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Abstract

This study proposes a new correlation to predict the effective thermal conductivity of carbon-nanotube nanofluids by account-
ing for both carbon-nanotube characteristics (thermal conductivity, density, diameter and length) and base-fluid properties
(thermal conductivity, density, specific heat, dynamic and kinematic viscosity, operating temperature and boiling point), in
addition to the carbon-nanotube volume fraction. Using dimensional analysis, we constructed a set of n-groups and calibrated
a regression-type model on 102 experimental data points gathered from the literature, and then assessed its accuracy against
an independent set of 52 data points. Statistical indicators (mean absolute percentage error, signed mean error and standard
deviation) demonstrate good agreement with measurements. Comparisons with widely used correlations further highlight the
improved predictive capability of the present model, especially regarding the roles of carbon-nanotube length and diameter.
Limitations: the current correlation does not explicitly incorporate nanofluid stability and aggregation metrics; thus, extrapo-
lation beyond the calibration ranges should be made with caution. This correlation is suitable for engineering and numerical

applications within the reported ranges.
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1. Introduction

Improving the thermal properties of working fluid used in
different types of applications of heat transfer devices attracted
the attention of researchers, which is associated with the growth
of nanoparticle science [1]. The addition of nanoparticles to the
base fluid to form what is known as a nanofluid enhances the
thermal conductivity of the base fluid [2], and by its role im-
proves the thermal performance of heat exchangers [3].
Nanofluids exhibit an interesting thermal behaviour that
changes depending on the concentration, type, size and shape of
the used nanoparticles [4]. The studies in the nanoparticles field

divided into more than one competence such as, the stability of
nanofluid [5,6], thermophysical properties of nanofluid [7,8], in-
vestigation of the heat transfer effects of nanofluid flow inside
heat exchangers, studied both experimentally and numerically
[9—-12], and developing correlations to describe the effective
thermophysical properties of nanofluid [13]. Most models were
based on empirical data from experimental studies. Consequent-
ly, the resulting correlation is constrained by the specific exper-
imental data and conditions used in its development and the
conditions associated with the used procedure [14]. Maiga
et al. [15], introduced models for predicting the effective ther-
mal conductivity and effective viscosity of ultra-fine particles of
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Nomenclature

ABS — absolute value

a - empirical constant

C - constant

d — CNT diameter, nm

k —thermal conductivity, W m™ K™
I — CNT length, nm

n —shape factor

Pr — Prandtl number
T —temperature, K

Greek symbols

— kinematic viscosity, m? s™
— dimensionless parameter
— density, kg m™

0
T

p

Al;O3, TiO2 and SiO; metal oxides based on experimental data.
Simple models of Masuda et al. [16] have been used in many
experimental and numerical studies. Koo and Kleinstreuer [17 ]
used a model for predicting the effective thermal conductivity
of nanofluids to study the laminar flow of nanofluids through
a micro heat-sink. The model was obtained by considering ex-
perimental data of CuO nanoparticles. Das et al. [18] designed
the model for thermal conductivity as a function of specific heat
capacity, density of the base fluid, volume fraction of the nano-
particles, and finally, the temperature of the mixture. The ran-
ge of the model validity is 0.01-0.04 volume fraction and
300-325 K in temperature. Chon et al. [19] applied the dimen-
sional analysis to obtain a new correlation for predicting the ef-
fective thermal conductivity of Al,Os/water nanofluid. The cor-
relation incorporated the following parameters: the thermal con-
ductivity of the nanoparticles and base fluid, nanoparticle size
and volume fraction, the molecular diameter of the base fluid,
and the Prandtl and Reynolds numbers. The model applicability
is limited for the nanoparticle size range of 11-150 nm, temper-
ature range 294-344 K, and nanoparticles volume fraction
0.01-0.04. Prasher et al. [20] introduced a model for calculating
the effective thermal conductivity of nanofluid by combining the
Maxwell-Garnett conduction model with the effect of nanopar-
ticle Brownian motion, which induces convection. The model is
working with respect to the following parameters: nanoparticles
volume fraction, nanoparticles size, temperature, interfacial re-
sistance, thermal conductivity of the base fluid and thermal con-
ductivity of the nanoparticles. The essential outcome of the
model is that lighter nanoparticles improve the effective thermal
conductivity of the nanofluid regardless the thermal conductiv-
ity of the nanoparticles. Sastry et al. [21] performed a theoretical
model detecting the effective thermal conductivity of carbon-
nanotubes (CNTSs) nanofluid. The model is based on dimension-
less parameters and considers the volume fraction of CNTSs,
shape of CNTSs, their random orientation and the interaction
among the CNTSs. The results show an agreement of the models
with experimental data. Vajjha and Das [22] investigated the ef-
fective thermal conductivity of three types of nanofluids. The
used nanoparticles were Al,O3, CuO and ZnO. The base fluid
was a mixture of ethylene glycol and water. Their experimental
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@ —volume fraction of nanoparticles, %
w — particle shape factor

