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In this work, numerical and experimental analyses of a double-pipe heat exchanger with SiO, nanoparticles were
performed. The numerical study was conducted by using the k—& turbulence model with the Galerkin weighted residual
finite element method. The nanofluid was used in the inner pipe at various solid particle volume fractions. Effects of
flow rate and temperature on the overall heat transfer coefficient were examined. The Brownian motion effect was
included in the effective thermal conductivity of the nanofluid. It was observed that the overall heat transfer coefficient
enhanced with the inclusion of nanoparticle and increasing the volumetric flow rate of nanofluid. Even though the
validation of the experimental study was conducted, there are discrepancies between the numerical and experimental
studies which become higher for a higher mass flow rate. The deviations are 4.60% and 27.50% at volumetric flow rates
of 0.87 L/min and 2.15 L/min.
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1. INTRODUCTION

Energy demands are increasing day by day with developing industrialization and population (Sozen et al., 2020;
Khanlari et al., 2020). Due to the limitation of fossil energy resources, research and applications related to effective
utilization of both electrical and thermal energy have increased worldwide (Tuncer et al., 2021).

One of the effective methods for upgrading the performance of thermal systems is utilization of nanofluids as a
working fluid. Use of nanofluids in thermal engineering systems captures great attention nowadays. Metallic or non-
metallic additives to the base fluid enhance the thermal conductivity of the base fluid (Khanlari, 2020; Selimefendigil
and Oztop, 2019). The conductivity of heat transfer fluids such as water or ethylene glycol is very low when compared
to metallic nanoparticles. When nanoparticles are added to the base fluid in very low amount, thermal conductivity
increases significantly. Thus, it is possible to obtain compact, low-weight thermal engineering systems. The environ-
mental side effects can be reduced as a result of low energy consumption. There are many applications for nanofluids
in thermal engineering field ranging from solar power to refrigeration (Gtirbiiz et al., 2020; Selimefendigil and Oztop,
2017; Chen et al., 2017; Ho et al., 2020; Aidaoui et al., 2020). In a study conducted by Saffarian et al. (2020), solar
collectors with various flow channels were analyzed. CuO and Al,O,-based nanofluids were utilized in the solar heat-
ing system. The findings obtained showed that using wavy pipe design and CuO-based nanofluid increased the heat
transfer by approximately 78%. Moravej et al. (2020) utilized rutile TiO,/water nanofluids to increase the thermal per-
formance of a symmetrical flat-plate solar collector. They used three different concentrations in the investigation (1,
3, and 5 wt.%). In another work, Selimefendigil and Oztop (2021) studied the enhancement of thermoelectric device
performance by using nanofluids and rotating cylinders in a channel flow to be utilized in renewable energy systems.
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NOMENCLATURE

h local heat transfer Greek Symbols

coefficient o thermal diffusivity
k thermal conductivity 0 nondimensional temperature
L pipe length v kinematic viscosity
n unit normal vector p density of the fluid
Nu, local Nusselt number o} solid volume fraction
Nu_ average Nusselt number
P pressure Subscripts
Pr Prandtl number c cold
T temperature h hot
u,v, w X,y,zvelocity m average

components nf nanofluid
X, ¥, 2 Cartesian coordinates w wall

Double-pipe heat exchangers generally were used for heating and cooling of process fluids where small heat
transfer areas are required. They can be assembled in series to increase the thermal capacity and heat transfer surface
area and they can withstand high pressures. There are some studies about utilizing nanofluids in double-pipe heat
exchangers available in the literature. Also, Shirvan et al. (2017) numerically analyzed the effect of utilizing ALO,/
water nanofluid in double-pipe heat exchangers. They also modeled findings by using statistical approaches. Demir
et al. (2011) performed numerical analysis for the hydrothermal behavior of a double-pipe heat exchanger contain-
ing nanofluids. They used water and TiO, and Al,O, nanoparticles. It was shown that the increase in heat transfer is
much greater than the increase in pressure loss. In another study, Mahbubul et al. (2013) investigated the heat transfer
and pressure loss in a horizontal smooth pipe by using nanorefrigerants containing alumina nanoparticles. They used
various solid nanoparticle volume fractions between 1% and 5%. They showed that an optimum solid particle volume
fraction is achieved to obtain the best performance in a cooling system. Chun et al. (2009) examined the laminar heat
transfer in a double-pipe heat exchanger with nanofluids. From the experimental study they showed that the surface
properties of nanoparticles are the main factors in the enhancement of the heat transfer. They obtained higher heat
transfer coefficient as the solid particle volume fraction increases. In many studies, it is shown that a compact light-
weight heat exchanger can be obtained when nanoparticles are added to the base fluid. The heat transfer performance
depends on many factors such as nanoparticle type, nanoparticle shape, and solid volume fraction of the nanoparticles.
The thermal conductivity enhancement of the base fluid when nanoparticles are added depends on some of these fac-
tors. In the application, many metallic or nonmetallic nanoparticles are used which have spherical shape and have
average particle diameter between 10 nm and 50 nm. In a recent review study, application of the nanofluids in various
types of heat exchangers is reported (Bahiraei et al., 2018).

