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ARTICLE INFO ABSTRACT

Keywords: In this paper, we analyse the performance of two types of heat exchangers with nanofluid as the working fluid
Nanofluid in turbulent flow regime (Re ~ 4,000-180, 000). Based on the experimental uncertainty of the thermophysical
Heat exchanger properties of the nanofluids, we use the Stochastic Collocation Method in combination with a deterministic

Figure of merit

Stochastic collocation method
Statistical analysis
Correlation analysis

simulation programme to estimate the expected value and variance of the targeted engineering results. We find
that the uncertainty in the thermal conductivity of the nanofluid has the largest impact on the uncertainty in
the heat exchanger performance, while the uncertainty in the density can be neglected. The uncertainties in the
Nusselt number, friction factor and several figures of merit are smaller than the change in these performance
estimators due to a change in nanoparticle concentration. Predictions for heat exchanger performance agree
much better with experimental data when used with empirical heat transfer correlations developed specifically
for nanofluids than with the general Gnielinski correlation developed for pure fluids.

We also perform a correlation analysis of the relationships between heat exchanger performance en-
hancement and pressure drop to show that they are strongly correlated. We find that the relationship
between the concentration of nanoparticles and the Nusselt number is statistically insignificant. The Re — Nu
relationship is significant, indicating the importance of flow conditions. The correlation between nanoparticle
concentration and friction factor is significant and strong. This result suggests that the optimisation of the
thermal-hydrodynamic behaviour should be sought in a parameter other than the nanoparticle volume fraction.

1. Introduction requirements [10], corrosion of components [10], and the need for
performing systematic research [11], among others.

It has been more than two decades since Choi and Eastman [1] In order to better understand the magnitudes of the impacts these
referred to nanoparticle dispersions in base fluid as nanofluids and  challenges present and to identify those that may be critical, mathemat-
highlighted the opportunities that could be brought by their high ical tools are needed. Statistical analyses provide valuable information
thermal conductivity. After more than two decades of experimental through parameter effect comparison (e.g., [13,14]), correlation anal-
and numerical work [2-9], the advantages nanofluids offer are ap- ysis [15] (to observe the extent of association between variables) (e.g.,

preciated in a larger number of systems and settings, while their
inherent challenges are also better understood. Such challenges include
nanoparticle agglomeration and instability (including long-term) issues
[10,11], uncertainties [11], nanofluid preparation [11] and the ab-
sence of standard preparation protocols [12], increased pumping power

[16,17]), prediction model development by regression analysis (e.g.,
[15,18,19]), among many others. In the statistical part of this work,
we aim to perform a rigorous statistical assessment on nanofluid data
via correlation analysis and variance analysis. We provide underlying
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Nomenclature

Latin symbols

C Heat capacity rate [W/K]

CNT Carbon nanotubes

c, Heat capacity, [J/kg K]

CP Control point

Eu Euler number [—]

F Correction factor

FOM Figure of merit

FTP Full tensor product

GNP Graphene nanoplatelets

h Heat transfer coefficient, [W/m? K]

k Thermal conductivity, [W/m K]

L Characteristic dimension, [m]

L,d,A Length, diameter, area, [m], [m?]

LMTD Logarithmic mean temperature difference
[K]

i Mass flow rate [kg/s]

Mo Mouromtseff ratio [—]

n Number of cases [—]

NTU Number of transfer units [—]

Nu Nusselt number [—]

OAT One-at-a-time

P PDF - probability density function

p Significance value

Pe Péclet number [—]

PEC Performance Evaluation Criteria

Pr Prandtl number [—]

0 Heat transfer rate [W]

Re Reynolds number [—]

SCM Stochastic collocation method

S Sensitivity index

T Temperature [°C]

U Overall heat transfer coefficient [W/m? K]

u Velocity [m/s]

ER Energy ratio [—]

14 Volumetric flow rate [m3/ s]

var Variance

Greek symbols

Ap Pressure drop [Pa]

€ Effectiveness

n Overall energetic efficiency [—]

iy Thermal performance factor [—]

" Dynamic viscosity, [Pa s]

Hy Expected value of parameter as a result of

the stochastic collocation method

@, Nanoparticle volume fraction [—]

® Uncertainty of a value [%]

p Density, [kg/m3], correlation coefficient
o Random variable

13 Friction factor [—]

statistical assumptions, so that the reader can follow how the proper
tests are selected and performed. In a system-specific way, the direct
and indirect thermal performance indicators of nanofluids are studied
using correlation analysis and variance analysis to assess which process

Subscripts

ann Annulus

avg Average value
h Hydraulic

in Inlet

nf Nanofluid

out Outlet

par Partial

w Water

wall Pipe wall

variables correlate to the indicators more or exhibit a certain type of
relation with the indicators. This is done with the aim of informing
potential performance/system improvement strategies.

Most mathematical models used in engineering practice are de-
terministic. This means that, for a given set of input parameters, a
simulation is performed that yields a single set of relevant quantities.
Although the implementation of deterministic numerical techniques
based on the mechanistic models leads to practical insight into the
behaviour of the underlying phenomena, there are certain cases that
cannot be solved by deterministic modelling alone.

The mathematical-physical model describing the flow and heat
transfer processes in nanofluids is based on the model of nanofluid
properties. These can be obtained via theoretical approaches [20] or
via experimental work [21]. We observe a large variation in nanofluid
properties obtained from experiments and models.

Any process is sensitive to a change in process conditions. If there is
an additional sensitivity to the material and model parameters used in
the computational model, the uncertainty from the input will inevitably
be transferred to the output of interest, which in the case of nanofluid
heat transfer are the temperature distribution and heat flux. To gain
better insight into the quality of the computational results, the model
input parameters, such as the properties of the nanofluid, should be
considered as random variables and a corresponding computational
uncertainty analysis [22] should be performed. The aim of this work is
to propagate the experimentally determined uncertainty in nanofluid
properties to the target engineering results, such as the heat transfer
performance of a heat exchanger.

Traditionally, Monte Carlo type methods [23] have been used to
capture the response of deterministic simulations to changes in input
parameters. These methods have extremely slow convergence rates,
which means that a very large number of deterministic simulations
is required to obtain statistically relevant results. For more physically
and numerically sophisticated models, of which computational fluid
dynamics is a prime example, it is simply not possible to perform the
needed number of simulations.

In contrast to the statistical approaches, non-statistical algorithms
aim at representing the unknown stochastic solution as a function
of random input variables. Among the various methods available in
the literature, the Generalised Polynomial Chaos technique [24] based
on spectral discretisation is one of the most commonly used. Its two
variants are the Galerkin Stochastic Method and Stochastic Collocation
Method (SCM) [25,26]. The intrusive nature of the Galerkin Stochastic
Method requires a more sophisticated implementation, as new algo-
rithms have to be developed. In contrast, the non-intrusive nature of the
SCM allows the use of existing reliable deterministic models as black
boxes in stochastic computations. Both approaches show fast conver-
gence and high accuracy under different conditions. The combination
of the non-intrusive sample-based nature of Monte Carlo simulations
with the polynomial approximation of the output value characteristic
of polynomial chaos methods has made stochastic collocation one of
the most widely researched and applied stochastic approaches.
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Fig. 1. Geometry of the studied pipe-in-pipe heat exchanger (Agromayor et al. [28]).

The use of the SCM thus makes it possible to conduct a sensitivity
analysis [27], which examines how the outcomes of a system are
related to and affected by its input parameters. In our research, the
system in question is a heat exchanger modelled by a mathematical
model that relates the experimental uncertainty of the nanofluid ther-
mophysical properties as inputs to the output variables such as the
Nusselt number, the heat transfer coefficient, and figures of merit. The
analysis was performed for various nanofluids in two heat exchangers
operating in turbulent flow regime (Re ~ 4000 — —180,000).

The paper is structured as follows: Section 2 presents the mathe-
matical model for heat exchangers and the implementation of the SCM.
Furthermore, it focuses on the statistical assessment of the relationships
between nanofluid properties and performance indicators. Section 3
presents the results of the analysis, while Section 4 summarises the
main conclusions.

