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Abstract
Numerical investigation on hydrothermal performance of a helical
annular turbulent flow in heat exchanger

TAWFEEQ NAJI HUSSEIN

Master. Department of Aeronautics and Mechanical Engineering
Supervisor: Assist. Prof. Dr. Munir Elfarra
June, 2017, 95 Pages
Abstract

A hydrothermal performance of helical annular turbulent flow in a shell and tube
heat exchanger has been investigated numerically. The numerical investigation
involves a three dimension numerical solution of four models by a commercia
package ANSYS FLUENT 16.0. The boundary conditions of all models that solved
by the numerical solution was taken as a constant temperature and constant heat flux
for inner tube wall, while the outer wall of shell side was insolation. The first model
has a straight annular with air flow in annular regime, while the second model has a
straight annular with water flow in annular regime. The third model has a twist
annular with air flow in annular regime, while the fourth model has a twist annular
with water flow in annular regime. Different Reynolds number for the air and water
flow inside the annular regime of heat exchanger namely (500, 1000, 1500, 2000,
2500, 3000, 3500, 4000, 4500, 5000, 5500, and 6000) were used for each model. The
results indicated that the annular shape has significant effects on the hydrothermal
performance; it found enchainment in all results of twist annular compared with the
results of the straight annular, which included increasing in temperature difference of
9.1% and 24.2%, outlet temperature of 3.2% and 5.8%, while the increasing in heat
flux, Nuselts number, and heat transfer coefficient of 11.2% and 31.3%, findly the
increasing in pressure drop of 29% and 29.2% for air and water flow respectively.
The results obtained from numerical solution presented the static temperature
contours and showed that the temperature distribution of twist annular is better than
straight annular. The present numerical results have been compared with the

available previous studied and give a good agreement.

Key words: straight, twist, annular, heat exchanger, turbulent flow, performance.



Ozet
SICAKLIK ESANJORU SARMAL YILLIK TURBULANSLI AKIMININ
HIDROTERMAL PERFORMANSI UZERINE NUMERIK ARASTIRMASI
Y Uiksek Lisans Tezi, Makine Muhendisligi Anabilim Dali
Tez Damsmant: Yrd. Dog. Dr. Munir El-Farra
2017, 95 sayfa

Ozet

Bir kabuk ve tlp sicaklik esanjorinin sarmal yillik akisi hidrotermal performans
nimerik olarak arastirllmistir.NUmerik arastirma; ticari bir paket program olan
ANSYS FLUENT 16.0 tarafindan gelistirilen dort modelin G¢ boyutlu nimerik
¢cOzUMUNU  kapsamaktadir.NUmerik ¢ozimleme ile ¢ozilen tim modellerin sinir
sartlart sireklik bir sicaklik veic¢ tip duvarin 1si akisi olarak alinirken kabuk tarafinin
chs duvart giinese maruz birakilmustir.ilk modelin yillik rejim tizerinde diizenli yillik
hava akimi varken,ikinci modelin yillik regjimde yillik dizenli su akimu
bulunmaktadir.Ugtincii modelin yillik rejim (izerinde yillik egri bir hava akim
varken dordinci  modelin yillik rgim Gzerinde yilhik egri su akim
mevcuttur.Sicaklik esanjord yillik rglimindeki hava ve su akiminin her bir model icin
kullanilan farkli Reynolds sayilar: su sekildedir(500, 1000, 1500, 2000, 2500, 3000,
3500, 4000, 4500, 5000, 5500, ve 6000)Sonuglar yillik seklin hidrotermal
performans Uzerinde 6nemli etkilerinin oldugunu gostermistir; yillik dizenli reglimle
karsilastirildiginda yillik egri regfimin tim sonuclarinda zincir bulunmustur.Sicaklik
farkliliginda 9.1% ve 24.2% oramnda artis,¢ikis sicakliginda 3.2 % ve 5.8 oraninda
artis gozlenirken,ist akisinda,nusselt sayisinda ve sicaklik transfer katsayisinda
11.2% ve 31.3% oraminda artis belirlenirken sonug olarak hava akimi basing dismesi
ve su akimi basing dismesi sirasiyla 29% ve 29.2% oranindadir.NUmerik ¢cézimden
elde edilen sonuglar statik sicaklik kontorlarim ortaya koymus, yillik egri  rejim
sicaklik dagiliminin yillik dizenli rgfimden daha iyi oldugunu gostermistir.Suanki
nimerik sonuclar mevcut 6nceki calismalarla karsilastirilmis,iyi bir uyum ortaya

koymustur.

