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NUMERICAL INVESTIGATION OF HEAT TRANSFER ENHANCEMENT ON
THE EFFECT OF ADDING (AL203) NANOPARTICLES TO WATER FLOW IN
A HORIZONTAL TUBE INSERTED PENTAGON RINGS

Muqgdad Khamees Hameed AL-JANABI

Erciyes University, Graduate School of Natural and Applied Sciences
M.sc. Thesis, December 2017
Thesis Supervisors: Prof.Dr. Veysel OZCEYHAN

ABSTRACT

In this work, a numerical study has been presented to investigate heat transfer
characteristics of (Al203-Water) nanofluids flow in a circular horizontal tube that fitted
pentagon rings by three different pitch lengths (d, 2d, and 3d). To provide fully
developed flow inside the test section, specified distances are performed on the entrance
and the exit of the tube. The analyses are carried out with three different nanofluids
volume fractions 1.5, 3, and 4.5 % in the range of Reynolds number from 5,000 to
15,000. The numerical solution procedure includes the investigation of heat transfer
coefficient, Nusselt number, friction factor, surface temperature and the pressure drop
characteristics with using finite volume method by applying (k-w) Standard turbulence
model to solve the equations of continuity, momentum, and energy in a three-
dimensional domain. A single-phase approach is employed to model nanofluids and
properties of the fluid are applied constant with temperature. The use of (AI203-Water)
nanofluids with pentagon ring leads to increase in heat transfer and pressure drop over
the smooth tube. The heat transfer coefficient increases with the increment of the
nanofluid concentrations and Reynolds number, and it shows descending trend with the
increment of pitch length or in another meaning increases with the increment of the
number of pentagon rings into a tube. Finally, the results showed that the configuration
of AlI203-Water nanofluid with pentagon ring could be used effectively in heat transfer

processes.

Keywords: Al,Os-Water nanofluids, Heat transfer, Pressure drop, Pentagon ring.
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BORU iCI AKISTA SUYA (AL203) NANO PARTIKUL TAKVIYESI VE
BESGEN KESITLI HALKA ELEMANLAR YERLESTIRILMESI iLE ISI
TRANSFERINI IYILESTIRILMESININ SAYISAL OLARAK INCELENMESI

Mugdad Khamees Hameed AL-JANABI

Erciyes Universitesi, Fen Bilimleri Enstitusi
Yuksek Lisans Tez, Aralik 2017
Tez Danmismani: Prof.Dr. Veysel OZCEYHAN

Ozet

Bu calismada silindirik bir boru ic¢erisinde AloO3—su nanoakiskani ile birlikte
tic farkli mesafe oranina sahip besgen kestili i¢ elemanlar yerlestirilerek 1s1 transfer ve
basing diisiimiine etkileri sayisal olarak incelenmistir. Test bolgesinde hidrodinamik
olarak gelismis akis saglamak amaciyla, giris ve ¢ikis boru bolgeleri kullanilmistir.
Analizler li¢ farkli hacimsel nanoakiskan fraksiyonu ve 5000-15,000 Reynolds sayisi
araliginda gerceklestirilmistir. Is1 transferi ve basing diisiimii ¢oziimiinii igeren sayisal
calismada k-w Standart sonlu elemanlar ¢6zimi ve sireklilik, momentum ve enerji
denklemlerinin kullanildig1 {i¢c boyutlu analizler gerceklestirilmistir. Calismada tek-
model kullanilmig ve akiskan Ozellikleri sabit olarak kabul edilmistir. Al>Os-Su
nanoakiskani ve besgen i¢ elemanlarin kullanimi, bos boruya oranla 1s1 transferi ve
basing diisiimiinde artisa sebep olmustur. 1s1 transfer katsayisi nanoakiskan hacim
fraksiyonunun artist ve Reynolds sayisinin artisi ile artmistir ve mesafe oraninin
artmastyla azalan bir egim gdstermistir. Sonug olarak Al2Os-su nanoakiskani ve besgen
i¢ eleman kullaniminin 1s1 transferi proseslerinde etkin bir bi¢imde kullanilabilecegi
gorilmiistiir.

Anahtar Kelimeler: Al>Os-su nanoakiskani, Is1 transferi, Basing diisiimii, Besgen i¢
eleman.
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INTRODUCTION

Several researchers have carried out numerical studies to study the impact of
thermophysical properties on heat transfer promotion. Some researchers have studied

both the single and dual phase models, which are either fixed or based on temperature

characteristics with experimental data reference. The purpose of this research is to
continue through numerical investigations in order to save cost and time compared to
experimental devices by using (Al2Os-Water) Nanofluids in the tubes under turbulent
flow conditions, by adding the Pentagon rings in an attempt to understand heat transfer
characteristics after this change like thermophysical properties, thermal performance,
the effect of nanofluid concentration, Nusselt number, etc. on heat transfer promotion.

The method of the study was carried out by a numerical investigation by using

computational fluid dynamics (CFD) program. The 3D model was created by the
SolidWork2017 program. The length of entrance section (L1) was assumed to be equal
to 10 x the diameter of the tube to provide a fully developed flow, and the length of the
test section was assumed (L2) =1.5 m, and the length of exit section (L3) was assumed
to be equal to 5 x the diameter of the tube to prevent reverse flow. To ensure the
accuracy of using numerical methods and procedure, firstly, a previous experimental
study was followed to guarantee the solution methodology. Water-liquid was created as
a material of fluid to the validation process, by applying single-phase approach for
(Al.Oz-water) nanofluids in a turbulent flow inside a tube and under uniform heat flux
was applied to the tube wall as a boundary condition. The CFD program solved and
analyzed the problems statement which involve fluid flows, heat and momentum
transfer, by using equations and algorithms of fluid mechanics and by using
conservation equations of (mass, momentum, and energy). The results were examined
in terms of (heat transfer coefficient, Nusselt number, friction factor, surface
temperature, and pressure drop) versus six Reynolds numbers ranging from 5,000 to
15,000.



CHAPTER 1

GENERAL INFORMATIONS

1.1. Research background

The low conductivity characteristic of normal liquids such as water and
ethylene glycol makes it unable to meet the growing demand for energy applications as
shown in the Table (1) Wang & Mujumdar [1]. As a result, some years ago, the interest
in promoting heat transfer by means of new techniques, namely, the use of nanofluids
with the inclusion of a solid geometric shape to expand the surface of heat transfer, has
begun to be of great interest to researchers. There are two methods, one is active and the
other is passive, to improve heat transference rate in heat exchangers. Different methods
were used to increase the rate of heat transferred including the passive method involving
the inclusion of the steel body of nanofluids because of its low-cost effectiveness and
have been widely used and many previous studies indicated the improvement in heat
transferred without affecting significantly on overall performance.



Table 1: Thermal conductivity of various solid and liquids.

Thermal conductivity

Material
K (w/m. k)
) ) Copper 401

Metallic solids

Aluminum 237

Silicon 148
Nonmetallic solids i

Alumina(AL203) 40
Metallic liquids Sodium(644 K) 72.3

Water 0.613
Nonmetallic liquids Ethylene glycol(EG) 0.253

Engine oil(EO) 0.145

1.2. Heat transfer enhancement techniques

The techniques were employed for developing the heat transferred without
affecting the overall realization of the systemssignificantly. Heat transfer techniques
exist on three general classifications which are passive technique, active technique, and
compound technigue. These techniques are used in many fields including HVAC, power
plants, refrigerators, heating, evaporators, cooling, and cars, etc. Urkude & Farkade [2]
described passive & active techniques with examples in the following sub-sections.
When both techniques wereused together, this technique was named composite
techniques. The composite method involves a complex design and therefore has limited

applications. General techniques classifications areproved in Table (2) Manglik [3].



Table 2: Classification of various heat transfer enhancement techniques.

Passive Techniques Active Techniques
Treated surface Mechanical aids
Rough surface Surface vibration
Extended surface Fluid vibration
Displaced enhancement device Electrostatic fields
Swirl flow devices Injection

Coiled tubes Section

Surface tension devices Jet impingement

Additives for liquids
Additives for gases

Compound Enhancement

Two or more passive and /or active techniques that are employed together

1.2.1. Active technique

These mechanizations are more complex in the expression of design and use
because of theirnecessity to use external energy to adjust the flow of fluid so as to
obtain an improvement in thermal efficiency and for this reason, the use of these
techniques in scientific fields is limited. Providing external energy in most applications
is not easy. Examples of this mechanization are: using electrostatic fields, Mechanical
Aids, pulse-induced by cams, surface or fluid vibrations, suction, magnetic field,

injection, jet impingement, plungers, etc.



A brief narrative of active techniques.Manglik [3]:

1. Mechanical aids

These include moving the fluid through stirring, Surface Scraping and rotating
surfaces, as presented below:-
% Stirring

The fluid is moved by means of a mechanical device or by rotating the surface.

¢+ Surface Scraping

This method has been used for viscous liquids on a large range and especially
in the manufacture of chemical processes that can be carried out on the flow of gases in
the duct.

“ Rotating Surfaces

The use of equipment containing rotary tubular heat exchangers isobserved in

the commercial works.

2. Surface vibration

For a better coefficient of heat transfer, this way isprimarily used within a

single-phase flow either with the high or low frequency.

3. Fluid vibration

This method ismainly used within single-phase flow with vibrations varying
from 1 Hz to 1 MHz which is an ultrasonic wave frequency. This technique may be one

of the usual effective types of vibration enhancement technology.



4. Electrostatic fields

Applying magnetic fields or electric fields or mixtures produced from both, AC
or DC sources can be employed in heat exchange systems but when used insulating
liquids.

5. Injection

This method is used only in single-phase flow and is performed by injecting
the main liquid with the same type of liquid or injecting it with different types of fluids.
The injection process is done either with the same heat transfer direction or in the
opposed direction for heat transfer.

6. Suction

This method isused within single-phase flow and summed up using heated

porous surface able to extract the steam or withdraw the fluid.

7. Jet impingement

It includes direction of refrigeration or boiling liquid vertically or indirectly on
the surface of heat transfer. Single or multiple jets (in groups or centrally organized

along the flow channel) can be utilized in both single-phase and boiling applications.

1.2.2. Passive technique

The passive techniques, as they have been defined in many of the previous
researches do not require any direct input from external energy to improve heat transfer.
The available power is used in the same system and eventually leading to an increase in
pressure drop for fluid. Widespread passive techniques employed to promote heat
transfer are: raising the active surface area and increasing the fluid retention time. They
typically use surface or geometric adjustments on the flow via combining additional

inserts or devices. In most liquids, using passive techniques results in a change in the



layer structure due to flow vortices with the increased surface region and fluid retention

time and thus developed thermal performance. Some of the common twisted tape

formats are presented in the figure (1) below.

Tape with gradually decreasing pitch Tape with holes

TAPE J ROD

Short tapes connected with rod Tape with attached haffle

Figure 1. Most popular twisted tape formats. Joshis & Kriplani [4].

Common methods used for these techniques are:

¢ Inserts (insert geometrical shape like barbed wire, wire coiled ... etc.).
 Expanding or modifying the surface area (making protrusions or holes in the same

surface ... etc.).
« Adding or mixing materials with essential fluids such as (nanofluid ... etc.).



The passive technique is more useful than the active ones because it is simple
and inexpensive and we can also implement it by inserting a simple geometrical shape
to create a vortex in fluid flow to achieve good thermal efficiency and it can be easily

applied in heat exchangers.
A brief narrative of passive techniques. Manglik [3]:

1. Treated surfaces

The surface may be treated to improve thermal performance by thermal coating
or resizing. In this kind of treatment, the surface is being treated completely or only
parts of it are treated, thus reducing roughness and helping to transfer the heat of a

single-phase. This treatment isusually used for condensation or boiling functions.

2. Extend surfaces

Initially, traditional fins were utilized in heat exchangers with the goal of
expanding surfaces and providing improved thermal efficiency and were common.
Thereafter, there were improvements in the modification of fin surfaces, which have
driven to fluid flow disturbance in a way that increases the effective surface area. This
change has driven to increment the heat transfer.

3. Roughened surfaces

These methods are well known and performed either randomly by stripping
surfaces like using sand grains or using regular geometry to making the roughness.
Also, with this method, there isa flow resistance accompanied with the advantage of
heat transfer.

4. Surface tension devices

They consist of either making grooves on surfaces or wick them, which helps

to boost the movement of liquid towards the heated or condensing surface.



5. Displaced enhancement devices

The insertion method is typically used for the purpose of improving the heat
transfer in an indirect way and through forced convection between the surfaces. The
configuration of the shapes like disks, balls, rings and metallic mesh...etc. working like
a fixed mixer, geometrical shapes force the fluid flow to rotate his direction from the

center of flow to heated walls.

6. Swirl flow devices

In general, we can generate the vortices with a diversity of insertion methods,
including a geometrical flow arrangement or airflow adjustment, which produces
secondary flows. Models of these procedures are twisted tape, helical twisted tube, and
periodic tangent fluid injection. Among these examples, the twisted tape has been of

vast interest in earlier studies.

7. Coiled tubes

As the name proposes, they make heat exchangers stronger. The curvature of
the tube due to the coiling produces a secondary flow, thereby promoting heat transfers,
especially to single-phase flows in most of the condensation and boiling zones. The
secondary fluid movement is generated mainly through a constant change in the
direction of the tangent vector to the bounding curved surface of the ductand this leads

to making deflection of the flow of velocity vectors.

8. Additives for ligquids

They improve thermal performance by adding solid particles that are soluble
and improve performance depending on the type and concentration of the particulate
matter and also on chemistry (ionic nature, chemical composition, molecular). Much of
the work focuses on this technique for fluid flow, especially single-phase liquids flow

because it usually reduces the surface stress.
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9. Additives for gases

The addition of solid particles or liquid droplets to the flow of gas, a dilute

single-phase such as a suspension of solid gas or a dense phase like fluidized beds.

1.2.3. Compound technique

It is a hybrid technique in which two or more active or passive techniques are
used together to promote heat transfer, and the output of heat transfer is greater than that
Is produced by any technique when used individually. This technique is called a

composite method.

1.3. Introduction to nanofluids

After numerous times of concentrating the advancement of nanofluids, their
thermophysical properties are not yet known precisely and judging their actual potential
is troublesome. Choi & Eastman [5] defined the term of nanofluids for this new class.
Nanofluids are other groups of heat transfers fluids known as nanofluids and have been
proposed to add nanometer sizes to fluid base particles. The normal molecule estimates
utilized as a part of nanofluids is under 100 nm.