Subscripts and Superscripts
br — Brownian motion

cal — calculated value

eff — effective property

exp — experimental value

f - base fluid

p - nanoparticle

r —reference value

ref — reference diameter

Abbreviations and Acronyms
CNT - carbon-nanotube
MAPE — mean absolute percentage error

results had no agreement with the other models used to predict
the effective thermal conductivity. They modified a model for
predicting the effective thermal conductivity based on the clas-
sical model of Maxwell. The model incorporates the Brownian
motion and works as a function of nanoparticles and base fluid
thermal conductivity, volume fraction of the nanoparticles and
temperature. The results exhibit an agreement between the mod-
el's outcomes and the experimental data.

Moghadassi et al. [23] used the dimensionless group to pre-
sent a model for finding the effective thermal conductivity of
Al,Os-water and Al,Os-ethylene glycol nanofluid. The model
works as a function of volume fraction and particle size of alu-
mina nanoparticles, thermal conductivity of Al.Os nanoparti-
cles, thermal conductivity of the base fluid and interfacial shell
properties between the nanoparticles and base fluid. An agree-
ment was found between the experimental data of Al,Os-water
and Al;Os-ethylene glycol nanofluid and the predicted data from
the model. The model also detected the effect of particle size,
finding an inverse proportionality with thermal conductivity. Di-
mensionless groups applied by Hosseini et al. [24] were used to
produce a model for predicting the effective thermal conductiv-
ity of CNTs nanofluid. The model was developed as a function
of thermal conductivity of the nanoparticles, thermal conductiv-
ity of the base fluid and the effect of CNTs aspect ratio. The
model shows a nonlinear behaviour with the rising volume frac-
tion of CNTs. The comparison with the experimental data
exhibits acceptable agreement. Emami et al. [25] suggested
a model for estimating the effective thermal conductivity of
nanofluids considering the mean distance between the particles,
calculated through the Brownian motion approach. The validity
of the model was achieved by comparison with the experimental
data of the same work, which shows acceptable results. Patel
et al. [26] performed a model to evaluate the effective thermal
conductivity for metal and metal oxide nanoparticles. The model
included the following parameters: nanoparticles volume frac-
tion, nanoparticles thermal conductivity, nanoparticles diame-
ters, temperature and base fluid thermal conductivity. The model
works for the nanoparticles size ranging from 10 nm to 150 nm,
nanoparticles thermal conductivity ranging from 20 W/(mK) to
400 W/(m'K), the thermal conductivity of the base fluid ranging
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from 0.1 W/(m-K) to 0.7 W/(m-K), nanoparticles volume frac-
tion 0.001-0.03 and temperature range 293-323 K. Corcione
[27] showed two empirical equations for predicting the effective
thermal conductivity and effective dynamic viscosity of nano-
fluid. The correlation is a function of thermal conductivity of the
nanoparticles and base fluid, nanoparticle volume fraction, and
the Prandtl and Reynolds numbers. The model was based on col-
lected experimental data from other studies of nanoparticles of
metal and metal oxides like Cu, CuO, TiO, and Al,O3 [28-36].
The applicability of the model is in the range of nanoparticles
size 10—150 nm, temperature 294—-324 K and volume fraction
0.002-0.09. Azmi et al. [37] proposed a correlation for detecting
the effective thermal conductivity of metal oxides nanoparticles
and water-based fluid. The correlation is a function of thermal
conductivity of the base fluid, thermal diffusivity of the nano-
particles, thermal diffusivity of the base fluid, temperature, na-
noparticles size and nanoparticles volume fraction. The validity
of the correlation is limited by the nanoparticle size 20—-150 nm,
temperature 293-343 K and volume fraction less than 0.04.
Hosseini et al. [38] performed a nonlinear correlation for esti-
mating the effective thermal conductivity of nanofluid. The
model was generated considering the following parameters: the
nanoparticle volume fraction and size, thermal conductivity of
the nanoparticle and base fluid, interfacial shell properties and
temperature. The model's validity was established through com-
parison with Al,Os/water experimental data, showing good
agreement. All the aforementioned models are specific to par-
ticular nanoparticle types and are valid within the defined ranges
of particle size, shape, temperature, volume fraction and thermal
conductivity of both the nanoparticles and the base fluid.
Moreover, most models are based on and validated against
experimental data from the same study or a limited number of
datasets from other works. The aim of the present work is to
present a model for predicting the effective thermal conductivity
of CNTs using the r-terms, and based on a wide number of col-
lected experimental data. In addition, the model covers all the
parameters which may affect the effective thermal conductivity