Anahtar kelimeler: dizenli,egri,yillik,sicaklik esanjord,tirbilanslt akim,performans
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Chapter one

| ntroduction

1.1 Background

Heat exchangers can be defined as the devices which can be utilized to transfer
the heat energy between two fluids that are directly connected or may flow discretely
between two channels or tubes. Heat exchangers are presented a one of the mostly
equipments that are used for industrial processes and also used for transferring heat
energy between two streams of process. Heat exchangers can be used in any process
that includes heating, boiling, evaporation, cooling or condensation. In general,
before the beginning of the process or under go to the phase change, process fluids
are heated or cooled. According to the type of application, different heat exchangers
are nominated. Therefore, the heat exchangers that are normally used for condensing
are recognized as condensers, likewise the heat exchangers which are normally used
for boiling am are named boilers. The heat exchangers effectiveness and
performance are deliberated by the heat transferred quantity by means of minimum
area of the heat transferred and the pressure drop. The superior performance of its
effectiveness is completed by computing the overal measurement of the heat
transferred. The area that is necessary for a convinced heat transfer quantity and
pressure drop offers a knowledge about requirements of power operating cost and the
capital cost of the heat exchanger. A good heat exchanger design is obtained when
the area is as least as possible area and pressure drop is minimum to achieve the
requirements of heat transfer [1]. In the other words heat exchanger is a device which
isused in order to transfer the thermal energy (enthalpy) between solid surface and a
fluid, between a more fluids and between solid particulates and a fluid that at
different temperatures and in the thermal contact, generally without interactions of
external heat and work. The fluids may take different shapes where it is possible to
be a single compound or mixture. Characteristic applications include concern fluid
stream heating or cooling, multi compounds or single fluid stream processes of
condensation or evaporation and heat rejection or heat loss from the system. In more
applications, the objective can be for sterilize, concentrate, distill, fractionate,
crystallize, pasteurize and regulator fluids of process.

1



In many heat exchangers, the working fluids which exchange the hesat are in the
direct contact. However, in the other heat exchangers, the heat transfer between
working fluids take place throughout the wall of separation. Moreover, out and into
of the wall in a passing means. In the most heat exchangers, the working fluids can
be separated by the surface of heat transfer, and preferably they do not mix. These
exchangers are mentioned to the direct transfer kind or the ssimply recuperates.
Alternatively, the exchangers with an intermittent heat exchange between the cold
and hot fluids through thermal storage of energy and reection through the exchanger
surface or the matrix are called as the storage type, indirect transfer type or smply
regenerators. [2].

1.2 Heat Exchanger Classification
There are many configurations which through the heat exchangers can be
obtained. The heat exchangers can be divided depending on their application,

process of fluid flow and mode of heat transfer as follows[3]:

1.2.1 Accordingto the heat transfer process
They include the following types:

Direct contact type Heat exchangers are known as the heat exchanger
where the two operating fluids are mixed directly with each other in
order to transfer the heat between two operating fluids. This type of
exchangers gives high efficiency compared with another types of heat

exchangers.

Recuperate type or Transfer type heat exchanger where the two fluids
are concurrently flow throughout two tubes which are detached by the
walls.

Regenerator type heat exchanger where the cold and hot fluid flow in
aternative form on the same surface. Through the transference of the
hot fluid, the exchanger wall get heated and when the cold fluid flows
through it, this heat will be transferred from the wall of the heat
exchanger to the cold fluid. Therefore, the cold fluid temperature will
be increased. Blast furnace and pre-heaters for steam power plant are

the communal examples of this type of heat exchangers.

2



1.2.2 Accordingtothe Constructional Features
They include the following types:

Tubular heat exchangers are positioned concentric with together and two
operating fluids flow in two tubes which are detached by a wall. In general,
they can be used in most of the engineering applications.

Heat exchanger of tube and shell type which involve of shell and single or
great paralel tubes number. The heat transfer with take places when one of
fluid flows inside the tube and another flows outside of the tube inside the
shell of the exchanger. The surface area to volume of this type of hest
exchanger is so large. Baffles plates are delivered in order to improve the
turbulence and therefore, the ratio of heat transfer.

In order to enhance theratio of heat transfer, fins are delivered on the external
surface of the heat exchanger. They are used in generaly in type of gas to
liquid heat exchanger and fins are usually delivered in gas side. Also, they are
used in heat pumps, gas turbines airplanes, automobiles and in other
applications.

1.2.3 Accordingto the flow arrangement
They include the following types:

Type of paralel flow heat exchanger in which two working fluids flow
parallel together and thus, they are flowing in the same direction. As well as,
they are named as concurrent heat exchanger.

