

2. For microparticles, the contribution of the advective transport 

inside and outside the rotating particle plays rather an impor- 

tant role under high shear. 

3. For high shear rates, an isothermal liquid layer forms around 

the particle which hinders heat transfer through the particle it- 

self. 

4. For high shear rates and high viscous liquids, the effective ther- 

mal conductivity exhibits saturation behavior with Péclet num- 

ber. 

5. For high shear rates and low viscous liquids ( Re > 10 ), the ef-

fective thermal conductivity continuously increases with Péclet 

number caused by a decreasing ratio between particle rotation 

speed and shear rate. 

6. For high shear rates, the thermal conductivity enhancement 

becomes independent from the particle material properties. A 

polyethylene particle enhances heat transfer in the same man- 

ner as a copper-oxide particle. 

7. In the Hagen-Poiseuille flow, the heat transfer enhancement de- 

pends significantly on the dimensionless number Sk but not on 
Reynolds number. 
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ppendix A 

The dimensionless number given the name Sk is de- 

uced from the integration of the radial thermal resistance in 

quation (A.1) and (A.2) . 

 thermal = 

1 

2 πL 

∫ R 

r m 

1 

k ( r ) r 
dr , (A.1) 

ith k ( r ) = k 0 + 

∂k 
∂ ̇ γ

· ∂ ̇ γ
∂r 

r = k 0 + 

(
∂k 
∂ ̇ γ

· 4 ̄u 
R 2 

)
r within the linear zone, 

 thermal = 

1 

2 πk 0 L 

⎡ 

⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎢ ⎣ 

ln 

1 

1 + 

R 
r 

· k 0 · R 

4 ̄u · ∂k 
∂ ̇ γ︸ ︷︷ ︸ 

1/Sk 

⎤ 

⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎥ ⎦ 

∣∣∣∣∣∣∣∣∣∣∣∣∣

R 

r m 

. (A.2) 

As r m 

, the radial position at which the temperature is the same 

s the mean temperature ( T r= r m = T m 

), is only determined by R 

 

r m 
R = 

√ 

2 −
√ 

17 
6 ≈ 0 . 5628 ), so that the only essential dimension- 

ess variable here is the ratio between the by shear rates increased 

hermal conductivity and the original static thermal conductivity 

 0 , defined here as Sk . 

eferences 

[1] P.K. Das, A review based on the effect and mechanism of thermal conductivity 
of normal nanofluids and hybrid nanofluids, J. Mol. Liq. 240 (2017) 420–446, 

doi: 10.1016/j.molliq.2017.05.071 . 
[2] J.C. Maxwell , A treatise on electricity and magnetism, Clarendon Press, Oxford, 

1881 . 

https://doi.org/10.13039/501100001659
https://doi.org/10.1016/j.molliq.2017.05.071
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0002
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0002


Q. Shu, R. Kneer and W. Rohlfs International Journal of Heat and Mass Transfer 175 (2021) 121251 

[

 

 

 

 

 

 

[

[

[

[

[

[

[

[

[

[

[  

[

 

[

[

[

[
 

[

 

 

[  
[3] R.L. Hamilton, O.K. Crosser, Thermal conductivity of heterogeneous two- 
component systems, Industrial & Engineering Chemistry Fundamentals 1 (3) 

(1962) 187–191, doi: 10.1021/i160 0 03a0 05 . 
[4] C.-W. Nan, R. Birringer, D.R. Clarke, H. Gleiter, Effective thermal conductivity 

of particulate composites with interfacial thermal resistance, J. Appl. Phys. 81 
(10) (1997) 6692–6699, doi: 10.1063/1.365209 . 

[5] S.U.S. Choi, J.A. Eastman, Enhancing thermal conductivity of fluids with 
nanoparticles. 

[6] J.A. Eastman, S.U.S. Choi, S. Li, W. Yu, L.J. Thompson, Anomalously increased 

effective thermal conductivities of ethylene glycol-based nanofluids containing 
copper nanoparticles, Appl. Phys. Lett. 78 (6) (2001) 718–720, doi: 10.1063/1. 

1341218 . 
[7] S.K. Das, N. Putra, P. Thiesen, W. Roetzel, Temperature dependence of thermal 

conductivity enhancement for nanofluids, J. Heat Transfer 125 (4) (2003) 567–
574, doi: 10.1115/1.1571080 . 

[8] S.A. Angayarkanni, J. Philip, Review on thermal properties of nanofluids: recent 

developments, Adv. Colloid Interface Sci. 225 (2015) 146–176, doi: 10.1016/j.cis. 
2015.08.014 . 

