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Abstract
A fatty acid based phase change dispersion (PCD) for efficient high voltage electrical devices
cooling has been developed and investigated in this paper. Experiments were firstly
conducted to measure the PCD thermophysical properties and to detect the bulk fluid and
inner wall temperature of PCD flowing in a circular pipe by a self-designed rig. A 3D
modelling based on the Euler-Euler model and homogenous single-phase model were then
performed and validated through experiments, and further employed to evaluate the effects of
particle size, concentration and operating conditions on flow characteristics, pressure drop, heat
transfer and energy transport performance of the PCD. The results showed that both the particle
size and concentration presented significant influences on heat transfer between the two phases, and
average friction factor as well as heat transfer coefficient of the PCD. The higher averaged Nusselt

number and larger pressure drop appeared when the PCM particle diameter decreases to 7 µm.
For the investigated conditions in this work, an optimal set of cooling performance for the
developed fatty acid PCD was proposed and a PCM particle size of 7 µm under a flow velocity
of 4 m/s and a concentration of 35% was recommended for industrial cooling applications.
Keywords: Fatty acid; Phase change dispersion; Euler-Euler; Heat transfer; Cooling
enhancement; Energy transport;
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1. Introduction
High electrical power demand requires a continuous effort to miniaturise High-Voltage
Direct Current (HVDC) devices, which can have a heat flux approaching the megawatt range
and is beyond the domain of conventional thermal management technologies [1, 2]. Power
dissipation of 9.72 kW has been detected in a high power HVDC transmission system in
which power converters turns AC to DC and vice versa through controllable electric switches.
Such switches take up to 30% of the whole loss power [3, 4]. Although the power module
failure rate due to electronic converter instability has dropped in recent decades, it still causes
tremendous economic loss and plant maintenance costs [5]. For high power electronic
devices, an option for thermal performance enhancement is the dispersion of Phase Change
Material (PCM) in an immiscible thermal-active fluid – the so called phase change dispersion
(PCD). Under a targeted set of operational conditions, the PCD can be designed to enhance
the thermal performance with a uniform temperature distribution and a small temperature
change [6-9].
For industrial applications of the HVDC cooling, the PCD is best to be electrically insulting
to ensure long-term lifespan in a high voltage environment. As a type of organic dielectric
material, fatty acid has been widely considered due to its low chemical inertness, selfnucleation during phase change and with a low electrical conductivity [10, 11]. Such material
normally works in the ambient-to-moderate temperature range [12] (20-100 °C), which is
suitable for HVDC electronic devices cooling [13] (around 60 °C). The electrical
conductivity of the fatty acid can reach as low as 10-10 S/m [14]. To make PCM long-term
stable miscible with water, a small amount of emusifier composed of a hydrophilic heat
group and a hydrophobic tail should be added, so that problems such as coagulation,
coalescence or Ostwald ripening [15] can be resolved. Numbers of dielectric emulsifier have
been studied, such as fatty acid [16] and graphene oxide [17]. The introduction of nucleation
agent reduces the super cooling problem in PCD. The most popular nucleation agents are
octadecanol [18-20] and paraffins [21-23] etc. Emulsions are usually fabricated in high
energy environment like high-shear mixer or ultrasound generator. The choice of particle size
is a trade-off between PCM stability and super cooling [24].
A dilute PCD often shows a Newtonian behaviour, but can be highly non-Newtonian when
the emulsion concentration is increased. There is however no clear demarcation in terms of
the concentration. For example, a 30 w/w % tetradecane emulsion [36] is found to be
Newtonian fluid, while the behaviour of a paraffin/water emulsion [21] is pseudo-plastic with
a mass fraction from 15 % to 50%. Therefore the PCD rheology is hard to be judged
empirically. The viscosity of emulsions may be 2–550 times that of water [25, 26], yet the
increased pressure drop has been found to barely affect the pumping work [27, 28]. The
correlations of friction factor have been proposed either empirically based or from physical
2

models originated from the fluid-wall interactions. A comprehensive comparison of friction
factor correlation has been provided by Prieto et al. [29], Babajimopoulos and Terzidis [30]
and Brkić [31]. It is noteworthy that most correlations were developed under isothermal
condition while the oscillation of fluid properties during phase change is still unclarified.
To use PCD in typical applications such as heat exchanger, the flow characteristic studies are
needed to understand its effectiveness in heat transfer. Most studies were carried out for ice
slurry or water-glass/sand system at low concentrations. Vuarnoz et al. [32] studied the
velocity and temperature profiles of ice slurry for 13–19 v/v %, using Ultrasonic Doppler
Profiler. Campbell et al. [33] conducted concentration measurement of glass beads in water
around 20 v/v % , and found the lift force may alter the solid distribution. Stamatiou and
Kawaji [34] measured the velocity profiles of 0–9 w/w % ice slurry from three positions
along the vertical pipe using a hot film probe, but the limited information was insufficient for
the flow characteristic study. Kaushal et al. [35] evaluated the concentration and velocity
profile of glass beads in water, and found particle size influences the degree of asymmetry in
concentration profile. Due to the complexity of performing local concentration and velocity
measurement in insulated pipes, the numerical simulation was widely used to study the flow
characteristics. The Euler-Euler model is an expensive but fruitful tool to deal with the twophase nature than the single-phase model. Wang et al. [36] studied ice slurry (< 25 v/v %) in
horizontal, vertical and 90 ° elbow pipe using Euler-Euler model, with a simple and cheap
algebraic equation for granular kinetic calculation which neglecting convection and diffusion.
The PCM slurry [7] and slush nitrogen [37] were also tested, but the particle distribution on
viscous sub-layer (which will affect wall temperature) was easily missed.
For heat transfer characteristics of PCD, many Nusselt number correlations are proposed
based on the assumption of single-phase Newtonian fluid. But it is questionable whether this
assumption validates for high PCD concentrations or turbulent flow. Moreover, the influence
of phase change on overall heat transfer coefficient is not clarified. Several literatures
indicate the importance of Stefan number in PCM heat transfer[38, 39]. The Stefan number is
defined as the ratio of sensible heat to latent heat, Ste =

