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ARTICLE INFO ABSTRACT
Keywords: Natural circulation loops with double pipe heat exchangers at heating and cooling ends have a potential to be
Nanofluids used in the refrigeration systems as an alternative to suction line heat exchangers. The heat transfer capability of

Refrigeration system
Annular flow
Developing laminar flow

such natural circulation loops depends on the geometrical parameters as well as thermophysical properties of the
working fluid. This study aims to investigate the effect of water-ethylene glycol mixture based Fe304 nanofluids
(0.01, 0.05 and 0.1 vol.%) on the annular flow propagation and heat transfer in the annuli of double pipe heat
exchanger at low pressure side of the refrigeration cycle. In addition to increased non-dimensional velocity
values due to the lower viscosity and higher non-dimensional temperature values with expanded temperature
gradient, improved heat transfer by nanofluids shows that they can be used as secondary heat transfer fluids at
low-pressure side in refrigeration systems. Although the maximum transferred (13.6% improvement compared to
base fluid) heat observed for the highest concentration, the nanofluids with smallest concentration has the
minimum pressure drop value (25% reduction compared to base fluid) and the highest performance evaluation
criteria (PEC) value (PEC = 1.08) with tiny increase in exergy destruction (1.45% compared to base fluid).

increase in temperature at the compressor inlet leads lower compressor
efficiency and reduction in the system performance [3,4]. In addition to

1. Introduction these two aspects, design and dimensions of SLHX have a great impor-
tance in the applications [5].

Rapid growth of energy demand requires passive heat transfer Single-phase natural circulation loop (SPNCL), as passive heat
techniques to recover, transfer and use of generated heat to improve transfer system, was proposed as an alternative to suction line heat ex-
energy efficiency and reduce energy consumption. Since household changers in vapor compression systems [6]. Using SPNCLs with double
refrigeration appliances comprise a large portion of buildings’ energy pipe heat exchangers (DPHXs) at low-pressure side and high-pressure
consumption [1], energy efficient solutions are proposed for vapor sides of an existing refrigeration cycle does not require any changes in
compression systems. Suction line heat exchangers (SLHXs) are gener- the pipeline of the cycle. The heat required for subcooling, and super-
ally used to increase system capacity and protect the components of the heating processes is transferred between refrigerant and secondary heat
vapor compression systems by subcooling the refrigerant at transfer fluid flowing through annuli of DPHXs of a SPNCL. This pro-
high-pressure side and superheating at the low-pressure side. Reduction vides more flexibility in the design of the system compared to the con-
in the temperature at the condenser outlet results in lower enthalpy of ventional SLHX in which the condenser outlet and suction line pipes are
evaporator inlet and thus higher evaporator capacity. In addition to connected by internal heat exchangers.
increasing system performance, SLHXs have the advantages of that flash DPHX, as the simplest form of a two-fluid heat transfer device, is
gas formation at the expansion device inlet can be prevented by sub- comprised by two concentric circular tubes which presents circular and
cooling of the refrigerant and fully evaporation of the liquid is obtained annular duct flow geometries [7]. The annular channel of a DPHX might

in the suction line prior to reaching the compressor [2]. However,
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Nomenclature

3D Three dimensional

[N Specific heat (J/kg.K)

D; Inner pipe diameter (m)

D, Outer pipe diameter (m)

e Eccentricity (m)

e* Dimensionless eccentricity

f Friction factor

g Gravitational acceleration (m/s%)
h Enthalpy (m?/s%)

k Thermal conductivity of the working fluid (W/mK)
L, Length (m)

Lt Dimensionless duct length

m Mass flow rate (kg/s)

Nu Nusselt number

P Pressure (Pa)

PEC Performance Evaluation Criteria
Pr Prandtl number

Q Transferred heat (W)

q’ Heat flux (W/m?)

r Pipe radius (m)

r* Pipe diameter ratio

Re Reynolds number

Sm Source of momentum (kg m?/s%)
S Source of energy (kg m/s>)
SPNCLs Single phase natural circulation loops
Sge,, Entropy generation (W/K)

