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Abstract This work investigated experimentally the ther-
mal performance of shell and coil heat exchanger with dif-
ferent coil torsions (\) for y-Al,O,/water nanofluid flow.
Five helically coiled tube (HCT) with 0.0442 <\ < 0.1348
were tested within turbulent flow regime. The average size
of y-Al,O; particles is 40 nm and volume concentration
(¢) is varied from O to 2%. Results showed that reducing
coil torsion enhances the heat transfer rate and increases
HCT-friction factor (f,). Also, it is noticed that HCT aver-
age Nusselt number (Nu,) and f, of nanofluids increase
with increasing y-Al,O; volume concentration. The ther-
mal performance index, TPI = (hy¢/h )/(AP_ /AP ).
increases with increasing nanoparticles concentration, coil
torsion, HCT-side inlet temperature and nanofluid flow
rate. Over the studied range of HCT-Reynolds number,
the average value of TPI is of 1.34 and 2.24 at ¢ = 0.5%
and ¢ = 2%, respectively. The average value of TPI is of
1.64 at N = 0.0442 while its average value at A = 0.1348
is of 2.01. One of the main contributions is to provide heat
equipments designers with Nu, and f, correlations for prac-
tical configurations shell and coil heat exchangers with a
wide range of nanofluid concentration.
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m Mean

t,0 Refers to the outer area of the surface of the HCT

t Tube

0 Out or outer or overall

Greek letters

A Differential

B Ratio of the nano-layer thickness to the original
particle radius

Y Gamma

r Modeling function was introduced in Eq. (2)

d Dimensionless coil curvature ratio

N Coil torsion

v Dynamic viscosity, kg/ms

g Modeling function was introduced in Eq. (3)

o Density, kg/m?