Uddin et al. [6] called nanofluids equalto a liquid-nanometer-sized fluid mix
nanoparticles. In particular, nanofluids are a new noble class that has been engineered
by a constant suspension of a little amount, 1% volume or less of particles with the
lengths arranged on regular heat transfer liquids. These colloidal suspension fluids are
designed from nanoparticles in the fluid base. The idea of particles that can be
converted from millimeters to micrometers in the late 19th centuryhas become part of a
modern adventure in a new world. Working together on two things to produce an effect
is greater than the total effect obtained from their individual use which is key to the
success of nanofluids. The result is a matching set of brilliant thermal properties that
have prompted students, experts and engineers all aroundthe world to meet the
challenge of exploring more. Many researchers have studied experimentally in this area
and have reported that nanoparticles in the performance of fluid-enhanced heat transfer
depend on some thermal properties. Nanofluid fluids seem to be very interesting for
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their ability to heat more than normal liquids and can be used in many applications such
as power generation, transport, or even electronics, renewable energy & space. In the
light of these, a lot of literature was used to express thermophysical properties in terms
of particles and they led to different results of promoting heat transferin order to save

cost and time compared to experimental devices.

1.3.1. Host liquid types

Uddin et al. [6] suggest that familiar base fluids like water (H20), ethylene
glycol (EG), engine oil (EO), pump oil and glycerol have been appropriated as host

liquids in nanofluids.

1.3.2. Nanoparticles material types

Uddin et al. [6] state that the nanoparticles usually used in nano-fluids are

made of many materials which are:

%+ Nitride ceramics like nitrides of silicon and aluminum.

¢ Metals like gold, Copper, and silver.

¢+ Oxide ceramics like oxides of copper and aluminum.

++ Carbide ceramics like carbides of silicon and titanium.

¢+ Semiconductors like titanium dioxide and silicon carbide.

++ Carbon nanotubes.

«+ Composite materials like nanoparticle alloys, AI70Cu30 or nanoparticles basic
polymer composite shell.
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1.3.3. Application of nanofluids

Uddin et al. [6] also emphasize that promoting heat transfers is a really
important topic. Many kinds of research and scientific papers have been focusing on a
theme of nanofluids to comprehend the behavior of this unusual type of fluid and to

benefit from it in many fields. Below is a simple list showing nanofluid applications:

+ Biological and Biomedical.
¢+ Cancer Therapeutics.

< Antibacterial Agent.

«» Detergency.

¢+ Solar Industry.

+* Industrial Cooling.

¢ Smart Fluid.

% Nuclear Reactors.

¢+ As Superconductor.

%+ Car Engine.

s As Fuel.

% As Brake Fluid.

¢+ Microchips Electronic Industry.

++ Microscale Fluidic.

1.4. Works established previously

Methods varied in past studies to support heat transfer where investigations
gradually developed with the expansion of science. Initially, many researchers used air
to conduct the practical and theoretical investigations, while others used the fluids like
water, ethylene glycol, and glycerol, etc. In1995, Cho developed a new term called
nanofluid by putting small particles with big impacts inside the fluids to improve K
(w/m.k) of liquids. After that period, the researchers developed the techniques by
applying nanofluid instead of normal fluids asnanofluids contain a higher K than most
familiar fluids. Nanofluids promote higher heat transfer, but the urgent need to increase
heat transfer has to manage the researchers to think many times and use different

techniques to increase heat transfer. Composite method is considered as a modern and
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cheap technique which showed positive results for promoting the transfer of heat

effectively and more than the results taken from nanofluid only.

1.4.1. Airflow fitted with inserts

Kalyani et al. [7] analyzed experimentally and numerically enhancement of
heat transfer inside a circular tube using mesh inserts in the turbulent zone. The air was
the working fluid used in this analysis. Reynolds numbers ranged from 7,000 to 14,000.
Constant heated flux was applied to the horizontal tube. The configurations of tube and
mesh were created using Gambit, and the fine meshing grid was applied using
FLUENT. Firstly, CFD analysis was applied to the plain tube in order to make a
comparison of the results obtained from the experimental analyses.For optimization
purposes, numerical techniques were employed for the mesh inserts also. In the
experiment, the values (twenty-two, eighteen, fourteen, and ten mm) were considered as
screen diameters for mesh inserts. The results were compared with the normal flow case
without using any material. The results showed that maximum increment in Nusselt
number was 1.86 times observed at Rp = 0.8 and at 50mm distance between
screens.Higher resistance to airflow was observed at pitches 2.5mm and 10mm for
using mesh inserts. The maximum Nusselt number was 2.15 times of plain tube
observed using CFD analysis at the 2.5mm (lowest pitch) and for the mesh diameter
26mm (biggest one). The numerical analyses were easier than experimental and it can
be done at ashort time. Pressure drop with mesh inserts was also higher than that was
obtained from the plain tube, the maximum one was 1.23 times more than plain tube

observed at Rp =0.9645.The total enhancement ratio was 2.006 for this study.

Liu et al. [8] investigated experimentally and numerically promoting heat
transfer inside a tube using a permeable medium with the laminar and turbulent flow.
Working fluid for this investigation was the air. Reynolds numbers in this investigation
ranged from 1,000 to 19,000 changing from laminar to turbulent zone. Constant & the
flux of heat applied on the surface was uniform. In the experiment, three different
permeable media wereconsidered with different porosity. There were three different
permeable media which was used in the experiments with different porosity. The

experimental & numerical investigations were determined to investigate theflow
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resistance & heat transfer characteristics from laminar zone to fully turbulent regions
and all depended on Reynolds number range. Numerical simulation was applied to find
the effect of porous radius ratio on the performance of heat transfers. Both results for
experimental and numerical showed that enhancement in convective heat transfer was
achieved when using porous inserts with the approximate diameter of the tube. Also, in
the laminar flow especially resistance increased in a sensible range. Finally, the results
denoted that using a permeable medium inside the flow promoted heat transfer

efficiency.

Liu et al. [9] investigated numerically the characteristics of heat transfer, flow
resistance, and total hydraulic thermal performance of the turbulent airflow wasstudied
in a circular tube by inserting the louver strip. Reynolds numbers in this analysis ranged
from 10,000 to 45,000.The main interests in this investigation were the slant angle and
the turbulators pitch effects. The Nusselt number was heightened from 2.75-4.05 times
of smooth tube. The amount of the performance criterion ranged from 1.60 to 2.05,
indicating that the inclusion of louver strip inserts has a very good overall thermal
performance. Furthermore, the computational results showed that the best heat transfer
rate was achieved using the largest slant angle and the smallest pitch, also indicating
that there is an increase in flow resistance. The effect of the slanted angle was more than
the effect of pitches for the "Nusselt number™ and "friction factor”. The total hydraulic
thermal performance was observed at the median slant angle with the small pitch. All
numerical investigation data showed that heat transfer enhancements weregood using

the louver strip, and it couldbe used in heat transfer applications.

Ahamed et al. [10] studied experimentally enhanced heat transfer in turbulent
flow regime after adding triple helical tape inside a circular tube. Reynolds numbers in
this study was 22,000<Re <51,000. Mild steel was the material used for the triple
helical tapes, and various helix angles were examined (0=9°, 13°, 17°, and 21°). The
experimental results were compared with the normal flow without any insert and it
showed that increment for friction factor ranged from 3.0 to 4.5 times while the Nusselt
number changed effectively. The maximum augmentation (3.7) was obtained by the
insert when a steady blower power was used. At the final step, the correlations for
friction factor and heat transfer were upgraded and it was valid to use with a circular

tube under turbulent flow condition with inserts.
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Vathare and Hebbal [11] analyzed numerically the enhancement of turbulent
flow heat transfer in a horizontal tube with different inserts (cylinder, diamond and
trapezoidal).The air was the working fluid used in this analysis, and the Reynolds
number ranged from 6,000 to 14,000. The geometry of tube having inner diameter was
27.5 mm and length of the tube was610 mm. The results showed that the increment in
Nusselt Numbers was about 87% for cylinder inserted and was 85% with using diamond
insert and 28% by trapezoidal insert, in a comparison withthe plain tube. Friction factor
of the tube with cylinder inserted was increased600% compared to a normal tube.
Enhancement ratio of cylinder inserts was 75% and the enhancement ratio for
trapezoidal insert was 65%. Pressure drop was higher for all inserts types compared
tothe plain tube.And for cylinder insert was higher than the trapezoidal insert.All
analysis results was compared with theoretical results obtained using a package of
ANSYS version 12.0.

Tikhe [12] analyzed experimentally promotion of heat transfer in a circular
tube when inserting a twisted-tape with different twist ratio and the flux of heat applied
on the surface was constant. The ranges of Reynolds number rangedfrom 7,500 to
13,000. The values (0.35, 0.44, 0.53, 0.62 and 0.71) represented 5 different ratios of
width employed in the experiment. For twisted tape inserts at twist ratio of 2.5, the
results recorded that Nusselt numbers rosefrom 6.04% to 17.26% compared to the
results of the plain tube with the increment of Reynolds number and increment width
ratio of the swirl generators, and the friction factor decreased with the increment of
Reynolds number and decreasing width ratio. The thermal performance factor was up to
1.17 times of those of the plain tube after using twisted tape inserts at the same pumping

power. Finally, valid correlation for the Nusselt number was developed.

Dagdevir [13] investigated numerically the effect of adding 12 different
configurations of sinusoidal conical-nozzleturbulators inside a circular tube and the flux
of heat applied on the surface was uniform with turbulent airflow on heat properties,
friction, and performance. Nine different Reynolds numbers ranging from 8,000 to
24,000 was utilized. Results showed that amplitude and period values had an effect on
the increased turbulent near the nozzles, which caused increased both heat transfer and
friction factor. The highest thermohydraulic performance was obtained for Type 11

model which was2 mm wide and period 2.5. The highest Nusselt number was obtained
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on half-tide period values. Increased amplitude values enhanced the Nusselt number in
the same period, as well. It can be argued that the reason for promoting heat transfer in
these differences wasthat lifting the surface area that occured convection heat transfer

and raisedthe turbulent beside the wall.

Sheikholeslami and Ganji [14] investigated both experimentally and
numerically the forced convective heat transfer of turbulent flow, also heat transfer
inside double pipe air to water heat exchanger, after adding two arrays, the first was a
direct conical ring, and the second one was a reverse conical ring. Reynolds numbers
ranged from 6,000 to 12,000. The effect (conical angle, Reynolds number, open area
ratio and pitch ratio) was studied to improve heat transfer and pressure reduction. The
numerical method was applied to show the physical phenomena, as showing the
correlations of thermal performance, the Nusselt number, and the friction factor. Multi-
goal optimization was used for a direct array. The results recorded that thermal
achievement increased with the increment of open space and pitch ratio while
decreasing with increasing Reynolds number. The use of conical rings enhanced the
fluctuations of radial and tangential turbulence, thinning the boundary layer, thus
madean increase in Nussult number. Also, it can be said that the distribution of conical
rings by direct array enhanced the thermal performance and increased by increasing the
conical angle while the reverse effect wasobserved when the conical rings were

distributed by a reverse array.

Uzagare and Bansod [15] investigated experimentally in circular tube enhanced
heat transfer after inserting V-Jagged twisted strip. Cu and AL were the materials
employed in this experiment for twisted tape. The working fluid used for practical
investigation was air under constant heat flux & the variation of flow rate. The rate of
heat transfers, f. factor, and Nu.number were specified and compared versus a normal
tube. Width = 10mm with depth = 8mm and width = 10mm with depth = 10mm,
representing the widths and depths of the twisted tapes used in the experiment,
Reynolds numbers ranged from 6,000 to 13,000. The results showed that when using V-
Jagged twisted tape the increment in Reynolds number increased heat transfer
coefficient from 52% to 90% for copper and from 50% to 75% for aluminum and
decrement in friction factor compared to the plain tube. The higher heat enhancement

when using aluminum V-Jagged twisted tape with width = 10M and depth = 8mm was
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75 % when comparing the results with the plain twisted-tape. VV-Jagged Twisted Tape
with 10mm width and 8mm depth gave85% increment Nu & friction factor gave2.0
lowest than other inserts when theoretical and experimental events were compared. It is
noticeable that the aluminum with width = 10mm and depth = 8mm hada lower pressure
drop as the friction factor wasless and about 0.04 compared with other inserts.

Saroj and Mahendra [16] investigated experimentally transfer of heat and fluid
flow features using s-shaped Inserts. The circular tube dimensions were 34 mm inner
diameter and 38mmouter diameter with 3mm length and 2 mm thick. These inserts with
different pitches weretested in a turbulent flow area of Reynolds numbers range from
4,000 to 20,000. The working fluid used in the experiential study was air.The
comparisons of fluid flow characteristics of the plain tube and the inserted tube
werestudied. The results showed that the Nu for S-shaped copper inserts tube increased
from 1.001 to 1.736 and f factor increment was from 1.006 to 1.26 higher than the plain
tube. The friction factor for copper S-shape inserts was higher than f.factor for a plain
tube and that was observed for all configurations. The thermal performance factor for
90°, 120° and 180° S-shape copper insert was changed from 1 to 1.74 which means that
the performance inside the tubes can be developed using inserts. This also manages

liquid mixing and refine the thermal layers and also gives enhanced heat transfer.

1.4.2. Water flow fitted with inserts

Nagarajan and Sivashanmugam [17] investigated experimentally promoting
heat transfer inside circular tube after adding 300 mm helical screw from left and right
side with a spacer. The water was the working fluid used in this investigation. Reynolds
numbers ranged from 1,000 to 10,000. The characteristics of friction factor and heat
transfer were presented for a circular tube fitted with 300 mm helical screw from the
right and left side with 100 mm space was left between the right and the left twist.
Three various twist ratios were considered.The experimental outcomes were compared
versus plain tube data, and the comparison showed that the coefficient of heat transfers
had enhanced with the same effectivity for the two case (right and left screw). The
maximum heat transfer performance was observed at the lowest twist ratio and the

highest Reynolds number. Also, the performance ratio of more than one indicated that
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the type of twist inserts can be used effectively to develop heat transfer.Finally, the
performance ratio was higher than one, whichmeans twist inserts can be used effectively

to develop the promotion of heat transfers.