, |

⁄



|

, given under the

boundary condition of constant heat flux. Wang et al. [40] proposed the correlations of
microencapsulated PCD by including Ste, for laminar flow and low Re number (2100 < Re <
3500) turbulent flow. Ho et al. [41] developed heat transfer correlation of MPCM particles in
terms of Pelect number, Ste and inlet subcooling parameter, for laminar condition (133 < Re
< 1515) and low mass fraction of 0 – 10 wt.%. The correlations under turbulent flow and high
concentration are still needed for PCD performance improvement.
To fulfil the cooling requirement of an industrial HVDC converter proposed by GEIRI
GmbH (Germany), a novel PCD is designed to have phase transition temperature and melting
temperature in the range of 30-60 °C and 47.5-50 °C, respectively, where the PCD specific
3

heat capacity should be doubled over water. The electrical conductivity of proposed solution
is expected to be nearly zero to ensure long-term applicability in the high voltage
environment. In view of this, a fatty acid-based PCD that suitable for efficient high voltage
electrical devices converter cooling is developed and investigated experimentally and
numerically in this work. Experiments were firstly conducted to measure the PCD
thermophysical properties and to detect the bulk fluid and inner wall temperature of PCD
flowing in a circular pipe by a self-designed rig. Both a 3D Euler-Euler multiphase model and
a homogenous single-phase model were then developed and validated by the experimental
results, and further employed to evaluate the PCD thermal characteristics. The influence of
particle size, PCM concentration and inlet velocity on flow characteristics, pressure drop and
heat transfer as well as energy transport performance were discussed detailedly The results
presented in this work provide an efficient and economical solution to cool down the HVDC
converter in high voltage environment, and contribute to the development of PCD in the
thermal management fields.

2. Experimental measurements
2.1. PCD preparation and properties characteristics
An extensive screening of the PCD system has been done to reach the industrial HVDC
cooling requirement. A mixture of commercial fatty acid esters (50% Crodatherm 53 +50%
Crodatherm 47, from Croda International PLC, UK) and ethoxylated fatty alcohols (75%
Steareth-100 + 25% Steareth-2, from KLK Oleo, Germany) were used as PCM and emusifier,
respectively. A small portion (1.6 w/w%) of glycerol was added in the deionized water to
form the continuous phase. The optimal PCD composed of 16 w/w % of PCM, 4w/w % of
emulsifier, 0.5 w/w% nucleation agents in continuous phase. The dispersion was
manufactured by dispersing PCM phase into deionized water using a Polytron 10-35 GT lab
rotor-stator in Lucerne University of Applied Sciences and Arts, Switzerland.
The thermo-physical properties of PCD components under solid and melting conditions were
measured at Birmingham Centre for Energy Storage (BCES) in University of Birmingham,
and the results were tabulated in Table 1. Each measurement was repeated at least 3 times to
ensure reproducibility. The solution density was measured using an Anton-Paar DMA 4100M
density meter (UK), with 2 mL samples held at desired temperature for 10 minutes. The
thermal conductivity was determined from a Netzsch LFA 427 (Laser Flash Analysis,
German) output signal using refined Cowan model [42]. Each measurement was carried out
with a laser voltage set point of 480 V and laser pulse width of 80 ms. The specific capacity,
melting point and phase change enthalpy melting were determined using a Differential
Scanning Calorimeter (DSC2, Mettler Toledo, USA). Tests were performed from 298.15 K to
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338.15 K with a heating rate of 5 K/min in Platinum crucibles under nitrogen atmosphere and
a purge flow of 100 mL/min. Samples were held at constant 298.15 K and 338.15 K for 20
minutes, and repeat the heating cycles for 4 times. For statistical studies, samples varies 1520 mg were prepared and each sample was tested three times. The specific heat capacity was
obtained according to the standard (DIN51007) by the sapphire method. The heat capacity
plots with temperature under different PCM volume fractions (ϕ = 0.05, 0.1, 0.2 and 0.35) are
given in Fig. 1. The PCD stability against creaming, sedimentation and coalescence was also
studied by an optical centrifuge of LUMiSizer, and the results demonstrated the sufficient
stability of the proposed PCD even experienced more than 200 cycling times.
Table 1. Thermo-physical properties of water and PCD components under solid and liquid
condition.
ρ [kg/m3]
Working

k [W/(m·K)]

cp
[kJ/(kg·K)]

Tmelt
[°C]

∆hpc[kJ/kg]

25

55

25

55

25

55

-

-

Water

998.2

988.4

0.61

0.651

4.18

4.18

-

-

PCM

902

827.2

0.231

0.206

2.78

2.38

47.13

193.38

Emusifier

1011.4

1005.3 0.293

0.301

2.28

2.21

49.72

141.53

PCD

983.9

980.5

0.561

3.82

3.78

50.95

26.11

Temperature[°C]

0.529

a)
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b)
Fig. 1. a) DSC measurement of PCM and emusifier, b) Cp variation with temperature of
different PCM concentration, ϕ = 0.05, 0.1, 0.2 and 0.35.
A rotational MCR 502 rheometer (Anton Paar, UK) equipped with a convection oven and a
temperature controller (TC30) was performed to quantify the rheology behaviour of PCD
components. The measurements (repeated 3 times) were carried out using 2.0 samples in a
stainless-steel parallel plate of 35 mm diameter fitted in a concentric cylinder of 40 mm
diameter. The controlled sample amount was required to ensure a constant measurement
contact area, and any excess sample will be removed after the shaft reaching its measuring
position. The motor is required to warm up to 17000 s-1 before any measurement conducted,
followed by motor adjustment and calibration to ensure reliable data. Each test was
conducted over a shear rate from 0.1 s-1 to 200 s-1 under constant airflow rate of 1 L/min. The
measurement deviations are less than 2.3 %. The rheology of PCD follows non-Newtonian
fluid characteristic, as given in Fig. 2. With increasing shear rate, the PCD viscosity
decreases whether melted or not. However, the viscosity can reach up to 10000 mPa·s at low
shear rate (< 25 s-1) when PCD melted (323.15 K and 328.15 K), acting like rigid material.

