REPUBLIC OF IRAQ
MINISTRY OF HIGHER EDUCATION AND SCIENTIFIC
RESEARCH

AL-FURAT AL-AWSAT TECHNICAL UNIVERSITY
ENGINEERING TECHNICAL COLLEGE-NAJAF

STUDY THE EFFECT OF USING DIFFERENT TYPES
OF TWISTED TAPES ON THERMAL
PERFORMANCE IN SOLAR COLLECTOR

A THESIS

SUBMITTED TO THE DEPARTMENT OF MECHANICAL
ENGINEERING TECHNIQUES IN POWER AS PARTIAL
FULFILLMENT OF THE REQUIREMENTS FOR TECHNICAL
MASTER DEGREE IN MECHANICAL ENGIEENERING
(THERMAL)

BY

Ali Majeed Abdu AL Kareem
(B.SC MECH. ENG.)
Supervised by:
Asst. prof. Prof.

Dr. Ahmad Hashim Yousif Dr. Ali Shakir Baqir
July 2020



Vo Ayl al8al) 5 gau




ACKNOWLEDGMENTS

Full thanks to the Almighty God for the divine interference in a modest effort.
Candid thanks are hereby extended to the following Never desisted in
contributing to this thesis, Asst. Prof. Dr. Ahmad Hashim Yousif and Prof. Dr.
Ali Shakir baqgir, My supervisors, support me for their guidance and unlimited
support during the research period. Present of mine gratitude with appreciation
for everyone of the employers of the Power Techniques Department, College of
Technical Engineering-NajafGrateful and Special thanks for my parents, my late
father, my mum, for mine brothers, my wife and my children for them unceasing

assistance, inducement and Diligence in the hard time of my working life.

Special thanks to the Head of Department of Mechanical Engineering
Techniques of Power Asst. Prof. Dr. Dhafer Manea Hachim in the Technical
Engineering College /Al-Najaf, Al-Furat Al-Awsat Technical University, for

their support and advice.

Ali Majeed Abd AL kareem
July 2020



Devotion

To my late father... ... The symbol of emotion
To my dear mother............The flower of love
To my wife Inspirational.....The symbol of Inspirational
Tomy children  ............... The spirit of life
To my wonderful brothers........ The source of strong

| dedicate this modest effort
sHe
Juty 2020



We certify that this thesis titled” Study the effect of using different types of
twisted tapes on thermal performance in solar collector” which is being
submitted by Ali Majeed Abd AL Kareem was prepared under our supervision
at the Power Techniques Engineering Department, Engineering Technical
faculty-Najaf, AL- Furat Al-awsat Technical University, as partial fulfillment of

technical in thermal Engineering.

the 16"!7.11’ ements for the Cle‘*LGE of Master of

Name Asst. Prof. Dr. Ahmad Hashim Yousif =~ Name: Prof.Dr. Ali Shakir Baqir
(Supervisor) (Co-supervisor)
Date 4/ |z / 2020 Date % / [1-/ 2020

In view of the available recommendation, we forward this thesis for debate by the

exammmg committee.

Smn,‘rlﬁ’__};)w:::—/——"

Name: Asst. Prof. Dr. Dhafer Man

LY J £ o mand ol
Head of power mechanic Tech.




THE EXAMING COMMITTEE CERTIFICATION
We certify that we have read this thesis titled” Study the effect of using
different types of twisted tapes on performance of solar collector” which is
being submitted by Ali Majeed Abd AL Kareem and as Examining
Committee, examined the student in it is contents. In our opinion, the thesis is

adequate for an award of degree of Master of Technical in Thermal Engineering.

Signature%: Signature: M
&

Name Asst. Prof. Dr. Ahmad Hashim Yousif Name: Prof, Dr. Ali Shakir Bagir

(Supervisor) (Co-supervisor)
Date 4 / 17 1 2020 Date /17 /2020
Signature: D«\,&NUM Signature: SR\ N\QN‘\\&
Name: Asst.prof.Dr.Zaid M. Name :Lecturer Dr.Salah. M.
AL-Dulaimi Salih
(Member) (Member)
Date /7 \2-/ 2020 Date 6 /\2_/ 2020

Signature: @’//S—MM"V‘\QL
Name: Prof.Dr.Qasim Saleh Mahdi
(Chairman)
Date /5 / 4 1 202
Approval of the Engineering Technical College — Najaf.
Signatre; QA

e ————

Name:Assf.prof.Dr.Hassanain Ghani Hameed

Dean of Technical Engineering College -Najaf
Date : / /2020
IV




ABSTRACT

The goal of this research is to study experimentally the effect of the use of
twisted aluminum strips as turbulence promoters on the heat transfer in terms of
Nusselt number (Nu), the pressure drop in terms of the friction factor (f), the
thermal performance factor TPF and the efficiency (n) of the flat plate solar
collector.This research focuses with process of energy conversation under
steady-state status in the laminar flow situation for uses drinkable water as the

working fluid.

Experimental side includes design and constructuion of a simple solar
collector (flat plate type) and four different kinds of twisted strips include
curvatures and straight vortex generators(VGs) and twist ratio is Y=2 (twisted
tape with curvature vortex generator in front flow TTFF, twisted tape with
curvature vortex generator in opposite flow TTOF, twisted tape with straight
vortex generator TTS and typical twisted tape TT), dimensions of the vortex
generator 2mm high and 1mm thick. The measuring instruments used in this
experiment were solar irradiance meter, volumetric flowmeter, manometer,
temperature record meter, and temperature sensors. The experiments are carried
out in Babal, Iraq with latitude 32°,13",27 N and longitude 44°,22°,36 E, the

volumetric flow rates used are (7, 5,3 and 1.5) L / min .

The experimental result showed that the decrease in flow rate was found
to increase the variation in temperature of the water between the exit and the
inlet of tubes fitted with twisted tape, the higher difference in temperature was
(18.3 ° C) in tubes fitted with TTFF at volumetric rate 1.5 liter / minute and the
maximum outlet temperature of the fitted tube (TTFF) was 98 ° C for 1.5 L/
min. Also, thermal transfer rate in term number of Nusselt (Nu) and pressure
drop in term factor of friction (f) improved compared to other cases in the tube
fitted with (TTFF), the Nusselt Number for riser tube equipped with (TTFF)
enhanced to 31%,38.2%,40%, and 54.2% compared with the smooth tube at
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laminar flow with Number of Reynolds range ( 300 < Re < 2000) respectively
also the factor of friction increases with number of Reynolds Re decreases and
for higher friction factor is achieved in the tube equipped with (TTFF, TTOF,
and TTS) comparison with (TT) and plain tube, the parameter of friction (f) in
the tube equipped with TTFF increases by about 18% to 30% above the plain
tube. The empirical data also revealed the TPF thermal performance ratio for
TTFF was higher than the other twisted tapes with the same pumping capacity,
the maximum thermal performance factor was 1.4 and the maximum efficiency
of the TTFF tube was 64.7%.
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CHAPTER ONE INTRODUCTION

Chapter One

Introduction

1.1 preface

Solar power has converted to a promising source of energy, especially
since the industrial revolution, although there are many forms of energy in the
world such as oil, natural gas, fossil fuel, coal..etc.. It became a target for many
scientists and researchers because it has many advantages as it is one form of
renewable energy, environmentally friendly, and low maintenance required
compared with the projected high cost of oil and the dangerous emission like
CO., and CO..., etc.

The fossil fuel, natural gas, coal are source forms of conventional energy
where that were created by photosynthetic activity, followed by complicated
chemical processes in which decaying under high pressure and temperature.
Also wind and tide has a solar origin was created as a result of temperature
differences in regains in the earth. There are two forms of energies created from
solar energy which are electricity and thermal energy using photovoltaic cells
and solar collectors, respectively, also solar energy solves the problem of lack of
drinkable water by solar distillation of seawater. Consideration the solar
collector as special kind of heat exchanger(Kalogirou 2014) [1] heat device
conversion, imposition and recapture heat energy call heat exchanger it is widely
used in domestic, mercantile and industrial purpose several prevalent examples
as the steam produce in steam plants sensible heating and cooling of viscous
media in thermal processing of chemical; agricultural products; air and liquids
cooling systems of engines; refrigerant vaporization and intensification in air
conditioning and refrigeration....etc. The solar collector receives the solar

irradiance and transferred to the internal energy of fluid while the heat
1



CHAPTER ONE INTRODUCTION

transferred between two fluids in the heat exchanger. Thermal application
systems are commonly used in automotive, domestic and physical fields such as
for cooling and heating systems, in most all engineering fields, high-efficient
thermal equipments are very important in diferent life applications as well as the
need to build an effective heat exchanger was partially utilized by using
increased heat transfer rats. The way to improve th rate of heat transfer in the
heat systems is done by three mechanisms were classified in to, active, passive,
and compound(Hallquits 2011)[2] its was divided according to exhausting
power or without power and use the both mentioned methods call compound.
The heat transfer augmentation mechanisms can be one of the following(Khaled
et al. 2010) [3]:

Heat transfer
augmentation
mechanisms

Using

Using Using
roughness helically twisted Increas_e the
surfaces , spril ribs tapes to effective
short and geometry increase area of heat
tall fins transfer

surface area

The influence of thermal improvement mechanism in heat exchangers is
very important because it is treated with high heat flux handling and reduces the
size which also leads to low-cost heat transfer increase methods that are capable
of operating heat exchanger at low speeds and with higher heat transfer
coefficient(Yousif and Khudhair 2019) [4].
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1.2 Solar irradiance

The sun is the source of solar power it is an hot sphere of gaseous matter
with a diameter of 1.39x10° m, the sun’s gross power output is 3.8 x102° MW,
energy irradiate reach in every directions(Kalogirou 2014)[1], the fig. (1.1)
depicted the sun irradiance distributions on earth. The only tiny fraction of the
gross irradiance released received by the earth, solar spectral radiation is the
wavelength-dependent power reach to the top of the Earth's atmosphere the
sunray reaches the ground it electromagnetic short wave absorber and refracted

it is visible ray the fig. (1.2) shown the absorption bands with the wavelength.

EARTH'S ENERGY BUDGET

. Reflected by Reflected Reflected from
atmosphere by clouds earth's surface
6% 20% 4%
Incoming Radiated to space
solar energy from clouds and
100% atmosphere

Absorbed by
atmosphere 16%

. Absorbed by
3 clouds 3%

Absorbed by land
and oceans 51%

Fig. 1.1 The distribution of solar irradiance on the earth's surface[web site]

1.3 Solar radiation incidence on tilt surfaces

The total quantity of solar power obtained by the Earth call global solar,

the radiation as a direct line from the sun is beaming irradiance, while radiation

3

64% 6%

Radiated
directly
to space

from earth

Radiation

absorbed by
atmosphere
15%
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which scattered out by molecules, aerosols, and clouds represent diffuse
irradiance. The sum of direct, spread, and reflected irradiance that reaches to
surface is called total or global irradiance. The irradiance components reflected
through different surfaces of atmosphere and diffused from the sky represent the
amount of a set irradiance sources, like beam of radiation, such that of beam and
diffuse irradiance represent incidence radiation on horizontal surfaces and total

surface radiation representing the inclined surface (Saraf and Hamad 1988) [5].

Solar Radiation Spectrum

25 . .
UV , Visible , Infrared —>
' '
' '
24 ' 1, Sunlight at Top of the Atmosphere
'
l
|
1.54 5250°C Blackbody Spectrum

Radiation at Sea Level

Absorption Bands
H0 co,

H,0

Spectral Irradiance (W/m?/nm)

0-
250 500 750 1000 1250 1500 1750 2000 2250 2500
Wavelength (nm)

Fig.1.2 The absorption bands with the wavelength[web site].

1.4 Solar collectors:

a solar collector is a device that collects and/or concentrates solar radiation from
the Sun.

A. Stationary collectors (Kalogirou 2014) [1]
> Flat plate solar collector(Glazing materials and collector absorbing

(plates) shown in fig. (1.3) aand b.
4
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» The evacuated tube collector is shown in fig. (1.4).
» Compound parabolic collector.

B. Sun tracking concentrating collectors:

» Parabolic trough collector is shown in fig. (1.5).Parabolic
dish reflector (PDR).

» Heliostat field collector. The classification of solar collectors
is tabulated in the table (1.1).

coolant outlet (b)

solar radiation +

coolant inlet

WWiesgis ualdictionaryonline 7o ng

j\\// , ,// flow tube

absorbing p’lﬁnle

Fig. 1.3: Flat plate solar collector (FPC) [web site].
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Fig. 1.4: Evacuated tube solar collector[web site].

Solar Field
Piping

Fig.1.5: Parabolic trough collector[web site]
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Table — 1.1: The classification of solar collectors[web site]

Temperature Efficiency,
Category Example
range, °C %
_ Flat-plate Up to 80
No concentration 30-55
Evacuated tube Up to 200
Medium Parabolic
_ _ 150 - 500 60—70
Concentration cylinder
High Parabolic 1500 and
_ _ 60 - 75
Concentration dish more

1.5 Flat plate collector

Is a particular form a heat exchanger which absorbs solar irradiance and
converts for heat, having different from the heat exchanger in which collectors
are transferred heat between two fluids, the main parts of the flat plate

solar(Kalogirou 2014) [1]. as follows:

a) Glassing cover: it may be a single sheet of glass or more some other
transmitting - radiation material.

b) Absorber sheet: this perhaps grooved, waving, or flat, for a tube.

c) Manifolds or upper and lower Headers: to allow the fluid enters and exit.

d) Tubes: it performs heat transfer from inlet to outlet, it is made from
conducting materials.

e) Insulation: reducing heat losses from the sides and bottom.

f) Container: Protecting all parts of collectors from environmental damage,
such as moisture and dust. The distribution the solar irradiance over top of

the solar collector with flat sheet shown in fig. (1.6).
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Heat loss 35%

Absorbed 50%

I L

Absorber in plate 30%

Transmitted

Collected heat 45%

Fig.1.6: Solar irradiance distribution over the flat plate collector[web site].

1.6 Tilt angle for solar flat plate collector

The inclination angle of the flat sheet solar collector is a significant
parameter where it is effective on the collector's performance, where both the
amount of solar irradiance incidence on absorber plate and the coefficient of top
heat loss is affected by variation in the tilt angle(Saraf and Hamad 1988)[5]. A
theoretical analysis using three models to measure the optimal tilt angle at any
time of the year and at any geographical position The study reveals the optimal
inclination an angle for flat sheet solar collectors compute simply from the
equation (Bopti =O — 6) and (  Popti is optimal tilt angle, © is the altitude of
location and 0 is declination, it is the function to latitude and declination, the

values obtained should be corrected by add 10°(Stanciu and Stanciu 2014)[6].

1.7 Thermal transfer improvement methods

Thermal transfer improvement techniques have been mostly guided toward
designing the procedure with standard conditions, in the scope of heat transfer
research. More recently, too effective heat transfer devices requirements have
led to greater concern with verification of mechanisms that increase or improve
heat transfer(A. E. Bergles et al. 1970) [7]. Experimental research into such
methods have reached the point of many of them can start to be considered

earnestly for use in heat exchangers based on a mercantile principal. These
8
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methods increase the rate of thermal transfer, but commonly at the outlay of
extra pumping power, the external power supply to the system increased the cost
also weight. Bergles and Morton perform the analysis and evaluation of these
techniques(E. Bergles and Morton 1965) [8]. One of the problems is the
assurance of general, usable chosen standards for the use of accroissement
techniques, due to the big number of parameters interested in the problem of
resolution. Numerous of these parameters are economical, including initial
expenses, cost of repair and cost of evolution..etc. Heat transfer, enhanced
mechanisms which are mostly divided into three groups: active methods, passive
methods, and compound methods(Dewan et al. 2004)&(Yousif and Khudhair
2019)[9]&[4] as follows:

1.7.1 Effective Heat Transfer improvement methods

These mechanism are more complicate from layout and use, the method
required for certain external power inputs produces the coveted flow amendment
and enhancement of the rate of heat transfer due to a greater practical application

potency for examples of active heat transfer methods as follows:

I.  Pulsation by Reciprocating plungers or cams
Il.  Use of the magnetic field in the flowing stream to disturb the light particle
seeded surface vibration and fluid vibration.