Salman et al. [18] analyzed numerically the characteristics of heat transfer and
friction factor inside a circular tube after inserting the horizontal baffles twisted tape.
Swirl/vortex flow is one of the important methods of passive enhancement techniques.
The twisted tape was used widely in heat exchangers and was considered as one of the
important members of the passive model. Laminar flow under constant heat flux was
considered in this CFD analyzes. Plain and baffled twisted tape was carried out using
fluent program version 6.3.26. Two twist ratios were used for the plain twisted tape
while one twist ratio was used for the baffled twisted tape. Good agreement with
literature correlations for plain tube was seen with conflict lower than + 8 %age for the
Nusselt numbers and + 6.25 for friction factor. Numerical analysis showed an increase
in the Nusselt number with increasing Reynolds number and decrease of twist ratio. The

maximum enhancements wereobserved at twist ratio equal 2.93 with baffling.

Oni and Paul[19] simulated numerically the thermal performance and heat
transfer characteristics after inserting various twisted tapes inside various tubes designs
of water turbulent flow. The aim was to find the best design to enhance heat transfer
from compared the results with a plain tube. Reynolds numbers ranged from 5,000 to
20,000. Uniform wall flux was applied, the results showed that Nusselt number
increased from 2.07 to 3.33 times and the friction factor from 10.65 to 13.1 higher than
the plain tube and the thermal performance factor changed from 1.35 to 1.43 compared
with plain twisted tape. When the alternate axis triangular with cut twisted tape

wasused, the better performance was obtained.

Patil et al. [20] studied experimentally the heat transfer enhancement in the
circular tube after adding swirl flows generator under turbulent flow and uniform wall
temperature. The water was the working fluid used in this studied. Two inserts were
used in this study the first one was a wire coil and the second was screw-tape. The
experimental results were compared with the plain tube and it showed enhanced heat
transfer for all inserts. Increases of Nusselt numbers were related with the increment of
Reynolds number and the highest one was 155 times bigger than that obtained in the

plain tube and it wasseen when a combination of screw-tape and wire coil was used
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together. The friction factor decreased with increases in Reynolds number. Combined

inserts gave the maximum Nu number and f factor at same Reynolds number.

Arulprakasajothi et al. [21] investigated experimentally the heat transfer
influence after inserting conical strip inside a circular tube & laminar flow and two
models of conical strips staggered and non-staggered were introduced as a turbulators in
this investigation to look at behaviors with this change. Three various twist ratios (two,
three and five) were carried out. The water was taken as the fluid used in this
investigation. Two directions were used to distribute the conical strip; the first one was
forward direction and the second was backward and both results werecompared with a
plain tube. The results showed that the conical strip inserts had contributed to increasing
of the Nusselt number compared with a plain tube, and the best Nusselt number was
recorded at twist ratio equal of 3 with staggered conical strip compared to the other

strips.

Bhuyan et al. [22] investigated numerically the phenomena of heat transfer
with and without rectangular inserts in a tubular shaped U-loop, finite element method
was carried out in this investigation, and constant heat flux was taken. The water was
considered as the working fluid. The dimensions of pipe were inner and outer diameter
26mm and 30mm respectively with the length of 1834mm. The rectangular inserts were
coordinating on two models; the first was horizontal and the second was vertical.
Firstly, the numerical simulation was carried out without insert, secondly, various
combination of inserts (2, 4, 6, and8) respectively were conducted. Two simulation
methods (stationary, time-dependent) were carried out with total time of 180 s. The
results showed that increasing the number of inserts led to the increment of transfer of

heat at the same computational domain.

1.4.3. Nanofluids flow fitted with inserts

Sundar & Sharma [23] determined experimentally the friction factor and the
coefficient of convective heat transfer using Al>Os-water nanofluids in a smooth tube
and with twisted tape insert with twist proportion bigger than 0, and less than83. Under
turbulent flow, Reynolds number values ranged (10000< Re<22000) and different

volume concentrations and temperatures wereconsidered. The results indicated that at
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0.5% Al,O3-Water nanofluid with twist ratio of five both of the (h) and (f) were higher
than water results. At the end of the study, the regression equations of Nusselts number

& friction factor were developed.

Eiamsa and Wongcharee [24] investigated experimentally the effects of used
combined of CuO-water nanofluids with a micro-fin tube with double twisted-tapes
(MF-DTs) on features: the rate of heat transfer, f. factor, and thermal performance.
CuO-water volume concentrations were between 0.3 % and 1.0 %. Reynolds numbers
ranged from 5,650 to 17,000. Also, an experiment was conducted for micro-fin tube
alone (MF) and single twisted tape (MF-ST) for comparison purposes with results
obtained. The results showed that the increase in heat transfers rate
wascomparativelyproportional to the increased concentration of nanofluid volume
fractions. When the working conditions were stable, thermal performance for micro-fin
with double twisted tapes (MFDTSs) was better than the thermal performance resulting
from the use of one twisted tape (MF-ST). Finally, combined techniques couldsave
energy with beneficial effect.

Saeedinia et al. [25] studied experimentally pressure drops and heat transfer
features for CuO- Oil nanofluids flow in a tube with constant heat flux and laminar flow
with five different coil wires inserted with pitches ranging from 25 to 35 mm. The
volume concentrations range was from 0.07 % to 0.3 %. The results were 45%
increment of heat transfers coefficient, and 63% pressure drop was obtained via highest
Reynolds number with the highest wire diameter inside the tube. Because the heat
transfer enhancement techniques wereaccompanied by the increase in flow pressure
drop, the total performance of these ones wasevaluated at several Re numbers. At the
last, two empirical correlations with an error range (= 20 %) weredeveloped depending
on the experimental data for predicting the Nusselt number and friction factor.

Kahani et al. [26] investigated experimentally the effect of both curvature ratio
and the spacing of coil pitches on pressure drop and heat transfer behavior after using
Al>Os/Water Nanofluid with helical coil insertion inside the tube under the laminar flow
condition. In this study, ten and twenty wereconsidered as the values of curvature ratio
for coils while the coils pitch were 24 and 42 respectively. In the experiment, from 0.25
to 1 % was the varied ratio of nanoparticles. Nanofluids showed that when using any

value from concentrations, the heat transfer rate was much higher, also, the same thing
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happened to pressure drop compared with purified water. In addition, a significant
improvement in the rate of heat transfers was observed when using curvature of coils as
well as pressure drops when helical coils wereused. The results recorded that the heat
transfer rate improved proportionally to the increase of pitch coils and when the

curvature ratio decreased.

Ramteke, and Ate [27] studied experimentally the heat transfer behavior of
pure water and AL>Osz-Water nanofluids in a circular tube with inserts (twisted tape
with different twist ratios) and without inserts. AL>Os-Volume fractions was in the
range of 0 <@< 0.5 % and twist ratio for the twisted tape was0 < H/D < 1. The results
indicated an increment in the heat transfer coefficient at the higher volume

concentration of nanofluids and lowest twist ratio of twisted tape.

Eiamsa-ard et al. [28] investigated experimentally and numerically promoted
heat transfer when using titanium dioxide as a working fluid in heat exchangers tubes
with overlapped double twisted strips. A combination of titanium dioxide and water was
used with the addition of double overlapping twisted strips in order to promote heat
transfer. The range used in the study for Reynolds Number was from 5400 to15, 200.
The values (1.5), (2.0) and (2.5) represented overlapped twist ratios for the double
twisted strips that were adopted in the experiment. In addition, the values (0.07%),
(0.14%) and (0.21%) described the concentrations of Tio2 in this research.The
empirical and numerical results recorded an increase in swirl intensity and turbulent
kinetic energy when using overlapped double twisted tapes with the lowest overlapped
twisted ratio. When using overlapped double twisted strips with the overlapped twist
ratio (1.5) and after comparing the consequences with those taken when using the plain
tube, the comparison showed that heat transfers rate improved by 89%%, friction factor
increased by 5.43 times, and thermal performance increased by 1.13 times. In addition,
the increase of heat transfer was proportional to the increased concentration of titanium

dioxide in water due to the increased thermal conductivity.

Mirzaei, and Azimi [29] studied experimentally pressure drop and heat transfer
characteristics of using graphene oxide-water nanofluids flow in a circular tube with
wire coils. The range used in the experiment for Reynolds Number was between 600
and 7,000. All the tests were conducted on the basis that the pipe wall was under

Constant heat flux. The performance of heat transfers, as well as the pressure drop, were



22

investigated when using the nanofluids depending on the design of the experimental
settings. Graphite oxide was made using the Hummer method and identified by the
immediate use of infrared spectroscopy, the diffraction in X-ray and electron
microscopy. Three-volume concentrations (0.02%), (0.07%), and (0.12%) were
equipped to separate graphene oxide in the water and nanofluids. VVolumetric flow rate
of nanofluids was arranged at 6, 8, and 10 liters/min. Appropriate equations based on
average temperature were applied in order to calculate the physical thermal properties of
water flow and nanofluids. These properties were employed for each experiment in
order to calculate the coefficient of heat transfers and the Nusselt number as well as the
factor of friction. In the end, depending on the results obtained from the practical
experiment, the correlations were corrected for the Nusselt number and the friction
factor. The empirical data have shown a good agreement with those expected. The
results showed that mixing 0.12 % %of water graphene oxide enhanced the heat transfer
coefficient 77 %%. As a result, we can conclude that the use of graphite oxide with
water achieved an increase in thermal efficiency and therefore can be used in heat

transfer devices.

Sadeghi et al. [30] investigated numerically the heat transfer features when
using nanofluids under laminar flow in the circular tube with helical wire inserts. The
wall for test section was supported with a uniform flux of heat. Momentum, continuity,
energy equations with SIMPLE algorithm were used to solve the coupling between
pressure and velocity within the plain tube domain. From 1.95 to 4.89 representing the
limitation of various twist ratios, various kinds of nanoparticles were used which
include aluminum oxide (Al>Oz3) and silicon dioxide (SiO2). In this study, three shapes
of nanoparticles were adopted which were spherical, platelets and cylindrical. Also,
nanoparticle concentrations ranging from 0.5 to 2.0 were applied for mixing with water
to obtain nanofluid, while the diameter of nanoparticles ranged from 20 to 50 nm. All
values above were employed to identify their influence on heat transfer features when
using nanofluids under laminar flow in the circular tube with helical wire inserts.
Results for all studied cases showed that the increase in the Nusselt numbers occurred

whenever the Reynolds number increased and decreased the twist ratio.

Andreozzi et al. [31] investigated numerically the forced convection

improvement after inserting the transverse ribs with nanofluids flow in a channel. A
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combination of aluminum oxide and water under turbulent flow was used in a
symmetrical hot channel fitted with ribbed.For rib designs, three geometric shapes
(rectangle, triangle, and trapezoid) were adopted and examined. The variety utilized in
the simulations for Reynolds Number was between 20,000 and 60,000.Various
nanoparticle concentrations were used starting from 0% and ending at 4% for mixing
with water to obtain nanofluid. The two-dimensional model of the channel and mixture
model representing the behaviors was used in the governing equations in addition to the
wall of the channel which was under the uniform flux of heat. FVM was used to set the
model of equations. As a general conclusion, it was observed that the rate of heat
transfers increased as the fraction of nanoparticle sizes increased and the Reynolds
number but the larger pumping was required. A comparison of the results indicated that
the performance of the triangular ribs was higher than that resulting from the use of
trapezoidal but high-pressure losses was also observed. Finally, the rib shapes (rectangle
and trapezoidal) gave the best thermal performance when the height of the pitch-rib was

ten.

Vazifeshenas et al. [32] numerically investigated extremely turbulent flow heat
transfer augmentation inside circular tube after adding adjusted shapes of twisted tape
and nanofluid. The three-dimensional numerical simulation using FVM was carried out
to cover the problem. In order to optimize the performance of the tape, the aluminum
oxide particles were added in different concentrations to the water. The results revealed
that only using center-cleared 14cm enhanced Nusselt number approximately 22
%%and it made increment in friction factor about 13%%, also improvement happened
after mixing 0.1 %%of aluminum oxide with water and the increment in Nusselt

number became 26 %%instead of 22 %%.

1.5. Thesis objectives
The objectives of three-dimensional, steady-state numerical investigation of

turbulent flow inside a tube fitted with pentagon rings inserts are listed below:

1) To record geometrical parameter effects after using pentagon rings inserts with and
without using (AL20s-Water) nanofluids on thermal and flow field.



2)

3)

4)
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To record the difference in impacts from different distributions for Pentagon rings
on thermal and flow field.

To record the difference in impacts from using three different concentrations of
nanoparticles on the thermal and flow fields.

To record the effect of six different Reynold numbers on flow and thermal

performance.

1.6. Thesis scope

The three-dimensional numerical investigation examines the steady state of the

turbulent flow of working fluids (water and nanofluid) inside a tube fitted with

Pentagon inserts rings. The present study’s scope is as follows:

1)
2)

3)
4)
5)
6)

7)
8)

Reviewing the literature on properties of nanofluid.

Reviewing the literature about heat transfers properties of various types of inserts
with various geometric shapes.

Using the ANSY'S Design Modeler for modeling and ANSYS Meshing for meshing
the tube with Pentagon rings inserts.

Using (CFD) in ANSYS FLUENT 14.5 software to model the internal nanofluid
flow in the tube with Pentagon rings insert.

Using different pitch length of d, 2d, and 3d.

Using nanofluid type Al2Os.

Using three values of nanoparticle concentrations (1.5, 3.0, and 4.5 %).

Calculate Nusselt number, the factor of friction, and the performance evaluation

analysis () for all the problems in this study.