6

a)

b)
Fig. 2. Rheology behaviour of PCD under various a) shear rates, ϕ = 0.2 and b) temperatures,
γ = 100 s  .

The Herschel-Bulkley model [43] is introduced to describe the Non-Newtonian PCD
behaviour, which combines models of Bingham plastic (n=1) at low shear rate and power-law
at higher shear rate. The yield stress threshold τ0 = 24 s-1 was derived from the experimental
rheology results, and the critical shear rate ϒ0 = 0.3782 Pa and consistency factor k =2.316
Pasn are determined using least square regression method. Thus the relationship of PCD
viscosity and shear rate can be expressed as:
μ  = 

0.3782


+ 0.002316 Pa · s,

0.0332 − 0.000657 Pa · s,

 > 24 s−1

 < 24 s−1
7

(1)

To include the temperature dependency, the Arrhenius law is adopted as ln HT = C −
E4 ⁄RT, where Eα is the activation energy and R is the universal gas constant equal to 8.314

energy of E4 = 56.868 kJ/mol. The high activation energy means fluid is less sensitive to
J/(mol·K). The best fit curve based on experimental data of lnH(T) and 1/T yields activation
temperature changes, because high energy is needed to overcome the strength of the interparticle forces that keep the floc network together [44]. Actually the temperature effect on

viscosity is rather small given the small viscosity oscillation in Fig. 2b). The correlated PCD
viscosity shows good agreement with the experimental value (average deviation of 10.19 %),
as given in Fig. 3. The error bar represents the viscosity deviation caused by temperature.

Fig. 3. Comparison of experimental data and model results on PCD viscosity (ϕ= 0.2).
The size distribution is measured with a Zetasizer Nano-ZS dynamic light scattering
(Malvern, UK) in BCES of University of Birmingham. Tests were performed with a 173°
scattering angle and repeated 3 times with small deviation up to 2.05%. The particle size
ranges between 0.065 µm and 7.3 µm, as shown in Fig. 4.

8

Fig. 4. Relationship of particle volume fraction and particle diameter.

2.2. Test-rig
The heat transfer experiment of PCD was conducted at Lucerne University of Applied
Science and Arts (Switzerland). The fluid was transported by an impeller pump (Zuwa
NIROSTAR/V 2000-B/PT, Germany) into a circular pipe with a total length of L = 16 m,
inner diameter of D = 0.014 m and outer diameter of 0.02 m. A Coriolis flow meter (Promass
F83, Endress + Hauser AG, Switzerland) was used to control the mass flow with uncertainty

of ± 0.004 m7 , where m7 is the mass flow rate. The uniform heat flux was obtained by
wrapping a heat cable (TWIN, Arnold Rak GmbH, Germnay) with diameter of 3.37 mm right
next to the pipe out wall, and thermal insulated by an aluminium foil together with PIR shells
(Swisspor, Swizterland) of 50 mm thickness. The maximum thermal power of the heat cable
is 4 kW, which is powered by a thyristor power controller (TYA-201, JUMO Co Ltd, UK)
that allows precise control of heat input with uncertainty of ± 0.02 Pel (Pel is the electrical
power). The wall and bulk temperature were measured by the Pt-100 four-wire thin film
sensors, with measurement uncertainty less than ± 0.03 K. The temperature measurements for
the pipe wall and fluid were derived directly from the thermocouples, and the heat transfer
coefficient was then straightly determined. The scheme of the test-rig is given in Fig 5 and
the detail of measuring section can be found in Ref [45]. To determine the system heat losses,
the setup was first tested with water under various m7 and Pel. The heat loss, identified as the

difference between Pel and sensible heating of water from inlet to outlet Q9:;; = P<9 −

m7=C> T:?@ − C> TAB C, was determined to be 40 W on average, which will be used for the PCD

calculation.

9

Fig. 5. Schematic of the experimental test-rig.

3. Numerical modelling
3.1. Mathematical model
In this work, two-phase Euler-Euler model and single-phase homogenous model are used to
calculate the flow characteristic of PCD. The motivation of using homogenous model is
better thermal prediction than the two-phase models for nanofluid turbulent flow [46, 47],
with low computational cost. However, similar comparison was less conducted for PCD,
especially with the measured thermos-physical properties. The 3D computational domain was
setup with the same cross-section geometry as experimental test section, and total length of L
= 5.5 m to reduce computational cost for the fully developed flow. The inlet temperature was
chosen just below the PCM solidus point Tin = 316.86 K. The simulation heat flux, which is
subjected to equipment power, was increased to Q = 80000 W/m2 so that PCM can be fully
melted.
In Euler-Euler model, the fatty-acid PCM particle and glycerol-water solution are treated as
interpenetrative continua, coupled through the interphase momentum and heat transfer. The
PCD are treated as impressible turbulent flow, and the PCM particle is assumed to be smooth,
inelastic and spherical during the phase change condition. The k-ω turbulence model with
shear stress transport (SST) model is used due to their proven accuracies in solving mixture
problems in the near-wall region [48, 49]. The accurate prediction of k-ω SST model is
dependent on the high quality meshed grid. In this work, the 3D domain is structured with
hexahedral cells in pipe core and refined mesh near wall, to ensure the wall coordinate y+ is
near 1 in the sublayer, as shown in Fig. 6. The mesh growth rate is fixed to 1.15 until it
10

reaches the log-law layer. It is found that as the number of nodes per cross-section increases
from 546 to 1002 and from 1002 to 1418, the temperature at monitored points changes by
3.56% and 0.74% respectively. Thus the 1002 nodes are good enough to ensure calculation
accuracy without consuming too much computational source, and are chosen for further
calculations. The mathematical models used in the present study are summarized in Appendix,
which are divided into 4 categories: governing equations (Eqs. (A1)-(A4)), kinetic theory of
granular flow (Eqs. (A5)-(A12)), energy equations (Eqs. (A13)-(A16)) and the near wall
boundary condition (Eqs. (A17)-(A18)).