[1l.  Jet impingement.

1.7.2 Passive Heat Transfer improvement methods

Passive methods of thermal transfer increase do not demand any specific
input of exterior power to improve heat transfer by taking additional power from
the obtainable power in the device, that usually leads to a drop in pressure. The
major precept of these methods for increasing the convection thermal rate which
can be carried out through the following conceptions (E. Bergles and Morton
1965)[8]:
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1. Reduce the thickness of the boundary layer.
2. Increment obstruction in the flowing of fluid

3. Improve the speed gradient near the wall of tube.

Passive methods have a cost problem in manufacturing such as ribbed tubes and
finned tubes, or the cost of incorporating components such as wire coils, twisted

tape, and helical wire, for examples of passive heat transfer methods:

I.  Treated surface (painting surfaces).
1. Extended surface.
I11.  Rougher surfaces.
IV. Internally finned tube.

V. Insertion devices

1.7.3 Compound Heat Transfer Augmentation Methods
This method is a mongrel technique that incorporates the passive and
active ways, as these methods have limited application due to their complex

design. Below are some forms of the compound method:

I.  Twisted tapes and a rough tube.
I1.  Coarse tube with vibration.

1. A magnetic field with fins.

1.8 Inside Twisted strips Insert Devices

Twisted tapes are the mineral or non-metallic ribbons for several adequate
mechanisms in the necessary form and scale, inserted into the flow. The twisted
strip inserts are commonly used in heat exchangers for enhancement rate of heat
transfer, also twisted tapes improve rate of thermal transfer with lower friction
effect for the power of pumping (Elshafei et al. 2008)[10]. However, for the fit is
very floating, the ribs action and the swirl effect of fluid is waste. And maybe

causing damage to the tube by being frequently struck by the tape. If the fit is
10
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too tight it may be complicated to input the twisted strip into the pipe. The input
of twisted strips into a pipe was a easy passive method to increase convection
heat rate by swirling into the stream of fluid and shredding the thermal layer
near the tube inner surface due to recurrent changes in surface geometry. That is
to say, such strips generate disturbance and fabricated eddy motion which
produces the weakly boundary layer and lead to better coefficient of heat
transfer and best Nusselt number as result to change in twisted strips shaps(Liu
and Sakr 2013) [11]. The pressure loss, however, increases across the tube fitting
with twisted tape insert, therefore numerical and empirical reserches have been
performed to examine the optimum geometry and design to obtain the better

thermal efficiency for lower pressure drop.

1.8.1 Major groups of twisted tapes(Man, Wang, and Yao 2014)&(Yousif and
Khudhair 2019) [12]&[4]

The most prevalent twisted tapes may be divided into the following groups

as shown in fig. (1.7) describing different twisted tapes in geometry and form

and used in different operating fluid and flow regimes:

e Typical twisted tape: that twisted tape has a an equal longitude of the
heat exchanger tubes length as showen in fig.(1.8).

e changging longitude, twist ratio, and alternate axes: They vary from
the first group in that they do not have the same twist ratio, the tape axes
alternate in clock and counter, and the longest tape does not match the
length of the heat exchanger tubes...

e Numerous twisted strips: more of one twisted tape insert into the tube.

e Twisted tape with a rod and changing spacer: helically twisted tapes
with spacer and rod to improve the rate of heat transfer.

e Twisted tapes with attached ribs and baffles: twisted tape with baffles

that connected to strips at some distances to produce more increment.

11
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Twisted strips with crevices, holes, notchs: the twisted tape with

different holes with diameters and pitch and with different slots.

o helically left-right twisted strips with twist: the twisted tape is

manufactured in the left-right helical and some time with screw element.

e Coiled wire with/without rod: the wire coil with rode used to increase

the swirl of fluid and produce enhancement coefficient of heat transfer

e Twisted tapes inclusive wings: Wing and winglet twisted tape attached

to tape some time in different inclination angles to produce the vortex in

the flow with swirl motion.

(S¢S " 4
4 ¢ f. -
Laft- right twisted
Typical twisted tape o widh gt twisted e Dual twisted tspe
E m n Left and right twisted tpe with
Twisted tape with various twisted rsso| | 5507 Jength rwisted tpe Twisted tape with alsamated axis varying space
pape aOO™
X XE= '
Periphenlly-cut raisted tpe with am Twisted tepe with center wing
Twisted tpHe with rod ad spacer altermated axis Multiple twisted tpe
/ |
(e —
: T.T with altemate- axis sd Twisted tipe with trapesoidal-cut e,
Delta-winglet twisted tpe wi e - 5Xis 8 I l'::“k‘ wecut twisted tepe insent
[N . N S AA LA A LA A
— e i N - v —
¢ -~ ¢ By dingyd (S S gy
Butter v insent Helical screw tape with varying Helical screw with varioas
Jagped twisted tpe ) Spacens spacer lespth
ST e rrer o
- J A - — B
o = 4R Vonooo |,
- 1 — 9 &
MO MRS W Chigee Twisted tape with nalls Dimpled tube fitted with twisted te Nyloo Sow divides tnset
L T
\ J A PR = -
louversd stnip insent coiled-wire inserts with Teflon rings wire coil and twisted tpe Cormugated twisted tape insent
comical ring with twisted tpe | SPiral and rectangle bocks over rod square jagped Twisted tpe RACEpac-OR T MDA
SERRATED PLATE INSERTS | U oo 1wisted Tepe (UTT) Conical Hole Filament Insert | Trianguiar Wavy Tape (TWT)
R RS p—
Louvered square leaf (Baffle) Attached Twisted Tape | twisted-tape with center Screw tape
Baffled Reduced Width Twisted | —
Bole for rwisted plaze Tape with boles square jagged Twiszed 1ape Screw Type Insert

Fig. 1.7: The different categories of twisted tapes [4]
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1.9 The goles of the experimental study

The major objective of that study is to promote an experimental research
tool to investigate the flowing fluid-structure and the heat transfer characteristic
of water in riser tubes for double glass covers flat plate solar collectors equipped
with four different twisted tapes, the twisted tapes within front flow curvature
vortex generators (TTFF), twisted tapes with opposite flow curvature vortex
generators (TTOF), twisted tape with straight vortex generators(TTS)and typical
twisted tapes(TT) under laminar flow, this study includes investigating the effect
of four different types twisted tapes on the thermal rate in term number of
Nusselt, friction parameter, and performance of solar collector, this goal are to

achieve through several steps.

The first step involves design, manufacture and installation of the
experimental test rig with all necessary instruments required to evaluate the
augment in heat and measuring the conditions of the experiment such as (mass
flow rate, solar irradiance, pressure difference ). The second step is to evaluate
the improvement in the rate of heat transfer for riser tube equipped with four
types of twistedtapes and compare with plain tube and study, then developing a

relationships to evaluate the Nusselt number (Nu), factor of friction (f).

‘.-—Pl:liu tube

Direction
of flow

~Twisted tape

Fig. 1.8: Typical twisted tape insertion into tube
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Chapter Two

Literature survey

2.1 Introduction

With the required targets as shown in the previous chapter, literature survey
progress was achieved by different twisted strip insertion in orbicular pipes in
the field of thermal rate increase. To achieve a fruitful literature survey, it is
recommended to ensure the historic sight, chosened heat transfer technique for a
comprehension of the classification of different types of twisted tape that the
research paper is more interested in internal forced convection. The literature in
augmenting heat transfer is progressing rapidly, at least more than fifteen
present of the heat transfer literature is guide toward the mechanisms of heat
transfer enhancement now. A many of studies and experiments have been done
in a heat transfer device through using different twisted strips inserts with a
different working fluid, both experimentally and numerically. The very common
techniques to improve the overall heat transfer coefficient are adding a fins for
heat exchangers and use the twisted tape insert. A large number of experimental
work has been conducted for this enhancement heat transfer technique of air-

side heat transfer.

2.2 The laminar flow

Laminar flow, type of fluid (gas or liquid) flow in which the fluid travels
smoothly or inregular paths, in contrast to turbulent flow,It is also of substantial
practical importance to expect, generations of scientists have withstand valiantly
to understood both the physical essence and the mathematical frame of turbulent
fluid flow Leonardo da  Vinci in (1507) termed the event observed in

eddying flow “la turbolenza” (Ecke 2004)[13]. In general, thea systematic study
14
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of turbulence had initialized with Osborne Reynolds' work in (1883). Reynolds
had been studying the classic problem of flowing through long straight pipes and

the annular cross-section has a constant diameter.

Using his "color band method," he was the first person to prove that the
flow for velocities below a certain critical velocity will be orderly (laminar) for
a given fluid and pipe. Reynolds found that the criteria for the transition from
laminar to turbulent flow could be uniformly expressed in terms of the value

assumed by the dimensionless group( Re) called Reynolds number.

2.3 Twist tapes as turbulence promoters

Twisted tapes are generally one of the passive techniques applied to
increase heat transfer rate in thermal devices such as (heat exchanger, solar
water heater, boiler... etc.), many researchers have conducted methods that are
widely used to improve thermal performance, so in that chapter, describe the
studies concerned with using twisted tapes to enhance heat transfer rate(Manglik
and Bergles 2003)[14]. For measurement of the thermal performance factor or
performance ratio that describes the increase in heat transfer over traditional
thermal rate and this parameter also indicates the increase in heat rate. To
benefit from previous studies converted by twisted tapes as passive ways to
increase thermal efficiency, the classification of analyzes for previous studies as

indicated below:

2.4 Effect of twist ratio

Experimental investigation study was conducted by(Zhang et al. 2019)
[15], to examine the heat rate and friction factor features of the heat
exchanger tube by experimenting insertion of self-twisted strips with various
twist orders (Y=2.2, 3, 4 and 6) shown in fig.(2.1 a ,b) and comparison with
stationary twisted tapes under turbulence flow (12000 < Re < 45000) heat

15
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performance factor with pressure loss were found the increase with lessening
twist ratio, maximum performance ratio of 1.03, 0.9444, 0.924, and 0.898 for to
twist ratio Y= 2234 and 6 respectively(Taylor, Patil, and Babu
2014)&(Vijaybabu 2012).[16]&[17] conducted an experimental study for square
duct equipped for twisted strips of various twist ratio shown in fig. (2.2 a, b) to
show the effect of rising and decreasing twist order on the heat transfer rate and

friction factor under laminar flow (100 < Re < 1200).

The results displayed a slight increment in heat transfer rate in both the
increase and decrease twist ratio. The (Nu) increased from 1.33 to 4.27 and from
0.9 to 3.46 times for increased and decreased twist order, compared to plain
ducts.(Smith Eiamsa-ard, Wongcharee, and Promvonge 2012) [18] An
experiential study was performed to state the effect of successiontially,
frequently and intermittently twisted strips for increment detraction twist ratio.
Results showed the average TPF in the repeated tapes that were tested for slowly

decreasing twist ratios about 1.3.

T

Y=2.2, Width=14mm, Thickness=1mm

Fig. 2.1 :(a) SRTT and STT &(b) pictorial view of SRTT for different twist

ratio[15].
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Fig. 2.2:(a) Twisted tape with increase twist ratio&(b)-with decrease twist
ratio[16].

2.5 Effect of modulated twisted tape

The (CFD) investigations were conducted by (Rahimi, Reza, and
Abdulaziz 2009) [19] for detect the effect of modified, twisted tapes on the heat
transfer rate, pressure drop, this experiment performed using simply twisted
strips as ruptured, cribriform and notched twisted strips. The results shown, the
best TPF was about 1.21.

(Shabanian et al. 2011)[20] The CFD and experimental study aimed to
inspect the impact of three different kinds of twisted strips insertion were
conventional, butterfly, and shredded twisted stripe shown in fig(2.3) on
improving air cooler heat transfer. The outcomes revealed the butterfly had
alargest Nusselt number (Nu) with an increment in the( Re) compared to an
jagged and classic twisted strips and and the TPF was changed between (1.2-
1.62), (1-1.23) and (0.88-1.03) in butterfly, shredded and imitative twisted
tapes respectively. (Sheikholeslami, Li, and Moradi 2018)[21] CFD simulation
analysis to show the effect of twisted tapes has an alternative axis shown in fig.
(2.4) on the heat transfer and revolution angle and Reynolds Re, the results

showed that temperature gradient rises with an increment in revolution angle

17
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because of excess in secondary flow but an accretion in pressure falling at
increment in revolution angle. The CFD research in this review indicated that at
insert twested tape of alternative pivot improved the thermal performance and

increasing an angle of revolution () lead to higher temperature difference.

(Murugan et al. 2019)[22] An experiential survey performed using four different
twisted tapes, including central pins finned (CFTT) convolute strips and typical
twisted strips (TT) at two various twist order (Y=3&6) to show the effect of
these twisted tapes on the performance of solar collector of flat plate .For same
twist ratio, the experimental result for(CFTT) with minimum twist ratio (Y=3)

gave the highest thermal efficiency of 11.08 % compared to (TT).

Classic twisted tape

Jagged twisted tape

Butterfly (o«=90°)

Fig. 2.3: Three different twisted tapes[20].
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Fig. 2.4: Twisted tapes with an alternate axis [21].

2.6 Effect of helical strips

The helical configuration insert has a large action on thermal rate also
friction factor. (Sivashanmugam and Nagarajan 2007)&(Sivashanmugam and
Suresh 2007)[23]&[24] Experimental studies were conducted using the helical
spacer length and full length with different twisted ratio shown in fig. (2.5) with
unequal and equal length with a right to left twist. The results of the tests
appeared promote the heat rate over to a smooth a maximum TPF of up to 3

could be obtained.

Experimental work was done on the thermal rate and friction effect features
of elliptic tubes equipped by multiple helically strips [25], for laminar flwo twist
ratio Y=0.22 and pitch ratio S=1, the outcomes showed the sprial screw
elements at specific twist ratio (y) and pitch ratio (S) have an influence on the
heat transfer rate and pressur drop, for maximum TPF was 1.2. The influence of
multiples helical tapes at different helix angles(9°, 13°, 17° and 21°) for turbulent
flow was achieved by(Bhuiya et al. 2012)[26], the reduction in the helix angle
with (22000 < Re <51000), the power of blower increased from 2 to 3 times and
the TPF improved from 1.08 to 1.30.

A (CFD) survey conducted by(El et al. 2017) [27] to research the output
of heat exchangers with double pipes fitted with helical baffles inserted in the
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annual side, the baffle spacing values was (0.025-0.1 m), the analysis results
were found because of large pressure falling in entry part the TPF in all cases

was less than one compared to the simple double-pipe exchangers.

An analysis of three dimensions of the CFD was conducted by(K. Ahmed et al.
2019) [28] for annular channel consideration, used wire warped helical insert
with a 1.92 twist ratio for single-phase and Re (200 < Re < 2300). The outcomes
of the simulation revealed the Nusselt number and the friction effect raised
from 1.34 to 2.6 also from 3.5 to 8 times respectively, for wire-wrapped tube

compared to a plain tube, the thermal performance ratio TPF= 3.79.

~ y_ Ay 3 ~ ™ N N -~y y_
\r N\ > N 4 . 4 N 4 r - \r
Y =1.95 A
N - N i . N i
~ r _ ~ > ~
Y =2.93 B
. Ny, e
Y=3.91 C
. - .
N R NS S P R AN L P RN P
Y =4.89 D

Fig. 2.5: Spril device inserts with various twist orders [24].

