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Abstract

An assessment of the use of engineered heat transfer fluids working under
constant wall temperature conditions in the turbulent regime is presented. An
analysis of entropy generation and pumping power on the system working with
different engineered heat transfer fluids is performed. Three types of fluids are
considered: multiwalled carbon nanotube (MWCNT) based nanofluids, slurries
with microencapsulated phase change materials (MPCM) and a mixture of both
fluids. Specific heat, thermal conductivity and viscosity of the fluids are included
in the analysis using theoretical and experimental results available in literature.
Nanofluids in the system result on greater entropy generation and pumping
power consumption when compared with base fluid. MPCMs slurries produce
the minimum entropy generation and pumping power consumption. Mixtures are
affected by the content of nanofluids resulting in a performance below of
MPCMs slurries. The improvement on the heat capacity of the fluid produced by
the Microencapsulated phase change material is the main factor in reducing
entropy generation and pumping power consumption for the system. Under the
conditions assessed, the increase in viscosity offsets the increase in thermal
conductivity on the MWCNT based nanofluids. On the other hand in the case of
MPCM slurries, the increase in heat capacity outweighs the reduction in thermal
conductivity and increase in viscosity.
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1 Introduction

Several initiatives for the development of novel heat transfer fluids with
improved thermophysical properties have been conducted in the last decades.
The development of these new fluids have the potential of increasing energy
efficiency and reduce capital cost with smaller systems [1, 2]. The most
promising applications of these fluids are in closed loop heat transfer systems
found on processing and power industries, district cooling, HVAC, refrigeration
and microelectronics cooling.

The desirable properties of a heat transfer fluid used in closed systems are:
high thermal conductivity, high heat capacity, low viscosity, stability, durability,
non-toxic and chemically inert [3, 4]. Two options have been explored to
develop better engineered fluids: nanofluids and slurries of microencapsulated
phase change materials. Nanofluids which exhibit a trade-off between thermal
conductivity and viscosity [3, 5], and slurries of microencapsulated phase change
material which present an increased heat capacity along with an increment in
viscosity [6]. Additionally, efforts to combine nanofluids and MPCMs slurries
have been done by Alvarado et al. [7] and Tumuluri et al. [8].

The tradeoffs between properties make the selection of the appropriate fluid
for a given application a complex task. A candidate methodology for selecting
the appropriate fluid and system design is entropy generation minimization.
Singh et al. [9] used entropy generation minimization methodology to study
alumina based nanofluids and Bejan [10, 11] developed the methodology for
analyzing entropy generation in forced convective heat transfer with various
geometries. Sahin [12] developed an entropy generation model for internal flow
at constant surface temperature and turbulent conditions.

The present work compares mixtures containing Microencapsulated Phase
Change Material (MPCM) and multiwalled carbon nanotube based nanofluid
using entropy generation analysis and pump power consumption.

2 Methods

Density(p), specific heat(Cp), thermal conductivity(K), and dynamic viscosity
(1) are the main thermophysical properties responsible for heat transfer
behavior. In this work, an internal flow under constant wall temperature
T,, = 28°C with eicosene (CyHyo) as the phase change material and multiwalled
carbon nanotube based nanofluids are chosen.

2.1 Blend properties model

Density is modeled using simple mixing theory to define density equation (1)
[13].

Peff= P nfPnf +p Slurry(1 - (pnf) (1)

For specific heat, Mulligan ef al. [14] derived equation (2) from an energy
balance.
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Peff
H
OnfPrp — PsturryPmpcm) Copr + EPMPCM Psturry PMpem E) 2

Cp,eff = (pnp Qonf (pnp Cp,nppMPCM (pSlurry(pMPCM Cp,MPCM + be (1 -

Thermal conductivity of mixtures containing nanoparticles and MPCMs is
modeled using a “linear blending rule” for two components as given in equation
(3). Other models have a deviation of less than 10% respect to this “linear
blending rule” [15-17].

keff = xnfknf + (1 - xnf)kslurry (3)

Thermal conductivity of MPCM slurry is calculated using Maxwell’s relation
[18] as given in equation (4).

k _ 2kpr+kpmpem+29(kmpecm—Kpf) 4)
sturry br 2kpgt+kmpcm—¢(kmpcm—kpf)

Thermal conductivity of nanofluids particularly MWCNT-based nanofluid
depends on various factors such as: nanoparticles volume concentration,
temperature, aspect ratio, base fluid, amount of dispersants, sonication time and
aggregation effects [28]. There are some discrepancies in conductivity behavior
as a function of volume fraction of nanotubes. Nevertheless, all studies show a
larger conductivity than predicted by Effective Medium Theory (EMT) in which
is based Hamilton-Crosser (H-C) relation [19]. H-C relation does not consider
other thermal conductivity improvement mechanisms such as liquid layering
around nanoparticle surface, ballistic phonon transport, Brownian motion
induced micro-convection and aggregation of nanoparticles [28, 29] which
probably explain the deviation from H-C equation. Some studies show a linear
increase of k at small MWCNT volume fraction [30-34]. Given the complexity
of considering all the above factors to model the thermal conductivity of
nanofluid the following empirical model is employed, equation (5).

