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Geometrical Optimization of Dimpled Double-Pipe Heat
Exchangers for Nanofluid-based Natural Circulation

Loops Operating at Lower Temperatures

Abstract

Excessive use of global energy sources causes negative environmental impacts and a
reduction in the available energy resources. Therefore, energy efficiency is the main
scope of engineering studies. Since household refrigeration accounts for a large portion
of the energy consumption rate in buildings, several innovative techniques have been
developed to improve the energy efficiency of vapor compression refrigeration
systems. Suction line heat exchangers are considered one of these techniques and they
are used to avoid the presence of liquid at the compressor and to prevent sweating on
the suction line, as well as increasing enthalpy difference together with superheating

the refrigerant at the compressor inlet.

Here, a single-phase natural circulation mini loop (SPNCmL) with double pipe heat
exchangers (DPHX) at cooling and heating-ends, has been proposed as an alternative
to suction line heat exchangers which requires more attention to control the heat
exchange process. Locating DPHXs at the low-pressure side and high-pressure sides
of a conventional refrigeration cycle forms a thermal bridge with connecting these by
vertical legs of the SPNCmL and provides precise control of the heat transfer with a

flexible design.
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As a continuation work of an industrial project, in which the performance of a natural
circulation loop-assisted deep freezer was evaluated, this study aims to investigate the
effect of nanofluid-based SPNCmL using dimpled DPHXs on the performance of the
refrigeration cycle. Considering the energy-efficient effects of passive heat transfer
improvement techniques and nanofluids on the performance improvement of DPHXS,
their combination is aimed to be investigated here. Within this scope, a 3D steady
numerical model is used to investigate the performance of SPNCmLs with DPHXs for
different geometrical parameters (eccentricity, dimple pitch length, and dimple depth),
and thermodynamic analysis of the SPNCmL-assisted refrigeration cycle is conducted

by using Engineering Equation Solver (EES).

Utilization of SPNCmL in the refrigeration system results in COP enhancement up to
98% with a reduction of compressor power by 45% if the heating-end is located after
condenser (“C-out”, compressor discharge temperature of 70°C, compressor speed of
1200 rpm and low- and high-pressures of 45/450 kPa). However, locating the heating-
end before the condenser (“C-in”) at these conditions provides only a 58%
enhancement in COP. Moreover, the amount of the maximum transferrable heat is
found as 38 W for both “C-out” and “C-in” for the case for both cases of “C-in” and
“C-out” at compressor discharge temperature of 70°C, compressor speed of 4500 rpm
and low- and high-pressures of 60/600 kPa. At this point, COP improvement is found
as 47% and 80% for “C-in” and “C-out”, respectively.

After the preliminary analysis of the system’s main geometry design (pipe diameter of
5.15 mm and AR of 0.8), effects of nanofluids, dimpled surface technology, and
eccentricity were investigated individually for the cooling-end which is located at the
suction line. Then, the effects of dimples’ height and pitch length as well as
eccentricity on the SPNCmL performance have been evaluated for each working fluid.
Results of this study show that utilization of dimpled surface technology at the inner
pipe of the DPHX decreases the Nusselt number and effectiveness of the SPNCmL.
Moreover, as the pitch length decreases which means the number of dimples increases,
the Performance Evaluation Criteria (PEC) decreases. However, using nanofluids with
lower viscosity values has higher Nusselt numbers and PEC values, but smaller
effectiveness. A reduction in eccentricity also decreases the PEC values with pressure

drops. The dimples’ height has no significant effect on the pressure drop in SPNCmL
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but decreases the PEC values slightly. To conclude, utilization of only nanofluids with
lower viscosity values instead of combining them with dimpled surface technology
improved the SPNCmLs heat transfer performance, and thus their heat transfer

capability in refrigeration systems resulting in higher COP values.

Keywords: Natural Circulation Loops, Nanofluids, Coefficient of Performance,

Refrigeration Systems, Dimpled Surface Technology, Geometrical Optimization



Diistik Sicakliklarda Calisan Nanoakiskan Bazli Dogal
Tasimim Dongilileri icin Gamzeli Cift Borulu Is1

Degistiricilerin Geometrik Optimizasyonu

Oz

Kiiresel enerji kaynaklarinin asirt kullanimi, olumsuz gevresel etkilere ve mevcut
enerji kaynaklarinin azalmasina neden olmaktadir. Bu nedenle enerji verimliligi
miihendislik ¢aligsmalarinin ana konusudur. Ev tipi sogutma, binalardaki enerji tiikketim
oraninin biiyiik bir kismini olusturdugundan, buhar sikistirmali sogutma sistemlerinin
enerji verimliligini artirmak i¢in yenilik¢i teknikler gelistirilmistir. Emis hatt1 1s1
esanjorleri bu tekniklerden biri olarak kabul edilmektedir ve kompresor girisinde
sogutucu akiskanin asir1 1sinmast ile birlikte entalpi farkinin arttirilmasiin yani sira
kompresdrde sivi bulunmasini 6nlemek ve emis hattinda terlemeyi onlemek ig¢in

kullanilmaktadirlar.

Burada, sogutucu ve 1sitict uglarinda ¢ift borulu 1s1 esanjorlerine (CBIE) sahip bir tek
fazli mini dogal taginim donglisti (TFmDTD), 1s1 degisim siirecini kontrol etmek i¢in
daha fazla dikkat gerektiren emis hatti 1s1 esanjorlerine alternatif olarak
onerilmektedir. CBIE’lerin geleneksel sogutma ¢evriminin diisiik ve yiiksek basing
hattina yerlestirilmesi ve bunlarin SPNCmL'nin diisey ayaklari ile baglanmasi bir 1s1
kopriisii olusturmakta ve esnek bir tasarimla 1s1 transferinin hassas kontroliinii

saglamaktadir.
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Dogal tasimmim dongiisii destekli bir derin dondurucunun performansinin
degerlendirildigi endiistriyel bir projenin devami niteligindeki bu c¢alisma, ¢ukurlu
CBIE'ler kullanan nanoakigskan bazli TFmDTD'in sogutma ¢evrimi performansi
tizerindeki etkisini aragtirmay1 amaglamaktadir. Pasif 1s1 transferi iyilestirme teknikleri
ve nanoakiskanlarin CBIE'lerin performans iyilestirmesi lizerindeki enerji verimli
etkileri dikkate alinarak, bunlarin kombinasyonunun aragtirilmasi amag¢lanmistir. Bu
kapsamda, CBIE'li TFmDTD'lerin performansimmi farkli geometrik parametreler
(merkezden kagiklik, gamze hatvesi uzunlugu ve gamze derinligi) i¢in arastirmak icin
3B kararli sayisal model kullanilmis ve TFmDTD destekli sogutma g¢evriminin

termodinamik analizi Engineering Equation Solver (EES) kullanilarak yapilmistir.

TFmDTD'nin sogutma sisteminde kullanilmasi, 1sitict ucunun kondenserden sonra yer
almas1 durumunda, kompresor giiclinde %45 azalmayla birlikte %98'e kadar COP
artist (“C-out”, 70°C kompresor ¢ikis sicakligi, 1200 rpm kompresor hizi ve 45/450
kPa diistik- ve yiiksek basing degerleri) saglamistir. Ancak, bu kosullarda isitic
ucunun kondenserden once yerlestirilmesi (“C-in”) COP'de yalnizca %58'lik bir artig
saglamistir. Ayrica en yiiksek aktarilabilir 1s1 miktart hem “C-out” hem de “C-in” i¢in
38 W olarak bulunmustur (70°C kompresor ¢ikis sicakligi, 4500 rpm kompresor hizi
ve 60/600 kPa diisiik- ve yliksek basing degerleri). Bu noktada COP iyilestirmesi “C-

in” ve “C-out” i¢in sirastyla %47 ve %80 olarak bulunmustur.

Sistemin esas geometri tasariminin 6n analizinden sonra (boru ¢apt 5,15 mm ve AR
0,8), emis hattinda bulunan sogutucu ucu i¢in nanoakiskanlarin, gamzeli ylizey
teknolojisinin ve merkezden kacikligin etkileri ayr1 ayri incelenmistir. Ardindan,
gamze derinliginin ve gamze hatvesi uzunlugunun yani sira merkezden kagikligin
TFmDTD performans: iizerindeki etkileri her bir ¢alisma akigkan1 igin
degerlendirilmistir. Bu ¢alismanin sonuclari, CBIE'min i¢ borusunda gamzeli yiizey
teknolojisi kullaniminin Nusselt sayisint ve TFmDTD'nin etkinligini azalttigini
gostermektedir. Ayrica hatve uzunlugu azaldik¢a yani gamze sayisi arttikca
Performans Degerlendirme Kriterleri (PEC) diismektedir. Bununla birlikte, daha
diistik viskozite degerlerine sahip nanoakigskanlarin kullanilmasi, daha yliksek Nusselt
sayilarina ve PEC degerlerine, ancak daha diislik etkinlige sahiptir. Merkezden
kacikliktaki azalma, basing diisiimii ile birlikte PEC degerlerini de diisiirmektedir.

Gamzelerin derinliginin basing diisiimii {izerinde énemli bir etkisi yoktur ancak PEC
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degerlerini biraz diislirmektedir. Sonug¢ olarak, gamzeli ylizey teknolojisi ile
birlestirmek yerine tek basina daha diisiik viskozite degerlerine sahip nanoakigkanlarin
kullanilmasi, TFmDTD'lerin 1s1 transfer performansmni ve dolayisiyla sogutma
sistemlerinde daha yiiksek COP degerleri ile sonuglanan 1s1 transfer kabiliyetini

iyilestirmistir.

Anahtar Kelimeler: Dogal Tasinim Dongiisii, Nanoakiskan, Performans Katsayisi,

Sogutma Sistemleri, Gamzeli Yiizey Teknolojisi, Geometrik Optimizasyon
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Chapter 1

Introduction

Reduction of global energy resources and negative environmental effects due to the
increase in energy demand requires effective use of available energy. Therefore,
energy efficiency is becoming the main scope of engineering studies. According to
International Energy Agency (IEA) World Energy Outlook 2022, buildings
correspond to 30% of final energy consumption in 2021 and household appliances
comprise more than half of total electricity consumption already today with an increase
of nearly 4% in 2021 [6,7]. As the population grows, the stock of household appliances
is also rising. Considering that household energy appliances account for a large share
of total household electricity consumption, developing efficient solutions to improve

the energy efficiency of household refrigerators is essential [1,8].

However, recent studies reported that household refrigerators have the potential of
energy saving by up to 30-40% [9], and global final energy use for residential
refrigerators and freezers covered by mandatory minimum energy performance
standards is up to 81% in 2021 [10]. With the aim of improving energy efficiency and
decreasing energy consumption, variable capacity compressors (VCC) and capacity
control [11], vacuum insulation panels (VIP) [12], phase change materials [ 13], peltier
effect systems [14], and suction line heat exchangers or internal heat exchangers [15]

are used in the vapor compression systems.

1.1 Suction Line Heat Exchangers

Household refrigerators and freezers are generally equipped with a capillary tube as
an expansion device due to its advantages of low cost and simplicity. The capillary

tube is generally stuck with the suction line (concentric or lateral configuration) to



avoid the presence of liquid at the compressor and to prevent sweating on the suction
line (compressor inlet) [16], as well as increasing enthalpy difference together with
superheating the refrigerant at compressor inlet [17]. In addition to this mission of the
capillary tube as a part of a counter-flow suction-line heat exchanger (SLHX), it is
generally used to control the refrigerant and drops the high pressure of refrigerant in

the condenser to the low pressure in the evaporator.

SLHXs can also be used in refrigeration cycles with expansion devices. Here,
subcooling with SLHXs can prevent the flash gas formation at the expansion device
as well as superheating provides full evaporation of the refrigerant in the suction line

before the compression process [15].

However, the interdependence of this process requires more attention to control the
heat exchanging and expansion process simultaneously, for the systems with the
capillary tube as the expansion device, and only the heat exchanging process for the
systems with the expansion device. This would lead to a more complex system design
and operation especially if there is a VCC installation on the refrigeration cycle [1].
Therefore, using a heat exchanger with a secondary working fluid could be an

alternative way to conduct this process precisely.

1.2 Natural Circulation Loops

Natural circulation loops (NCLs) can be used in refrigeration systems as an alternative
to SLHXs. As passive heat transfer systems, NCLs have been used in the energy sector
such as solar thermal systems, nuclear reactors and electronic chip cooling applications

[18,19].

In NCLs, buoyancy force due to the density difference is the driving mechanism of
heat transfer without any external power sources. There are two types of NCLs: Single-
phase NCLs (SPNCLs) and Two-phase NCLs (TPNCLs or thermosyphons). Density
difference is due to the temperature gradient in SPNCLs while phase-change in

TPNCLs [20].

SPNCLs have the advantages of simplicity, reliability, easy control, and enhanced

safety compared to TPNCLs [20]. SPNCLs’ performance in heat transfer applications



depends on many parameters such as geometry (shape, inclination angle, hot and cold
ends’ positions, aspect ratio, and pipe diameter), working fluid, and operating
conditions also have an impact on SPNCL performance and stability. Recent studies
show that miniaturizing the SPNCLs’ (mini SPNCLs or SPNCmLs) dimensions also
affects system performance and improves stability [21]. Although geometry is
considered the primary factor affecting loop performance, the effects of working fluids
are widely studied. Water is the most used working fluid, and it is followed by liquid

metals and molten salts.