2.7 Effect of twisted tapes dimensions

An experimental study, conducted by(Saha, Dutta, and Dhal 2001) [29] the
author used regular splay twisted strips with different widths and rod diameters
and different twist ratio with space ratio to study an action of regular spaced
involuted tape for laminar regime and constant heat flux characteristic at the test
section, . The outcoms showed the reduction of twisted tapes width lead to low
thermal rate for increased of phase angle more than zero created complexity in

tape manufacture more than increased heat transfer.
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(Smith Eiamsa-ard, Thianpong, and Promvonge 2006) [30] experimental
analysis of the thermal rate and action of friction effects normal twisted tapes
with diverse twisted ratios (y=6 and 8) for regular spaced twisted tapes of
different distance ratios (S=1, 2 and 3) for two convolute strips at thickness=
0.001m with longitude of 1.5 m, An outcomes indicated for increase of the open

distance rate with reduction of the twist rate lead to increase of thermal rate.

(Smith Eiamsa-ard et al. 2009)[31] was investigated an effect of both short-
length and the full length of twisted strips insert in to circular pipe under
constance heat flux for fixed twisted ratio. The experimental results showed for
shortend strips at R = 0.3, 0.4 and 0.6 show least heat flow and friction factor,
the maximum TPF of Re= 4000 was 1.04. An influance width for twisted strip
was investigated by (Sarada et al. 2010)[32] plain tube experiments with/without
convolute tape for various mass flow rates for constant heat flux, and twisted
tapes at five varied width shown in fig. (2.6). The conclusions revealed the
width for the torsion tape had a powerful effect in the heat rate, the heat increase

was observed as the width increased.

Experimental research performed by(Esmaeilzadeh et al. 2014)[33] to
investigate the thermal flow rate and effect of friction featuers for annular tubes
equipped for different thicknesses of torsion tapes for same twist ratio of Y=3.21
and conestance heat, the tests were performed with the laminar order (160 < Re
< 1600) for twist tapes thickness was adjusted by three values (1/2 , 1 and 2)
milimeter. An experimental results indicated that the nanofluid has the best heat
transfer rate with higher tape thickness and increased friction factor with
increased twisted tape thickness. Finally, the increased thickness of the twisted

tape contributes to increased thermal rate and efficiency.
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(Piriyarungrod et al. 2015)[34] showed a twisted tape inserts influence with
four different taper angles 0.3, 0.6 , and 0.9 as shown in fig. (2.8). All twisted
tapes were tested at each taper angle under turbulent flow regime (6000< Re <
20000), the experimental results has confront for a smooth pipe and indicated the
heat rate improved and pressure loss increment for detraction angle of taper and
torsion rate. Increased thermal efficiency with rising angle of taper and lessening
the twist proportion. the best TPF of 1.05 was achieved with twisted tape at
angle of taper (almost) of 0.9°and twist ratio of Y=3.5 yielded at Re = 6000.

Fig. 2.6: Twisted tapes in five different twisted ratios and width [32].
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Fig. 2.8: Taper twisted tape with different taper angles (©) [34].

2.8 Effect of multiple twisted tapes

Some experimental work was done using multiple convolute strips instead
having a changes for a convolute tapes. (Smith Eiamsa-ard et al. 2010)[35] the
experiment study to improve thermal rate was carried out by insertion of three
various types of convolute strips with fixed torsion strip, orderly - diverged dual
and entire lengths torsion strips in circular heat exchanger tubes. , torsion strips
entire length at three different twisted rates (3,4 and 5) for spaced regular
convolute strips at three diverse spacing rates (s /d = 0.742, 1.48 and 2.24), that

investigation involved a turbulent flow regime under the Re at a range from
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4000 to 19000 with a stationary wall thermal flowrate. The results for
theexperiments showed the thermal rate for pipe fitted with the convolute strips
was largest than smooth pipe with or without single convolute tapes, the Nusselt
number and pressure loss for singular and full-length duple convolute strips rised
for lower twisted ratio and the thermal rate of regular twisted tapes decreased
with higher space ratio, the regular- spaced dual twisted tape also delivered

lower heat transfer rates than full-length dual twisted tape.

An experimental research was conducted by by (Eiamsa-Ard and Wongcharee
2013) [36] to study the effect of the pressuer drop, heat transfer, and thermal
efficiency parameter for double torsion strips put in to a micro-fine pipes, the
convolute tapes are shown in fig. (2.9) were the twisted tapes inserted in
different configuration arrangements, the opposite direction for counter-double
twisted tape, and micro-fin pipes includ single convolute strips in parallel and
opposite arranging for comparison, the tests were performed at turbulance flow
the numbers of Reynolds range from 5650< Re< 17 000. An emprical outcoms
indicate the convolute strips created stronger swirl/turbulence flow in opposite
directions for counter swirls , The outcoms displaied for a double inverse

twisted strips with twisted ratio 3 the TPF was more than one

An Influance of inserting triple convolute strips on thermal rate, thermal
performance, also pressure loss was achieved by(Bhuiya, Chowdhury,
Shahabuddin, et al. 2013) [37] for the turbulance flow for Re range of 7200
until 50200, for mild steel triple convolute tapes appears in fig. (2.10) at four
different twisted ratios (1.87, 2.78, 4.88 and 6.87), were used. The results
concluded that the Nusselt number and friction factor for utilize the triple
twisted tapes inserts was rised for3.87 and 4.33 times respectively, and largest
thermal rate comparsion with smooth tube, the performance was be 1.44.New

twisted tape geometry architecture used in the study of numerical simulation
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was presented by(Li et al. 2015) [38] named central hollow narrow twisted tape
to detecte an influence for tube under laminar regime on the enhancement of
thermal flow and thermal efficiency. Two variable parameters were studied
which were hollow width and clearance and then the concept of a unilateral
twisted tap was compacted as shown in fig. (2.11). The results appeared that the
gross heat transfer performance for tube contain a cross hollow torsion strips
inserts is better with different hollow widths compared to conventional
convolute strips., the new form of twisted tape increases overall heat transfer

performance by around 28.1%.

(Promvonge 2015)[39] was an experiment presenting research to detect the
action of the increase in thermal rate under a turbulent regime of the combined
insertion of 30° V-fins and quadruple counter-twisted tape in a square duct, for(
4000< Re < 30000 )and the uniform heat flux, the V-fin counter twisted tapes
obtained by inserting V-fins inside the brims of fourfold convolute strips for
constant convolute proportion of Y=4, furthermore the effect of relevant V-fin
parameters such as four Rg (0.16,021,0.32and0.42) fin height ratio and four Rp
the pitch ratio (4,8,12 and 16) was tested. The outcomes of the tests showed the
increased fin height ratio Rg on the V-fin counter, convolute strip increased the
number of Nusselt Nu and friction action, but reversed action for an increased
pitch ratioRg. thermal performance for the v-finned converse - convolute strip
was larger than of the single quaternary torsion tapes also the maximum
TPF=1.75.

The experimental research work carried out by (Vashistha, Patil, and Kumar
2016) [40] in that study, several twisted tapes put in to a annular pipes were used
to research the impacts of heat rate and frection effect, multiple twisted tape
inserts for single, twin and four convolute strips arranged in a co-eddy and

converse-eddy tendency and for three different torsion rates (2.5 ,3 and 3.5)
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shown in figure (2.12) with turbulance flow regime number of Reynolds
range from 4000 to 14000. For single, twin, and four convolute strip inserts, the
empirical conclusions showed the thermal rate improved by using redoubled
convolute strips with a torsion prprortion of 2.5 for synchronous raised in
friction factor comparsion with the plain pipe. Increases in thermal rate also
pressure loss has the values of 2.3 and 6.8 times respectively over a plain pipe
and 1.26 for twist ratio 2.5 is found to be the best thermal performance factor for
a group of four twisted converse eddy strips. (Kumar et al. 2019)[41] the
numerical analysis study showed the influance of two convolute strips in
counter-swirl and co-swirl arrangements on thermal flow enhancement and
pressure drop, simulation of laminar regime conditions under number of
Reynolds ranging of (1000 - 2000). The outcoms showed that to the smooth tube

the thermal efficiency of annular pipe fitted with two strips would be rise.

in counter-swirl amangement in co-swirl amangement

Fig. 2.9: The counter coupling, co-coupling and single twisted tapes [36]
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Fig. 2.10: Triple twisted tapes withe four different twist ratios [37].
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conventional twisted tape @2

unilateral twisted tape

cross hollow twisted tape

Fig. 2.11: Typical, unilateral and cross hollow twisted tapes[38].

Fig. 2.12: The annular pipe fitted with co / counter swril convolute strips [40].
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2.9 Effect of the wire cail

The experimental studies were performed by(Gunes, Ozceyhan, and
Buyukalaca 2010a),(Gunes, Ozceyhan, and Buyukalaca 2010b)and(Gunes et al.
2011) [42],[43]and[44] to investigate the effect on heat transfer ,pressuer drop,
and the performance ratio for the wire coil insert. (Gunes, Ozceyhan, and
Buyukalaca 2010a)[42] used wire coil has an equilateral triangular cross-section
for three various pitch rates (p/dia = 1, 2 and 3) , the inserted wire coil distancely
away from the pipe wall at a distance of 1 mm at two different ratio (a / dia=
0.0734 ,0.0887), the experiments performed for ( 3500< Re <27000) the
working fluid was air. The data of the test indicated to that the wire coil insert
increased the heat transfer rate and friction effect comparison to the plain tubes.

Wire coil insert yielded the best 36.5 % enhancement performance.

(Gunes, Ozceyhan, and Buyukalaca 2010b) [43] An emprical work to
investigate the heat rate and friction action in tubes fitted with wire coil inserts
distancely from the pipe wall at two various spaces (1 and 2)mm for a stasionary
thickness of wire at 0.006m with three pitch ratio p / dia (1,2 and3) under
turbulent flow with Re from 4105 to 26,400 and constant wall heat flux. The
experiment results were collected and comparsion with the smooth pipe, the
maximum total improvement performance was fivty percent was accomplished

with the wire coiled at P/ dia =1, space= 1 mm at Re= 4220.

(Gunes et al. 2011)[44] an experimental study carried out the definition of
the best amounts of layout parameters in tubes for wire coil with equilateral
traiangle cross-section ,the effect of design factors like the pitch ratio (P / D),
the ratio of the traiangle side length to pipe diameter (L / dia), the ratio of the
space between the coil wire and the pipe wall to the pipe size (s / dia), and the
number of Reynolds (Re) were checked for thermal rate and friction factor, the

higher thermal rate and maximum thermal efficiency and minimum pressure

28



CHAPTER TWO LITERATURE SURVEY

drop that was obtained with s / dai = 0.0349, pitch / dai = 1 and a / dia=
0.0744, for Re = 20000. (Garcia et al. 2012) [45] the study introduced an
experimental review, presenting a comparison between three artificial heat
transfer improvment mechanisms. The distinction was made from the three best
samples selected from the large variety of geometries investigated. This test
was achived with three systems of flow: laminar, transitional, and turbulance
regimes. The result found the wire coil more effective over artificial roughness
surfaces for laminar flow (200< Re< 2000), but for (Re) greater than 2000, the
utilize of dimpled and corrugated pipes was preferred due to the minimize loss

of pressure at equivalent heat rate.

(Selvam, Thiyagarajan, and Suresh 2012)[46] the experimental work used three
different bonding wire coils with three different 0.005m, 0.01m, and 0.015 m
pitch ratios and without sticking to the pipe wall as shown in the fig. (2.13) . The
results showed that the thermal flow increases with reduction the pitch of the
wire coil and coil matrix tabulator with sticking and that the best enhancement
ratio for the 5 mm pitch coil wire with boding was 42 %.(Rout and Saha 2014)
[47] An empirical analyses of thermal flow and falling of pressure for a circular
pipe fitted with two heat-enhanced techniques; coil wire and helical screw
at constant heat flux with laminar regime. The combination of wire-coil and
sprial screw strips inserts accomplish the best for the individual improvment

mechanism behaving alone.

(Suresh 2012)[48] An emprical study was conducted to detect the influance of
wire coiled-coil matrix tabulators with different pitch (P) to diameter (D)
ratios(0,23,0,45 and 0,68) to research the impact of coiled wire bonding with
turbulent flow and constant wall temperature. The collected data of the tests
were comparsion with a smooth tube for all the tapes revealing a large

thermal rate and factor of friction over the empty pipe, the best enhancement
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ratio was 42 %. An experimental work was conducted by (Martinez et al.
2014)[49], the thermohydraulic behavior of a annular pipe equipped with two
different wire coils with various pitch rates (pitch /dia= 1, 2) was characterized
by the use of both Newton and non- Newton fluids for laminar and transitional
regimes. The empirical data were obtained comparsion with the smooth tube and
results shown for up to Re = 500 were normally ignored for the impact of the
wire coil insert for non-Newton fluid with minimum number of Reynolds, that
head to the coild wire insert is not a reasonable choice to increment the thermal

rate with non-Newton fluid.

(San, Huang, and Chen 2015) [50] An empirical reserch was achieved to
examine the action of the insertion of wire coils into a annular pipe on thermal
rate and the association of fluid friction with air and water as working fluids.
Used coil insert with coil diameter to pipe inner size ratio (e / dia) vary from
0.0712 to 0.128, and pitch of wire coil to pipe inner size(pitch / dia) vary from
1.304 to 2.319, the test data showed that the Nusselt number enhanced for
increase the ratio (e / dia) and the pitch to the inner size rate (pitch / dia) of
thepipe decreased, the efficient heat transfer improvement was achieved with the
ratios for air working fluid e / D and p / D being 0.101 and 2.319 respectively,
and 0.101 and 1.739 for water as test fluid.

(Roy and Saha 2015) [51] examined the impact of two inserting devices on the
thermal rate and factor of friction for laminar flow in the circular channel, coiled
wire and helically screw strip are used in the experiment work, the experimental
results showed that the Nusselt number and friction factor for  spiral screw
tapes and wire coils increased. A numerical study conducted by (Feng et al.
2017) [52] characterizes the thermohydraulic activity of the rectangle cross —
section small channel thermal basin fitted with coiled wire insert for water as

test fluid under laminar flow and stasionary wall thermal flow. the result
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indicated thermal flow and pressure falling increased because of the
longitudinal eddies due to intercalation of coiled wire into microchannels. The
maximum performance factor changed to 400W / m? from 1.4t01.8 and the
results showed the best thermal performance for wire coil inserts achieved at

low Reynolds number.

Fig. 2.13: Wire coil with three different pitch ratio Coiled Wire template Coil
tabulator of pitch: (a) 5mm (b) 10mm (c) 15mm [46].

2.10 Effect the perforation

An investigation of an experiment carried out by (S. Ahmed 2013)[53]
used a twisted tape with holes at different diameters for 1300 < Re < 5200. The
results showed the heat transfer and friction effect compare to plain tube
enhanced., the best heat rate was 4.6%.(C. T. P. Eiamsa-ard and Eiamsa-ard
2012)[54] experimental work carried out in uniform heat flux condition and with
perforated twisted tape at I/m = 2.9, 3.9 and 4.9, dia/m = 0.13, 0.15 and 0.18,
also pitch/m = 0.4, 0.6 and 0.8 as shown in fig. (2.14). experiment data showed
the rate of heat increased in with decreased both (pitch/m) and (I/m) for
increased (dia/m) over plain tube. The beter transfer of heat around 28.2% and
89%, with respect to the pipe with normal convolute strip and plain tube
respectively that yielded Compared to the typical torsion strips and smooth tube,
the best transfer reat of heat was 27.4 % and 86.7 % respectively for perforated
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twisted tape at pitch / m = 0.5, dia/m = 0.18, and | /m =2.9. (Thianpong et al.
2012)[55] experimentally investigate was presented Research on thermal flow
and falling of pressure advanteges of a circular pipe fitted for punched parallel
wing torsion strips (PTT) shown in the fig. (2.15) for turbulent flow regime in
the Re at range of 5500 to 20500 and constant heat flux. The study tested
perforated twisted tapes (PTT) with three different punch size ratios (dia/m
=0.12 , 0.29 and 0.49) at three different depth of wing ratios (d/m 0.1, 0.2 and
0.3), and a normal torsion strip (TT). An experimental data showed up to 208 %,
and 190 % increased the transfer of heat rate for pipes equipped with (PTT) and
(TT) for Re = 5500 respectively, and the maximum TPF was 1.32 for tubes
fitted with (PTT).