Counter flow heat exchanger in which two fluids flow in an opposed
direction.

Cross flow type heat exchanger in which two fluids flow vertical to each
other. This is additional separated in to mixed and unmixed flow type heat
exchanger [4].

1.3 Applicationsof Heat exchangers
In order to describe the heat exchangers applications, a comprehensive
investigation must be implemented to cover al of their features because they are
huge and varied applications in different fields. However, there are communal

application of the heat exchangers including in the home applications, mechanical



equipment industry and process industry. Currently, heat exchangers are used
generally in heating district systems. As well as, heat exchangers are set up in air
conditioners and refrigerators in order to condense or evaporate the working fluid.
Furthermore, they are used in treatment of milk for the sake of pasteurization. Table
1 explains the application of heat exchangersin detailsin different industries [5].

Other applications of heat exchangers are include process plants, nuclear plants,
power generation plants, food processing industries, heat recovery systems and in

cryogenic applications [4].

Table 1.1 Heat Exchanger Applicationsin Different Industries[5].

Industries Applications

Food and Milk Pasteurization, ovens, cooling Food processing and pre-
heating, juices and syrup pasteurization, cookers, beer cooling
and pasteurization, or chilling the final product to favorite
temperatures.

Beverages

Petroleum

Fluid interchanger cooling, Brine cooling, acid gas condenser,
crude oil heat treatment and crude oil pre-heating.

Hydro carbon | Recovery or removal of carbon dioxide, anmonia production,
Preheating of methanol, liquid hydrocarbon product cooling and

processing feed pre-heaters.

Polymer Polypropylene production and reactor jacket cooling for
polyvinyl chloride production.

Pharmaceutical | Water and steam purification and use cooling for point on Water
For Injection ring.

Automotive Painting, Pickling, Priming and Rinsing.

Power Oil coolers, energy recovery, cooling circuit, air conditioners and
heaters Radiators.

Marine Cooling of lubrication oil Systems of Marine cooling, Diesel fuel
pre-heating, Central cooling and Fresh water distiller.




In this study, we will investigate shell and tube heat exchanger.

1.4 Shell and tube heat exchanger

The shell and tube heat exchangers are the most communa types of heat
exchangers which are used in the industrial applications as shown in Figure (1.1).
There are a great number of tubes for shell and tube heat exchangers that may reach
to several hundred packed in the shell throughout their paralel axes of the shell.
When one working fluid flows outside tubes in the shell regime and another one
flows inside the tubes regime, the heat transfer occurs. Normally, baffles are placing
in the shell regime to make force in the shell side working fluid to flow stream
through the shell for enhancement heat transfer and preserve identical space among
the tubes. In spite of the extensive applications for shell and tube heat exchangers,
they are not appropriate to be used in the automotive and aircraft because of their big
size and weight. The tubes that existed in shell and tube heat exchanger are opened to
the large flow areas that named as headers in al of the shell ends of a shell where the
tubes side working fluid accumulated before the tubes entered the tubes and after the
tubes leaved them. Moreover, shell and tube heat exchangers are additional
categorized rendering to a number of the shell and tube permits complicated Heat
transfer balance for shell and single tube is shown in figure (1.2) [6].

Chatlet Inlet Baffles

Shell Tuhe
Chatlet Inlet

Figure 1.1 Shell and tube Counter-current Heat Exchanger Arrangement [6].
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Figure 1.2 Heat transfer balance for shell and single tube [6].

1.5 Objective of work

The main aims of thisinvestigation are:

1- Numericadly study the effect of the helica annular turbulent flow on the
hydrothermal performance of shell and tube heat exchanger.

2- A comparison of the hydrothermal performance between straight and helical

annular shell flow.



Chapter Two

Literature Review

2.1 Introduction

Annular flow geometries continue to be important in many engineering
applications. These include fuel assemblies, propulsion systems and heat exchangers
in atomic reactors. Many of these devices operate under conditions in which property
variations are expected to influence greatly the velocity and temperature
distributions. Many requirements have been dictated in order to develop the
components of the nuclear fuel. Practically, in most of the cases, the specifications of
different reactor require that the fuel assemblies designed to suit each case
separately. At this process, there is an important point that must be taken into
consideration which is the generated heat in the fuel must be transferred effectively
to the coolant. The coolant channel takes a basic form which is annular passage.
Therefore, it is essential to analyze the turbulent flow features in the annular passage
to realize the problems of heat transfer implicated in the design of nuclear fuel
element. Since coiled tube-in-tube heat exchangers deliver a big surface area per unit
volume, they are extensively used in HVAC applications. The process of designing
these exchangers needs a knowledge of heat transfer measurements for coiled
annular ducts and coiled circular tubes. Correlations for predicting heat transfer in
coiled circular tubes are available in the literature; however, few works has been
reported on coiled annular ducts.

