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Abstract

Optimizing the performance of solar collectors and photovoltaic thermal systems that are used for heating/cooling of
building as well as electricity generation will efficiently help to approach zero-energy buildings. For this purpose,
improving the efficiency of heat exchangers as the main part of solar collectors and photovoltaic thermal systems is
necessary. In this paper, two passive methods are employed to ameliorate the efficiency of heat exchangers. To do this, the
effect of using Al,Oz/water nanofluid in a heat exchanger tube with a swirling flow turbulator was studied. A numerical
simulation was carried out to obtain thermal-hydraulic performance in the tube with eccentric helical screw-tape turbu-
lators. The influences of different parameters including nanoparticles volume fraction and eccentricity of tube insert on the
performance of heat exchanger are investigated. The results reveal that the coefficient of heat transfer enhances approx-
imately 4.5 times by using nanofluid at nanoparticles volume fraction of 4% with helical turbulator compared to the plain
tube at nanoparticles volume fraction of 0%. It was also found that the value of Performance Evaluation Criterion
ameliorates as the nanoparticle loading increases. The maximum value of Performance Evaluation Criterion reached 2.2 at
nanoparticles volume fraction of 4%, Reynolds number of 4000 and eccentricity of 3. The results of this study reveal the
potential of the suggested technique to enhance various thermal systems including solar collectors.
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m  Average
0  Smooth tube

Abbreviations

HE Heat exchanger

HTC Heat transfer coefficient
NF Nanofluid

NP Nanoparticle

PEC Performance evaluation criterion
SST  Shear stress transport
Introduction

Approaching zero-energy buildings will save the fossil
sources in one hand, and on the other hand, will reduce
global warming and CO, emission [1, 2]. The efficacy
optimization of solar collectors and photovoltaic thermal
(PV/T) systems which could be used for heating/cooling of
building as well as electricity generation will efficiently
help to approach zero-energy buildings [3, 4]. To do this,
improving the efficiency of heat exchangers (HEs) as the
main part of solar collectors and PV/T systems is
necessary.

In the present study, two passive methods are employed
to ameliorate the efficiency of HEs. The first technique is
the use of a helical screw-tape turbulator with different
eccentricities, and the second method is the nanoparticles
(NPs) addition to the working fluid flowing in the HE.
Here, a brief review of some studies in this subject is done.
Bellos and Tzivanidis [5] examined the influence of
equipping a solar collector with a star-shaped fin. They
conducted energy and exergy examination for the system
and found the optimal structure of the star-shaped fin.
Bhattacharyya et al. [6] modeled a solar heater with twisted
tape turbulators for both turbulent and laminar regimes.
They concluded that as the twist ratio reduces the rate of
heat exchange and pressure drop increase dramatically.
They reported that the performance index declines with
increasing Reynolds number (Re). Song et al. [7] employed
helical screw-tape inserts around the absorber tube outer
surface in turbulent flow to improve the thermal efficiency.
Sheikholeslami et al. [8] examined discontinuous helical
turbulators experimentally. Considering that they had
chosen many different parameters like pitch ratio, open
area ratio and Re number, so they used a genetic algorithm
to find the optimal design of HE. They stated that the
Nusselt number (Nu) augmentation is more evidence with
decreasing pith ratio, but friction factor (f) goes up too. The
open area ratio’s effect is interesting because it has not any
sensible change on Nusselt number but it decreases friction
factor very well (reduction by three and four times);
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therefore, it leads to increase PEC. Chang et al. [9] studied
concentric and eccentric tube inserts in receiver tubes.
They showed that the usage of these tube inserts enhances
the heat transfer performance, especially in the eccentric
case. Lim et al. [10] studied the influence of twisted tapes
on the performance of an HE under laminar regime. They
evaluated the performance of the HE according to various
performance indices including the ratio of heat transfer
augmentation, pumping power, flow resistance, Nu, and
heat duty. They reported that using the turbulators can
enhance Nu up to 3 times while f rises by 10 times com-
pared with the plain tube. The value of PEC was achieved
between 0.9 and 3, depends on the pumping power value.
The effect of simple helical screw-tape on the efficiency of
thermal tubes was studied experimentally by Eiamsa-ard
and Promvonge [11]. Zhang et al. [12] studied this type of
inserts numerically. They analyzed helical screw-tapes by
two efficiency criteria based on the entropy generation
minimization principle and physical quantity synergy
principle. Rashidi et al. [13] studied helical screw-tapes
from the second law of thermodynamic viewpoint.
Liu et al. [14] evaluated the effect of using a new twisted
tape insert in laminar flow. They concluded that Nu and
PEC increased by 151-195% and 90-123% of the simple
twisted tape, respectively. They concluded that using tur-
bulators follows with a thinner thermal boundary layer.
Consequently, it leads to a higher gradient of temperature
in the vicinity of the tube wall. Moghaddaszadeh et al. [15]
evaluated the impact of an eccentric helical screw-tape on
the effectiveness of an HE tube where the working fluid
was water. It was found that the performance of the HE
enhances when the tapes with higher eccentricity are used.
Adding NPs to conventional fluids has been used as
another passive technique to enhance the heat transfer rate.
Many studies have been done on nanofluids (NFs), and the
readers can refer to some recent research and review arti-
cles on the application and modeling of NFs [16-24].
Simultaneous application of both insert tubes and NFs
has been investigated in some studies which a brief review
of them is presented here. Sunder et al. [25] investigated a
solar water heater with combining twisted tape and NFs.
They used Al,Os/water NF as the working fluid in different
concentrations and twisted tape turbulators with twist ratios
of 5-15. They reported that the collector efficiency
increased with NF concentration and decreased with the
twist ratio. In another experimental study, Sunder et al.
[26] investigated the influence of using longitudinal strip
turbulators along with nanodiamond—nickel hybrid NF.
They concluded that Re = 22,000 using hybrid NF with
0.3% volume concentration leads to 93.30% enhancement
in Nusselt number and 125% increase in friction factor.
Sheikholeslami et al. [27] studied the simultaneous
application of CuO/water NF and helical twisted tape
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turbulator inside a tube, numerically. They showed that
HTC augments with raising Re.