In this study, numerical and experimental analyses for the thermal performance improvement of a double-
pipe heat exchanger with SiO, nanoparticles inclusion to the water were performed. Various solid nanoparti-
cle volume fractions were tested for different mass flow rates and temperatures and findigs were discussed in
detail.

2. NUMERICAL MODELING

A schematic description of numerical model of the double-pipe heat exchanger is presented in Fig. 1. The inner and
outer radii of the pipes are R, and R, while d_and d_, denote the interface and outer pipe thicknesses. Nanofluids
with water as base fluid and SiO, as nanoparticles at various solid particle volume fractions were used. Table 1 lists

Heat Transfer Research



Double-Pipe Heat Exchanger with SiO, Nano-Additives 3

outlet ‘ inlet
T,,m,
inner tube
outer tube
/ interface
symmetry
axis
T,,m,
A
\
inlet outlet

(b)

FIG. 1: Schematic description of double-pipe heat exchanger model in 3D (a) and 2D view with boundary conditions (b)

TABLE 1: Thermophysical properties of base fluid and SiO, nanoparticle [adapted from Vanaki et al. (2014)]

Property Water SiO,
p (kg/m?) 998.2 2200
¢, J/kg K) 4812 703
k (W/mK) 0.61 1.2
p (N s/m?) 0.001003 —

the thermophysical properties of the base fluid and nanoparticles. The nanofluid with entrance temperature 7', and
mass flow rate 7z, flows in the inner pipe, while the water flow in the annulus section has the entrance temperature 7,
and mass flow rate 7z,. Tables 2 and 3 present the geometrical and operating conditions of the numerical model. The
values of 7, and r, are fixed to the values shown in the table while the values of T, and 7z, varied during numerical
study.
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TABLE 2: Geometrical properties of double-pipe heat exchanger

Selimefendigil, Sirin, & Oztop

Symbol Value Description
R, 0.007 m inner radius
R, 0.0I15m outer radius
L 0.5m length
d, 0.001 m interface thickness
d, 0.005 m outer pipe thickness
vol 3.5343 x 10* m? overall volume
beta 62.222 1/m compactness
TABLE 3: System operating parameters
Symbol Value Description
T, 3146 K inner pipe inlet temperature
T, 292.8 K annulus inlet temperature
m, 0.0145 kg/s inner pipe mass flow rate
i, 0.0395 kg/s annulus mass flow rate
pAl 101.3 kPa inner pipe exit pressure
pA2 101.3 kPa annulus exit pressure

The fluid was assumed to be Newtonian and incompressible. The flow is three-dimensional, steady, and turbulent.
Effects of viscous dissipation, radiation, and natural convection were all neglected.

Three-dimensional steady flow equations with the k—¢ turbulence model
lows:

were used and they can be stated as fol-

I(u;)
25—
ox; €]
. du,
Ipwitty) __3p | OPutity) | ox;  Ix, o
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9 [“tJrunf]ae i
IPte) _ \\ ) G —py Cc (5)
axi axj k k™~1e pnf k 2€
with
pzﬁ/—u(a% a%J 20 ks 2p 0
P = —L =2 kS, — S,
7o ox, ox, ) 3 3T QY
. C ke Jdu, .,
W= G = o i ()

b
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It also considered the conduction in the interface between the fluids in the inner pipe and in the annulus part as

’T 0'T 9°T _
o oy o g

Constant hot and cold temperatures are assumed at the inlet of the inner pipe and annulus section as 7T, and T,
while no-slip boundary conditions (1 = v =w = 0) are imposed for the tube walls. Constant mass flow rates sz, and 71,
are used at the inner and outer tube inlets. Pressure outlet boundary conditions are used at the exit of the inner pipe
and annulus section. At the interfaces between conducting solid wall and inner pipe and annulus heat flux continuity

was considered as
oT oT
B I R e
‘ ( on l,i ! ( on jh,i

SiO, nanopatricles were used as additive to the water in the inner pipe. The effective density and specific heat of
the nanofluid are given in terms of the base fluid, nanoparticle properties, and solid volume fraction as

