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Abstract

This study presents the findings of experiments on the impact of multi-walled carbon nanotubes on the
pressure drop of the flow in helical annuli. The exterior of the heat exchanger is insulated. The nanofluid travels
through the annulus as hot water flows through the inner helical tube. Two double-pipe cases are produced, each
with a different curvature ratio. Several experiments are conducted to assess the effect of the coiled annuli
geometry on the flow pressure drop. Additionally, the effects of the Dean Number and nanotube concentration
are examined. The results indicated that the friction factors related to the nanofluid flow are higher than those
of water, but our previous study demonstrated that they have superior heat transfer coefficients. Therefore, the
performance evaluation criteria are achieved. In all the cases, they are higher than unity showing the superiority
of this kind of heat exchanger.
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1. Introduction

Active and passive techniques, respectively, are used to increase heat transfer rates. Unlike passive methods,
active methods rely on external energy sources to enhance heat transfer. Helix passages are a notable example
of passive flow swirling. As a result, curved tube heat exchangers have been widely used in both industry and
research [1]. However, one of the drawbacks of these systems is the augmentation in adherent pressure drop.
Several studies have been conducted to comprehend the heat transfer and pressure drop of flows inside curved
tubes [2]. Salimpour conducted experimental studies on the flow and convective heat transfer inside a shell and
coiled tube heat exchangers [3, 4]. He employed some correlations to assess the convective heat transfer
coefficients on the inner and outer walls of the coiled tubes. Shokouhmand et al. [5] applied Wilson plots to
assess the convective heat transfer coefficients based on experimental and empirical data. Cioncolini and Santini
reported that the curvature ratio of the coils in helical tubes affects when a system transitions from a laminar to
a turbulent state [6]. Using CFD and experimental methods, Jayakumar et al. studied convection heat exchangers
which were helically coiled. [7]. The boundary conditions for the heat exchangers' constant heat flux and
constant wall temperature were taken into account.

It has been made possible to create new fluids with improved thermal properties by utilizing nanoparticles
and nanotubes. These fluids, also referred to as nanofluids, are more thermally conductive than the base fluid
while maintaining a pressure loss that is not appreciably higher [8]. Several studies have reported that nanofluids
have better thermal properties than base fluids [9-11]. By analyzing the heat transfer convection of nanofluid
flow through the tubes with constant boundary conditions, Akhavan-Behabadi et al. [12] investigated the
simultaneous effects of the addition of nanoparticles and the use of curved pipes on heat transfer and pressure
drop. The study revealed that higher heat transfer rates are possible when both enhanced techniques are used. In
another study Hashemi and Akhavan-Behabadi [13] investigated the convection and pressure loss of a copper
oxide/oil nanofluid flow in a coiled tube. The experiments made use of a boundary condition with constant heat
flux. Kahani et al. investigated the impacts of metal oxide nanoparticles on the thermal characteristics of fluid
flow inside curved tubes. Using their findings as a foundation, some correlations were developed to assess the
pressure drop and Nusselt number of nanofluids.

Cylindrical carbon atom structures form carbon nanotubes. They are made by rolling a nanometer diameter
sheet of graphite into a tube. Carbon nanotubes have exceptional mechanical, electrical, thermal, and chemical
properties [15].

The effect of adding CNT on the thermal properties of the base fluids has been the subject of numerous
studies. Assael et al. [16, 17] studied how the use of different surfactants affects the thermal conductivity of
CNT nanofluids. Similar studies were done by Ding et al. [18] in their study. They used gum Arabic as a
surfactant.

To determine how the addition of carbon nanotubes at different temperatures and concentrations affected the
heat transfer behavior of MWCNT/water nanofluid containing gum Arabic, Indhuja et al. [19] used experimental
techniques.

The effects of a magnetic field on the viscosity and thermal conductivity of a carbon nanotube magnetic
nanofluid were reported by Shahsavar et al. examined [20]. They have also investigated the effects of applying
magnetic fields on the flow of ferrofluid containing carbon nanotubes in both alternating and constant magnetic
fields [21]. In another study, Moradi Fard et al. [22] investigated the convection of CNT nanofluid inside spiral
tubes. Curved tubes and the addition of CNT have been found to significantly improve heat transfer.