Fig. 6. Photographs of the mesh sizing with cross-section view (a) and enlarged side view (b).
The sensitivity analysis have been carried out to test the kinetic models for granular flow, and
here only the confirmed one are presented in the Appendix table. The fluctuating particle
motion is described by the granular temperature, and the maximum volume fraction is chosen
to be 0.52 [50]. The virtual mass force can be neglected because the density difference
between solid and liquid phase is less than 15%. As the dominate force in per phase, the drag
force (Eq. (A10)) is described by Syamlal and O'Brien [51] model. The lift force force (Eq.
(A11)) acts on area of high velocity gradient (such as the near wall regime) and calculated via
Saffman [52] model. The particle distribution is dominated by the turbulent dispersion force
(Eq. (A12)) when the size of turbulent eddies are larger than the particle size, and the
dispersion coefficient Ctd is generally determined to be 1 in Simonin and Viollet [53] model.
The particle-particle restitution coefficient ess is chosen to be 0.9. The volumetric heat
transfer coefficient force (Eq. (A14)) is estimated based on the correlation proposed by Gunn
[54].
At the near wall regime, the no-slip condition is used for liquid phase, and the JohnsonJackson wall boundary conditions (Eqs. (A17) and (A18)) are employed for solid phase. The
particle-wall restitution coefficient and specularity coefficient are adjusted between 0.00010.001 and 0.9-0.99 respectively to ensure mass balance for various conditions. The
11

discrepancy of solid distribution and velocity caused by coefficient differences has been
proven to be very small [37]. The residuals were below 10-5 under all calculation conditions,
and the energy residuals were less than 10-13 when converged. The detail discussion of
discretization schemes and coupling correlations of Euler-Euler can be found in previous
papers [37, 55, 56] thus not given here. For homogenous model, the optimal combination [46]
of the effective properties correlations are given in Table 2.
Table 2. Correlations of effective properties used in homogenous model
Properties

Equation

Density

μ = 1 + 7.3ϕ + 123ϕ μ9

Viscosity
Specific heat
Conductivity

ρ = 1 − ϕρ9 + ϕρ;

Cp =

1 − ϕρCpG + ϕρCp;
ρ

k Ik ; 1 + 2α + 2k 9 K − 2ϕIk 9 − k ; 1 − αK
=
Ik ; 1 + 2α + 2k 9 K + ϕIk 9 − k ; 1 − αK
k9

Reference

Eq. No

Khanafer et
al. [57]

(2)

Maı̈ ga et al.
[58]

(3)

Khanafer et
al. [57]

(4)

Nan et al. [59] (5)

3.2. Model validation
To ensure reliability of the present Euler-Euler model, validations are conducted against the
hydrodynamic features derived from literature and the temperature measurement from the
present experiment. Fig. 7 compares the radial distribution of glass particles from the present
model with the experimental data from Kaushal et al. [35] and simulation results from Wang
et al. [36] and Bordet et al. [49]. Simulations are performed at isothermal condition (T =
293.15 K) to match respective experiments, using mesh grids similar to the present one. The
particle profiles are extracted at x/L= 9/10 to ensure fully developed flow. For small particle
(d = 125 µm), as given in Fig. 7a), the present work and model from Bordet et al. [49] agree
well with experimental data, but Wang et al. [36] over-predicts the concentration gradients
with a deviation of 16.13 %. With increasing particle sizes and higher loadings, as shown in
Fig. 7b) and 7c), the particle repelling near the pipe bottom can be captured by the present
work and Wang et al. [36], but the turning point from Wang et al. [36] sits far away from the
bottom wall and conflicts with experimental trend. The average deviation of the present work
and Bordet et al. [49] from experiment is 11.91% and 8.32% , respectively, but the latter one
fails to capture the near wall particles. The relative large deviation from Wang et al. [36] is
caused by the coarse grid near pipe wall and inappropriate transport equation. They used a
simple and cheap algebraic equation but neglecting convection and diffusion. The turbulent
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dispersion term from Bordet et al. [49] counter-balanced the sedimentation phenomenon,
resulting in a more homogenous concentration profile but miss the repelling near wall.
The velocity profiles of fully developed ice slurry flows were also compared with
experimental measurements from Vuarnoz et al. [32]. As given in Fig. 7d), the average
deviation of the present work and experimental data is 2.83%, which is comparable with
Wang et al. [36] model (deviation of 2.31%). The lowest deviation (1.12 %) from experiment
can be derived from Bordet et al. [49], because they used turbulent dispersion term of Phillips
et al. [60]’s equation to stabilize the flow calculation. Overall, all three models compares
fairly well to the experimental velocity.

a)

b)
13

c)

d)
Fig. 7. a-c) Comparison of radial distribution of glass particle at Uin = 4 m/s of a) ϕin = 0.1, d
= 125 µm, b) ϕin = 0.1, d = 440 µm, c) ) ϕin = 0.2, d = 440 µm; d) Comparison of radial
distribution of mean axial velocity.
The measured bulk and wall temperatures along the 16 m pipe were compared with EulerEuler model and homogenous model under Q = Pel – Qloss = 3160 W. For homogenous model,
the thermos-physical properties including density, thermal conductivity, specific heat,
Herschel-Bulkley viscosity were implemented with the Realizable k-ε model and enhanced
wall functions. The water properties were incorporated in FLUENT as polynomial function
with coefficients listed in Table 3, which validated in the range of 283.15 K < T < 613.15 K.
14

On Fig. 8, the single-phase predictions of the bulk flow are satisfactory but the wall
temperature is significantly lower than the experimental data. The model yields average wall
temperature difference of 1.18 K, which accounts for 33.34% of the total wall temperature
increment (from inlet to outlet). It may be attributed to the ignorance of near-wall particle
distribution inside a homogenous particle field. The Euler-Euler model has a shorter
calculation domain (L = 11 m) due to numerous mesh grids, and overall compares fairly well
to the experimental data, with deviations up to 8.47 % on total temperature increment. Thus
the hydro- and thermo- dynamic features of PCD can now be confidently studied using the
Euler-Euler model.
Table 3. The coefficients of polynomial function of water properties at 155bar.

