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Abstract: The wet ball milling method was used and a dispersant (gum Arabic) was added to
prepare various concentrations (0.05 and 0.2 wt%) of carbon-based nanofluids (CBNFs) by a two-step
synthesis method as working fluids for heat exchange. CBNFs were actually used in a tube heat
exchanger (THE) for heat transfer performance experiments. The heat transfer performance of water
and CBNFs was estimated under different heating powers and flow rates of working fluid. The
pump power consumption (Ppe) of 0.05 wt% CBNF was found to be similar to that of water, but the
Ppe of 0.2 wt% CBNF was higher than that of water. The convective heat transfer coefficient (HTC)
of CBNF in the was higher than that of water, and the HTC of 0.05 wt% and 0.2 wt% CBNF was
optimal at the heating power of 120 W and 80 W, respectively. The average HTC of 0.05 wt% CBNFs
at 120 W heating power was about 3.33% higher than that of water, while that of 0.2 wt% CBNFs
at 80 W heating power was about 4.52% higher than that of water. Considering the P,, and HTC
concomitantly, the best overall system performance was exhibited by 0.05 wt% CBNFs.

Keywords: carbon-based nanofluids (CBNFs); convective heat transfer coefficient; heat transfer
performance; pump power consumption; tube heat exchanger

1. Introduction

Research on nanofluids in heat exchange, energy storage, and thermal collection sys-
tems has been very vigorous in recent years, and most studies show that nanofluids (NFs)
can effectively improve system efficiency and operating performance in these systems [1-5].
In particular, the carbon-based nanofluids (CBNFs) prepared by adding carbon-based
nanomaterials (CBNMs) have attracted more attention from researchers. CBNMs mainly
include single-walled nanotubes (SWCNTs), double-walled carbon nanotubes (DWCNTs),
multi-walled carbon nanotubes (MWCNTs), graphene (GN), graphene nanoplatelets (GNP),
graphene oxide (GO), and reduced graphene oxide. Most of these materials have excellent
stability and thermal properties. In particular, CNTs and graphene have received great
attention because of their large aspect ratio, and special optical, mechanical, physical,
and chemical properties. Therefore, CBNFs have been commonly used in heat exchange,
thermal storage, and thermal collection systems to improve system performance [6-10]. In
addition, high-performance CBNFs should have considerable potential in the application
of relevant cutting-edge technologies in the future [11].

Many researchers have applied CBNFs to air-cooled heat exchangers (ACHEs) or radi-
ators [12-15], shell and tube heat exchangers [16-18], plate heat exchangers (PHE) [19-23],
and double tube or tube heat exchangers [24-26] to improve heat exchange performance.
In addition, different base fluids (BFs) such as water (W), ethylene glycol aqueous solution

Appl. Sci. 2021, 11, 8139. https:/ /doi.org/10.3390/app11178139

https:/ /www.mdpi.com/journal/applsci


https://www.mdpi.com/journal/applsci
https://www.mdpi.com
https://doi.org/10.3390/app11178139
https://doi.org/10.3390/app11178139
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/app11178139
https://www.mdpi.com/journal/applsci
http://www.mdpi.com/2076-3417/11/17/8139?type=check_update&version=2

Appl. Sci. 2021, 11, 8139

20f 15

(EG-W) and lubricating oil are configured CBNFs for adapting to different use objects
and temperature ranges. The application of CBNFs in heat exchangers can improve the
convective heat transfer coefficient (HTC) or heat exchange capacity of the heat exchanger
(HE), while also slightly increasing the power consumption of the pump that transports
the fluid. However, very few studies have shown that CBNFs do not help the performance
of heat exchangers [14,27]. The results of the experimental research on the use of CBNFs in
different HEs in recent years are summarized in Table 1. Table 1 includes adding materials,

BFs, concentration, HE types, and main findings.

Table 1. List of experimental results on the use of CBNFs in different heat exchangers.

Materials/BFs

Concentrations

HE Types

Main Findings

Ref.