CFD modeling is used in the prediction of turbulent flows with comparison
with experimental data for annular flows under variable property conditions.
Difficulties associated with accurately modeling the turbulent flows. Types of

researches that interested in annular turbulent flow are:
1- Plain annular flow researches.
2-Researchers used rotating tube or shell to ssimulate helical or swirl annular flow.

3-Researchers studied the effect of inserted helical soled wire or twisted tape in the

annular region on hydrothermal performance of flow.



2.2 Plain annular flow researches.

Barletta and Lazzari, (2005) [7], studied theoretically under the hypotheses
of paralel and fully developed flow the laminar mixed convection of a Newtonian
fluid in a vertica annular duct subjected to no axisymmetric thermal boundary
conditions as shown in figure 2.1. The Boussinesq approximation has been employed
and the viscous dissipation impact has been deliberated as insignificant. Fourier
series approach has been used to solve the equations of momentum and energy
balance. Furthermore, the element of Fanning friction and the dimensionless pressure
drop parameter have been specified. The field of dimensionless temperature while
the dimensionless velocity distribution, the factor of fanning friction or the
dimensionless pressure drop factor are influenced by the buoyancy effect. The
downward flow and upward flow of the threshold values have been evauated
analytically. The general solution has been applied for many of cases such that one
wall is kept isothermal and the other wall is half adiabatic and half exposed to a
uniform inward heat flux distributions. Particularly, the second example refers to an
annular duct with an internal isothermal wall and an external wall half adiabatic and
half heated with a uniform heat flux.

Figure 2.1 Section of the annular duct with prescribed thermal boundary conditions

[7].



Khalil et al., (2008) [8], studied analytically and numericaly the laminar
flow demeanor in concentric annulus with moving pulp in pipe as shown in figure
2.2. The analytical analysis was given as exact solution for steady one dimensiona
fully developed flow. The numerical model has been introduced to axisymmetric,
steady two-dimensional model, evolving and completely advanced flows. A
staggered grid was used for numerical model with using pressure adjustment method.
The analyses have been used in order to forecast the profile of developing velocity
and fully developed velocity, zero, and gradient of adverse pressure. At different
Reynolds numbers the thickness of the boundary layer, entrance length, and the
spreading of pressure alongside the moving core were obtained via presented model.
For laminar fully developed flow, numerical solutions were agreed with the

analytical exact solution.

Pipe
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Figure 2.2 Schematic lustration for long concentric moving core in pipe[8].

Han et al., (2009) [9], investigated experimentally the vertical upward
hydraulic transport of solid-liquid mixture of solid elements by non-Newtonian fluids
in narrow concentric annulus with rotating inside cylinder. The particles of solid
movement have been detected by clear acrylic pipe. Annular speed ranging from 0.4
to 1.2 m/s. Pressure drops and solid volumetric concentration were measured for

various flow rate, inclination angle, and rotational speed of inner cylinder.

Boersma and Breugem, (2011) [10], calculated the fully developed turbulent
flow in concentric slim annuli by using direct numerical simulation. The outer tube
diameter is greater than 10% of the inner tube diameter. The surface area of inner

tube was smaller than the outer pipe surface area. The extra stress on the flow that
9



generated from inner annulus small surface area was negligible. The flow patternsin
the inner annulus was different from floe pipe pattern and scaling properties was
raised. The velocity profile near the inner annulus was logarithmic. In direct
numerical simulation observed that there was no shift among the point of zero shear
stress and the ultimate axial velocity which was contrary to what had been mentioned
in the literatures.

Hong et al., (2011) [11], investigated numerically gaseous flows heat transfer
characteristics in concentric tubes of micro annular with heat flux which can be
positive or negative constant. The micro annular tubes of energy equations and
compressible momentum with dlip boundary conditions have been answered.
Arbitrary Lagrangian Eulerian method was the bases of numerical methodology. The
calculations have been implemented for two thermal cases; (a) the continuous heat
flow which at the internal wall whereas external wall was adiabatic, and (b) the
continuous heat flux at the external wall whereas the internal wall was adiabatic. The
radius of the external tube vary between 20 um to 150 pm with radius rates of 0.02,
0.05, 0.1, 0.25, and 0.5 and one hundred was the length rate to hydraulic diameter.
The outlet pressure is fixed at the ambient pressure of atmospheric. Figure 2.3
explains the temperatures of bulk and wall with positive and negative heat flux that
have been compared. The compressible Nusselt number dlip flux is varied from that
of incompressible flow. A correlation was proposed for prediction the properties of

heat transfer of gas dlip flow through the concentric micro annular tubes.