(Bhuiya, Chowdhury, Saha, et al. 2013)[56] an experimental work was
presented to study the impact of twisted punched strips at four various porosities
(Rp) on transfer of heat,drop in pressure and performance ratio (TPF). The
experiments were conducted with RP = 1.6, 4.5, 8.9, and 14.7 % perforated
twisted tapes for turbulance regime for Re in 7000 to 50000 utilized air as the
working fluid for stable flux of thermal. The empirical data showed that the
thermal transfer, as well as the pipe friction factor fitted with perforated
convolute strips, were larger than of plain tube. The tube equipped with
perforated twisted tubes had a number of Nusselt, a factor of friction, and a heat
performancen ratio of 110 % to 340 %, from 110 % to 360 % and from 28 % to

59 % over a plain tube respectively.

(Nanan et al. 2014)[57] perforated helical twisted tape (H-PTT) was used in
experimental investigation research appear in fig. (2.16) to study the
performance of thermal and the pressure loss effect. The experiment was
conducted using (H-PTT) for three diverse diameter rates (dia /w) (0.22,
0.41and 0.59 for three various perforations pitch ratios (pitch / w) of 1.1 ,1.4
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and 2 to insertion, and fixed the helical pitch proportions (pitch /dia =2) and the
twist ratio (Y= 3) for the turbulent flow regime, the Re varies between 6000 and
20 000 under constant heat flux. The outcomes revealed that the insertion of
perforate torsion strips into the tube cause to reduction in pressure falling
compared to that of spiral strips, in addition to rise in transfer of heat, and
performance ratio of thermal at pitch /w increases for dia/ w decrease, the higher
TPF yielded by perforate spiral strip with dia /w = 0.21and pitch/w =2.1 was
found to 1.28 at Re = 6000.

(Skullong et al. 2016)[58] experimental research has been carried out to
characterize the thermohydraulic activity of a annular pipe provided with
staggered-winglet perforated strips (wpt) shown in fig. (2.17) for stablethermal
flow and the number of Reynolds range Re= 4100 to 26000 for turbulent flow
regime. The gole of utilize the (wpt) was for generate a linear eddies flow for
increase disturbance of the boundary layer near the wall of pipe and to achieve a
efficient blending of fluids. The tube under test fitted with (wpt) has angle of
wing of 30 ° at three wing pitch proportions (pr = 0.5, 1.1 and 1.6) for five
separate wing blocking rates (br = 0.11, 0.13, 0.22, 0.24 and 0.31). The test dats
revealed an increase in the(Nu) number of Nusselt, friction impact, and TPF in
pipe fitted with (wpt) for reduction of pr and br the best performance ratio was
found to yield 1.75 in tubes fitted with WPT has br = 0.14, pr = 1.1with number
of Rynolds Re = 4180 comparsion with normal non-punched staggered-winglet
(WTT) tapes.

33



CHAPTER TWO LITERATURE SURVEY

Fig. 2.15: Punched convolute strip with wings in parallel array (PTT)[55].
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Fig. 2.16:Perforate-helical twisted tapes(P-HTT) [57].

2.11Effect of winglet twisted tape

Experimental research was undertaken by (S Eiamsa-ard et al. 2010a)[59]
to detect the influence on thermal flow, pressure drop, and the performance
ratio of winglet convolute strips put in to the pipe. An experiment was
performed using two types of twisted winglet tape: incline-triangle convolute
wings strips with upright-triangle twisted wings strips shown in fig. (2.18) for
three diverse twist proportions (y=3.0 ,4.0 and 5.0) at three diverse cut rates of
wing depth (dr = dia / w =0.12, 0.23 and 0.34), for turbulent flow and uniform
heat flux, water utilized as test fluid with number of Reynolds range of 3000 to
27000. Theresults of the experiment reveal the number of Nusselt(Nu), effect of
friction and performance ratio (TPF) rised for increment the depth of wing cut
ratio (dr) and decrease twist tape rate (), also the incline-triangle wings strip
more efficient than upright- triangle strips wings was indicated to enhance the

thermal flow. The Nusselt number, the performance ratio and the drop of
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pressure in tube fitted with incline-traingle strip were found 1.02-1.7, 1.04—
1.13 and 1.08-1.87 times over the normal convolute tapes. (S Eiamsa-ard et al.
2010b) [60] an empirical survey was achieved to characterize the
thermohydraulic activity in tubes equipped with convolute strips with wings at
center for alternate-pivots (WT-A) shown in fig. (2.19), the Reynolds number
from 5200 < Re < 22000. The experiment used four types of convolute strips at
constant twiste ratio (y / d=3) that involved: (1) the convolute strip for
alternating axes alone (T-A), (2) the convolute strip at wings alone(WT) also (3)
the normal convolute tapes (TT) to compare with (WT-A), the wings attached to
the centerline of tapes at three different attach Angles (p =43, 53 and74).

Results showed that the thermal flow rate, thermal performance ratio and
friction effect at tubes equipped with (WT-A) were largest than that in tubes
fitted with WT, T-A and plain tubes and the best thermal performance factor
was found 1.4 in a tube fitted with(WT-A) with attached angle (=74). The
notable efficiency of the(WT-A) over those of the other twisted tape because it
requires three combinations as in the below steps: (1) a normal eddy flow by
torsion tapes, (2)wings that exist as vortex generators and (3) a heavy
disturbance of streams due to alternative axes. (Wongcharee and Eiamsa-ard
2011)[61] an empirical search was carrid out to illustrate the effect on thermal
rate, drop of pressuer, and the efficiency ratio of convolute alternate-axis strips
with wings,at rectangle, triangle and trapezoid shaps. Twisted tape for three
various Wing shapes was used for the experiments; rectangle, trapezoid, and
triangle, for three diverse wings-tendon rates (dia/w) of 0.11, 0.21 and 0.32 at a
fixed torsion ratioof Y =4 for the angle § = 60 °.

The best TPF of 1.42 was yielded in tubes fitted with convolute strip include
alternate pivots and wings at trapezoid shap at dia/w= 0.3.The twisted strips

with twin wings in delta shap have an influence on thermal transfer and impac
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of friction indicated by (Taylor et al. 2015) [62] twisted tapes used in that
experiment contained three different twin-delta wing configurations: (1) the
twisted tapes with twin wings at delta shaps at invers the fluid flow (ttw-up, the
tips of wings forming at upstream of flow),(2) the convolute strips with twin
wings in delta shaps wings in a co-flow (ttw-down, the tips of wings forming at
downstream of flow) and(3) the twisted tapes with twin wings at delta shape in
opposite flow direction (ttw-o, the tipsof wings forming in opposite direction),
with three diverse angles of wing -strip of 62°,43°, and 21° and used water as
working fluid for turbulent flow regime (5000 < Re <15000) under constant
wall heat flux. The experiment indicated the (ttup) twisted tapes were more
effective to generate maximum heat rate.), the maximum TPF of 1.26 in a tube

with(wwt-up) with wing-tip angle 20°.

The numerical investigation study was carried out by (Lin et al. 2016)[63] to
show the effect twisted tapes with parallelogram winglet insert on friction factor
and heat transfer rate. The study was used parallelogram winglet as vortex
generators with four different attack angles a (a =27.2°, 21.5°, 17.62°, and
14.32°) and four diverse pivotal distances St (St = 0.85d, 1.1d, 1.1d and0.69) in
laminar flow and constant wall heat flux. From the simulation results, the
PWVGs(parallelogram winglet twisted tapes) can effectively enhance heat
transfer under the constant pumping power condition comparsion with smooth
pipe. The thermalflow rate rises with PWVGs for large attack angle a and small
St.
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Fig. 2.17: Staggered-winglet typical tapes [58].
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Font view

Fig. 2.18:Traingle-wing convolute strip (a) normal convolute strips (b) upright

tringle-wing torsion strips (c) incline triangle-wing convolute strips [59].
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convolute strips with wings at center for alternate-pivot, WT-A( B =53°)
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convolute strips with wines at center for alternate-pivot.WT-A(B=43°)

Fig. 2.19: Normal convolute strips (TT), convolute strips with delta wings at
center (WT), convolute strips at alternate pivots (T-A), convolute strips with

wings at center for alternate-pivot (WT-A)[60].

2.12 Effect of twisted tape with ribs

The effect of the twisted strips with 30 ° V-shaped ribs , as clear in fig.
(2.20) on transfer of thermal and drop of pressure carried out by(Tamna et al.
2016) [64], the experiment used convolute strips with ribs at V-shaped with four
varied blockage ratios (br = b/dia= 0.06,0.08,0.013) with fixed the pitch of rib
(pr =pitch/dia =1.8) and twist ratios = 4 at a rib angle of attacho=30 ° for
turbulent flow the number of Reynolds Re range from 5300 to 24,000 with
stable wall flux of heat . The experimental outcomes showed the the thermal flow
in term Nusselt number and drop of pressure in term parameter of friction

appears to increase for increment of number of Reynolds ( Re) and blockage
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ratios(pr) over the conventional convolute tape without ribs, the best The
thermal enhancement ratio for V-ribbed convolute strip is around 1.4 compared
to typical twisted tapes with br = 0.09. The experimental research was carried
out by the(Tarasevich et al. 2017) [65] An experimental work to investigat the
effect of convolute strips with ribs on thermal rate and behivor of friction inside
a annular pipe for two-phase fluid (air-to-water) flow, the experiment used
wounded wire twisted tape in twisting direction and in the opposite twisting
direction shown in fig. (2.21) at turbulance regime of flow,the number of
Reynolds(Re) range from 8000 to 80000. The experiment results showed that
thermal transfer, thermal efficiency ratio, and effect of friction in a tube
equipped with twisted tapes with ribs were increased over the typical twisted
tape, the best rate of heat rate produced in to tube with convolute tape with
wounded wire against twisting direction. Table (2.1) represents the summery for
an important twisted tapes that were applied to enhance the thermal flow and the

effect of friction .

Fig. 2.20: Convolute strips with 30° v-ribs [64]
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Twisted tapes with ribs in form wire wound in twisting @
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Fig. 2.21: Twisted tapewith ribs[65].

2.13 Scope of present work:

The objectives of this article is to investigate the effect on the thermal
performance dueto equipped the riser of solar collectoe by four types of
twisted aluminum tapes include curvature and straight  vortex generator
(CVGs&SVGs), and show that action on heat transfer in term of the Nusselt
number (Nu), pressure drop in term of friction factor (f), thermal performance

factor (TPF) and the efficiency (n) of a simple flat plate solar collector.

During the experiments ,investigate five cases of thermohydrulic bahaver for
risers of flat plate solar collector include insertion twisted tapes with curvature
vortex generator in front flow (TTFF)into riser(tubes) of collector, also twisted
tapes with curvature vortex generator in opposite flow (TTOF) and straight
vortex generator (TTS) and comparsion with typical twisted tapes and smooth
tube in close system forced flow with four flow rates(7,5,3 and 1.5) L/min for
laminar flow 300 < Re < 2000.
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Table- 2.1: The summary
Author | Workin Configuration of Type of Observation | Image
g fluid twisted tapes investigation
[37] Air Triple twisted tapes Experimental Re (5000-
with different twisted study 55000)
tapel.92, 2.88, 4.81, TPF
and 6.79. enhanced.
Compare to
the plain tube
was around
(1.10-1.44)
[46] Water Experimental Re(9000-
The center core rod of Study 24000)
wire coiled-coil with TPF was
Three different around 1.42
twisted ratios (0.23,
0.45 and 0.68
[60] Water Experimental Re(5000-
convolute strips with Study 25000)
wings at center at Th
three various attach performance
angles, (B =43°,53°, ratio of up to
and 74°) and 1.39 at
alternate-axes attache (B
=75°)
[20] Air Three different Experimental For
twisted tapes and Re(14,000&1 Clasic wisted ape
» Classic Computationa 0,000and
twisted tapes | Fluid 6000) ol
» Notched Dynamics TPF were
twisted tapes (CFD various as = ftery (0307
> Butterfly (1.28 - 1.62),
with (1-1.23) for
(0=90)twiste the butterfly
d tapes and jagged
twisted tapes
respectively
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n Configuratio
Author }/IVc_)rkmg n of twisted Type 9f . Observation Image
uid tapes investigation
Alternate axis | Computational Re(5000-20000) —
[21] CuO- twisted tapes Fluid With an increase of 7 4
Water with different Dynamics revolution angle ‘h
nanofluid revolution (CFD) Pressure drops 5 ”,,a""
angle (=0 — increased o\
1.57) Nusselt number (a Jy
enhanced /
Thermal \
performance
increased
entire - Experimental Re (6000-14000) (W WWWWWWWW
[24] Water longitude spril Study Nu decrease for the BT
screw twisted helical twist tapes | |22 AR A,
tapes for with subsequent 119 31
. . . . A A A A
diverse twist increase in spacer | [Ty
ratio ,and spril length, (f)forentire | | . . ™3 o
screw devices - longitude screw is | [T ‘ NI 4
higher than spril —
screw inserts with
various lengths of
spacer
[58] Air Staggered- Experimental
winglet Study Re from 4180 to
perforated 26,000
tapes (WPT) The performance
ratio in tube fitted
with (wpt) was
higher than the
Staggered- winglet
tapes without
punchs(wtt)
[65] Air&water | Twisted tapes | Experimental Re from(8000-
include Study 80000)
wrapping ribs Ribs installed
in the counter against twisting
direction of showed the highest
twist heat transfer rate
and hydraulic
efficiency until
[64] Air
convolute Experimental TT with ribs at <’
strips with v- work blockage ratio br 7 T
ribs for attach =0.09 produced the 2 L
angle 30° maximum thermal ?m
rate and higher
performance ratio
about 1.4
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Configuration of
twisted tapes

Type of
investigation

Observation

Image

a) Twisted tape insert
of increasing twist
ratio; (b) twists tape
insert of decreasing
twist ratio

Experimental
investigations

Re(100-10000)
Decreased twist
ratio lead to
Nusselt numbers
were found to be
2.46-5.73 and
1.28-4.03 times a
plain square duct

Tapered twisted tapes
with different taper
angle (6=
0.0°,0.3°,0.6°,0.9°

Experimental
investigations

Re(6000-20000)
TPF tended to
increase with 0
and decreasing

tape, twist ratio,

max. TPF 1.05 at
0 =0.9° and
twisted ratio 3.5

The twisted tapes are
of three different
twist ratios (3, 4 and
5) each with five
different widths (26-
full width, 22, 18, 14
and 10 mm

Experimental
investigations

Re range from
6000 to 13500
The improve of
thermal flow with
convolute strips
and comparsion
with smooth tube
changed from
35% t045% for
entire width and
32% to 37% in
minimize of width

CHAPTER TWO
Author | Working
fluid
[16] Water
[34] Air
[32] Air
[55] Water

Perforated twisted
tapes (PTT) with
three various punch
size ratios (dia/m
=0.12,0.29 and
0.49)

Experimental
investigations

The maximum
performance ratio
1.32yielded for
the PTT at dia/m
=0.12and d/m =
0.37 at Reynolds
number of 5500
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Chapter Three

Mathmatical Background

3.1 Introduction

Enhanced thermal flow at a heat exchange is vastly used at domestic and
industrial applications, becuae of the require for too integrated heat exchanges,
depress running costs, power savings and environmental benefits, the
application of twisted tape in various shapes and geometries is another popular
solution, and twisted tapes are widely utilized as thermal transfer improvement
instruments in heat exchangers, that simply aimed to mix the flow to control the
thermal layer growth also to increment the exchange of heat near surface of
tube (Yousif and Khudhair 2019)[4]. Using twisted tapes with vortex generators
(VGs) in a large variety from numbers of Reynolds may provide preferable
thermal efficiency for limited rise infalling in pressure comparesion with other
VGs, the regions of tangency between the convolute strip and the working fluid
Is wide for a conventional twisted tape, resulting in a significant drop in
pressure(Lin et al. 2016) [63].