10) Particles volume concentration

Acronyms and abbreviations

Al,O; Alumina (aluminum oxide)
CuO  Copper oxide

HCT  Helically coiled tube

PVC  Polyvinyl chloride

EG Ethylene glycol

TiO,  Titanium oxide

Si0,  Silicon oxide

TPI Thermal performance index

1 Introduction

Helically coiled tubes have many industrial applications
due to the compactness and promoting good fluid mixing
that increase the heat transfer rate [1-12]. Lower thermal
conductivity of working fluids stands behind lower heat
transfer rate in industrial processes [13, 14]. Adding very
high thermal conductivities of solid particles to conven-
tional fluids is one way to overcome this problem [15].
Zamzamian et al. [16] experimentally studied the effect
of forced convective heat transfer coefficient of Al,O;/EG
and CuO/EG nanofluids in turbulent flow using a double
pipe and plate heat exchangers. The findings indicate con-
siderable enhancement in convective heat transfer coef-
ficient of the nanofluids as compared to the base fluid.
Moreover, the results indicated that with increasing ¢ and
nanofluid temperature, the heat transfer coefficient of nano-
fluid increases. Peyghambarzadeh et al. [17] experimentally
compared the heat transfer performance of pure water and
pure EG with their binary mixtures in laminar region in flat-
tened tubes of car radiator. Furthermore, the heat transfer
performance of the car radiator was determined for differ-
ent ¢ (0.1-1%) of Al,O5 (20 nm). The results demonstrated
that nanofluids clearly enhance heat transfer compared to
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their own base fluid; 40% enhancement in the heat transfer
coefficient was recorded. Also, the heat transfer behaviors
of the nanofluids are highly depended on ¢ and Re, and
weakly dependent on the temperature. Peyghambarzadeh
and Jamnani [18] repeated same experiments in turbulent
region, in which same trends were recorded. Razi et al.
[19] experimentally studied the heat transfer and pres-
sure drop characteristics of CuO (50 nm, 0.2-2 wt.%)/oil
nanofluid flow inside horizontal flattened isoflux tubes in
laminar region. Observations showed that the heat transfer
performance is improved as the tube profile was flattened.
Furthermore, using nanofluid instead of base fluid and flat-
tening the tube profile results in pressure drop increasing.
Furthermore, applying flattened tubes instead of round tube
is more effective to enhance the convective heat transfer
coefficient compared to using nanofluids instead of the base
liquid. Moraveji et al. [20] numerically investigated the
convective heat transfer coefficient in the developed region
of horizontal tube flow containing non-Newtonian nano-
fluid; AL,O; (45 and 150 nm, 1-6 wt.%)/Xanthan aque-
ous solutions, with constant heat flux. Results showed that
the heat transfer coefficient is enhanced with increasing ¢
and Re, while decreases with increasing particle diameter.
Hussein et al. [21] experimentally and numerically studied
the friction factor and forced convection heat transfer of
Si0, (1-2.5 vol.%)/water nanofluid conducted in a car radi-
ator. Results showed that Nu,; and friction factor increase
with increasing ¢ at the same flow rate. The authors noticed
that applying SiO, nanofluid enhances Nu,; with average
increase of 50% as a comparison with pure water. Kumar
et al. [22] presented an experimental investigation on a
shell and coil heat exchanger using nonmetallic sisal nano-
fluid (¢ = 0.5%) constant coil torsion and curvature. They
reported that the overall heat transfer coefficient increased
with increasing ¢. Huminic and Huminic [23] introduced a
numerical study on the thermal performance of using CuO
and TiO, nano-powders to enhance water thermal conduc-
tivity applied in double tube helical heat exchanger. The
nano-powder diameter was of 24 nm with concentration
range of 0.5-3%. They showed that applying CuO/water
and TiO,/water significantly augments heat transfer coef-
ficient and the enhancement increases with Dean number
and nano-powder concentration. Hashemi and Akhavan-
Behabadi [24] investigated the thermal performance char-
acteristics of flowing CuO/oil with powder diameter of
50 nm and 0.5-2 wt.% concentration in HCT with con-
stant heat flux. The maximum enhancement in convective
heat transfer coefficient is of 18.7 and 30.4% for straight
tube and HCT at 10 < Re < 100, respectively. Kumar et al.
[25-28] experimentally studied heat transfer and pressure
drop of y-Al,O; (0.1, 0.4 and 0.8 vol.%)/water nanofluid
in HCT of shell and coil heat exchanger. The experiments
were carried out using one heat exchanger geometry in
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horizontal and vertical positions, in addition to counter
and parallel flow configurations for 1600 < De < 2700 and
5200 < Re, < 8600. The findings indicated that there is no
considerable effect on Nu, by changing flow configuration.
It was shown also a considerable increase in the convective
heat transfer coefficient and pressure drop with increasing
¢. An average increase in Nu, and f is of 45 and 21% com-
pared with pure water, respectively, in horizontal position.
While the average increase in vertical position was of 49
and 25%, respectively.

Salem et al. [29-31] carried out a test rig to inves-
tigate the thermal performance of shell and coil heat
exchanger. The test section has the facility to change the
helical coil to investigate the effect of coil curvature and
torsion. Salem et al. [29] constructed five heat exchang-
ers of counter flow configuration such that HCT torsion,
X, increases from 0.0442 to 0.1348 with the same curva-
ture of 0.0591. They performed all experiments on pure
water within 6511 < Re, < 62,091. The results show that
the average increase in HCT Nusselt number is of 108.7
and 58.6%, respectively, when \ decreases from 0.1348 to
0.0442. Also, the average increase in shell Nusselt num-
ber is of 173.9 and 69.5%, respectively, when A decreases
from 0.1348 to 0.0442. Other five heat exchangers were
constructed with same coil torsion (A = 0.0895) to test the
effect of coil curvature (0.0392 < § < 0.1194) for water
and y-Al,Os/Water Nanofluid [30, 31]. The results of water
in both sides presented in Ref. [30] showed that the average
increase in the average Nusselt number is of 160.3-80.6%
for the HCT side and of 224.3-92.6% for the shell side
when 8 increases from 0.0392 to 0.1194. In addition, the
associated increase in HCT-Fanning friction factor is of
33.2-7.7% within 0.0392 < 3 < 0.1194. Salem et al. [31]
performed the tests for y-Al,O5/water nanofluid with aver-
age size of 40 nm and particles volume concentration (¢)
from 0 to 2% for 0.0392 < § < 0.1194. Correlations for
the average Nusselt numbers for both heat exchanger sides
and the HCT Fanning friction factor as a function of HCT-
Reynolds number, Prandtl number and particles volume
concentration within 0.0392 <3 < 0.1194, 0.5 < ¢ < 2%
and 1.92 < Pr, < 3.9. The present work aims to stuhe effect
coil torsion on characteristics of convective heat transfer for
y-Al,O5/water nanofluid flow with average size of 40 nm
and particles volume concentration (¢) from 0.5 to 2%. The
present measurements were utilized to provide experimen-
tal Nusselt number and friction factor correlations that help
in design of heat transfer equipments.