MWCNTs/EG-W
1:1,v/0)

GNP/EG-W (3.7,
v/v)

GN/EG-W (1:1,
v/v)

CBNMs/W

GN/W

GO/W

GN/W

SWCNTs/W

GN/EG-W

ALO;-
MWCNTs/

0.1, 0.25, and
0.5 vol%

0.1-0.5 vol%

0.01, 0.05 and
0.1 vol%

0.01 and 0.05 wt%

0.025-0.1 wt%

0.01 and 0.1 wt%

0.01, 0.05,0.1, and
0.2 wt%

0-0.21 vol%

0.01-1.0 wt%

vol%
Al,O3: MWCNTs
(5:0, 41, 3:2,2:3, 1:4,
and 0:5, v/v)

Vehicle radiator

Automobile radiator

Automobile radiator

Rectangular (R) and
circular (C) tubes
ACHE

Shell and tube HE

Shell and tube HE

Vertical shell and tube

HE

Brazed PHE in
refrigeration system

Brazed PHE in the hot

fluid side

PHE

HTC was proportional to flow rate (G), Re, and
MWCNTs concentration.

Maximum enhancements of HTC was 196.3% at
0.5 vol% NF at Re of 1400.

HTC was proportional to GNP concentration,
inlet temperature (T;), and mass flow rate ().
A maximum enhancement of HTC was 51% for

0.5 vol% NF at n1,r of 100 g/s and T; of 45 °C.
Maximum pressure drop (AP) was 4.80 kPa for

0.5 vol% NF at T; of 35 °C and mm,,r of 100 g/s.
A maximum enhancement of heat exchange rate

was 3.3% at 0.1 vol% NF and T; of 85 °C.
The heat exchange rate of 0.01 vol% and
0.05 vol% NF was lower than BE.

A maximum improvement of heat exchange
capacity was 8.17% at 0.05 wt% NF at G of 2.0
LPM and T; of 40 °C for R-ACHE.

A maximum enhancement of heat exchange
capacity was 4.88% at 0.01 wt% NF at G of 2.5
LPM and T; of 40 °C for C-ACHE.

0.01 wt% NF had higher system efficiency.
The HTC increased at higher NF concentration
and temperature.

A maximum enhancement of HTC was 35.6% at
0.1 wt% NF at fluid temperature of 38 °C.
Exergy loss of 0.01 wt% and 0.1 wt% NF were
22% and 109% lower than water.

Exergy loss was proportional to the T; of the NF.
A maximum enhancement of HTC was 29% at
0.2 wt% NE.

Average thermal efficiency of the HE improved
by 13.7%.

The overall thermal performance and
refrigerating capacity of the system using NF as
the secondary fluid were higher than those of
water at the same m1,r (40-80 g/s) and T;
(3040 °C).

GN NF from 0.01 to 0.1 wt% significantly
enhanced the HE performance and created a
slight AP in the PHE.

HTC improvement was about 4-7% for the
different NF concentrations.

The optimal overall performance is MWCNTs NF
(0:5, v/v).

HTC improvement was15.2%.

Pump power elevated by 0.02%, and the
performance index enhanced by 2.96%.

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[21]

[22]

(23]
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Table 1. Cont.
Materials/BFs Concentrations HE Types Main Findings Ref.
Functionaliz-ed The enhancement of HTC, the average Nusselt
0.01-0.4 wt% Double-pipe HE number, and AP was 32%, 18%, and 20% for [24]

DWCNTs/W

Functionaliz-ed
MWCNTs/W

MWCNTs/so-lar
glycol

0.4 wt% NE, respectively.
HTC enhancement far exceeded the enhancement
in k for NF.
A maximum enhancement of HTC was 22.4% for

0.025, 0.05, 0.075, Horizontal annular 0.1 wt% NF at Re of 6807 and heating power of [25]
and 0.1 wt% (tube) HE
1200 W.
The mean AP was increased to 38% due to higher
u of NF.
A maximum enhancement of HTC was 115% at
0.6 vol% NF at mwf of 0.04 kg/s.
0.2,0.4 and, Double pipe HE with a AP increased 1.56 times at mwf of 0.08 kg/s. [26]
0.6 vol% modified inner surface Modified inner surface (shot peening process)

significantly affected on flow behavior and heat
exchange rate.