EX est Exergy destruction (W)

T Temperature (K)
U Overall heat transfer coefficient (W,/m?K)
ki Velocity vector (m/s)
Greek Symbols
p Density (kg/m°®)
B Thermal expansivity (1/K)
@ Volumetric concentration
p Viscosity (Pa.s)
€ Aspect ratio
8 Kronecker delta function
T Stress tensor
Subscriptions
a Ambient
bf Base fluid
c Cooler
Effective
f Fluid
FF Flow friction
HT Heat transfer
i Inner
in Inlet
LMTD  Logarithmic mean temperature difference
max Maximum
nf Nanofluid
o Outer
p Particle

be concentric or eccentric depending on the application, and the effects
of eccentricity, pipe diameter, thermal boundary conditions and flow
characteristics such as fully developed and developing flow on the heat
transfer performance have been studied previously [7-9]. The effects of
the passive heat transfer enhancement techniques are widely studied
[10-12] and recent studies focus on the influence of the external mag-
netic field [13-16] on DPHXs performance. Additionally, thermophys-
ical properties of working fluid can be considered as important
parameters for the prediction of the heat transfer performance of
DPHXs.

Nanofluids are also widely used in the DPHX as a working fluid for
either in the annulus or inner tube. Togun et al. [17] compiled the
studies on forced, natural and mixed convection in the annular passage
for fluids and nanofluids and reported that nanofluids have higher heat
transfer capability due to their thermophysical properties. Recently,
Subramanian et al. [18] studied water based TiOy nanofluid in
double-pipe counter-flow heat exchanger for laminar, transition and
turbulent flows. They obtained up to 15% improvement in heat transfer
coefficient by using nanofluids compared to the base fluid. Increase in
concentration and Reynolds numbers boost the heat transfer of nano-
fluids. Khanlari et al. [19] found a maximum heat transfer coefficient by
37% and 12% for kaolin-deionized water based counter flow concentric
tube and parallel flow concentric tube heat exchangers working under
turbulent flow. Arya et al. [20] also investigated the heat transfer and
pressure drop characteristics of ethylene glycol based MgO nanofluid in
DPHX and found that heat transfer enhancement was obtained by 27%
with the penalty of pressure drop increment by 35% for concentration of
0.3 wt.%. Shahsavar et al. [21] evaluated the hydrothermal performance
of a hybrid nanofluid (water based tetramethylammonium
hydroxide-coated Fe3O4 and gum arabic-coated carbon nanotube hybrid
nanofluid) in a counter-current mini channel DPHX. They found that
non-Newtonian hybrid nanofluid generally has a higher heat transfer

rate and thus overall heat transfer coefficient and effectiveness
compared to Newtonian hybrid nanofluid. However, the Newtonian
hybrid nanofluid exhibits higher pressure drop, pumping power, and
performance evaluation criterion (PEC). Moreover, the impact of
nanoparticle shapes on thermohydraulic performance of minichannel
DPHX working with water-ethylene glycol based boehmite alumina
nanofluids was investigated in [22]. It was shown in this study that
platelet shaped nanofluids have better heat transfer characteristics
whereas spherical shaped nanofluids demonstrated higher performance
index. Jassim and Ahmed [23] studied water based Al,03 and Cu
nanofluids in DPHX, and found that Cu nanofluid has higher enhance-
ment in Nusselt numbers (23% for Cu and 13% for Al,O3 respectively)
and considerable improvement in effectiveness (10% for Cu and 7% for
Al,O3 respectively). Additionally, the Al,O3 nanofluid demonstrated
higher heat leak compared to Cu nanofluid. In their comprehensive re-
view study, Omidi et al. [24] mentioned that combination of nanofluids
and passive heat transfer methods in DPHXs would be a solution of many
heat transfer problems which is widely studied in the current literature.