Due to its abundance,power of solar as the most hopeful source of energy,
this power of solar can be transformed for usable power either by photovoltaic
cells as electric energy or by solar collectors and solar ponds as thermal energy.
One of the simplest and most commonly solar collectors is a solar collector of
type flate plate, the thermal flow and effect of friction in the solar collector's
riser pipe, equipped with modification of the convolute strips geometry raise due
to extra turbulence along with the twisted tapes induced swirl flow that would
increase the volumetric rate, it helps to increase the thermal rate between the
fluids which flows through the riser tubes and receiver sheet(Murugan et al.

2019)[22], the process industry is working actively to integrate enhanced heat
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Transfer rate in both heat exchanger and practically for the solar collector at the
same time each solar collector is a potential candidate for enhanced collector
efficiency resulting in enhanced heat transfer, initially, a solar collector was

designed to use plain (smooth) surfaces for heat transfer.

3.2 Twisted Tapes

Most swirl-flow mechanisms have been found to promote argumentation
about excess heat transfer, but a penalty is often imposed for the resulting raise
in drop of pressure. The increment in transfer of heat in tubes equipped with a
swirl-flow device is largely due to fluid disruption and mixing induced by the
secondary flow resulting from the swirl fluid motion, in the case of twisted tape
inserts, apart from their longitudinal vortex-generating features, tape thickness,
the direction of helical flow and surface finishing effects often affect the
thermal-hydraulic efficiency, perhaps the most attractive characteristic of twisted
tapes is the relative ease with which a convolute strips schematic diagram within
a pipe It could be generated using fig. (3.1), the twisted tapes are knowed
geometrically via the strip thickness (6) also the torsionl order (twist ratio)
(Manglik and Bergles 2003)[14]. The twisted order () is specify as the pivotal
longitude represent pitch (p) for 180° which is twisted tape angle, over the tape
width (W), then the twist ratio is  Y=P/W.

Flwo direction =2

Fig. 3.1: Schematic of twisted tape inside a tube.
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3.3 Twisted tape with vortex generators

The ribs attached to the twisted tape shown in fig. (3.2) are used as a vortex
generator to help increase disruption of the thermal boundary layer to obtain a
thinner layer than typical twisted tape, also ribs on a tape facilitate the fluid
motion from the tape toward tube thermal transfer regions to achieve maximum

transfer of heat rate and higher thermal efficiency (Tarasevich et al. 2017)[65].

Fig. 3.2: Twisted tapes with vortex generators.

3.4 Transfer of heat and flowing of fluid into circular pipes

Turbulent regime commonly used in practice, in order to the
correspondingly maximum coefficient of thermal flow and because of the
complexity of turbulent flow theoretical treatment as long as the most heat rate
parameter correlations and turbulent flow friction depend on experimental
studies, the effect of friction into empty annular tube at turbulence regime of
flow can be calculated either from first Petukhov (Petukhov 1970)[66].

f=(0.79InRe)~? (3.1)

or the friction factor calculated from the well-known Darcy-Weisbach equation

which calculates the pressure drop(Jf et al. 1992)[67]

AP = f L 2¥ 32)

4 2
And
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f=rm (3.3)

L
diZ

The following equation evaluates the Nusselt number from the common
correlation of coefficient for the transfer of heat by convection (h;), (K, ) and,

the internal riser tube diameter (d;)

Nu = 2idi (3.4)

3.5 Physical and thermal properties of working fluid (water)
The properties of water can be calculated from the following equations and

these equations can apply in the range (0°C < T,, < 100°C) (Azmi et al.
2012)[68]

Thermal conductivity

K,,=0-56112+0-00193T,—2-60152749¢ 5T’ —6-08803¢ 8T’ (3.5)
Density
p,,= 1000 x [1- aw—4” (3.6)

119000+1365xT,,—4xT,,

The Specific heat

Cpw = 4217.629 — 3.20888T;,,+0.09503T;, % — 0.00132T;,* + 9.415e 6T —
2.5479¢~8Tw? (3.7)
Viscosity

i, = 0.00169 — 4.25263¢ 5T + 4.9255¢ 7T’ — 2.0993504¢°Tw’  (3.8)
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3.6 The performance of a solar collector
At a steady-state, the energy balance indicated the distribution of solar
energy incidence description of the solar collator efficiency, the division of solar

power incidence to beneficial power gains, optical losses also heat losses.

The difference between solar irradiance incidence and optical losses
represents solar radiation, which is absorbed by the solar collator (S), thermal
losses in collectors at conductive form, infrared irradiance and convective,
exemplified by the coefficient of heat transfer U;, thermal losses equal the
product Uy, by the temperature difference of mean absorb plate temperatureT,,,
and ambient temperatureT, thus the term represents thermal energy, lose from
the collector is U, (T, — T,) per meter square of collector area A, therefore
The difference between the solar irradiance absorption and the losses of heat

represent the solar collector's useful energy or energy output in steady-state:

Useful energy Q,-A¢[S - U, (Tpym — T)], the predicament of that equation
of the mean temperature of the absorbtion plate T, is difficult to predict

because it related with three parameters, collector layout, fluid condition, and
solar irradiance incidences which create a problem for beneficial energy

equations.

The collector performance represents the solar collector output, which is
knowed as a proportion of the beneficial power gain from solar power incidence
over the same interval (John A. Duffie 2013)[69] :

= Jouat 3.9)

© Acf Grdt

And for stable condition-state, the collector efficiency becomes as

y = (3.10)

ITAC
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The provision of minimum cost energy is too important factor for
construction of a solar power device so that this design of an efficient collector
can be beneficial, less than is technically feasible if the expense reduction
significantly, including the expectation that the solar collector output will in any
event occur. Several simplifying assumptions will make the simple physical
condition the assumptions as follows model the condition in fig. (3.3) without

opacity:

Performance is steady conditions.
The structure is in parallel form and surface-plated.
The header cover areas are limited and small thus could be ignored.

The headers supply steady flow risers.

o~ WD e

Solar irradiance does not absorb by a cover which causes extra heat
losses.

6. In one dimension the heat flows through the cover.

7. Ignored the temperature decreases over the cover.

8. Glass covers are opaque for solar irradiance.

9. In one dimension, thermal flows through the bottom insulation.
10.Consider the sky like a black body at equivalent black body

temperature.
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Solar radiation

Reflection \/

— 2nd cover

4 1st cover

W Absorber plate]

27 e Y o e «f»/l/,'Z";’ /',7),//, 57
LA 4/, #insulati 94 155500, 7/1 7

on’/; 7

Fig. 3.3: Distribution of solar irradiance over solar collectors [69].

3.7 The gross coefficient of heat loss for flat plate collectorU,
Itemized analyses to solar collectors is a complex issue, and a

comparatively easy analyses can yield very accurate results, this outcomes

reveal significant factors, how they are related, and how they affect the

performance of the solar collector.

To clarify this fundamental concepts, a collector of liquid heat, as clear in
fig. (3.3) the following developments will be tested first, it is hoped that the
division of temperature in a construct solar collector will be understood, an area
between two tubes should be attached together with the plate to the tube area, in
which some of the solar energy absorbed by the plate, and in between the tubes
at halfway the temperature is larger than near the tubes, while the temperature
above the tubes is approximately uniform due to the pipe and metal of welding

relationship.

Power transported to the fluid heats the fluid, which causes a temperature
progress in the trend of flow, since the local temperature at every area of the
collector was governed by the generic temperature scale, having defined the
temperature distribution over the flat plate collector, revealing the idea of a

total loss coefficient U, for a solar collector is useful for mathematical
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simplification, consider the flat plate collector thermal network for the tow
covers that absorbtion energy S divided to heat losses through the upper and
back side and beneficial energy gain, simplifying calculation of the overall
coefficient of heat loss by converting the losses to the top thermal network, the
loss of thermal energy resulting from convective and irradiation within parallel
plates. In stable conditions, the transfer of thermal energy between the first

cover of T., temperature and the absorber plate T, is like any other two

neighboring covers, and is therefore equivalent to the power loss from the upper
parallel plates to the environments as showing in the fig. (3.3), loss of heat from
the upper is similar to the transfer of heat from the absorbtion plate to the first
glass(cover) (John A. Duffie 2013)[69] where :

O'(Tp4_Tcl4)

Qioss,top = hep—c1 (TP o TCl) + 1.1

8p &c1

(3.11)

The subscript(q;oss,op ) Symbolize the thermal losses from the upper of the
collector and term h.,_., represents the coefficient of thermal transfer by

convective between absorbtion plate and glassl (coverl), also radiation

between the plate at a temperature T, and cover 1(glassl), and between glass

land cover 2 (glass2) at temperatures T.; and T,., respectively and between

cover 2 and sky at a temperature T, as illustrated in follow:

The radiation heat transfer coefficient h,. express in the following equation [69]:

a(Ty +Tcl)(Tp2 _Tclz)

hr,p—cl = T 1 (3.12)

Where h,,,_., represent the radiation coefficient of thermal transfer between

the absorption plate and glassl (cover 1), then the thermal is lost from top of

collector to ambient for one glass cover can be expressed as follows:

Qioss,top — (hc,p—cl + hr,p—cl)(TP - Tcl) (3-13)
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Now the resistance R5 in fig. (3.4) which represent thermal resistance analysis

for a solar collectorcan express as:

Ry=—+ (3.14)

hT,p—Cl‘I'hC'p_Cl

In the same way, R, is the resistance between the covers (glassl and glass2)
given by

R, = : (3.15)

hC,Cl—C2+hT,C1—C2

The (R;) represent thermal loss of the top to ambient shown in the fig. (3.4),

where

Rj=——— (3.16)

hw+hr,c2—a

Where h,, and h,._, represent the convective thermal transfer loss
coefficient due to wind also irradiation thermal transfer loss coefficient from

top collector to ambient respectively where
h, =2.8+3.3V,,  (Ong,K.S.1995) [70] (3.17)

Where V;,, represent wind speed (m/sec) .
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T, o 7,
1/hes-a VA, c2-a % R,
Te2 ® 72
1/h,y Vh, cv.c2 3 R
T ® 7.,
V/h,, p-cr g Ry
i% : Qu S e Q)

T', J b 7,

1V/hy-u

- T Rs
T, 7,

(b)

Fig. 3.4: Thermal resistance network for a solar collector with tow covers [69].

In this two-cover solar apparatus, the upper loss parameter from the collector

plate to the surrounding is

U, = — (3.18)

R1+R,+R3

From the fig. (3.4) the resistances R, and R both represent the energy loss from
the bottom (U,) and edges( U,) of the solar collector to ambient. The bottom

loss coefficient U, can experiences in the following equation:

1
l]b ::EEI——I—— (:3.19 )
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Where the(t, ) ,( k,) Represent the thickness (m) and thermal conductivity
(W.K/m) of insulation at the back side within the collector, h.;_, represent the
coefficient of thermal lose by convective between the bottom of the collector

and the enviroment usually is equivalent to ( h,,).

In the same way the coefficient of thermal losses from the edges of the collector

U,.can be symbolize in the following equation [69]:

1

Ue = tb_|_—1 (320)

ke hce-a

Thus the coefficient of gross thermal losses U within solar collector represente
in the following correlation( Bagir .S. A. et al. 2019)[72]& ( Khwayyir. S. H. et
al. 2019)[73]:

U, =U,+U,+ U, (3.21)

The coefficient of heat transferby convective between the absorbetion plate and
cover (glassl) (hcp—c1) ,and between the covers (glass 1&glass2) (hcc1—c2)

evaluate from the following formula:

_k 1708 _1708(sin(1.88)"® Raxcos(B)\-0333 _
hc_ l (1 + 1'446[1 Raxcos(ﬁ’)][1 Raxcos(B) ]+[( 5830 )

1] (3.22)

Where (B) inclination angle of the collector, k is the thermal conductivity of air
between (plate-glass 1) and (glassl-glass2) the (Ra) represent the Rayleigh

number evaluated from the following equations:

9B pr(Tp—Te)L?
Ra(p_cl) = VZ L (323)
_9B pr(Te1—Tex)L?
Ra(cl—cz)_ v21 - (3-24)
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Where: (L) is the distance between (plate-G1) and (G1-G2) in meter(m), g-

gravity (m/sec?), v- viscosity of air (m?/sec), pr- Prandtl number of air and 5”

. .. , Ty +T, , Tc1+T,
volumetric coefficient where p* = 2—= and p'= <*—2and T, , T,y , T, are
2 2

plate, glass 1, and glass 2 temperature in°K.The properties of air in the gap
M and M

between(plate-glassl) and (glassl-glass2) taken at

respectively.

3.8 The internal convective coefficient of heat transfer for water
flow (h;) into riser pipe

Qu = Cy(T, — T;) = U4y (T,-Tp) (3.25)

The heat balance for solar collector riser tube where

do
1 _ n (d_l) 1

hoA,  2mxkyL — hid;

(3.26)

To compute the internal convective coefficient of heat transfer (h;) combined
eq (3.25) &eq (3.26) the Nusselt number Nu calculated from eq (3.27) (Murugan
et al. 2019)[22]&( Al-Shamkhi H. M. D. 2016)[71]

Where:
Nu = - (3.27)

3.9 The efficiency of collector and useful energy
The terms of the consumed energy within plate and losses of energy from
absorber represent the useful energy where can be calculated from (John A.
Duffie 2013) [69]:

Qu = ACFR [IT(Ta) - UL(Ti - Ta)] (328)
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The Heat removal factor is given by

AcF,UL
L

e (3.29)

mc
Fo — Mpw
R™ aUu
cYL

[1-e

And (F’) is efficiency of collector where:

T—— (3.30)

D+(w-D)F ' mDi hi

F'=

F is a factor representing the efficiency of straight fin in rectangular shape

expressed as:

__tanh[m(W-D)/2]

Y (3.31)
The calculation F in appendix (B)
Here, the parameter m is given by:
m= |-t (3.32)

Kpb

Where the 6 the thickness of absorber plate in m (6 = 0.00005m), K,, Thermal

conductivity of absorber plate.

The instantaneous collector efficiency relates the gross incident irradiation to

useful energy, where can be calculated from:

Ti—Ty

n; = Frl(ta) — U, ——1] (3.33)

IT

Transmittance-absorbent product (ta) =0.87(Murugan et al. 2019) [22]
calculated in the appendix(B).
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3.10 Thermal performance factor (performance ratio) (TPF)
Performance ratio for constant pumping is defined as in the following
equation (Sivashanmugam and Nagarajan 2007) [23]& ( Majeed. A, et al.
2020)[74]

(Nutwist/N )

Uplain

TPF = (3.34)

(ftWiSt/fplain)'\o.1666

Where the Nu,,,;s: 1S the Nusselt number within pipe fitted with convolute

strip, Ny, q;n Nusselt number in a plain tube, f;,;s, factor of friction in a tube

fitted with twisted tape, f,;4:nparameter of friction in empty pipe.

Also all above equations used in calculation  by( Shandal. J, et al.
2020)[75]to evaluated the efficiency of solar collector that used both air and

water used in solar collector as working fluid.
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Chapter Four

Experimental work

4.1 Introduction

In this chapter the description includes the information and details relating
to the experiment work and measuring devices used in the experiment, the
experimental system is designed to examine the influence of the different kinds
of twisted tapes inserted on the efficiency of flat plate collector and to
investigate the rate of heat transfer, drop of pressure also the performance ratio
(TPF) into pipes equipped with four types of twisted tapes and to compare them
with plain tubes, for laminar flow regime with the insertion of four kind of
convolute strips; typical twisted tape (TT), twisted tapes with curved ribs in
front of the flow (TTFF), curved ribs opposite of the flow (TTOF) and twisted
tape with straight ribs (TTS), also describe the manufacturing steps of the
twisted tapes and the experimental working method of the flat plate type
collector. The distilled water is the experiments fluid in the closing system, and

experimental work is carried out in the AL- Kefil district, Babel governorate.