∅

A1

A2

A3

A4

ρ [kg/m3]

1.351E+03

-2.422

6.32E-03

-6.989E-06

k [W/(m·K)]

-2.946E-01

4.757E-03

-5.712E-06

cp [J/(kg·K)]

6.515E+01

-6.166E-01

2.299E-03

-3.755E-06

2.276E-09

µ [kg/(m·s)]

3.738E-02

-3.093E-04

9.609E-07

-1.320E-09

6.746E-13

∅T = A + A T + AN T + AO T N + AP T O

A5

Fig. 8. Comparisons of wall and bulk temperature from experimental measurements, EulerEuler model and homogenous model, ϕ = 0.2, Uin = 0.95m/s.

4. Results and discussion
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Having verified the confidence of numerical model, the influence of particle size, PCM
concentration and inlet velocity on flow characteristics, pressure drop, heat transfer and
energy transport performance were discussed detailedly. The flow characteristic were studied
under isothermal condition, where PCM particles are kept at liquid state at T = 338 K.
4.1. Flow characteristic of the PCD
4.1.1. Influence of PCM particle size
Fig. 9 shows the fully developed PCM concentration and velocity profiles along the vertical
symmetric axial for different particle sizes at U = 0.95 m/s and ϕin = 0.2. On Fig. 9a), the
constant concentration profile of 7 µm particle indicates homogenous flow. For the diameter
of 70 µm, particle is small enough to follow the turbulent eddies, but no longer fits
completely in the thin viscous sub-layer. Thus the dispersion flow is very close to a
homogenous distribution in the pipe core, with a very thin layer of particle accumulation near
the wall. The flow pattern progresses to heterogeneous flow with the increase of particle
diameter (200 µm), with PCM concentrated at upper zone due to buoyancy. The d = 400 µm
flow can be referred to a stationary bed like flow regime. The maximum packing factor ϕmax
locates at the inflexion point, where the profile gradient changes suddenly. The inflexion
gradually shifts away from the wall with increasing particle diameter, from ϕmax = 0.23 at y/D
= 0.403 for d = 200 µm to ϕmax = 0.34 at y/D = 0.29 for d = 400 µm.
The near wall particle distribution deserves careful treatment as it may significant influent the
wall temperature. Along with the top of the pipe, the concentration profile of starts with a
near-wall peak, because the turbophoresis [61] drives a net particle flux towards the wall. The
peak has the highest value for moderate particle size (70 µm), decreasing from ϕpeak = 0.32
for d = 70 µm to ϕpeak = 0.13 for d = 400 µm. Then particles migrate away from the wall due
to collisions with particles adhering to the walls, leading to a local concentration reduction
ϕlow at the turning point. The turning point slightly drifts away from the wall with the increase
of particle size, but overall the thickness is less than millimetres. When comes to the
streamwise region, the turbulent and buoyancy take over the dispersion of PCM particles,
which show the tendency to float upwards.
Fig. 9b) compares the velocity profiles along the vertical symmetry axis under different
particle diameters. It is clear that the velocity profile is symmetry for the small (7 µm) and
moderate (70 µm) particle. A slight asymmetry is observed with larger size (200 µm) in the
upper half of the pipe due to higher PCM concentrations. For 400 µm particle, the particleparticle collision and turbulent dispersion of particle clusters near the top wall result in a
steep velocity gradient. The velocity gradient causes a strong shear stress to repel the
particles away from upper wall, leading to a drifting inflexion point. In the lower half of the
pipe, PCM concentration decreases and the near-wall particle effect still results in a location
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concentration reduction. Similar phenomenon was also reported in ice slurry flow by Wang et
al. [36] and Bordet et al. [49], but both of them failed to capture the near-wall particle peak,
due to the simplified algebraic slip model[36] and homogenized turbulent dispersion term[49],
respectively.

a)

b)
Fig. 9. a) PCM concentration and b) velocity profiles along the vertical symmetry axis for U
= 0.95 m/s and ϕin = 0.2 at x/L = 9/10, d = 7, 70, 200 and 400 µm.
To have a further insight into the hydrodynamic feature, Fig. 10 represents profiles of the
axial velocity, PCM volume fraction, radial water and PCM velocity field under different
particle sizes for U = 0.95 m/s, ϕin = 0.2. Only half of the symmetric pattern is presented for
the fully developed flow. In general, the radial water velocity is very similar to the PCM one
17

expects for the boundary layer regime, but both magnitudes are significantly smaller than that
of the axial velocity. The secondary flow, driven by the non-uniform force of the flow
induced by the solids entrained in fluid core, is captured under various particle sizes. The
intensity of secondary flow and radial velocity increase with the growth of particle diameter.
Increasing particle size (from 7 µm to 70 µm) leads to a concentration and velocity gradient
near the pipe wall, as shown on Fig. 10b) and 10f). This is attributed to the fact that the
particle also have a considerable effect on turbulence flow through momentum exchange (i.e.
two-way coupling), as well as the near wall effects. With increasing particle diameter, a high
axial velocity and PCM concentration region can be visualized in the upper half of the pipe
on Fig. 10c) and 10d). Interestingly, the regime of main vortices (circular regime between A
to B) corresponds to the relative homogenous core zone, referring to the area between
inflexion point for 200 µm on Fig. 9a). This proves the secondary flow favours the
homogenization of PCM particles. For 400 µm PCM particle, the drag force and turbulent
dispersion force reduce with increasing particle size, thus the effect of secondary flow on the
particle distribution is less profound.

a) d = 7 µm

e) d = 7 µm
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b) d = 70 µm

f) d = 70 µm

c) d = 200 µm

g) d = 200 µm

d) d = 400 µm

h) d = 400 µm
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Fig. 10. Maps of the axial velocity (left) and PCM volume fraction (right) at a) – d), and
radial water velocity (left) and PCM velocity (right) at e) – h) for U = 0.95 m/s, ϕin = 0.2.
Diameter of PCM particle is 7, 70, 200 and 400 µm.