[9] J. Koo, C. Kleinstreuer, A new thermal conductivity model for nanofluids, J. 
Nanopart. Res. 6 (6) (2004) 577–588, doi: 10.1007/s11051- 004- 3170- 5 . 

[10] Y. Xuan, Q. Li, Investigation on convective heat transfer and flow features of 
nanofluids, J. Heat Transfer 125 (1) (2003) 151–155, doi: 10.1115/1.1532008 . 

[11] W. Yu, S. Choi, The role of interfacial layers in the enhanced thermal con- 

ductivity of nanofluids: a renovated maxwell model, J. Nanopart. Res. 5 (1/2) 
(2003) 167–171, doi: 10.1023/A:1024438603801 . 

12] W. Yu, S. Choi, The role of interfacial layers in the enhanced thermal conduc- 
tivity of nanofluids: a renovated hamilton-crosser model, J. Nanopart. Res. 6 

(4) (2004) 355–361, doi: 10.1007/s11051- 004- 2601- 7 . 
[13] J. Avsec, The combined analysis of phonon and electron heat transfer mecha- 

nism on thermal conductivity for nanofluids, Int. J. Heat Mass Transf. 51 (19–

20) (2008) 4589–4598, doi: 10.1016/j.ijheatmasstransfer.2008.02.030 . 
[14] J. Buongiorno, Convective transport in nanofluids, J. Appl. Phys. 128 (3) (2006) 

240–250, doi: 10.1115/1.2150834 . 
[15] J. Buongiorno, D.C. Venerus, N. Prabhat, T. McKrell, J. Townsend, R. Christian- 

son, Y.V. Tolmachev, P. Keblinski, L.-w. Hu, J.L. Alvarado, I.C. Bang, S.W. Bish- 
noi, M. Bonetti, F. Botz, A. Cecere, Y. Chang, G. Chen, H. Chen, S.J. Chung,

M.K. Chyu, S.K. Das, R. Di Paola, Y. Ding, F. Dubois, G. Dzido, J. Eapen, W. Escher,

D. Funfschilling, Q. Galand, J. Gao, P.E. Gharagozloo, K.E. Goodson, J.G. Gutier- 
rez, H. Hong, M. Horton, K.S. Hwang, C.S. Iorio, S.P. Jang, A.B. Jarzebski, Y. Jiang,

L. Jin, S. Kabelac, A. Kamath, M.A. Kedzierski, L.G. Kieng, C. Kim, J.-H. Kim,
S. Kim, S.H. Lee, K.C. Leong, I. Manna, B. Michel, R. Ni, H.E. Patel, J. Philip,

D. Poulikakos, C. Reynaud, R. Savino, P.K. Singh, P. Song, T. Sundararajan, 
E. Timofeeva, T. Tritcak, A.N. Turanov, S. van Vaerenbergh, D. Wen, S. With- 

arana, C. Yang, W.-H. Yeh, X.-Z. Zhao, S.-Q. Zhou, A benchmark study on 

the thermal conductivity of nanofluids, J. Appl. Phys. 106 (9) (2009) 094312, 
doi: 10.1063/1.3245330 . 

[16] M. Sheikholeslami, D.D. Ganji, Nanofluid convective heat transfer using semi 
analytical and numerical approaches: a review, J. Taiwan Inst. Chem. Eng. 65 

(2016) 43–77, doi: 10.1016/j.jtice.2016.05.014 . 
[17] D. Wen, Y. Ding, Experimental investigation into convective heat transfer of 

nanofluids at the entrance region under laminar flow conditions, Int. J. Heat 
Mass Transf. 47 (24) (2004) 5181–5188, doi: 10.1016/j.ijheatmasstransfer.2004. 

07.012 . 

[18] D. Kim, Y. Kwon, Y. Cho, C. Li, S. Cheong, Y. Hwang, J. Lee, D. Hong, S. Moon,
Convective heat transfer characteristics of nanofluids under laminar and tur- 

bulent flow conditions, Curr. Appl. Phys. 9 (2) (2009) e119–e123, doi: 10.1016/j. 
cap.2008.12.047 . 