The performance improvement in the heat transfer systems is generally related to
thermophysical properties obtained by adding nanoparticles into conventional heat
transfer fluids, as introduced as nanofluids [22]. Utilization of nanofluids has improved
the performance [23-26] and stability [23,27] of SPNCLs as well as providing a short
period of required time to reach a steady state [25]. Moreover, studies on nanofluid-
based SPNCmLs have been increasing during the last decade. Misale et al. [28] studied
the nanofluid-based SPNCmL for the first time and found that the performance of
nanofluids was comparable with base fluid but Turgut and Doganay [29] found that
water-based Al2O3 nanofluids improved the effectiveness factor which is introduced
by them as a thermal performance parameter. They also investigated that effectiveness
of the system increases with lower heat sink temperatures and greater inclination
angles [30]. The same experimental setup [30] has been also used for the developing
numerical model to conduct comparative parametric analyses to predict the
performance and characteristics of SPNCmLs [31,32]. The error band of the numerical
solution is reported as = 10%. Koca et al. [33] found an insignificant change in
effectiveness at high concentrations of water-based Ag nanofluids but higher
effectiveness for low concentrations at high heater powers. Mohammad et al. [34]
showed that water-based CuO nanofluid as a working fluid of SPNCmL increased heat
transfer and mass flow rate up to 5.33% and 21.29%, respectively. Nanofluids also
may have higher or lower Nusselt numbers in SPNCmLs depending on the applications
[35-38]. Cobanoglu et al. [35] used the SPNCmL as a passive heat transfer system to
conduct sensitivity analysis on the definition of the thermophysical properties as
measured by experiments and predicted by well-known models. It is found that
viscosity has a stronger effect on the SPNCmL characteristics compared to thermal

conductivity. Recently, the study [39] investigating the effects of the heater-cooler



orientation on SPNCmL performance reported that SPNCmLs with horizontal heater
and cooler had the highest flow rates and Nusselt numbers but a longer time required
to start circulation and reach steady-state condition. However, using a vertical heater

and cooler had the highest effectiveness values.

1.2.1  Natural Circulation Loops as Suction Line Heat

Exchangers

In refrigeration systems, natural circulation loops (NCLs) may be a part of the system
or a whole system. Hirano et al. [40,41] applied a thermosyphon in which heat transfer
was driven by a temperature difference between a heat exchange section and an
evaporator in the refrigeration system. Their system consisted of two cycles: the
primary cycle and the heat exchange section. The primary cycle enclosed compressor,
condenser, fan motor, expansion valve and heat exchanger unit. In the heat exchange
section, the heat exchanger and evaporator were placed. This system has the
disadvantage of design flexibility due to the position of the compressor cabinet at the
bottom section preventing the buoyancy forces. He et al. [42] benefited from the
advantage of cold outdoor temperatures to provide low-cost cooling and improved
energy efficiency in their thermosyphon-assisted refrigeration system. It was aimed to
decrease the temperature difference between refrigerated space and outdoor ambient
temperature by using thermosyphon. The evaporation section of the thermosyphon was
located in the refrigerated space and the condenser of the thermosyphon was placed in
the climate simulator which was located directly above the refrigerator to simulate
outdoor cold temperature conditions. It was found that refrigerated space temperatures
could be as low as 4.4°C when outside temperatures were as high as 0.8°C. However,
utilization of this system is limited to only cold climate regions. The Sunfrost
commercial refrigerator [43], which was developed in the early 1980s, involves heat
pipe in the refrigeration cycle. Although the heat transfer device was mentioned as a
heat pipe according to product information, actually TPNCL was used for this purpose
in the system. Moreover, Garber-Slaght [44] found that utilization of thermosyphon
decreases energy consumption by 16% as a result of a comparison between

thermosyphon-based refrigeration system and Sunfrost commercial refrigerator.



As mentioned in the literature above, TPNCLs are generally used in refrigerators or
freezers. Recently, the potential of SPNCmL as a SLHX in the household freezer was
investigated numerically [1]. The heat transfer capability of the SPNCL was studied
by a CFD analysis, considering the possible temperature range for the refrigeration
cycle and geometrical parameters that affect the loop performance. Additionally, the
effect of SPNCL on the performance of the refrigeration cycle was investigated by the
performance map for different compressor suction and discharge pressures, discharge
temperatures, and different compressor speeds. As a result of this study, SPNCL
provides improvement of COP by 11.5% and corresponding energy consumption

reduction by 15%.

In this study, a single-phase natural circulation mini loop (SPNCmL) with double pipe
heat exchangers at heating and cooling-ends, has been proposed as an alternative to
suction line heat exchangers in vapor compression systems. Locating double-pipe heat
exchangers (DPHXs) at the low-pressure side and high-pressure sides of a
conventional refrigeration cycle does not require any changes in the pipeline. The main
pipe of the refrigeration cycle corresponds to the inner pipe of the DPHX and behaves
as a heat sink and heat source at low- and high-pressure sides, respectively. The heat
transfer between the inner pipe and the secondary heat transfer fluid (working fluid of
the SPNCL) is used for subcooling and superheating processes. This also provides a
more flexible design of the system compared to conventional SLHX in which heat
transfer occurs between the main pipes of refrigeration cycles at the condenser outlet

and compressor inlet by internal heat exchangers.

1.3 Double-Pipe Heat Exchangers

Double pipe heat exchangers (DPHXs) are widely used heat transfer systems in
industrial applications such as chemical, food, oil, and gas industries [45]. The fact
that they consist of two concentric (or eccentric depending on the application) tubes,
which exist circular and annular flow characteristics, provides advantages of low cost,
simple design and maintenance. Geometrical parameters (eccentricity, pipe diameter,
pipe length), operating conditions (thermal boundary conditions) and flow

characteristics (fully developed or developing flow) affect the performance of the heat



transfer system [5,46,47]. Additionally, the thermohydraulic performance of the
system is also affected by the thermophysical properties of the working fluids.

The heat transfer performance of nanofluids has also been widely used as working
fluids in DPHX’s annulus or inner tube [4]. The review study on the convection heat
transfer in annular passage depicted that nanofluids have higher heat transfer capability
due to their thermophysical properties [48]. Subramanian et al. [49] found that
utilization of water-based TiO; nanofluid in double-pipe counter-flow heat exchanger
results in up to 15% heat transfer improvement by increasing concentration and
Reynolds numbers. Khanlari et al. [50] obtained 37% and 12% of maximum heat
transfer coefficients under turbulent flow conditions for kaolin-deionized water-based
counter flow concentric tube and parallel flow concentric tube heat exchangers,
respectively. Arya et al. [51] found a heat transfer improvement of 27% in an ethylene
glycol-MgO nanofluid-based DPHX but pressure drop increased by 35% for the
concentration of 0.3 wt.%. Shahsavar et al. [52] investigated the effect of flow
characteristics of hybrid nanofluid (water-based tetramethylammonium hydroxide-
coated Fe3O4 and gum arabic-coated carbon nanotube hybrid nanofluid) on a counter-
current mini channel DPHX. The hybrid nanofluid exhibited a higher heat transfer rate
and thus overall heat transfer coefficient and effectiveness in non-Newtonian condition
compared to the Newtonian case. Although higher pumping power and pressure drop
were obtained in Newtonian condition, it has a higher performance evaluation
criterion. A study investigating the impact of nano-sized particles’ shape on the
thermohydraulic performance of mini channel DPHX reported that platelet-shaped
water-ethylene glycol-based boehmite alumina nanofluids had better heat transfer
characteristics while spherical-shaped nanofluids demonstrated higher performance
index [53]. Within the concept of evaluating metallic nanofluids’ (water-based Al2O3
and Cu nanofluids) performance in DPHX, higher enhancement in Nu number and a
considerable increase in effectiveness were obtained by Cu and Al,Os; nanofluids,
respectively [54]. Recently, Cobanoglu et al. [4] have found that the addition of Fe3O4
nanoparticles in an ethylene glycol-water (50:50) mixture results in heat transfer

improvement up to 13.6% of DPHX in low-temperature applications.

Omidi et al. [45] reported that combining nanofluids with passive heat transfer

enhancement techniques in DPHX could be a possible solution for many heat transfer



problems in recent literature. Passive heat transfer improvement techniques (twisted
tape inserts, magnetic fields, baffles, and fins) provide an improved heat transfer
performance in DPHX by the orientation of flow propagation and changing heat
transfer area without consuming any energy [55,56]. Compared to active techniques
which include moving parts, passive techniques are cost-effective and more
trustworthy. Dimpled surface technology is one of the promising passive heat transfer
improvement techniques due to its advantages of low weight, small pressure drop
penalty, simple fabrication, and small maintenance costs [57]. The working principle
of this technique is based on golf ball aerodynamics since dimples on the golf balls
decrease the flow resistance by producing a turbulent boundary layer of air that adheres
to the ball’s wall [58]. The possible reasons behind convective heat transfer
improvement by dimpled surface technology have been explained as flow
reattachment, flow impingement, and upwash flow at the downstream region of the
dimples [57]. However, flow separation and recirculation in the upstream region of the
dimples have been attributed as causes of reduction in heat transfer. The effective
Reynolds number range for dimpled surface technology is still in debate in the
literature. Garcia et al. [59] found the utilization of dimples more advantageous since
it resulted in lower pressure drops at similar heat transfer coefficients compared to wire
coils (effective Reynolds number range is 200-2000) for the Reynolds numbers higher
than 2000. They also recommended smooth tubes for Reynolds number < 200.
However, Li et al. [60] obtained the best performance for water in the Reynolds
number range 500-8000, and it was 150-2000 for the water-glycol mixture at constant

heat flux conditions.

1.4 Aim of This Thesis

Considering the growing energy demand for residential refrigerators and freezers, and
also their capability to fast response for energy efficient solutions, the performance of
SPNCmL as a suction line heat exchanger in refrigeration systems has been
investigated in this thesis. As a thermal bridge with a secondary working fluid, the
individual performance of the SPNCmLs has a direct effect on the performance of the
refrigeration system. The implementation of the SPNCmL to the conventional

refrigeration cycle is completed by using DPHXs in both low- and high-pressure sides.



As a continuation work of an industrial project (TUBITAK 1505-Project (Grant No:
5180042)), in which the performance of a natural circulation loop-assisted deep freezer
was evaluated both experimentally and numerically, this study aims to investigate the
effect of nanofluid-based SPNCmL using dimpled DPHXs on the performance of
refrigeration cycle. Literature review shows that both dimpled surface technology and
nanofluids play important role in the heat transfer improvement of DPHXs, and their
combination is aimed to be investigated here. Within this scope, a 3D numerical model
is used to investigate DPHX performance under different geometrical parameters
(eccentricity, dimple pitch length, and dimple depth), and thermodynamic analysis of
the SPNCmL-assisted refrigeration cycle is conducted by Engineering Equation Solver

(EES).



Chapter 2

Refrigeration Cycle

This study aims to understand how the utilization of SPNCmL affects the performance
of the refrigeration cycle at the first step. Within this scope, a thermodynamic model
was developed by Engineering Equation Solver (EES). Here, details of the
thermodynamic model as well as the performance of SPNCmL assisted refrigeration
cycle for different working conditions (compressor speeds, compressor discharge

temperatures, and low- and high-pressures) have been given.

2.1 Thermodynamic Model

SPNCmL is aimed to be implemented as a suction line heat exchanger between the
high- and low-pressure sides of the conventional refrigeration cycle (Figure 2.1). The
refrigerant at the outlet of the evaporator is superheated by the cooling-end of the
SPNCmL and it is subcooled by the heating-end of the SPNCmL at the high-pressure
line. Generally, SLHXs are located between the condenser outlet and evaporator
outlet (Figure 2.1.a) in the refrigeration cycle to provide protection for the system
components by transferring heat by subcooling the refrigerant at the condenser outlet
and superheating at the compressor inlet as well as providing improvement of the
system performance. Moreover, this study also investigates the refrigeration cycle
performance in the case of locating the heating-end before the condenser as shown

in Figure 2.1.b. R600a is used as a working fluid in refrigeration system.

R600a has a very lower global warming potential (GWP) value (GWP:60) when
compared to other alternative refrigerants such as hydrofluoroolefin [1]. Furthermore,
according to the F-gas regulation fluorinated gases having GWP values higher than

150 have not been allowed in household refrigerators since 2015 in EU (Regulation



(EU) No 517/2014) [61]. Therefore, R600a was chosen as refrigerant here as
environmental gas. From an environmental point of view, it is stated that this gas does
not damage the ozone layer and contributes to global warming in a virtually negligible
manner, and has a remarkable advantage over many other alternatives currently
available on the market [62]. In addition to the advantage of higher efficiency (COP)
and cost issues, working at low-pressure conditions is another reason behind choosing

R600a as a refrigerant.
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Figure 2.1: Schematic presentation of SPNCmL assisted refrigeration cycle. The
heating end of the SPNCmL at (a) condenser inlet (C-in) and (b) condenser outlet (C-
out)
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The thermodynamic model of the proposed system has been developed by using
Engineering Equation Solver (EES) [63]. The cooling performance of the system is

calculated by using the energy balance equation shown in Equation (2.1).

AE =Win +0,— 0y =0 (2.1)

Here, the heating and cooling capacities for R600a used as refrigerant are shown in

Equations (2.2) and (2.3), respectively.

QH,C—in = rh(h3 - h4)i QH,C—out = m(hz - h3) (2.2)

Q. = 1(he — hs) (2.3)

The inlet power of the system is given by Equation (2.4);

Wiy = m(hy — hy) (2.4)
Here, mass flow rate of the refrigeration system is found by Equation (2.5) [64].

Vdisp'N
n=— 2.
=60 vy, (2:5)

Here, Visp is the displacement volume of the compressor [cm?], N is the rotational
speed [rpm] and v, is the specific volume of refrigerant at the compressor suction

[m?/kg].