According to these research results, CBNFs can improve the HTC or heat exchange
capacity of HEs, mainly because CBNFs have higher thermal conductivity (k), strong
Brownian motion, collision behavior between CBNMs and CBNMs with the wall of the HE,
and a high energy delivery rate of CBNMs [12,13,15,21]. However, the use of CBNFs as the
working fluid of the HE increases the AP of the HE mainly because of the higher viscosity
(#) of CBNFs [13,15,22-26]. High-concentration CBNFs do not necessarily have better
heat transfer performance than low-concentration CBNFs [15,22]. In this study, a high-
pressure combustion method (HPCM) was used to prepare CBNMs, and the CBNMs was
prepared for various concentrations (0.05 and 0.2 wt%) of CBNFs by a two-step synthesis
method as working fluids for heat exchange. The CBNFs were actually used in a tube heat
exchanger (THE) for heat transfer performance experiments. An electric heater was used
as a heat source to actually evaluate the performance of the THE in terms of the HTC, flow
loss, heater temperature, pump power consumption, and so on in various working fluids,
heating powers, and flow rates. Then the results of the performance test were adopted to
assess the practicability of CBNFs as working fluid in the THE.

2. Performance Calculations of the Tube Heat Exchanger

The schematic cross-section of a THE is shown in Figure 1. The inner tube is the heat
source, and the outer tube is for circulating working fluid. A THE can be used in hot water
heaters or for heat dissipation of specific heat sources. The HTC (W/m? °C) of the working
fluid in the outer tube can be expressed as [28,29]:

Phe DPpe
HTC = = @
A(Th - wa,,wg) A X ATy
T, + T
wa,uvg = — > . 2)

where Py, is the heating power of the heat source (W), A is the average surface area between
the inner tube and the outer tube (m?), T}, is the average surface temperature of the heat
source (°C), Ty, apg is the average temperature of the working fluid (°C).
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Figure 1. A schematic diagram of the THE.

The flow loss (Pr, W) of the working fluid flowing through the THE is the product of
the (G, m3/s) of the working fluid and the AP (Pa) of THE:

PfZGX(PZ‘—Pg)ZGX(AP) (3)

From the cross-section of the THE in Figure 1, Re can be calculated using
Equations (4)-(7) [20,30,31]:

_ pGDy
Re = 1A 4)
4A,
Dw =% ()
7T
Ac=Z (D2 - &) ©)
WP = 7t(D; +d,) @)

where D}, is the hydraulic diameter (m), p is the density of the working fluid (kg/m?), y is
the viscosity of the working fluid (Pa-s), A. is the cross-sectional area of the working fluid
flowing through the tube (m?), WP is the wet perimeter (m), d, is the outer diameter of the
internal tube (m), and D; is the inner diameter of the outer tube (m).