The investigational work was performed in the this study of the following

cases:

1. The flat plate collector facing south has been installed with 45 °
according to the optimum tilit angle web site and same study in the
university of ALanbar faculat of engineering.

2. Riser tubes without twisted tape insertion with distilled water.

3. Riser tubes with typical twisted tapes (TT) insert.

4. Riser tubes with twisted tapes with curved ribs in front flow insert
(TTFF).
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5. Riser tube with twisted tapes with curved ribs opposite flow (TTOF)

insert.

6. Riser tube with twisted tapes with straight ribs (TTS) insert.

4.2 Experimental Test Rig Description

The experimental apparatus consists of the following parts:
a) Flat plate solar collector.
b) Four different types of twisted tapes.
c)  Water pump.
d)  Pipes.
e) Valves.
f) Measuring devices.

4.2.1 Specifications of Flat Plate type solar collector

The following steps illustrate the construct of solar collector as shown in the
figure (4.1), the first step is the preparation of the riser tubes which are the
copper tubes divided into four tubes of inside diameter 1.15cm and diameter of
outside 1.25cm with a length of 1.6 m fastened on the absorber plate by welding
in a parallel arrangement, the distance between the center line and the other is
100 mm, the lower and upper headers are copper tubes of the same inner and
outer diameter of risers connected by 12 inch screw net size to the risers. The
absorber plate was made of aluminum metal with a length of 160 cm and a
width of 40 cm and a matt black paint coating with absorption (0.92-0.98) to
increase the fraction of available solar power received by the plate and to
minimize the loss of long-wavelength radiation from the absorbing surface, the
absorber plate was mounted in a wooden box and separated from the bottom and

side by 4.5 cm and 2.5 cm glass wool insulation thickness respectively to
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minimize the conductive loss, Also to minimize convection leakage at upper side
for solar flat plate collector the box closed by two covers with 4 mm thick
ordinary window glass sheet due to glass has the high property of transmitting
around 90 percent of short-wave radiation incidence and preventing longwave
irradiance released from the receive plate to escape into the atmosphere, the
distance between the plate and the glassl is 4.5 cm while the distance between
the glasses is 2 cm, thickness of absorber plate was 0.5mm and the stand
manufactured from carbon steel for the purpose positioning and the solar

collector is tilted to the south-facing with 45°,
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Glass (1) ,Thic. =4mm,
20mm apart glass (2)

Wooden container
Upper header /

(1850%600%320) mm
di=11.5mm&
d,=12.5 mm Glass (2) ,Thic.

=4mm, 40mm apart
absorber plate

Aluminum
4 copper tubes(risers) absorber plate
(1600x450x0.5)m
di=11.5mm&d,=12.5 mm
. Glass wool ¢ ‘\é/‘ Lower header
! W
'\i/ Thic. 25 mm at sides & 45 di=11.5mm&d,=
mm at bottom 12.5 mm

Fig. 4.1: Flat plate solar collector.

4.2.2 Experimental setup of the system

The figures (4.2) and (4.3) respectively show the solar collector of flat
plate type and schematic diagram of experimental setups, the specification for
the collector is given in table (4.1), as solar irradiance incidence passes across a
cover of glass and hits particularly absorbent at black end receiver surface, the
plate absorbs a large part of solar energy and conversion solar power into
thermal power, thus heat is transferred to fluid tube conveying medium for use
or storage, the pump helps the working fluid circulate in a close system. The
performance of solar collectors in the district of AL- Kefel, Babil, has been
experimentally investigated at that location of ((latitude 32°,13", 27° N and
longitude 44°, 22°,36'E), the data are recorded under transient conditions and

with 45 °tilted to the south.
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Manometer
—

Temperature
sensors

Two, 8-channel
data loggers

Solar irradiance
meter

Fig. 4.2: The main parts of the flat plate solar collector and measurement
devices.
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Table- 4.1: The specification of flat plate solar collector

Component Dimension(mm) Remark
Collector
1850mm*600mm*320 mm
Absorber plate Material: black painted
1600mm*400mm*0.5mm )
Aluminum

The inner diameters is 11.5mm

,outer diameters is 12.5mm, _
Material: copper
Riser tubes length 1600mm

Number of tubes: four
The tube center to center

distance 100 mm

Inside and outside diameters Material: copper

Header pipes 11.5mm , odiameter 12.5mm , | Number of tubes: two

with length 400mm

Bottom

_ _ 450m m thickness Material: glass wool
insulation

Edges insulation | 250m m thick Material: glass wool
Tilt angle 45°
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Manometer

. Outlet
>

Fig. 4.3: Schematic of test rig construction and the measurement devices.

4.2.3 Twisted tapes geometrical configuration and dimension

Four different convolute strips inserts for twist order Y=2, which there are
a typical twisted tape and ribbed twisted tapes were used as illustrated in the
figures (4.4) and (4.5 ) and during the experimental study of change the rib
geometric shape through insertion different twisted tapes. This tape was

manufactured from Aluminum material strips with the following dimensions:

1. The twisted tape has tape width (w=11.5mm), thickness (t=1mm), length
(L =1600mm), and twist ratio Y=2 at which the twist ratio is defined as
the pitch length of twisted tape (P) to the tube inner diameter (di). Pitch is
defined as the distance, length of one twist in the twisted tape for rotation
angle 180° where Y =P/ D.
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2. Twisted tapes with vortex generator as curvature aluminum rib attached to
tapes by solder welding the rib dimensions are thicker =1mm and high =
2mm) the curve ribs attached to a twisted tube in front of the flow
(TTFF).

3. Twisted tapes with curved ribs (the curved ribs opposite)(TTOF).

4. Twisted tapes with straight ribs (TTS).

The rib attaches to twist tape working as vortex generator in the region

between and tube wall and the edge of the tape.

Fig. 4.4: Four different twisted tapes (TT, TTFF, TTOF, and TTS)
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(a). twisted tapes with curvature vortex generators(VG) front flow (TTFF)

FLOW : Curvature vortex generator in front floe ( hight =2 mm &

thickness = 1mm)

(b). twisted tapes with curvatuer vortex generators (CVG) opposite flow (TTOF)

FI.OW Curvatuer vortex generator (VG) opposite flow, with 2 mm hight

and 1mm thickness

£'2 s .\“

Straight vortex generators (SVG) with 2mm hight and 1mm
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(d). typical twisted tapes

FLOW

(e). Dimensions of vortex generato Thickness Tmm

o

Fig. 4.5: Types of twisted tapes and dimensions of vortex generators.

4.2.4 Water pump

The centrifugal pump powered by an electric motor was used to rotate the
water via the experimental test device. The specifications of the water pump
illustrate in table (4.2).

4.2.5 Pipes
Plastic12.5mm( 1/2 inch) tubes are utilized for joining all the main sections of
the test system, the pump with the storage tank and inlet collector and the outlet

collector storage tank.
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Table- 4.2: the specification of the centrifugal pump

Electrical data speed Q max Power
\% Hz |A
220 50 |1.8 2850r.p.m 30 L/min 0.370 KW

4.2.6 Valves

Two ball valves were used to regulate the volumetric flow rate of water in the

close system, one on the mainline between the pump and collector inlet and

other as a bypass between tank and pump.

4.2.7 The measuring devices

There is a variable parameter that has been measured during the experimental

test rig is listed below:

The devices were used to measure these variables are discussed in details in the

next section:

» Temperatuers of water at enterance and at exit

» Fallin of pressure within tubes.

> A volumetric flow rate of water.

» The surface absorber plate temperature.

> Incidence of Solar irradiance.

» Wind speed.

» Ambient temperature.

1. 8-channel temperature data loggers V2 module HC-02

The Device specification as follows:
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» Measuring 98mmx82mmx30mm

» Digital temperature sensors based on DS18B20 chip.

» Can be controlled from a PC via controlling commands.
> Easily connected to the Android device via Bluetooth.
» Power circuit from USP power supply.

That device used to display the measured temperature value for each of the 8
sensors connected as clear in fig. (4.6), the range of temperature to be evaluate
from 125 °C to - 55 °C with an error £ 0.5 ° C, two devices used for these

experiments
a. Temperature sensors

The numbers of temperature sensors were 16, The fig. (4.7) showing the
8- stainless steel waterproof sensors to monitor the temperature at diverse places
for test rig with dimension 6x50mm the sensor cable can be extended up 10

meters and connected to 8-channel data logger mentioned.
b. Digital thermometer

The fig(4.8) showing the digital thermometer model excel — 3208 and the
sensors used to measure the temperature, four sensors used with that device, the
range of temperature from -50 °C to 950 °C.

Positions of temperature sensors

The positions and distribution of sensor are shown in the fig (4.9) and fig

(4.10) were fixed as the following positions:

e Twelve sensors fixed on the absorber plate surface to measure the

temperature of the absorber plate.
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e Two sensors fixed in at enterance and exit of collector to evaluate

temperature of water at the inlet and outlet respectively.

e Two sensors fixed on the glass 1 cover the to measure surface

temperatures of glass.
e Two sensors fixed on the glass 2 to measure surface temperatures of glass.

e One sensor the ambient temperature and one to measure the tank
temperature.

2. Water volumetric flow meter

One flow meter with range (1 to 10 liter/minute) installed at the delivery
pipe of test rig to measure volumetric rate circulates into the system. producer
and scheme of calibration for water flow meter are shown in Appendix (A).Fig.

(4.11) shown the flow meter.

Fig. 4.6: 8-Channel data logger.
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Fig. 4.7: Eight temperature sensors.

Fig. 4.8: Digital thermometer.
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one sensor for
_ 2 Senseors on
ambient
glass (1)
2 senseors
on glass (2)
12 senseors
. on absorber
2 sensors in laie
inlet & outlet P
tubes
Z
\ra

Fig. 4.9: Positions and number of sensors.

2 sensors
2 sensors on glass 2
} on glass 1 :

v

Sensors
for
absorber
plate

Fig. 4.10: Number and positions of sensors.
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Fig. 4.11: Volumetric flow meter.

3. Pressure measurement

Manometer of range (from 5 mbar to 7000 mbar), Model PCE-917 shown
in the figure (4.12) uses to display the variation in pressure between the
enterance (pl) and exit of the collector (p2) through connected the tubes of

inlet and outlet respectively.
4. Solar irradiance meter

Protek model DM-301 shown in figure (4.13) used to measure solar
irradiance incidence, that device consists of the solar cell (solar panel) and an
ohmmeter to measure solar cell DC voltage in m installed at 200 m volt-2000 m
volt and converted to solar irradiance w / m? For, calibration of the device

shown in Appendix (A).
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5. Wind speed

To measure the wind speed used the website and weather conditions to

evaluate the speed wind instantaneously according to the location of the test rig.

4.3 Experimental procedure
The tests are conducted in five cases by using four different twisted tape

insertions furthermore the plain tube and use distilled water as the working fluid.
The following steps have been done for each case:

a. Fill an insulated tank with 20 liters of fresh distillate water for each
working day.

b. Prepare the measuring instruments to read and record data from the
experiments.

c. Operating the data logger to record the temperature reading and setting for
taking the data for every (10 minutesby data logger).

d. Operating the water pump and setting the flow meter on the wanted

e. Turn on the soler irradiance device and setting at range 2000 mvolte.
The experimental work was conducted for eight hours from 9:00 AM to
4:00 PM.
That procedure was repeated with the four flow rates (7,5,3andl1.5)
liter/minute for every five cases (plain tube and four different types of

twisted tapes).
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Fig. 4.12: Manometer

Fig. 4.13: solar radiation meter.
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Chapter Five

Results and Discussion

5.1 Introduction

This chapter discusses experimental results and provides detailed
explanation of them,the experimental work involves water flowing at four
volumetric flow rates (7,5,3 and 1,5 LPM) into the manufactured flat plate solar
collector., and evaluate the collector performance by inserting four types of
twisted tapes with curved front-flow vortex generator (TTFF), twisted tapes with
curved opposite-flow vortex generators (TTOF), twisted tapes with straight
vortex generators (TTS), and traditional twisted tapes (TT), the experiments
were performed during the period (January, February and March)/2020 to
compare the effect of using four different twisted tapes on thermohydraulic
activity of solar collector with different mass flow rates for water as the working
fluid, all experiments were performed at four working fluid mass flow rates
(0.11,0.0833,0.05 and 0.025) kg / sec for eight hours from (9:00AM to 4:00PM)
in Babal, Irag, with the temperatures, solar radiation, differential pressure, and
wind velocity registered every sixty minutes and three times for each volumetric

flow .

The experimental work involves the performance of collector of flat plate
type represented by transfer of heat (Nuseelt number) and effect of pressure
(factor of friction ) within solar collector tubes equipped with four different
twisted tapes and compared with smooth tube at four mass flow rates ,the
drinkable water used as test fluid at the laminar regime of flow for number of
Reynolds (Re) range from 400 to 2000.
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5.2 The solar irradiance results

The amounts of irradiation were measured from atmosphere at winter
months and for eight hours from 9:00 am to 4:00 pm as shown in figures (5.1) to
(5.3), it found that solar radiation was oscillating due to a few days containing
few clouds although the days of the experiments were chosen in a situation that
could be sunny days, besides, it found that in winter months the diffuse
components of solar radiation are more than beam components of solar radiation

due to the slope of the northern hemisphere 's rotation axis far from the sun.

Solar Irraadiance - Local Time(Hours)\
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Fig. 5.1: Solar radiation for(7,9,10)/1/2020.
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Fig. 5.2: Solar radiation for(13,14,15)/2/2020.
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Fig. 5.3:Solar radiation for(19,23,24)/3/2020.
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5.3 The results of temperature difference

The water temperature variance between the enterance and the exite
influenced by the rate of flow of the working fluid, figures (5.4) to (5.8) show
the water inlet -outlet temperature difference with four volumetric flow rates (7,
5, 3, and 1.5) L / min. The decrease in the flow rate has been found to increase
the water temperature variation between the exit and the entry, because of the
transfer of thermal from the pipe to the water, it is not instantaneous, but takes
more time and the duration in small flow rates is large, and the low volumetric
flow rate leads to low fluid velocity and therefore to the absorption of more solar
energy to increase the temperature. The maximum temperature difference was
(18.3 ° C) forl.5L / min, as illustrated in fig. (5.7), the temperature difference
increased to (11:00 AM) and decreased. The figures (5.4) to (5.8) indicate the
outlet and inlet temperature differences fortube fitted with (TTYS),
(TTFF),(TTOF), (TT) and the smooth pipe for volumetric rates from 7 LPM to
1.5LPM,the maximum temperature difference was (18.3 °© C,18.7 ° C,15.2 ° C
17 °© C and 14° C at (1.5 L / min) within pipe equipped with (TTS), (TTFF),
(TTOF),(TT) and for the empty pipe respectively.
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Temperature Differreance AT ° C
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Fig. 5.4: Temperature difference for typical twisted tapes(TT).
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Fig. 5.5: Temperature difference for (TTFF).

81



CHAPTER FIVE

RESULTS AND DISCUSSION

30 A 15LPM
28 ] v 3LPM A T°C - Time Local for TTOF
O 26 B 5LPM
OF' 24 ] 7 LPM
< 22
S 204
= V]
© 18
% 16 4 A
= 14 ]
o 14 A
12 -
21 A vV %
< 10 -
= ) v ‘
@ —
2 8 [ |
g 6. u [ |
S V =n | |
4] »u A ¥
2 ”
0 — T ' T T T T T T T T T % T * 1
9:00AM 10:00 11:0012:00PM13:00 14:00 15:00 16:00 -

Local Time (Hours)

Fig. 5.6: Temperature difference for (TTOF).
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Fig. 5.7: Temperature Difference for (TTS).
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Fig. 5.8: Temperature Difference for the plain tube.