The cooling performance is calculated by Equation (2.6),

cop =<~ (2.6)

In order to develop a more realistic model, the compressor discharge temperature (T2),
which is the hottest point in the cycle, is kept constant and the effect of heat transferred

by SPNCmL on the overall system efficiency is investigated [1]. The isentropic
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efficiency of the compressor for constant discharge temperature is given in Equation

2.7):

h2 - hls

r’C = hz _ hl (2'7)

Further analysis of the performance mapping of the system is conducted by using a
commercially available variable capacity compressor which has 7.2 c¢m?® of
displacement volume and works at the speed range of 1200-4500 rpm [1], and also
was used in the experiments conducted within the scope of an industrial project
(TUBITAK 1505-Project (Grant No:5180042)). The performance of the system has
been investigated for the minimum (1200 rpm), medium (2400 rpm) and maximum
(4500 rpm) speeds with corresponding power consumptions of 28.2 W, 54.5 W and
105.9 W, respectively.

Other assumptions employed in the thermodynamic model are given as followings [1].

e Condenser and evaporator work in the system with 100% efficiency
and thus condenser outlet is saturated liquid (x4=0), evaporator outlet

is saturated gas (x¢=1).
e Expansion valve in the system is isenthalpic (hs=hs).

e Low and high-side pressures are considered as LP/HP=45/450, 60/600,
75/750 and 90/900 kPa.

e Compressor discharge temperatures are varied in the range of 40-70°C.

e All the COP values are obtained for the closest conditions to the ideal

cycle.

2.2 Performance of SPNCmL Assisted Refrigeration
Cycle

The performance map of the SPNCmL-assisted refrigeration cycle presents the COP

values of the system for given conditions. The increase of LP/HP in a narrower band
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of T» and the inability of the system to operate at lower compressor discharge
temperatures results in gaps in the performance map for all selected pressure and
temperature values (Figure 2.2). In the maps, cells at the center have minimum values
of T2 (40°C) and LP/HP (45/450 kPa), and these values increase further from the
center. The reddish area in both maps represents the conventional refrigeration cycle
in which COP is independent of compressor speeds at different LP/HP and T>. In this
section, COP decreases for higher T> at constant LP/HP and lower pressures at constant
T>. The other three quadrants represent the SPNCmL-assisted refrigeration system and
compressor speed increases in a clockwise direction. In the “C-in” case, COP drops by
the increase of LP/HP and T, at constant compressor speeds, and the change of the
COP with compressor speed is not significant at constant T> and LP/HP [1]. However,
an increase of COP with increasing T at constant LP/HP is obtained in the “C-out”
case. It is a fact that the utilization of SPNCmL in the refrigeration cycle boosts the
COP of the system for both cases. However, the increment in COP is much higher in
the “C-out” case compared to the “C-in” case (Figure 2.3). The operating point of
LP/HP=45/450 kPa and T,=40°C in which conventional refrigeration cycle has
maximum COP value, “C-in” case improves the COP by 11% whereas 17% of
enhancement is obtained for “C-out” case. Additionally, maximum enhancement is
obtained at LP/HP=45/450 kPa and T>=70°C by 58% and 98% for “C-in” and “C-out”
cases, respectively. Since the enhancement rate and COP value changes with the
arrangements, temperature, and pressure ranges, the performance map provides

finding an optimum COP value for different operating conditions.
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Figure 2.2: Performance map of (a) “C-in” case [1] and (b) “C-out” case
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Figure 2.3: Comparison of enhancements in COP values for both “C-in” and

“C-out” case

Figure 2.4 presents the maximum heat transfer values of SPNCmL in the

refrigeration cycle for different compressor speeds, T> and LP/HP values. When

the heating-end of SPNCmL is located either before (“C-in” case) or after the

condenser (“C-out” case) section, the maximum Q~cr does not change
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significantly. Moreover, QncL increases with compressor speed N and T> at
constant LP/HP. The change of Qnc. with LP/HP is not linear. When
LP/HP=45/450 kPa and LP/HP=60/600 kPa are compared, Qncr at LP/HP=45/450
is higher than LP/HP=60/600 kPa for T> = 50°C for all compressor speeds.
However, an increase of T> to 60°C results in comparable Qncr values for both
LP/HP, and a further increase to T> =70°C gives rise to higher Qnct value at LP/HP
= 60/600 kPa compared to LP/HP = 45/450 kPa. At constant T, =70°C, an increase
of LP/HP decreases the Qncr values again for all compressor speeds (T2 =70°C and
N=4500 rpm, Qncr = 35.1, 38, 37.6 and 33.6 W corresponds to LP/HP=45/450,
60/600, 75/750 and 90/900 kPa, respectively).

40 40
35 | 35 |
] [
30 30
25 - 25 _
3 20 3 20
3 3
i i z i . 2
15 = 15 7y
10 yy $ 10 y $
Y . o
5 5
A 2 A 2
o °®
0 0
30 50 70 90 0 20 40 60 80
T2 [C] T2 [°C]
e N =1200 rpm A N =2400 rpm = N =4500 rpm
LP/HP = 45/450 kPa, , & 90/900 kPa

Figure 2.4: Maximum Qncr values in SPNCmL assisted refrigeration cycle

Moreover, compressor powers obtained from the thermodynamic analyses are
compared with the power consumption of the real compressor at different speeds

(28.2 W, 54.5 W and 105.9 W for 1200 rpm, 2400 rpm and 4500 rpm, respectively)

to evaluate the importance of the thermodynamic analyses performed so far in the
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application. Within this scope, Figure 2.5 presents the Wi, of the conventional
refrigeration system at different compressor speeds. Although higher compressor
speeds (4500 rpm) cannot achieve the discharge temperatures T> = 60°C and T, =
70°C for conventional refrigeration cycle (No-SPNCmL), assisting the cycle with
SPNCmL in both case “C-in” and “C-out” provides a reduction up to 45.5% in the
required compressor work to obtain a higher T> and eliminates the demand to work
with higher compressor speeds. Moreover, there is no significant difference in the
results of Win between “C-in” and “C-out” cases. In both orientations, the only
condition in which SPNCmL assisted refrigeration system cannot achieve T =
70°C 1is at the compressor speed of 4500 rpm and LP/HP = 90/900 kPa. For the
condition of maximum COP values (for “C-in” it is T2 = 40°C, N=4500 rpm and
LP/HP =45/450 kPa; for “C-out” it is To=70°C, N=1200 rpm and LP/HP = 45/450
kPa), reduction in Wi, is equal to 13% and 45% for “C-in” and “C-out”,

respectively.

Figure 2.6 presents the T-s and P-h diagrams of the “C-in” and “C-out” cases in
which the maximum COP value is obtained (for “C-in” it is T> = 40°C, N=4500
rpm and LP/HP = 45/450 kPa; for “C-out” it is T = 70°C, N=1200 rpm and LP/HP
= 45/450 kPa). The expansion of the green line, which corresponds to the
conventional refrigeration cycle, as orange lines show the improvement of the

performance of the refrigeration cycle as an increase of COP values.
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Figure 2.5: Compressor power consumption of the system as a function
discharge temperature [1]
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Chapter 3

Numerical Model

The thermodynamic model of the refrigeration cycle shows that utilization of the
SPNCmL results in COP enhancement up to 98% with a reduction of Wi, by 45% for
the case “C-out” (T2 = 70°C, N=1200 rpm and LP/HP = 45/450 kPa). Moreover,
the amount of the maximum transferrable heat is found as 38 W for the case for
both “C-in” and “C-out” at T> = 70°C, N=4500 rpm and LP/HP = 60/600 kPa.
Within this scope, in this chapter, the details of the numerical model, which is used
to investigate the effect of nanofluid-based SPNCmL using dimpled DPHXs on the

performance of the refrigeration cycle, have been given.

3.1 Numerical Model of SPNCmL

3.1.1  Governing Equations

In this thesis, a steady-state 3D numerical model is used to understand how geometrical
parameters affect the SPNCmL performance within the scope of the preliminary study
and to evaluate how key parameters affect the performance of nanofluid-based
SPNCmL using dimpled DPHXs. In order to investigate the heat storage effects for
the overall system as well as the initial transient behavior of the heat transfer in
SPNCmL’s cooling-end, and flow propagation through the annular section of the

DPHX in the low-pressure side, a transient 3D numerical model is used.

Commercial software (ANSYS CFX) was used for building the geometry and solving

the numerical model (a steady laminar full buoyancy model with temperature-
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dependent thermophysical properties). The general form of the governing equations

with the neglection of viscous dissipation can be expressed as [65]:

Mass conservation equation:

d
E+V'(pU)—O

Momentum equation:

d(pU)
ot

+ V- (pU®U) =-Vp+V- -7+ SM,buoyancy

T is stress tensor and given in Equation (3.3).

2
T =y<|7U+(\7U)T —§6|7-U)

where p is viscosity (kg/m s) and § is the Kronecker delta.

Energy equation:

a(ph) _

3.1)

(3.2)

(3.3)

(3.4)

The thermal diffusion in the streamwise/axial direction is also neglected in the

calculations. In the governing equations, h is enthalpy (m?/s?) and U is velocity vector

(m/s). Sm buoyancy denotes the source of momentum (kg m*/s?). p and k are the density

(kg/m?) and thermal conductivity (W/m K) of the fluid, respectively.

The full buoyant method is applied in the numerical method as given in Equation (3.5).

SM,buoyancy = (P - pref)g

(3.5)

Here, prer is the reference density of the working fluid, which is calculated at the

average fluid temperature in the system.
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The existence of the buoyancy results in hydrostatic gradient due to p,.r from the

pressure in the momentum equation. This is related to absolute pressure as given in

Equation 3.6.

Pabs =P t Dref + prefg)(F - Fref) (3.6)

Here, 7. is the reference location and it is automatically set in the numerical model.

3.1.2  Preliminary Study on the Geometrical Parameters of the
SPNCmL

In order to understand the heat transfer potential of a SPNCmL in a possible
temperature range for the refrigeration cycle with CFD analysis, a preliminary study
is conducted by assuming that SPNCmL has an overall uniform pipe diameter instead
of DPHX in cooling- and heating-ends [1]. Different aspect ratios (AR = height/length
=H/L) and inner pipe diameters at constant total pipe length (738 mm) of the SPNCmL

have been investigated to evaluate the heat transfer potential of the SPNCmL.

The details of the geometry and mesh structure are given in Figure 3.1. The pipe
diameters investigated were selected as the pipe diameters currently used by Klimasan
Company in the production line within the scope of the TUBITAK TEYDEB 1505
Project (Grant No: 5180042). Finer boundary layer elements and mesh structure is
employed for the cooling- and heating-ends in comparison with the rest of the system
for precise modeling of heat transfer. Convergence criteria was set to 1077 for the
governing equations. A constant temperature boundary condition was applied at both
cooling- and heating-ends. Since the refrigerant leaves the evaporator as saturated gas
(x6=1) evaporator outlet temperature is almost -30°C and the maximum compressor
discharge temperature must be 70°C due to the compressor oil limitation, temperatures
at the cooling- and heating-ends of the SPNCmL were set to -30°C and 70°C,
respectively. In order to drive the natural circulation easily, cooling- and heating-ends
are placed in the SPNCmL asymmetrically. The working fluid of the system was a
mixture of ethylene glycol (EG) and de-ionized water (DIW) by the ratio of 50:50
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(WEG), and its thermophysical properties were introduced as functions of

temperatures. Further details are given in Section 3.2.

Elbows:
TC
A
Cooling-end D"“[:':l'f"s AR=04 AR=0.8 AR=1.2
. T T
Cooling- & b4 D s D 3.56, 5.15 & 6.53
?= pipe
H 150 233 286
L 374 291 238
T Le 110
Heating-end Ly 140
NP
Th
—

L

Figure 3.1: Schematic presentation and dimensions of the SPNCmL [1]

Regarding the detailed discussion of the results in the section 5.1, the main geometry

is decided to be having pipe diameter of 5.15 mm and AR of 0.8.

3.1.3  Geometry of the SPNCmL

The geometry of the SPNCmL was built by using commercial software ANSYS CFX.
The eccentricity of the inner pipe in the DPHX, nanofluids as working fluids, and the
dimpled surface technology are the key parameters in this study. Since the main of the
SLHXSs is superheating the refrigerant at the suction-line, the effects of these key
parameters were investigated for only the cooling-end of the SPNCmL. Table 3.1
presents the main findings from the key parameters for selecting the parameters to be
investigated to evaluate SPNCmL performance. In Table 3.1, working fluids are
ethylene glycol-water mixture (50:50) as WEG, WEG with surfactants (sodium
dodecyl sulfonate (SDS) and oleic acid (OA) as WEG+OA+SDS; nanofluids at low
concentration of 0.01, 0.05 and 0.1 vol.% are denoted as NFOO1, N0OO5 and NFO1,
respectively. Further information about the modeling of key parameters is given in

section 3.1.6 and results are presented in section 5.2.
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Section 5.2.3 presents the effect of combination of dimpled surface technology and
nanofluids on heat transfer performance of DPHX. It is found that dimples behave as
thermohydraulic cells which capture and trap the flowing working fluid which leads
higher Ap. Therefore, the height of the dimples is critical in this case. Within this

scope, the effect of the dimple height diameter is also investigated.

Table 3.1: Main findings of key parameters to investigate the performance of SPNCmL
with DPHXs

Key # of parameters
parameters 1 2 3 4 5 Comments
Increase in
eccentricity
Eccentricity 0.32 0.39 0.54 0.61  0.69 results in
reduction of
transferred heat
NFO1 has the
. highest Nusselt
Working | = gpg  WEGTOA ™ \ro51 NF00S NFOI  number and
Fluids +SDS
heat transfer
capability.
Pitch lengths
Dimples’ defines the
Pitch number of the
Length 10 20 30 dimples and
[mm] thus heat
transfer area.
Regardless of
the diameter,
dimples behave
Dimples' as
Diameter 0.2575 0.515 1.03 thermohydraulic
[mm] cells which
capture and trap
the flowing
working fluid.
Dimples’
Height 0.35 0.50 See Section 5.3.
[mm]

24



The main geometry of the SPNCmL and its dimensions are introduced in Figure 3.2.
Similar to preliminary analysis, cooling- and heating-ends are located in the SPNCmL
asymmetrically for easy start of the natural circulation. Considering the effect of
buoyancy forces and thus natural convection, the inner pipe was located in the upper
position of the DPHX at the low-pressure side, and it is located at the bottom position
of the DPHX for the high-pressure side. The design parameters (dimples’ pitch length,
dimple height and eccentricity) are given in Figure 3.3. The effect of dimples’ height
at the constant eccentricity of 0.54 is investigated for all working fluids and pitch
length. Moreover, the effect of the eccentricity on the SPNCmL performance is studied

at constant dimples’ height of 0.35 mm for all working fluids and pitch lengths.