4.1.2. Influence of PCM concentration
To have a quantitative insight of PCM concentration on flow characteristic, Fig. 11 presents
the radial normalized concentration and velocity profiles for ϕin = 0.05, 0.1, 0.2 and 0.35. It is
clear the homogenous 70 µm slurry flow is barely affected by different concentrations, as
shown in Fig. 11a) and 11b). For d = 70 µm and ϕin = 0.35, a slight asymmetry on velocity
profile with the maximum velocity (Umax) are observed. This is because small particles at
higher mass loading tend to decrease the thickness of boundary layer and increase the skin
friction [62], leading to an enhanced turbulence and higher Umax. When it comes to larger
particle (400 µm), the flat normalized concentration profile of ϕin = 0.35 indicates high PCM
loading favours the uniform distribution. It can be attributed to the strong interaction forces
between PCM particles to keep them stably suspended in water. For large particles, the high
PCM loading also induce a steeper velocity gradient, causing a larger shear stress to repel the
particles away from the top wall, resulting in a further inflexion point away from the pipe
wall.

a)
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b)

c)
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d)
Fig. 11. Effect of inlet concentrations on PCM distribution and velocity profiles for Uin =
0.95 m/s at x/L = 9/10. (a) 70 µm, concentration profile, (b) 70 µm, velocity profile, (c) 400
µm, concentration profile, (d) 400 µm, velocity profile.

4.1.3. Influence of inlet velocity
Since the flow pattern of small particles (d = 7 and 70 µm) are barely changed by varying
inlet velocities (0.05 – 4.0 m/s), Fig. 12 shows the radial concentration and velocity profile of
large ones. Increasing the inlet velocity leads to smaller concentration gradient in the pipe
core, and the inflexion gradually shifts away from the upper wall with the increase of particle
size. Taken 400 µm slurry as an example, the inflexion point of Uin = 0.95 m/s decreases
from y/D = 0.33 to y/D = 0.17 for Uin = 4.0 m/s. For d = 200 µm, the regime of uniform fluid
core decreases with increasing inlet velocity, occupies 0.812 of the vertical radius for Uin =
0.95 m/s but decreases to 0.732 for Uin = 4.0 m/s. This is because the steep velocity gradient
of high velocity (Uin = 4.0 m/s), as shown in Fig. 12 c), repels the particles away from upper
and bottom wall.
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a)

b)
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c)
Fig. 12. Effect of inlet velocities on PCM distribution and velocity profiles for ϕin = 0.2 at x/L
= 9/10. (a) 400 µm, concentration profile, (b) 200 µm, concentration profile, (c) 200 µm,
velocity profile.
The effect of inlet velocities can be further studied via visualization of the fully developed
radial flow, as shown in Fig. 13. On Fig. 13a) and 13b), increasing inlet velocity favours the
growth of PCM velocity and clusterization of PCM in pipe core. The distinguished inflexion
points A’ and B’ on Fig. 13b) locates exactly on the edge of main secondary vortices, where a
circular ring of the high concentration can be spotted. The streamlines indicate the
accumulated particles are transported from both the secondary flow and outer boundary
layers. The turbulence kinetic energy k is found to increases with increasing inlet velocity,
but the radial velocity field is not sensitive to the inlet velocity.

a) Uin = 0.05 m/s

b) Uin = 4.0 m/s
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c) Uin = 0.05 m/s

d) Uin = 4.0 m/s

Fig. 13. Effect of inlet velocities (Uin = 0.05 and 4.0 m/s) on radial flow pattern for d = 200
µm and ϕin = 0.2 at x/L = 9/10. The left and right contour of a) and b) refers to PCM velocity
and PCM volume fraction, respectively, and the left and right contour of c) and d) is the
turbulence kinetic energy and water velocity, respectively.

4.2. Friction factor correlations
The phase change process is considered when calculating the overall pressure drop, which is
expressed in terms of Darcy friction factor and given as:
f=

∆S

T

∙

VW XYW

(6)

where ρZ is the mixture density. The present simulation are carried out with a constant wall
heat flux of Q = 80000 W/m2 and temperature-sensitive properties from the measurement. Fig.
14 compares the friction factor from present simulation (Euler-Euler and homogenous model)
and modified literature correlations for Uin = 0.5 - 4.0 m/s, ϕin = 0.05 - 0.35 and d = 7 - 400
µm. It is noteworthy that the coefficients of the Blasius and Reghem correlation for turbulent
flow are adjusted, as given by:
Modified Blasius [63] correlation:
f = 0.301Re.

P

(7)

Classical Prandtl-Karman-Nikuradse (PKN) correlation[64]:
f = [0.8686 ln \.^_O 9B ]<N.`
]<



ab
P

(8)

Modified Reghem [65] correlation:
f = f9 + 3580ϕ

.cN .cO
f9

F∗.c_c

(9)
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where fL is the friction coefficient for pure water under the same conditions and F∗ =
XYfg

hV ⁄Vi 

refers to the Froude number. For homogenous model, the viscosity of pure water

under the same condition is used for Reynolds number calculation. The friction factor of
homogenous model is higher than that of Euler-Euler model by 20.6 % in average. For EulerEuler model, the Re number of a given inlet velocity oscillates between 1.4% and 5.2% due
to different viscosities and densities under various ϕin and d. Increasing the PCM
concentration (ϕin = 0.05 - 0.35) or decreasing particle diameter (d = 7 - 400 µm) would lead
to a higher average friction factor by 10.4 % and 11.7 %, respectively. Understandingly, the
growth of PCM concentration favours the increase of fluid viscosity and skin friction. The
small particles tend to decreases the thickness of boundary layer thus increase the friction
factor. The pressure drop measurement from Wang et al. [40] confirms the application of
Blasius equation in slurry flow. The present modified Blasius correlation shows best
agreement with calculated value with average deviation of 2.93 %, but both Blasius and PKN
correlations ignore the effect of concentration and particle size on friction factor. The semiempirical Reghem correlation fits for ϕjk ≤ 0.3 and 0.1 m/s ≤ UAB ≤ 3 m/s, which is close
to the current work. The modified Reghem correlation includes both the temperaturesensitive density and PCM concentration, with average deviation of 7.59%, thus Eq (9) is
recommended for PCD pressure prediction.