P, —=9)p,+dp, ®)
(pc,),,= (1 =d)pc,) +d(pc,), €

The effective thermal conductivity of the nanofluid includes the effect of Brownian motion and it can be given as
(Vajjha et al., 2010)
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k. =k +k (10)

nf sr Brownian

where k  is defined by Maxwell (1904) as

k,+2k.)=20(k, -k
b, =k, | Be P2 =20 (2 k) (1
(k, +2k)+0(k, —k,)
and k, . canbe expressed by using the following equation:
4 —1.4594 ka ’
kBmwnian =5x10" x1.9526 x (100¢) q)pfcp,f pr (T’q)) (12)
ppP
where the function /" is given by Vajjha et al. (2010).
The effective viscosity model of the nanofluid can be found as (Corcione, 2010)
1
Hop =Hy 03
[1—34.87[0’1’] ¢1~03] 13)
d;
with the average particle size of the fluid
1
oM |3
d,= 14
s ( Nrp, J (14)

where M and N are the molecular weight and the Avogadro number, respectively.

The Galerkin weighted residual finite element method was used for the solution of governing equations with
the appropriate boundary conditions as described above. In this method, weak form of the governing equations is
established and residual R resulted when the approximated flow variables are inserted in the governing equations. A
weighted average of this residual R will be forced to be zero:

J' W.Rdv=0 (15)
Q

where W represents the weight function which is chosen from the same set of functions as of the trial functions. At the
nodes of internal element domain nonlinear residual equations are obtained and they are solved with Newton—Raph-
son method. Convergence of the solution is assured when the relative error for each of the flow variables satisfy con-
vergence criteria which is less than 107°. Grid independence test of the numerical solution is verified by using different
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number of grids. Following formulations are used to calculate the overall heat transfer coefficient of the double-pipe
heat exchanger and to find its capacity or sizing of it:
overall heat transfer coefficient

1 1 In(rr,) 1
S R=—"+ S +
vd "R 4 T o T ha (16)
logarithmic mean temperature difference
at, = 20720
| 21 (17)
AT,
total heat transfer rate
O = (1, (T, = Tu)). = (i, (T, = T D (18)
O = UAAT,, (19)

where A4 is the total heat transfer surface area and m is the mass flow rate.

3. NUMERICAL STUDY

A numerical study for three-dimensional double-pipe heat exchanger with SiO, nanoparticles included in the hot
water which circulates in the inner pipe is conducted. The geometrical and operating parameters are given in Tables
2 and 3. The annulus side volumetric flow rate is fixed to 2.36 L/min, while the inner pipe fluid flow rate and inlet
temperature change which includes the nanofluid with various values of solid particle volume fraction. Figure 2 shows
the variation of temperature in the annulus side for cold flow stream with various volumetric flow rates. As the mass
flow of hot fluid rises, the exit temperature of the cold stream increases for fixed inlet temperature of the annulus.
Including nanosized particles to the hot fluid results in heat transfer enhancement in the inner pipe and the overall heat
coefficient increases. Figure 3 shows the variation of the overall heat transfer coefficient versus solid particle volume
fraction for various flow rates iz, = 0.87 L/min, sz, = 2.15 L/min, and sz, = 2.37 L/min. The overall heat transfer coef-
ficient increases when the values of flow rate and solid particle volume fraction augment. For nanofluid at the highest
particle volume fraction, its value increases by about 16% for all flow rates 1, 11,, and 7z,

Effects of hot SiO,~water nanofluid temperature on the overall heat transfer coefficient is shown in Fig. 4 for
volumetric flow rate of 2.15 L/min considering various ¢ values. The U values at a temperature of 7= 50°C is slightly
higher than those at 7= 40°C for all solid particle volume fractions (1.6% higher for water and 1.4% higher for nano-
fluid with ¢ = 2.5%).