2L =1+ e 5)
bf

The nanofluid thermal conductivity coefficient ¢, is chosen to match the
experimental data presented in literature [34].

Viscosity of MPCM slurries is modeled using a modified Einstein viscosity
equation for large spherical particles in concentrated dispersions (diameter > 5
um) equation (6) proposed by Toda and Furuse [20]. A correction factor s that
depends on particle diameter and concentration will curve fit experimental data
in MPCM slurries.

1-s0.5¢MpcM—PMPCM ] iy (6)

Hsturry = [(1—5‘PMPCM)2(1_‘PMPCM)
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The viscosity of fibrous suspensions and MWCNT based nanofluid can be
predicted by a modified Maron-Pierce equation (7) [21]. For high particle
volume fraction.

-2
Unp = (1 - r—;) Ups 7
where ¢, defined as the maximum volume fraction at which the suspension
viscosity becomes infinite, it depends on mean aspect ratio of MWCNT [22].
And ¢, is an effective volume fraction of NP, which regard the presence of
agglomerates, this variable depends on geometry, surfactants and NP volume
fraction [23].

The effective kinematic viscosity of the mixture is calculated using the
approach suggested by Taherian and Alvarado [13]. For each component the
Viscosity Blending Index (VBI) is computed using equation (8). The Viscosity
Blending Index (VBI) of the mixture is calculated using a simple mixing theory
as seen in equation (9). Viscosity of the mixture is obtained using equation (8).

VBI = 14.534 In[ln(v + 0.8)] + 10.975 (8)
VB[Blend = xSlurryVB[Slurry + xanB[nf (9)
2.2 Heat transfer problem

The problem consists of a mixture flowing through a circular smooth pipe under
turbulent regime with constant wall temperature T,, = 28°C. With inlet
temperature Tj,, = 38°C, Cooling loads Q, = 35 KW, 106 KW, 176 KW and
different temperature variations between the inlet and outlet were assumed
AT = 4,5 and 6°C. An inner pipe diameter d = 50.8mm was selected. For
each cooling load and temperature variation a flow rate of the base fluid can be
computed from equation (10).

The effective flow rates of the blend are computed by equating heat capacity
rates of working fluid and base fluids as expressed in equation (11). The system
should also comply with equation (12) to satisfy the heat transfer phenomena.

Coerrters = Cppriityr (11)

Q = meffcpeff(Tw —Tyn)(1 - e—4St/1) (12)

where St is the Stanton number and A is the dimensionless length defined in the
nomenclature section. Friction losses are computed with equation (13) [24].

_ 16mers3Lf
Pf - anpdS

(13)
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2.3 Entropy model

An entropy generation rate expression (equation 14) for constant wall
temperature under above mentioned condition was developed by Sahin [12].

Sgen = C, {In [T

1-t

[=r( -+ Tam[ ) o

where dimensionless temperature difference 7 and Eckert number Ec are defined

by the expressions given in nomenclature.
Darcy friction factor for smooth surfaces is used equation (15) [25].

f =(0.790 In(Re) — 1.64)72 (15)
Nusselt number at 0.5 < Pr < 2000 equation (16) [25].

_ (f/8)(Re—1000)Pr
Nu = 1+12.7(Pr2/3-1)(f/8)1/2 (16)

3 Results

Figure 1 and Figure 2 show results of entropy generation for turbulent flow
regime with a cooling load of 35 KW and 176 KW respectively both with
temperature variation of 5°C. Results indicate that entropy generation is reduced
with MPCM. In the cases studied, using MWCNT increases generation of
entropy.

Cooling Load = 35 KW
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Figure 1: Entropy generated, cooling load 35 kW, 50.8 mm diameter pipe,
5°C fluid temperature variation between the inlet and outlet.
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Cooling Load = 176 KW
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Figure 2: Entropy generated, cooling load 176 kW, 50.8 mm diameter pipe,
5°C fluid temperature variation between the inlet and outlet.

Pumping power for MPCMs slurries was computed. Figure 3 shows
tendencies of friction losses at different cooling loads and temperature variations
versus MPCM volume fraction. Figure 4 shows a comparison of friction losses at
low and high heat loads.

4 Friction Losses vs MPCM Volume Fraction
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Figure 3: Friction loss for MPCMs slurries, 50.8 mm diameter pipe, several

temperature variations and thermal loads.