CHAPTER 2

MATERIALS AND METHODS

2.1. Flow in circular tubes

In internal movement, however, the fluid was completely limited by the
internal surfaces of the pipe, and therefore there's a limit how much the boundary layer
can grow. Cengel [33]. You likely have pointed out that most essential fluids, especially
liquids, are carried in round pipes. It is because pipes with a round cross-section can
resist the large pressure dissimilarities between your inside and the exterior without
starting any distortion. For a constant surface area, the circular pipe provides the highest
heat transfer for minimal pressure drop, which points out the overwhelming level of
popularity of circular pipes in heat transfer machines. In general, circular flow parts are
referred to as cross-sectional tubing (especially when fluid is liquid). Small size pipes
are usually known as tubes. Although the idea of the fluid motion is acceptable, well
known theoretical alternatives are obtained limited to a few simple circumstances like
the completely developed laminar circulation in a circular pipe. Therefore, we should
count on the experimental results and the empirical relationships obtained for some
fluid movement problems somewhat than closed-form analytical alternatives. Noting
that the experimental outcomes details are obtained under carefully handled laboratory
conditions which no two systems are exactly likewise, we should not be so naive with
regard to viewing the results obtained as exact. One of 10 %( or even more) in friction
or convection coefficient was determined using the relationships. Perhaps we have to

discuss that the friction between your fluid layers in a pipe may cause the small rise in
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substance temperature because of mechanical energy being changed to thermal energy.
The generated heat via the friction was pretty small and there was no consideration for
its value so that it was ignored. For example, in the absence of heat transfer, it would
not be possible to detect the difference between entry and exit temperatures of liquids
flowing in the tubes. The primary outcome of friction in fluid movement was the
pressure drop. Thus, it was fair to expect that any temp change in the fluid was because
of the heat transfer. Yet, frictional heat must be looked at for moves that require highly
viscous liquids with large speed gradients. In most useful applications, the movement of
a fluid through a tube or duct can be approximated to be one-dimensional, and so the
properties can be assumed to alter in one way only. Because of this, in the uniform flow
pointed out, all properties are consistent with any cross-section normal to the movement
direction, and the properties are assumed to possess bulk average values within the

cross-section Cengel [33].

2.1.1. Velocity profiles

The streams in the internal flow were not free, so an alternative must be found.
The velocity of the liquid changed from zero to maximum. Velocity value at the surface
was zero because there was non-slip of liquid and at the center of the tube was a
maximum value. It was convenient to work with the mean velocity (Vm) for non-
compressible liquids that flowed steadily within the cross-section of the fixed tube. In
actual applications of heating and cooling, the average speed may change due to
changing the density related to the temperature changes. In practice, there was little loss
in accuracy due to the treatment of fluid properties as constants in some average

temperature for the convenience of work Cengel [33].
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i

(a) Actual

Figure 2. Actual velocity profiles for flow in a tube.

2.1.2. Temperature profiles

When a fluid is warmed or cooled as it moves through a pipe, the temps of the
fluid at any combination section changes from (Ts) at the top of the wall for some
maximum (or minimum in the state of heating) at the pipe center. In the fluid
movement, it is convenient to work with the mean temperature (Tm) that remains
uniform at a cross-section. Unlike the mean velocity, the mean temps (Tm) changes in
the movement path whenever the fluid is warmed or cooled. Mean temperature (Tm) is
defined from the demand that the conservation of energy basic principle is satisfied.
That is, the vitality transferred by the fluid through a cross-section in actual circulation
must match to the energy that might be transferred through the same cross-section if the

substance were at a constant temperature (Tm) as outlined by Cengel [33].
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(a) Actual

Figure 3. Actual temperature profiles for flow in a tube.

Internal flow characteristics resulting from fluid changes during heating and cooling are

evaluated by calculating the mean temperature of the inlet and outlet.

T, ;+T,
Tb — m,i > m,e (1)

2.1.3. Laminar and turbulent flow

The flow’s conditions specifying the flow condition in the tube may be laminar
or turbulent. The laminar flow is observed at low speeds, but turns into turbulent flow.
If the liquid flow velocity exceeds the critical value, the shift to the disturbed state does
not suddenly occur, but the flow begins to fluctuate between the laminar and the
disturbance until achieving fully disturbed situation. On the practical side, most of the
flows in the circular tubes are of the turbulent flow kind. The laminar flow is obtained
by the flow of high viscosity liquids or fluid flow into narrow tubes, ducts or small

diameters. Reynold's number to flow during the circular tube is described as:
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VD  V.D
Re = P mZ _ 'm ).
il v

Where Vr equals to mean fluid velocity, D equals to diameter of the tube, and v=p /p
equals to kinematic viscosity of the fluid.

In most practical situations, the flow inside a tube is laminar if Re < 2300 and it will be
turbulent if Re > 10,000 and the transitional region is between these limitations, which
is outlined by Cengel [33] as shown below:.

Re < 2300 Laminar flow.
2300 <Re <10,000 Transitional flow.
Re > 10,000 Turbulent flow.

In the case of the transition flow, the flow changes randomly between the laminar and
turbulent, as presented in figure 4 below.

Laminar Turbulent

[/
Ly Ml
//

Figure 4. Transitional flow region.

Die trace

Pipe wall
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2.1.4. Velocity boundary layer
The velocity of the boundary layer develops along the tube and increases in the
direction of the flow until it reaches the center of the tube and thus fills the entire tube,

as presented in figure 5 below.

~Velocity boundary layer _—Velocity profile

e
=

-~

’\HiTHV
T

i

S = N =
= =

Hydrodynamic entrance region Hydrodynamically

fully developed region

Figure 5. Velocity boundary layer.

The area from the pipe entrance to the point where the boundary layer is integrated into
the center is called the hydrodynamic input area, and the length of this area is called the
length of the hydrodynamic entry (Ln. The flow in the input zone is called
hydrodynamic flow development because this is the area where the speed profile
develops. The area outside the entrance area where the speed profile is fully developed
and remains unchanged is called the fully developed hydrodynamic zone. The velocity
profile in the fully developed region is equivalent to the laminar flow and is somewhat
flatter in the turbulent flow due to vortex movement in the radial direction [33].
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2.1.5. Thermal boundary layer

Now, suppose that the liquid at a steady temperature coming into a circular
pipe whose surface is preserved at a varying temperature. This time around the fluid
particles in the level in touch with the top of the tube will consider the surface heat. This
will start convection heat transfer in the pipe and the developed thermal boundary layer
along the pipe. The thickness of the boundary layer also boosts in the movement
direction till boundary layer extends to the tube center and so fills the complete pipe, as

shown in figure 6 below [33].

- Thermal

/ boundary layer
T ; /, Temperature profile

I
L
=
— X
Thermal Thermally
entrance region fully developed region

Figure 6. Thermal boundary layer.

The flow zone in which the thermal boundary layer develops and reaches the center of
the tube is called the thermal input zone. The length of this zone is called the thermal
input length (Lt). The flow in the thermal input zone is called thermally developing flow
because this is the area where the temperature profile develops. The area outside the
thermal input area where the undetermined temperature expressed is called the fully
developed zone as (Ts- T) / (Ts- Tm) is still unchanged [33].
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2.1.6. Entry length in turbulent flow
In practice, it is generally agreed that the effects of the input are limited to the
length of a 10-diameters tube, and the hydrodynamic and thermal input lengths are

approximately taken to be as below [33].
Ln, turbulent = Ly, turbulent = 10D

The development of the turbulent flow in the input area, the lengths of entry to the
turbulent flow are usually short, often only 10 diameters tube long, so the Nusselt
number set for fully developed turbulent flow can be almost used for the entire tube.
This easy approach provides logical outcomes for pressure drop and heat transfer for
long pipes and stable outcomes for short ones. Correlations are available in the literature
in order to obtain better accuracy when calculating heat transfer coefficient and friction.
Cengel, 2003, page 463 [33].

2.1.7. Turbulent flow correlations for a smooth tube

We have already pointed out that fully turbulent in the smooth tubes occurs
when Reynolds number is more than ten thousand. Due to existence of the difficulty in
dealing with the turbulent flow theoretically, most of the correlations of friction and
heat transfer in the turbulent flow are based on empirical studies. Also, the reason for
the traditional use of turbulent flow in practice is due to the largest heat transfer

coefficients observed when used [33].

2.1.7.1. Pure fluids correlations

a. First Petukhov equation
The friction factor can be determined in the turbulent flow of the first explicit

Petukhov equation [34] as shown below:

f = (0.790 Ln Re — 1.64)72 3).
(10* < Re < 10°%)
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The Nusselt number in the turbulent flow is linked to the friction factor by Chilton—

Colburn measurement as follows:
Nu = 0.125 f Re Pr'/3 (4).

If the friction factor is available, this equation allows utilizing appropriately to evaluate

the Nusselt number for rough and smooth tubes.

b. Colburn equation

For the turbulent flow that has been fully developed in the smooth tubes, a
simple relationship can be reached for the Nusselt number by substituting the simple
power law relationship (f = 0.184 Re "%?) for the friction factor in the equation 4 given

above.

Nu = 0.023 Re®8py1/3 ).
(0.7 < Pr < 160)
(Re > 10,000)

c. Dittus -Boelter equation

Nu = 0.023 Re®8pr™ (6).

Where n = 0.3 to cooling and 0.4 to heating for liquids flow into the tubes. This
equation which is preferable to the Colburn equation is recognized as Dittus - Boelter
[35]. Fluid properties are estimated depending on (Tb). When the temperature variation
between the liquid and the wall is very large, it may be necessary to use a correction
factor to calculate the different viscosity near the wall and the center of the tube. The
Nusselt number relationships above is somewhat simple, but they perhaps give as large

errors as 25 %.
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d. Second Petukhov equation

The error in the Dittus - Boelter equation can be greatly reduced to less than 10
% using more complex but precise relationships such as the second Petukhov equation
expressed below:

(g) Re Pr
Nu = —— (7).
1.07 + 12.7 (g) (Pr5 _ 1)

(0.5 < Pr < 2000)
(10* < Re < 5x10°)

€. Gnielinski’s equation

The accuracy of second Petukhov equation have been adjusted by Gnielinski
[36] to suit with lower Reynolds numbers as shown below:

) 4 ) (Re - 1000) Pr o

1.07 + 12.7 (g)o'5 (Pr§ - 1)

(0.5 < Pr < 2000)
(3x 103 < Re < 5x10°

f. Blasius equation

To measure the friction factor for pure fluids, Blasius [37] suggested the

relationship below:
f = 0.316Re~02° 9).

(3000 < Re < 10°)
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2.1.7.2. (AL20s-Water) nanofluid correlations

A. Pak & Cho. [38] Experimental study

Nu = 0.021 Re®8pr05 (10).
(0<®<3.0Vol%)

(10* < Re < 10°)

(6.5 < Pr < 12.3)

B. Maiga et al. [39] numerical study

Nu = 0.085 Re®71py0:35 (12).
(0<®<10.0Vol%)
(104 < Re < 5x10%)

(6.6 < Pr < 13.9)

C. Vajjha et al.’s [40] experimental study

Three types of nanofluids experiments were conducted under constant heat
flux, and the following heat transfer relationship was proposed for flow in a turbulent
regime and this correlation is similar to a well-known Gnilinsky equation for a single

phase as presented below.

Nu = 0.065(Re®®5 — 60.22)(1 + 0.0169 @¢°15)pr0-542 (12).

(0<0<10.0Vol %)
(3000 < Re < 1.6 x 10*)

To express the friction factor of nanofluids, they formed an equation that copied the
well-known Blasius equation in the case of degeneration of the base fluid.

p 0.797 1 0.108
= 0.3164 Re; %25 <if> <if> (13).
fnf n Ppf Upr
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2.2. Useful parameters
In this section, some useful parameters for turbulent fluid flow in circular tubes
such as (Prandtl number, turbulent intensity, heat transfer coefficient, pressure drop,

Nusselt number, performance evaluation analysis) are defined and presented.

2.2.1. Prandtl number
It represents the better explanation of the relative thickness of the speed and

thermal boundary layer, via dimensionless parameter, which is defined as follows:

_ Molecular dif fusivity of momentum

Pr =
L Molecular dif fusivity of heat
) (14).
4 k

2.2.2. Turbulent intensity
The intensity of the flow disturbance in the center of the tube within the fully

developed zone is estimated as follows:

T.I = 0.16 Re~ 0125 (15).

2.2.3. Heat transfer cofficient.
The convective heat transfer coefficient (w/m2.k) through the tube is defined

as.

R (16).

Where g represents the uniform heat flux which is applied to the test section wall, T,

and Ty, represent the wall temperature and bulk temperature of the fluid.
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2.2.4. Pressure drop
The pressure drop (AP) is the pressure difference along the tube between the
inlet and outlet pressure, and in fluid mechanics, the pressure drop is a positive value

and can be defined as follows [33].
AP =P, — P, 7).

In practice, it was found appropriate to express pressure drop for all models of internal

flows.

AP = f—— (18).
D

2.2.5. Nusselt number
The Nusselt number can be calculated via:-

hD
Nu = T (19)

2.2.6. Friction factor
Darcy friction factor presented by Kiijarvi [41] for turbulent flows in a circular

pipe is defined as follows:-

_ZDAP
p Lv?

(20).

2.2.7. Performance evaluation analysis
The performance evaluation analysis (1) introduced by Maddah et al. [42] is
defined as the enhanced convective heat transfer coefficient (hg) to the non-enhanced

one (hyg) at the same pumping power.

n = (E) 21).

hNE
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2.3. Computational fluid dynamic (CFD)

In order to save time and reduce the required effort in the laboratory, this
program (CFD) is used to examine the systems including fluid flow such as heat
transfer, chemical reactions, mass transfer, etc. by computer-based simulations and
solving mathematical equations responsible for these processes using numerical
methods as well as algorithms. This technology is very strong and extends a wide range.
And also for the purpose of solving fluid flow problems easily all commercial packages
of this program contain advanced user interfaces to introduce problem parameters and
then obtain results and analysis in the form of engineering data which can be used in
new studies or in redesigning the program for product development purpose and making
it capable of troubleshooting. The mechanism of action of the CFD codes program is

contained in three main steps outlined by Versteeg and Malalasekera [43].

a) Pre-processor

Pre-processing is summarized as follows: The program user enters the flow
problem by using the software interface to create the geometrical form (the arithmetic
field) and the establishment of the grid or what is known as the cell sub-division, and
then defines the boundary conditions of the flow problem which include the
characteristics of liquid, velocity, pressure and other conditions. The accuracy of the
program depends on the number of cells in the grid so that the solution accuracy can be
better if the number of cells are more and vice versa, also depends on the specifications
of the computers used for this purpose, the high specifications of the computer are better
because when using the high specifications, it can analyze the same problem with less
time. Typically, unstructured grids are usually more accurate than structured ones,
which is due to the possibility of dividing cells into areas where there is a significant
change in flow in the case of unstructured grids. Actually, this depends mainly on user
skills in grids design, 50% of the time is devoted to the definition of domain geometry
and grids generation so great efforts are made by the software manufacturer to solve this
problem and develop the program so that it is able to adapt to the problem and improve

the grid automatically [43].
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b) Solver

There are three main methods followed by the program in the numerical
solution, namely the finite difference method, finite element method and spectral
methods. Importance will be placed on the finite volume method only. This method
differs from the other methods because it allows control of the level of integration. In
addition, it has a simple concept to understand by engineers. Steps of the numerical

algorithm are summarized as follows:

1) Integrating the governing equations of fluid flow.