3. Experiment
3.1. Preparation of CBNFs

The CBNMs used in the CBNFs were produced using a HPCM with graphite powder
(average particle size = 3.2 um) at an oxygen pressure of 1.5 MPa. HPCM was described
in detail in a previous study [32]. The main compositions of the CBNMs were hexago-
nal graphite-2H, amorphous carbon, and a tiny amount of defective diamond that was
confirmed by X-ray diffraction (XRD; D8 Advanced, Bruker, Rheinstetten, Germany) [32].
Due to the serious agglomeration of the CBNMs produced by HPCM, the CBNMs were
ground and dispersed using a high-speed ball mill (MM400, Retsch, Haan, Germany). To
further break the agglomerated CBNMs and form the CBNFs, wet milling (weight ratio
of CBNMs to water was 1:12) was executed for 120 min (procedure: (1/10 s)/30 min —
(1/20s)/20 min — (1/30s)/20 min — (1/20 s)/20 min — (1/10 s)/30 min). This method
of fabricating CBNFs is a two-stage synthesis method. Figure 2a shows the image of
CBNMs under a transmission electron microscope (TEM; H-7100, Hitachi, Saitama, Japan).
Here, the CBNMs were observed to be flaky and multilayered. Most of the plane dimen-
sions were about several hundred nanometers; however, the thickness should be below
100 nm. Water was added to the ball-milled CBNFs to dilute it to CBNFs with CBNMs’
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concentration of 1.0 wt%. CBNF (1.0 wt%) was added with 1.6 wt% gum Arabic (GA;
First Chemical, Taiwan) as a dispersant to preserve the long-term stability of CBNFs. The
optimal GA concentration was 1.6 wt%, determined by observing the sedimentation state
after standing for 24 days. Then, 1.0 wt% CBNF with 1.6 wt% GA was alternately dispersed
using an electromagnetic stirrer (PC420D, Corning, Corning, NY, USA), an ultrasonic bath
(5510R-DTH, Branson, St. Louis, MO, USA), a homogenizer (YOM300D, Yotec, Taiwan),
and an ultrasonic liquid processor (Q700, Qsonica, Newton, CT, USA). The aforementioned
dispersion method was repeated three times to keep superior stability for the CBNFs based
on our past research experience [30,33-35]. Next, 1.0 wt% CBNF with 1.6 wt% GA was
further diluted with water to a final concentration of 0.05 wt% and 0.2 wt% CBNFs, and
the ratio of GA to CBNMs in each CBNFs was fixed at 8:5. Then, 0.05 wt% and 0.2 wt%
CBNFs were processed following the above dispersion procedure and were used as the
experimental sample for this study. Figure 2b shows actual image of CBNFs that had been
placed for more than one month. The CBNFs at the two concentrations are dark black, and
the difference in concentration cannot be distinguished by the naked eye; moreover, it will
not cause obvious sedimentation after being placed for more than one month.

0.05 wt% CBNF 0.2 wit% CBNF
0.08 wt% GA 0.32 wt% GA

Figure 2. Experimental samples: (a) TEM images of CBNMs; (b) actual photograph of CBNFs.

3.2. Density and Viscosity Measurement

The p and y were measured using a density meter (DA-645, KEM, Kyoto, Japan;
density and temperature accuracies of £0.0005 g/cm? and +0.03 °C, respectively) and
viscometer (VL700-T15, Hydramotion, Malton, UK; accuracy: +1.0%) at various sample
temperatures, respectively. The p and y of each sample and its temperature was measured
five times and then averaged as the final experimental value of the sample to minimize
deviations in measurement. Table 2 lists the p and p of working fluids. The y and p of
all samples are inversely proportional to the temperature of the sample. The p of CBNFs
should be higher than water to meet the theory of solid-liquid mixtures because CBNMs
have a higher p than water. However, because of the very low concentration of CBNMs,
the p characteristics of GA aqueous solution at high temperature, and the measurement of
the deviation of the density 0.05% CBNF at 50 °C and 60 °C was slightly lower than that of
water (the difference between the p of water and 0.05 wt% CBNF was within 0.08%). In
addition, the u of the solid-liquid mixture is usually higher than that of the base fluid, so
the p of CBNFs is proportional to the added concentration of CBNMs. Furthermore, the
u of CBNFs has an inverse relationship with sample temperature [36]. The temperature
of i and p of the working fluid is the arithmetic mean temperatures of inlet and outlet
temperatures (T; and T,) on the working fluid side of the THE when calculating Re. At
this arithmetic mean temperature, # and p were obtained using the polynomial regression
method in conjunction with the values listed in Table 2.
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Table 2. List of  and p for working fluids.