of the nanofluid. The model is also compared with experimental
data from various works to detect the model’s validity.

Beyond the classical thermal-conductivity models and CNT-
specific correlations, several recent investigations have explored
different routes for improving heat transfer in nanofluids and so-
lar-thermal systems. Experimental and numerical analyses have
demonstrated the impact of geometrical control, such as splitter-
plate configurations and flow-field modifications, on the overall
heat-transfer rate and stability of working fluids [65-67].

At the same time, local studies have addressed the thermal
performance behaviour of solar and metallic systems under Iraqgi
climatic conditions, confirming the need for accurate correla-
tions that account for temperature, viscosity and nanoparticle
geometry effects [68—70]. In addition, investigations on carbon-
based nanostructures such as graphene have highlighted trans-
port similarities for CNTs, supporting the present work’s em-
phasis on particle morphology and aggregation behaviour [71].
These recent findings collectively provide a broader context for
the current correlation and validate its potential for engineering-
scale thermal-modelling applications.

2. Methodology

2.1. Experimental data used to form the correlation

In order to present the correlation with acceptable accuracy,
102 data collected from different experimental investigations
have been applied to derive the model. The data extracted from
experimental studies have been used to characterise the thermo-
physical properties of CNTs/base fluid. The data contained var-
ious types of CNTs, such as multi-walled carbon nanotubes
(MWCNTS) and single-walled carbon nanotubes (SWCNTS),
with different lengths and diameters. Moreover, various types of
base fluids were used in the mentioned experimental studies. Ta-
ble 1 displays the used literature data to produce the present cor-
relation for CNTSs, and base fluids details.

Table 1. Literature data used to construct the correlation (CNT type, ranges of ¢, d, I, base fluid and T) [10].

References Nanoparticles a2, % dp, M
[39] SWCNTs 0.1 1
[39] SWCNTs 0.2 1
[39] SWCNTs 0.3 1
[40] MWCNTs 0.04-1 25
[41] MWCNTs 0.25-1.5 50-80
[42] CS- SWCNTSs 0.004-1.5 1-1.4
[42] CNI-SWCNTSs 0.004-1.1 1-1.4
[43] TCNTs 0.23-1 15
[43] TCNTs 0.4-1 15
[44] MW(CNTs 0.04-0.85 20-60
[45] MWCNTs 0.25-1 10-30
[46] CNTs 0.01-0.1 20
[47] CNTs 0.1-1 10—20

I, nm Base fluid T, K
100-600 water 298-333
100-600 water 298-333
100-600 water 298-333

50000 Polyalphaolefin 298

10000—20000 Ethylene glycol 298

2400 Ethylene glycol 298

1200 Polyalphaolefin 298

30000 Ethylene glycol 298

30000 Distilled water(DW) 298

50000 water 293, 318

1000050000 water 300
35000 water 298, 303
10000—30000 water 293, 298, 303, 308, 313, 318
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2.2. Effective thermal conductivity correlation

The effective thermal conductivity is a key parameter that gov-
erns the thermal performance of nanofluids and is influenced by
other thermophysical properties, including the effective dy-
namic viscosity, specific heat and density. This study develops
a correlation to predict the effective thermal conductivity of
CNT nanofluids by incorporating all significant parameters re-
lated to both the nanoparticles and the base fluid. Using dimen-
sional analysis [48,49], we derived the dimensionless groups
(n-terms) for the correlation. Equation (1) expresses the effec-
tive thermal conductivity as a function of the following physical
variables: CNT volume fraction, thermal conductivity of the
base fluid and nanoparticles, Brownian velocity, specific heat
capacity of the base fluid, CNT diameter and length, nanofluid
temperature, boiling point of the base fluid, kinematic viscosity
and a reference diameter.