2. Mathematical and statistical models of heat exchanger perfor-
mance

We consider two designs of a heat exchanger where we demon-
strate how uncertainties in the thermophysical properties of nanofluids
affect the engineering estimate of the transfer performance of a heat
exchanger using a nanofluid as the working fluid. They are:

» a counter flow double pipe heat exchanger as studied by Agro-
mayor et al. [28], and

« a single pipe heat exchanger as studied by Martinez-Cuenca et al.
[29] and Mondragén et al. [30]

The double pipe heat exchanger (Agromayor et al. [28]), shown in
Fig. 1, consists of the inner pipe separating both heat transfer fluids,
with an inner diameter of d; = 8 mm and an outer diameter of d, =
10 mm. The outer pipe has an inner diameter of d; = 15 mm and
is insulated so that heat losses to the environment can be neglected.
Cold nanofluid is circulated through the inner pipe and enters the
heat exchanger from the right side, while hot water circulates through
the outer annulus and enters from the left side. Consequently, the
nanofluid is heated by the water. The section where heat transfer occurs
is 930 mm long. The pressure drop is determined with a differential
pressure sensor on a 1180 mm long section. In the mathematical
model, the inlet and outlet positions of the annulus were not taken
into account, so the same conditions are assumed for the entire length
over which the heat transfer takes place (only the average heat transfer
coefficient is calculated).

The single pipe heat exchanger (Martinez-Cuenca et al. [29]) has
an inner diameter d; of 31.2 mm, with a 3.6 mm thick wall. The test
section is 1000 mm long. Cold nanofluid is circulated through the inner
pipe, where it is heated by a set of band heaters. Since only the inner
diameter of the pipe is relevant for single pipe heat exchangers, no
geometry is presented here but can be found in the reference given
above.

2.1. Fluid properties

The properties of nanofluids, such as density, thermal conductivity,
heat capacity, and viscosity depend, on the temperature and concentra-
tion of the nanoparticles and are usually determined experimentally.
Therefore we assume that there is a certain degree of uncertainty
in these parameters. We consider the material properties as random
variables and assume that the probability density function (PDF) is
constant in a range around the experimentally measured data. The aim
of this work is to transfer the experimentally determined uncertainty
of the thermophysical properties to the desired technical results, such
as the heat transfer performance of the heat exchanger.

In this work, we consider water-based nanofluids studied by Agro-
mayor et al. [28] (graphene nanoplatelets GNP) and Mondragén et al.
[30] (silica, alumina, and carbon nanotubes (CNT)). The graphene
nanoplatelet (GNP) nanofluids have attracted attention mainly due to
the very high thermal conductivity of graphene, i.e., » 5000 W/m K,
being around more than two orders of magnitude greater than common
metal-oxide nanoparticles, and more than 50% higher than that of
carbon nanotubes [31]. Agromayor et al. [28] considered nanoparticle
concentrations of 0.25 wt%, 0.5 wt%, 0.75 wt% and 1 wt% in the temper-
ature range of 15 °C to 45 °C. Mondragén et al. [30] characterised silica
1 vol% (Sil100), 5 vol% (Sil500), alumina 1 vol% (Alul00), 5 vol%
(Alu500), and carbon nanotubes 0.125 vol% (CNTs012) nanofluids in
the temperature range of 40 °C to 80 °C. In Fig. 2 the thermophysical
properties are shown along with the reported experimental uncertainty.

We fitted for each nanofluid of a certain nanoparticle concentration
a temperature-dependent function for each of the nanofluid thermo-
physical properties f(T). The uncertainties used as inputs in the SCM
method were determined at the highest experimental uncertainties of
the thermophysical properties of the nanofluids in the entire tem-
perature range. PDF for each thermophysical property was assumed
constant between (1-w) f(T) and (1+w)f(T), where w is the highest ex-
perimental uncertainty. In Table 1 we present the estimated uncertainty
 values and we observe that for the graphene nanoplatelets (GNP) the
density has the smallest uncertainty (0.05%), while the heat capacity
uncertainty is higher (about 3%). In general the highest uncertainty is
observed for thermal conductivity (about 5%) and dynamic viscosity
(4%). Specifically, the largest uncertainty (14%) is observed for the
heat capacity of alumina 5 vol% nanofluid. The heat capacity uncertain-
ties were estimated as the maximum difference between experimental
values and those calculated with the mixture rule. Since the density
of silica, alumina, and CNT nanofluids was not measured and since
density has an almost negligible uncertainty, we copy the estimate of
uncertainty for GNP nanofluid from Agromayor et al. [28]) and use the
same value for silica, alumina, and CNT nanofluids.

2.2. Empirical estimate of heat transfer in pipe-in-pipe heat exchanger
2.2.1. Estimate of overall heat transfer coefficient

To estimate the overall heat transfer coefficient U, we assume that
the heat exchanger is clean and there are no deposits on the heat
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Table 1
Estimated uncertainties of fluid properties for the graphene nanoplatelets, silica, alumina, and carbon nanotubes nanofluid based on experimental results of Agromayor et al. [28]
and Mondragén et al. [30]. Worst case scenario is considered, i.e., the highest experimental uncertainty is chosen from all nanoparticle concentrations and temperatures studied
(Fig. 2).

Agromayor et al. [28], GNP Mondragén et al. [30]
Sil100 Sil500 Alul100 Alu500 CNTs012
Density 0.05% 0.05% 0.05% 0.05% 0.05% 0.05%
Heat capacity 3.0% 2.09% 3.61% 3.07% 14.12% 0.98%
Thermal conductivity 5.0% 3.69% 2.66% 5.84% 1.36% 1.53%
Dynamic viscosity 4.0% 2.98% 3.94% 3.18% 1.79% 3.46%
0.01 ;i 0.1 ! T . T ; T
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Fig. 2. Temperature dependent nanofluid properties used in the study obtained from temperature dependent models for properties. Figures (a), (b), and (c) show graphene based
nanofluid used by Agromayor et al. [28] and (d), (e), and (f) show the nanofluids used by Mondragén et al. [30].

exchanger surface (no fouling). In the case of the double pipe heat Since geometrical properties of the heat exchanger are known, the
exchanger, where hot water (annulus) and cold nanofluid (inner pipe) total heat transfer area A is defined as on the outer area of the inner
are separated by the pipe wall, the overall heat transfer from the hot to pipe separating both fluids (d,). Overall heat transfer coefficient U
the cold fluid depends on three heat transfer mechanisms: convective (calculated for the outer wall of the inner pipe) for the heat exchanger
heat transfer from the hot water to the outer pipe wall, conduction considered here is calculated as

through the pipe wall separating both fluids, and convective heat 1 1 d, d, d,

transfer from the inner wall to the nanofluid. U h, + 2k In <Z> + hypd;’ A=zdL @
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where h,, represents convective heat transfer coefficient for the hot
water (annulus), A,  represents convective heat transfer coefficient for
the nanofluid in the inner pipe, and k,,;, is the thermal conductivity
of the pipe material.

2.2.2. Estimate of the inner pipe heat transfer coefficient

At the nanofluid side (inner pipe) the heat transfer coefficient is
calculated using two correlations. First the standard Gnielinski correla-
tion [32], which was developed for a single phase fluid, and, second,
the Agromayor et al. [28] correlation, which was derived from the ex-
perimental data using GNP nanofluid in a pipe-in-pipe heat exchanger.
Both are described below.

The Reynolds (Re, ) and Prandlt (Pr, ) number for the nanofluid
are calculated using fluid properties taken at the average tempera-
ture T,/ .., using the characteristic velocity obtained from the known
volumetric flow rate and characteristic length d,.