R CBNF CBNF
Ttem Temp. (°C) Water 0.05 wt% 0.2 wt%
30 996.63 997.08 997.94
o 40 993.24 993.45 994.25
(kg/m3) 50 989.02 988.81 989.99
60 984.28 983.52 984.62
30 0.80 0.88 0.90
i 40 0.70 0.78 0.82
(mPa-s) 50 0.65 0.68 0.70
60 0.55 0.58 0.60

3.3. Heat Transfer Performance Experiments

Figure 3 displays the experimental diagram of THE heat transfer performance. A
threaded electric heater was placed in the stainless-steel circular tube (OD: 31.5 mm),
and the internal gap between the heater and the stainless-steel circular tube was filled
with iron powder. Then, a T-type thermocouple (L = 45 cm, ¢ = 2 mm; Jetec, Taiwan;
accuracy: £0.75%) with a stainless-steel protective tube was installed on the inner wall of
the stainless-steel circular tube to measure the temperature of the heating tube (T}), and the
two ends were sealed with heat-resistant epoxy resin to form an inner tube with heating
function. Finally, the inner tube was placed in a PVC circular tube (ID: 35 mm) with an
inlet and outlet at both ends and sealed with heat-resistant epoxy resin to form a THE.

TC

. Constant power programinable
G P
2 i3 Set: 80 and 120 W
Arsbient tep. (T) f f

+ 5
P, FCV T -
D, D, DD, i Electric heater i
:
:
i

D,
Set: 30°C |
:
AC 220V |
: = ama FI
L >
4
L SSR 1
B Ser: 2500 Ll
PU inslation
Materials
| Digital power 'l
meter
Sectional view of heat exchanger
Pump B Expansion

reservoir |

Figure 3. System diagram of heat transfer experiments of THE.

The inner tube used a programmable power supply (DC 5-300V/0.01-3A /300 W;
MP-3AP, Major Science, Taiwan; accuracy: +1.0 W) to provide 80 W and 120 W heating
sources in a constant power mode. T-type thermocouples (0.3 mm x 2 C; Jetec, Taiwan;
accuracy: £0.75%) and pressure transducers (0-1.0 bar; JPT 1315S-L], Jetec, Taiwan; accuracy:
+0.25%) were mounted at the inlet and outlet of the working fluid side of the to measure
temperature and pressure. The inlet temperature of the working fluid was controlled
at 30 °C using a temperature controller (TTM-i4N, TOHO, Kanagawa, Japan; accuracy:
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£0.3%). The flow rate of the working fluid was controlled at the target value (1.5, 2.5, 3.5,
4.5, and 5.5 LPM) using a flow control valve (0-10 LPM; FCV-10, Regal Joint, Kanagawa,
Japan; accuracy: £3.0%). A plate heat exchanger (K025-10F-P4, Kaori, Taiwan) with an
isothermal unit (20 L, —20-100 °C; RC20, Yotec, Taiwan; accuracy: £0.5 °C) was used to
cool the temperature of the working fluid entering the heating water tank to below 30 °C in
order that the electric heater in heating water tank can stably control the inlet temperature
of the at 30 °C. The temperature and humidity of the experimental environment were
controlled at 25 £ 1.0 °C and 65 £ 5% RH, respectively, by the temperature/humidity
control system. The external side of the plate heat exchanger, heating water tank, THE,
and connecting pipes was covered with PU foam insulation material (pipeline insulation
thickness, 1.25 cm; equipment insulation thickness, 2.5 cm) to maintain experimental
stability. All temperature, pressure, and flow data were measured and recorded using a
data logger (TRM-20, TOHO, Kanagawa, Japan; accuracy: +0.1%) with an interval time of
5s. The power consumption of the water pump (1/8 HP, maximum: 68 LPM; 5SMD-HC,
Little Giant, Wayne, Indiana, USA) was measured and recorded using a power meter
(KEW 6305, Kyoritsu, Tokyo, Japan; power accuracy: +1.0%) with an interval time of
5 s. The time for each experimental parameter was 20 min, and stable data acquired over
the last 10 min were recorded, averaged, and used as the experimental data. The same
experimental parameters were repeated five times, and the average of five readings was
the final experimental result. The relevant experimental results were used to calculate the
relevant performance indicators of the system through Equations (1)—(7).