In a previous study [23] we used an experimental approach to investigate how the addition of SWCNTs and
MWCNTSs to distilled water affects the convective heat transfer coefficients. CNTs have been found to
significantly increase the heat transfer coefficients of distilled water. In addition, it is necessary to calculate the
convective heat transfer coefficients of the flow based on an empirical correlation.
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A literature review shows that recent research has mainly focused on the pressure drop and heat transfer
coefficients of nanofluids in curved tubes. However, it has not been studied how the presence of MWCNTS in
combination with distilled water affects the performance standards and friction parameters of flow in helical
rings. Experiments are performed to determine how addition of multi-walled CNTS, curvature ratio, curved ring
geometry, CNT concentration, and mass flow rate affect the coefficient of friction. Then, based on the heat
transfer data from our recent study [23], a form of performance metric is evaluated to assess the usefulness of
this type of advanced heat transfer device

2. Experimental Apparatus
2.1. Preparation of CNT nanofluid

Gum Arabic (GA), multi-walled CNT, and distilled water are used to make CNT nanofluid. The nanotubes
used are 10 m long and have an outer diameter of 10 to 30 nm. Gum Arabic and distilled water are combined
with carbon nanotubes and then the combination is sonicated to produce a consistent and stable nanofluid.

2.2. Experimental setup

The aim of this study is to design and set up an experimental test rig for investigating the friction factor of
flowing working fluids. Figure 1
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Figure 1. Schematic diagram
Three different spiral annuli sets were used at the test section (Fig. 2). Table 1 gives the geometric dimensions
of various coiled annuli considered in this study. The method of constructing the coiled annuli is mentioned in
our previous article. In order to accurately assess the properties and flow of fluids, it is necessary to know their
temperatures. Four calibrated RTDs with an accuracy of 0.1 °C are used for this. These RTDs are used to
measure the temperature of the hot water and the inlet and outlet temperatures of the working fluids. A digital
display is connected to each RTD. In order to achieve the desired flow rates, both the main line and the return
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line have adjustable valves. The observations show that the system reaches a steady state after 30 minutes. This
condition is a must for reliable measurements.

d,
Figure 2. Schematic representation of a helical double-tube heat exchanger

Table I. Geometrical dimensions of the coils

Coil No. d(mm) di(mm) do(mm) D(mm) b(mm) &§=d/D L(mm) N
coil 1 4.2 6.2 104 112 30 0.0375 2914 8
coil 2 8 10 18 112 30 0.071 3062 8

2.3. Data reduction

It was decided to use a Paar of Physica MCR 300 parallel disk rheometers to measure the viscosity of the
carbon nanotube nanofluids. A KD2-pro was also used to evaluate the thermal conductivity of the fabricated
nanofluids. A differential scanning calorimeter was used to determine the specific heat of the nanofluids and a
liquid density gravometer to determine their density. The experimental fanning friction factor, f, has been
determined using the following Equation.

_ AP.dp E (1)
f 2pu?,L g

Here, AP indicates the pressure drop, dx is the hydraulic diameter of the annulus, p is the density of the liquid
and L is the length of the annulus passage.

To ensure the reliability of the experimental setup, data for the flow of pure water inside a helical tube have
first been collected. The friction factors obtained for this flow are compared with those anticipated by Manlapaz
and Churchills [24]. The results are shown in figure 3. This figure represents an excellent between the present
results and those of ref. [24]. Therefore, the integrity of the experimental set-up is verified.
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Table 2. Uncertainty factor of measurements

Instrument and parameter Uncertainty
Density [kg/m?] 0.05
AP [Pa] 3.0
Flow meter [kg/s] 4%
Length [m] 0.001
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Figure 3. Comparison of the results with those predicted by Manlapaz and Churchill [24]

The accuracy of the current study is ensured in part by calculating the level of uncertainty in the results. This
is achieved by using the measurement uncertainty presented in Table 2. The maximum uncertainty for the
friction factor is 5.5% when using the reference method [25].

3. Results and discussion

Due to the fact that coil pitch had a lower significance on pressure drop than curvature ratio in the current
study, all tested coils' pitches were kept constant and set to 30 mm (Table 1). Figure 4 depicts the change of the
friction factor in Case | versus the Dean number. The results indicate that as Dean numbers increase, the friction
factor tends to go down. The relationship between the flow's Reynolds number and the passage's curvature ratio
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is simultaneously shown by the Dean number. The friction factor decreases as the curvature ratio increases
because the centrifugal force that creates the secondary flow is amplified. The addition of nanotubes increases
the friction factor, which has also been observed. Also, the gain is higher at higher volume concentrations of the
nanotubes. The higher friction is a result of the chaotic motion of carbon nanotubes at higher Dean numbers.
This is consistent with our earlier finding (ref. [23]) where higher heat transfer coefficients are observed at
higher curvature ratios.
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Figure 4. Variations of friction factor with Dean number for Case | at different CNT volume fractions
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Figure 5. Variations of friction factor with Dean Number for Case Il at different CNT volume fractions
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The variations in friction factor for Case I, which has higher curvature ratio values, are shown in figure 5.
As the graph shows, the friction factor increases with increasing curvature ratios. For a concentration of 0.5%
nanotubes, case Il is observed to have the highest friction factor with a curvature ratio of 0.071 while the Dean
number is kept constant.