2) Discretization - convert the integral equations to algebraic equations.

3) Algebraic equations are solved in a repetitive manner because underlying physical
phenomena are complex and nonlinear so the approach of solution requires
repetition.

4) Convergence in solution is important to ensure solving partial differential equations

accurately [43].

c) Post-processor

It is used to show the results of numerical analysis in the form of images and
diagrams. Vector or contour plots which can show many characteristics of flow such as
the direction of speed or pressure or Kinetic energy and other properties with the
possibility of magnification and rotation and coloring and many advantages that will
show the results clearly [43].
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2.3.1. Finite volume method (FVM)

In FVM, the arithmetic domain is separated into a limited number of items
known as controllers. The governing equations for fluid flow are combined and resolved
repeatedly based on the conservation laws of each control volume. The partitioning
process produces a set of algebraic equations that solve the variables on a specified
number of points within the controllers using the integration method. By integrating the
control volumes, the flow around the domain can be quite modeled. This method can be
used for structured and unstructured meshes. The style of this method of direct
integration makes it more efficient and easy to program in terms of developing the CFD

code.
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As a result, the use of this method in CFD is common compared to other methods
Suggested by Patel [44]. In the program CFD, there are two versions of FVM proposed
by Stenmark [45] as follows:

2.3.1.1. Center node-based (FVM)

At the node center on the VFM basis, the arithmetic domain is divided into a
grid where each element in a grid forms the volume of the control. Integration of
transport equations is performed above each controller volume and is calculated to
obtain one set of algebraic equations for each controller cell. This method technique
involves storing the variable value in a node located in the center of the cell. In addition,
the discretization of equations also includes the cell face. Therefore, we use
interpolation methods to get approximate values in these positions. The selection of
interpolation approach has an important impact on numerical stability, Convergence

rate, and accuracy according to Stenmark [45].

2.3.1.2. Vertex-based FVM

In a vertex based FVM, control volumes are built around each grid vertex, that
is, every cell corner. The grid vertices are additionally used to store the variables.
Similarly, as inside the vertex-based approach, the governing equations are integrated
over each control volume. Be that as it may, since a control volume exists in a few grid
elements, discretization is done inside every element and afterward the properties are
allocated to the similar control volume. To determine the discretized equations features
are required for other positions than the grid vertices. Approximations are required and
in the vertex-based approach, the idea of finite element shape functions is utilized to
acquire these approximations. The presence of the shape capacities relies upon the

element sort [45].
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2.4. Configuration and assemblication of shapes

In this part, the figures configuration of current study model was simply
described. The pre-processor SOLIDWORKS 2017 student version was used to create
the geometry and for models assembly. Three typical formations of pentagon rings
fitted with three different pitch lengths combined with (Al2Os - water) nanofluids flow
were studied in a hot horizontal circular tube. The tube has diameter (D) mm, and the
length of the tube was (L) mm. An entrance section length (L1) mm was modeled as a
(10D) to supply fully developed flow at the inlet of the test region, the test section
length was considered as a (L2) mm, and an exit section length (L3) mm was selected as
a (5D) to defect the reverse flow effect in the numerical study. Tube dimensions were
diameter = 50 mm, entrance section = 500 mm, test section length = 1500 mm and exit
section = 250 mm. Figures 8 and 9 schematic diagrams of the problem statement

depicted the dimensions of the tube used in this research.

Uniform Heat Flux.

VE

Rl

Exit Section. Test Section. Entrance Section.
(L3=3D) (L2=1500) (L1=10D)

Figure 8. Schematic diagrams of the problem statement.
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Figure 9. Schematic diagrams showing the dimensions of tube sections.

The pentagon ring had five sides, the outer and inner circumscribed circles dimensions
were described for drawing purpose with SolidWorks program. The Pentagon ring also
had a width (W), figure 10 shows the dimensions of pentagon ring used in this research.

®=41 mm

£

Figure 10. 3D view shows the dimensions of pentagon ring.
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For the purpose of assembling shapes, the Solidworks 2017 program was used to
distribute pentagon rings inside smooth tube test section. Pentagon rings were inserted
according to three pitch lengths (d, 2d, 3d), and the observed numbers of pentagon rings
inside test section were 29, 14, 9 respectively, as shown in figure 11 below. The pitch
length (PL) is defined as the axial length (Z) or space between pentagon rings that is
assumed to find distributing range, distributing range is defined as the number of space

between pentagon rings, distributing range (DR) = full test section length / PL.

Figure 11. 3D view showing distribution of the pentagon rings.
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The distribution method is detailed as follows:

1) When PL =d =50 mm.

DR= full test section length / PL.
=1500 /50 = 30.

Length from Entrance to first pentagon ring (LFE) = entrance length+ (full test section
length — DR*0.5 pentagon ring width) / DR.
LFE= 500 + (1500- 30*5)/30.
=500 + 45 =545 mm
Number of pentagon rings (NOPR) = DR -1

= 30 _1
=29
50
IDOO ®@®
250 > ®®®

Figure 12. 3D view showing the distribution of 29 of pentagon rings inside test section.
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2) When PL =2d =100 mm.

DR= full test section length / PL.
=1500/100 =15
Length from entrance to first pentagon ring (DFE) = entrance length+ (full test section
length — DR*0.5 pentagon ring width) / DR.
LFE =500+ (1500- 15*5)/15.

=500+95=595 mm
(NOPR) = DR — 1
=15-1
=14
0
=S

Figure 13. 3D view showing the distribution of 14 of pentagon rings inside test section.
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3) When PL = 3d =150 mm.

DR= full test section length / PL.
= 1500/ 150 = 10.
Length from entrance to first pentagon ring (DFE) = entrance length+ (full test section
length — DR*0.5 pentagon ring width) / DR.
LFE =500+ (1500- 10*5)/10.
=500+145= 645 mm.

(NOPR)=DR -1

=10-1

=9

5 |

Figure 14. 3D view showing the distribution of 9 of pentagon rings inside test section.
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2.5. Boundary conditions
The method of solving non-linear partial differential equations depended on the
boundary conditions imposed to solve the problem. Below, we summarized the

boundary conditions that were adopted in this study:

» At the pipe entrance, the velocity and temperature of the fluid were assumed as
uniform, the velocity (Vz, in) was in the direction of the z-axis, the velocity values
were based on Reynolds numbers and also on the thermophysical properties of the
fluid. The fluid entry temperature was Tin=293.15 K. The intensity of the
disturbance was calculated from equation 15 previously mentioned in the subheading
in 2.2.2. The hydraulic diameter was equal to the inner diameter of a tube (D=0.05m)
because the outer diameter of tube was neglected in this study. All thermal properties
were calculated based on the fluid temperature at the inlet section and, (Tin) was
considered as the reference temperature for this study.

» In the pipe exit, gauge pressure=zero was specified, and the analyzer extracted the
other quantities of flow and measurement such as temperature and turbulent
quantities from the internal domain.

» The length of entrance section (L1) was assumed to be equal to 10 x of the diameter
of the tube to provide a fully developed flow, the length of the test section (L2) =1.5
m) was assumed as in the previous experiment to ensure the solution methodology.
Also, the length of exit section (L3) was assumed to be equal to 5 x the diameter of
the tube to prevent reverse flow.

» On the pipe wall, a non-slip boundary condition with uniform heat flux, g = 50
KW/m2 was performed.

» Turbulent flow with Reynolds numbers ranging from 5000 to 15000 was performed.

» The (AL2Os-water) nanofluid volume fractions were assumed as ¢=1.5, 3, and 4.5%.

» Three different pitch lengths of pentagon rings (d, 2d, and 3d) were investigated.

» In addition, the inlet temperature of the fluid was used in all calculations in order to
calculate the thermophysical properties of water and nanoparticles as well as

nanofluids.
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2.5.1. Governing equations

Nanofluid was treated as single-phase fluids, and all energy and motion
equations for the pure liquid could be used directly to nanofluid. We just need to change
the thermophysical properties. The steady state-dimensional governing equations for
heat transfer by fluid flow within the one-phase model can include the following

assumptions:

» Fluid flow was non-compressible, Newtonian with turbulent motion.

» The circular horizontal tube was placed under uniform heat flux and the Boussinesq
approximation was also neglected due to horizontal tube placement.

» Particles’ shape was spherical and regular in size.

» Fluid phase including nanoparticles was in thermal stability and no-slip among them
and both flow with the same velocity.

» The impacts of radiation and viscous consumption were negligible.

For 3D model, the governing equations for fluid flow and heat transfer of a
dimensional steady-state can be expressed for a single phase model as shown below
[46], [47]:

Continuity equation:

V.(pv) =0 (22).
Momentum equation:
V.(pDD) = —Vp + V. [y(vﬁ +V3T) — %v. 61] +pd (23).
Energy equation:
V. (pBCyTor) = V. (A VTyy) (24).

v is the velocity vector, T, is the temperature, g is the gravitational body force, I is the

unit tensor, p is the density, p is the pressure, u is the dynamic viscosity and A is the

thermal conductivity of nanofluid.
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2.5.2. Numerical method

Initially, 3D- Geometry model and collecting shapes were created using the
program of SolidWorks 2017 student version, three cases of pentagon rings depending
on three pitch lengths fitted inside horizontal heated tube were studied. Full details of
the geometry and collection of shapes were mentioned in the subheading under 2.2.2.
Then, a commercial version of the ANSYS 14.5 Workbench program was used to

conduct the investigation of the specific problem, which is summarized as follows:

» To ensure the accuracy of using numerical methods and procedure, firstly, a previous
experimental study was followed to guarantee the solution methodology.

» CFD simulations of 3-dimensions were formed by using FVM with high computer
specifications Core(TM) i7-7500U CPU 2.70 GHz (double precision and four
processes parallel-local machine options).

» Constructing the grid of the geometry and converting grid domain to polyhedra and
this field was used because of the number of cells which was greatly reduced and
also these elements might get good computational results without losing more time.

» Single-phase with enabled energy equation and using of a standard k-Omega as a
viscous model was set as models.

» Water and (AL.Oz-Water) nanofluid were selected as working fluids.

» Water-liquid was created as a material of fluid (fluent fluid materials).

» Fluid properties (density, specific heat, thermal conductivity, and viscosity) were
assumed constant (depending on fluid inlet temperature).

» Cell zone conditions were defined as water-liquid.

» Definition of inputs and outputs according to boundary conditions were mentioned in
the subheading under 2.5.

» The solution methods were implemented with the following options:

%+ Pressure-velocity coupling scheme was simple.

% Least squares cell-based method was selected as a gradient solver method.

%+ Spatial discretization of (pressure, momentum, and energy) equation was chosen
as second-order upwind.

+«+ Spatial discretization of turbulent Kinetic energy and specific dissipation rate

was chosen as the first-order upwind.
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¢ The high order term was used and the relaxation factor was set as default value
0.25 for all variables as a relaxation option for the stability of the converged
solutions.

» Residual monitor’s values were set to 10-3 for all variables, except for energy for
which 10-7 was used, turbulent kinetic (k) and turbulent dissipation energies (omega)
for which 10-4 was used.

» The standard methods were set as the initialization method for the solution and
computing from the inlet was selected.

» All equations were solved sequentially and iteratively so as to obtain a converged
numerical solution.

» The reports of total pressure (P1, P2) and total temperature (T2, Tw) were acquired

from surface integrals option to the area weighted average from the program.

2.5.3. Grid independence study

An accurate test was needed for grid independence to ensure the accuracy of
the solution and validity of numerical methodology. Thus, the grid independence check
was carried out by using six different grid cells with 0.6, 0.9, 1.7, 2.5, 3.8 and 4.2
million total cells. Each grid case was created with the same mesh topology. The study
showed that the solution was grid-independent beyond the 2.5 million cells case, where
the predicted Nusselt number was nearly identical to the predicted value from the 3.8
million cells as presented in figures (15, 16, and 17) below. Therefore, the CFD
Simulations were performed by the 2.5 million cells. In addition, if a large number of
cells was selected, this would increase the needed time to analyze the problem only

without any significant improvement in the Nusselt number.
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Oct 18, 2017

ANSYS Fluent 14.5 (3d, dp, pbns, skw)

Oct 18, 2017

ANSYS Fluent 14.5 (3d, dp, pbns, skw)
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Figure 15. 3D view mesh models for the pentagon ring.
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Figure 16. 3D view mesh models for the tube fitted with pentagon rings.
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Figure 17. Study of independence check.

2.6. Thermophysical properties of water, nanoparticles, and
nanofluids

Finding thermophysical properties at a certain temperature for water and for
nanoparticles was very easy, but the difficulty lied in finding the appropriate and
efficient equations for calculating the properties of nanofluids. Many previous published
researches had offered many ways to calculate the thermophysical properties for
nanofluids and this topic is still a matter of discussion and until this time no fixed and

ensured method is available to calculate these characteristics.

2.6.1. Properties of water

The physical properties of saturated water at 20 ¢ (SI Units) were used which
was outlined in Table A-9 in property tables and charts (SI Unit), by Cengel [48]. As
listed below in (Table 3).
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Table 3. Properties of saturated water at 20 ¢ (SI Units).

p Cp K M o
(kg/m3) (1/kg.k) (w/m.k) (kg/m.s)
998 4182 0.598 0.001002 7.01

2.6.2. Properties of nanoparticles

Figure 18 below shows a comparison of the thermal conductivity between
nanoparticles, liquids and polymers commonly used. The comparison showed that
nanoparticles have higher thermal conductivity than liquids and polymers, so they are

mixed with liquids to enhance the heat transfer coefficient.
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Figure 18. Comparison of the thermal conductivity of common liquids, polymers and

solids.
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The physical properties of Al,Oz nanoparticles at Tin=293.15 K used in this research

were assumed as presented in Masuda et al. [49] as outlined in Table (4) below:

Table 4: Properties of nanoparticles (AL203).