3.4. Data Analysis and Relative Uncertainty

The percentage differences (R) between the experimental data of water (DT) and
those of CBNFs (DT cpnrs) can be expressed as Equation (8):

R = [(DTcgnEs — DTw)/ DTy x 100% )

The relative uncertainty analysis performed herein involved the calculation of mea-
surement deviations (¢) of the instrument. According to Equation (9) for standard un-
certainty analysis [30,31], the range of relative uncertainty of # and p were within +1.95
and +0.12%, respectively. The relative uncertainty ranges of Re, HTC, Pr, and ATy, were
£3.59%, +£1.83%, £3.04%, and £1.34%, respectively. The same experimental parameters
were repeated five times; hence, the relative uncertainty of the final experimental data was
further reduced. The relative uncertainty ranges in the heat transfer experiments did not
include any deviations caused by using the polynomial regression method to calculate the
#, p, and ¢y of the samples along with the measured temperature, dimensional deviations
in THE machining, and ambient conditions.

e = /(612 + (e2)2 ...+ (en)? x 100% )

4. Results and Discussion

The Re of the test sample for THE at various experimental parameters is shown in
Figure 4. The Re is in laminar flow under most of the experimental parameters (only two
experimental parameters with water at 5.5 LPM had Re slightly higher than 2100). An
increase in the p of the working fluid increases the Re, while an increase in the y of the
working fluid decreases the Re at the same flow rate. The difference in p of water and
CBNFs is very small (within 0.13%), so, the difference in Re that affects water and CBNFs is
mainly due to the difference in y of water and CBNFs. CBNFs have a significantly higher u
than that of water. Therefore, the Re of CBNFs is expected to be lower than that of water at
the same flow rate and heating power. In terms of the average value of the overall flow
range, the Re of 0.05 wt% CBNF and 0.2 wt% CBNF at a heating power of 80 W was 9.20%
and 11.12% lower than that of water, respectively. Likewise, the Re of 0.05 wt% CBNF and
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0.2 wt% CBNF at a heating power of 120 W was 9.73% and 11.74% lower than that of water,
respectively.

W Water / 80 W W CBNF 0.05 wt% /80 W
B CBNF 0.2 wt% / 80 W EWater /120 W
B CBNF 0.05 wt% /120 W ECBNF 0.2 wt%/ 120 W
2500
2203
2300
2100
1900
1700

1401

1500

1300

1100

Reynolds number ( Re )

900

700

500

1.5 2.5 3.5 4.5 5.5
Volumetric flow rate ( G, LPM )

Figure 4. The Re of test samples for THE at various experimental parameters.

The P of test sample for THE at various experimental parameters is presented in
Figure 5, according to which, the CBNFs flowing through THE have a greater Ps than
water under the same flow rate and heating power. This phenomenon is mainly due to
the higher y of CBNFs, which results in a higher pressure drop when flowing through
THE. In addition, in the case of 5.5 LPM, the difference between the Py of CBNFs and water
increases significantly. This phenomenon occurs mainly because, at high flow rates, the
two-phase flow characteristics of CBNFs are more obvious, which leads to an increase in
pressure drop of the. In terms of the average value of the overall flow range, the Py of
0.05 wt% CBNF and 0.2 wt% CBNF at a heating power of 80 W is 6.46% and 7.00% higher
than that of water, respectively; likewise, the Pr of 0.05 wt% CBNF and 0.2 wt% CBNF at a
heating power of 120 W is 6.70% and 6.75% higher than that of water, respectively.