The increase in performance of heat transfer systems has been
generally associated with the improvement in the thermophysical
properties of nanofluids compared to base fluids [25-27]. Although
addition of nanoparticles in base fluids generally results in increase of
viscosity [28, 29], decrease of viscosity could also be obtained by
increasing particle size [30], and lubricating effect [31,32] depending
on nanoparticle content and generally obtained at small concentrations
[33]. Since higher viscosity values require higher pumping power
[34-37], recent studies show that nanofluids have a potential in passive
heat transfer systems where there is no pump driven motion of the liquid
[38]. In the low temperature applications, such as refrigeration systems,
water - ethylene glycol mixture (WEG) is used as the working fluid of the
DPHXs to improve heat transfer considering the freezing temperature
limitation of water. Recently, Banisharif et al. [33] studied the
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Fig. 1. The variation of the thermophysical properties of base fluid and nanofluids with temperature.

thermophysical properties of WEG (50:50) based Fe3O4 nanofluids at
low concentration (0.01, 0.05 and 0.1 vol.%) and temperatures
(253.15-293.15 K). It is found that increase of nanoparticle concentra-
tion resulted in higher thermal conductivity and lower viscosity values
which would affect the heat transfer enhancement in passive systems
positively.

Considering the lower viscosity values in the passive heat transfer
systems, this study investigates the potential of WEG based nanofluids in
the low-pressure side of vapor-compression system assisted with SPNCL.
In the proposed system, the nanofluids in annular section are considered
as secondary fluid for superheating the refrigerant which flows through
the inner pipe of the DPHX. A 3D transient numerical model has been
developed to understand laminar annular flow propagation of nano-
fluids. The effect of WEG based nanofluids’ lower viscosity values on the
DPHX performance is evaluated in terms of temperature and velocity
distributions, thermohydraulic performance, exergy destruction and
entropy generation analyses.

2. Materials and methods
2.1. Thermophysical properties

Banisharif et al. [33] used a mixture of WEG (50:50) as a basefluid at
293.15 K with the amount of 0.2 wt.% in sodium dodecyl sulfonate
(SDS) and 0.2 vol.% in oleic acid (OA) to disperse and stabilize Fe304
nanoparticles. WEG, WEG+OA-+SDS and Fe304 nanofluid (0.01, 0.05
and 0.1 vol.%) were used as working fluids in this study. The thermo-
physical properties, namely thermal conductivity, heat capacity, dy-
namic viscosity and density, presented in [33] was introduced to
numerical model as polynomials which are function of temperature. The
reader is refereed to ref. [33] for the full description of nanofluid
preparation and characterization, as well as discussion of the results.
Beside these experimental data [33], the effective thermal expansion
coefficient (Be)of the working fluids was calculated by mixture rule in
Eqg. (1) and Eq. (2). In those equations, ¢ denotes volumetric concen-
tration of the nanofluid and p is the density. Subscripts p and f are for
nanoparticle and fluid, respectively. For the WEG (50:50) calculation in

Temperature [K]

NF001 eNF005 eNFO1

Eq.(1), temperature dependent thermal expansion coefficient of EG is
obtained from [39] and tabular values of water were used [40]. Then,
the calculated thermal expansion coefficient of WEG was used in Eq. (2)
for Fe304 nanofluids. The constant value of 1.13 x 10~ was used for the
thermal expansion coefficient of Fe3O4 [41] by assuming the WEG’s
temperature dependency as the dominant parameter. The variation of
thermophysical properties with temperature and nanoparticle content is
presented in Fig. 1.

(/)/})e = (1 — Prater) (/)ﬂ) water T PEG (pﬁ) EG @

(B). = (1 =¢;) (0B); + 0,(pP), 2

2.2. Numerical model

Here, a transient 3D numerical model was used to study developing
laminar flow characteristics and heat transfer capability of eccentric
annular duct. A commercial software (ANSYS CFX) was used to build a
geometry and solution of a steady laminar full buoyancy model with
temperature dependent thermophysical properties. General form of the
governing equations for steady state 3-D incompressible flow with
negligible viscous dissipation can be expressed in Eq. (3)-(5) as [42],

Mass conservation equation : V- (pﬁ) =0 3)
— =
Momentum equation : V- <pU ®U ) = —Vp + V7 + Su puoyancy )]
. — —
Energy equation : V~<p Uh) =V-(kVT)+ U-Vp+ S 5)

In the governing equations, h and U are enthalpy (m?/s%) and ve-
locity vector (m/s). S denotes source of momentum (kg m?/s%) and en-
ergy (kg m/s®). 1 is stress tensor and given as,

— T 2 —
f:ﬂ<VU+(vﬁ) —gsvu) 6)

where 6 is the Kronecker delta.
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Fig. 3. Mesh dependency results for sensitivity analysis.