WIT Transactions on Engineering Sciences, Vol 83, © 2014 WIT Press
www.witpress.com, ISSN 1743-3533 (on-line)



Advanced Computational Methods and Experiments in Heat Transfer XIII 45

0E Frction Loss Reduchon vt MPCM Volurmse Fraction
pasl — -
..---"'"-F e -
041 T e
g 035t e T -
£ P e R
&= g e "
= 025k T e it ]
o Cai T e
i o e o
£ 02+ _.-:,f'fa..-”.' _-_J,,—-' AC-3BEW | T
o A e et e 5
2 st ol i
- S sC
01k e === 4 0L ATEEW |
e 5C
- Lt - -
pospF Hefe | EC
0 A L L L i
0 ooz 0.04 006 0.08 0.1 012
MPCM Valume Fraction
Figure 4: Friction loss percentage reduction for MPCMs slurries, 50.8 mm

diameter pipe, several temperature variations and thermal loads.

4 Discussion

The models available in the literature for thermophysical properties of this
ternary mixtures are insufficient. In the case of viscosity, there are few models to
describe the behavior of a mixture of MPCM, MWCNT and water. It is found
that MWCNT and MPCM morphology (length, diameter) affect final viscosity of
the mixture even when concentrations are fixed [20, 26]. The amount and type
of surfactant used in preparing nanofluids also affects viscosity. In nanofluids
case, ultrasonication time also affect viscosity in way that less time more
agglomeration [26]. Models available fail to address Newtonian behavior of
mixtures. While, MPCM slurries have Newtonian behavior even at high volume
fraction [27], nanofluids exhibit a non-Newtonian behavior [7].

An analysis of equation (14) under the conditions of the present work shows
that entropy generation due to heat transfer is kept constant (first and second
terms). Increasing volume fraction of MPCM and nanoparticle in the mixture
causes the dimensionless length to increase because advection in the fluid is
reduced (lower Reynolds numbers and high viscosity). The Stanton number
which represents the ratio between heat transfer due to convection and advection
decreases in the same proportion. The amount StA remains constant despite
having different concentrations of blend components. The increase of entropy
shown in Figures 1 and 2 is due to friction entropy generation.

Using MWCNT based nanofluids is not recommended for the conditions
analyzed, as can be observed in Figures 1 and 2. On the Other hand, MPCM
decreases entropy generation as observed in Figures 1 and 2. The entropy
generation observed is a result of changes in friction losses.
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For larger temperature gradients, the variation of viscosity will overcome
benefits of the increment in thermal capacity in the blend by MPCMs as
observed in Figure 3. A consequence of this is an increase on pipe length in
order to dissipate the same thermal load. The reduction in fiction loss percentage
is incremented by the addition of MPCMs at higher thermal loads and lower
temperature gradients as seen in Figure 4.

5 Conclusions

An assessment of entropy generation of a heat transfer fluids working under
constant wall temperature conditions in the turbulent regime is present. This
methodology has the potential to be used as a tool to select an optimal
composition of a fluid. However, further experimental research for
thermophysical properties is needed to better understand the behavior of this type
of fluids.

The thermal conductivity of the fluid is improved with nanofluids, but this
improvement becomes negligible because advection which important in
turbulent flow is reduced due to increase in viscosity which also increases
friction losses. The overall effect is increasing entropy generation.

The increase of thermal capacity due to MPCMs results in a mass flow
reduction for removing the same thermal load and as consequence friction losses
is reduced. The effect of this increase overcomes the reduction in thermal
conductivity and increases in viscosity due to the presence of MPCMs.

Friction losses are also affected by thermal load and temperature besides
thermal capacity of the slurry. It is found that larger temperature gradients
reduces friction losses. However, the relative friction loss reduction is mainly
affected by heat capacity of the slurry which is improved by lower temperature
gradients and larger thermal loads.

Nomenclature

D Diameter

f Friction factor

Gy Specific heat

H Latent heat

T Temperature

Re Reynolds number, [4me rr/ (Tler fd)]
Pr Prandtl number, [Cp_effueff/l{eff]
Nu Nusselt number, [Ed/Keff]

St Stanton number, [R/(perUCperf)]
Ec Eckert number, [U2/(CprrTw)]

0 Cooling load

S’gen Entropy generation rate
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m Mass flow rate

L length

Pr Friction loss

AT Temperature gradient

k Thermal conductivity

X Mass Fraction

S Correction factor

Greek Symbols

p Density

1) Volumetric fraction

£ Phase change fraction

U Dynamic viscosity

T Dimensionless temperature,[(Tin — Tw)/Tw]
A Dimensionless length, [L/d]
v Kinematic viscosity
Subscripts

np Nanoparticles

eff Effective

MPCM Microencapsulated phase change material
Nf Nanofluid

Bf Base fluid

in Inlet

w Wall

a Effective

m Maximum
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