From this chapter, all the cases investigated within this scope are denominated with
their eccentricity, dimples’ height and pitch length in order, for instance, E032-
HO035P10 for the case with the eccentricity of 0.32 and with dimple height of 0.35 mm
and pitch length of 10 mm.

T | Dimensions |
/—-—'v—\ a 150 mm
. h s b 20 mm
Tial+ f L, d T,
b © L3 c 68 mm
d 20 mm
f 68 mm
a g 2mm
h 1mm
Ly 117 mm
Lc 117 mm
D, 19 mm
Tes b b L, . ) T D. 5.15 mm
b, ]\ - 4 D, 5.15 mm
- T Dait,noz 6 mm
LH R 2mm

o
Figure 3.2: Schematic presentation and dimensions of the SPNCmL with DPHX
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PL 10, 20, 30 mm

L —
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.

-
-

e 3.75 mm
v (E054)
(E032)

Figure 3.3: Design parameters of the SPNCmL with DPHX

3.1.4  Boundary Conditions of the Numerical Model

The inner tubes of the DPHXs are the main pipes of the refrigeration system through
which R600a flows. Therefore, constant temperature boundary conditions were
applied to both cooling- and heating-ends which have been located on low- and high-
pressure sides of the refrigeration cycle. Tc =253.15 K and Ty = 333.15 K were set to
develop a precise simulation considering heat losses of the real conditions in which
the evaporating temperature equals 247.15 K, and the maximum compressor discharge

temperature must be 343.15 K due to the compressor oil limitation.

3.1.5  Grid Structure

In order to reduce computational costs, the mesh structure is generated by using finer
meshes in the DPHXs and coarser meshes for the rest of the system as presented in
Figure 3.4. The combination of tri and quad meshes was generated in the DPHXs in
both cooling- and heating-ends, whereas quad meshes were used for all the remaining

parts.
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Horizontal Pipe's

Figure 3.4: Mesh structure of the system

Since the design parameters (dimples’ pitch length, dimples’ height and also
eccentricity) change the geometry, the mesh element number, as well as the mesh
structure, changes with all cases. Table 3.2 presents the mesh element numbers for all
cases, and the mesh structure of DPHXs in both cooling- and heating-ends is given in
Figures 3.5 and 3.6. The element numbers are tried to be kept in the same order of

magnitude.

Table 3.2: The mesh element numbers of all the cases investigated for SPNCmL

Cases E032-H035 [EO054-H035 E054-H050

smooth 1915129 2246965
P10 3544746 3743593 3858304
P20 2771488 3034403 3079872
P30 2532625 2828138 2858529
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Figure 3.5: Mesh distribution in the cooling-end of the SPNCmL for all cases.
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Figure 3.6: Mesh distribution in the heating-end of the SPNCmL for all cases.

As aforementioned in the previous paragraph, the changing geometry with design
parameters changes the mesh structure and thus element numbers. Therefore, the mesh
independency analysis was conducted for only the cooling-end of the SPNCmL which
is located at the suction-line to superheat the refrigerant before the condenser inlet.

The details are given in section 3.3.



3.1.6  Key Parameters

3.1.6.1 Eccentricity

Since flow tends to stagnate at narrower section and has maximum velocity values in
wider sections [5,46,47], eccentricity has a crucial impact on flow propagation and
temperature distribution in DPHXs. The effect of eccentricity on the DPHX
performance for 0, 0.32, 0.39, 0.54, 0.61, 0.6,9 and 1 of eccentricity (e*) values at the
pipe diameter ratio (ratio of the inner pipe diameter to outer pipe diameter) 0.27. In
the numerical model, the cases of e* = 0.32-0.69 have blended with a radius of 2 mm
at the inlet and outlet of the annular section. However, these blends were removed to
satisfy similar inlet and outlet conditions (upstream and downstream pipes) for fully

concentric and eccentric cases of e*=0 and e* = 1, respectively.

In the DPHX system, the pipes through which the refrigerant passes are modeled as
inner pipe at constant temperature boundary conditions (T = -20°C) and at the upper
region of the annuli to obtain a positive effect on the heat transfer and flow progression
as shown in Figure 3.7. Considering the limitation on the freezing point of water, an
ethylene glycol-water mixture (WEG) is generally used in low-temperature
applications. The WEG enters the annuli with the inlet velocity V;;,, = 0.1582 m/s
(average velocity at the value at cooling-end inlet in SPNCL design of [8]) at T;;,, =
20°C for 200 s with a time step of 0.05 s. Here, the thermophysical properties of the
WEG (50:50) were taken from the ASHRAE [66] and introduced to the numerical

model as a function of temperature.

V,, =0.1582 m/s

Tn=29315 K

s T.=253.15 K

Figure 3.7: The boundary conditions and dimensions of the annular pipe
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3.1.6.2 Nanofluids

In low-temperature applications, such as refrigeration systems, water-ethylene glycol
mixture (WEGQG) is used as the working fluid of the DPHXs to improve heat transfer
considering the freezing temperature limitation of water. Recently, Banisharif et al.
[67] studied the thermophysical properties of WEG (50:50) based Fe3O4 nanofluids at
low concentrations (0.01, 0.05 and 0.1 vol.%) and temperatures (253.15-293.15 K). It
is found that an increase in nanoparticle concentration 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 the
refrigeration system. In the proposed system, the nanofluids in the annular section are
considered as secondary fluid for superheating the refrigerant which flows through the

inner pipe of the DPHX.

The exact same geometry was used in the numerical model with e*= 0.54 and r*=
0.27. The refrigerant which has been supposed to flow through the inner pipe of the
duct was introduced to the system by employing lower constant temperature boundary
condition (Tc=253.15 K) at the inner pipe as shown in Figure 2. The primary working
fluid flows through the annuli with the inlet velocity Vin = 0.1582 m/s at Tix=293.15 K
for 250 s with a time step of 0.05 s. The inlet velocity is determined by the average
velocity value at the cooling-end inlet in SPNCL [1].

Banisharif et al. [67] used a mixture of WEG (50:50) as a base fluid 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 Fe3O4 nanoparticles. WEG, WEG+OA+SDS and Fe3O4
nanofluid (0.01, 0.05 and 0.1 vol.%) were used as working fluids in this parametric
study. The thermophysical properties, namely thermal conductivity, heat capacity,
dynamic viscosity and density, presented in [67] were introduced to the numerical
model as polynomials which are functions of temperature. The full description of
nanofluid preparation and characterization, as well as discussion of the results, can be
found in ref [67]. Besides these experimental data [67], the effective thermal expansion

coefficient (f,) of the working fluids was calculated by mixture rule (Further details
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for thermal expansion coefficient are given in section 3.2 and the reference [4]). The
variation of thermophysical properties with temperature and nanoparticle content is

presented in Figure 3.8.
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Figure 3.8: The thermophysical properties of base fluid and nanofluids in low
temperature [4]

3.1.6.3 Dimpled surface technology with nanofluids

This study aims to investigate the heat transfer performance of nanofluid in the annular
section of DPHXs with the inner dimpled tube for the low-pressure side of the
refrigeration cycle. Considering the effect of buoyancy forces and thus natural
convection, the inner pipe was located in the upper position of the annular tube. The
system geometry and its dimensions are given in Figure 3.9. Three different spherical
dimple diameters and three different pitch lengths were employed onto the inner pipe
surface. The dimples’ diameter was calculated by the dimple pipe diameter ratio
(DP = Dgimpie/Din, DP = 0.05, 0.1 and 0.2). The pitch length, which is the horizontal
distance between the dimples’ centers, was studied for 10, 20 and 30 mm. For dimpled
cases, the center of the spherical dimpled is located at the outer surface (the interface

between the inner pipe and annular section) of the inner pipe and thus the height of the
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dimple varies with the DP. A constant temperature boundary condition (Tc=253.15 K)

was employed at the inner pipe and the working fluid flows through the annuli with

Re;;,=500 where Re;, = M) at Tin=293.15 K for 200 s with a time step of 0.1 s.

Uin

All the cases are solved for laminar flow due to the Re;,. The thermophysical
properties of the WEG, WEG+OA+SDS and NF01 are introduced in the numerical
model as a function of temperatures which is valid in the temperature range from

253.15 K t0 293.15 K.

Geometrical Parameters
117 mm

68 mm
20 mm
. 5.15 mm
19 mm
5.15 mm
0.65 mm

Lups Lc Ldowns
D'dimple PL
‘ DDO005 ’ DDO1 ‘ DDO02 ‘ ’ PL10 ‘ PL20 ’ PL30 ’
Daimpie 0.2575 | 0.5150 | 1.0300 PL [mm] 10 20 30
[mm]

Figure 3.9: System schematic and dimensions of the DPHX

3.2 Thermophysical Properties

Recently, Banisharif et al. [67] conducted an experimental study on the thermophysical

properties measurement of water-ethylene glycol (WEG) mixture (50:50) based Fe3O4
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nanofluids at low concentration (0.01, 0.05 and 0.1 vol.%; denoted as NFOO1, NOO5
and NFO01, respectively) and temperatures (253.15-293.15 K). WEG as a base fluid at
293.15 K with the amount of 0.2 wt.% in sodium dodecyl sulfonate (SDS) and 0.2
vol.% in oleic acid (OA) (which corresponds to WEG+OA+SDS in this study) to
disperse and stabilize Fe3Os nanoparticles. It is reported that as nanoparticle
concentration increased, higher thermal conductivity and lower viscosity values were

obtained, and this would affect the performance of heat transfer systems positively.

Considering the potential of these nanofluids in passive heat transfer systems, the
performance of the nanofluids in the annular section of the DPHX has been
investigated for the cooling-end of the SPNCmL [4]. The detail of the numerical model
is given in Section 3.1.6.2 and the results are discussed in section 5.2.2. Although the
nanofluid with the lowest concentration (NF001) has the smallest pressure drop value
and exergy destruction with the highest PEC value, utilization of the nanofluid with
the highest concentration (NFO1) increases the heat transfer by 13.6% compared to
WEG+OA+SDS as a base fluid. Since the DPHX is aimed to superheat the refrigerant
at the low-pressure side of the refrigeration cycle, the transferred heat is considered a

key parameter to continue the simulations for further investigation.

Within this scope, WEG, WEG+OA+SDS and Fe304 nanofluid (0.1 vol.%, denoted as
NFO01) were used as working fluids for investigating the performance of the nanofluids
in the SPNCmLs with dimpled DPHXs. The thermophysical properties (thermal
conductivity, heat capacity, dynamic viscosity and density) were employed as
polynomials derived by temperature-dependent functions [4] to be valid in the
temperature range from -30°C to 125°C. However, the mixture rule is applied to

calculate the effective thermal expansion coefficient (f,) as given in Equations (3.7)

and (3.8).

(pﬁ)f = (1 - ¢water)(pﬁ)water + ¢EG (pﬁ)EG (37)

(plg)e = (1 - (pf)(pﬁ)f + ¢p(pﬁ)p (38)
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Here, ¢ is the volumetric concentration of the nanofluid and p is the density.
Subscripts p and f denote nanoparticle and fluid, respectively. In Equation (3.7), the
temperature-dependent thermal expansion coefficient of ethylene glycol [68] and
tabular values of water [69] were obtained from the literature. Then, the thermal
expansion coefficient of WEG calculated by Equation (3.8) was used for Fe3Os
nanofluids. The thermal expansion coefficient of Fe3O4 was taken as a constant value
of 1.13x107 [70] by assuming the WEG’s temperature dependency as the dominant
parameter. The change in the thermophysical properties is presented in Figure 3.10,
and it is seen that there is no significant difference in the thermal expansion coefficient
of these three working fluids. The functions are formed based on the experimental
data, but the difference between experimental data and ASHRAE values is also

presented in Figure 3.10.

1100 < 3900 c 0.0008
71090 | < 23700 2%o000084 | .
1080 3.3500 S 0.00048
> 1070 ‘g’ a %
@ 1060 3:_, 3300 g% 0.00032
Q 2 =
Q 1050 £ 3100 8§ 000016

1040 & 2900 = 0

230 260 290 320 350 » 230 260 290 320 350 230 260 290 320 350
Temperature [K] Temperature [K] Temperature [K]
> 0.5 0.05
2 045 e ®0.04 ——— ASHRAE
9 o« © i WEG
BL 04 | % 'L; 0.03
8§ 035 | T~ Boo2 | A\ 0 NFO1
T= o _ .
£ 03 ¢>£ 0.01 e WEG - Experimental
§ 0.25 0 e NFO01 - Experimental
230 260 290 320 350 230 250 270 290 310 330 350
Temperature [K] Temperature [K]

Figure 3.10: The change of thermophysical properties with temperature

All the polynomial functions introduced to numerical model are given below and the

coefficients of polynomials are given in Table 3.3.

Thermal Conductivity:

k &S alTZ + azT + a3 (3.9)
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Effective Thermal Expansion Coefficient:

Density:

Dynamic Viscosity:

Specific Heat:

ﬁe == b1T2 + sz + b3

p=cT?+¢c,T+cy

‘u = dledZT + d3€d4T

cp = (e1T? + €,T + €3)103

Table 3.3: Coefficients of the polynomials in Equations (3.9-3.13).