Fig. 14. Friction factor of turbulent PCD from present simulation (Euler-Euler and
homogenous model), modified literature correlations for Uin = 0.5 - 4.0 m/s, ϕin = 0.05 - 0.35
and d = 7 - 400 µm.
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4.3. Heat transfer correlations
Fig. 15 compares the wall and bulk temperature of homogeneous model and Euler-Euler
model along the pipe length of L= 5.5 m. It is clear that the homogenous model underpredicts the wall temperature, because it fails to catch the unevenly distributed particle near
the pipe wall. The bulk temperature is less sensitive to the calculation models. On Fig. 15, the
bulk temperature of homogenous model and Euler-Euler model at d = 7 µm are almost
identical, because of the evenly distributed small particles. At the latter half pipe, a
temperature increment of up to 0.11 K from 200 µm Euler-Euler calculation can be spotted.
For Euler-Euler model, the higher wall temperature can be found at large particle size. A
noteworthy fact is the top wall temperature is significantly higher than bottom one for large
particles, reaching the temperature difference between 3.02 K (for 70 µm) and 11.3 K (for
200 µm). This is attributed to the low efficient thermal conductivity caused by higher PCM
concentration at the upper half of the pipe. The wall difference reaches up to 35.7% of the
inlet and outlet temperature difference, resulting in large deviations for Nusselt number
calculation. Thus in the study of PCD heat transfer, it is recommended the wall temperature
should be measured and averaged along the perimeter for a certain pipe length.

Fig. 15. Wall (top and bottom) and bulk temperature along the pipe length for homogenous
model and Euler-Euler (E-E) model of 7 µm and 200 µm, Uin = 0.95 m/s, ϕin = 0.2.
The effects of particle diameters, velocities and PCM concentrations on overall heat transfer
are presented in Fig. 16. The Nusselt number is defined as Nu = q

r qs

∙ , and the average
t

Nusselt number is calculated using the arithmetic averages of the local values. To accurately
describe the wall temperature, the mean value of the top and bottom wall is used for Nu
calculation. The discrepancy of Nu number caused by wall temperature difference can reach
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up to 47.03% at d = 400 µm. On Fig. 16a), the Nusselt number of homogenous model is
significantly higher than the two-phase model due to the inaccurate wall temperature
prediction. The phase change regime can be easily detected for small particle size at x/D = 20
– 150. The heat transfer decreases with increasing diameter, and it may be lower than water
due to low efficient thermal conductivity. Nevertheless, the cooling performance can be
enhanced by increasing velocities and higher PCM concentrations. As shown in inset of Fig.
16b), increasing velocities 8 times (0.5 – 4 m/s) results in the growth of averaged Nu number
by 7.37 times. The heat transfer performance is less sensitive to the PCM concentration
variation, because its effect on effective thermal conductivity is small. However, high ϕin will
decrease the bulk temperature as given in the inset of Fig. 16c).

a)
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b)

c)
Fig. 16. Variation of Nusselt number along the pipe length of a) particle size, b) velocity and
c) PCM concentration on Nusselt number.
The majority of Nusselt number correlations were developed based on isothermal condition.
To include the effect of phase change, the coefficients of classic Nu correlations for turbulent
flow are modified using the least square regression analysis of current calculation, and
summarized in Table 4. Also shown in Fig. 17 are plots of the modified correlations as given
in the Table. The correlations proposed by Salamone and Newman [66] and Özbelge and
Somer [67] show poor agreement at larger Nu number, because the D/d working limit of their
model is small compared to the present one ( 35 ≤ D⁄d> ≤ 2000 ). Predictions from

number (16771 ≤ Re ≤ 90596) exceeds their scope of application (8000 ≤ Re ≤ 50,000).
Gnielinski [68] and Harada et al. [69] fails to follow the Nu growth because the present Re

The model proposed by Churchill [70] is validate to fully developed flow in smooth tubes for
a wide Reynolds number (Re > 2100). It succeeds in following the growth trend especially at
high Nu number with average deviation of 17.78%. The Choi and Cho [71] model provides
satisfactory prediction at low Nu but under-predictes the results by 18.41% with the growth
of high Nu number. The modified model of Wang et al. [72] considers the Re, Pr, Ste and
phase change region length, and it shows best agreement with the calculated value with
deviation less than 5.62%. Ho et al. [41]’s model is validated at low Reynolds number and
show large deviations up to 78.45%, thus not presented in the figure. As a results, the
modified Nu correlation (Eq. (16)) based on Wang et al. [72] is recommended slurry heat
transfer study, validated for 35 ≤ D⁄d> ≤ 2000, 16771 ≤ Re ≤ 90596 and 3.4 ≤ Pr ≤ 8.7.
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Fig. 17. Comparison of calculated Nusselt number (from Euler-Euler model) against the
predicted value from modified correlations.

4.4. Energy transport characteristics of PCD
The PCD heat transfer enhancement is associated with the increase in pressure drop. To
evaluate the overall performance, an energetic performance evaluation criterion (PEC) is
introduced, which is defined as ratio of heat transfer and hydrodynamics and given by:
PEC = G

y?z{| ⁄y?r
}⁄~
z{| ⁄Gr 

(18)

The overall performance of PCD is better than water when PEC higher than 1. On Fig. 18, the
lowest PEC can be spotted at d = 400 µm PCD, which is only half of the water under the
same condition. Decreasing particle size to 7 µm results in a comparable PCD performance of
water at the low velocity U = 0.95 m/s. Nevertheless, the PEC can be increased at high inlet
velocity and PCM concentration. The thermal performance can be enhanced to 1.35 times of
water at ϕin = 0.35 and Uin = 4 m/s. Therefore, the developed fatty acid PCD of d = 7 µm
operating at high velocity and PCM concentration is recommended for high voltage electrical
converter cooling.
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Fig. 18. Influence of parameters on performance evaluation criterion. Uin = 0.5 – 4 m/s, ϕin =
0.05 - 0.35, d = 7 – 400 µm.