10
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Figure 2.3 Schematic diagram and boundary conditions[11].

Shaker, (2012) [12], studied numericaly the development of laminar flow
through the entry and troubled areas of annular circular pipes as was shown in figure
2.4. Both main and disturbed pipes were stationary and concentric. The non-uniform
developing flows arises at the concerned areas of annular concentric disturbed pipe
whereas, the uniform devel oping flow arises in the main pipe entrance area and at the
disturbed area of the inside disturbed pipe. Numerical solutions are obtained for
two-dimensiona problem for Reynolds number 25 to 375. The pressure drop and
velocity within the complete channel have been computed by auto FEA software.
The extreme velocity at the pipe centerline and hydrodynamic boundary layer have
been developed quicker for the lesser Reynolds number. Nevertheless, at the entire
studies, the flow field was same. The whole date of the current studies were in moral
agreement with Auto FEA software. In the centerline of the disturbed pipe, the axial
velocity is increasing until reach to the greatest point. The velocity outline in the
annulus concentric unit of troubled pipe is non-uniformly spread. Since the velocity
impact at the inlet annulus unit, the velocity that is close to the disturbed pipe is
greater than the velocity that is close to the main pipe. The flow ratio decrease close
the walls that because of the friction should be recompensed by a consistent increase
close the axis because ratio of the volume flow is constant. In the entry area the
greatest velocity decreased with increasing Reynolds number but the velocity close
the wall increased with increasing Reynolds number. The outlines of velocity in
completely developed was Reynolds number independent. The dimensionless
pressure in the inlet unit is one and increase with decreasing space in Z-direction

because of the friction. The dimensionless pressure increased quicker with the
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increasing of Reynolds number. The drop of pressure in the inside area is less than

the drop of pressure in annulus area.
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Figure 2.4 laminar, hydrodynamic boundary layer development in a concentric

circular pipe[12].

Nebuloni and Thome, (2012) [13], investigated numerically the model of
concerning annular film condensation in micro channels of various inner shapes
comprising nonuniform heat flux and wall conduction impact to answer the problem
of conjugate heat transfer. The three wall boundary conditions of external channel
was. a non-uniform wall heat flux, temperature of a uniform wall, and existing a
cooling single phase convective. Through the move from the mini channel to micro
channel, the scale was reduced and the axial conduction become important in profile
of founding wall temperature and heat transfer factor along the channel. It is found
that the annular condensation heat transfer factor is heavily depend on the
geometrical shape of the internal channel, characteristics of wall thermal, and the
heat flux spreading. It can be said at small percentage the capillary forces can
improve the total thermal performance expressively. The entire performance that
relies on high coupling between the inner and outer heat transfer with the channel
conduction properties has been recognized. For annular laminar film summarizing,
the factor of the heat transfer is improved when the supply of heat transfer
nonuniform. Despite that this causes strong spatial oscillations for the temperature of

the channel wall.
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Maudou et al., (2013) [14], studied experimentally the upward flow of
convective hate transfer in vertical , open-ended annular channels with a diameter
ratio of 0.61, an aspect ratio of 18:1. Also, at the same study they used both inner
surfaces heated consistently with mixed convection system and some overlay with
the forced convection system explained in figure 2.5. The eccentricities varieties
were from O (concentric annulus) to 0.9 (near contact) and three inlet bulk Reynolds
numbers which is amost equal to 1500, 2800, and 5700. The small eccentricity was
up to nearly 0.3 and had insignificant impact on the entire ratio of the heat transfer.
Nevertheless, more increasing eccentricity resulted in an important heat transfer
decrease. The ratio of average heat transfer for eccentricities higher than 0.7 was
lower up to 60% of that at concentric circumstances. The temperature of the wall in
the open channel area was much lower than the temperature in the narrow gap area.
The average Nusselt number increased weakly at faster ratio for concentric annuli,
with increasing Reynolds number up to 2800. The Dittus-Boelter correlation was
lower the concentric-case Nusselt number while the highly eccentric-case Nusselt

number was expressively lesser than that.
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Figure 2.5 Schematic diagram of the experimenta apparatus [14].