The Gnielinski correlation [32] for the heat transfer coefficient from
the pipe wall to the nanofluid reads as:

(&7 /8)(Re, s — 1000) Pr, ;
1+ 12.7./§nf_/8(PrZ_3 -1

where friction factor &, is calculated from correlation for the smooth
pipe, proposed by Petukhov [33]

Nu,pk, s
hnf= d—l, u,,f

(2)

&,y =0.791n(Re, ) — 1.64)7%. (3)

The second correlation that was used to estimate the Nusselt number
in the inner pipe was the correlation proposed by Agromayor et al. [28],
which was derived from the experimental data. The Nusselt number
depends on the nanoparticle volume fraction g,

Pr,, >—o.495
Pr, ¢ wail

Ny = 0.011(1 + 100p,)~%% Re) 350 Pri 2% < “4)
where the factor (Pr,;/Pr,,,) takes into account the effect of the
temperature profile that depends on the heat transfer mode (if the
fluid is cooled or heated). In the experiments performed by Agromayor
et al. [28] the heat was transferred from the annulus (hot water) to the
nanofluid, so the equation is only valid when the nanofluid is heated.
The Prandtl number Pr,,, is calculated for the nanofluid properties at
the temperature of the wall 7, ,, - that is in contact with the nanofluid.
T \pair ny is calculated from the total heat transfer rate from the hot water
to the nanofluid and the average water temperature as

Tpim—T,

in w,out)

Upr A

mwcp,w(

Twall,nf = Tw,avg -

, )

where A is the outer surface area of the heat exchanger and U, is
the heat transfer coefficient describing heat flow from hot water and
through the steel wall. Considering the resistance of heat transfer from
the hot water to the inner pipe outer wall and the conduction through
the pipe separating both fluids the heat transfer coefficient can be
calculated as

d d
L1, & ln(—2>. ®)
U hw 2kwall dl

par

We note that apart from the Reynolds and Prandtl numbers, Eq. (4)
also includes the nanoparticle volume fraction. This indicates that Nus-
selt number correlations developed for single phase fluids will struggle
to correctly describe the heat exchanger operating with a nanofluid.
The effective medium theory assumes that all the effects related to
nanoparticles are described by the effective thermophysical properties
and, thus, additional terms involving particle volume fraction should
not be present.
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2.2.3. Estimate of the outer pipe heat transfer coefficient

Heat transfer coefficient for the hot water flowing through the
annulus is calculated from correlations proposed by Gnielinski [34]
and are valid for fully developed turbulent flows in annular ducts, with
adiabatic outer surfaces

Nu, k,,
hy, = —L0
dy,
@
N _ (gw/g)RewPrw dh E
u, = 273 1+ f Fw
ki +12.74/E,/8(Pral> = 1)
with
900 0.63
k =107+ — - ——>=
v= T e T dx 10Pry) ®
&, = (1.81og,o(Re*) — 1.5)72 9
2 _ 2
Re*:Rew[1+a]lna+[1 a”] 10)
[1 - a)?In(a)
Fypip =0.75 o701 11

where d;, = d;—d, is the hydraulic diameter, and &, is the friction factor
for the annular pipe that depends on the ratio a = (d,/d3) (heat transfer
depends on the ratio, since maximum velocity is shifted to the inner
wall when a decreases). Re, and Pr,, are using hydraulic diameter
for the characteristic length. Correction factor F,,;, is used to describe
the heat transfer mode. In case of heat transfer at the inner wall, the
equation of the insulated outer wall (11) is then used.

2.2.4. ¢- NTU method for overall heat transfer rate

The effectiveness-NTU method [33] provides an estimate of the
overall heat transfer rate in a pipe-in-pipe heat exchanger. The two
fluids in the heat exchanger are the nanofluid (denoted by nf), entering
with temperature 7,/ ;, in the inner pipe, and water (denoted by w),
entering with temperature T,,;, in the outer annulus. In the first step
we find the minimum heat capacity rate C,;, (quantity of heat a fluid
at certain mass flow rate is able to absorb/release per unit time) and

maximum heat capacity rate C,,,, as

Coin = Min[ri, g¢p, ¢ M,Ch 015 Crnax = Max[ri, s,y ¢y My,Cp 101 12)

With this, the theoretical maximum possible heat transfer Q,,,, that can
be achieved in a counter-flow heat exchanger of infinite heat exchange
area (length) can be calculated as

Qmax = min(Tw,in - Tnfjn)' (13)
With known maximum heat transfer rate, the effectiveness € = Q/0,4x
of the heat exchanger is calculated as the ratio between actual heat
transfer rate O and maximum possible heat transfer rate. The value of
e is in the range between 0 and 1, where 1 represents perfect exchange.
For a double pipe heat exchanger with counter-flow arrangement, the
effectiveness ¢ may also be estimated [33] as
1—exp[-NTU(1 = C,)]

T 1-C expl=NTU(-C,)] 1o

where C, = C,,;,,/Cax is the heat capacity rate ratio, and NTU = U—"‘
is the number of transfer units. Since outlet temperatures are unknown,
the heat transfer rate is estimated by

Q = ECmin(Tw,in - Tnf,in)' (15)

With known heat transfer rate from one fluid to another, outlet temper-
atures for each pipe are calculated using the energy balance equation

0 0
Tnf,out = Tnf,in + Tw,out = Tw.in + ¢

—_— - (16)
ConfMng pawMuw
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2.2.5. Pressure drop through the inner pipe
Pressure drop through the inner pipe, needed to evaluate some fig-
ure of merits (FOMs), is calculated using the Darcy—Weisbach equation

puy
Apnf = énfLApﬁ (17)
where the friction factor ¢, is depends on which correlation is used
to calculate the Nusselt number. For the case where the Gnielinski
correlation [32] is used, the friction factor is calculated from ¢&, ;=
(0.791n(Re, ;) — 1.64)~2, and for the case where correlations proposed
by [28] are used, the following correlation is used

&, =0.109(1 + lOO(DU)O'ZISRe;})'lSQ. (18)

2.2.6. Algorithm

The task described above, evaluating the performance of a double
pipe heat exchanger, is non-linear because the fluid properties depend
on the local fluid temperature, which is unknown within the heat
exchanger. Therefore, an iterative approach is taken to obtain the
solution. Starting from an initial estimate for the fluid temperature, we
iterate until convergence is reached. The fluid properties are evaluated
at the average temperature between inlet and outlet temperature. The
outlet temperature in the numerical model is unknown and is estimated
during the iterative procedure.

The inlet temperatures are known for all considered cases and are
set as follows: the inlet temperature of the nanofluid is set to 7, ;, =
28.5 °C and of the hot water to T,,;, = 40.9 °C. The volumetric flow
rate of the hot water is constant, equal to 800 //h, and the flow rate of
the nanofluid ranges from 200 to 700 //h with 100 //h steps.

The following algorithm is used to estimate the heat transfer in a
double pipe heat exchanger.

1. Initial guess of the outlet temperature of both heat transfer fluids
is the arithmetic mean of both inlet temperatures: T, ;,, =
Tann,out = (Tnfjn + Tnf,in)/z'

2. Iterative loop.

(a) Calculate the average temperature of each fluid

(T, avg> Tann.avg) @t which the fluid properties are evalu-
ated.

(b) Calculate the heat transfer coefficient for each pipe,
Egs. (2) and (7).

(c) Calculate the overall heat transfer coefficient U using
Eq. (1).

(d) e- NTU method: obtain the overall heat transfer rate
O (Eq. (15)) and new outlet temperature of each fluid
(Eq. (16)).

(e) If the convergence criteria abs(T)s" — T, ;lig) <001 K is
reached, finish the inner loop and go to 3. If not, repeat
the loop (T is the new average temperature of each
fluid and T g is the average temperature at which fluid
properties were evaluated).

3. Evaluate final estimates for relevant quantities T, ,,, Re,;,
Prnsy Nuyg, hyry by Apys, LMTD, U, Q.

4. Evaluate the FOM expressions.

5. End the calculation.

2.3. Empirical estimate of heat transfer in a single pipe heat exchanger

For a single pipe heat exchanger, the temperature at which the fluid
properties are estimated is the inlet temperature of the nanofluid. Since,
in this case, a single pipe heat exchanger is used, no iteration loop is
needed. For the case of heat transfer in a single pipe heat exchanger
with constant heat flux, the heat transfer coefficient for the nanofluid
is calculated from the Gnielinski correlation (2). The pressure drop
through the pipe is calculated from Eq. (17), where the length of the
pipe (1000 mm) and friction factor obtained from (3) are used for the
calculation.
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2.4. Figures of merit

In nanofluid literature, figures of merit (FOMs) have been frequently
used. FOMs provide direct, mostly thermophysical property-based and
system type-based performance assessments of heat transfer fluids.
Specifically, FOMs have been used to assess nanofluid cooling perfor-
mance [35-37], as well as in circular jet impingement [38], forced
circulation loops [39], under laminar flow [40], and under both lami-
nar and turbulent flow [41] conditions. Detailed descriptions of FOMs
can be found in the literature (for example, in [37,42,43]). Here, the
most commonly used FOM descriptions are provided.

When a thermal performance comparison is to be performed, it is
common to compare the heat transfer coefficients of the nanofluid and
its base fluid. For ratios larger than one, use of the considered nanofluid
could be regarded as advantageous.