Hassani et al. [50] proposed a correlation that includes most
of these physical variables but omits the effect of nanoparticle
length. Their model serves as a general tool for predicting the
effective thermal conductivity of various nanofluids with differ-
ent nanoparticles and base fluid types. However, CNTs possess
a distinctive cylindrical geometry and exceptionally high intrin-
sic thermal conductivity, setting them apart from other nano-
materials. Therefore, the correlation presented in this work is
specifically designed to predict the effective thermal conductiv-
ity of CNT-based nanofluids. The functional relationship is
given by Eq. (1):

1)

Dimensional analysis resulted in 8 dimensionless groups, or
the so-called 7 groups as shown in Table 2. The repetitive vari-
ables used in the derivation procedure are ki, I, opr and T.

kerr = F(D, ke, kpy Vir, Cp gy dp, by, T, dreg, vp, Tp)-

Table 2. Dimensionless groups used in the correlation.

T-group Physical variables
k
71'1 ;f f
f
T, ?
k
T3 i
f
C,¢ T
Ty p.g
vbr
dref
Ty T
P
d
1
T -
b
b2 o
7 lp Vpr
T,
T b
8 T
we,
Ty kpf

Based on the dimensionless groups listed in Table 2 and the
experimental data summarised in Table 1, the correlation was
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developed using a nonlinear regression analysis, resulting in
Eq. (2):

-1.74

2

The Brownian motion is calculated according to Eq. (3),

[51], as follows:
_ ,18 kpT
Vpr = TL'dez?’, ’

where dret is equal to 2.9 4° [52,53].

1.02 0.428 0.429 0.92 0.45 0.56 22.56
—0.15m, "* 1y T, 5" %1 1, V°C1g o

®)

2.3. Correlation accuracy

The accuracy of the presented correlation Eq. (2), is measured
by calculating the mean deviation, average deviation and stand-
ard deviation by using Egs. (4), (5) and (6) [50], for the present
correlation in comparison with 102 experimental data:

Mean deviation = %Z?ABS[lOO(anl — Ty exp)/Texpls (4)
Average deviation = % T[100(my,ca1 — Ty exp) /Trexpls  (5)

Standard deviation =

= J(%Z’f[lOO(n’lrml — T1,exp)/ M1 ,expl? — Average deviationz).
(6)

2.4. Correlation validity

In order to ensure the validity of the present correlation, 52 data
of external experimental studies have been used to test Eq. (2).
These experimental data were not included in the database used
to form Eq. (2). Table 3 shows the experimental studies used to
achieve the validity of the present correlation. The results ex-
hibit acceptable outcomes between the predicted data and the
experimental data.

Table 3. Literature data used for external validation.

7]
7] ()]
5] ]
< € Base
Q o,
-:": § 2% dp,nm I, nm fluid T,K
o 5

2
[54] SWCNTs 0.03-0.2 1 150500  Cthvleme 550

glycol

[55] MWCNTs 0.006-0.3 9.2 1500 water | 293
[55] MWCNTs 0.006-0.3 9.2 1500 water = 303
[55] MWCNTs 0.006-0.3 9.2 1500 water | 313
[56] MWCNTs 0.2 11 10000 water | 303-363
[56] MWCNTs 0.5 11 10000 water | 303-363
[56] MWCNTs  0.75 11 10000 water | 303-363
[56] MWCNTs 1 11 10000 water | 303-363
[57] MWCNTs 0.3  20-30 10000-30000 water  293-318



Finding a Correlation for Predicting the Effective Thermal Conductivity of CNT Nanofluid

2.5. Comparison with other models

The present correlation has been compared with previous mod-
els used to specify the effective thermal conductivity of
CNTs/base fluid. The models are applied to the 154 data men-
tioned in Tables 1 and 3, and compared to the present correla-
tion. One of the most used models to predict the effective ther-
mal conductivity of nanofluid, considering the shape of nano-
particles is the Hamilton—Crosser model, Eq. (7) [58]. The
model works as a function of thermal conductivity of the base
fluid, nanoparticles thermal conductivity, nanoparticles volume
fraction and nanoparticles shape

kEff _ kp+(n—1)kf+(n—1)(kp—kf)(b

ky kp+(n-Dkp—(kp—ks)® )

where:
n=g ®
P = surface area of the sphere ©)

surface area of the real particle with an equal volume’