Esmaeilzadeh et al. [28] investigated the influence of
twisted tape thickness in the presence of y-Al,Oz/water NF
experimentally. They examined three thickness values of
0.5 mm, 1 mm and 2 mm in laminar flow regime. They
showed that thicker twisted tape is more effective for
increasing heat transfer, while it leads to pressure drop
increase. They deduced that the highest enhancement of the
HE was achieved at maximum values of thickness and
volume concentration.

Sheikholeslami et al. [29] investigated CuO/water NF
impact on the exergy loss inside a tube equipped with
modified twisted tape. They showed that higher revolution
angle and Re make the thermal boundary layer thinner.
Exergy loss reduces with the increase in Reynolds number
and with ratio. Bellos et al. [30] studied CuO/water NF
flow in a finned collector tube. They showed that using
internal fins is more useful for heat transfer enhancement
compared to NFs, while combining these methods gives the
best results based on thermal criteria. According to their
results, the thermal augmentation with NF reached by
0.76%, by means of internal fins up to 1.1% and by both
NF and fins about 1.54%.

Akyurek et al. [31] studied Al,Oz/water NF in a tube
equipped with wire coil turbulator. They revealed that Nu
augmented with increasing the particle concentration and Re.
They showed that Nu enhances up to 35.66-168.26% for
concentrations between 0.4 and 1.6%, in comparison with
pure water. Due to the considerable pressure drop of wire coil
turbulators and negligible pressure drop of NF, they con-
cluded that it is more advantageous to use NFs as the passive
technique for heat transfer enchantment instead of turbulator.
Zheng et al. [32] used Al,Oz/water NF in a tube fitted with
dimpled twisted tapes numerically. Their results showed that
the swirl flow intensity increases at the tube center and in the
vicinity of the tube wall, which leads to the enhancement of
secondary flow, flow mixing and heat transfer. The values of
PEC were between 1.1 and 1.6, and it decreased with an
increase in Reynolds number. They showed that dimples led
to HTC growth by 25.53% compared to the plain tape. A
comprehensive review on the combination of nanofluids and
inserts has been done by Rashidi et al. [33].

The literature review shows there is no study on the
combined usage of eccentric helical screw-tape turbulator
and NFs in heat exchanger tubes. In this study, we inves-
tigate the influence of using Al,Os/water NF with an
eccentric helical screw-tape insert. The effects of different
parameters such as eccentricity value, NF concentration,
and Re on the system performance are assessed numeri-
cally. To achieve a correct comparison between different
cases, Performance Evaluation Criterion (PEC) is used.