Full buoyant method is determined in the numerical method as,
SM.bm)yancy = (ﬂ - pref)g )

Here prer is reference density of working fluid which is calculated at
the average fluid temperature in the system.

In the system, which is created by using accessible parts of an
existing cooling system, the pipes through which the refrigerant passes
are the inner pipes of the DPHXs located at the cooling and heating-ends.
In order to positively affect the heat transfer and flow progression, the
inner pipe with 5.15 mm in diameter is located in the upper position on
the cooling-end. The annular duct has 19 mm of outer diameter and 117
mm of length with an upstream calming length of 68 mm and diameter
of 5.15 mm. The dimensionless eccentricity (e*) of the annular duct is
calculated as 0.54 with the pipe diameter ratio (r*) 0.27. The refrigerant
which has been supposed to flow through inner pipe of the duct was

introduced to system by employing lower constant temperature
boundary condition (T¢ = 253.15 K) at inner pipe as shown in Fig. 2. The
primary working fluid flows through the annuli with the inlet velocity
Vin = 0.1582 m/s at Tj, = 293.15 K for 250 s with time step of 0.05 s. The
inlet velocity is determined by the average velocity value at cooling-end
inlet in SPNCL [6].

Four different meshes (M1, M2, M3, M4 having 156,247, 258,423,
434,597, and 612,463 elements respectively) were used for the mesh
independency analysis of the numerical model working with WEG. Fig. 3
shows that M1&M2 cannot capture the unsteady initial behavior be-
tween 15 and 65 s which characteristically exists in DPHXs. However,
M3 and M4 can distinguish this behavior. Therefore, M4 is used to
evaluate temperature and velocity distributions at the critical cross-
sections with high resolution.

The developing flow characteristics have been investigated consid-
ering the effects of nanofluid concentrations on nondimensional tem-
perature (T*) and velocity (V*) distributions at critical cross-sections of
the eccentric annular ducts.

Ts - Tinlet
TFr =22 " 8
Tr - Tin[er ( )
V,
Vo= ©
Vinler

Here, T; and V; are the local temperature [K] and velocity [m/s]
values at these cross-sections.

Heat transfer performance of system is also evaluated by determining
the Nusselt number (Nu):

U(Du - Di)

Nu =
u 2 s

(10)

The overall heat transfer coefficient (U) in Eq. (10) was evaluated by
the logarithmic mean temperature difference (LMTD) and surface area

25 35 45 55 65

45
65 —WEG
60 WEG+OA+SDS |40
NFO001
55 —NF005 35
2 —NFO1
-% 50 30
© 15
45 N
o
[0}
T 40
35
30
0 50 100

150 200 250

Time [s]

Fig. 4. Time dependent variation of heat transfer.
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(b)

Fig. 5. Cross-sectional (a) T* and (b) V* distributions between the time range of 15-65 s.

of the inner pipe. Overall heat transfer coefficient was calculated by

using the equation below:

-9
xD; L. ATy’
where,
AT, — AT-:
ATiyrp = : 2

ln(ATl/ATz )7

1D

(12)

AT =T, - T,

ATy = Touw — ch
Reynolds number is determined by
_ me (Do - Dt)

Re =1mZo — 20
u

- 990000 - 00000
- Q9000000200
- 90000 -0008¢
- 90000 -00eee
90000 -00000
- RP000 - 02900
0200002000
- 90000 -90000
- 99900 -92000
00000 -00000
- 90000 - 00000
—-900000--00000
- 900000 -00000
- 960600 - 06000
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0000000000
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13