The second model used for comparison was presented by Pa-
tel et al. [59], Eq. (10), and considered a general equation for
predicting the effective thermal conductivity of CNTs. The
model works as a function of thermal conductivity of the base
fluid, thermal conductivity of the CNTSs, volume fraction of
CNTs, diameter of CNTs and liquid particle size

kp df
kr(1-0)dp’

kerr _

z (10)

The value of di was determined by Patel et al. [59] for water, so
the only data for water from Tables 1 and 3 are included in the
comparison.

Dimensionless groups were used by Hosseini et al. [24] in
their model as given by Eq. (11):

bt 145184 (2) @0v@07, )
£

where a; is the aspect ratio, which is I,/dp. The model has been
compared with the present correlation for 154 data items.

The last correlation used for comparison is introduced by
Hassani et al. [50], Eq. (12), the correlation based on dimension-
less groups and used to predict the effective thermal conductiv-
ity for all types of nanoparticles, including CNTSs, as a function
of all parameters which may affect the nanofluid properties, ex-

cluding the nanoparticles length

Kl — 1,04 4 g1t
kr

k 0.33
() P (12)
ks
L 282 1135

0.23 0.82 -0.1 _
X _ dyef v Cp Tp 7
pPr-17 d d,v, T-1p? T ’
kp P pVbr br
kr

Another comparison has been made with the models of Wen
and Ding [44], and Jiang et al. [56]. Experimental data were used
to predict the effective thermal conductivity of the nanofluid us-
ing the present model (Eq. (2)) and four previously published
models (Egs. (7), (10), (11) and (12)).
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3. Results and discussion

The present correlation, Eq. (2), was generated by applying
a nonlinear regression analysis for the data mentioned in Tab-
le 1, which includes 102 data collected from different experi-
mental studies. The correlation was verified through statistical
calculations using Egs. (4-6) to determine the mean, average
and standard deviations; the results are shown in Table 4. The
standard deviation was equal to 8.46%, 18.04% and 21.84% for
water, polyalphaolefin and ethylene glycol, respectively. The
lowest values for the mean, average and standard deviation were
found for the water data, which can be interpreted by the fact
that a large number of data points (78) for water were used to
produce the correlation. The comparison between the experi-
mental data from Table 1, and the predicted data by the present
correlation is shown in Fig. 1.

Table 4. The comparison of the predicted data found from the present
correlation with the experimental data from Table 1.

Mean  Average | Standard

Base fluid deviation deviation deviation '1‘;'::;?
(%) (%) (%)
Based on Water 5.96 -3.08 8.46 78
Tablel oo aiphaolefin 1262  -10.01 = 18.04 11
Ethylene glycol ~ 19.61 19.61 21.84 13
All data 8.42 —0.94 12.47 102
2.5
Calculated by the present Eq
2.0+
2:0 2.5
Experimental

Fig. 1. The calculated data found from Eq. (2) in comparison
with the experimental data from Table 1.

The validity of the correlation has been checked by testing
Eg. (2) on 52 new experimental data, which were not included
in the base data used to generate the correlation. The data used
to validate the correlation are shown in Table 3. The validity
results are shown in Table 5.

Table 5. The comparison of the predicted data found from the present
correlation with the experimental data from Table 3.

Mean Average Standard Number
Base fluid deviation deviation  deviation of data
Based on (%) (%) (%)
Table 3 Water 12.89 4.80 15.48 46
Ethylene glycol 2.65 —2.63 3.25 6
All data 11.71 3.94 14.61 52
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However, data for polyalphaolefin are limited; therefore, the
validation was performed using only water and ethylene glycol
data. The standard deviations for water and ethylene glycol were
recorded at 15.48% and 3.25%, respectively, and the total stand-
ard deviation for the 52 data is 14.61%. The high value of stand-
ard deviation for water may be explained by the wide range of
data used to validate the present correlation, which includes
46 data from three different references at various experiment
conditions.