Density Specific Heat Thermal conductivity
p (kg/m3) Cp (j/kg.k) K (w/m.Kk)
3880 773 36

2.6.3. Thermophysical properties of nanofluids
2.6.3.1. Density

The density of nanofluid (kg/m?) was calculated by the following equation:-

Pnf = {QD X pnp} + {(1 —@)x pwater} (25).

2.6.3.2. Specific heat
The specific heat of nanofluid (kJ/kg.K) was calculated by the following
equation:-

Cony = [@x{ prp X CPap} + (1 = @)x { pwater CPwater }] (26).

pnf

2.6.3.3. Thermal conductivity
Thermal conductivity of nanofluid (w/m. k) was calculated according to Yu &
Choi [50] which is defined as follows:

_ [knp + 2k + 20 (knp — k) (1 + B)°
knp + ka - (p(knp - kw) (1 + ,3)3

kg Ky (27).
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2.6.3.4. Dynamic viscosity
Dynamic Viscosity of nanofluid (kg/m. s) was calculated according to general

Einstein’s formula as presented in Santra et al. [51] which is defined as follows:

Hnf = tw (1 + 2.5¢) (28).

Table 5 below shows the thermophysical properties of the nanofluids measured using

the above equations.

Table 5: Thermophysical properties of (AL.O3z/Water) nanofluids at Tin=293.15 K

Cp K VI
p(kg/m3) 4 Pr
(%) (1/kg.k) (w/m.k) (kg/m.s)
1.5% 1041 3991 0.632750 0.001040 6.56
3% 1084 3816 0.668873 0.001077 6.15

4.5% 1128 3654 0.706452 0.001115 5.77




CHAPTER 3

RESULTS AND DISCUSSION

3.1. Validation of the current numerical results

For the purpose of verifying the validity of the numerical results, the results
obtained should be compared with the previous research correlations, which was

appropriate for the boundary conditions of the current study.

3.1.1. Water flow in a smooth tube

The Nusselt number results of the water flow in a smooth tube were compared
with the correlations (Colburn, Dittus-Boelter, Petukhov, and Gnielinski) which were
previously mentioned in Chapter Il under 2.1.7.1. It was found that the two correlations
(Colburn and Petukhov) corresponded to the obtained results with a deviation ratio of
less than 10 % which showed quite good agreement with these correlations. The
maximum deviation ratio differed from the first correlation by (+4 %) and ( +3 %)
from the second correlation recorded. The Chart (1) below shows the representation of

all correlations mentioned above.

The friction factor results of the water flow in a smooth tube were compared
with Blasius correlation which was previously mentioned in Chapter 11 under 2.1.7.1.f.
It was found that the correlation above corresponds to the obtained results with a
deviation ratio of less than ten % which showed good agreement with this correlation.
The maximum deviation ratio differed by 9.83%. Chart 2 below shows the

representation of Blasius correlation vs. with numerical result.
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3.1.2. (AL2Os-Water) nanofluid flow in a smooth tube

The Nusselt number results of the (Al>Os-water) nanofluid flow in a smooth

tube were compared with the correlations (Pak & Cho, Maiga, and Vajjha) which were

previously mentioned in Chapter 1l under 2.1.7.2. It was found that the correlation (Pak

& Cho) corresponds to the obtained results for all used volume fractions (1.5, 3 and 4

%) with a deviation ratio less than 10 % which shows quite good agreement with this

correlation. Chart 3 below shows the representation of all correlations mentioned above

observed at volume fraction 1.5%.

----- Numerical study.
B Pak & Cho correlation.
A Vajjha correlation.

Maiga correlation.

Smooth Tube ( 9=1.5% AL203-Water)
160 -
140 4
:120 . B
£l e
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S84 @ g e
A " A
S 60 - w A o
= | e A
Z 401
20 A
0 T T T T 1
5000 7000 9000 11000 13000 15000
Reynolds Number (Re)

Chart 3. (Al20s-water) nanofluid correlations vs. numerical result.

Chart 4 below shows the representation of the correlation Pak & Cho with numerical

results for the volume fractions (1.5, 3 and 4 %).
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Chart (4). Pak & Cho correlation vs. numerical result

Heat transfer coefficient increased with the increase of (AL.Oz-Water) nanofluids
concentration and also with the increase of the Reynolds number as shown below in
chart 5.
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Chart (5). Heat transfer coefficient vs. Reynolds number.
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As in the water flow, the friction factor decreased with the increase of the Reynolds
number, but the addition of AL>O3 nanoparticles with the concentrations (1.5, 3 and
4.5%) to water did not change the friction factor effectively from the recorded results in

the case of water flow only as shown below in Chart (6).
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Chart 6. Friction factor vs. Reynolds number.

We can conclude from this that it is possible to treat the fluid (AL.Os-water) nanofluid
as a pure liquid as long as the added concentrations from nanoparticles has not achieved
any significant change in the friction factor.

The pressure drop per unit length (Pa/m) increased effectively with the increase
of Reynolds number as well as with the increase of (AL.Osz-water) nanofluid

concentrations (1.5, 3 and 4.5%) as shown below in Chart 7.
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Chart 7. Pressure drop vs. Reynolds number.

The surface temperature (K) decreased with the increase of Reynolds number
as well as with the increase of (AL2Os-water) nanofluid concentrations in water as

shown below in Chart 8.
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3.2. The effect of addition 9 of pentagon rings on the heat transfer

characteristics for water flow and (AL.Os-water) nanofluid flow

3.2.1. On the (h)

The value of the heat transfer coefficient increased after inserting nine of the
pentagon rings from the recorded values when using water or nanofluids flow only. The
increment was directly proportional to increase in in the Reynolds number and also to

increase the concentration of nanofluids.

» The highest increment value was 2149 w/m2.k. It was recorded at Reynolds number
of 15000 when 4.5% of Al,Oz-water nanofluids with insert of nine of the Pentagon
rings were used. While the highest increment value was 1623 w/m2.k when 4.5% of
(AL20s-water) nanofluids flow was only used, and the highest increment value was
1472 w/m2.k when water flow was only used.

» The lowest increment value was 765 w/m2.k. It was recorded at Reynolds number of
5000 when water flow with insert of nine of the Pentagon rings were used. While the
lowest increment value was 593 w/m2.k when 1.5% of (Al>Os-water) nanofluids
flow was only used, and the lowest increment value was 572 w/m2.k when the water

flow was only used as shown below in Chart 9.
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Chart 9. Heat transfer coefficient vs. Reynolds number.

3.2.2. On the (Nu)

The value of the Nusselt number increased after inserting nine of the pentagon
rings from the recorded values when using water or nanofluids only. The increment was
directly proportional to increase in in the Reynolds number and inversely proportional

to increase in the concentration of nanofluids.

» The highest increment value was 170. It was recorded at Reynolds number of 15000
when water flow with insert nine of the pentagon rings were used. While the highest
increment value was 123 when the water flow was only used, and the highest
increment value was 120 when 1.5% of (Al.Oz-water) nanofluids flow was only
used.

» The lowest increment value was 58. It was recorded at Reynolds number of 5000
when 4.5% of (Al.Oz-water) nanofluid flow with insert of nine of the pentagon rings

were used. While the lowest increment value was 48 when the water flow was only
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used, and the lowest increment value was 45 when 4.5% of (Al.Os-water) nanofluids

flow was only used as shown below in Chart 10.
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Chart 10. Nusselt number vs. Reynolds number.

3.2.3. On the (f)

The value of the friction factor increased after inserting nine of the pentagon
rings from the recorded values when using water or nanofluids only. The increment was
inversely proportional to increase in in the Reynolds number and approximately

constant to increase the concentration of nanofluids at the same Reynolds number.

» The highest increment value was 0.11. It was recorded at Reynolds number of 5000
when the flow of water or all concentrations of (Al.Oz-water) nanofluids with insert

of nine of the Pentagon rings were used. While the highest increment value was 0.04
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when the water or all concentration of (Al2Os-water) nanofluids flow were only
used.

» The lowest increment value was 0.09. It was recorded at Reynolds number of 15000
when the flow of water or all concentrations of (Al2Os-water) nanofluids with insert
of nine of the pentagon rings were used. While the lowest increment value was 0.03
when water or all concentration of (Al.Oz-water) nanofluids flow were only used as

shown below in Chart 11.
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Chart 11. Friction factor vs. Reynolds number.

3.2.4. On the (Ty)

The value of the surface temperature decreased after inserting nine of the
pentagon rings from the recorded values when using water or nanofluids only. The
decrement was directly proportional to increase in in the Reynolds number and also to

increase the concentration of nanofluids.
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The highest decrement value was 322 K. It was recorded at Reynolds number of
15000 when 4.5% of (Al.Os-water) nanofluids flow with insert of nine of the
Pentagon rings were used. While the highest decrement value was 327 K when 4.5%
of (Al.Oz-water) nanofluids flow was only used, and the highest decrement value
was 330 K when water flow was only used.

The lowest decrement value was 377 K. It was recorded at Reynolds number of
5000 when water flow with insert of nine of the Pentagon rings were used. While the
lowest decrement value was 387 K when 1.5% of (Al2Os-water) nanofluids flow
was only used, and the lowest decrement value was 390 K when water flow was

only used as shown below in Chart 12.
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Chart 12. Surface temperature vs. Reynolds number.
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2.5. On the (Ap)

The value of the pressure drop per unit length (Pa/m) increased after inserting

nine of the pentagon rings from the recorded values when using water or nanofluids

only. The increment was directly proportional to increase in in the Reynolds number

and also to increase the concentration of nanofluids.

>

The highest increment value was (89.87 Pa/m). It was recorded at Reynolds number
(15000) when 4.5% of (Al.Oz-water) nanofluids flow with insert of nine of the
Pentagon rings were used. While the highest increment value was (25.71 Pa/m)
when 4.5% of (Al2Os-water) nanofluids flow was only used, and the highest
increment value was (23.31 Pa/m) when the water flow was only used.

The lowest increment value was (10.74 Pa/m). It was recorded at Reynolds number
(5000) when water flow with insert of nine of the Pentagon rings were used. While
the lowest increment value was (3.73 Pa/m) when 1.5% of (Al>Os-water) nanofluids
flow was only used, and the lowest increment value was (3.61 Pa/m) when the water

flow was only used. As shown below in chart (13).
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Chart 13. Pressure drop vs. Reynolds number.
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3.3. The effect of addition (14) of pentagon rings on the heat transfer

characteristics for water flow and (AL.Os-water) nanofluid flow

3.3.1. On the (h)

The value of the heat transfer coefficient increased after inserting fourteen of
the pentagon rings from the recorded values when using water or nanofluids flow only.
The increment was directly proportional to increase in in the Reynolds number and also

to increase the concentration of nanofluids.

» The highest increment value was 2386 w/m2.k. It was recorded at Reynolds number
of 15000 when 4.5% of (Al>Os-water) nanofluids with insert of fourteen of the
Pentagon rings were used. While the highest increment value was 1623 w/m2.k
when 4.5% of (AL.Oz-water) nanofluids flow was only used, and the highest
increment value was 1472 w/m2.k when water flow was only used.

» The lowest increment value was 829 w/m2.k. It was recorded at Reynolds number of
5000 when water flow with insert of fourteen of the Pentagon rings were used.
While the lowest increment value was 593 w/m2.k when 1.5% of (Al.Os-water)
nanofluids flow was only used, and the lowest increment value was 572 w/m2.k

when the water flow was only used as shown below in Chart 14.
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Chart 14. Heat transfer coefficient vs. Reynolds number.

3.3.2. On the (Nu)

The value of the Nusselt number increased after inserting fourteen of the
pentagon rings from the recorded values when using water or nanofluids only. The
increment was directly proportional to increase in in the Reynolds number and inversely

proportional to increase in the concentration of nanofluids.

» The highest increment value was 186. It was recorded at Reynolds number of 15000
when water flow with insert of fourteen of the Pentagon rings were used. While the
highest increment value was 123 when the water flow was only used, and the
highest increment value was 120 when 1.5% of (Al.Os-water) nanofluids flow was
only used.

» The lowest increment value was 63. It was recorded at Reynolds number of 5000
when 4.5% of (Al>Os-water) nanofluid flow with insert of fourteen of the Pentagon

rings were used. While the lowest increment value was 48 when the water flow was
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only used, and the lowest increment value was 45 when 4.5% of (Al.Oz-water)

nanofluids flow was only used as shown below in Chart 15.
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Chart 15. Nusselt number vs. Reynolds number.

3.3.3. On the ()

The value of the friction factor increased after inserting fourteen of the
pentagon rings from the recorded values when using water or nanofluids only. The
increment was inversely proportional to increase in in the Reynolds number and
approximately constant to increase the concentration of nanofluids at the same Reynolds

number.

» The highest increment value was 0.15. It was recorded at Reynolds number
5000when the flow of water or all concentrations of (Al.Oz-water) nanofluids with

insert of fourteen of the pentagon rings were used. While the highest recorded
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increment value was 0.04 when the water or all concentration of (Al.Os-water)
nanofluids flow were only used.

» The lowest increment value was 0.12. It was recorded at Reynolds number of 15000
when the flow of water or all concentrations of (Al.Os-water) nanofluids with insert
of fourteen of the pentagon rings were used. While the lowest recorded increment
value was 0.03 when water or all concentration of (Al.Os-water) nanofluids flow
were only used as shown below in Chart 16.
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Chart 16. Friction factor vs. Reynolds number.

3.3.4. On the (Ts)

The value of the surface temperature decreased after inserting fourteen of the
pentagon rings from the recorded values when using water or nanofluids only. The
decrement was directly proportional to increase in in the Reynolds number and also to
increase the concentration of nanofluids.
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» The highest decrement value was 319 K. It was recorded at Reynolds number of
15000 when 4.5% of (Al2Os-water) nanofluids flow with insert of fourteen of the
pentagon rings were used. While the highest recorded decrement value was 327 K
when 4.5% of (Al.Os-water) nanofluids flow was only used, and the highest
recorded decrement value was 330 K when water flow was only used.