14

(15)

The friction factor is calculated by using the model proposed for
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185 developing laminar flow in eccentric annulus [43] and given by
. 29 1/2
3.44\° 12
= e + ’ 16
18 ¢ e (\/U) VE (14 €)[1 — = tanh () 1o
Here, € is the aspect ratio and determined pipe diameter ratio (r* =
2 175 ° Di/D,) and dimensionless eccentricity (e* = e / (r, - ;) of the annulus.
® :(1+e*)(17r*) 1
€ a(l+r) a7
17 ) . o
Moreover, LT in the Eq. (16) is defined as dimensionless duct length
and given by
165 L=t as)
600 700 800 900 1000 1100 m
Re Pressure drop (Ap) through the annular duct is determined as follows
eWEG «WEG+OA+SDS «NF001 eNF005 eNFO1 Ap=f L. pV? (19)
p = b
Fig. 7. Variation of Nu with Re. D,-D; 2
The performance evaluation criteria (PEC) of the system are calcu-
lated by using Nu and friction factor [18].
6 1.09 Ny
PEC = (20)
5 (] m (f"_f>s
Jof
4 * o 1.06 - , :
= e total entropy generation rate of the system consists of thermal
a1 3 (La and frictional entropy generations as given in Eq. (21) [44].
& o Suen = (Suen)yr + (S10) @1)
en = en + en 3
2 ] 1.03 ¢ e
where
1
A
; q “nD;
en = 5 22
0 1 (Sg )HT kT>Nu(Rep, Pr) 22)
500 600 700 800 900 1000
: 81’ f (Rep)
Re (Suen) pr 2 23)

= 2T(D — D)5
eWEG «WEG+OA+SDS «NF001 eNF005 eNFO1 7 T(D = Di)

Fig. 8. Variation of Ap and PEC with Re (circle and square markers indicate the
Ap and PEC respectively). Exgest = TuSgen 24)

The exery destruction is evaluated by
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Here T, is the ambient temperature and it equals to Tj, for this study.
3. Results and discussions

Since the effect of nanofluids on heat transfer performance at low-
pressure side in refrigeration system is aimed to be investigated in this
study, the change of heat transfer with time is evaluated in Fig. 4. In
Fig. 4 and the following figures, NFOO01, NFOO5 and NF01 are expressed
as nanofluids having 0.01, 0.05 and 0.1 of volumetric concentrations,
respectively. The higher temperature difference between the inlet and
the inner pipe results in higher heat transfer value at the beginning, but
as time progress (to 15 s) drastically reduction in heat transfer is ob-
tained for all working fluids. In the time range of 15-65 s, the heat
transfer change is unstable, and it can be seen that increase in nanofluid
concentration delays the time require to reach steady-state flow
conditions.

Focusing on the time range of 15-65 s in which the fluctuations
observed before steady-state condition, the heat transfer in annular duct
is evaluated in terms of T* and V* at critical cross sections (Figs. 5 and
6). The cross-section P1 and P2 are at the middle of the first half and
second half, respectively. Hot fluid entering the pipe results in hot fluid
pocket at the wider section of the annular. Cross-sectional distributions
of T* (Fig. 5) and axial distributions of T* and V* (Fig. 6) this hot pocket
region continues through the middle section for all cases. As time
progress, the higher T* value distribution, which means cooler fluid, is
obtained near the inner pipe and it increases with nanofluid concen-
tration. Additionally, higher T* area at the narrow section of the annular
duct is obtained for the NFO1 case (Fig. 6). V* increases with nanofluid

concentration and the velocity of the entering hot fluid decreases along
the annulus and flow through the uppermost region of annular (Figs. 5b
and 6). This behavior enables to distribution of cold fluid in the wider
region of annular and thus mixing of warm and cold fluid as shown in the
cross-sections of P2 and out presented in Fig. 5.