Problem description

The geometry and coordinate system for the simulated tube
heat exchanger are depicted in Fig. 1. Al,Os/water NF with
fully developed inlet velocity and temperature of 353 K
flows through a three-dimensional tube with a diameter of
D and a length of L. An eccentric helical screw-tape with
outer diameter of d,, inner diameter of dy, thickness 7, pitch
ratio of PR and eccentricity of “e” are mounted inside the
tube. This helical insert is disclosed in Fig. 1. The pitch
ratio is described as the ratio of one twist pitch (p) to the
tube diameter (D). The assumptions in the study are:

e The flow is 3D, steady and incompressible in turbulence
regime.

e NF was modeled as a single-phase liquid. Albojamal
and Vafai [34] compared single-phase and two-phase
approaches to predict the NF characteristics and found
that the single-phase model can estimate NFs charac-
teristics accurately. All the effective properties of the
Al,Oz/water NF are presented in Table 1. The equa-
tions used for calculating these properties of NF can be
found at [35].

e All simulations have been conducted for three values of
eccentricity including e =0, 2 and 3, 0 < ¢ < 4%, a
fixed value of the pitch ratio PR = 18 mm, and Re in
the range of 4000-12,000. Moreover, the tube has a
length of 1 m, and a diameter of 0.025 mm. Inner and
outer diameters of helical screw-tape are fixed at
d; = 0.005 and d, = 0.017 m. Geometrical parameters
are defined in Table 2.

Mathematical model
Governing equations

By considering the turbulent flow in the HE, the governing
equations become [36]:
e Mass conservative:

0
e (Peteti) = 0 (1)

e Momentum:

apeffui 0 o oP
“or G_XJ (peffulu_l) = _a_xi

6xj Hett 6xj axi 3 & 6xj

+ 2 pund
ax; PettUil;

(2)
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Fig. 1 Computational domain with coordinate system

e e et 3
Peti’kg m™ 974.86 1003.91 1032.96 1062.02 1091.07
Cpen/d kg™ K™ 4192 4157.55 4123.29 4086.02 4054.75
Aor/Wm ™1 K~ 0.667 0.815 0.966 1.121 1.278
Ues/kg m!s7! 0.000378 0.000387 0.000397 0.000406 0.000420

Table 2 Values of geometrical parameters A SST k — w turbulence model is considered for this

Tube length L=1m problem. The transport equations for SST & — @ model

Tube diameter D =0.025 m are:

Internal diameter of helical screw-tape d; = 0.005 m D 0 ok B

Outer diameter of helical screw-tape d, =0.017 m Ht (peffk“i) = @_x] (F k a_xj) + Gk — Y + Sk (5 )

Pitch ratio PR = p/D = 18 mm

Eccentricity e=0,2and 3 mm B (p wku') _ i (F a_a)) +G,—-Y,+D,+S (6)

Dt eff 1 aXJ (0] axJ (0] (0] (0] (0]

where P is pressure, 5ij stands for Kronecker delta function,
and u' is fluctuated velocity. Moreover, peffu{uj is the
Reynolds stress.

e Energy:
D 0 Cp’effﬂt or
D1 [(pettE)] = 6—xJ Kieff + P—n a_xj + U (Tij)eff 3)

Subscript “r” denotes turbulent. Also,
E= G+ () + (%), and

6uj 6ui 2 aui

L) = s It A T iy 4

(Tj)eff Hegg (axi + axj> 3 Hegg axj ) ( )
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in the above, k stands for turbulent kinetic energy. In
addition, I'y and I'y, indicate the effective diffusivity of k

and o parameters, respectively. Y, = pofow’ and Yy =

PettB ko and Gy = —p?ujf (g—g) are the generation of tur-

bulence kinetic energy created by the averaged velocity

gradients and G, is the generation of w. Gk and G, are
calculated by:

Gy = min(Gy, 105 k) (7)

o
Go = -G (8)

where v, stands for kinematic turbulent viscosity and f* is
a constant. In addition, heat diffusion coefficient (&) can be
calculated by:
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(5+2)

o= oo ~——
)

where Re, = 5—5), Ry =2.95, and o = % O 18 calculated

by:

Ooo = Fli0oe1 + (1 — F)osen (10)

©)

where F' is blending equation. o and o can be calcu-
lated by:

) 2
Uoo,1 :@_Ki* (11)
ﬂoo [N RY ﬁoo
Bi. k*
O = i~ — ————== (12)
* ﬁoo 0,24/ ﬁoo
where I'y and I, are:
re=p+2 (13)
ok
Fo=pn+2t (14)
(0]
0 L (15)
K= L (FR)
K,]l_}— a—k,Zl
1
Oy = _Fli(l—Fl) (16)
0,1 Op2

in the above, y, is turbulent viscosity and can be written as:
. Pk
=" (17)
o is the turbulent viscosity calculated by:
* Re
(%)
o =, ANRNELYA (18)
(%)
where Re; = 5—5), Ry =6, of = %, and f; =0.072. o =

. = 1 is employed for large value of Reynolds number.
F is calculated by:

Fy = tan(®)) (19)

o

where @, is defined by:

®, — min lmax( vk 500“) 4ok (20)

0.09wy’ py*w | 64 2D5Y?

where D/ is positive portion of the cross-diffusion term
calculated by:

D} = max [2 éég—zg—z, 10“’} (21)

pi and D, are given by:

Bi=Fifi+ (1 —Fi)Bis (22)
1 Ok dw

Dy, =2(1 - F1)paw725 (23)

0 O

The SST k —  model constants [37] are available in
Table 3.

The Performance Evaluation Criterion (PEC) was
specified for various enhancement methods in Ref. [38].
Because of the Fixed Geometry-2 case was validated for
the helical screw-tape turbulators, the same case was used
to assess thermal performance in this study. The HTC and f
of the plain tube and tube fitted with helical screw-tape
turbulators and NF are considered under the same pumping
power for Fixed Geometry-2 case as given below [38].

Fig. 2 Sample mesh inside the tube

Table 3 SST k-omega model

constant [37] o1 = 1.176 o2 =10 Tot =2 Gt = 1.168 a =031 By = 0.075
fiz = 0.0828 2, =10 too = 0.52 B =0.09 B, = 0.072 =1
Ry =8.0 R = 6.0 Ry = 2.95 =15 o = 2.0 0o =20
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(VAP),= (VAP), (24)

(fRe*)o= (Re’), (25)

13
Rey = Re, 6—e> (26)
0

The PEC is presented as follows [39]:

PEC = (%Z) G—OY (27)

where subscript 0 denotes a smooth tube (no helical screw-
tape turbulator) where water (base fluid) is flowing in it,
and e denotes an enhanced tube. In Eq. (24), the pressure
drop (AP) is proportional to u*> and Re®. Also, the volume

(a) 200
180 F -11.16 %
3 L
< -0.09 %
i 0
160
140 | 1 L L I 1 | L 1 I
0 2E+06 4E+06 6E-+06
Number of grids
(b) o2
0.18 -
0.16
N :
| —0.48 %
0.14 +
0.12
0.1 L L L L 1 L L L 1 L L L 1 L
0 2E+06 4E+06 6E+06

Number of grids

Fig. 3 The results of grid independence test a for Nu, and b friction
factor
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flow rate (V) is proportional to u and Re. The friction factor
(H) in Eq. (27) is calculated by:
Dy 1

= A _
f=20p7 Y (28)

m

where u,, is the average velocity, defined by:

R

u, = %/udr (29)

0

The heat transfer coefficient in Eq. (27) can be calculated
by:

1

q

h=—"—
Tw_Tm

(30)

where T, is bulk temperature defined by:

(a) 160

150 —— Present study

—A— Experimental data of Eiamsa-ard and Promvonge
140

130
120
110

3 100

£
80
70
60
50

LLLILE AL LIRS LS LAEES LERRS LS LEREN LAERS LRERS RERES LR

40 P T S S AT SO S [ ST R S S
4000 6000 8000 10000

Re

12000

(b) o0.25

—— Present study

— -A— - Experimental data of Eiamsa-ard and Promvonge
0.2

0.15

0.1

0.05

f
o
— T
/
/
»

P T TR R I I R T
4000 6000 8000 10000

Re

12000

Fig. 4 Comparison between the current numerical results and exper-
imental data [11] for e = 0, a Nu and b friction factor
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R
JuTrdr
0
Jurdr
0

The Nusselt number defined by:

Nu = - (32)

7500

7000

6500

6000

5500

5000

4500

h/W m=2 K1

4000

3500

3000

IAEEN LEENN REERE ERREE EREEE IRRRE EREEE RRREE LREEN REEN)

2500 .