Yang et al., (2013) [15], studied experimentally the supercritical water heat
transfer in a vertical annular tube, 2 mm annular gap and an inner heater of 8mm
outside diameter, downward and upward flow at test pressures of 23 and 25 MPa,
mass fluxes of 700 and 1000 kg/m2.s, and heat fluxes of 2001000 kW/m? of Heat-

transfer properties were differences between the directions of two flow. The element
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heat transfer of increasing flow was greater than downward flow. Spacer at
downstream of the annuli, was effected strongly on heat transfer regardless of flow

direction.

Aly, (2014) [16], investigated numerically the flow of 3D turbulent and heat
transfer of twisted tube-in-tube heat exchangers as shown in figure 2.6. The heat
transfer and turbulent flow in the heat exchanger have been simulated by using the
realizable k-e model with improved wall treatment. The twist diameter ranging from
0.18 to 0.3 m while the flow ratios of tube and annulus from 2 to 4 and 10 to 20 LPM
respectively. At this investigation, it has been used the temperature reliant thermos
physical characteristics of water. Conjugate evaluating of heat transfer was used
from hot fluid in the inner-coiled tube in order to cold fluid in the annulus region.
The supreme significant design factors in coiled tube-in-tube heat exchangers are
annulus side flow rate, tube side flow rate, coil diameter, and flow configuration,

respectively.

Figure 2.6 Schematic diagram and coordinate system of the tube-in-tube heat
exchanger [16].

Kanaris et al., (2015) [17], performed direct numerical simulations of the
three-dimensional turbulent flow in an annular duct of unit eccentricity as shown in
figure 2.7. Three diameter ratios have been investigated, namely a= 0 (plain circular
pipe), a= 0.1395 and a= 0.2591, while the Reynolds number was kept constant at Re
= 14600. The diameter ratio impact on the drop of pressure and friction factor has
been shown. Also, clarify the effects of secondary mean motion, at small diameter

ratios, on the flow characteristics and vortex structures.
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Schematic represantation of flow configuration.

Figure 2.7 Schematic representation of flow configuration [17].

Kline and Tavoularis, (2016) [18], studied experimentaly as shown in
figure 2.8 the effect of eccentricity varying from O to 0.9 on forced convective heat
transfer for upward flows with Reynolds numbers Re=5450, 10,000 and 27,500 in
open-ended annular vertical channels the rate of diameter ratio is 0.61. The distance
to external rate of diameter is 18:1 and inner surfaces were heated consistently. The
eccentricity effect was not important at the minor peculiarities. Through the
extremely eccentric cases, the temperature of the wide annulus was lower than the
temperature in the narrow annulus. For Re>10,000, the average Nusselt number for
the concentric case was approximately four times greater than the value that have
been expected by the correlation of Dittus-Boelter. Through the comparison with
the concentric case, the inclusive heat transfer factor in greatly and temperately
eccentric annuli was concentrated by up to 80%. Mgor eccentricity presented great
azimuthal differences in the temperature of the local wall (the temperatures of higher
wall witnessed in the narrow gap) and heat transfer factor. For the whole
eccentricities, the average Nusselt number enlarged monotonically with growing the

Reynolds number.
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Figure 2.8 Diagram of the experimental apparatus [18].

Aly, (2016) [19], numerically studied the heat transfer behaviors and laminar
flow of nanofluids (CuO/water, Al203/water) flowing by the annular coiled tube as
shown in figure 2.9 with constant wall temperature boundary. The replications which
enclosed a nanoparticles volume concentrations of 1.0-6.0% and mass flow ratios
from 0.025 to 0.125 kg/s. The practical results pointed that the nanofluids has
enhanced the heat transfer. The factor of heat transfer and pressure drop with the
same Reynolds number have increased with the concentration increase of a particle
volumetric. The extreme heat transfer factor developments were 44.8% and 18.9%
for CuO/water and Al203/water, respectively. The loss of pressure was around seven
times for CuO/water nanofluid in association to water and seven times for CuO/water
nanofluid. Moreover, in comparison to water, nanofluids at concentrations up to 3%
delivered the same heat transfer quantity at minor propelling power.

Figure 2.9 Geometrical parameters and grid system of the annular coiled tube[19].