Four models to predict the effective thermal conductivity of
CNTs are compared with the present model by using the data
from Tables 1 and 3. The models are shown in Egs. (7), (10),
(11) and (12), and the results of statistical calculations applied
to the four models in comparison with the present correlation are
shown in Table 6. The statistical calculations were achieved for
water, polyalphaolefin and ethylene glycol separately, and for
the all data together. However, the model by Patel et al. [59],
represented by Eq. (10), was applied only to the water-based
fluid data because the model requires the liquid particle size as
an input. To ensure accuracy, the comparison for this model was
restricted to water data, using the water particle size specified
by Patel et al. [59] as shown in Table 6.

Table 5. The comparison of the predicted data found from the present
correlation with the other models using the experimental data from
Table 1 and 3.

Based on

Table 1 e averafe | Standard Number
Base fluid deviation deviation deviation
and (%) (%) (%) of data
Table 3
Water 7.40 —-4.76 9.14 124
By using  Polyalphaolefin  16.57 -16.57 22.52 11
Eq. (7) Ethylene glycol ~ 6.40 3.21 7.96 19
All data 7.93 —-4.62 10.64 154
By using
Eq. (10) Water 31.04 23.53 52.11 124
Water 52.45 50.54 66.34 124
By using  Polyalphaolefin  62.88 59.23 111.35 11
Eq. (11)  Ethyleneglycol 104.60 = 104.60 = 159.95 19
All data 59.63 57.83 87.60 154
Water 13.92 7.63 27.72 124
By using  Polyalphaolefin  18.07 —17.30 24.62 11
Eq.(12)  Ethyleneglycol ~ 4.05 2.39 4.50 19
All data 13.00 5.20 25.82 154
By using Water 8.53 -0.16 11.58 124
thepre-  pojaiphaolefin 1262  -10.01  18.04 11
sent cor-
relation,  Ethyleneglycol ~ 14.26 12.59 18.49 19
Eq. (2) All data 9.53 0.70 13.23 154

The results of standard deviation shown in Table 6, exhibit
the minimum standard deviation for 154 data recorded for
Eq. (7), and increased standard deviation for Egs. (2), (12) and
(11). However, a closer examination of the results shows that
Eq. (7) works as a function for the nanoparticles volume frac-
tion, so the only parameter that may affect the variation of the
results is the volume fraction of nanoparticles. Accordingly,
Eq. (7) produced similar results with temperature variation at
a fixed CNT volume fraction. However, temperature has a sig-
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nificant effect on the effective thermal conductivity of the
nanofluid, and similar results lead to a negligible reduction in
the standard deviation. To further evaluate the four models, in-
cluding Eqg. (10), a detailed examination of the standard devia-
tion for the water data was performed. The minimum standard
deviation was obtained for the 124 water data points, which ex-
hibited behaviour similar to that of the overall dataset and led to
the same interpretation.

Equation (12) was generated based on experimental data for
various nanoparticle types. Consequently, the model is not spe-
cific to CNTs. However, some data used to form the model were
from experimental studies for CNTSs, with the number of CNTs
data lower than used in the present correlation. In addition, the
present model considers the effect of CNTs length, which is an
important parameter to be taken into account in the present cor-
relation. According to the previous explanations, Eqg. (12) can
give accurate results with some limitations in comparison to the
present correlation. Eq. (10) has limitations in the high temper-
atures of nanofluids, and Eq. (11), which was developed based
on specific experimental data. Thus, these models show excel-
lent results when applied to data within their specific calibration
ranges. However, when evaluated against the wider range of
data used in our study, they exhibit a higher standard deviation.

Another comparison was performed between the four mod-
els and the present correlation using specific experimental data
in order to evaluate the mean, average and standard deviation
for selected studies. The comparison presented in Fig. 2(a) is
based on the experimental data of Wen and Ding [44]. As shown
in Fig. 2(a), the minimum values of the mean, average and stand-
ard deviation were obtained using the present correlation. How-
ever, the applied data were part of the basic dataset used to de-
velop the correlation. Figure 2(b) presents another comparison
using the data of Jiang et al. [56], where the minimum values of
the mean, average and standard deviation were obtained using
Eq. (7), followed by the present correlation. It is important to
note that the data used in Fig. 2(b) were obtained at a constant
nanoparticle volume fraction and different temperatures.