5.4 The result of outlet temperature

Figures (5.9) to (5.12) show the effect of four different twisted tapes (TTFF),
(TTOF) and (TTS) at four volumetric flow rates (1.5,3,5 and 7 LPM) on the
riser tube outlet temperature (Tout°C). The figures (5.9) to (5.12) indicate the
maximum outlet temperature within pipe fitted with(TTFF) comparison with
other convolute strips and plain pipe. The maximum outlet temperature of the
tube equipped (TTFF) was 98 ° C for 1.5 L / min compared with typical twisted
tape alone and a smooth tube. The (TTFF) produced stronger and more efficient
eddies near the tube wall than other twisted tapes with vortex generators which
result in a higher outlet temperature than the other (TTOF, TTS) over typical
twisted tapes alone and plain tube. Besides the existence of vortex generators in
the front flow helps to increase the disturbance in boundary layer with increase
the transfer of heat via region adjacent with tube wall and fluid increasing the
outlet temperature in the tube fitted with (TTFF) (Taylor et al.2015)[62].
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Fig. 5.9: The outlet Temperature for 1.5 L/min.
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Fig. 5.10: The outlet Temperature for 3L/min.
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1004 | A Tout(TTFF)
1| M Tout(TTS)
%7 A Tout(TOFF)
1| @ Tout(TT)
80
o { | @ Tout(plain) A :
o 707 ‘ ‘ X &
2 60 A °* 3
& 60- N ] g
CIg.so— u ‘ PY o
- 40 A ¢ ®
E B
5 30+ & .
O 20 ‘
10
O T T T T T T T T T T 1
N Q Q N N N N
q.&v& '\90 & 11;90(2 \7"'0 \P"'Q N \5’9
A Local Time (Hours)

Fig. 5.11: The outlet Temperature for 5 L/min.

Outlet Temperature °C - Local time (Hours) for 7 LPM
05| [ A Tou(TTFF)
B Tout(TTS)
A Tout(TOFF)
O 904 Tout(TT)
@ Tout(plain)
£ 7 A 2 a
= [ |
5 A $ ¢
S 60+ A = ‘
£ ]
— 454 = ‘
5 ®
g 1 A © 4
®
15 4 A
A
0 — T 1 T T T T T T 1 — T T T 1
N N Q N N o o
Q“QQ?\ '&0 '\,\;.0 Q/QQQ &Q '\P;.Q '&Q '&'9
A Local time (Hours)

Fig. 5.12: The outlet Temperature for 7L/min.
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5.5 The thermal rate variation

At this part, the alteration of thermal flow represented by Nusselt number
(Nu) with Local Time also change of number of Nusselt and ratio of Nusselt
Nu(s)/Nu(p) aginst number of Reynolds (Re) is shown to reveal the impact of
diverse kinds of twisted tapes on transferd of heat in term Nusselt Number. The
figures (5.13) to (5.16) show the Nusselt Number alteration in pipe fitted with
four different convolute strips aginst local time, the maximum thermal rates
within pipe provided with curvature vortex generators in front flow twisted
tapes (TTFF) compared with twisted tape alone and plain tube at four flow rates
(7,5,3 and 1,5LPM).

The figures (5.17) and (5.18) show the disparity for both Number of
Nusselt (Nu) and Nuesselt Ratios versus Reynolds Number, the fig. (5.17)
shows that the (Nu) obtained from the tube fitted with (TTFF) tends to be larger
than that gained from the typical twisted strips (TT) and the plain pipe alone,
the Number of Nusselt in pipe equipped with (TTFF) enhanced to
31%,38.2%,40%, and 54.2% compared to the smooth pipe. Figure(5.18) depicts
the diversity of Nusselt number in pipes fitted with four various tapes Nu(s) to
Nusselt Number in plain tube Nu(p) as a ratio of Nu(s)/Nu(p) with Reynolds
Number Re, showing a slight increase in the Nu(s)/Nu(p) ratio with the
increment in Re. In pipe fitted with twisted strip with vortex generation, the
heat transfer rate was larger than the typical convolute strip alone and smooth
tube since the vortex in the twisted tape gives this help to the additional
disturbance produced by the typical swirl flow. This behavior directly increases
the rate of heat transfer over that provided by the eddy flow alone(S Eiamsa-ard
et al. 2010b).[60]. As result to exist these types of convolute strip with front-
flow vortex generator, the maximum Nusselt Number supplied in a tube fitted
with (TTFF) mixes the bulk flow very well with the additional action of vortex

generators in the laminar flow(Yousif and Khudhair 2019) [4].
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Fig. 5.13: The variation of Nusselt number versus local Time at 7L/min.
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Fig. 5.14: The variation of Nusselt number versus local Time at 5L/min.
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Fig. 5.15: The change of Nusselt Number against Local Time at 3L/min.
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Fig. 5.16: The change of Nusselt Number against local Time at1.5 L/min.
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Fig. 5.17: The change of Nusselt number against number of Reynods Re with
(smooth tube TT, TTFF, TTOF, and TTS).
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Fig. 5.18: Nusselt number ratio versus The Re with (TT, TTFF, TTOF, and
TTS).
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5.6 The Results of pressure drop

The factor of friction (f) represent the influence of four types of twisted
tape on the pressure drop (Ap) across a tube of solar collector equipped with (TT,
TTFF, TTOF, and TTS) was represented and comparesion with the plain tube
the employment of combined device insert lead to a effective augment in factor
of friction compare with the plain tube at decrease of Reynolds number Re, the
twisted tape insert enhances the effective area of the thermal transfer and
increases the friction between the fluid and the twisted tape also the tube wall
which causes more pressure drop at constant pumping ratio(Manglik and
Bergles 2003)[14]. The figures (5.19) to (5.22) illustrate the difference of
friction factor for local time to tube equipped with (TT, TTFF, TTOF, and TTS)
and compare with plain tube at four volumetric flow rates (7,5,3 and 1.5 LPM),
and the figures (5.23) and(5.24) represent the change of friction effect (f) and
friction factor ratio f(s) /f(plain) for Reynolds Number respectively.

The figures (5.19) to (5.22) showed the friction factor associated in a tube
equipped with (TTFF, TTOF, and TTS) and comparison with (TT) alone and
plain tube at four volumetric flow rates (7,5,3 and 1.5 L / min) for the local time
from 9:00 AM to 4:00 PM, the friction factor was higher across pipes fitted
with twisted strips with vortex generator comparsion with typical convolute strip
and plain tube, due to existing vortex generator causes additional pressure loss
across the tube. Figures (5.23) and (5.24) shown the variation of the friction
effect and the ratio of friction factor for the number of Reynolds respectively.
The effect of the convolute strip on the factor of friction shown in fig. (5.23),
the friction impact increases at decreases number of Reynods and the maximum
friction effect was created in the tube fitted with (TTFF, TTOF, and TTS)
compared to normal strip and smooth tube, the factor of friction (f) in a tube
fitted with a TTFF increase around 18%-30% above the plain tube. Fig. (5.24)

shown the ratio of f(s)/ f(plain) tend to decrease with increase Re.
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Fig. 5.19: The Factor of Friction change with Local Time at 7L /min.
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Fig. 5.20: The Factor of Friction variation for Local Time at 5 L/min.
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Fig. 5.21: The Friction Factor Variation Withe Local Time For 3L/min.
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Fig. 5.22: The Friction Factor Variation with Local Time For 1.5 L/min.
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Fig. 5.24: The friction factor ratio versus for Number of Reynolds to (TT, TTFF,
TTOF,and TTS)

93



CHAPTER FIVE RESULTS AND DISCUSSION

5.7 The factor of thermal performance (TPF)

The performance ratio (TPF) showing the practical advantage it is
obtained from equation (3.34), in which heat transfer rate and factor of friction
are simultaneously calculated within pipe with and without twisted tape at
constant pumping ratio. The figures (5.25) to (5.28) shows the performance ratio
to different twisted tapes variations for local time at four volumetric flow rates
(7.5,3 and 1.5 L / min) and the fig.(5.29) displays the variability of performance
ratio for tube fitted with four twisted tapes (TTS, TTFF, TTOF, and TT ) with

Reynolds number Re.

The figures (5.25) to (5.28) showed that the thermal performance factors
(TPF) for TTFF, TTOF, and TTS, they were greater than one and much higher
than normal twisted tape (TT). The figure(5.29) represents the change in TPF for
the number of Reynolds Re, the TPF for TTFF is higher than the other twisted
tapes with the same pumping power and due to additional fluid disturbance, the
maximum performance ratio was generated within pipe equipped with convolute
strip with vortex generators, which also indicates excellent mixing of fluids
leading to higher heat transfer rates than pressure loss, this discovers the feature
of convolute strip with vortex generators and comparsion with normal strip,
considerin power saving and vortex generators have a beneficial impact on the
efficiency of collector over a typical convolute strip alone. The maximum

performance ratio in pipe equipped with (TTFF) of 1.4.
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Fig. 5.25: Thermal Performance Factor with Local Time for 7 L/min.
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Fig. 5.26: Thermal Performance Factor with Local Time For 5 L/min.
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Fig. 5.27: Thermal Performance Factor with Local Time For 3LPM.
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Fig. 5.28: Thermal Performance Factor with Local Time for 1.5 L/min.
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Fig. 5.29: The Performance ratio (TPF) versus Number of Reynolds Re for TT,
TTFF, TTOF,and TTS

5.8 Collector efficiency

Figure(5.30) illustrated the influance of convolute strip incluid a vortex
generator on solar collector efficiency for the Reynolds number. The figure
showed maximum efficiency(n) in the riser tube fitted with (TTFF) for constant
pumping power and stable condition. This is the fact that the twisted profile of
the aluminum strip generates eddy motion and decrease the size of hydraulic,
which ensures the effective fluid blending, at the same time the presence of a
curvature vortex generator(CVG) in front flow in the twisted tapes improves the
time the fluid remains in the riser tubes which rises the heat flow. Hence the heat
transfer improvement is higher than the friction factor increasement lead to
maximum efficiency [22]. The maximum efficiency found 64.7% in a tube with
TTFF.
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Fig. 5.30: The efficiency of solar collector verse with Reynolds number Re
for(TT, TTFF, TTOF, TTS, and plain tube)
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Chapter Six

Conclusion and Recommendation

The research aimed to study the impact of four different twisted tapes
(TT, TTFF, TTOF, and TTS) on the performace of solar collectors with the
laminar flow regime (300 < Re < 2000) under stable conditions and constant
pumping power at different volumetric flow rates (7, 5, 3 and 1,5 L / min) and to
analyze the influence on heat rate and drop of pressure . Chapter abbreviated
the principal conclusion of this study, and suggestions for further research are

also mentioned.

6.1 The conclusion

The concluded study topics are as follows:

1. The maximum temperature difference achieved for solar collector fitted
with TTFF was 5.9 ° C, 8.3 ° C, 13.4 ° C and 18.3 ° C for volume flow
rates 7, 5, 3 and 1.5 LPM respectively.

2. The outlet temperature of the water increases within pipe equipped with
vortex generator twisted strip over because makes the vortex in the
twisted tape more disrupt the thermal layer. The maximum outlet
temperature reached in a TTFF tube was 75 ° C, 77.88 ° C, and 97.9 ° C,
from (7 L / min to 1.5 LPM) respectively.

3. The twisted tape generally increased the heat rate in term Nu and drob in
pressure in term friction factor due to fluid swirling that produces a
secondary flow and reduces hydraulic diameters. The TTFF increased the
heat transfer rate that improved to 31.4%, 38.1%, 39.9% and 54.3% at
(300 < R<2000) respectively.
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4. The extra pressure dropped and the friction factor increase around 18% -
30% with increment the Reynolds number.

5. The performance ratio (TPF) in the tube equipped with convolute strip
with vortex generators was larger than the typical twisted tape and plain
tube,the maximum TPF was 1.4 for tube fitted with TTFF.

6. The fact that the twisted tape induces swirl flow and decreases the
hydraulic diameter which ensures a best blending of the fluid.

7. The maximum efficiency was 64.7 % in the riser tube fitted with TTFF at

constant pump ratio and laminar flow regime ( 300 < Re <2000).

6.2 The recommendations

Following are the recommendations for future work:

1. Investigating the impact of twisted tape with vortex generator on the
efficiency of solar collectors using water and nanofluid as working fluids.

2. Investigating the influence of variation of curvature vortex
generator twisted tape geometric and design parameters of solar collectors
on the | performance ratio of system.

3. Studying the influence of vortex generator convolute strip on the thermal
performance of solar collectors under turbulent and laminar flow regimes
with water and nanofluid.

4. Investigating the effect of another type of vortex generators convolute
strips on the efficiency of the solar collector.

5. Comparison of the circular and other cross-sections of riser tubes (for
example, square and rectangular) to detedct the influance of convolute

curvature tape on the performance of solar collectors.
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APPENDIX (A)

Appendix (A)

A. The calibration of Instruments used in the experiments

A.1 Calibration of solar collector meter:

Figure (A.1) represents the solar irradiance meter calibration. In the faculty
of technical engineering / Najaf, the solar meter is calibrated with the solar
energy research station. The data were collected for every thirty minutes
between 9:00 AM and 3:00 PM.

600

500 4‘/‘

E 300 /

= /
200
yi=1.2208x-7.895

100 R*=0.9949

0 100 200 300 400 500
mVolt

Fig. A.1: calibration of solar radiation meter.

A.2 Flow rate meter calibrate method

The volumetric rate device is adjusted utilizing cylindrical graduated glass
vessels and stopwatch. The section below displays the calibration measures with
test results. The calibrator time weight method used to calibrate the volume

flow meter with a stopwatch and graduated glass vessel, The calibration is done

A-1
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by flowing the water through a flow meter at different flow rates and at the same
time measuring the flow time required by volume by the pail to fill the correct

amount of working fluid.

Samples of volume flow meter calibration

The reading of volumetric flow rate of flow rate meter =1 liter/min
Inspection no (1):

Monitoring time = for one minute

Water dischargh in graduate vessel = 0.97liter/min.
Inspection no (2):

Monitoring time = for one minute

Water dischargh in graduate vessel = 0.966 liter/min.
Inspection no (3):

Monitoring time = for one minute

Water dischargh in graduate vessel = 0.954liter/minute
Inspection no (4):

Monitoring time = for one minute

Water dischargh in graduate vessel = 0.994 liter/minute.

The average of volumetric flow rates

V=(Vi+Va+Vi+Vva4)/4=(0.994+0.954+0.966+0.97)/4= 0.971 liter/minuteThe error

of the volume flow meter = 1- 0.971 =0.029 liter/minute

1-0.029

% Error= X 100 = 2.9%
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A.3 Calibration of temperature sensors of 8- channel data logger

and 4K type thermocouples with digital thermometers:
The two sets of sensors (S1 — S8) °C, ( S9-S16) °C for two 8- channel

data loggers and four thermocouples(T1-T4) °C for digital thermometer are

calibrated by using a mercury thermometer. The calibration results were

recorded in the tables (A-1),(A-2) and (A-3).