Figure 6 compares the friction factors of cases | and Il for carbon nanotube concentrations of 0.1%. The
impact of the curvature ratio is more apparent at lower Dean Numbers, as shown by figure 6. That is, when De
is high, the increment of fluid velocity balances the weakness of the secondary flow; however, the impact of
secondary flows on pressure drop is stronger than the main flow velocity at lower Dean Numbers.
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Figure 6. Comparison of friction factors of Cases | and Il for C=0.1%

To account for the advantages of curved geometry (improved heat transfer) as well as the drawbacks, a
performance criterion is used (increased pressure drop). Here are some ways that performance evaluation
criteria, or PEC, are employed:

PEC = nt/Mbr Eq. (2)
(Fng/fof)

In order to evaluate the PEC, we need heat transfer coefficient data. For this purpose we used the data that
we obtained during our experiments [23]. If the value of PEC is higher than unity, it means that using the
improved method is advantageous. Figure 7 illustrates the value of PEC for different Dean Numbers and
concentrations of nanofluids of Case I. It shows that PECs are higher than unity at all the cases, implying that
the use of coiled passages is useful. Additionally, higher carbon nanotube concentrations are seen to have better
merit figures. Because, their heat transfer coefficient enhancements are higher than their friction factor
increments. Moreover, it is observed that the best condition for case | happens at De=2000 and C=0.5% which
is about 1.29.
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Figure 7. Comparison of PEC values of Case | for different concentrations of CNT

In order to investigate the influence of the curvature ratio on the overall parameter of the PEC, the figure of
merit for case Il is given in Figure 8. Similar to Figure 7, this figure variation in the PEC trend follows the same
pattern. However, the difference here is that the PEC is higher at the 1000 Dean number and the PEC of
nanofluid are comparable at 0.5% at both the 1000 and 2000 Dean numbers. The other notions are similar.
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Figure 8. Comparison of PEC values of Case 11 for different concentrations of CNT

To get a better insight, the PEC values of two different curvature ratios for a carbon nanotube concentration
of 0.5% are plotted on the same diagram in Figure 9. Figure 9 shows that except for De = 1000, the first case
with a lower curvature ratio has higher performance. Furthermore, the best optimal value of PEC belongs to De
= 2000

4. Conclusion
The friction between distilled water and MWCNT/water-based nanofluids flowing through twisted annuli

was examined in this study. For this research three volume concentrations were utilized. The findings of this
investigation led to the following conclusions.
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1) The flow of nanofluid has higher friction factors than the flow of distilled water. This applies to all
carbon nanotube concentrations.
2) As the curvature ratio increases, the coefficient of friction increases.
3) As the concentration of nanotubes rises, the friction factors rise as well.
4) In the largest range of Dean numbers, lower curvature ratios have higher PECs.
5) In all the test runs of this study, the PECs are higher than unity implying that the usage of them are
beneficial.
6) The maximum value of PEC is achieved at De=2000 and C=0.5%.
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Figure 9. Comparison of PEC values of Cases | and Il for C=0.5%
References

[1] S.Vashisth, Kumar, V. and K.D. Nigam, "A review on the potential applications of curved geometries
in process industry"” Industrial & Engineering Chemistry Research., vol. 47, no. 10, pp. 3291-3337,
2008.

[2] D.Prabhanjan, G. Raghavan, and T. Rennie, "Comparison of heat transfer rates between a straight tube
heat exchanger and a helically coiled heat exchanger" International Communications in Heat and Mass
Transfer., vol. 29, no. 2, pp. 185-191, 2002.

[3] M. Salimpour, "Heat transfer characteristics of a temperature-dependent-property fluid in shell and
coiled tube heat exchangers" International Communications in Heat and Mass Transfer, vol. 35, no. 9,
pp. 1190-1195, 2008.

[4] M. Salimpour, "Heat transfer coefficients of shell and coiled tube heat exchangers”, Experimental
thermal and fluid science, vol. 33, no. 2, pp. 203-207, 2009.

[5] H. Shokouhmand, M. Salimpour, and M. Akhavan-Behabadi, "Experimental investigation of shell and

coiled tube heat exchangers using Wilson plots", International Communications in Heat and Mass
Transfer, vol. 35, no. 1, pp. 84-92, 2008.



96

Fathian et al. / The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 87-97

[6] A. Cioncolini, and L. Santini, "An experimental investigation regarding the laminar to turbulent flow
transition in helically coiled pipes"”, Experimental Thermal and Fluid Science, vol. 30, no. 4, pp. 367-
380, 2006.

[7] J. Jayakumar, et al., "Experimental and CFD estimation of heat transfer in helically coiled heat
exchangers", Chemical engineering research and design, vol. 86, no. 3, pp. 221-232, 2008.

[8] S. Choi, "Enhancing thermal conductivity of fluids with nanoparticles”, ASME-Publications-Fed, vol.
231, pp. 99-106, 1995.