1%

Fig. 5 Variations of heat transfer coefficient with ¢ at Re = 12,000

0.45
[ —&— e=3mm
04 —A— e=2mm
" —@— e=0mm
0.35
0sk ./_.’____./'—/'
wosF L, A"
02 F /
0.15 |-
01 F
0.05 |
OBl
0 1 2 3 4
/%

Fig. 6 Variations of friction factor with ¢ at Re = 12,000

Boundary conditions

To solve the governing equations, we need to define
appropriate boundary conditions. The boundary conditions
are as follows:

e Inlet (fully developed velocity and fixed temperature):

Uu="Uyg,v=0,w=0,T =353K, k = ki, o = 0y,
(33)

e Tube surfaces (Constant temperature and no-slip
boundary conditions):

2.2
I —m— e=3mm
o —A— e=2mm
I —@&— e=0mm
18 |
16 |
o _
] L
o L
1.4
12 F
1k
0.8_IllllllllIIlIIAIIAIIIIII
0 1 2 3 4

1%

Fig. 7 Variations of PEC with ¢ for different cases at Re = 12,000

7000
6500
6000
5500
5000
4500
4000
3500

h/W m—2 K-1

3000
2500
2000

1500

IARES RAREE EAREY LRRRE LARES LERES LARRY LERRS LERNS LRARS RARRS LEAR!

T IR T
4000 6000 8000

| I S NN SR N S
10000 12000

1000 =L

Re

Fig. 8 Variations of HTC with Re for different values of ¢ at e =3
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u=0,v=0,w=0,T =298K (34)
e At outlet:
Ou oy ow or ok ow
a_ 75_07§_07a_036__ 7& 0
(35)

5.5
—— 0 =4%
——— §=3%
5 —v— ¢=2%
—— ¢=1%
a5 —®— ¢=0%

3.5

2.5

hihy
N N
IIITITIIIITIIIITIIIITTIIITTIIIITTI

P I R R SR
4000 6000

P IR
8000 10000 12000

Re

Fig. 9 Variations of dimensionless heat transfer coefficient augmen-
tation with Re for different values of ¢ at e = 3

0.42

- —— $=4%

0.4 L —h— ¢ =3%

T —v— $=2%

r —— 0=1%

0.38 F —— ¢=0%
0.36 -
- i
0.34 |-
032 |
0.3

oogl 0 v v vy

4000 6000 8000 10000 12000

Re

Fig. 10 Variations of friction factor with Re for different values of ¢
ate=3
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Numerical method

A finite volume technique (SIMPLE algorithm) is
employed to resolve the equations along the related
boundary conditions [40]. The discretization of all gov-
erning equations is performed by using a second-order
upwind differencing method. The iterative process stops
when residuals reach less than 107°. It should be men-

1
I —a— ¢=4%
P —A— ¢=3%
105 —v— 0=2%
F —e— ¢=1%
[ —@— ¢=0%
10:
o 9'5':
= C
oF
85 |
8
I SR DRI DR R
4000 6000 8000 10000 12000
Re

Fig. 11 Variations of dimensionless friction factor with Re for
different values of ¢

2.5

- —— 0 =4%
—h— $=3%
—v— $=2%
- —— 0=1%
+ —®— ¢9=0%

e &

1.5

PEC

P T S S IR A SRS TS S S R
4000 6000 8000 10000 12000

Re

Fig. 12 Variations of performance evaluation criterion (pec) with Re
for different values of ¢ at e =3
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tioned that the ANSYS Fluent software is used to simulate
this problem.

Grid independence test and validation

Grid distribution is displayed in Fig. 2. As an assumption
in the SST k — @ model, y© should be less than unity
around the surfaces. Values of y* less than unity indicate
that the grid is small sufficient to capture the laminar
sublayer. The values of y* are checked around the surfaces
in this problem, and they were less than unity for all cases.

The grid independence evaluation was accomplished by
considering four different mesh sizes as shown in Fig. 3.
As shown, the difference between the friction factor of grid
numbers for 3,000,000 and 6,000,000 is about 0.48%,
which is insignificant. This difference for Nusselt number
is about 0.09% which is acceptable. Accordingly, the mesh
number of 3,000,000 was selected as the optimal mesh size
for the study.