2 Experimental setup

The experimental runs were conducted on the test rig that
built in 2014 and proposed for testing different heat transfer

equipments. The test rig is composed of heating and cool-
ing closed loops as shown in Fig. 1. The hot loop consists
of heating unit, pump, valves, HCT, flow meter and the
connecting pipes. The cold circuit consists of cooling unit,
pump, valves, shell, flow meter and the connecting pipes.
The rating power of the electric heater used in the heating
loop is of 6 kW. Two cooling units of 10.5 kW were used
to achieve heat removal in the cooling circuit. Five helical
coils was constructed such that coil torsion (A = p./nD,)
is varied from 0.0442 to 0.1384 with constant curvature
(8 =d;i/De) of 0.0591. The HCTs were formed from
straight copper tubes of the same length 4415, 9.52 mm
outer diameter and 8.3 mm inner diameter. Schematic dia-
gram of the shell and coil heat exchanger is shown in Fig. 2
and the characteristic dimensions of the different configu-
rations are revealed in Table 1. Two identical 1.5 hp rated
power centrifugal pumps were installed to circulate hot
and cold circuits. Each loop contains bypass line and ball
valve to control the flow rate directed to the shell and coil
heat exchanger. Two identical variable area flow meters
(Dwyer® Series Polycarbonate flow meter with stain-
less steel float, 1.8—18 1/min flow rate range) were used to
measure the volume flow rates of the two loops.

Twenty-eight K-type thermocouples (wires of 0.1 mm
diameter) were used to measure the temperatures of each
heat exchanger. Four thermocouples were inserted into
the flow streams, at approximately 60 mm from the heat
exchanger ports, to record inlet and exit temperatures of
shell and HCT fluids. Twenty thermocouples are placed on
slight grooves on the external surface of HCT to measure
the wall temperatures where the thermal resistance of the
copper tubes can be disregarded. They were mounted at ten
equally distance (441.5 mm) positions on the HCT surface,
with installing two thermocouples at each position (on the
outer and inner diameter of the coil). A digital thermometer
with resolution of 0.1 °C was used to read all thermocou-
ples outputs. A digital differential pressure transducer was
installed for measuring the pressure drop of the pure water
or y-Al,Oj/water nanofluid across the HCT.

The particles used in the nanofluid experiments are
gamma-alumina nan-powders (y-Al,O;, supplied by Infra-
mat® Advanced Materials Corporation, USA (99.99%
purity, product code 26N-0801G, 40 nm average particle
size with surface area >200 m?g). The Thermal conduc-
tivity, density and specific heat of the nanoparticles are
36 W/m °C, 3600 kg/m® and 773 J/kg °C, respectively.

3 Experimental procedures and data reduction
After preparing the nanofluid and filling heating and cool-

ing tanks, the heater, cooling units, and pumps were turned
on. Inlet temperatures of both sides of the heat exchanger
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Fig. 1 Experimental setup
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Fig. 2 Schematic diagram of the shell and coil heat exchanger

were adjusted by regulating the temperatures of the heating
and cooling tanks through their thermostats. The flow rates
were adjusted through flow meters and the installed valves,
which were regulated to obtain the required flow rates in
the primary lines. The operating conditions are given in
Table 2. During the operation, the steady state condition is
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conducted when the maximum variation of 0.5 °C for each
thermocouple reading within 20 min.

For vy-AlL,Os/water nanofluid, the thermo-physical
properties were calculated using the following equations
[32-34].

Knp + 2Kbt + 2¢ (knp — kof) (1 — B)?