[19] U. Rea, T. McKrell, L.-w. Hu, J. Buongiorno, Laminar convective heat trans- 
fer and viscous pressure loss of alumina–water and zirconia–water nanoflu- 

ids, Int. J. Heat Mass Transf. 52 (7–8) (2009) 2042–2048, doi: 10.1016/j. 

ijheatmasstransfer.2008.10.025 . 
10 
20] K.S. Hwang, S.P. Jang, S.U. Choi, Flow and convective heat transfer charac- 
teristics of water-based al2o3 nanofluids in fully developed laminar flow 

regime, Int. J. Heat Mass Transf. 52 (1–2) (2009) 193–199, doi: 10.1016/j. 
ijheatmasstransfer.2008.06.032 . 

21] M.M. Heyhat, F. Kowsary, A.M. Rashidi, M.H. Momenpour, A. Amrollahi, Exper- 
imental investigation of laminar convective heat transfer and pressure drop 

of water-based al2o3 nanofluids in fully developed flow regime, Exp. Therm. 
Fluid Sci. 44 (2013) 4 83–4 89, doi: 10.1016/j.expthermflusci.2012.08.009 . 

22] E. Ebrahimnia-Bajestan, H. Niazmand, W. Duangthongsuk, S. Wongwises, Nu- 

merical investigation of effective parameters in convective heat transfer of 
nanofluids flowing under a laminar flow regime, Int. J. Heat Mass Transf. 54 

(19–20) (2011) 4376–4388, doi: 10.1016/j.ijheatmasstransfer.2011.05.006 . 
23] M. Haghshenas Fard, M.N. Esfahany, M.R. Talaie, Numerical study of convective 

heat transfer of nanofluids in a circular tube two-phase model versus single- 
phase model, Int. Commun. Heat Mass Transfer 37 (1) (2010) 91–97, doi: 10. 

1016/j.icheatmasstransfer.20 09.08.0 03 . 

24] S. Zeinali Heris, S. Etemad, M. Nasr Esfahany, Experimental investigation of ox- 
ide nanofluids laminar flow convective heat transfer, Int. Commun. Heat Mass 

Transfer 33 (4) (2006) 529–535, doi: 10.1016/j.icheatmasstransfer.2006.01.005 . 
25] S. Zeinali Heris, M. Nasr Esfahany, S. Etemad, Experimental investigation of 

convective heat transfer of al2o3/water nanofluid in circular tube, Int. J. Heat 
Fluid Flow 28 (2) (2007) 203–210, doi: 10.1016/j.ijheatfluidflow.20 06.05.0 01 . 

26] C.W. Sohn, M.M. Chen, Microconvective thermal conductivity in disperse two- 

phase mixtures as observed in a low velocity couette flow experiment, J. Heat 
Transfer 103 (1) (1981) 47–51, doi: 10.1115/1.324 4 428 . 

27] S. Shin, S.-H. Lee, Thermal conductivity of suspensions in shear flow fields, Int. 
J. Heat Mass Transf. 43 (23) (20 0 0) 4275–4284, doi: 10.1016/S0017-9310(00) 

0 0 050-8 . 
28] C. Sun, B. Bai, W.-Q. Lu, J. Liu, Shear-rate dependent effective thermal con- 

ductivity of h2o+sio2 nanofluids, Physics of Fluids 25 (5) (2013) 052002, 

doi: 10.1063/1.4 80204 9 . 
29] H.M. Laun, Rheological properties of aqueous polymer dispersions, Angew. 

Makromol. Chem. 123 (1) (1984) 335–359, doi: 10.1002/apmc.1984.051230115 . 
30] C.A . Kossack, A . Acrivos, Steady simple shear flow past a circular cylinder at

moderate reynolds numbers: a numerical solution, J. Fluid Mech. 66 (2) (1974) 
353–376, doi: 10.1017/S0 0221120740 0 0243 . 

31] E.-J. Ding, C.K. Aidun, The dynamics and scaling law for particles suspended 

in shear flow with inertia, J. Fluid Mech. 423 (20 0 0) 317–344, doi: 10.1017/
S0 0221120 0 0 0 01932 . 

32] C.-J. Lin, J.H. Peery, W.R. Schowalter, Simple shear flow round a rigid sphere: 
inertial effects and suspension rheology, J. Fluid Mech. 44 (1) (1970) 1–17, 

doi: 10.1017/S0 022112070 0 01659 . 
33] A. Xu, T.S. Zhao, L. Shi, X.H. Yan, Three-dimensional lattice boltzmann simula- 

tion of suspensions containing both micro- and nanoparticles, Int. J. Heat Fluid 

Flow 62 (2016) 560–567, doi: 10.1016/j.ijheatfluidflow.2016.08.001 . 
34] A. Xu, L. Shi, T.S. Zhao, Lattice boltzmann simulation of shear viscosity of sus- 

pensions containing porous particles, Int. J. Heat Mass Transf. 116 (2018) 969–
976, doi: 10.1016/j.ijheatmasstransfer.2017.09.060 . 