The present correlation was applied to predict some proper-
ties of the CNTs/base fluid using CNTs with a thermal conduc-
tivity of 2000 W/(m-K) and density of 1900 kg/m?. The effective
thermal conductivity versus temperature in the range of 293 K
to 342 K and volume fraction in the range of 0.001 to 0.009 is
shown in Fig. 3(a). The curve exhibits that effective thermal
conductivity improved with the increasing CNTs volume frac-
tion and temperature. The variation in the effective thermal con-
ductivity with dynamic viscosity at CNTs volume fraction rang-
ing from 0.001 to 0.009 and temperature ranging from 293 K to
342 K is shown in Fig. 3(b). The curve illustrates the decrease
in the effective thermal conductivity with the increase in the dy-
namic viscosity, and enhancement in the effective thermal con-
ductivity with the rising CNTs volume fraction. The dynamic
viscosity affects the effective thermal conductivity of the nano-
fluid, and this relation is more pronounced at low dynamic vis-
cosities. This behaviour agrees with the findings of Hassani
et al. [50]. From the above explanation, it can be concluded that
temperature affects the dynamic viscosity and consequently in-
fluences the effective thermal conductivity.
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Fig. 2. VValidation of the present correlation by comparison with other models for predicting the effective thermal conductivity
using the experimental data of (a) Wen and Ding [44], (b) Jiang et al. [56].
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Fig. 3. Normalised thermal conductivity for CNTs/water found from the present correlation versus (a) temperature, (b) dynamic viscosity.

The effect of CNTs diameters on the effective thermal con-  at 298 K. Figure 4(b) shows the effect of CNTs length on the
ductivity of the nanofluid is shown in Fig. 4(a), which exhibits  effective thermal conductivity of nanofluid, which increases
an increase in the effective thermal conductivity of the nanofluid ~ with the increasing CNTs length ranging from 150 nm to
with the reduction in the CNTs diameter ranging from 1 nmto 1000 nm, for CNTs volume fraction ranging from 0.3 to 1 % vol.
100 nm, for CNTs volume fraction ranging from0.3to 1 % vol.  at 298 K.
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Fig. 4. Normalised thermal conductivity for CNTs/water found from the present correlation versus CNTs volume fraction
at different (a) CNTs diameters, (b) CNTSs lengths.

The effect of CNTs diameter on the effective thermal con-  1-40 nm, for CNTs volume fraction ranging from 0.3—1 % vol.
ductivity of CNTs/ethylene glycol is presented in Fig. 5(a). The  at 298 K. Figure 5(b) indicates the effect of CNTs length on the
effective thermal conductivity improved with the decreasing di-  effective thermal conductivity of CNTs/ethylene glycol. The
ameters of CNTs. The range of the used CNTs diameters is  curves exhibit an increase in the effective thermal conductivity
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Fig. 5. Normalised thermal conductivity for CNTs/ethylene glycol found from the present correlation
versus CNTs volume fraction at different (a) CNTs diameters, (b) CNTs lengths.

of the nanofluid with the increasing CNTSs length ranging from
250 nm to 1000 nm, and CNTs volume fraction ranging
between 0.3—1 % vol. at 298 K.

From Fig. 5(b) and Fig. 4(b), it can be noticed that the effec-
tive thermal conductivity is enhanced with the increasing CNTs
length, and the amount of increase is reduced gradually with the
increasing CNTs length over a specific value. In other words,
the maximum improvement in the effective thermal conductiv-
ity was recorded at CNTs length from 250 nm to 300 nm, and
decreased with the further increasing CNTs length, the mini-
mum value found for 500 nm to 1000 nm. This behaviour can
be interpreted by ballistic and ballistic-diffusive transport. The
ballistic thermal transport takes place in CNTs of small length.
The ballistic thermal transport produces a thermal resistance be-
cause of scattering of the phonon at the boundary, which im-
proves the thermal conductivity. The ballistic-diffusive trans-
port enhances with the increasing CNTs length, which occurs
together with ballistic thermal transport and results in phonon
scattering with both other phonons and the boundaries. Accord-
ingly, the thermal resistance is generated because of the phonon-
phonon scattering and phonon-boundary scattering, and when-
ever the CNTs length is increased, the phonon-boundary scatter-
ing is decreased. This interpretation agrees with the results of
Cao and Qu [60], who determined that the length of zigzag sin-
gle walled (SW) CNTs dominated by phonon-boundary scatter-
ing is < 200 nm, and for armchair SW CNTs is < 300 nm. An-
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other interpretation related to the thermal boundary resistance,
which controls the heat transfer at the interface between the base
fluid and CNTs. Therefore, heat transfer improves when the
thermal boundary resistance is small, and is reduced when it is
high. Furthermore, since the effective thermal conductivity is
a function of the CNT aspect ratio, as explained by Duong
et al. [61], it improves with the increasing CNT length up to
a point. The improvement of the effective thermal conductivity
gets almost constant with the increasing CNTs length over a spe-
cific range due to the increase in the thermal boundary resistance
that blocks the heat transfer. Duong et al. [61] determined
the improvement in the effective thermal conductivity of
SW CNTs/base fluid with an aspect ratio of SW CNTSs reaching
80, and recorded almost a constant behaviour for the effective
thermal conductivity for the SW CNTs aspect ratio greater
than 80.