(3.10)

(3.11)

(3.12)

(3.13)

k a; [W/(mK3)] a, [W/(m K?)] as [W/(mK)]
WEG -0.00000285 0.00204 0.034
WEG+OA+SDS -0.00000285 0.0021 0.018
NF01 -0.0000023 0.00205 0.032

Be by [K”] b, [K?] b; [K']
WEG -0.00000002886 0.00002223 -0.003619
WEG+OA+SDS -0.00000002886 0.00002223 -0.003619
NF01 -0.00000002786 0.00002167 -0.003541

P ¢; [kg/(K* m?)] ¢, [kg/(K m)] c3 [kg/m’]
WEG -0.002143 0.8206 1017.5
WEG+OA+SDS -0.00214 0.8206 1017
NF01 -0.002143 0.8207 1021.1

u di [N s/(m?)] d> [K'] ds [N s/(m?)] ds [K']
WEG 2561000000 -0.1035 8.468 -0.026
WEG+OA+SDS 2561000000 -0.103 5.468 -0.024
NF01 2561000000 -0.103 235 -0.0235

Cp e, [J(kg K] e, [J(kgK?)] ez [J/(kg K)]
WEG -2.126E-19 0.003 2.591
WEG+OA+SDS 2.245E-19 0.003 2.586
NF01 -0.0000007143 0.00336 2.527
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3.3 Mesh Independency

The mesh independency analysis of the proposed model was conducted time-
dependent (total time of 150 s with a time step of 0.05 s) for only smooth inner piped
DPHX (cooler side) working with WEG [4]. Four different mesh numbers were
investigated (M1, M2, M3 and M4 having 156247, 258423, 434597, and 612463
elements respectively). It is seen that the coarser mesh (M1 and M2) could not capture
the initial unsteady heat transfer behavior between 15 and 65 s (Figure 3.11). Initially,
the high heat transfer value caused by the high-temperature difference between the
inlet and the inner tube decreased rapidly over time (until t = 15 s), and the M3 and
M4 states, which have a relatively fine mesh structure, were successful in capturing
the unstable behavior between 15-65 s. In order to conduct a precise evaluation of
temperature and velocity distributions at the critical cross-sections with high

resolution, the finest mesh structure M4 was chosen for further analysis.
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Figure 3.11: Mesh independency analysis for smooth inner piped DPHX working
with WEG

3.4 Performance Parameters

The density gradient due to the temperature difference between the heating and

cooling-ends is the driving mechanism of SPNCLs. Therefore, T4, and AT} zqter Can
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be considered the main characteristics of SPNCmL that are used to compare different
operational cases. However, it is possible to observe more information and accurate
results on the performance of SPNCLs by calculating non-dimensional indicators such
as €, Nusselt number, steady-state Reynolds number and the performance evaluation

criteria (PEC).

¢ is defined originally for the heat exchangers, which is a ratio of the actual heat
transfer to the maximum possible heat transfer. It is also used to understand SPNCL

heat transfer performance. ¢ is defined by Equation (3.14).

T 2—Tys

3.14
T, —T. (3.14)

The annular flow characteristics in DPHXs have been investigated by nondimensional
temperature (T*) and velocity (V*) distributions at critical cross-sections of the

eccentric annular ducts.

Ts - TC
T = ——— .
——_ (3.15)
V.
Vr=— (3.16)
Vmax

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

sections.

Nusselt number (Nu) was used to evaluate the heat transfer performance of the system

and it is given by Equation (3.17).

u,—-D
Nu = M (3.17)
k
D, is the outer pipe diameter of the annular section. The addition of the dimples to the
inner pipe surface prevents to use of a constant inner pipe diameter. Instead, D, is

derived by the wetted area of the inner pipe. The overall heat transfer coefficient (U)

in Equation (3.17) is a function of the logarithmic mean temperature difference
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(LMTD) and surface area of the inner pipe. The overall heat transfer coefficient was

calculated by using Equation (3.18).

U= ¢ (3.18)

m D. Lppux AT ymrp

where

AT mrp = M (3.19)
In(AT, /AT, )
ATy = Tin — Tppux (3.20)
AT, = Tout — Topux (3.21)
Reynolds number in the DPHX is calculated by Equation (3.22).
Re = W(DL—_DC) (3.22)

The friction factor is defined by using the model proposed for developing laminar flow

in eccentric annulus [71] in Equation (3.23).

2 1/2
3.44\? 12
[ aae (3.23)
fReyz <\/L—+) " Ve(l+e) [h%tﬁnh(zﬂe)]

Here, € is the aspect ratio and determined pipe diameter ratio and dimensionless
eccentricity of the annulus. The pipe diameter ratio of the annular duct is in the range

0f 0.340-0.344 due to the dimpled inner pipe surface.

(A +en@—-r7)
T om(l47rY)

(3.24)
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Moreover, L* in Equation (3.23) is a dimensionless duct length and is given in

Equation (3.25).

L
_ ULppHx (3.25)

L+
m

Pressure drop (AP) through the annular duct is defined as follows in Equation (3.26).

Lppux PVii

AP =
fDo—DC 2

(3.26)
PEC of the system is calculated by using Nu and friction factor [49]. PEC; defines the
effect of dimpled surface technology on the performance of DPHX for each working
fluid. However, PEC, is defined for understanding the effect of the combination of
nanofluid and dimpled inner pipe surface as defined by Equation (3.27). The base fluid
is WEG+OA+SDS.

Nugimpiea Ntng aimptea
Nugmootn Nubf,smooth
PEC, =—7, PEG= 1 (3.27)
<fdimpled)3 <fnf,dimpled)3
fsmooth fbf,smooth

Moreover, Rayleigh number is related to natural convection. When the density
difference is caused by temperature difference as occurred in SPNCmLs, Rayleigh
number (Ra) is defined as the ratio of the time scale for diffusive thermal transport to

the time scale for convective thermal transport.

_ plg(Tbulk - Tc)(Do - Dc)gg .

Ra, p ;
U
3.28
BTy = Tyua) (Do — De)*g (3:28)
Ray = Lt

Here, u is the dynamic viscosity and « is the thermal diffusivity [m?/s] of the working
fluid. Ra is also defined by the product of Grashof number (Gr, the ratio of
gravitational forces to shear stresses) and Prandtl number (Pr) as given in Equation

(3.29).
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Rac = GrePrg, Ray = GryPry (3.29)

where Pr is defined in Equation (3.30).

pr=-2- (3.30)

The Richardson number (Ri) defines the dominancy of the natural convection over

forced convection, and it is described as Equation (3.31).

Gr

Ri=——
' Re?

(3.31)

3.5 Local Heat Transfer Coefficient

Investigation of the local and average heat transfer coefficients for single-phase
laminar flow is important to understand thermohydraulic behavior of the fluid in the
developing flow phase by the fundamentals of convection. Within this scope, a local
Nu number is aimed to be investigated for annular flow at both heating- and cooling-

ends.

Since a constant heat flux boundary condition is employed at the heating-end in the

validation section (4.2), local heat transfer coefficient is determined by Eq. (3.32).

Q

h=—r——F—
A (Tw = Tn)

(3.32)
Here, Ty, and T, are area-averaged wall and fluid bulk mean temperatures (T); =

0.5(T, + T;)) at each slice, and A is the outer surface area of the cylinder.

For the main geometry investigated in this thesis, the constant temperature boundary
condition is applied on both inner tube of annular sections. The heat transfer along
each slide is determined by Q = Mepow outCp(Tp — T;). This is also equals to
convection heat transfer (Q = hAAT; rp) Which enablesto calculate h to find local Nu

along heating- and cooling-ends in Results section (5.3.3).
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Chapter 4

Validation

In this chapter, validation studies conducted for the numerical model have been given
in detail. For SPNCmL, the heat storage effect in the initial transient and the
independence of the model from the Courant number was investigated with the
transient 3D numerical model. Additionally, analyses for time step and iteration
number independency were also carried out. Since the heating end has a crucial role
in the correct prediction of the initial transient behavior of the SPNCmL, the validation
study on the natural convection heat transfer has been completed. This study also
explains the reason behind the higher Nusselt numbers compared to theoretical Nusselt
numbers in the literature. Finally, a validation study is conducted for the eccentricity
of the double pipe heat exchanger with fully developed laminar annular duct flow for

different pipe diameter ratios.

4.1 Validation of the SPNCmL

Accurate prediction of the SPNCmLs' dynamic behavior in terms of stability,
thermohydraulic performance, flow propagation, and temperature distribution is
crucial for the correct determination of the overall heat transfer system performance.
Within this scope, the transient behavior of the SPNCmLs working with water (DIW)
based Al2O3 nanofluids (1-3 vol.%) was validated with the well-proven experimental

setup in the studies of [29,30,33] for the heater power range of 10-50 W [72].

Thermophysical properties of working fluids were introduced to the model as
functions of temperature [35]. In the existing models of the effective specific heat,
thermal expansion coefficient and density, temperature dependency was derived by

using temperature-dependent tabular values of DIW’s properties as a dominant
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parameter. It is found that the specific heat of the working fluids does not change with
respect to the operating temperature range. Therefore, it is assumed to be constant for
each nanofluid and DIW for the simulations. Thermal conductivity and viscosity data
of working fluids are obtained from experimental study [73] and defined as second-
order polynomial functions in the numerical model. Further information about

thermophysical properties is given in the [35].

In addition to validation, the heat storage effect of the thermal mass on the dynamic
behavior of the developing flow in SPNCmL was also investigated. Firstly, only fluid
flow (M-FF) is modeled was developed to investigate the dynamic behavior of the
developing fluid in SPNCmLs. In the simple model, only fluid flow is studied. Later,
the simple model is improved by the addition of pipe walls (M-Cu) and insulation
material (M-Ins) with the aim of investigating the heat storage effect of the thermal
mass. The schematic geometry of the SPNCmLs for each model with dimensions is
given in Figure 4.1. Mesh and time step independency analysis of the improved model
was conducted to investigate the Courant number effect on the results of the numerical
study for distinguishing the numerical error. The Courant-Frederichs-Lewy condition
limits the ratio of the time step (At) and spacing of the grid (Ax) and called as Courant
number (Co) (Equation 4.1) [74,75]. It is recommended that Co should be less than or
equal to 1.

At
Co=V—<1 4.1)
Ax

Here V is magnitude of velocity [m/s].

Geometrical Parameters and

Cooler LTC Tos

f \ Boundary Conditions
L§' -i—— D 4.75 mm
L D, 6.35mm
Tia Tia -
Dins 41.35 mm
I | M-FF D M-Cu Dpips "1 Dins 7635 mm
H 304 mm
L 220 mm
Tis Tie
! 110 mm
L
140
~— = o
Heater ¢ 20
0 Q, 10, 30, 50 W

h

Figure 4.1: Schematic presentation of the SPNCmL in the models and its dimensions
in the validation study
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In the cooling end of SPNCmL, a constant temperature was defined as 293.15 K
whereas constant heat flux (corresponding to 10, 30 and 50 W of heat rates for the
heater surface area) was applied to the heating-end of the SPNCmL. Commercial
software (ANSYS CFX) was used to build a geometry and solve the numerical model.
In the previous study for this model [32], the mesh independency of the solution was
investigated for three different mesh numbers (745456, 565681 and 348087 elements,
respectively) by comparing the temperature difference between the heating-end’s inlet
and outlet, and maximum temperature which are used for comparison of numerical and
experimental results. Since the difference was negligible, the coarse mesh number was
used in the analyses. Finer boundary layer elements and finer meshes were employed
for the heating and cooling ends compared to the rest of the system. Since there is no
significant difference in the results of the steady-state numerical study [35] and steady-
state phase of this study, the same mesh was also applied to the M-FF model. In this
model, the independency of the solution from the time step was investigated for 0.1 s,
0.5s, 1 s, and 5 s for the condition of DIW-based SPNCmL working with 50 W of
heater power. Since the more appropriate agreement between M-FF and experimental
data [30] is obtained for 0.1 s of the time step, all of the validation analyses are

conducted for 0.1 s (Figure 4.2).
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Figure 4.2: Effect of time step on the solution of the transient 3D model in terms of
(a) Tmax and (b) ATheater
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In the M-Cu model, the thermal inertia effect of the copper (Cu) pipe walls with the
6.35 mm of outer diameter was investigated. The total mesh element number of the M-
Cu model was 860320. Similar to the M-FF model, heating and cooling ends have finer
boundary layers and finer meshes in the M-Cu model. The constant temperature at the
cooling-end and constant heat flux at the heating-end were applied to the outer pipe
walls. The rest of the system was assumed to be adiabatic. The M-Cu model can be
considered as an intermediate step between M-FF and M-Ins models, and only the
condition of DIW based SPNCmL working at 50 W was investigated. In the M-Ins
model, the geometry of the M-Cu model was covered with elastomeric rubber as
insulation material. The thickness of the insulation material is obtained from the
experimental setup (Figure 4.1) and thicker insulation was applied to the heating-end
similar to the experimental study [29,30,33]. Moreover, the constant heat transfer
coefficient (5 W/m?K) at 22°C was also applied to the outer surfaces of the insulation
domain to simulate the experimental environment for the M-Ins model. Additionally,
temperatures at the pipes were obtained for the M-Ins analysis instead of fluid flow in
which M-FF and M-Cu. The thermophysical properties of Cu pipe and elastomeric
rubber as an insulation material are given in Table 4.1. Elastomeric rubber’s

thermophysical properties were taken from [76].

Table 4.1: Thermophysical properties of Cu pipe and elastromeric rubber as
insulation material

Thermophysical properties Cu Elastomeric Rubber
Thermal conductivity [W/m K] 401 0.0375
Density [kg/m?] 8933 64
Specific heat capacity [J/kg K] 385 837

The effect of Co on the solution of the M-Ins model was investigated for different
mesh element numbers (Coarse Mesh as CM = 1222082 and Fine Mesh as FM =
1939823) and time steps (0.05 and 0.1 s). Moreover, mesh independency analysis of
the solution was investigated at the condition of Co=0.2 by adaptive time step. Data of

numerical solution is collected at every 10th-time step for all models. Initial conditions
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were set to zero velocities for each direction and 0 Pa of relative pressure. The initial

temperature was 294.15 K.