2.3 Researchesused rotating tube or shell to ssimulate helical or swirl annular
flow.
Leeet al., (2005) [20], investigated numerically the flowing of air upward in a
vertical annular pipe with arotating outside wall as shown in figure 2.10. The goa of

this simulation was the variations of linearization and property for high heat flux heat
16



transfer. The equations compressible filtered Navier- Stokes have been solved by
using the second-order precise finite volume approach. Turbulent kinetic energy
decrease has been recognized and the intensity of bursting decreased close the wall
of nonrotating. Stream wise velocity spreading variance because of the effect of
rotating outer wall. The axial velocity profiles near the rotating wall approached a
laminar profile, while turbulent velocity profiles were preserved close the
nonrotating wall. Since the turbulence enhanced near the stationary heated inner
wall, the Nusselt number was increased.

Isoflux BC (Inner Wall)
Adiabatic BC (Outer Wall)

Figure 2.10 The configuration for annular pipe flow with outer wall rotation[20].

José et al., (2008) [21], solved numerically convection-diffusion equation of
3D laminar flow in the eccentric helical annular heat exchanger where the externd
cylinder turns at a continuous velocity. Whereas the internal cylinder rotated in
opposite direction, as shown in figure 2.11. Rotation cylinders produced chaotic
advection in the eccentric, which that enhanced the thermal efficiency. When both
cylinders turn at constant velocity, largest thermal efficiency was obtained with
highly eccentric configurations. Highly thermal efficiency obtained with high
frequency range was more than obtained for steady boundary rotation where chaotic
advection can be stimulated efficiently.

17



Figure 2.11 Sketch of (a) Eccentric helical annular heat exchanger and (b) its cross-
sectional geometry[21].

Abou-Ziyan, (2016) [22], studied through the practical experiment the heat
transfer and pressure drop in concentric annular wide channel with internal finned
pipe or plain through the rotating and stationary conditions as shown in figure 2.12.
The experiments were conducted for three finned pipes and one plain pipe with
helical fin space of 75, 110 and 150 mm at rotating speeds of 0, 200, 250, 300, 350
and 400 rpm. The experiments has been covered the axia Reynolds number of
80700, 182000, and rotational Reynolds number of 0 and 1428 to 3008, relates to
Taylor number of 0 and from 1.22* 10”6 to 8.32* 10"6. Nusselt numbers and friction
factors were associated in terms of Ta, Re, Pr and fin geometrical factors. At Re =
1.5*1075, annular channel with internal pipe of helical fin space 75 mm that rotates
at 400 rpm enhanced Nu by a factor of 7.5 and pumping power increased by a
element of 7.6, associated to simple standing pipe.

18



Figure 2.12 A Schematic diagram of the experimental apparatus, (a) Layout of the
experimental apparatus, (b) Details of the inner rotating pipe showing the interrupted
helical fing[22].

24 Researchersstudied the effect of inserted helical soled wireor twisted tapein
theannular region on hydrother mal performance of flow.

Garimella et al., (1988) [23], explored through the practical experiment the
heat transfer of forced convection in coiled annular pipes and have been observed a
combination of the curvature effects, the wire insert and the annular cross section as
shown in figure 2.13. At this study, there are two annulus radius ratios and two
coiling diameters have been used. Laminar and transition flows average hesat transfer
coefficients were obtained where Augmentation in the laminar flow was higher than
in the transition regime. The heat transfer coefficients of annulus coiling were
beyond the values for a conventional annulus specifically in the laminar area and the
augmentation reductions where the flow arrives the transition area. The concentric
annulus with curvature and a twisted wire insert leads to heat transfer augmentation.
Transition set in around a Dean number = Re*((do-di)/D)*0.5) of 300-375. Dean
number was one of the governing factors for laminar flow heat transfer and the

importance of the coiling ratio (do-di)/D decreases in the transition region.
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Figure 2.13 Schematic of coil tube[23].

Gupte and Date, (1989) [24], measured experimentally friction and Nusselt
number data for helical flow in annuli that was generated via twisted tape as shown
in figure 2.14, for radius rates of 0.41 and 0.61 and twist ratios of o, 5.302, 5.038,
and 2.659. At the same Reynolds number depending on the hydraulic diameter, the
increases in drop of pressure and heat transfer factor over an empty annulus were
90% and 60%, respectively. Excellent analytical predictions depending on the
analogy that existed between heat and momentum transfer and on principle of
superposition of pressure drops for twist ratios « and 5.302 were found. The
measurements of pressure drop and heat transfer had agreed 15% with the well-

accepted correlations for noncircular ducts.
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Figure 2.14 Geometry of an annulus with helical tape[24].