Knf = Kpf
" knp + 2kpf — @ (knp — kof) (1 +B)°
4 kT
+5%10 FE(ppbepbf (D
pnpdnp

T = (1722.3¢ — 134.63) — (6.04¢ — 0.4705)T )
£ = 0.0017(100¢) %4 for A1,03 (3)
9(pnpCoup) + (1 = 9) (iCpyr) W

C =
Pnf Onf
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Table 1 Characteristic dimensions of the usl heat exchangers

HCT no. D.; (mm) D (mm) 3§ S(mm) p,(mm X\ L.(mm) Lg;(mm) Dy;(mm) Dg,(mm) N

1 131.0 140.5 0.0591 10 19.52 0.0442 205 305 303 205.1 10.00
2 20 29.52 0.0669 305 405 284

3 30 39.52 0.0895 405 505 271

4 40 49.52 0.1122 505 605 262

5 50 59.52 0.1348 605 705 255

Table 2 Range of fluids operating conditions

Parameters Range or value

HCT-side nanofluid flow rate
(1/min)

HCT-side inlet temperature (°C) 45, 55, 65 (1.92 < Pr, < 3.9)
0.5,1,15,2

1.7-11.158 (5702 < Re, < 55,101)

Nanoparticles volume
concentration (%)

Shell-side water flow rate (I/min) 6.018
Shell-side inlet temperature (°C) 20

Mbf 4 kT
Mnf = ———= + 5% 10°ECpp 5
" [1— (P]Z'S of pnpdnp ©)
MnfC
Prog = -o—bof ©6)
knf

The fluid properties were calculated at the bulk tempera-
tures, Ty, , and T, respectively. While for pressure drop
calculations, the HCT water properties were calculated at
the film temperature, Ty, as recommended by Schmidt [35].
The bulk and film temperatures are calculated as follows:

Ty;+ T
Tom = % (7)
Tshi+T
Tsh,m _ sh,i sh,o (8)
2
Ty = o T ©)
= > Tis
T, . = d 10
t,s 20 ( )

The heat transfer rates on the HCT and shell sides (Q, and
Q) were calculated by;

Q, = mCpy (T — Teo) an

Qsh = Ihshcpsh (Tsh,o - Tsh,i) (12)
+

Qave = W (13)

This heat load of the heat exchanger was used to calculate
the average heat transfer coefficient for the HCT-side fluid,
h,, and then the average Nusselt number for the HCT-side
fluid, Nu,, as follows;

Quve = hAyi (Tym — Tis) (14)
hedy;
Nug = —>
Uy K (15)

The overall thermal conductance was calculated from the
temperature data and flow rates using Eq. (16);

Qave
UoAro =
oAto ATim (16)
_ (AT, — ATy)
ATim = ln[ATi} 17)
AT,

where, AT, and AT, are area of the outer surface of the
HCT the temperature difference at each end of the heat
exchange.
HCT Reynolds number can written as follows;
4niy
Tdy i

Re; = (18)

Fanning friction factor for the fluid in the HCT was calcu-
lated from measuring the pressure drop using the following
equation;

_ APcdt,i _
2Ltptut2

AP, 72 ptdf’ ;
32Lm?

19)

C

4 Uncertainty analyses

The primary parameters (Re,, Nu, and f,) used to present
the experimental results in this study are functions of many
variables including laboratory measurement data and phys-
ical properties. Error associated with each of these meas-
ured quantities was accounted to quantify the uncertainty
properly. It should be noted that according to the manufac-
turer, uncertainty in the HCT outer and inner diameters is
£0.01% mm, which can be neglected. The uncertainty in
the measured coil and shell dimensions was assumed to be
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Table 3 Average uncertainties in the main parameters

Parameter Average uncertainty (%)

Water experiments Nanofluids experiments

Reynolds numbers +1.7 +1.7

HCT-side average +4.9 +7.0
Nusselt number

HCT-side average heat +4.9 +7.0
transfer coefficient

HCT-side Fanning +3.7 +3.7

friction factor

40.5% mm; this was guessed quantity from meter scale.
The accuracy of all thermocouples is of 0.1 °C. In addi-
tion, the uncertainty applied to the thermal properties of
pure water and nanofluid was assumed to be +0.1%. The
nanoparticles were weighted using an electronic balance,
with an accuracy of +0.1 g.

The uncertainties associated with estimating the volume
and collecting time are £0.01 1 and +£1 s, respectively. With
a 95% confidence level considered for normal distribu-
tion, the uncertainty is calculated based upon the root sum
square combination of the effects of each of the individual
measuring values presented by Kline and McClintock [36].
For all experimental runs, the uncertainties in all calculated
parameters are illustrated in Table 3.