Table A.1: calibration results of first 8- channels data logger with 8 sensors

Mercury
S Sl° | S2°c |S3°|S4°c|S5°c|S6°c|S7°Cc|S8°
- deeg. | deeg | deeg | deeg | deeg | deeg | deeg | deeg
20 204 | 204 | 20.3 | 19.8 | 19.7 | 20.3 | 204 | 196
25 255 | 254 | 246 | 247 | 254 | 253 | 254 | 24.7
30 304 | 30.3 | 305 | 29.7 | 304 | 30.3 | 304 | 29.6
35 354 | 354 | 353|354 | 346 | 354 | 35.2 | 34.7
40 40.3 | 40.2 | 40.2 | 40.2 | 39.9 | 39.8 | 40.2 | 40.3
45 452 | 454 | 447 | 446 | 452 | 452 | 453 | 44.9
50 50.3 | 504 | 49.6 | 49.7 | 50.1 | 50 | 50.3 | 50.2
55 554 | 553 | 546 | 55.1 | 55.3 | 54.6 | 55.2 | 55.3
60 60.3 | 604 | 60.3 | 60.1 | 59.7 | 60.2 | 60.2 | 60.2
65 645 | 654 | 645 | 645 | 655 | 64.6 | 64.8 | 64.6
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Table A.2: calibration results of second 8- channels data logger with 8 sensors

S15

Mercury S9 | S10|S11|S12|S13|S14| °oc | S16
Thermometer | °C °C °C °C °C °C °C
deeg deeg. | deeg. | deeg. | deeg. | deeg. | deeg. | deeg. | deeg.
20 204 | 194 | 204 | 19.8 | 204 | 19.7 | 20.3 | 19.8
25 248 | 254 | 254 | 25.3 | 254 | 24.7 | 25.3 | 25.3
30 30.4 | 305 | 30.3 | 29.7 | 30.3 | 29.8 | 29.6 | 30.4
35 355|353 | 35 | 346|353 | 34.7 | 349 | 34.7
40 404 | 403 | 40 | 39.7 | 39.6 | 404 | 39.8 | 39.8
45 454 | A5 | 447 | 446 | 454 | 448 | 454 | 453
50 50.3 | 50 | 50.4 | 49.6 | 49.8 | 50.1 | 50.3 | 50.2
55 55.3 | 552 | 55 | 54.6 | 54.7 | 554 | 55.3 | 54.6
60 604 | 60.3 | 60 | 604 | 59.7 | 59.8 | 60 | 60.4
65 643 | 65 | 64.7 | 647 | 648 | 645 | 65 | 64.4
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Table A.3: the calibration of 4 k- type

Mercury
Templ | Temp.2 | Temp.3 | Temp.4
Thermometer
°C °C °C °C
°C
25 25.9 26 26 26
30 31 29.2 31 31
35 36 35.6 36 36.3
40 41 40.9 41 41
45 441 46 46 46
50 49.2 51 51 51
55 54.1 54 56 56
60 60 61 61.2 59
65 64 64 64.1 66

The values of sixteen temperature sensors for two 8- channel data loggers
and four thermocouples are too close that they cannot be distinguished if plotted.

Correlating the values above(straight lines) calibration curves.

a. The correlation values of the first set sensors (S: to Sg) as follows:

Ts1=0.988xTsi(real)+0.78 ............ (A1)
Ts2=0.99xTsi(real)+0.3752 ............ (A.2)
Ts3=0.9886xTss(real)+0.4442 ...... (A.3)

Ts4=0.9993%xTsa(real)-0.0841 ............ (A.4)

Tss=1.0035xTss(real)-0.0794 .......... (A.5)
Tse=0.9851xTss(real)+0.6836 ......... (A.6)
Ts7—0.991xTs+(real)+0.6212 ......... (A7)
Tss=1.0064xTss(real)-0.263 .......... .(A.8)

Where: Ts(real)= measured values; Tsi...ss= correction values.
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b. The correlation values of the second set sensors (Se to Sie) as follows:

T$9=0.9918 x Tso(real) + 0.5703 ...... (A.9)
T5$10=1.0024 x Tsio(real) + 0.37 ......... (A.10)
Ts1:=0.9882 x Tsu(real) + 0.5897 ....... (A.11)
Ts512=0.999 x Tsiz(real) - 0.1588 ....... (A.12)
Ts513=0.983 x Tsus(real) + 0.7612 ........... (A.13)
T514=0.003 x Tsua(real) - 0.2388 ......... (A.14)
Ts15=1.0006 x Tsis(real) + 0.0642 .......... (A.15)
T516=0.9941x Tsis(real) + 0.2424 ........... (A.16)
C. The correlation values of thermocouples (T: to T4) as follows:
T1=0.946xTi(real)+2.4633 ........... (A.17)
To=0.978xTa(real)+1.8011 ......... (A.18)
T5=0.9767xTs(real)+1.8611 ......... (A.19)
T.=0.981xTa(real)+1.155 ............ (A.20)

A.4 Calibration differential pressure manometer:

To calibrate the differential pressure manometer using a differential pressure
gauge and a pneumatic system (air compressor), the calibration process carried
out by open both ports of differential pressure gauge and exposed to ambient to
obtain a zero needle position because no pressure is applied to both ports.
Connected the pneumatic hose on the high or positive side and generate the
required pressure and compare it with the manometer and record all details for 5
test points. The fig(A-2) represents the calibration of the differential pressure

manometer.
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Fig. A.2: calibration of differential pressure manometer
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Appendix (B)

B. Calculation of fin efficiency of straight configuration and the

Average Transmittance-Absorptance (ta) av

B.1 Calculating the efficiency (F) for rectangular shape and
straight fins [1]

The figure(B.1) represents the cross-section for solar collector of flat plate
type consider the temperature distribution between two tubes.

(@) .

] =
S 7 LT
Di
e————— (W—D)/2 ————>

H

— D

() LA

(c) UAX(Tx — Ta) SAx

,,,,,,,

Fig. B.1: temperature distribution between two tubes in flat plate solar collector.

Evaluated the energy of thermal transferred by conduction within area of
pipe per unit length by using Fourier low at the fin base can be expressed as

follow:

ar k&
Qpin = k0 | x=1= U—Z”[s U, (Ty- T)ltanh (mL)............. (B.1)
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The equation (B.1) represents the stored energy on only one part of the pipe
from both aspect the energy copilation equation becomes:

m(W-D)

tanh| 2 ]
45in=W-D)S-Up(Ty — Tl

O %)

From efficiency equation of straight fin

Arin=[W-D)] [F[S-UL(Tp-T)Il -oovoeeiiiieiieee e (B.3)

From eq (B.2)&(B.3) the efficiency (F) for straight fin with rectangular shap
given by:
_tanh[—m(wg_m]

T el RSO )

B.2 Calculate the Average Transmittance-Absorptance (ta) 4, [1]

In case the waves of solar irradiance beatings the roof of the diaphanous
sheet with an angle 6. that call incidence angle, therafter a portion of incidence
irrdiance is reflected and the residual is reflected to an angle 0. that call
reflection angle as shown in the figure (B.2).The angles 0: and 6: are related by
the Snell’s law where:

__ sin(61)
N sin(62)

Where n represents the ratio of reflection index for the tow media interface

forming, n = 1.526 for glasses.
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Incident beam Reflected beam

Medium 1

Medium 2

Transmitted beam

Fig. B.2: incidence and reflection angles for the irradiance beam from a medium
with refractive index nl to a medium with refractive index n2

Also, the incidence angle 6. can be evaluated from the following correlation

cost;= cos(9 - ) cosw coso+ sin( 9 - ) sino ..................(B.6)

Where 3 is The latitude of the city in degrees and the angle(w) of solar hour

calculated from the equation below:
@ =15(ST-12)  eoeee et e e e e e e e e (BL7)

The declination angle (5) evaluated from the equation below:

M +284

0 =23.45sin ( Py

360)... . oreeee oo nn (B.8)

M-represent the day number in the year

The parallel and perpendicular components of radiation for smooth surface

correlated in the following relationship were derived by Fresnel:

__sin*(6,-6,)
SIR(B, 48, T e e

e (B9)
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_ tan2(91—92)
tan2(91+92) 406 000 200 seu sue see ses sse ses sus see ses ses see

ell ceeeeennen(B10)

In similar the transmittance (t,) determined from an average of two

transmittance components as below (the subscript e refers to reflection losses ) :

_ (1-el) (1-el)
7=(05 X [+ igen] ) ceeet oo (B1)

The transmittance,7, can be computed from the following equation (the

subscript a refers to absorption losses):

—-KL

7, = elcos@) e (BL2)

Where K is coefficient of extinction that change between (4 m~! and 32m™1

)for low and high quality of glass respectively, L refer to thickness of cover
The transmittance for single glass the becomes :
T T Ty ceeeeeeee e et eee eee eee ettt eee eee ves vt e aee aee vvn e eenaeena (B 3)

The absorptance dependent angle from 0 ° to 80 ° can be calculated from the

equation(Beckman et al., 1977)

(&) = 1+2.0345% 10736, 1.99 x10736,2 +5.324x1076,
an

4.799%10780,% ... (BU14)
Where :
0. is the efficient angle of incidence in degrees.

a,is Absorptance at normal angle of incidence, that equals t0(0.96) for black

paint.
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The average transmittance- absorptance product (za) 4, can be obtained from:

(T@) 5= LOIT(=) @ covvvecvs e (B S)
(1) gp = 0.96(7) 5 e ettt et (BL16)
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Appendix(C)

C. Uncurtains analysis

In the present analysis, some of the sources of error which could be defined
as sources of uncertainty in estimating volumetric flow rates, temperatures and
drops in pressure and solar radiation which could lead to errors in the predicted

values:

1. Instability of electric power.
2. Uncertainty in temperature reading resulted from defects in
manufacturing in temperature reader devices and thermocouples.

3. Errors inflow measurements.

R. J. Moffat (Moffat.R.J1988)[76] based on the Kline and McClintock

method was used for calculating an inaccuracy of results.

Consideration the results(R) be a function of m independent variables:
S1, S2, Ss...Sm

R = R( S1,55,5s.....Sm) (C.1)

For small changes in variables, it is possible to express this relationship in

linear Form as:
OR = Rs1 8S1+Rs2 0S2+ Rs3 0Ss+ ... + RSm 0Sm (C.2)

The resulting uncertainty interval (e) may, therefore, be given as:

(%)Zz[(RS‘es_sf )2+(R32e5—522 )2+(R83es—f Pt H(Rsp =22 )]

m

(C.3)

Where : Rsy, = — (C.4)
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C.1 Friction factor derivation

24P

= (—)(—)
(—)(Reu >)

aéfp) =7 (o)

= 24P (B (-

sy =1 )@Y

a(fe) _“P ( )(Re3)

Take the amount of error on either side of the equation (C/1)

Af =55 AUPYY +Hzo- ALY + oo AWDY +H 55

= A(AP) =2 (B2) A(AP)

_2AP , pydd | A(AP)
L (Reuw) AP
_ ¢AP)
=1 AP
LA
a(L) L2)
ds | AL A(L
<—><M ) (8 =-f5
_of 2 AP
13 Adl Adl)
(—)(M ) ;f= 3f—;
_24P p,d
( )( )A(Re)

_ 24P , p,d? —2A(Re) A(Re)
=207 (Ludy (Z20E9y =g g

Hw’Re

5 )
C-2

(C/1)

(CI2)

o ARe)}** (CI3)

(Cl4)

(C/5)

(C/6)

(CIT)
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By replacing equations ( C /4) , (C/5) , (C/6) and (C/7) in equation (C/3), we
can get:

A(AP) A(L) A(dl) A(Re)

Af= W0+ FPP + B +H 2 fOCRDYI

= 1P Y PP PR P

Af =fl TSy {2+ {3“(“')}2+{ ey

e e G B e A e ¥ (c/8)

where AP directly evaluated from forced circulation or AP = (pmercyry-pw) 4h
where;

h is the difference between mercury and water columns in meter).

Pmercury 1S the density of mercury in kg/ms,

e (c/9

Rezptdiu and i = —d;*p,,
Thus Re = n;f (C/10)
200 ({20 r (2% pos (i)
C.2 Nusselt number derivation

Nu = th (C/12)

e e R o (C/13)
From equations (3.25)& (3.26)
hi = O (C/14)
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1

Ahi= — [{ L Aq}? +{ AT }2+{— AT +{ (_)) A(ln (Z_?))}ZJM

A;

Ah; oh;

5 0 ; 2 2 do 270.5
S I A AT G AT (e )) A (G) /7

1 Oh oh;

—_ |— —AT 2+_ _ATm T2
7 Bty A0 5 G AT 5 G ATl 5 (e
d,
A(n (;))}2]0-5
- 1 2 L " ﬂ)z ! "
UL T B A e
[{Tp—Tm} 21k ] [{Tp—Tm 21k ]
do
S R S WA 1) SR W S P
T q in() W’ ln(z‘_’)p q mn(g) N’
[{Tp—Tm T 2mky L] ' [{Tp—Tm 27k ]
A _ [{AQout}z +{ p}z_l_{ATm}z_l_{ ( i) }2]05 (C/15)

in(3)

C.3 collector efficiency derivation

collector efficiency is calculated from the ratio of output heat to input heat

for solar collector .

0 (“Z)
_ out _ Q out
n=( Qin ) (%)m

where the Qo represents the heat gained by the water from the inlet to
outlet. Thus Qo IS given by:

Qout = mx Cp>< (To 'Ti )

A 0 Qout . 0 Qout 9 Qou 5
(%5 dout= T A H{ IR AT H{ T AT
(S dou = {5 Y+ H Y (C/16)

Q
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Qin 1S the input heat evaluated from atmospheric temperature and inlet

temperature of water:

AQ — 1 aQin aQin aQin
(L) =5 [{ 22 AT H{52 ATa) {52 4Gy

AQ _ AT; o ATa A Gt 0.5
(% )= LGP HEGE Y HEE Y (C/17)
An an 0.5
T]_ __[{ Aan} {3Qou AQout}]
An 4Q i, A Qout 0.5

C.4 Uncertainty analysis for forced circulation condition:
The errors obtained in this experiment study care based on the least counts
and the accuracy of the devices used.Table(C.1) represents the errors in the

devices used in this experimental study.

Table C.1: The errors in the instruments used in experiments

S. parameter amount potential

No. inaccuracy
1 di 0.0115m 0.0008m
2 do 0.0125m 0.0008m
3 L 1.6m 0.001m
4 rh 0.025kg/sec 048 ec
5 10y 42°C 0.5°C
6 T; 35.6°C 0.5°C
7 T, 39.8°C 0.5°C
8 Tn 37.7°C 0.5°C
9 Ta 28.6°C 0.5°C
10 G 708W/m? 10W/m?
11 AP 65 mbar 0.05mbar

C.4.1 Friction factor evaluated

From eq.(C/11)
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0.00048 0.0008

A(R Ari Ad, :
e =[{— ¥+ {?}2]0.5 = Haes ¥ {gons ¥1%7 =7.21%

Re m

From eq.(C.9)

A(AP) _  0.05mbar

— —4
AP 65 mbar 7.69x10

From eq.(C.8)

Af —K A(AP) A@P) 2, {A(L) }2+{3A(d1) y2 4 [ 2ARe) ZA(Re) 12j0.5

0.001 3X0.0008
|

Af 2
— =[{7.69 X 10~ } +{ YT

12+ {2x0.0721}%]>° =0.253

C.4.2 The Nusselt number calculation
From the equation(C/16)

(T dour = {50 P2+ P H T PI = { Spgge ¥ Higos V2 H g VI
= 2.68%

From equations (C/14) and (C/15)

an(G)
()

— 1.039x10[{0.0268 }2 +{ 0.0119 32+ {0.0133 Y2+ {

Ah; AQout 2 AT, AT,, A
-1 = . [f2Xxout 4L P12 4 MmN 4 210.5
o A H{ TR R I

0.0883 }2]0.5
= 1382x10°¢

ANu

Nu‘H P+{ H“‘H P+{ —]"

=[{1.382x10 }2 + {0. 0695}2]*5= 6.95%

C.4.3 Efficiency calculation
From the equations (C/17) and (C/18)
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(L )= P HESPH

+{0.0141}%)%° = 2.64%

AGr

- Y2jes= [{0.0140}* +{0.0174 }*
T

A];] - [ {AQQ in }2 +{ AQQout }2]0.5 — [ 00264 }2 +{ 0. 0268 }2]0.5 =3. 76%
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Appendix(D)
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2. Publication of the resserch(STUDY THE EFFECT OF TWISTED
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