The pump power consumption (Pp) of the test sample for THE system at various
experimental parameters is presented in Figure 6. According to this figure, the use of
CBNFs as a working fluid in THE system has little effect on Py, compared with that of
water under the same flow rate and heating power. Some 0.05 wt% CBNFs have a slightly
lower Py, than water when the heating power is 120 W. This phenomenon is mainly because
CBNMs and GA in CBNFs provide a lubrication effect on the rotating machinery of the
pump and reduce the effect of viscosity on the Pp,. In addition, the flow resistance of the
working fluid in the pipeline does not have a significant influence on the centrifugal pump.
Therefore, we observed no fixed relationship between the Py, in the system and the Pf of
the working fluid in the for CBNFs and water. In terms of the average value of the overall
flow range, the Py, of 0.05 wt% and 0.2 wt% CBNF at a heating power of 80 W was 0.64%
and 2.86% higher than that of water, respectively; likewise, the Py, of 0.05 wt% and 0.2 wt%
CBNF at a heating power of 120 W had a difference of —0.65% and 1.48%, respectively,
compared to that of water.
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H1.5LPM H25LPM E35LPM HE45LPM HESS5LPM

1.4

Flow loss ( P, W)

Water CBNF CBNF 0.2 Water CBNF CBNF 0.2
0.05wt%  wt% 0.05wt%  wt%

120 W

Figure 5. The Py of test samples for THE at various experimental parameters.

H15LPM H25LPM HE35LPM E45LPM BES55LPM

Power consumption of pump ( P, W)

Water CENF CBNF 0.2 Water CBNF CBNF 0.2
0.05wt%  wt% 0.05wt®he W%

120 W
Figure 6. The Py, of test samples for THE system at various experimental parameters.

Figure 7 shows the T}, of test sample for THE at various experimental parameters.
According to the figure, the use of CBNFs can reduce the T}, under the same flow rate and
heating power, and in most cases, 0.2 wt% CBNF can reduce the T}, better than 0.05 wt%
CBNEF. A low heater temperature helps to extend the service life of the heater. Generally, a
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high-concentration NF has a higher k and can provide better heat conduction. However,
most of the total heat transfer capacity of the working fluid in the HE with forced circulation
comes from convective heat transfer. The primary factors affecting the convective heat
transfer performance are the flow rate of the working fluid and the contact state between
the working fluid and the tube wall. The variation in the k of the working fluid has little
effect on the total heat transfer capacity so that two CBNFs with a four-fold difference
in concentration have no significant difference in reducing the Tj,. Therefore, the factor
that CBNFs can reduce is mainly that the Tj, should be a better combination between the
tube wall and the working fluid. Furthermore, CBNFs can achieve a higher mass flow
rate because of their higher p under the same volumetric flow rate and heating power.
Therefore, a higher mass flow rate of the working fluid can also provide a larger convective
heat transfer capacity and thus reduce the T},. In terms of the average value of the overall
flow range, the T}, of 0.05 wt% and 0.2 wt% CBNF at a heating power of 80 W was found
to be 0.09 °C and 0.39 °C lower than that of water, respectively, while the T}, of 0.05 wt%
and 0.2 wt% CBNF at a heating power of 120 W was 0.28 °C and 0.23 °C lower than that of
water, respectively.

m15LPM BE25LPM ®E35LPM H4.5LPM BES55LPM

42

40

38

36

34

32

Heater temperature ( 7,, °C )

30
Water ~ CBNF CBNF0.2 Water CBNF CBNF 0.2
0.05 W% W% 0.05 W% W%
120 W

Figure 7. The T, of test samples for THE at various experimental parameters.

The AT}, (temperature difference between heater and working fluid) of test sample
for THE at various experimental parameters is presented in Figure 8, according to which,
the AT}, of CBNFs is smaller than that of water under the same flow rate and heating
power, indicating that using CBNF as the working fluid in THE can obtain a higher HTC
(refer to Equation (1)). In terms of the average value of the overall flow range, the AT}, of
0.05 wt% and 0.2 wt% CBNF at a heating power of 80 W is 1.97% and 3.70% lower than that
of water, respectively, while theATj,_,, of 0.05 wt% and 0.2 wt% CBNF at a heating power of
120 W is 2.77% and 2.34% lower than that of water, respectively.
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Figure 8. The AT}, of test samples for THE at various experimental parameters.