Modeling only fluid flow (M-FF) results in oscillations of the Tmax and ATheater for
developing flow phase. The reason behind these oscillations is reported as unmodelled
heat storage [77]. As can be seen from Figure 4.3, modeling Cu pipe over the flow has
damped the oscillations in the developing flow phase of the M-FF model and results
in a shift of the maximum peak value. However, the peak value in the developing flow
phase is still higher compared to experimental results. Moreover, the addition of the
insulation material and using the average temperature at pipe cross-section similar to

experiments reduce the peak value in the developing phase.

120
Experimental - DIW - 50 W
---M-FF-DIW-50W
100 'l. M- Cu - DIW - 50 W

—.=-M-Ins-DIW-50W

o
3 e S S S S
£
|_
0
0 100 200 300 400 500
Time [s]
100
80 | |
"
"
— n
9 60 n
= "
2 n Iq
E Hl
< 40 ::c
“ll! \
TR ————————— .
20 AN I EAVECALE S
o
o L'y
0 100 200 300 400 500
Time [s]

Figure 4.3: Effect of heat storage on dynamic behavior of the system in developing
flow phase
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Correct modeling of the developing flow phase is important for accurate prediction of
the dynamic behavior of the SPNCmL from start-up to rest. Although modeling the
heat storage effect of thermal mass could dampen the oscillations in the developing
flow phase, the first peak value in the temperatures was still higher compared to
experiments. Moreover, it is seen that the flow in the numerical study started to
circulate before the experiments. Considering that circulation starts after t=40 s and
the fluid flow reaches the stead-state condition almost t=90 s, the stability of the
numerical model has critical importance in this period. Therefore, the effect of the Co
number was investigated for different mesh numbers (CM and FM) and time steps (0.1
and 0.05 s) of the M-Ins model. As mentioned in the previous section, the Co number
is used the characterize the stability of the numerical model and must be equal to or
less than 1. However, it increases up to 92.8 for the M-Ins model having FM and 0.1 s
of timestep and it varies in the range of Co =8-22 for the steady-state phase of all

conditions (Figure 4.4).

100 M-Ins-DIW-50W-FM-0.1
80 M-Ins-DIW-50W-CM-0.1
——M-Ins-DIW-50W-FM-0.05
— 60 M-Ins-DIW-50W-CM-0.05
o ‘
O 40 I
I
20 I\
0 . /fl ==

0 100 200 300 400 500
Time [s]

Figure 4.4: Time dependent variation of Co number for M-Ins model having different
mesh numbers and time steps

Higher Co numbers require further investigations on the stability of the M-Ins model.
Therefore, adaptive time step analyses to keep Co=0.2 were conducted for both CM
and FM cases. However, Figure 4.5 shows that keeping Co=0.2 did not affect the peak
values of temperatures and system behavior at the developing flow phase compared to

previous simulations.
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Figure 4.5: Effect of Co number on temperatures for different mesh numbers and
time steps

Moreover, the effect of the Co number on T* and V* at the heating end was
investigated for different mesh element numbers and time steps (Figure 4.6 and Figure
4.7). Since natural circulation develops at the heating-end, flow and heat transfer
characteristics are important in this section. It is found that the FM case has higher T*
gradients and the change of T* with time steps (t=60 s, when Co has the highest value)
is significant compared to the CM case. Unlike T* distributions, the change of Co
number with mesh element sizes and time steps does not affect V* distributions

considerably.
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Figure 4.6: Effect of Co number on T* distributions in the developing flow phase
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Figure 4.7: Effect of Co number on V* distributions in the developing flow phase
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Additionally, steady-state phases of both numerical models (M-FF and M-Ins) was

normalized with experimental results [30] as Equations (4.2)-(4.4).

€numerical
eN= (4.2)

gexperimental

Tmax,numerical

TmaX,N = T
max,experimental

(4.3)

A’I‘heater,numerical

ATheater,N = (44)

ATheater,experimental

This validation is presented as a normalization of the numerical results with
experimental data in Figure 4.8. It is clearly shown that € can be predicted £15% error
margin and higher heater powers reduce the error between experimental and numerical
results for ATheater. Tmax and ATheater are overpredicted by up to 15% and %20 compared
to experimental data, respectively. DIW data is in good agreement with the
experimental results whereas nanofluids have deviations up to %20. Moreover, the
higher accuracy of the M-Ins model compared to the M-FF model is shown in Figure

4.8.
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Figure 4.8: Validation of M-FF and M-Ins models with experimental results [30] for
operating conditions
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4.2 Validation for Natural Convection Heat Transfer

Investigation of the local and average heat transfer coefficients for single-phase
laminar flow in the SPNCmL’s heating end is required the understand thermohydraulic
behavior of the fluid in the developing flow phase by the fundamentals of convection.
Additionally, this fundamental approach would be used in further analyses on the
effects of diameter ratio and eccentricity, and geometry and pattern of dimples on
DPHX performance. However, correlations to predict heat transfer coefficients for
single-phase laminar flow in horizontal cylindrical tubes with constant heat flux
boundary condition are restricted to fully developed flow, high Prandtl numbers and
constant fluid properties [2]. Meyer and Everts [2] investigated the natural convection
effects on the development of the local heat transfer characteristics in smooth
horizontal circular tubes with a constant heat flux boundary condition. In their
experimental study, it was found that natural convection effects became significant
with increasing heat flux and tube diameters, and it also decreased the thermal entry
length and increased Nu numbers for simultaneously developing flow. Moreover, three

different regions were defined considering local heat transfer coefficients.

The steady-state model to investigate developing flow characteristics was validated by
Meyer and Evert’s experimental study results for the system with a 4 mm inner pipe
diameter and 8 kW/m? of constant heat flux. A good agreement between experimental

and numerical results was obtained as shown in Figure 4.9.
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Figure 4.9: Validation of the numerical model on the investigation of the local and
average heat transfer coefficients for single-phase and simultaneously developing
laminar flow [2]
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The local Nu number change along the SPNCmL’s heating end (Gz! considering
Reynolds and Prandtl numbers) was investigated for hydrodynamically developed and
thermally developing flow to understand natural convection effects. In order to meet
the conditions of hydrodynamically developed flow, the tube with 100 mm of length
was added before the heating end, and in order to eliminate the possible effects of
backflow the tube with 20 mm of length was modeled after the heating end as shown
in Figure 4.10. The inlet velocity was defined as 0.02591 m/s at 301.3 K. Constant
heat flux boundary condition was employed as 23.9 kW/m? corresponding to 50 W of

heater power.

100 mm 140 mm 20 mm
(PG PG PR D] *
Vv;,= 0.02591 m/s Constant Heat Flux B.C. 0Pa
T,=301.3K 50 W Relative Pressure

Figure 4.10: Axial temperature and velocity distributions in the horizontal circular
tube for hydrodynamically developed and thermally developing flow [3]

Comparison of the change of local Nu along the heater-end with the well-known
correlations of Shah and London [78], Shah [79] and Siegel [80] proposed for
hydrodynamically developed and thermally developing flow was reported in [3]. In
the entrance region, the numerical results were in good agreement with correlations
developed by Shah [79], as shown in Figure 4.11. However, Nu started to increase
after this decreasing trend (Gz'! < 0.004). Meyer and Everts [2] explained the possible
reason for this behavior by considering the natural convection effects. Higher Gr;,, and
lower Re result that the local Nu does not continue to decrease until the flow becomes
fully developed, and then increases to reach a constant value under natural convection
effects. Compared to the results of Shah and London [78], Shah [79] and Siegel [80],
Nu obtained from the numerical model increased by 92% and 68% at Gz'! = 0.028,
respectively. Meyer and Everts [2] also found that natural convection effects become
significant with increasing heat flux and tube diameters, and it also decreases the
thermal entry length and increases the Nu numbers for simultaneously developing
flow in their experimental study. The Nu is higher up to 38% in comparison to the

results of Meyer and Everts [2] for 4 mm pipe diameter and 8 kW/m? constant heat
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flux. Moreover, it is found that the thermal entrance length for forced convection
laminar flow (Gz! = 0.05) is shortened for this study (Gz/ = 0.004) due to the higher

G, and thus natural convection effects.
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Figure 4.11: The local Nu number along horizontal circular tube representing
SPNCmL’s heating end

4.3 Validation of Eccentric Double Pipe Heat Exchanger

The flow in the DPHX has the characteristics of laminar flow in the annular section
and it is validated by the study of Manglik and Fang [5] which investigated the effects
of eccentricity and thermal boundary conditions on the fully developed laminar
annular duct flow for different pipe diameter ratios as shown in Figure 4.12. The
validation study is conducted for the cases of e* =0 and 0.6 at r* = 0.5 ensured by 10
and 20 mm inner and outer diameters, respectively. In order to obtain fully developed
laminar flow conditions, the upstream pipe with 500 mm in length was used. The
length of the investigated region was 120 mm. The Reynolds number was 500 at the

inlet of the annular pipe for both cases.

The comparison of the calculated Nu numbers with the ones given by Manglik and
Fang [5] is presented in Table 4.2. Manglik and Fang [5] neglected the axial

conduction, viscous dissipation, and effects of body forces in their study. When the
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gravitational force was ignored in the numerical study, Nu numbers exhibit decreasing
trend with the increase of eccentricity similar to the results of Manglik and Fang [5],
but they are still higher as a result of considering the axial conduction in the numerical
study. When the gravitational force is taken into account to model more realistic
conditions, it is found that Nu numbers are much higher compared to theoretical study

and higher eccentricity values have higher Nu numbers.

Re,, = 500

A

A

Figure 4.11: The local Nu number along horizontal circular tube representing
SPNCmL’s heating end

Table 4.2: Comparison between numerical results and Manglik and Fang [5]

Investigated cases at r* = 0.5 Numerical Manglik and Fang
Results [5]

e* = 0/ gravitational force is included 8.621 5.733

e* = 0.6 / gravitational force is included 9.087 2.244

e* = 0/ gravitational force is excluded 4.853 5.733

e* = (0.6 / gravitational force is excluded 3.137 2.244
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Chapter 5

Results and Discussions

This chapter presents the main findings of the preliminary study, which is conducted
to investigate the main geometrical parameters on SPNCmL performance, and of the
effect of key parameters on the DPHXs performance and the performance of

nanofluid-based SPNCmL with dimpled DPHXSs.

5.1 Results of Preliminary Study

This preliminary study was conducted to investigate the effects of AR and pipe diameter
on the performance of the SPNCmL. Figure 5.1 shows that natural circulation did not
occur in the SPNCmL with a pipe diameter of 3.56 mm for all AR, and heat transfer took
place by pure conduction, instead of natural convection. The temperatures, equality of
the effectiveness to 1 and the amount of transferred heat are indicators of this pure

conduction situation.

For other cases, as AR and pipe diameter increase, ATheater and Tmax decrease (Figure
5.1.a-b). Because the increase in pipe diameter increases the total mass in the SPNCmL.
In addition to larger pipe diameters, higher AR causes higher mass flow rates, and this
results in lower temperatures. Figure 5.1.c shows that effectiveness, which is strongly
dependent on temperatures, increases as pipe diameter and AR decreases. Figure 5.1.d
shows that higher pipe diameters suppress the AR effect, but heat transfer capability

increases with pipe diameters as well as AR.

Considering the higher effectiveness values for smaller pipe diameters, and
insignificant change of effectiveness with AR but an increase of heat transfer
capability with AR, the main geometry is decided to be having pipe diameter of 5.15
mm and AR of 0.8.
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Figure 5.1: Preliminary results in terms of (a) ATheater, (b) Tmax, (¢) effectiveness and
(d) heat transfer capability (Q [W])

5.2 Results of key parameters

5.2.1  Eccentricity

The effect of the eccentricity on the DPHX performance was investigated in terms of the
change of heat transfer with time as presented in Figure 5.2. In Figure 5.3 and the
following figures, EO, E032, E039, E054, E061, E069 and E1 indicate the eccentricity
values e* =0, 0.32, 0.39, 0.54, 0.61, 0.69 and 1, respectively. Although the higher heat
transfer values were obtained because of the higher temperature differences between the
inlet fluid and the inner pipe surface, a drastic reduction was observed for all cases. An
increase from e* = 0.32 to 0.61 results in a delay in the time required to reach a steady
state. Compared to obtained tiny peaks before steady flow in these four e* values, the

flow reaches steady flow conditions right after the drastic reduction for the cases of EO,

56



E069 and El. For these values, an increase of e* causes a shorter time to reach a steady

state.

In the numerical model, the cases of E032-E069 have blends with a radius of 2 mm at the
inlet and outlet of the annular section. However, these blends were removed to satisfy
similar inlet and outlet conditions (upstream and downstream pipes) for fully concentric
and eccentric cases of EO and E1, respectively. Figure 5.2 shows that the increase of e*
results in reduction in the heat transfer by 15% for E069 case compared to E032 with 2
mm of corresponding center-to-center distance difference (eroso-ero32). Additionally, the
oscillations were observed for the EO and E1 cases in the steady regime. The possible
reason of these oscillations may be the modelling of the fully concentric (EQ) geometry

and eccentric (E1) geometry without blends.

5
g4 —EO —E032 —E039 - E054 —EO061 E069 —E1

I

0 50 100 150 200
Time [s]

Figure 5.2: Time dependent heat transfer for different eccentricity values

Figure 5.2 also shows the unstable heat transfer behavior in the time range of 15-60 s.
The heat transfer in the annular duct in this time range is evaluated in terms of T** and

V** at the middle section of the annuli and axial cross-section for all cases as presented

in Figure 5.3-5.5.
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Figure 5.3: Axial T** and V** distribution for EO and E054 cases att=110s

As shown in Figure 5.3, the warm fluid enters the DPHX and flows along the wider
section of the annulus without any interaction with the cooler inner pipe for the concentric
case (E0). However, increasing eccentricity by moving the inner pipe up results in
fluctuations in the fluid flow. This behavior is presented by an axial distribution of the
T** and V** at t = 110 s, in which the transferred heat in EO is the same as E054 at t =
110 s.