On the other hand, the necessity of accounting for as much of
the expenses as possible has become as critical as accounting for the
improvements. The definition of performance and thus FOMs in this
regard should also cover expenses such as increased pumping power
requirements. Considering the hydrodynamic nature of the nanofluid
flow along with the thermal features (the latter usually being more
advantageous than those of the base fluids) provides a more realistic
picture.

The Mouromtseff number (M o) is among the most commonly used
FOMs in the literature, and defined dependent on the working fluid
density, thermal conductivity, specific heat capacity, and viscosity;
thereby providing a comprehensive overview of the utility of the work-
ing fluid, both from thermal and hydrodynamic behaviour points of
view.

Having a Nusselt number correlation for a specific heat trans-
fer device in mind [42], the Mouromtseff number can be derived
by expressing the heat transfer coefficient and grouping all material
properties into the Mouromtseff number:
pa kbcd

£ ) L) 19

——
Mo

Nu= f(Re, Pr,L), => h=(

ue

where £ is the characteristic dimension of the heat transfer device and
u is the flow velocity. For example, for internal turbulent flow, the
exponents are reported as a = 0.8, b = 0.67, d = 0.33, and e = 0.47 by
[44]. The significance of the Mouromtseff number lies in the fact that,
for flow over or through a given geometry at a specified velocity, the
heat transfer fluid with the largest Mouromtseff number will provide
the highest heat transfer rate.

As nanofluids have been introduced to the agendas of both heat
transfer research and industry, the importance of FOMs has increased,
as they provide a direct, qualitative, and quantitative result in terms
of the nanofluid being more advantageous or not in comparison to its
base fluid counterpart. Since Mo is a dimensional number, Mo ratio
(Mo,) has been used instead [37] as a FOM. For the case of comparing
the performance of a nanofluid and water in a given heat exchanger
at a chosen flow velocity, Mo, can be calculated as the ratio of heat
transfer coefficients:

Mo, = th (20)
hw

If Mo, > 1, the nanofluid will be more effective in transporting heat

than water.

One other FOM is the PEC ratio, i.e., PEC,, providing another
comprehensive comparison considering both the heat transfer and hy-
drodynamic behaviour, as in Eq. (21), which is applicable for both
laminar and turbulent flow conditions
e, AT PEC,;

VAp

Using nanofluid is beneficial when PEC, > 1.

PEC = , > PEC, = @1n

w
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Although their use was observed less frequently in the literature,
the Overall Energetic Efficiency () [45] and Energy Ratio (ER) [46]
are two other comprehensive FOMs, are defined in Egs. (22) and (23),
respectively:

Nu )
) 22)
Nuw énf
hd A
Er=N¢ NI g 2P (23)
Eu k pu?

In Eq. (23) u is the fluid mean velocity in the inner pipe. The ER pro-
vides a thermal-hydrodynamic flow characteristic comparison, which
takes into account the advantages of high heat transfer coefficient (high
Nu) and disadvantages of viscous losses with nanofluids (high Eu). For
fully developed internal laminar flow, Nu approaches a constant value,
making n (Eq. (22)) and ER (Eq. (23)) based completely on pressure
drop ratios and hydrodynamic character of the flow, respectively,
thereby somewhat eliminating the thermal character in both FOMs.

The final FOM considered in this paper is the thermal performance
factor #, £ defined as [47]:

Nun 1/3
My = (e (24)
Nu,, 5nf

In Egs. (22) and (24), the Nusselt number Nu, is calculated by con-
sidering that pure water is flowing in the inner pipe instead of the
nanofluid.

2.5. Stochastic collocation method

We consider nanofluid properties ¢; such as thermal conductivity,
density, heat capacity and nanoparticle concentration to be random
variables uniformly distributed in a range 6; € (0} -0 may)- Their
probability distribution function (PDF) is
P(o) = { m (S (O_min’ amax) (25)

0 elsewhere
Let the number of random variables be n. Additionally, let us designate
the empirical calculation of heat exchanger heat transfer efficiency,
described in the previous sections, as y(oy,...,0,). To calculate the
expected value y, and variance var, of the deterministic model, we

use:
Yi=/ / [y(ol,...,Un)]iP(ol)..,P(a,,)dal...do',, (26)

Hy =Y, var, =Y, - /45 27)
We calculate the integral (26) numerically, using the Smolyak [48,49]

sparse grid approach. The integral is approximated by

N
Y~ Z [y (‘71,[7‘72,[’---’%,;)]!W[v (28)
i=1

where #; and w; are sparse grid points and weights. The deterministic
model has to be evaluated N times, once for each of the selections of
random variables (nanofluid parameters). The accuracy of numerical
integration depends on the number of realisations of the deterministic
model N. This value may be increased as necessary and, due to the
sparse approach, is much smaller than the number that would be
needed by a full grid approach, such as a Gauss Legendre quadrature.
Additional details of the implementation of the Stochastic Collocation
Method are given by Susnjara et al. [50].

2.6. Statistical assessment

Even though nanofluids are characterised by high thermal con-
ductivity, the assessment of a heat transfer fluid’s applicability in a
convective transfer setting depends highly on the viscosity, pressure
drop, and pumping power requirement, as well as factors affecting
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Useful to see whether there is an

| ANOVA | | Welch ANOVA |
association between variables.

If there is an association, its strength
can also be quantiffed.

Useful to see whether the mean value for a dependent
variable changes from one level of an independent variable
to another.

If there is a significant change, its source can be quantified.

Fig. 3. Methodology followed in statistical assessment.

them [51]. Other than stationary settings, viscosity is as important as
the thermal conductivity for heat transfer with nanofluids [31]. One
of the main issues with nanofluids has long been the optimisation of
the enhanced thermal performance and increased pressure drop caused
by enhanced nanoparticle loading in forced convective heat transfer
applications. Hence, it is important to consider the full system and
multiple practical variables in a realistic manner in order to uncover the
thermal and hydrodynamic behaviours of nanofluids simultaneously.

To assess the metal-oxide and graphene nanoplatelet nanofluid
heat transfer and hydrodynamic performances in a combined way, we
process the heat transfer coefficient and pressure drop values reported
by [28,29], which are experimental results. We also process the data
as the outcome of the numerical experiments simulated in this current
work, using the Gnielinski correlation (and for GNP nanofluids data,
the correlations proposed by [28]), to shed light on how experimental
as well as numerical approaches capture heat transfer coefficient —
pressure drop relationship of the wide range of nanofluids studied.
For this purpose, in Part 1 (Section 3.5), we report on the results
of correlation analyses on heat transfer coefficient and pressure drop
values for the studied nanofluids data. These are considered as di-
rect indicators of performance. In Part 2 (Section 3.6), we report
on the experimental Nu and friction factor data by [28,29], more
as performance-related (yet, indirect) variables and, hence, decision-
making tools for nanofluid based convective heat transfer systems. The
rigorous statistical methodology followed in this work is provided as a
flowchart in Fig. 3.

3. Results
3.1. Numerical integration accuracy analysis

We performed a sparse grid numerical integration accuracy analysis
by repeating a single case with four different sparse grid setups with
3 collocation points (CP) (81 realisations of the deterministic model),
5 (625 realisations), 7 (2401 realisations), and 9 collocation points
(6561 realisations). We used the case g, = 0.5% and V = 400 //h and
analysed the difference in expected value and variance. Comparing the
results for 3 and 9 collocation points, we observe an average relative
difference (3CP-9CP)/9CP in the expected value of 1.5- 1073 and in the
variance of 7.4 - 1073, Comparing the results of 7CP and 9CP, we find
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b) Agromayor corr. for GNP nf.
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Fig. 4. Expected values and standard deviations of inner pipe heat transfer coefficient in the pipe-in-pipe heat exchanger using GNP nanofluid. Panel (a) Gnilelinski [32] and (b)

Agromayor et al. [28] correlations.
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Fig. 5. Expected values and standard deviations of inner pipe Nusselt number in the pipe-in-pipe heat exchanger using GNP nanofluid obtained using Agromayor et al. [28]
correlation. Panel (a) shows the dependence versus the Reynolds number, panel (b) versus the Péclet number.

that the average relative difference for the expected value is 3.5 - 1075
and for the variance 3.5 - 10~*. This proves a good convergence of the
numerical integration. For the analytical part of the calculation (Nusselt
number estimates), we used 7 collocation points (2401 realisations) in
the further analysis.