5. Conclusions
In this work, the developed fatty acid-based PCD for efficient high voltage electrical devices
cooling was characterized and studied in a circular pipe both experimentally and numerically.
Such PCD was designed to have low electrical conductivity to ensure applicability in the high
voltage environment and also doubled heat capacity over water during the melting
temperature range of 47.5-50 °C. Experiments were firstly carried out to measure the
properties of the formulated PCD by different facilities and to detect the bulk and wall
temperatures of the turbulent PCD flow in a circular pipe by a self-designed rig. A 3D
numerical model based on the Euler-Euler model and single-phase homogenous model was
then established to evaluate the thermal characteristics of the PCD. The following
conclusions are drawn from this study:
1) The Herschel-Bulkley model was able to accurately describe the non-Newtonian
rheology behaviour with an average deviation of 10.19% between the modelling results
and experimental data observed. Compared to Euler-Euler model, the homogenous model
did not capture the thin layer of small particle accumulation in viscous sub-layer, and
hence under-predicted the wall temperature, leading to large deviation of heat transfer
calculation.
2) The flow characteristic had a significant effect on thermal performance of the PCD.
The PCM particles larger than 200 µm showed the tendency to float upwards, which
reduced the effective thermal conductivity at the upper half. Therefore, the top wall
temperature was significantly higher than the bottom wall, which may occupy up to
35.7% of the inlet and outlet difference. As a result, the wall temperature should be
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averaged along the perimeter at a certain length, especially for PCD flow with large
particles.
3) Due to the increased viscosity and decreased boundary layer thickness, increasing the
PCM concentration from 0.05 to 0.35 and decreasing particle diameter from 7 µm to
400 µm led to an increase of average friction factor by 10.4% and 11.7%, respectively.
4) The higher averaged Nusselt number and larger pressure drop appeared when the
PCM particle diameter decreases to 7 µm. The modified Reghem correlation
considering both the temperature –sensitive density and PCM concentration, with an
average deviation of 7.59%, was recommended for PCD pressure prediction.
5) The heat transfer coefficient increased dramatically with inlet velocity but slight with
the growth of concentration. The modified Nu correlation based on Wang et al. [72] is
recommended for PCD heat transfer study, validated at 35 ≤ D⁄d> ≤ 2000 ,
16771 ≤ Re ≤ 90596 and 3.4 ≤ Pr ≤ 8.7 with average deviation of 5.62%.

6) For the given operating conditions in this work, an optimal set of cooling performance
for the developed fatty acid PCD was proposed and a PCM particle size of 7 µm with
a flow velocity of 4 m/s and a concentration of 35% was recommended for high voltage
electrical converter cooling.
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Table 4. Modified correlations of Nusselt number for turbulent flow.
Source

Salamone and
Newman [66]

Gnielinski [68]
Churchill [70]
Harada et al. [69]
Özbelge and Somer
[67]
Choi and Cho [71]
Wang et al. [72]

Ho et al. [41]

Equation
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(10)

2300 ≤ Re ≤ 50,000

(11)

0.09 ≤ C>,> ⁄C>,G ≤ 0.22
 }
a 


⁄
=S ⁄ C

2.3 % ≤ w> ≤ 10.7 %

282 ≤ D⁄d> ≤ 10,500

.N ^S ]<`⁄]<} ]<⁄N_PY }⁄Y \ .  9:h

Nu = 0.0156Re.`` Pr ⁄N \ t a

S<

3.4 ≤ Pr ≤ 12.7

.NP

.N _⁄`]<| S
 .c⁄`. =S Y⁄~ C

ε = 1.82 log Re − 1.64

14,000 ≤ Re ≤ 140,000

Eq.
No

Re > 2100
0.1 ≤ Pr ≤ 1000

8000 ≤ Re ≤ 50,000
0.0024 ≤ d/D ≤ 0.071
27,000 ≤ Re ≤ 120,000
1.17 ≤ μ> ⁄μG ≤ 1.83
282 ≤ D⁄d> ≤ 512
0.5 % ≤ w> ≤ 3 %
Single turbulent flow
2100 ≤ ReZ ≤ 3500
13 ≤ PrZ ≤ 15
5% ≤ w> ≤ 10%
665 ≤ Pe ≤ 7550
133 ≤ ReZ ≤ 1515
0% ≤ w> ≤ 10%

(12)
(13)

(14)
(15)
(16)

(17)
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Nomenclature
Cp

specific heat capacity, (kJ/kg·K)

d

droplet diameter, (m)

D

pipe diameter, (m)

ess

particle-particle restitution coefficient

f

friction coefficient

F*

Froude number

h

latent heat, (kJ/kg)

k

thermal conductivity, (W/m·K)

L

length, (m)

m7

Nu

Nusselt number

P

pressure, (Pa)

Pel

electrical power (W)

Pr

Prandtl number

Q

heat flux (W/m2)

R

correlation coefficient

Rb

interfacial thermal resistance, (m2·K/W)

Re

Reynolds number

Ste

Stefan number

t

time, (s)

T

temperature, (°C)


v

U

mass flow rate, (kg/s)

velocity vector, (m/s)
average velocity, (m/s)
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Yd

cumulative volume fraction

Greek symbols
α
γ

μ
ρ

ϕ

Biot number
shear rate, (Pa)
dynamic viscosity, (kg/(m·s))
density, (kg/m3)
PCM concentration, (%)

Subscripts
HVDC

high voltage direct current

L

liquid phase

m

mixture

P, PCM

phase change material

PCD

phase change dispersion

s

solid phase
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Appendix
Table A1. Mathematical equations of Euler-Euler model
Description
Continuity equation
Momentum equation
k-© SST turbulence kinetic
energy
k-© SST specific dissipation
rate
Granular temperature
Shear viscosity of solid phase
Bulk viscosity of solid phase
Radial distribution function
Solid phase pressure
Drag force of liquid phase

Equation
∂
α ρ  + ∇ ∙ αA ρA v
j  = 0
∂t j j
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¤¥
α ρ v
  + ∇ ∙ αA ρA v
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Highlights
•

Dielectric phase change dispersion designed for HVDC converter cooling developed

•

3D modelling based on Euler-Euler and homogenous models performed and
compared

•

Improved pressure drop and heat transfer correlations of PCD proposed

•

The importance of averaging wall temperature along perimeter addressed

•

Optimal PCD cooling condition based on overall performance evaluation given
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