35] G.K. Batchelor, J.T. Green, The determination of the bulk stress in a suspension 
of spherical particles to order c 2, J. Fluid Mech. 56 (03) (1972) 401, doi: 10.

1017/S0 0221120720 02435 . 
36] D.C. Venerus, J. Buongiorno, R. Christianson, J. Townsend, I.C. Bang, G. Chen, 

S.J. Chung, M.K. Chyu, H. Chen, Y. Ding, F. Dubois, G. Dzido, D. Funfschilling, 

Q. Galand, J. Gao, H. Hong, M. Horton, L.-w. Hu, C. S. lorio, A.B. Jarzebski,
Y. Jiang, S. Kabelac, M.A. Kedzierski, C. Kim, J.-H. Kim, S. Kim, T. McKrell, R. Ni,

J. Philip, N. Prabhat, P. Song, S. van Vaerenbergh, D. Wen, S. Witharana, X.- 
Z. Zhao, S.-Q. Zhou, Viscosity Measurements on Colloidal Dispersions (Nanoflu- 

ids) for Heat Transfer Applications, 2010, doi: 10.3933/applrheol- 20- 44582 . 
37] R.K. Shah , A.L. London , T.F. Irvine , J.P. Hartnett , Laminar flow forced convection

in ducts: A Source book for compact heat exchanger analytical data, 1. aufl., 

Elsevier Reference Monographs, s.l., 1978 . 

https://doi.org/10.1021/i160003a005
https://doi.org/10.1063/1.365209
https://doi.org/10.1063/1.1341218
https://doi.org/10.1115/1.1571080
https://doi.org/10.1016/j.cis.2015.08.014
https://doi.org/10.1007/s11051-004-3170-5
https://doi.org/10.1115/1.1532008
https://doi.org/10.1023/A:1024438603801
https://doi.org/10.1007/s11051-004-2601-7
https://doi.org/10.1016/j.ijheatmasstransfer.2008.02.030
https://doi.org/10.1115/1.2150834
https://doi.org/10.1063/1.3245330
https://doi.org/10.1016/j.jtice.2016.05.014
https://doi.org/10.1016/j.ijheatmasstransfer.2004.07.012
https://doi.org/10.1016/j.cap.2008.12.047
https://doi.org/10.1016/j.ijheatmasstransfer.2008.10.025
https://doi.org/10.1016/j.ijheatmasstransfer.2008.06.032
https://doi.org/10.1016/j.expthermflusci.2012.08.009
https://doi.org/10.1016/j.ijheatmasstransfer.2011.05.006
https://doi.org/10.1016/j.icheatmasstransfer.2009.08.003
https://doi.org/10.1016/j.icheatmasstransfer.2006.01.005
https://doi.org/10.1016/j.ijheatfluidflow.2006.05.001
https://doi.org/10.1115/1.3244428
https://doi.org/10.1016/S0017-9310(00)00050-8
https://doi.org/10.1063/1.4802049
https://doi.org/10.1002/apmc.1984.051230115
https://doi.org/10.1017/S0022112074000243
https://doi.org/10.1017/S0022112000001932
https://doi.org/10.1017/S0022112070001659
https://doi.org/10.1016/j.ijheatfluidflow.2016.08.001
https://doi.org/10.1016/j.ijheatmasstransfer.2017.09.060
https://doi.org/10.1017/S0022112072002435
https://doi.org/10.3933/applrheol-20-44582
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0037
http://refhub.elsevier.com/S0017-9310(21)00354-9/sbref0037

	Influence of high shear on the effective thermal conduction of spherical micro- and nanoparticle suspensions in view of particle rotation
	1 Introduction
	2 Methods
	2.1 Heat transfer simulation of single particles in shear flow
	2.2 Heat transfer in fully-developed pipe flow with shear dependent thermal conductivity

	3 Results and discussion
	3.1 Advective heat transfer of the rotating particle
	3.2 Advective heat transfer of the surrounding liquid
	3.3 Shear-induced heat transfer enhancment by particles
	3.4 Influence of particle properties on heat transfer enhancement
	3.5 Influence of the shear-dependent thermal conductivity on the heat transfer in fully-developed pipe flows

	4 Conclusion
	Authorship Statement
	Authorship contributions
	Declaration of Competing Interest
	Acknowlgedgments
	Appendix A
	References