The comparison between the effective thermal conductivity
of water and ethylene glycol at various volume fractions of
CNTs, and at a fixed diameter and length, at 298 K, is shown in
Fig. 6(a). The results indicate a higher effective thermal conduc-
tivity for CNTs/ethylene glycol than for CNTs/ water. This be-
haviour has been recorded in the experimental work presented
by Harish et al [39], and compared with this work using the pre-
sent correlation as shown in Fig. 6(b). A good agreement be-
tween the experimental and calculated data is found, which sup-
ports the validity of the present correlation.
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Fig. 6. Effective thermal conductivity versus CNTs volume fraction: (a) comparison between CNTs/ethylene glycol and CNTs/water
(b) comparison between CNTs/ethylene glycol and CNTs/water with experimental work of Harish et al [39].



Finding a Correlation for Predicting the Effective Thermal Conductivity of CNT Nanofluid

Research in this field remains active, with numerous recent
studies providing experimental and theoretical insights into the
effect of CNTSs on the effective thermal conductivity of nanoflu-
ids. The models have been presented in these studies based on
their specific empirical data, which reflect the conditions of their
experiment.

To develop robust correlations for predicting the effective
thermo-physical properties of nanofluids, periodic updates
based on accumulating datasets are essential [62—64].

4. Limitations and future work

Although the present correlation was validated using a wide da-
taset of CNT nanofluids, it does not explicitly include the effects
of particle aggregation and fluid stability, which can influence
thermal conductivity through interfacial resistance and micro
convection. Future work will incorporate these parameters and
expand the database toward hybrid nanofluids and higher tem-
perature ranges

5. Conclusions

A comprehensive correlation was developed to predict the ef-
fective thermal conductivity of CNT-based nanofluids by incor-
porating the combined effects of nanoparticle geometry (length
and diameter), thermophysical properties of both the base fluid
and CNTs, and operating temperature. The model was con-
structed through dimensional analysis and calibrated using
102 experimental data points from multiple literature sources,
then validated on 52 independent datasets.

The correlation exhibited excellent agreement with experi-
mental results, with low mean absolute percentage error and
standard deviation, confirming its robustness and applicability
for engineering analysis.

Comparative evaluation against several established models
revealed that conventional correlations primarily depend on na-
noparticle volume fraction and base-fluid conductivity while ne-
glecting geometric characteristics. In contrast, the present model
explicitly accounts for CNT length and diameter, demonstrating
superior predictive accuracy and closer alignment with experi-
mental data across a broad range of temperatures and concentra-
tions.

The sensitivity analysis emphasised that the CNT aspect ra-
tio (I/d), concentration and base-fluid viscosity are dominant
factors influencing the effective thermal conductivity. These in-
sights advance the understanding of nanoscale heat transport
mechanisms and provide practical guidelines for the design and
optimisation of thermal systems employing CNT nanofluids.

Although the proposed correlation performs effectively
within its calibration range, future extensions should include na-
noparticle aggregation and stability effects to enhance its ap-
plicability to hybrid nanofluids and high-temperature opera-
tions.

Overall, the developed correlation offers a reliable and phys-
ically consistent framework for predicting CNT nanofluid con-
ductivity and represents a meaningful contribution toward accu-
rate modelling of advanced nanofluid-based energy systems.
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