To evaluate the accuracy of the present numerical
scheme, the findings obtained by the present work were
benchmarked with the experimental findings of former
studies. Figure 4a and b shows the comparison between the
current numerical results and experimental results [11] for
a tube fitted by the helical screw-tape without core-rod
inserts (for e = 0). It can be observed that the present
numerical outcomes have a small deviation from the
experimental results. Figure 4a shows the variation of
Nu,,e with Re. The average relative error is about 6%.
Figure 4b shows the variation of friction factor with Re.
The average relative error is about 14%.

Results and discussion

The effects of eccentricity and ¢ on thermal-hydraulic
performance containing heat transfer coefficient, friction
factor and PEC are discussed.

Figure 5 shows the variations of HTC with ¢ for three
eccentricity values, at a constant Reynolds number, i.e.,
12,000. As shown, the HTC enhances with an increase in ¢
almost linearly. With increasing the volume fraction from 0
to 4%, the heat transfer coefficient enhances up to 51% for
maximum eccentricity (e = 3 mm). This enhancement for
minimum eccentricity (e = 0 mm) is 37%. Heat transfer
coefficient is directly proportional with thermal conduc-
tivity, Reynolds and Prandtl numbers. Therefore, at a
constant Re, we need focus on the variations of thermal
conductivity and Pr number with NP volume fraction
which affect the magnitude of HTC. By adding NPs to the
base liquid, the effective thermal conductivity enhances.
On the other hand, the value of Pr (i.e., £2) reduces by

particle loading(based on the properties given in Table 1).
However, the enhancement in thermal conductivity can
neutralize the reduction in Pr number because the HTC is a
function of Pr"* where n is less than 1; therefore, the out-
come is heat transfer coefficient amelioration.

Figure 6 shows the variations of f with solid volume
fractions for three eccentricity values, for Re = 12,000. It
shows that f increases with the addition of particles. The
value of f increases about 11% for e =2 and e = 3, and
about 40% for e = 0.

The effect of ¢ on PEC is disclosed in Fig. 7. It is worth
to mention that to achieve a precise consequence about the
overall efficiency of the heat exchanger; it is needful to
evaluate the pressure drop and the heat transfer in the heat
exchanger, simultaneously. A Performance Evaluation
Criterion (PEC) aids the designer to choose the best option
based on the first law of thermodynamic viewpoint. Fig-
ure 7 shows that PEC values are higher than 1 so all these
cases are acceptable and it means that using Al,Os/water
NF in a tube with eccentric helical screw-tape at a constant
pumping power leads to improve HTC. The PEC value
improves about 46% by increasing in ¢ in the range of
0-4% for e = 3. This improvement for minimum eccen-
tricity value (e = 0) is about 22%.

Figure 8 shows variations of HTC against Re for dif-
ferent solid volume fraction of NPs at e = 3. As shown in
this figure, heat transfer coefficient enhances with an
increase in Re for all values of ¢. There are 123%, 120%,
119%, 117% and 115% increments in the HTC for the
cases of ¢ = 0, 1, 2, 3, and 4 when the Re is increased from
4000 to 12,000. Moreover, the HTC increases when ¢
increased for all values of Re. There are 57%, 54%, 53%,
51.3% and 51.5% improvements in HTC for Re = 4000,
6000, 8000, 10,000, and 12,000 when ¢ increased from O
to 4. Indeed, adding NPs helps to the augmentation of heat
transfer coefficient about 1.5 times but this augmentation is
higher in low Re.

Two dimensionless coefficients are defined to show the
increase in HTC and f created by employing the heat
transfer enhancement technique compared with plain tube

(h/h , and f /fo) where the subscript of “0” stands for HTC
and f of the plain tube. It is shown in Fig. 9 that all values
of h/ho are greater than one which demonstrates the high

heat transfer enhancement compared with plain tube case.
It also shows that using Al,Os/water NF with eccentric
helical inserts have higher heat transfer enhancement in
lower Re.

The variations of friction factor against Re for different
values of ¢ at e = 3 are shown in Fig. 10. As shown in this
figure, friction factor decreases with an increase in Re for
all values of solid volume fraction. It also shows that
adding NPs leads to increase friction factor. This increase
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Fig. 13 The effects of ¢ on tube wall heat flux contours at e = 3,
Re = 12,000

for different all Reynolds number is 3-11.7% for solid
volume fraction of 1-4%.

The dimensionless friction factor /, /fo is provided in

Fig. 11. It shows that J /fo for all cases increases with the

increase in Re.