Additionally, the heat transfer performance is evaluated by variation
of Nu number by Re. Fig. 7 shows that WEG has highest Nu number, and
it decreases slightly for WEG+OA-+SDS and nanofluid cases. However,
the Re changes independently from the concentration of the nanofluids
due to the nonlinear variation of the viscosity values (Fig. 1). Manglik
and Fang [7] investigated the effects of eccentricity and boundary
conditions on the fully developed laminar annular flow for different pipe
diameter ratios. Focusing on the similar eccentricity and pipe diameter
ratio values in this study, they found that Nu number varies in the range
of 4.769 and 4.998 for the fully developed flow in the annular duct
under having the 0.25 of pipe diameter ratio and 0.4-0.6 of eccentricity
limits, respectively. This range is valid for constant temperature
boundary condition at inner tube and adiabatic wall of outer tube. The
Nu numbers found in our study are higher than Manglik and Fang [7].
The possible reason behind this could be our geometry. In the most of
the annular duct studies, the working fluid enters the annular duct
directly from annuli region. However, it enters partially from a tube with
smaller diameter (5.15 mm) in our geometry. This affects the flow
propagation through the annuli region as shown in Figs. 5 and 6.

Since the DPHX is aimed to superheat the refrigerant at the low-
pressure side of refrigeration cycle, the transferred heat is investigated
for all cases. Although, addition of the OA and SDS reduces the trans-
ferred heat, heat transfer increases (by 13.6% for NFO1 compared to
WEG-+OA+SDS as a basefluid) for the nanofluids (35.53 W, 34.22 W,
34.75 W, 36.55 W and 38.89 W for WEG, WEG+OA+SDS, NF001,
NFO005 and NFO01 respectively). In addition to increased V* values due to
the lower viscosity and higher T* values with expanded temperature
gradient, improved heat transfer by nanofluids shows that they can be
used as secondary heat transfer fluids at low-pressure side in refrigera-
tion systems.

The Ap decreases with the increasing Reynolds number, and nano-
fluids have smaller values compared to base fluid because of lower
viscosity of nanofluids. The nonlinearity in the viscosity behavior for the
investigated concentrations also affects the Ap values because of its
dependency on the friction factor. Additionally, the PEC values of the
nanofluids have been determined by assuming the WEG+OA+SDS as
base fluid (Fig. 8). Considering the tiny changes in Nu numbers in Fig. 7,
smaller pressure drops of nanofluids results in PEC > 1 for all cases
which means that the improvement of heat transfer is larger than the
increase in the pressure drop penalty. The nanofluid with the smallest
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concentration (NFOO01) has the smallest pressure drop value of 3.88 Pa
with 1.08 of PEC value.

Fig. 9 shows that the effect of surfactant utilization with WEG re-
duces the (Sgen ) but then addition of the nanoparticles causes the ir-
reversibilities and thus higher (S'gen) gr (up to 11% for NFO1 compared to
WEG+OA+SDS). Although there is no significant difference between
inlet and outlet temperatures, greater values of transferred heat results
in higher values of entropy generation. On the other hands, frictional
entropy generation rates decrease with the increase of Re but they are
too small to be taken into consideration.

Considering the negligible value of (Sgen )z, the exergy destruction

strongly depends on the transferred heat in (Sgen) ur (Eq. (22)) compared
to other parameters (Nu, T, k) for this study. Increase in transferred heat
for higher nanofluid concentrations results in higher exergy destructions
as shown in Fig. 10.

4. Conclusions

In this study, we evaluated the effects of WEG based Fe3O4 nano-
fluids on the annular flow propagation and temperature distribution in
the annuli of double pipe heat exchanger at low pressure side of the
refrigeration cycle. It is found that utilization of nanofluids have wider
T* distribution at higher values which means increased cooler region
and higher V* compared to WEG and WEG+OA+SDS. Although addi-
tion of the nanoparticles results in delay to reach steady-state condi-
tions, heat transfer increases up to 13.6% compared to WEG+OA+SDS
as a basefluid. Although the highest transferred heat observed for NFO1
case, NFOO1 has the smallest pressure drop value and exergy destruction
with the highest PEC value. The results show that nanofluids improved
the heat transfer at low-pressure side of the refrigeration system.
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