Figure 5.4 and Figure 5.5 show the T** and V** distributions at the middle cross-section
(cross-section AA in Figure 5.3). Entering warmer fluid develops a warm fluid pocket
below the inner pipe but increasing eccentricity results in the distribution of this fluid
pocket (i.e. E069 and E1) (Figure 5.4). As time progresses, the density of the reddish area,
which means higher temperature values, decreases. Here, eccentricity has a key role
which causes the flow of entering fluid through the uppermost region of the annuli
(Figure 5.5). This fluid motion moves the cooler fluid pocket to the wider section of the

annuli and results in the mixing of warmer and cooler fluid.
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Figure 5.5: V** distribution in middle cross-section (AA) of the DPHX




Figure 5.6 shows that the Nu number (obtained at t =200 s) decreases with increasing e*.
Lower Re numbers were obtained for E032 and E039 in which the higher V**
distributions were observed at the narrow section of the annuli. However, the highest Re
numbers are obtained for E069 and E1 in which V** distributions with high values below
the inner pipe. The values found for all cases are higher compared to the results of
Manglik and Fang [5] which has similar boundary conditions (constant temperature at
the inner pipe and adiabatic outer wall). Manglik and Fang [5] found that the Nu number
varied in the range of 4.769 and 4.998 for the fully developed flow in the annular duct
(0.25 of pipe diameter ratio and e* = 0.4-0.6). The neglection of gravitational force, axial
conduction and viscous dissipations (as employed in [5]) results in lower Nu numbers
compared to neglecting only viscous dissipations (Table 4.2). Moreover, the effect of the
partial inlet of the fluid from a tube with a smaller diameter (5.15 mm) through the annular

section on Nu numbers can be investigated in future studies.

20 E032
18 |E039 )

214 »
12 ®
10

685 687 689 691 693 695
Re [-]

Figure 5.6: The variation of Nu number with Re

5.2.2  Nanofluids

Since the effect of nanofluids on heat transfer performance at the low-pressure side in
the refrigeration system is aimed to be investigated in this study, the change of heat
transfer with time is evaluated in Figure 5.7. In Figure 5.7 and the following figures,
NFO001, NFOO5 and NFO1 are expressed as nanofluids having 0.01, 0.05 and 0.1
volumetric concentrations, respectively. The higher temperature difference between

the inlet and the inner pipe results in a higher heat transfer value at the beginning, but
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as time progress (to 15 s) drastically reduction in heat transfer is obtained for all
working fluids. In the time range of 15-65 s, the heat transfer change is unstable, and
it can be seen that an increase in nanofluid concentration delays the time required to

reach steady-state flow conditions.

45
65 WEG
60 WEG+OA+SDS |40
NFO0O01
55 —NFO005 35
g —NFO01
-% 50 30
o 15 25 35 45 55 65
F 45
T
()
T 40
35
30
0 50 100 150 200 250

Time [s]

Figure 5.7: Time dependent variation of heat transfer [4]

Focusing on the time range of 15-65 s in which the fluctuations observed before
steady-state condition, the heat transfer in the annular duct is evaluated in terms of T**
and V** at critical cross-sections (Figures 5.8 and 5.9). The cross-section P1 and P2
are in the middle of the first half and second half, respectively. Hot fluid entering the
pipe results in a hot fluid pocket at the wider section of the annular. Cross-sectional
distributions of T** (Figure 5.8) and axial distributions of T** and V** (Figure 5.10)
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 concentration. Additionally, a higher T**
area at the narrow section of the annular duct is obtained for the NFOI case (Figure
5.10). V** increases with nanofluid concentration and the velocity of the entering hot
fluid decreases along the annulus and the flow is developed through the uppermost
region of the annulus (Figure 5.9 and Figure 5.10). This behavior enables the
distribution of cold fluid in the wider region of the annulus and thus mixing of warm

and cold fluid as shown in the cross-sections of P2 and out presented in Figure 5.8.
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Figure 5.8: Cross-sectional T** distributions at the times (a)15 s, (b) 30 s, (c) 45s
and (d) 60 s with its (e) legend and the locations
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Figure 5.9: Cross-sectional V** distributions at the times (a)15 s, (b) 30 s, (c) 45s

and (d) 60 s with its (e) legend.
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Additionally, the heat transfer performance is evaluated by variation of Nu number by
Re. Figure 5.11 shows that WEG has the 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. Manglik and Fang [5] 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 the 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 the inner tube and adiabatic wall of the outer tube. The Nu
numbers found in our study are higher than Manglik and Fang [5]. The possible reason
behind this could be our geometry. In most of annular duct studies, the working fluid
enters the annular duct directly from the annuli region. However, it enters partially
from a tube with a smaller diameter (5.15 mm) in our geometry. This affects the flow

propagation through the annuli region as shown in Figures 5.8-5.10.

Since the DPHX is aimed to superheat the refrigerant at the low-pressure side of the
refrigeration cycle, the transferred heat is investigated for all cases. Although, the
addition of the OA and SDS reduces the transferred heat, heat transfer increases (by
13.6% for NFO1 compared to WEG+OA+SDS as a base fluid) for the nanofluids
(35.53 W, 3422 W, 34.75 W, 36.55 W and 38.89 W for WEG, WEG+OA+SDS,
NFO001, NF005 and NFO1 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 the low-pressure side in refrigeration systems.

69



18.5

18

2175

17

16.5

600 700 800 900 1000 1100
Re

eWEG «WEG+OA+SDS «NF001 eNF005 eNFO01
Figure 5.11: Variation of Nu with Re

The Ap decreases with the increasing Reynolds number, and nanofluids have smaller
values compared to base fluid because of the 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 (Figure 5.12). Considering the tiny changes in Nu numbers in Figure 5.11,
smaller pressure drops of nanofluids result 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 concentration (NFOO1) has the smallest
pressure drop value of 3.88 Pa with PEC = 1.08.
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Figure 5.12: Variation of Ap and PEC with Re (circle and square markers indicate the
Ap and PEC respectively.)

5.2.3 Combination of dimpled surface technology and

nanofluids

Understanding the effect of the combination of dimpled surface technology and
nanofluids on the heat transfer performance of DPHX is one of the aims of this thesis.
Therefore, T*and V*at the annular section have been investigated to evaluate annular
flow propagation. Figures 5.13 and 5.14 show T* and V* distributions at the critical
cross sections (Pin, P1, Pmid, P2 and Pou). The cross-section P1 and P2 are in the middle
of the first half and second half of the annulus, respectively. Compared to WEG and
WEG+OA-+SDS cases, cooler fluid temperature distribution (higher T*) is wider from
Pin to Pmig at the combination of NFO1 and dimples (Figure 5.13.c). The magnitude of
the V* is smaller in the smooth pipe for the NFO1 case but utilization of dimples drives
the working fluid with high velocity until the cross-section Poy of the annulus which
can be also seen in Figure 5.15.c. This higher velocity fluid region from cross-sections
Pin to Pout is also seen for WEG and WEG+OA+SDS (Figure 5.15.a and 5.15.b) for all

casces.
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Dimpled inner pipe results in a higher Ap penalty for all working fluids. Regardless of
DP or PL, dimples behave as thermohydraulic cells which capture and trap the flowing
working fluid. This leads to higher Ap values as shown in Figure 5.16. The addition of
the dimples on the inner pipe surface in laminar flow conditions decreases the Nu for
WEG+OA+SDS and NFO1 up to 10% and 19%, respectively. Nu in the WEG case

varies up to the upper and lower limits of 7% and 5%, respectively.
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Figure 5.16: Pressure drop (Ap) and heat transfer (Nu) characteristics of DPHX

The effect of both working fluids and dimples on the performance of the DPHXwas
investigated by evaluating PEC values. PEC; defines the performance evaluation of
the dimpled surface for each working fluid. In accordance with T** and V** values,
AP and Nu, the addition of dimples decreases the PEC; values for all working fluids.
Assuming the WEG+OA+SDS as a base fluid, the combination of nanofluids with
dimpled surface technology also gives lower PEC, values as shown in Figure 5.17.
Increment in Re for the NFO1 in dimpled geometry (compared to smooth pipe) is more
noticeable than in WEG and WEG+OA+SDS cases which is also shown in Figure
5.15.
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Figure 5.17: PEC; and PEC, values of DPHX.

5.3 Performance of SPNCmL with dimpled DPHX

5.3.1  The Effect of Eccentricity

Eccentricity is an important parameter affecting flow propagation and heat transfer.
Here the eccentricity effect on the SPNCmL performance was investigated for two
cases: E032 (the condition where maximum heat transfer was obtained in DPHX) and
E054 (the design limitation of the industrial application). Figure 5.18 shows the change
of temperatures (Tmax and ATheater), and (c) effectiveness with a number of dimples
which increases the decrease of pitch length. The addition of the dimples results in a
decrease in temperatures, and thus effectiveness values in the system for both E032

and E054 cases. However, the eccentricity has no significant effect on the

temperatures, unlike the dimpled surface technology.
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Figure 5.18: The change of temperatures (a) Tmax and (b) ATheater, and (c)
effectiveness with number of dimples

Figure 5.19 presents the relationship of Nu for the cooling- and heating-ends with Ra
for constant temperature boundary conditions. An increment in Nu and Ra have been
seen for the decreasing viscosity values, and NFO1 has the highest Nu and Ra for both
ends. The addition of the dimples decreases the Nu, but it also results in a slight
increase in Ra at the cooling-end. An increase in eccentricity increases the Nu at the
cooling-end for WEG+OA+SDS case, which has the highest viscosity values in this
temperature range, for both smooth and dimpled tube. The T* distributions in Figures
20 also shows the reason behind this behaviour by cooler (more blue area) in the
cooling-end of E054 case. However, it decreases the Nu of NFOI at the heating-end
with no significant difference for dimpled tube. Therefore, higher Nu numbers of NFO1

may show its potential in passive heat transfer systems.
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Figure 5.19: The change of Nu with Ra for different eccentricity values for smooth
and P10 cases.
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The T* distributions at the SPNCmL system have been presented in Figure 5.20. The
darker blue distribution of T* indicates the cooler working fluid, and darker red T*
means the hotter working fluid. For the WEG, the addition of the dimples directs the
working fluid through the bottom section of the annular section, and this results in a
cooler working fluid layer under the inner pipe whereas hotter working fluid goes
along the narrow section of the annular. Similar behavior is also observed for the
heating-end. The hotter fluid layer is developed at the wider section of the annular
pipe. The increase of the eccentricity decreases the fluid temperatures (lower T*
values) at the narrower section of the annular pipe at the cooling-end for both smooth
and dimpled tubes. Moreover, the T* values at the narrower section increase through
the outlet of the heating-end. The effect of the viscosity on the T* values can be seen
from the smaller T* values at the cooling-end and higher T* values at the heating-end

for WEG+OA+SDS compared to NFO1 (lowest viscosity values).

Figure 5.21 and 5.22 shows the T* distributions at the critical cross sections of the
annular tube, namely, inlet, C1, C2, middle, C3, C4 and outlet. In order to show the
effect of dimples, the T* distributions are captured at the C1-4. C1 is the cross-section
in which the second dimple group of P30 is located. C2, C3 and C4 are for the fourth,
fifth and seventh groups of the P30 case. The effect of the dimples which have a pitch
length of 20 mm is only visible in the middle section. For the cooling-end presented in
Figure 5.20, utilization of the dimples prevents the movement of the cooler working
fluid through the wider section of the annular tube with the eccentricity of E032.
Although an increase of the eccentricity to 0.54 (E054) results in higher T* values until
the cross-section of C4, the cooler working fluid (smaller T*) values are obtained at
C4 and the outlet of the annular section. Moreover, a higher temperature gradient of
T* is observed for the working fluids with higher viscosity as WEG+OA+SDS and
WEG. For the heating-end (Figure 5.22), NFO1 has a smaller temperature gradient of
T*. Moreover, the increase in eccentricity increases the T* values in the wider section

of the annular tube.
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Figure 5.23 shows the axial distribution of the V* for different eccentricity values.
Utlization of the dimpled surface technology results in tiny pockets of higher V*
values near the inner pipe and these also disturb the hydrodynamic layer in this region.
In the case of WEG as a working fluid, these pockets are not clear at the cooling-end
but they become more separated and visible at the heating-end as pitch length
decreases. Increase of eccentricity to case of E054 makes the difference V* layers
more clear and increase the V* in wider section of the smooth pipe. Contrary to E032,
the case of E054 has these tiny pockets in also cooling-end. This behavior is observed
for also NFO1 and WEG+OA+SDS cases. However, as the viscosity decreases in NFO1
case, the dimples create those pockets in cooling-end differently from the other cases.
Moreover, V* region with higher values is shifted near the inlet section at the narrow

part of cooling-end in E032-NF01-H035P10 case.
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Figure 5.24 shows that the eccentricity improves the Re at cooling- and heating-ends

for all working fluids slightly. Because, as a result of higher eccentricity values, the

temperature decreases at the cooling-end, in which the differences in viscosity values

is more significant (Figure 3.10), and thus Reynolds number increases. Moreover, Re

does not change with the addition of the dimples.
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Figure 5.24: The change of Nu with Re for different eccentricity values for smooth

and P10 cases.
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Figure 5.25: The change of Nu with Ri for different eccentricity values for smooth

and P10 cases.

The change of the Nu with Ri, which defines the dominancy of natural convection on

forced convection, is presented in Figure 5.25. Although considerably higher Nu
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numbers are observed for the E054, the E035 has higher Ri values. Moreover, the
increasing viscosity (WEG+OA+SDS case) boosts the effect of eccentricity on Ri

numbers.