[9] J. A. Eastman, , et al., "Thermal transport in nanofluids 1", Annu. Rev. Mater. Res., vol. 34, pp. 219-
246, 2004.

[10]Y. Xuan, and Q. Li, "Heat transfer enhancement of nanofluids", International Journal of heat and fluid
flow, vol. 21, no. 1, pp. 58-64, 2000.

[11]W. Yu, and H. Xie, "A review on nanofluids: preparation, stability mechanisms, and applications",
Journal of Nanomaterials, vol. 2012, pp. 1, 2012.

[12]M. Akhavan-Behabadi, M.F. Pakdaman, and M. Ghazvini, "Experimental investigation on the
convective heat transfer of nanofluid flow inside vertical helically coiled tubes under uniform wall
temperature condition™, International Communications in Heat and Mass Transfer, vol. 39, no. 4, pp.
556-564, 2012.

[13]S. Hashemi, and M. Akhavan-Behabadi, "An empirical study on heat transfer and pressure drop
characteristics of CuO—base oil nanofluid flow in a horizontal helically coiled tube under constant heat
flux", International Communications in Heat and Mass Transfer, vol. 39, no. 1, pp. 144-151, 2012.

[14]M. Kahani, S.Z. Heris, and S.M. Mousavi, "Comparative study between metal oxide nanopowders on
thermal characteristics of nanofluid flow through helical coils", Powder technology, vol. 246, pp. 82-
92, 2013.

[15]A. Shahsavar, M. Saghafian, M. R. Salimpour, and M. B. Shafii, "Effect of temperature and
concentration on thermal conductivity and viscosity of ferrofluid loaded with carbon nanotubes”, Heat
and Mass Transfer, vol. 52, pp. 2293-2301, 2016.

[16]M. J. Assael, C.-F. Chen, I. Metaxa, and W. A. Wakeham, "Thermal Conductivity of Suspensions of
Carbon Nanotubes in Water", International Journal of Thermophysics, vol. 25, no. 4, pp. 971-985,
2004.

[17]1M. J. Assael, I. N. Metaxa, J. Arvanitidis, D. Christofilos, and C. Lioutas, "Thermal Conductivity
Enhancement in Aqueous Suspensions of Carbon Multi-Walled and Double-Walled Nanotubes in the
Presence of Two Different Dispersants”, International Journal of Thermophysics, vol. 26, no. 3, pp.
647-664, 2005.

[18]Y. Ding, H. Alias, D. Wen, and R.A. Williams, "Heat Transfer of Aqueous Suspensions of Carbon
Nanotubes (CNT Nanofluids)", International Journal of Heat and Mass Transfer, vol. 49, no. 1, pp.
240-250, 2006.

[19]A. Indhuja, K.S. Suganthi, S. Manikandan, and K.S. Rajan, "Viscosity and Thermal Conductivity of
Dispersions of Gum Arabic Capped Mwecnt in Water: Influence of Mwecent Concentration and
Temperature", Journal of the Taiwan Institute of Chemical Engineers, vol. 44, no. 3, pp. 474-479,
2013.

[20]A. Shahsavar, M. R. Salimpour, M. Saghafian, and M. B. Shafii, "Effect of magnetic field on thermal
conductivity and viscosity of a magnetic nanofluid loaded with carbon nanotubes”, Journal of
Mechanical Science and Technology, vol. 30, no. 2, pp. 809-815, 2016.



Fathian / The Iranian Journal of Textile Nano-bio Modification (IJTNBM) 1 (2022) 87-97 97

[21] A. Shahsavar, M. Saghafian, M. R. Salimpour, and M. B. Shafii, "Experimental investigation on
laminar forced convection heat transfer of ferrofluid loaded with carbon nanotubes under constant
and alternating magnetic fields", Experimental Thermal and Fluid Science, vol. 76, pp. 1-11, 2016.

[22] A. Moradi Fard, S.A.A., Mirjalily, and A.J. Ahrar, "Influence of carbon nanotubes on pressure drop
and heat transfer rate of water in helically coiled tubes", Journal of Enhanced Heat Transfer, vol. 26,
no. 3, pp. 217-233, 2019.

[23]F. Fathian, S. A. A. Mirjalily, M. R. Salimpour, and S. A. A. Oloomi, "Experimental investigation of
convective heat transfer of single and multi-walled carbon nanotubes/water flow inside helical
annuli®, Journal of Enhanced Heat Transfer, vol. 27, no. 3, pp. 195-206, 2020.

[24]1R. Manlapaz, and S.W. Churchill, "Fully developed laminar convection from a helical coil”, Chem.
Eng. Commun., vol. 9, pp. 185-200, 1981.

[25]R.J. Moffat, "Describing the uncertainties in experimental results”, Experimental thermal and fluid
science, vol. 1, no. 1, pp. 3-17, 1988.