3.2. Pipe-in-pipe heat exchanger

We analysed the pipe-in-pipe heat exchanger twice, first with the
Gnielinski correlation [32] and then with the correlation of Agromayor
et al. [28]. The Gnielinski correlation is used in the standard procedure
available to engineers to estimate heat transfer coefficients in fully
developed turbulent flow regimes in tubular heat exchangers. The
correlation of Agromayor et al. [28] was developed specifically for the
selected GNP nanofluid in the pipe-in-pipe heat exchanger. Looking
at the comparison between the estimated heat transfer coefficient in
the inner pipe h,, and the measured values (Fig. 4), we find that the
correlation of Agromayor et al. [28] shows much better agreement with
the experimental data. This is to be expected as the correlation was
tailored to the GNP nanofluid and the pipe-in-pipe heat exchanger.

In Fig. 5 we show the expected value of the inner pipe Nusselt num-
ber in the pipe-in-pipe heat exchanger using GNP nanofluid obtained
using Agromayor et al. [28] correlation. We can see that the standard
deviation is smaller than the change of the Nusselt number due the
change in nanoparticle concentration. Comparison of the relationship
with Reynolds number (Fig. 5a) and Péclet number (Fig. 5b) shows
an increase in Nusselt number with nanoparticle concentration for a
fixed Reynolds number. As the nanoparticle concentration increases,
the heat diffusivity increases, which leads to improved heat transfer at

fixed flow regime. On the other hand, the increase in heat diffusivity
leads to a smaller Péclet number for a given flow rate. So we see that
for a fixed ratio between convective and diffusive heat transfer (i.e. for
a fixed Péclet number), the Nusselt number decreases with increasing
nanoparticle concentration.

The Gnielinski correlation [32] significantly underestimates the
heat transfer coefficient for all flow rates and gives values that are
even lower than when using pure water in the inner pipe. This indi-
cates that the GNP nanofluid exhibits a behaviour that is significantly
different from that of a standard Newtonian fluid. When we compare
the uncertainties in the heat transfer coefficient, we find that they
are of the same order of magnitude for both correlations. In the case
of Agromayor et al. [28], the difference between the experimentally
determined and the SCM expected value of the heat transfer coefficient
is within the uncertainty limits. For the Gnielinski correlation [32] this
is not the case. This underlines the conclusion that the uncertainty
in the performance of heat exchangers with GNP nanofluid cannot be
attributed only to the uncertainty in the properties of the nanofluid
and, therefore, the standard empirical correlation should not be used.
This is confirmed by Calvino et al. [52], who stated that the turbu-
lent mixing phenomenon within the nanometric dispersion provides a
superior benefit in terms of the heat transfer performance than the mod-
ified intrinsic transport property of the two-phase sample. Graphene
nanoplatelets act as nanoobjects and not as nanoparticles, whose ef-
fect could be completely described by effective transport properties.
Another significant difference between the model and the experiment
is that the best heat transfer fluid according to the model is the one
with a GNP mass concentration of 0.25 wt% and not 0.5 wt% as found
in the experiment.
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Table 2

Difference between the SCM determined expected value and experimentally [28]
determined value of the heat transfer coefficient expressed as percent error. Ex-
pected values were obtained using the Gnilelinski and Agromayor et al. [28]
correlations in the pipe-in-pipe heat exchanger. The green italic font denotes
that the expected value with its confidence interval is inside the confidence
interval of the experimental measurement.

[ Water 0.25 wt% 0.50 wt% 0.75 wt% 1.00 wt%

V [I/h] Gni. Gni. Agr. Gni. Agr. Gni. Agr. Gni. Agr.
300 -10.0% -17.4% 4.5% -26.0% —6.5% —-25.2% —3.9% -16.2% 9.6%
400 -8.9% -19.6% 2.5% -27.7% -8.2% -27.5% —6.7% -16.7% 8.4%
500 -7.3% -19.2% 3.8% -29.8% -10.3% -30.5% -10.3% -17.1% 8.1%
600 —5.7% -19.6% 4.1% -31.2% -11.6% -31.4% —-11.1% -17.4% 7.9%
700 -3.1% -20.1% 4.1% -33.0% -13.4% -32.4% -12.0% -17.9% 7.7%

In Table 2, the difference between the SCM determined expected
value and experimentally [28] determined value of the heat transfer
coefficient expressed as percent error is shown. As can be observed,
the maximum percent error between the experimental heat transfer
coefficient data and the SCM expected values is —13.4%, with the
majority of cases below 10%. It can also be seen that, for the GNP mass
concentration 0.5 wt% and 0.75 wt%, the correlations underestimate the
heat transfer coefficients, while they are overestimated for 0.25 wt%
and 1.0 wt%. However, the Gnielinski correlation [32] underestimates
the heat transfer coefficients for all cases to a significantly larger extent
compared with the Agromayor et al. [28] correlation, with a maximum
percent error of —33.0%.

The experiments were performed at fixed flow rates. Since viscosity
increases with increasing concentration of nanoparticles, the Reynolds
number of the nanofluid is smaller than the Reynolds number of water
at the same flow rate. On the other hand, when considering a single
Reynolds number, the volumetric flow rate of water is lower compared
to nanofluids with increasing concentration of nanoparticles. In Fig. 6
we show the results for the average temperature and friction factor in
the pipe filled with nanofluid versus the Reynolds number. We find
that the average temperature decreases with the volume fraction of
nanoparticles for a given Reynolds number. The increase in heat flow
rate due to improved nanofluid thermophysical properties is not high
enough to heat a larger volume of working fluid to the same average
temperature as for the pure water case. We also find that the average
temperature in the inner pipe decreases with Reynolds number. This is
due to the increased mass flow rate (higher volumetric flow rates) and
the increase in heat flow rate not being sufficient enough to heat larger
amounts of mass (due to the increased convective heat transfer of the
nanofluid Ry p)-

The uncertainty in the average nanofluid temperature is largest
at low Reynolds numbers and smallest at high Reynolds numbers.
The reason for this is that convection dominates heat transfer at high
Reynolds numbers and the properties of the nanofluid, such as thermal
conductivity, play a less important role.

When we compare the results for the friction factor &, in Fig. 6b,
where the Gnielinski correlation for the smooth pipe was used (3),
to the experimental correlation proposed by Agromayor et al. (18) in
Fig. 6b,, we can observe that the friction factor obtained from the
Gnielinski correlation is higher than that of the correlation based on
the experimental data. Experimental data reveal that the friction factor
also depends on nanoparticle volume concentration. This phenomena
cannot be captured by the pure fluid correlation for the smooth pipe
(9) since friction factor for the smooth pipe case depends only on the
Reynolds number. However, the justification for using this correlation
is that the obtained results for the heat transfer coefficient of the pure
water is in good agreement with the experiment (Fig. 4). Consequently,
due to the fact that we are using the assumption that the nanofluid
can be completely described by effective thermophysical properties,
the friction factor should stay the same. This, as we can observe
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from the numerical data, is not the case. Since SCM estimates small
uncertainty for the friction factor, the reason for the discrepancy is
not the uncertainty in thermophysical properties but rather with the
assumption that the nanofluid can be completely described by effective
thermophysical properties.

In Fig. 7a we present the LMTD results. We observe that a higher
concentration of GNP nanoparticles leads to an increase in LMTD. This
is expected since, due to the lower heat transfer coefficient, the aver-
age nanofluid temperature decreases, leading to an increase in LMTD
with an increase in the GNP nanoparticle concentration. Due to the
constant inlet temperatures, the outlet temperature for each working
fluid depends on the heat transfer coefficient. Consequently, the LMTD
calculated from the inlet and outlet temperatures is not constant. As
the increase of Reynolds number enhances convective heat transfer,
the higher mass flow of the nanofluid reduces the average temperature
of the nanofluid (temperature difference between nanofluid inlet and
outlet temperature) and, hence, we observe a decrease in LMTD.

In the case where we have a GNP concentration of 0.25 wt% the
Agromayor et al. [28] correlation predicts an LMTD similar to that of
the pure water case (Fig. 7a,). This is due to the fact that, in this case,
the increase in the total heat transfer coefficient is lower than in cases
with a higher GNP concentration.