4. EXPERIMENTAL STUDY

A double-pipe heat exchanger was used which is shown in Fig. 5. The measurement system consists of 2 turbine
type flowmeters (accuracy, 3%), 4 temperature sensors (accuracy, 0.5°C). The setup is composed of control panel,
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FIG. 2: Variation of temperature difference in the outlet for cold stream
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FIG. 3: Overall heat transfer coefficient versus solid particle volume fraction for different mass flow rates
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FIG. 4: Overall heat transfer coefficient versus solid particle volume fraction for different inlet temperatures

Heat Transfer Research



Double-Pipe Heat Exchanger with SiO, Nano-Additives 9

FIG. 5: Experimental setup of double-pipe heat exchanger (a), water—SiO, nanofluid at various solid volume fractions (b)

hot and cold water feed units and heat exchanger. The flow rates and temperatures can be read from the control
panel. The hot water is obtained by using a resistance type heater which is 2.5 kW. The water tank has a capacity
of 15 L and is made of stainless steel. The inner pipe has an inner diameter of 14 mm and outer diameter of 16 mm.
The length of the pipe is 500 mm. The outer pipe (the annulus side) has inner and outer diameters of 20 mm and
30 mm. The thermal conductivity of inner pipe is 16 W/m K. The hot water is flowing through the inner pipe while
the cold water is circulated through the annulus side of the heat exchanger. The hot water temperature of the inner
pipe is controlled by using the resistance heater and the flow rates area is also controlled. The SiO, nanoparticles
are included in the hot water.

Different correlations can be used to find the heat transfer coefficient for the inner pipe and for the annulus side
of the double-pipe heat exchanger and one of them can be stated as (Kakag et al., 2020)

1

(ijePr
Nu= 2 ./ =[1.581n (Re-3.28)] (20)
1+8.7[£j2 (Pr—=1)

For the laminar flow configuration, the Sieder—Tate correlation can be used which has the following form (Kakag
et al., 2020):

l 0.14

3

Nu=1.86(RePr%j (ﬁj Q1)
W,

In order the validate the experimental study, the size of the heat exchanger was determined by using the values
from the control panel for the inner and outer flow rates and temperature of the inner pipe and annulus. By using the
above-given correlations for the calculation of heat transfer coefficient and overall heat transfer coefficient as de-
scribed in Eq. (16), the length of heat exchanger was found to be 517 mm and the actual length is 500 mm.

Figure 6 shows the variation of overall heat transfer coefficient versus solid particle volume fraction for two volu-
metric flow rates of the hot water flowing through the inner pipe. The flow rate of cold water in the annulus is fixed at
2.36 L/min. It is observed that the overall heat transfer coefficient enhances with solid particle volume fraction for all
flow rates. Its value is also increasing for higher values of flow rates. Adding nanoparticles results in enhancement of
the overall heat transfer coefficient and this is significant for higher values of flow rate. For flow rate 0.87 L/min, the
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FIG. 6: Overall heat transfer coefficient versus solid particle volume fraction for two different values of inner pipe fluid volumetric
flow rate, 7= 40°C

difference for the overall heat transfer coefficient between the nanofluid (at the highest solid particle volume fraction)
and the base fluid is 20.60%, whereas its value becomes 43.50% when the flow rate is increased to 2.15 L/min.

As compared to the numerical study, 12% and 19% higher values are obtained with water at volumetric flow
rates of 0.87 L/min and 2.15 L/min. In the numerical study, 16% enhancement in the overall heat transfer coefficient
is obtained for all flow rates, whereas this value deviates by about 4.6% and 27.5% at flow rates of 0.87 L/min and
2.15 L/min. The deviation between the experimental and numerical studies at the highest flow rate becomes higher.

Figure 7 demonstrates the effect of the inlet temperature of hot water entering the inner pipe for various solid
particle volume fractions on the overall heat transfer coefficient. There is some slight enhancement in the heat transfer
coefficient when the water temperature is increased for all solid particle volume fractions. This value is 2.78% for pure
water and 2.49% for nanofluid with the highest particle volume fraction. This result supports the numerical one as the
difference between the two temperatures becomes less than 2% for all solid particle volume fractions.

5. CONCLUSIONS

In this work, effects of inclusion of SiO, nanoparticles in a double-pipe heat exchanger performance were numeri-
cally and experimentally examined. The overall heat transfer coefficient was found to enhance with the inclusion of
nanoparticles. In the numerical study, the rate of enhancement was found by about 16% whereas in the experimental
study 20.60% and 43.50% enhancements are achieved for lowest and highest mass flow rates. There was very little

4001

3001~
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2001

Overall heat transfer coefficient

-0.5
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FIG. 7: Overall heat transfer coefficient versus solid particle volume fraction for two different values of inner pipe fluid tempera-
ture, m =2.15 L/min

Heat Transfer Research



Double-Pipe Heat Exchanger with SiO, Nano-Additives 11

influence of the inlet temperature on the heat transfer coefficient enhancement both in the numerical and in the ex-
perimental study.
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