The HTC of the test sample for THE at various experimental parameters is shown
in Figure 9. The figure shows that the HTC of CBNFs in most cases (except 0.05 wt%
CBNF at 4.5 LPM and 80 W) was higher than that of water under the same flow rate and
heating power, indicating that using CBNF as the working fluid in THE can lead to a higher
convective heat transfer performance. In terms of the average value of the overall flow
range, the HTC of 0.05 wt% and 0.2 wt% CBNF at a heating power of 80 W was 2.40% and
4.52% higher than that of water, respectively, while the HTC of 0.05 wt% and 0.2 wt% CBNF
at a heating power of 120 W was 3.33% and 2.96% higher than that of water, respectively.
While CBNFs as the working fluid can lead to a high convective heat transfer performance,
its use in the system also leads to higher Pp,. To further compare the efficiency of the THE
system using different working fluids, this study defined the performance index (PL.) as
the ratio of the HTC to the Py, as shown in Equation (10).

_ HTC
pe

PI,

(10)

The PI, of the test sample for the THE system at various experimental parameters
is shown in Figure 10. In terms of the overall average value, the PI, of 0.05 wt% and
0.2 wt% CBNF at a heating power of 80 W was 1.72% and 1.54% higher than that of water,
respectively, while the PI, of 0.05 wt% and 0.2 wt% CBNF at a heating power of 120 W was
4.04% and 1.42% higher than that of water, respectively. These PI, values show that the
system efficiency of 0.05 wt% CBNF was better than that of 0.2 wt% CBNF and is more
suitable for the THE system.
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Figure 9. The HTC of test samples for THE at various experimental parameters.
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Figure 10. The PI, of test samples for THE system at various experimental parameters.

5. Conclusions

In this study, the HPCM was used to prepare CBNM, which was then used to prepare
CBNFs by a two-step synthesis method. Water and CBNFs were used in THE for the
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heat exchange performance experiments at varying flow rates and heating powers of the
working fluid. The specific research results are summarized as follows.

1. The CBNFs have a lower Re than that of water because CBNFs have higher p.

2. The CBNFs flowing through the THE have a greater Py than that of water under the
same experimental parameters. This phenomenon is mainly because CBNFs have a
higher y, which results in a higher pressure drop when flowing through the THE.

3. CBNFs as a working fluid in a THE system have little effect on Py, compared with
water under the same experimental parameters.

4. CBNFs can reduce the Tj, under the same experimental parameters, and a lower heater
temperature helps to extend the service life of the heater.

5. The results cumulatively indicate that CBNFs in the THE can lead to a higher HTC
than water. In the optimal condition, the average HTC of 0.05 wt% CBNFs at 120 W
heating power was about 3.33% higher than that of water, and the average HTC of
0.2 wt% CBNFs at 80 W heating power was about 4.52% higher than that of water.

6. Estimation of P, indicates that 0.05 wt% CBNF has better system efficiency than
0.2 wt% CBNF and is thus more suitable for the THE system.
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Nomenclature

p: density (kg/m?) T: temperature (°C)

u: viscosity (mPa s or Pa s) ue: relative uncertainty (%)

A: area (m?) WP: wet perimeter (m)

Apc: cross-sectional area (m?2) AP: pressure drop (Pa)

cp: specific heat (k] /kg °C) AT: temperature difference (°C)
Dy,: hydraulic diameter (m) &: measurement deviations (%)

D;: inner diameter of the outer tube (m)
do: outer diameter of internal tube (m)

Dr: experimental data Subscripts

G: volumetric flow rate (m>/s or LPM) avg: average value

HTC: convective heat transfer coefficient (W/m?2 °C)  CBNFs: carbon-based nanofluids
Py flow loss (W) cs: cross-sectional

Pyt heating power (W) h: heater

Pre: performance index i: inlet of THE

Ppe: power consumption of pump (W) o: outlet of THE

R: percentage differences (%) THE: tube heat exchanger

Re: Reynolds number w: water

wf: working fluid
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