5 Results and discussion

Firstly, the obtained experimental results of Nusselt num-
ber for water were validated with the experimental data
obtained by Rogers and Mayhew [12], and Xin and Eba-
dian [37]. In addition, another comparison of the experi-
mental data for HCT-fanning friction factor with the results
of Prasad et al. [10] was performed. As seen in Figs. 3
and 4, good agreement between the present experimental
results and the previous correlations is obtained. The low
values of the average uncertainties obtained in Table 3 and
the good agreement previous studies reveal confidence in
the experimental set up and the used measurement tech-
niques. The present experimental setup was employed to
study the effect of coil torsion and nanoparticles concen-
trations of y-Al,O; (40 nm)/water nanofluid that passes
in HCT side with the same curvature ratio (3) of 0.0591
within 0.0442 < X\ < 0.1348, 5702 < Re, < 55,101,
1.92 < Pr, < 3.9, and 0.5% < ¢ < 2%. The operating con-
ditions of the pure cold water are hold constant in the shell
side at T, ; = 20 °C and V¢ = 6.018 1/min as revealed in
Table 2.
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Fig. 3 Validation of the experimental average Nusselt number for
helically coiled tube (T,; = 35 °C, Ty,; = 15 °C, 3 = 0.0591 and
» = 0.0895)
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Fig. 4 Validation of the experimental Fanning friction factor for
helically coiled tube (T,; = 35 °C, Ty,; = 15 °C, § = 0.0591 and
h = 0.0895)

5.1 Effect of nanoparticles concentration

Figure 5 represents the results of h,, Nu, and U, due to var-
ying the nanoparticles concentration within 0% < ¢ < 2%
at HCT inlet temperatures of 55 °C and coil specifications
of 8 = 0.0591 and X = 0.0895. It is illustrated that h,, Nu,
and U, of nanofluids are higher than that of the base fluid at
same flow condition. The ratios of h, ,¢/h, ¢, Nu, ,+/Nu, . and
U, /U, ps reaches 3.79, 2.11 and 2.32, respectively, when
¢ increases from 0 to 2% at Re, = 42,922. The observed
enhancement of heat transfer coefficients of nanofluids can
be attributed to the interactions and Brownian motion of
nanoparticles and the resulting disturbance of the boundary
layer in addition to the enhanced thermal conductivity of
nanofluids.

Figure 6 represents the effect of nanoparticles loading
on HCT-Fanning friction factor within 0 < ¢ < 2% at HCT
inlet temperatures of 55 °C and coil specifications (torsion
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Fig. 5 Variation of HCT-average heat transfer coefficient, HCT Nus-
selt number and overall heat transfer coefficient with HCT-Reynolds
number at different nanoparticles concentrations (8 = 0.0591)
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Fig. 6 Variation of HCT-Fanning friction factor with HCT-Reynolds
number at different nanoparticles concentrations (8§ = 0.0591)

Fig. 7 Variation of HCT-average heat transfer coefficient, HCT Nus-
selt number and overall heat transfer coefficient with HCT-Reynolds
number at different HCT-torsions (§ = 0.0591)
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Fig. 8 Variation of HCT-fanning friction factor with HCT-Reynolds
number at different HCT-torsions (8 = 0.0591)
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and curvature). It is clear that f_ of nanofluids is higher than
that of the base fluid at same flow condition. This can be
returned to high viscosity of the nanofluid, which increases
with increasing the nanoparticles loading in the base fluid.
The HCT-Fanning friction factor with ¢ = 2% is 1.36 times
that of base fluid (¢ = 0%) at Re, = 7426.3.

5.2 Effect of coil torsion

The effects of coil torsion on the heat transfer rate and HCT
Fanning friction factor are shown in Figs. 7 and 8, respec-
tively. From Fig. 7, it is clear that increasing coil torsion
decreases h,, Nu, and U, at same Re,. This can be attributed
to diminishing of the centrifugal effect due to the increase
in rotational force as a result of increasing the coil torsion.
It is illustrated that at Re, = 45,750, the ratios of h ¢/h,
Nu, ,¢/Nu,ye and U, /U, ¢ reaches 1.41, 1.43 and 1.57
when \ decreases from 0.1348 to 0.0442, respectively.
From Fig. 8, it is shown that decreasing the coil torsion
leads to slight increase in f, at the same Re,. This can be
attributed to the increase in the centrifugal force and con-
sequently vortices formation as a result of decreasing the
torsion or rotational effect. The HCT-Fanning friction fac-
tor with ¢ = 1% is 1.079 times that of base fluid (¢ = 0%)
when \ decreases from 0.1348 to 0.0442 at Re, = 6555.