Figs. 8 and 9 compare the Mouromtseff ratio, overall energetic ef-
ficiency, energy ratio, and PEC. The Gnielinski correlation predicts the
Mouromtseff ratio and the overall energetic efficiency to be less than
unity, while the Agromayor et al. [28] correlation reveals values above
one. The uncertainty in figures of merit is significant, but not large
enough to explain the difference between the Gnielinski correlation and
the experimentally determined correlation. This supports the claim that
the behaviour of the GNP nanofluid cannot be adequately described by
only considering effective thermophysical properties.

The energy ratio (Nusselt over Euler number, Fig. 9a) increases
with nanoparticle concentration at a chosen Reynolds number and also
increases with Reynolds number at a chosen nanoparticle concentra-
tion. This indicates that the heat transfer increases faster than the
frictional losses as the nanoparticle concentration and Reynolds number
increase. We can conclude that heat exchanger designs operating at
higher Reynolds number and at higher nanoparticle concentration have
better energy ratios. This finding is also valid for the case of a single
pipe heat exchanger (Fig. 11d).

The PEC, comparing the heat flow rate and pumping power
(Fig. 9b) between the use of pure water and nanofluid shows a slight
dependence on the Reynolds number and increases with decreasing
volume fraction of nanoparticles. The Agromayor correlations reveals
PEC, values above one, and the Gnielinski correlation yields values
below one. Since using a nanofluid is beneficial as compared to using
pure water at PEC, > 1, the results again prove that using the
Gnielinski correlation for nanofluids leads to misleading conclusions.

3.3. Single pipe heat exchanger

SCM provides expected values and variances for a number of tech-
nical parameters and FOM expressions. Panel Fig. 10a shows the com-
parison between the Nusselt number obtained with SCM and with
experiment [29] by displaying the expected values and standard devi-
ation. We see that for lower Re numbers, numerical results show good
agreement with the experimental data. For the metal-oxide nanofluids
with lower nanoparticle volume concentration (Sil100 and Alul00) the
numerical data show good agreement with the experimental results
over the whole Reynolds number range. However, this is not true
for the nanofluids with higher nanoparticle volume concentration and
carbon nanotubes (Sil500, Alu500, and CNTs012). From the experi-
mental data, we observe that, for the Sil500 and Alu500 at Re =
20000, the heat transfer coefficient does not continue to increase as
steeply, which is not the case for the model results. The same is
observed for the CNT above Re =~ 40000. This is due to the fact that
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Fig. 6. Expected values and standard deviations for the pipe-in-pipe heat exchanger with GNP nanofluid. Panels (a) show average temperature in inner pipe and panels (b) show
the friction factor in inner pipe obtained using the Gnilelinski [32] and Agromayor et al. [28] correlations.

convection is the dominant transport mechanism at large Reynolds
numbers. For convective transport, thermophysical properties are less
important than in diffusion dominated flows. It is evident that the
model developed for Newtonian fluids is unable to fully capture the
behaviour of nanofluids. This is in accordance with the findings of
Tschisgale and Kempe [53], who discovered that nanoparticles suppress
the wall-mounted turbulent structures. Changes in turbulence close to
the wall affects the heat transfer mechanisms and thus models for single
phase fluids are inadequate. We find that the Nusselt number increases
with the concentration of nanoparticles. It shows a weaker dependence
on concentration than the heat transfer coefficient, since it is defined
as the ratio between heat transfer coefficient and thermal conductivity,
both of which increase with the concentration of the nanoparticles. If
we compare the friction factor ¢,, (Fig. 10b), the numerical friction
factor calculated from Eq. (3) is lower than the friction factors cal-
culated from the experimental data. For the numerical estimation of
the friction factor, the correlation for a smooth pipe was used, because
the heat exchanger pipe was made of aluminium (absolute roughness
0.001-0.002 mm, relative pipe roughness ¢/d, = 3.2—6.4 - 1073). In
Fig. 10b we observe that the numerical friction factor is lower than
the experimental friction factor.

Plots in Fig. 10c and d show the Nusselt number and the heat
transfer coefficient as a function of the Péclet number. For a fixed
Péclet number, where the ratio between convective and diffusive heat
transfer is fixed, we find that an increase in nanoparticle concentration
leads to a decrease in heat transfer. This is to be expected because
a higher nanoparticle concentration leads to a higher heat diffusivity
and an increase in diffusive heat transfer, which is less efficient than
convective heat transfer.

The figures of merit are presented in Fig. 11. The Mouromtseff ratio,
the overall energetic efficiency, and the thermal performance factor
show similar results and increase slightly with the Reynolds number.

10

For a chosen Reynolds number, none of the FOM values are above one.
The FOM uncertainty is largest in the case of the alumina nanofluid
but at the same time is in all cases so small that it does not allow
any alternative interpretation of the results. The energy ratio shown in
Fig. 11d represents the ratio between the Nusselt and Euler numbers. Its
relation to the Reynolds number is linear in all cases. The uncertainty
determined by the SCM is small, which means that the uncertainty in
the thermophysical properties of the nanofluid does not significantly
affect the energy ratio.

3.4. Sensitivity analysis of variance

We chose to consider n = 4 random variables to study uncertainty
propagation and carried out the analysis by considering uncertainty
in all four parameters: thermal conductivity, density, heat capacity,
and viscosity. Such an approach is called a Full Tensor Product (FTP)
approach. Alternatively, when only one of the parameters is varied,
we have the One-At-a-Time (OAT) approach. Statistical quantities may
be compared between the OAT and the FTP approaches. In this way,
we can study how the uncertainty of the output of the model can be
apportioned to different sources of uncertainty [54]. We define the
sensitivity index of each random variable as

_varyoar

29
vary prp

where var,, o 47(;) is the variance obtained using the OAT approach, with
i denoting the parameter which was assumed to be a random variable.
Large values of the sensitivity index indicate bigger relative importance
of the random variable. We examined the case of double pipe heat
exchanger with 0.5 wt% nanofluid.

The results are shown in Fig. 12, where we can observe that the
nanofluid density has a very small sensitivity index. This means that
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Fig. 7. Expected values and standard deviations for the pipe-in-pipe heat exchanger with GNP nanofluid. Panels (a) show LMTD and panels (b) show the overall heat transfer

coefficient obtained using the Gnielinski [32] and Agromayor et al. [28] correlations.

the heat exchanger parameters such as the Nusselt number, the heat
transfer coefficient, and LMTD are not influenced by the uncertainty
in density measurement. In future studies, density can be omitted from
the list of random variables considered and thus the total number of
simulations needed to perform SCM for a nanofluid in an engineering
device can be significantly reduced. This is especially important for
studies which would involve more demanding mathematical models of
the device, such as CFD, as reduced computational time would enable
employment of more complex and accurate models.

According to Fig. 12a and b, the nanofluid thermal conductivity
is the most important parameter influencing the Nusselt number and
the heat transfer coefficient, while the nanofluid heat capacity has
significantly less of an effect. Viscosity plays an even smaller role. On
the other hand, when considering the pressure drop and friction factor,
viscosity is the only influencing parameter. The LMTD is significantly
influenced by the thermal conductivity and heat capacity, where the
influence of the heat capacity becomes more prominent with increasing
flow rate. At a constant mass flow rate, the overall heat flow rate is
equally influenced by thermal conductivity and heat capacity, while
the viscosity and density have a negligible effect.

3.5. Statistical assessment, Part 1: Direct indicators of the nanofluids’ heat
transfer performance

In this part, we are interested in how the pressure drop and heat
transfer coefficient are associated for the metal-oxide and carbon nan-
otube [29], as well as GNP [28] nanofluids. For convenience, we refer
to the analyses on the metal-oxide and carbon nanotube nanofluids as
Case-1, and the analyses of the GNP nanofluids as Case-2. We further
distinguish the experimental dataset (i.e., data from [28,29]) with the
letter E, resulting in Case-1E and Case-2E; while for the analyses based
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Table 3
Correlation analyses of heat transfer coefficient and pressure drop for the metal-oxide
and CNT nanofluids.

Nanofluid p, Case-1E p, Case-1N
Alu100 0.985 0.984
Alu500 0.948 0.985
CNTs012 0.954 0.985
Sil100 0.976 0.984
Sil500 0.886 0.986

on the numerical simulations we use the letter N, resulting in Case-1N
and Case-2N.