Figure 12 shows the variation of PEC against Re for
different values of ¢ at ¢ = 3. According to the definition
of this parameter, when the value of PEC is greater than
unity it implies that using helical screw-tape is advanta-
geous by considering both HTC and f. As seen, the value of
PEC is greater than one independent of Re number and NF
concentration. It means that although using helical screw-
tape leads to an increase in the pressure drop, the heat
transfer enhancement neutralizes it, and consequently, the
PEC becomes greater than one. With increasing the volume
fraction, the amount of PEC increases too, therefore, it can
be concluded that adding NPs to the base fluid mainly leads
to heat transfer augmentation and undesirable effects of
friction factor growth is not dominant. The higher value of
PEC at low Reynolds numbers can be described based on

@ Springer

Fig. 14 The effects of ¢ on temperature distribution contours at
e =3, Re = 12,000

Figs. 9 and 11. As seen, the rate of changes for both HTC
and f ratios is greater at low Re numbers.

Figure 13 shows the effect of ¢ on tube wall heat flux
contours at e = 3 and Re = 12,000. As shown in this figure,
the tube wall heat flux increases by increasing in ¢. The
main reasons were discussed earlier. It can be seen that the
maximum wall heat flux is occurred on the tube wall in
which helical direction that helical screw-tape swirls the
flow. To determine the heat flux augmentation on the tube
wall for each case (compared to plain tube), the dimen-
sionless parameter q/qo is calculated. For the cases shown

in Fig. 13, this ratio is 3.53, 3.91, 4.28, 4.56 and 4.91 for ¢
=0, 1, 2, 3 and 4%, respectively. Figure 14 shows the
influence of ¢ on temperature field at ¢ =3 and Re =

12,000. As shown in this figure, the level of temperature in
the domain tends to decrease when ¢ increases. Finally, it
leads to the decrease in outlet temperature of tube and
better heat transfer performance of HE.
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Fig. 15 The effects of eccentricity on temperature contours at ¢
= 4% and Re = 12,000

J;_Z 0.0

0.1 02 03 05 06 07

Plain tube

Fig. 16 The effects of eccentricity on velocity contours at ¢ = 4%
and Re = 12,000

The effects of increases in eccentricity on temperature
and velocity fields are shown in Figs. 15 and 16. It is seen
that at ¢ = 4% and Re = 12,000, the heat transfer diffusion
increases with an increase in the eccentricity value. The
improvement in heat diffusion is due to the fact that with
increasing the eccentricity the velocity profile becomes
non-uniform in upper and lower halves (in concentric case
is uniform since the effect of gravity is neglected). In the

half that the gap between the insert and the tube is smaller,
forced convection intensity increases and the transfer of
heat via convection to other areas of tube better happens
through vorticities formed in the flow. In other words,
mixing rate is more when eccentricity is higher; therefore,
the rate of heat diffusion increases.

Conclusions

Optimizing the efficacy of solar collectors and photovoltaic
thermal (PV/T) systems, which their use is developing in
buildings, will efficiently help to achieve zero-energy
buildings. For this purpose, improving the efficiency of
heat exchangers as the main part of solar collectors and PV/
T systems is crucial. In this paper, the first law of ther-
modynamic was employed to evaluate the effects of helical
screw-tape turbulator and NF in an HE tube for turbulent
regime. The effects of eccentricity and ¢ on thermal-hy-
draulic performance including HTC, friction factor and
PEC were investigated. The main findings of this study can
be listed as:

e The heat transfer coefficient increases with increasing
of ¢. Adding NPs to working fluid has better influence
when eccentric helical screw-tape is used instead of
concentric helical screw-tape.

e The HTC rises with increasing the eccentricity as the
turbulator with higher eccentricity causes a better
temperature distribution.

e The friction factor increases with increasing of ¢. This
increase is about 3—11% for volume fractions 1-4%.

e The PEC value is obtained about 1.2-1.4 for ¢ = 0%
and 1.8-2.2 for ¢ = 4%. The higher PEC values are
associated with lower Re.

e The PEC values improve about 57%, 55%, 53%, 50%
and 48% by increasing ¢ from 0 to 4% for Reynolds
numbers of 4000, 6000, 8000, 10,000, and 12,000,
respectively.

e The wall heat flux increases as ¢ increases. The
maximum wall heat flux is occurred on the tube wall in
the path that helical screw-tape swirls flow.

The present work suggests the simultaneous usage of
NFs and inserts to enhance the solar energy-based systems.
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