5.3 Influence of nanofluid inlet temperature

The influence of the nanofluid inlet temperature on the ther-
mal performance for the five heat exchanger configurations
(0.0442 < '\ < 0.1348) is studied for different concentra-
tions of y-Al,O; nanoparticles 0 < ¢<2%. A sample of the
obtained results of h;, Nu,, U, and f_ are illustrated in Fig. 9
for A = 0.0895 at 8§ = 0.0591. From this figure, it is also
obvious for all experiments that as the inlet temperature of
the HCT-fluid flow increases, h,, Nu, and U, decrease at the
same Re,. This can be attributed to the decrease in Prandtl
number with increasing the temperature of the nanofluid.
Also as shown in Fig. 9d, the effect of T,; on f_ is nearly
insignificant. This can be returned to the lower effect of
viscosity variation compared with the centrifugal force.

The average increases in h,, Nu,, U, and f_ at nanoparti-
cles concentration and coil torsion limits are illustrated in
Table 4.

5.4 Thermal performance index

To have an effective judgment on an enhancement heat
transfer technique, the enhancement in convective heat
transfer given by the nanofluid should exceed the increase
in pressure drop due to the presence of Nano scale solid
particles in the base fluid. The thermal performance index
(TPI) is determined using h, and the pressure drop ratios
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Fig. 9 Variation of HCT heat transfer coefficient, HCT Nusselt
number, overall heat transfer coefficient and Fanning friction fac-
tor with HCT-Reynolds number at different HCT-inlet temperatures
(8 =0.0591)

that are calculated using the values obtained for y-Al,O4
(40 nm)/water nanofluid and pure water, as follows [24,
311

he e /hepe

TPl = ————
APc,nf/APc,bf

(20)
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Table 4 The average increases in h,, Nu,, U, and f_ at the upper and
lower limits of A and ¢

A =0.0422 A =0.1348
¢ =0.5% ©=2% ¢©=0.5% ©=2%
h, 28.6-36.4% 134.1-195.7% 56.9-57.1%  235.4-238.9%
Nu, 2.6-6.5% 38-66.6% 21.7-23.5% 85.8-95.5%
U, 15.5-23.6%  54.1-94.3% 34.7-37.9%, 105.7-123.2%
f, 7.8-10.9% 28-37.7% 5.7-8.6% 26.3-36.4%
(a) T =65°C  Ty;=20°C  V,=6018Vmin  &=0.0591
3.0
2.0 ©0=0.5%
= ©0=10%
& 10 mo=15%
0.0 L Be=2.0%
0.0442  0.0669  0.0895
A
(b) Tg=55°C  Tg=20°C  V,,=6.018 Umi -
= i = w=6.018Vmin  §=0.0591
©=05%
% So=10%
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E ERN E | Be=20%
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Fig. 10 Variation of the average thermal performance index with
HCT-torsion at different nanoparticles concentrations (3 = 0.0591). a
T,;=65°C.bT,;=55°C.c¢T;=45°C

Over the studied range of HCT-Reynolds number, the aver-
age TPI was calculated and the results are illustrated at dif-
ferent HCT-side inlet temperatures in Fig. 10 for different
coil torsions and nanoparticles concentrations.

From Fig. 10, it noticed that the TPI is more than unity,
which states that the enhancement in the heat transfer
rate in the HCTs due to using nanofluids is higher than
the corresponding increase in the pressure drop. This
assures the ability of using y-Al,O; (40 nm)/water nano-
fluid in the HCTs with 0.5% < ¢ < 2% as a compound
heat transfer enhancement technique inside shell and coil
heat exchangers instead of using HCTs only. Moreover,
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0.0 AN
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Fig. 11 Variation of the average thermal performance index with
HCT-volume flow rate at different nanoparticles concentrations
(0.0442 <\ <0.1348 and 3 = 0.0591)
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Fig. 12 Comparison of experimental values for HCT-average Nusselt
number with that correlated by Eq. (21)

it is shown for all HCTs that increasing ¢ enhances the
TPI. Over the studied range of HCT-Reynolds number,
the average value of TPI is of 1.34 and 2.24 at ¢ = 0.5%
and ¢ = 2%, respectively, for HCTs with same 3. Addi-
tionally, for HCTs with same 38, it is clear that the TPI
increases with increasing coil torsion. The average value
of TPI is of 1.64 at \ = 0.0442 while its average value at
h =0.1348 is of 2.01.