Correlation analyses gauge the association between two variables.
During correlation analyses, the following hypotheses are tested: H:
The correlation coefficient (p) between variables is zero. H,: The corre-
lation coefficient (p) between variables is nonzero. After the correlation
analysis is performed, we will check two output values: (i) significance
value (p-value) and (ii) correlation coefficient. Based on the p-value,
either H, or H, is accepted. If p > 0.05, H,, is accepted. Otherwise, H,
is accepted. For cases where p < 0.05, the value of the correlation coeffi-
cient (p) should also be interpreted. Gerber and Finn [55] expressed the
extent of correlations based on |p| ranges as follows: weak correlation
for 0-0.30, moderate correlation for 0.31-0.60, and strong correlation
for >0.60. Table 3 summarises the correlation coefficients between the
heat transfer coefficients and pressure drops for Case-1.

The results in Table 3 show that the level of association between the
heat transfer coefficient and pressure drops, as shown by the correlation
coefficients computed based on the experimental data (Case-1E) and
numerical data (Case-1N) being close to each other for low concen-
trations (see Sill00 and especially Alul00). It is further seen that,
for high concentrations and/or nonspherical nanoparticle shapes, the



B. Kamenik et al.

ar) 13 Gnielinski corr. for GNP nf.
1 ’ ‘ ‘ ‘ ‘ Water —0—‘
19 0.25 wt%
“0 0.50 wt% ]
9 0.75 wt% —a—
® L1 1.00 wt% —v—
E=
)
é 1+ *—o—— 0 — 0 —90
2
Zo09¢t ]
B e e
0.8 | W ]
07 L L L L L L
5000 10000 15000 20000 25000 30000 35000 40000
Reynolds number inner pipe Re,s
b1) 14 . :
Water —ea—
=137 0.25 wt% 1
Z19 | 0.50 wt% |
g 0.75 wt% —a—
& 1.1 1.00 wt% —w— 1
: 1+ [ S U
08 | 1
£07 ¢ A 1
g
© 06 ,v/v,.v——#——"_" 1
05 1 1 1 1 1 1
5000 10000 15000 20000 25000 30000 35000 40000

Reynolds number inner pipe Re,s

ba)

International Journal of Thermofluids 14 (2022) 100144

Agromayor corr. for GNP nf.

1.2 + —

Mouromtseff ratio
—-

09 r Water —ea— |
0.25 wt%

08 | 0.50 wt% ]

’ 0.75 wt% —a—
1.00 wt% —w—

0.7 . . . . . .

5000 10000 15000 20000 25000 30000 35000 40000
Reynolds number inner pipe Re,s
14
1.3 + 1

— =
=
T T
. .

" T~ 7
Water —ea—

Overall energetic efficiency 7

0.8 ,
0.25 wt%
07 ¢ 0.50 wt% 1
0.6 0.75 wt% —a—i |
1.00 wt% —v—
0.5 : : : : ‘ ‘
5000 10000 15000 20000 25000 30000 35000 40000

Reynolds number inner pipe Reps

Fig. 8. Expected values and standard deviation of the Mouromtseff ratio (panels a) and the overall energetic efficiency (panels b) obtained using the Gnielinski [32] correlation
and the Agromayor et al. [28] correlation. GNP nanofluid is considered in a pipe-in-pipe heat exchanger.

Table 4
Correlation analyses of heat transfer coefficient and pressure drop for the GNP
nanofluids.

GNP nanofluid p, Case-2E p, Case-2N* p, Case-2N**
0.25 wt% 0.993 0.994 0.994
0.5 wt% 0.996 0.994 0.994
0.75 wt% 0.993 0.994 0.994
1 wt% 0.994 0.994 0.994

*Gnielinski correlation [32].
**Agromayor correlation.

experimental and numerical trends tend to differ, as the extent of asso-
ciation between the pressure drop and heat transfer coefficient varies
considerably (see for example Sil500, with a correlation coefficient
of 0.886 and 0.986 based on the experimental and numerical data,
respectively).

Table 4 summarises the correlation coefficients between the heat
transfer coefficients and pressure drops for Case-2.

The results in Table 4 reveal that the heat transfer coefficient-
pressure drop correlations differ slightly based on the experimental
data for different nanoparticle concentrations (see data of Case-2E).
The correlation coefficients between the heat transfer coefficients and
pressure drops are unchanging with nanoparticle concentration for
the numerically obtained results (see Case-2N* and Case-2N** results,
individually). This is due to the fact that both correlations (Gnielinski
correlation and Agromayor correlation) induce their own mathemat-
ical definitions and trends on the data, resulting in the same h,,
— Ap,, correlation for varying nanoparticle concentrations. For both
cases, the correlation between h,, and 4p,, are very high (<99%),
while the 0.994 correlation coefficient values for results using both
the Gnielinski correlation and the Agromayor correlation are not of
physical significance.
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3.6. Statistical assessment, Part 2: Indirect indicators of the nanofluids’ heat
transfer performance

In this part, we are interested in the relationship between the
following parameters: (i) Nu and (Re, Pr, ¢,), and (ii) friction factor
Enf and (Re, ¢,) for the metal oxide nanofluid’s experimental data by
Martinez-Cuenca et al. [29]. Part (i) provides an assessment dominated
by a thermal energy point of view, while Part (ii) focuses heavily on
the hydrodynamic performance.

The information provided in Tables 5-9 are outputs of standardised
statistics tests, and the results are acceptable if and only if such descrip-
tives along with test statistics and p-values are given. Test statistics are
indicators of the test relevant for each case (for example, the F-statistics
value for ANOVA). In all these cases, the only meaningful indicator
is the p-value, as exemplified in the correlation analysis. For the tests
we performed, p < 0.05 leads to a rejection of the hypotheses, while
p > 0.05 means that the hypotheses should be accepted.

(D) Nu and (Re, Pr, 8,)

The Nusselt number-Reynolds number dataset (as plotted by [29])
is evaluated based on the nanofluid type, nanoparticle concentration,
and Prandtl number to quantify these parameters’ individual effects.
Table 5 shows a comparison of the mean values of Re and Nu, based
on the nanofluid type. The traditional (and first) choice in assessment
of this task is variance analysis (ANOVA). ANOVA gauges if the mean
value of a variable (here, for example, Nu) changes from levels to
levels of another variable (here, for example, material type). It assumes
that the dependent variable has normal distribution and variances are
homogeneous [56]. Since a homogeneity of variances assumption is not
valid for the Re dataset, we proceed with the Welch ANOVA test, which
does not necessitate homogeneity of variances [57].

Based on the results, it is observed that there is a statistically
significant difference between the mean values of Re for the materials
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Table 5
Comparison of the Re and Nu mean values based on the nanofluid type.

n Mean Standard deviation  Test statistics p
Re Alul00 10 67479 39961 16.984 0.000*
Alu500 9 27752 17917
CNTs012 6 28878 17628
Sil100 10 69634 42503
Sil500 8 19169 8611
Nu  Alul00 10 351 191 1.875 0.143
Alu500 9 196 95
CNTs012 6 187 83
Sil100 10 330 176
Sil500 8 205 55
*p < 0.05.
Table 6
Correlation analysis results between ¢,, Nu and Re.
Re Nu
P P p P
2, -0.251 0.73 -215 0.126
Re 0.875 0.000*
Nu
*p < 0.05.

considered (p < 0.05). In order to further determine the groups causing
this difference, the Post Hoc Bonferroni test (Gerber and Finn [55]) is
performed. Results reveal that the mean of Re for Alul00 is different
from those of Alu500 and Sil500 (p = 0.047 and p = 0.009, respectively).
The mean Re for Alul00 is higher than the mean Re values of Alu500,
and Sil500 groups. The mean Re for Sil100 group is also statistically
different from those of Alu500 and Sil500 (p = 0.029 and p = 0.006,
respectively), and the mean Re value of the Sil100 group is higher than
those of Alu500 and Sil500.

With respect to the deviation of the mean value of Nu based on the
nanofluid type, a further evaluation of Table 5 finds it to be statistically
insignificant (p > 0.05). This is attributed to the fact that the database
consists of nanofluids with average thermal performance with moderate
level concentration for metal-oxide and very low concentration for
carbon nanotube nanofluid.