» The lowest decrement value was 372 K. It was recorded at Reynolds number of
5000 when water flow with insert of fourteen of the pentagon rings were used.
While the lowest recorded decrement value was 387 K when 1.5% of (Al.Os-water)
nanofluids flow was only used, and the lowest recorded decrement value was 390 K

when water flow was only used as shown below in Chart 17.
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Chart 17. Surface temperature vs. Reynolds number.
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3.3.5. On the (Ap)

The value of the pressure drop per unit length (Pa/m) increased after inserting
fourteen of the Pentagon rings from the recorded values when using water or nanofluids
only. The increment was directly proportional to increase in in the Reynolds number

and also to increase the concentration of nanofluids.

» The highest increment value was 123.11 Pa/m. It was recorded at Reynolds number
of 15000 when 4.5% of (Al>Os-water) nanofluids flow with insert of fourteen of the
pentagon rings were used. While the highest recorded increment value was 25.71
Pa/m when 4.5% of (Al>Os-water) nanofluids flow was only used, and the highest
recorded increment value was 23.31 Pa/m when the water flow was only used.

» The lowest increment value was 14.68 Pa/m. It was recorded at Reynolds number of
5000 when water flow with insert of fourteen of the pentagon rings were used.
While the lowest recorded increment value was 3.73 Pa/m when 1.5% of (AlOs-
water) nanofluids flow was only used, and the lowest recorded increment value was

3.61 Pa/m when the water flow was only used as shown below in Chart 18.
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Chart 18. Pressure drop vs. Reynolds number.
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3.4. The effect of addition (29) of pentagon rings on the heat transfer

characteristics for water flow and (AL.Os-water) nanofluid flow

3.4.1. On the (h)

The value of the heat transfer coefficient increased after inserting twenty nine
of the pentagon rings from the recorded values when using water or nanofluids flow
only. The increment was directly proportional to increase in in the Reynolds number

and also to increase the concentration of nanofluids.

» The highest increment value was 3018 w/m2.k. It was recorded at Reynolds number
of 15000 when 4.5% of (Al>Os-water) nanofluids with insert of twenty nine of the
pentagon rings were used. While the highest increment value was 1623 w/m2.k
when 4.5% of (AL.Os-water) nanofluids flow was only used, and the highest
increment value was 1472 w/m2.k when water flow was only used.

» The lowest increment value was 986 w/m2.k. It was recorded at Reynolds number
of 5000 when water flow with insert of twenty nine of the pentagon rings were used.
While the lowest increment value was 593 w/m2.k whenl1.5% of (Al.Os-water)
nanofluids flow was only used, and the lowest increment value was 572 w/m2.k

when the water flow was only used as shown below in Chart 19.
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Chart 19. Heat transfer coefficient vs. Reynolds number.

3.4.2. On the (Nu)

The value of the Nusselt number increased after inserting twenty-nine of the
Pentagon rings from the recorded values when using water or nanofluids only. The
increment was directly proportional to increase in in the Reynolds number and inversely

proportional to increase in the concentration of nanofluids.

» The highest increment value was 225. It was recorded at Reynolds number of 15000
when water flow with insert of twenty nine of the Pentagon rings were used. While
the highest increment value was (123) when the water flow was only used, and the
highest increment value was (120) when 1.5% of (Al.O3z-water) nanofluids flow was
only used.

» The lowest increment value was (78). It was recorded at Reynolds number (5000)
when 4.5% of (Al,Oz-water) nanofluid flow with insert of twenty nine of the

pentagon rings were used. While the lowest increment value was 48 when the water
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flow was only used, and the lowest increment value was 45 when 4.5% of (Al,Os-

water) nanofluids flow was only used as shown below in Chart (20).
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Chart 20. Nusselt number vs. Reynolds number.

3.4.3. On the (f)

The value of the friction factor increased after inserting twenty-nine of the
pentagon rings from the recorded values when using water or nanofluids only. The
increment was inversely proportional to increase in in the Reynolds number and
approximately constant to increase the concentration of nanofluids at the same Reynolds

number.

» The highest increment value was 0.23. It was recorded at Reynolds number of 5000
when the flow of water or all concentrations of (Al2Os-water) nanofluids with insert

of twenty nine of the pentagon rings were used. While the highest recorded
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increment value was 0.04 when the water or all concentration of (Al.Os-water)
nanofluids flow were only used.

» The lowest increment value was 0.19. It was recorded at Reynolds number of 15000
when the flow of water or all concentrations of (Al2Osz-water) nanofluids with insert
of twenty nine of the pentagon rings were used. While the lowest recorded
increment value was 0.03 when water or all concentration of (Al.Os-water)

nanofluids flow were only used as shown below in Chart 21.
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Chart 21. Friction factor vs. Reynolds number.

3.4.4. On the (Ts)

The value of the surface temperature (K) decreased after inserting twenty-nine
of the pentagon rings from the recorded values when using water or nanofluids only.
The decrement was directly proportional to increase in in the Reynolds number and also
to increase the concentration of nanofluids.
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» The highest decrement value was 315 K. It was recorded at Reynolds number of
15000 when 4.5% of (Al>Os-water) nanofluids flow with insert of twenty nine of the
Pentagon rings were used. While the highest recorded decrement value was (327 K)
when 4.5% of (Al.Os-water) nanofluids flow was only used, and the highest
recorded decrement value was (330 K) when water flow was only used.

» The lowest decrement value was (363 K). It was recorded at Reynolds number of
5000 when water flow with insert of twenty nine of the Pentagon rings were used.
While the lowest recorded decrement value was 387 K when 1.5% of (Al.Os-water)
nanofluids flow was only used, and the lowest recorded decrement value was 390 K

when water flow was only used as shown below in Chart 22.
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Chart 22. Surface temperature vs. Reynolds number.
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3.4.5. On the (Ap)

The value of the pressure drop per unit length (Pa/m) increased after inserting
twenty-nine of the pentagon rings from the recorded values when using water or
nanofluids only. The increment was directly proportional to increase in in the Reynolds

number and also to increase the concentration of nanofluids.

» The highest increment value was 193, 58 Pa/m. It was recorded at Reynolds number
of 15000 when 4.5% of (Al.Oz-water) nanofluids flow with insert of twenty nine of
the pentagon rings were used. While the highest recorded increment value was 25.71
Pa/m when 4.5% of (Al>Os-water) nanofluids flow was only used, and the highest
recorded increment value was 23.31 Pa/m when the water flow was only used.

» The lowest increment value was 23.31 Pa/m. It was recorded at Reynolds number of
5000 when water flow with insert of twenty nine of the Pentagon rings were used.
While the lowest recorded increment value was 3.73 Pa/m when 1.5% of (AlOs-
water) nanofluids flow was only used, and the lowest recorded increment value was

3.61 Pa/m when the water flow was only used as shown below in Chart 23.
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Chart 23. Pressure drop vs. Reynolds number.
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3.5. The eeffects comparison of addition (9, 14, and 29) of pentagon

rings on the heat transfer characteristics for water flow only

3.5.1. On the (h)

The value of the heat transfer coefficient was increased after inserting 9, 14,
and 29 of the pentagon rings from the recorded values when using water flow only. The
increment was directly proportional to increase in in the Reynolds number and also to

increase in a number of Pentagon rings into the tube.

» The highest increment values were 2686, 2222 and 2038 w/m2.k. It was recorded at
Reynolds number of 15000 when water flow with insert of 29, 14, and 9 of the
pentagon rings were used respectively, while the highest value was 1472 w/m2.k
when the water flow was only used.

» The lowest increment values were 765, 829 and 986 w/m2.k. It was recorded at
Reynolds number of 5000 when water flow with insert of 9, 14, and 29 of the
Pentagon rings were used respectively, while the lowest value was 572 w/m2.k

when the water flow was only used as shown below in Chart 24.

(9,14, 29)PR, effects comparison for water flow.
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Chart 24. Heat transfer coefficient vs. Reynolds number.
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3.5.2. On the (Nu)

The values of the Nusselt number increased after inserting 9, 14, and 29 of the
pentagon rings from the recorded values when using water flow only. The increment
was directly proportional to increase in in the Reynolds number and also to increase in a

number of pentagon rings inserted into the tube.

» The highest increment values were 225, 186 and 170. It was recorded at Reynolds
number of 15000 when water flow with insert of 29, 14, and 9 of the pentagon rings
were used respectively, while the highest value was 123 when the water flow was
only used.

» The lowest increment values were 64, 69 and 82. It was recorded at Reynolds
number of 5000 when water flow with insert of 9, 14, and 29 of the pentagon rings
were used respectively, while the lowest value was 48 when the water flow was only

usedas shown below in Chart 25.

(9,14, 29)PR, effects comparison for water flow.
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Chart 25. Nusselt number vs. Reynolds number.
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3.5.3. On the (f)

The values of the friction factor increased after inserting 9, 14, and 29 of the
pentagon rings from the recorded values when using water flow only. The increment
was inversely proportional to increase in in the Reynolds number and also to increase in

a number of Pentagon rings inserted into the tube.

» The highest increment values were 0.23, 0.15 and 0.11. It was recorded at Reynolds
number of 5000 when water flow with insert of 29, 14, and 9 of the pentagon rings
were used respectively, while the highest value was 0.04 when the water flow was
only used.

» The lowest increment values were 0.09, 0.12 and 0.19. It was recorded at Reynolds
number of 15000 when water flow with insert of 9, 14, and 29 of the pentagon rings
were used respectively, while the lowest value was 0.03 when the water flow was

only usedas shown below in Chart 26.

(9,14, 29)PR, effects comparison for water flow.
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Chart 26. Friction factor vs. Reynolds number.
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3.5.4. On the (Ts)

The values of the surface temperature (K) decreased after inserting 9, 14, and
29 of the pentagon rings from the recorded values when using water flow only. The
decrement was directly proportional to increase in in the Reynolds number and also to

increase in a number of Pentagon rings inserted into the tube.

» The highest decrement values were 317, 321 and 323 K. It was recorded at Reynolds
number of 15000 when water flow with insert of 29, 14, and 9 of the pentagon rings
were used respectively, while the highest value was 330 K when the water flow was
only used.

» The lowest decrement values were 377, 372, and 363 K. It was recorded at Reynolds
number of 5000 when water flow with insert 9, 14, and 29 of the Pentagon rings
were used respectively, while the lowest value was 390 K when the water flow was
only usedas shown below in Chart 27.

(9,14, 29)PR, effects comparison for water flow.
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Chart 27. Surface temperature vs. Reynolds number.
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3.5.5. On the (Ap)

The values of the pressure drop per unit length (Pa/m) increased after inserting
9, 14, and 29 of the pentagon rings from the recorded values when using water flow
only. The increment was directly proportional to increase in in the Reynolds number

and also to increase in a number of Pentagon rings inserted into the tube.

» The highest increment values were 175.46, 111.58 and 81.46 Pa/m. It was recorded
at Reynolds number of 15000 when water flow with insert of 29, 14, and 9 of the
Pentagon rings were used respectively, while the highest value was 23.31 Pa/m
when the water flow was only used.

» The lowest increment values were 10.74, 14.68, and 23.31 Pa/m. It was recorded at
Reynolds number of 5000 when water flow with insert 9, 14, and 29 of the Pentagon
rings were used respectively, while the lowest value was 3.6 Pa/m when the water
flow was only usedas shown below in Chart 28.

(9,14, 29)PR, effects comparison for water flow.
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Chart 28. Pressure drop vs. Reynolds number.
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Figure 19. Comparison of total pressure counters between water flow in the smooth tube

and water flow in a tube fitted with 9, 14, and 29 pentagon rings observed at Reynolds

number of 15,000.
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Figure 21. Comparison of velocity magnitude counters between water flow in the
smooth tube and water flow in a tube fitted with 9, 14, and 29 pentagon rings observed
at Reynolds number of 15,000.
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3.6. The effects comparison of addition of 9, 14, and 29 of pentagon
rings on the heat transfer characteristics for (AL Os-water)

nanofluids flow only

3.6.1. On the (h)

The values of the heat transfer coefficient increased after inserting 9, 14, and
29 of the pentagon rings from the recorded values when using nanofluids only. The
increment was directly proportional to increase in in the Reynolds number, nanofluids

concentration, and a number of Pentagon rings inserted into the tube.

» The highest increase obtained values were 3018, 2386 and 2149 w/m2.k. It was
recorded at Reynolds number of 15000 when 4.5% of (AL.Os-water) nanofluids
flow with insert of 29, 14, and 9 of the pentagon rings were used respectively. While
the highest increment value was 1623 w/m2.k when 4.5% of (AL.Oz-water)
nanofluids flow was only used.

» The lowest increase obtained values were 779, 847and 1024 w/m2.k. It was
recorded at Reynolds number of 5000 when 1.5% of (Al2Os-water) nanofluids flow
with insert 9, 14, and 29 of the Pentagon rings were used respectively. While the
lowest increment value was 593 w/m2.k when 1.5% of (Al.Oz-water) nanofluids

flow was only used as shown below in Chart 29.
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3000 -

2500 A

2000 A

1500 -

heat transfer coefficient(h)

1000 -

500 -

(9,14, 29)PR, effect comparison for (AL203-water)nanofluids flow.

O 1.5%(AR203/Water).
3%(AI203/Water).

x a x 4.5%(AR203/Water).
0 3 £ 9 PR+1.5%(A1203/Water).
% 5 i + 9 PR+3%(AI203/Water).
2 % - 9 PR+4.5%(A1203/Water).
% 8 x = O 14 PR+1.5%(A1203/Water).

¢ 14 PR+3%(AI203/Water).
& - 14 PR+4.5%(A1203/Water).
29 PR+1.5%(A1203/Water).
X 29 PR+3%(A1203/Water).
X 29 PR+4.5%(A1203/Water).

=

X am (K
x

3000

5000 7000 9000 11000 13000 15000 17000
Reynolds Number (Re)

Chart 29. Heat transfer coefficient vs. Reynolds number.

3.6.2. On the (Nu)

The values of the Nusselt number increased after inserting 9, 14, and 29 of the

Pentagon rings from the recorded values when using nanofluids only. The increment

was directly proportional to increase in in the Reynolds number and a number of

pentagon rings inserted into the tube, and inversely proportional to increase in

nanofluids concentration.

» The highest increase obtained values were 220, 180 and 163. It was recorded at

Reynolds number of 15000 when 1.5% of (AL.Os-water) nanofluids flow with

insert of 29, 14, and 9 of the pentagon rings were used respectively. While the

highest increment value was 120 when 1.5% of (AL20s-water) nanofluids flow was

only used.