5.3.2  The Effect of Dimple Height

Dimpled surface technology provides improved convective heat transfer by flow
reattachment, flow impingement, and upwash flow at the downstream region of the
dimples, but flow separation and recirculation in the upstream region of the dimples
may be also the cause of reduction in heat transfer. Therefore, dimples’ height is

important to obtain heat transfer performance improvement.

Figure 5.26 presents how temperatures and effectiveness change with dimple height.
The pre-defined dimple height by considering the ratio of the dimples’ height and pipe
diameter in the literature [60] to the present study is 0.35 mm. Although the increment
percentage is relatively high (by 42%), the difference in the dimension is still tiny in
the present study. So, this results in insignificant changes for both temperatures and
effectiveness values. Regardless of the dimples’ height, an increase in the number of

dimples (reduction of the pitch length) decreases the ATheater and thus, effectiveness

value.
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Figure 5.26: The change of temperatures (a) Tmax and (b) ATheater, and (c)
effectiveness with number of dimples for different dimple heights
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Considering the fact that the addition of the dimples does not affect Ra and decrases
the Nu from Figure 5.19, the increasing dimples’ height has also no effect on Ra as
shown in Figure 5.27 for the heating-end. However, addition of the dimples results in
slight increment in Ra for cooling-end because of the sharp reduction of the viscosity
values in this temperature range. Moreover, this reduction also influences the Ri at the
cooling-end in Figure 5.28. Although Ri does not change with the addition of the
dimples, the tiny increase of the dimples’ height results in slight reduction of the Ri at

the cooling-end.
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Figure 5.27: The change of Nu with Ra for different dimple heights at E054 for
smooth and P10 cases.
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Table 5.1 presents the effect of dimples’ height the Nu and Re numbers at at cooling-
and heating ends. Although addition of the dimples increases the surface area, but the
form heat cells which captures the fluid instead creating turbulent boundary layer to

improve heat transfer.

Table 5.1: The Nu and Re numbers for different dimples’ heights at cooling- and
heating ends

E054-H035 E054-H050
Cases
Nuc Nuy Rec Rey Nuc Nuy Rec Rey
WEG-smooth 2043  28.57 83.69 77.04 20.43 28.57 83.69 77.04

WEG+OA+SDS-smooth | 19.46  26.77 60.94 58.47 19.46  26.77 60.94 58.47

NFO01-smooth 21.72  32.09  203.25 183.14 | 21.72  32.09  203.25 183.14
WEG-P10 19.15  27.51 84.46 78.24 19.00  27.29 85.67 78.34
WEG-P20 19.66  27.76 83.58 77.52 19.63 27.80 85.10 77.92
WEG-P30 1991  28.20 84.95 77.76 19.85 28.11 84.94 77.80

WEG+OA+SDS-P10 1825 25.71 61.71 59.21 18.10  25.50 62.54 59.31

WEG+OA+SDS-P20 18.74  26.06 60.82 58.70 18.62  25.96 61.60 58.52

WEG+0OA+SDS-P30 19.00 2642 62.01 58.94 18.91 26.35 61.87 58.93

NF01-P10 2043  31.03 203.75 186.26 | 20.26  30.92  206.57 186.99
NF01-P20 20.93  31.39  203.37 18490 | 20.86  31.28 206.22 184.51
NFO01-P30 2123 31.79  203.86 185.46 | 21.16  31.81 205.74 185.48

Similar to observations in Figures 5.26-28, there is no significant change is seen for
axial distributions of the T* (Figure 5.29) and V* (Figure 5.30), and the T*
distributions at the critical cross sections in Figures 5.31 and 5.32 for all working fluids
and pitch lengths. Dimples behave as pockets or cells in which the flowing fluid is
captured and resulting in a reduction of convective heat transfer. Lower T* values
around the inner pipe and at the dimples, and higher T* values at the wider section of

the annular pipe of the cooling-end depicture this behavior.
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Figure 5.29: The axial T* distribution of (a) WEG, (b) WEG+OA+SDS, (¢) NFO1 for
different dimple heights
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Figure 5.31: The T* distribution at cooling-end for different dimple heights
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533 Local Heat Transfer Performance

Investigation of the local and average heat transfer coefficients for single-phase
laminar flow in the SPNCmL’s heating- and cooling-ends is important to understand
and evaluate heat transfer performance of dimpled surface technology for different
working fluids. The change of the local Nu number along the SPNCmL’s heating- and
cooling-ends (Gz™!' considering Reynolds and Prandtl numbers) was investigated for
hydrodynamically and thermally developing flow to understand natural convection
effects. Here, in Figures 5.33-35, Nu numbers have been found higher at the inlet
section of the annular tubes at the cooling-end, and the local variation is considerably
higher compared to Meyer and Everts [2] results which were obtained for circular pipe
with a 4 mm inner pipe diameter and 8 kW/m? of constant heat flux (further
information can be found in section 4.2.). Although the local heat transfer distribution
in annulus has been studied widely in the existing literature, the main boundary
conditions employed in this thesis (3B according to Feldman et al. [46]) has not been
studied for these eccentricity and pipe diameter ratio values. Therefore, conducting a
comparison with the literature is highly difficult. Because the entering fluid faces with
a sudden reduction of the temperature at the cooling-end, the Nu number is higher at
the inlet section. The higher values at the inlet section may be also cause of the partial
inlet of the fluid from a tube with a smaller diameter (5.15 mm) through the annular
section. However, at the heating-end, Nu numbers increases along the annular tube as

temperature increases.

Figure 5.33 shows how the local Nu changes with eccentricity at both ends. Higher Nu
numbers were obtained at the inlet section for higher eccentricity (E054) and the reason
behind this is higher Grin numbers found at the inlet section. As the local T* decreases
along the annular tube, which means the working fluid gets cooler, the Nu number
slightly increases, and it has peak values at the outlet because of the partial outlet from
the annular section. The T* and V* distributions in Figures 5.20.a and 5.23.a support that
behavior. In Figure 5.20.a, the lower T* values at the heating-end inlet results in higher
Nu number at Figure 5.33, and then it reduces as flow mixing. After that, as temperature
increases, the Nu number increases along the heating-end. After the middle section, the

higher temperature gradients in Figure 5.22 results in higher Nu numbers for lower
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eccentricity values. Addition of the dimpled surface technology did not affect the local

Nu number change significantly.
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Figure 5.33: Local Nu distribution for different eccentricity values

Similar to overall Nu numbers at both ends (Table 5.1) as well as T* and V* distributions
in Figures 5.29-32, local Nu numbers and thermal entry lenght did not change with the
dimple heights in Figure 5.34.
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Figure 5.34: Local Nu distribution for different dimple heights

Figure 5.35 shows that nanofluids have higher Nu numbers the inlet section but WEG
and WEG+OA+SDS has different trend as sudden increase of Nu numbers. This is a
result of lower T* values as well as smaller V* values of NFO1 case at the inlet of heating-
end in Figure 5.29 and Figure 5.30, respectively. Higher Ra numbers associated with
natural convection (and Grashof number) obtained for NFO1 case results in higher Nu

numbers, and this is more clear at the heating-end.
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Figure 5.35: Local Nu distribution for different working fluids

5.3.4  The overall system performance

The overall system performance is defined by performance evaluation criteria (PEC)
for choosing WEG+OA+SDS as a base fluid at the design parameters as the case of
E054-H035-smooth. Figure 5.36 and Table 5.2 define the PEC values and pressure
drop for investigated cases. Within the scope of working fluids, utilization of
nanofluids decreases the pressure drop for both cooling- and heating-ends as well as
increases the PEC value up to 1.75. Having lower viscosity values (Figure 3.10) is the
main reason behind the reduction in this pressure drop. Higher Nu numbers and lower
friction factors due to lower pressure drops in heating-end result in higher PEC values

in this end.
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The small pressure drop penalty of the dimpled surface technology has not been
observed in this study. Therefore, the decreasing effect of the dimpled surface
technology on Nu influences the PEC values directly. However, Table 5.2 shows that
the SPNCmL working with the NFO1 has still higher PEC values compared to base
fluid even with dimpled tube.

Deeper dimples do not have any significant change of pressure drop but it reduces the
PEC values slightly because of the Nu numbers. Within the scope of the eccentricity,
tiny reduction of the pressure drop is observed with decreasing the eccentricity. The
overall effect of smaller Nu number and pressure drops results in up to 8% lower values

of PEC (WEG+OA+SDS case).
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Table 5.2: The pressure drop and PEC values of all cases.

Case Apc PECc ApH PECy
WEG-smooth 0.48 1.17 0.44 1.17
WEG-H035P30 0.48 1.14 0.44 1.16
WEG-H035P20 0.47 1.12 0.44 1.14
WEG-HO035P10 0.47 1.10 0.44 1.13
WEG+OA+SDS-smooth 0.49 1.00 0.47 1.00
WEG+OA+SDS-H035P30 0.50 0.98 0.47 0.99
WEG+OA+SDS -H035P20 0.49 0.96 0.47 0.97
WEG+OA+SDS -H035P10 0.49 0.94 0.47 0.96
NF01-smooth 0.39 1.66 0.35 1.75
NF01-H035P30 0.39 1.62 0.35 1.74
E054 NF01-H035P20 0.39 1.60 0.35 1.71
NF01-HO035P10 0.38 1.56 0.35 1.70
WEG-H050P30 0.48 1.14 0.44 1.15
WEG-H050P20 0.48 1.13 0.44 1.14
WEG-HO050P10 0.48 1.09 0.44 1.12
WEG+OA+SDS -H050P30 0.49 0.98 0.47 0.99
WEG+OA+SDS -H050P20 0.49 0.96 0.47 0.97
WEG+OA+SDS -H050P10 0.49 0.94 0.47 0.96
NF01-HO50P30 0.39 1.62 0.35 1.74
NF01-H050P20 0.39 1.60 0.35 1.70
NF01-HO50P10 0.39 1.55 0.35 1.69
WEG-smooth 0.47 1.10 0.44 1.12
WEG-H035P30 0.47 1.07 0.44 1.10
WEG-H035P20 0.47 1.04 0.44 1.07
WEG-HO035P10 0.47 1.02 0.44 1.07
WEG+OA+SDS smooth 0.47 0.93 0.46 0.95
WEG+OA+SDS -H035P30 0.47 0.90 0.46 0.94
E032 WEG+OA+SDS -H035P20 0.47 0.88 0.46 0.91
WEG+OA+SDS -H035P10 0.47 0.86 0.46 0.90
NF01-smooth 0.39 1.58 0.36 1.69
NF01-H035P30 0.39 1.54 0.36 1.67
NF01-H035P20 0.39 1.51 0.36 1.64
NF01-H035P10 0.38 1.47 0.36 1.62
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Chapter 6

Conclusions

In this thesis, a single-phase natural circulation mini loop (SPNCmL) with double pipe

heat exchangers (DPHX) at heating and cooling-ends, has been proposed as an

alternative to suction line heat exchangers. As a continuation work of an industrial

project, in which the natural circulation loop provides a COP improvement of 8-9%

for household chest freezer by itself experimentally, this study aims to numerically

investigate the effect of nanofluid-based SPNCmL using dimpled DPHXs on the

performance of the refrigeration cycle. The main conclusions of this thesis are given

as follows:

SPNCmL provides a COP improvement of 58% and 98% when its heating-end
is located before the condenser or after the condenser at the high-pressure side.
The amount of the maximum transferrable heat is found as 38 W for the case
for both “C-in” and “C-out” at T> = 70°C, N=4500 rpm and LP/HP = 60/600
kPa.

Considering the higher effectiveness values for smaller pipe diameters, and
insignificant change of effectiveness with AR but an increase of heat transfer
capability with AR, the main geometry is decided to be having pipe diameter of
5.15 mm and AR of 0.8 as a result of the preliminary study.

Although increasing eccentricity causes a reduction of the heat transfer in DPHX
located at the suction-line, eccentricity directs the fluid flow at the upper section
of the annuli which results in the mixing of the warm and cold fluid pockets after
the middle section. Even the movement of the inner pipe 2 mm upper (changing
from eccentricity 0.32 to 0.69) has a huge effect on the heat transfer such
reduction of 15%. However, the wider T* distribution with higher values is also

observed for cases of E032, E039, E054 and E061 in which heat transfer reduces
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by 6% for E061 compared to E032. Moreover, the Nusselt number decreases
with increasing eccentricity.

Utilization of nanofluids requires a longer time to reach steady-state conditions,
a heat transfer improvement of up to 13.6% WEG+OA+SDS as a base fluid has
been observed. Although the highest transferred heat was observed for the NFO1
case, NFOO1 has the smallest pressure drop value with the highest PEC value.
The results show that nanofluids improved the heat transfer at the suction-line of
the refrigeration system.

For the DPHX in the suction-line, the dimpled inner pipe of the annular flow
results in a higher Ap penalty for all working fluids. Regardless of dimple
diameter and pitch length, dimples behave as thermohydraulic cells which
capture and trap the flowing working fluid. Moreover, dimpled surface
technology on the inner pipe surface in laminar flow conditions decreases the
Nu for WEGHOA+SDS and NFO01 up to 10% and 19%, respectively.

For the overall SPNCmL analysis, an increasing number of the dimples with
decreasing pitch length results in lower Nusselt numbers for both cooling- and
heating-ends. Moreover, a reduction in eccentricity also decreases the PEC
values with tiny reduction in pressure drops. The dimples’ height has no
significant effect on the pressure drop in SPNCmL but decreases the PEC values
slightly.

Because of the temperature-dependent viscosity values of WEG-based working
fluids, Nusselt numbers in the cooling-end has lower viscosity values compared
to the heating-end. Utilization of nanofluids decreases the pressure drop for both

cooling- and heating-ends as well as increases the PEC value up to 1.75.
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