Table 6 shows the association between ¢, — Nu, ¢, — Re, and
Nu— Re values via the correlation coefficients between these variables.
The correlations between ¢, — Re and ¢, — Nu are determined to be
insignificant (p > 0.05) based on the studied dataset. In other words,
@, — Re and ¢, — Nu are not associated in a statistically significant
way. This result is due to grouping nanofluids of the same concentration
and different type (e.g., Alu500 and Sil500) in this analysis to see the
0, — Re and @, — Nu correlations based on the data by [29]. On the
other hand, Re— Nu and Re— Pr correlations are statistically significant
(p < 0.05). The correlation coefficient stands at 0.875 between Re and
Nu, indicating a positive and strong relationship. Since an increase
in Reynolds number enhances convective transfer of momentum and
heat, and since the Nusselt number measures the heat transfer, their
statistically significant correlation is expected.

(ID) friction factor &, ’ and (Re, @,)

As in Part I, the dataset does not exhibit homogeneity of variances,
and the Welch ANOVA test is used for a comparison of the mean group
values of the friction factor, &, ;. In order to determine of the group(s)
causing the difference, the Post Hoc Bonferroni test is used. When n < 5,
the relation between the variables is controlled using Fisher’s Exact test
[58].

Table 7 shows the Welch ANOVA test results for the friction factor
values depending on the nanofluid type. The mean values of the friction
factor are found to be statistically different for different nanofluid
types (p < 0.05). The mean value of &,, for Sil500 was significantly
different than those of Alul100, Alu500, CNTs012, and Sil100 groups
(p = 0.000, p =0.001, p =0.000, and p = 0.000, respectively). The mean
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Table 7
Comparison of the mean value of friction factor ¢,, based on the nanofluid types.

Material n Mean Standard deviation Test statistics P
Alu100 4 0.0202 0.00099 8.289 0.008*
Alu500 3 0.0222 0.00091
CNTs012 3 0.0213 0.00023
Sil100 7 0.0213 0.00094
Sil500 6 0.0272 0.00244

*p < 0.05.

Table 8

Correlation analysis results between friction factor ¢,,, nanoparticle concentration g,
and Re.

Sy
P p
9, 0.725 0.000*
Re -0.853 0.000*
*p < 0.05.
Table 9
Comparison of the mean value of Nu and friction factor based on the @, groups.
6,(%) n Mean Standard deviation Test statistics p
0.125 3 0.0213 0.00023 8.085 0.005*
I 1 11 0.0209 0.00106
5 9 0.0255 0.00320
0.125 6 187 82.7 3.695 0.048*
Nu 1 29 298 177
5 17 201 76.5
*p < 0.05.

friction factor value for Sil500 group is higher than those of Alul00,
Alu500, CNTs012, and Sil100 groups. Hence, it can be inferred that this
difference is caused by the Sil500 group in the dataset. The correlations
between ¢&,;, 8,, and Re are summarised in Table 8. The correlation
coefficients in Table 8 are Pearson correlation coefficients since the
data exhibit normal distribution.

The correlation between ¢, and &, is statistically significant (p <
0.05) with a coefficient of 0.725, which shows a positive and strong
association. The correlation between &,, and Re is significant (p <
0.05) with an even greater correlation coefficient value, i.e., —0.853,
showing a negative and strong relation. The friction factor represents
a transfer of momentum from the fluid to the pipe walls and as such
depends on the surface roughness of the wall and on the Reynolds
number. Therefore, Re and &, are expected to be strongly correlated.
Furthermore, since nanoparticle volume fraction influences the fluid
viscosity and thus the Reynolds number, the statistically significant
correlation between @, and &,/ is also expected.

The final assessment is based on the effect of the nanoparticle
loading on Nu and ¢&,,. This is one of the fundamental dependences
of the thermal phenomena on the nanofluid structure. Timofeeva et al.
[59] stated that the heat transfer coefficient and the pumping power
penalty are strongly dependent on the nanoparticle concentration of
nanofluids. Since the heat transfer coefficient and the pumping power
penalty are optimised as “the higher the better” and “the lower the
better”, respectively [59], and both are positively dependent on the
nanoparticle concentration, this presents an optimisation problem for
engineers: “how to increase the heat transfer performance without too
much increasing the pumping power requirement?” In tackling this
problem, the results presented in Table 9 are insightful as they reflect
the change in the mean values of Nu and ¢, , based on the nanoparticle
concentration.

Here the aim is to test whether there is a difference in the mean
values of Nu and ¢, based on the nanoparticle concentration. For this
purpose, the Welch ANOVA test is used. The results show that the mean
values of &, and Nu differ between the g, groups (both p < 0.05). In
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order to determine the group or groups causing such differences, the
Post Hoc Bonferroni test is applied. For friction factor trends, the results
showed that the mean value of &, for group 5 is different than those
of group 1 and group 0.125 in a statistically significant way (p = .000
and p = .025, respectively). It can be said that the mean value of ¢,,
is greater for group 5 compared against those of groups 1 and 0.125.
When it comes to determination of the group or groups causing the
difference in Nu trends, the Post Hoc Bonferroni test did not identify
any specific group. This is due to the high standard deviations, although
the mean values of Nu with respect to @, groups are considerably
different.

4. Conclusions

The use of the Stochastic Collocation Method with a large number
of deterministic simulations allows the uncertainty to be transferred
from the model parameters to the simulation results. In this paper, we
have considered the experimental uncertainty of thermal conductivity,
viscosity, specific heat, and density of various nanofluids as model
parameters. Using empirical correlations, we developed a deterministic
algorithm for estimating the heat transfer performance of the heat ex-
changer with nanofluid flowing through inner pipe in a turbulent flow
regime (Re ~ 4,000—180,000). The algorithm was used with the SCM
to evaluate the expected values and variance of the Nusselt number,
friction factor, and other performance indicators of the heat exchanger.
We have found that in most cases the variances in estimating heat
exchanger performance are so small that the conclusions drawn from a
deterministic simulation of a heat exchanger are valid. The deviations
determined are of the same order of magnitude as those caused by the
change in the volume fraction of the nanoparticles by 0.25%.

Furthermore, we confirmed that uncertainty in thermal conductiv-
ity, specific heat, and viscosity have a larger impact on the performance
indicators of the heat exchanger, while the uncertainty in density is less
important. If future studies are made, density can be considered as a
known parameter and its uncertainty neglected.

To estimate the heat transfer in a heat exchanger, we compared two
types of empirical correlations: the well-known Gnielinski correlation,
which was developed for pure fluids, and a correlation specifically
tailored to a particular nanofluid and heat exchanger. The results
show that the correlations developed for pure fluids should be used
with caution when modelling nanofluids with effective thermophysi-
cal properties as the results differ significantly. This is specially true
for graphene nanoplatelets nanofluid and for nanofluids with higher
concentrations of nanoparticles in heat exchangers operating at high
Reynolds numbers. The results and the SCM variance obtained with
the specially tailored correlation are within the error limits of the
experimental measurements, while the use of the general Gnielinski
correlation leads to a significant underestimation of the heat transfer.

The statistical assessment of this work aims at quantitatively dis-
cussing the thermal conductivity enhancement and pressure loss rela-
tionships by considering a wide range of nanofluid types (metal-oxide,
carbon nanotube, and graphene nanoplatelet nanoparticles dispersions)
from the literature. For this purpose, experimental data from [28,29]
are processed along with the data from the numerical simulations of
this current work. Statistical assessment consists of correlation analysis
to uncover the level of association between two key variables, one
of which is desired to be maximised and the other is desired to be
kept as low as possible, i.e., heat transfer coefficient and pressure
drop, respectively. The results (in Part 1, Section 3.5) show that these
variables are strongly correlated with each other and they are directly
proportional. Hence, the optimisation problem of maximising the heat
transfer coefficient whilst keeping the pressure losses low is a large-
scale challenge, starting with nanofluid formulation and including the
heat transfer setup settings. When numerically simulated, the results
implicitly include the mathematical dependences induced by the heat
transfer correlations used, and thereby the correlation coefficients are
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very close (if not the same) for the nanofluids considered. The results
in Part 2 (Section 3.6) reveal that the nanoparticle concentration-Nu
relationship is statistically insignificant based on the studied dataset,
while the Re — Nu relation is significant, pointing out the importance
of flow conditions. While the nanoparticle concentration-Nu relation-
ship is statistically insignificant, the nanoparticle concentration-friction
factor correlation is significant and strong. This outcome points to
the conclusion that the thermal-hydrodynamic behaviour optimisation
should be sought in a parameter other than nanoparticle fraction.
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