> The lowest increase obtained values were 58, 63 and 78. It was recorded at

Reynolds number of 5000 when 4.5% of (Al>Os-water) nanofluids flow with insert

of 9, 14, and 29 of the pentagon rings were used respectively. While the lowest
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increment value was 45 when 4.5% of (Al>Os-water) nanofluids flow was only used

as shown below in Chart 30.

(9,14, 29)PR, effect comparison for (AL203-water)nanofluids flow.
240 -
220 - X
b
200 x ® 1.5%(A1203/Water).
180 A é A 3%(AI203/Water).
g = r X 4.5%(A1203/Water).
=160 A ") . > ® 9 PR+1.5%(A1203/Water).
5] -
2 3 +9 PR+3%(AI203/Water).
£ 140 4 - bt
g @ 1 - - 9 PR+4.5%(A1203/Water).
-
E 120 b g ¢ 14 PR+1.5%(A1203/Water).
g % | B o ® 14 PR+3%(AI203/Water).
100 1 T ' 5 14 PR+4.5%(A1203/Water).
2 ‘ X 29 PR+1.5%(AI203/Water).
80 A -+ T l
. 29 PR+3%(AI203/Water).
60 L R +29 PR+4.5%(A1203/Water).
40 ' T T T T T \
3000 5000 7000 9000 11000 13000 15000 17000
Reynolds Number (Re)

Chart 30. Nusselt number vs. Reynolds nhumber.

3.6.3. On the (f)

The values of the friction factor increased after inserting 9, 14, and 29 of the
pentagon rings from the recorded values when using nanofluids only. The increment
was directly proportional to increase in a number of pentagon rings inserted into the
tube and inversely proportional to increase in in the Reynolds number and
approximately constant to increase nanofluids concentration at the same Reynolds

number.

» The highest increase obtained values were 0.23, 0.15 and 0.11. It was recorded at

Reynolds number of 5000 when all concentration of (AL2Oz-water) nanofluids flow
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with insert of 29, 14, and 9 of the pentagon rings were used respectively, While the
highest increment value was 0.04 when all concentrations of (AL2Oz-water)
nanofluids flow was only used.

» The lowest increase obtained values were (0.09, 0.12 and 0.19). It was recorded at
Reynolds number of 15000 when all concentration of (Al.Oz-water) nanofluids flow
with insert of 9, 14, and 29 of the pentagon rings were used respectively, while the
lowest increment value was 0.03 when all concentration of (Al.Os-water) nanofluids

flow was only used as shown below in Chart 31.

(9,14, 29)PR, effect comparison for (AL203-water)nanofluids flow.
0.25
0.20 m 1.5%(AR0O3/Water).
= 3% (AI203/Water).
S N 4.5%(A1203/Water).
S 015 - 19 PR+1.5%(A1203/Water).
:*:Z B9 PR+3%(AI203/Water).
g m 9 PR+4.5%(A1203/Water).
£ 010 m 14 PR+1.5%(A1203/Water).
& ' fi B 14 PR+3%(AI203/Water).
m 14 PR+4.5%(A1203/Water).
0.05 4 H29 PR+1.5%(A1203/Water).
T 29 PR+3%(AI203/Water).
' ' m 29 PR+4.5%(A1203/Water).
0.00 4 o
5000 7000 9000 11000 13000 15000
Reynolds number (Re)

Chart 31. Friction factor vs. Reynolds number.

3.6.4. On the (Ts)

The values of the surface temperature (K) decreased after inserting 9, 14, and
29 of the pentagon rings from the recorded values when using nanofluids only. The
decrement was directly proportional to increase in in the Reynolds number, nanofluids

concentration, and a number of Pentagon rings inserted into the tube).
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» The highest decrease obtained values were 315, 319 and 322 K. It was recorded at

Reynolds number of 15000 when 4.5% of (AL.Os-water)nanofluids flow with insert

of 29, 14, and 9 of the pentagon rings were used respectively, while the highest

decrease recorded value was 327 K when 4.5% of (AL2Oz-water) nanofluids flow

was only used.

> The lowest decrease obtained values were 375, 370 and 360 K. It was recorded at

Reynolds number of 5000 when 1.5% of (Al.Oz-water) nanofluids flow with insert

9, 14, and 29 of the pentagon rings were used respectively, while the lowest

decrease recorded value was 387 K when 1.5% of (Al.Os-water) nanofluids flow

was only used as shown below in Chart 32.

Surface temperature(Ts)

(9,14, 29)PR, effect comparison for (AL203-water)nanofluids flow.

Oeo

" b0+
0o

+
BED o+
a0 0o
.

+Ot
1 D

1158

1 B

3000

5000 7000 9000 11000
Reynolds number (Re)

13000

15000

17000

¢ 1.5%(AR03/Water).
0 3%(AI1203/Water).
4.5%(A1R203/Water).
9 PR+1.5%(Al203/Water).
+ 9 PR+3%(Al1203/Water).
= 9 PR+4.5%(A1203/Water).
¢ 14 PR+1.5%(Al1203/Water).
0 14 PR+3%(A1203/Water).
4 14 PR+4.5%(A1203/Water).
x 29 PR+1.5%(A1203/Water).
29 PR+3%(A1203/Water).
+ 29 PR+4.5%(A1203/Water).

Chart 32. Surface temperature vs. Reynolds number.



3.6.5. On the (Ap)

94

The values of the pressure drop per unit length (Pa/m) increased after inserting

9, 14, and 29 of the pentagon rings from the recorded values when using nanofluids

only. The increment was directly proportional to increase in in the Reynolds number,

nanofluids concentration, and a number of Pentagon rings inserted into the tube.

» The highest increase obtained values were 193.58, 123.11 and 89.87 Pa/m. It was
recorded at Reynolds number of 15000 when 4.5% of (AL2Os-water) nanofluids

flow with insert of 29, 14, and 9 of the pentagon rings were used respectively, while

the highest increase was 25.71 Pa/m when 4.5% of (AL2Oz-water) nanofluids flow

was only used.

> The lowest increase obtained values were 11.11, 15.19 and 24.12 Pa/m. It was

recorded at Reynolds number of 5000 when 1.5% of (Al.Os-water) nanofluids flow

with insert of 9, 14, and 29 of the Pentagon rings were used respectively. While the

lowest increment value was 3.73 Pa/m when 1.5% of (Al2Os-water) nanofluids flow

was only used as shown below in Chart 33.

(9,14, 29)PR, effect comparison for (AL203-water)nanofluids flow.

Reynolds Number (Re)

250
200 -
X
150 4
S |
100 - 3
8 o
. g g
50 1 X B Q
o
x 2 . +
B . . e
& +
0 3 T , . r g
3000 5000 7000 9000 11000 13000 15000

17000

x 1.5%(AR03/Water).
3% (A1203/Water).
+4.5%(AR03/Water).
x 9 PR+1.5%(A1203/Water).
9 PR+3%(A1203/Water).
09 PR+4.5%(A1203/Water).
¢ 14 PR+1.5%(A1203/Water).
O 14 PR+3%(A1203/Water).
4 14 PR+4.5%(A1203/Water).
29 PR+1.5%(A1203/Water).
X 29 PR+3%(A1203/Water).
X 29 PR+4.5%(A1203/Water).

Chart 33. Pressure drop vs. Reynolds number.
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Figure 22. Comparison of total pressure counters for 3% (AL2Oz-water) nanofluid flow

between the smooth tube and a tube fitted with 9, 14, and 29 pentagon rings observed at

Reynolds number of 15,000.
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Figure 23. Comparison of total temperature counters for 3% (AL2Os-water) nanofluid

flow between the smooth tube and a tube fitted with 9, 14, and 29 pentagon rings

observed at Reynolds number of 15,000.
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Figure 24. Comparison of velocity magnitude counters for3 %( AL.Oz-water) nanofluid
flow between the smooth tube and a tube fitted with 9, 14, and 29 pentagon rings

observed at Reynolds number of 15,000.



3.7. Summary table of results comparison

Table 6: Results comparison.
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No| ¢ Effect of Re |Ti|T2[Ts[T6] & [P1]P2[AP[tu] F

T Sooo |203 314|391 |303] 572 | 12 | 7| 5 | 42 |0.04

15000]293 299 (330|296 [1472| 20 | 54| 35 |123|0.03

O Pentagon rings inserted, | 000|292 [331[377 3121 765 [ 23 | 6 [ 16 | 64 [0.1

N [P e—— 15000203 | 306 | 324|209 [2038 [177] 55 | 122|170 | 0.09

14 Pentagon rings iserted, | 2000|293 321 [372[312[ 820 [ 28 | 6 [22 [ 60 [0.15

15000] 203|305 322299 [2222 223 55 | 167|186 |0.12
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- [15000 293205317299 [ 2636|319 55 | 263 225[0.19

) Sooo | 203314338 |303| 593 | 12 | 7 | 6 | 47 |0.04
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|y a0e 0 o o e o
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3.8. The performance evaluation analysis (1)

The definition of performance evaluation analysis was previously mentioned in

Chapter Il under (2.2.7.). The values of the 1 increased after inserting 9, 14, and 29 of

the pentagon rings from the recorded values when using water or nanofluids only. The

increment was directly proportional to increase in in the Reynolds number, nanofluids

concentration, and a number of Pentagon rings inserted into the tube.



99

» The highest increase obtained values were 2.05, 1.62 and1.45. It was recorded at
Reynolds number of 15000 when 4.5% of (Al.Oz-water) nanofluids flow with insert
of 29, 14, and 9 of the pentagon rings were used respectively while the highest
increment value was 1.10 when 4.5% of (Al.Oz-water) nanofluids flow was only
used.

» The lowest increase obtained values were 1.33, 1.44, and1.72. It was recorded at
Reynolds number of 5000 when water flow with insert of 9, 14, and 29 of the
Pentagon rings were used respectively, while the lowest value was 1 when water

flow was only used as shown in Chart 34.

(9,14, 29)PR, effect comparison for (water, nanofluid) flow.
2.2
2.1 1 © Smooth Tube(Water).
2 - . X X y x 1.5%(A203/Water).
€19 A\ X X X 3%(A1203/Water).
g - X - + O 4.5%(ARO3/Water).
é“ sl 4 + * =9 PR(\\?ter) V
g + 9 PR+1.5%(AI203/Water).
g 1.6 1 = - - = o g 9 PR+3%(AI1203/Water).
?g 1.5 & § g e 'i_’ 8 x 9 PR+4.5%(A1203/Water).
214 - $ 0 5 0 3 Q & 14 PR(Water)
§ - H - = ; O 14 PR+1.5%(AI203/Water).
5 © 14 PR+3%(A1203/Water).
E_I-Z I - 14 PR+4.5%(AI203/Water).
1.1 A o o o o o + 29 PR(Water)
1 - ° ° ° ° s s 29 PR+1.5%(A1203/Water).
0.9 . . . . . . . X 29 PR+3%(AI203/Water).
3000 5000 7000 9000 11000 13000 15000 17000 %29 PR+4.5%(A1203/Water).
Reynolds Number (Re)

Chart 34. n vs. Reynolds number.

The performance evaluation analysis (1) for all models was presented at Reynolds

number of 15000 as shown in Chart 35.
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performance evaluation analysis (1)

Performance comparison.

15000
Reynolds Number (Re)

u Plain tube

B 1.5%(AR203/Water).

H 3%(A1203/Water).

u 4.5%(A1203/Water).
E9PR

u 9 PR+1.5%(A1203/Water).
m 9 PR+3%(A1203/Water).

B 9 PR+4.5%(A1203/Water).
=14 PR

H 14 PR+1.5%(A1203/Water).
m 14 PR+3%(A1203/Water).
u 14 PR+4.5%(A1203/Water).
E29 PR

m 29 PR+1.5%(A1203/Water).
= 29 PR+3%(AI1203/Water).

H 29 PR+4.5%(A1203/Water).

Chart 35. n vs. Re=15000.



CHAPTER 4

CONCLUSION AND RECOMMENDATIONS

4.1. Conclusion

In this study, a numerical study of Steady-state turbulent convection was
carried out with Reynolds numbers ranging from 5000 to 15000 by using single-phase

model of finite volume method within a horizontal circular tube of cases:-

1. Water flows only.

2. (AL203-Water) nanofluids flow only by using three concentrations (1.5, 3, and 4.5
%).

3. Water flow with the addition of the pentagon rings by using three different pitch
lengths (d, 2d, 3d).

4. (AL.Os-Water) nanofluids flow by using three concentrations (1.5, 3, and 4.5 %)
with the addition of the pentagon rings by using three different pitch lengths (d, 2d,
3d).

Then, the results obtained were compared to evaluate the thermal performance of each

case, and especially the fourth case which represents the main subject of this research.

The prime conclusions of the study are:

1. The increment of the heat transfer coefficient, pressure drop per unit length was
directly proportional to increase in the pentagon rings numbers (decreasing the pitch
length), the Reynolds number, and the nanofluids concentration.
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The increment of the Nusselt number was directly proportional to increase in in
pentagon rings numbers (decreasing the pitch length), the Reynolds number, and
inversely proportional to increase in the nanofluids concentration.

The increment of the friction factor was directly proportional to increase in pentagon
rings numbers (decreasing the pitch length) and inversely proportional to increase in
in the Reynolds number and approximately constant to increase in the nanofluids
concentration at the same Reynolds number.

The decrement of the surface temperature was directly proportional to increase in
pentagon rings numbers (decreasing the pitch length), the Reynolds number, and the
nanofluids concentration.

The maximum enhancement ratio obtained was 2.05. It was recorded at Reynolds
number of 15000 when 4.5% of (Al>Os-water) nanofluids flow with insert of twenty
nine of the Pentagon rings inside the tube was used.

According to the numerical investigation, the results showed that the configuration
of (AlOs-water) nanofluids with the pentagon rings could be used effectively in

heat transfer processes.

4.2. Recommendations

1.

In the case of the inclusion of high numbers of pentagon rings inside the tube, we
recommend using Renolds number higher than 15000 in order to achieve higher
efficiency with the possibility of reducing the friction factor value.

The level of grid refinement was a very important factor for grid sensitivity and we
can recommend using a computer with a high-specification when you decide to
conduct a numerical investigation and this will be better for results’ accuracy
purpose.

Using other configurations of pentagon rings with different nanoparticle types may

improve the performance of heat transfer better.
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