Furthermore, over the studied range of HCT-geometrical
parameters and nanoparticles concentrations, the average
TPI was calculated and illustrated for different HCT-side
flow rates in Fig. 11. It evident that increasing the HCT-
side flow rate slightly enhances the thermal performance
index at lower flow rate, and this enhancement goes up as
HCT-side flow rate increases. For HCTs with same 3, the
average value of TPI is of 1.59 and 1.85 at V of 1.7 and
11.16 I/min, respectively.

Moreover, it is observed in Figs. 10 and 11 that increas-
ing HCT-side inlet temperature slightly enhances the ther-
mal performance index. For HCTs with same 3, the aver-
age value of TPI is of 1.72-1.87 when T,; varies from 45 to
65 °C, respectively.
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Fig. 13 Comparison of experimental values for HCT-fanning friction
factor with that correlated by Eq. (22)

5.5 Correlations for average Nusselt numbers
and friction factor

The HCT average Nusselt number is correlated as a func-
tion of HCT Reynolds and Prandtl numbers, coil torsion
and nanoparticles volume concentration as follows;

Nu; = 0.01974 Re?'928 Prt1'302 k70.2838 (00'603 1)

Equation (21) is applicable for 5702 < Re, < 55,101,
192 < Pr, < 39, 00442 < X < 0.1348 and
0.005 < ¢ < 0.02. Moreover, a correlation for Fan-
ning friction factor in the HCT was obtained within
5646 < Re, < 54,108, 0.0442 < X < 0.1348 and

0.005 < ¢ <0.02, as follows;
f, = 0.087 Re;0.1644 5, ~0.04775 (p0.1246 (22)

Comparisons of the present experimental HCT-average
Nusselt number and Fanning-friction factor with those cal-
culated by the proposed correlations are shown in Figs. 12
and 13.

From Figs. 12 and 13, it is evident that the proposed
correlations are in good agreement with the present experi-
mental data. It is clearly seen that the data of the proposed
equations falls within maximum deviation of £19 and
£3.7% for Nu, and f_, respectively.

6 Conclusions

The present work was carried out to investigate the con-
vective heat transfer characteristics in shell and coil heat
exchanger inside the HCTs. The investigated operating
parameters were 5702 < Re, < 55,101, 1.92 < Pr, < 3.9,
0.0442 <\ <0.1348 and 0.5% < ¢ < 2%. The main con-
clusions from this investigation are:

1. For all HCT-geometric variables and operating condi-
tions, utilization of y-Al,O; (40 nm)/water nanofluid

@ Springer

with 0.5% < ¢ < 2% instead of pure water in the HCTs
results in remarkable heat transfer enhancement; this
goes up as the nanoparticle concentration increases.

2. For same operating conditions, reducing the coil tor-
sion enhances the heat transfer rate of nanofluids and
increases the HCT-friction factor for base fluids as well
as nanofluids.

3. For all HCT-geometric variables, the heat transfer rate
goes up as the mass flow rate increases and as the fluid
inlet temperature decreases. The effect of HCT-fluid
inlet temperature on the HCT-friction factor is nearly
insignificant especially at higher Re,.

4. For all geometric variables and operating conditions,
utilization of y-Al,O; (40 nm)/water nanofluid with
0.5% < ¢ < 2% instead of pure water in the HCTs
results in remarkable HCT-friction factor increase.

5. For all coil torsions, nanoparticle concentrations and
operating conditions, the thermal performance index
is more than unity. Therefore, this assures the abil-
ity of using y-Al,O; (40 nm)/water nanofluid in the
HCTs with 0.5% < ¢ < 2% as a compound heat trans-
fer enhancement technique inside shell and coil heat
exchangers instead of using HCTs only.

6. The thermal performance index increases with increas-
ing nanoparticles concentration, coil torsion and HCT-
side inlet temperature and flow rate.

7. Correlations for the HCT-average Nusselt number and
fanning friction factor as a function of the investigated
parameters are obtained.
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