Jawarneh ,(2007) [25], was simulated turbulent flow in a narrow concentric
annulus as shown in figure 2.15 and investigated forced convective heat transfer and
the characteristics of decaying swirling flows. Approach of finite volume was used to
answer numericaly the prevailing equivalences. Adiabatic wall at the external wall
and the temperature of uniform wall in the internal wall were considered as thermal
boundary conditions. Nusselt number and the axial and swirl velocity distributions
were obtained for different values of the Reynolds number and inlet swirl number.
The inlet swirl number has great influence on the heat transfer characteristic. The
heat transfer in developed flow region was enhanced as the inlet swirl number was
increased. Centrifugal forcesin the annulus lead to existence of secondary flows. The
axial velocity near the wall was increased as the inlet swirl number increases while
the axial velocity reduced at the mid annular to achieved the conservation of mass.
Increases in velocity near the wall, lead to higher heat transfer rate and larger
temperature gradient. Downstream of flow the swirl velocity profiles decay gradually
due to the friction that damped the tangential velocity.
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Figure 2.15 Swirling flow between concentric cylinderg 25].

Poskas, et al., (2011) [26], investigated experimentally the heat transfer from
the walls of convex and concave of air flow in the channels of rectangular helical as
shown in figure 2.16 with two-sided heating at Re = 1000 to 200000 and comparative
curvature D/h = 5-90 and comparative width b/h = 2-20. For two-sided heating Nu
numbers of concave and convex walls increased until 20% in compare with one-
sided heating. The average of heat transfer in the helical channels rises until 50% and
20% for laminar-vortex flow and turbulent flow in contrast with traditional flat
channel heat transfer.

End
surface

Copes

surface e

Figure 2.16 Geometry of rectangular cross section helical channel: (1) calorimetric

tube; (2) textolite worm insertion; (3) calorimetric foil and (4) thermocouples[26].

Genic et al., (2012) [27], investigated experimentally the measurements of
thermal performance for 3 heat exchangers with concentric helical coils as shown in
figure 2.17. The consideration was paid on element of shell-side heat transfer that is
intensely prejudiced by winding angle, axia pitch, radia pitch, etc. This study has
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discovered the following correlation Nu = 0.50 * (Re*0.55) * (Pr* 1/3) *
((N/Mw)"0.14) where Nu and Re are based on shell side hydraulic diameter. The
element of shell-side heat transfer must depend on shell side hydraulic diameter due

to that thisfactor consists shell side construction factors number.

Figure 2.17 Heat exchangers with concentric helical coilg[27].

Chen et al., (2015) [28], studied experimentally and numerically the flows of
swirling decaying and the pipe of annular as shown in figure 2.18. A series of work
has been done on studying the improvements of heat transfer by using passive
approaches. As well as, the fluid dynamics of swirling decaying flows which have
been created via axia vanes set in the concentric annular pipe. The simulation model
has been used for the heat transfer and fluid flow of swirling decaying flows in an
annular pipe. Predicted cooling curves had validated and had similar behavior with

experimental cooling curves.
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Figure (a) Physical model of arotating pipe[ 28]
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Figure 2.18(d) Physical model of inlet axial and radial swirlg[28].
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Mali et al., (2016) [29], studied experimentally the passive augmentation
technique named centrally hallow twisted tape in tubular heat exchanger as shown in
figure 2.19, for the improvements of heat transfer under laminar flow condition. At
the persistent wall heat flux boundary condition experimentation was done with
Reynolds number 600 to 1600 with step size 200. As centraly halow width
increased enhancement of heat transfer was increased and maximum enhancement
was happened when hollow width of 8 mm. Increasing of nanofluid concentration
lead to enhancement increased. Overall heat transfer enhancement of the centrally
hollow twisted tape was increased by 22.4% as was compared to conventional
twisted tape also the increased in friction factor was less as it compared to rise in
heat transfer.

I~ 11D

conventional twisted tape

M@

uinbateral tansted tape

cross hollow twisied tape

Figure 2.19 tube fitted with conventional, unilateral, and centrally hollow twisted
tape[29].

25 Summary of Previous Resear ches
Review of previous works showed two types of researches that studied the
effect of annular helical flow; one used inserts in the annular region in order to
generate the helical swirl flow and the second used rotate inner tube or shell or both

of them in order to produce helical swirl flow.

2.6 Originality
From all the literature survey that reviewed, no theoretica works are made
simulation model of inserted twisted tape in the annular space and solved the
turbulent helical annular flow numerically to predict the hydrothermal performance

with two type of boundaries conditions:
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Constant tube wall temperature with isothermal shell surface.

Isothermal tube wall surface with persistent heat flux on the shell

surface.

2.7 Scopeof the Work

In these listed points below, are summarized the scope of the work of thisthesis.
1- Review all recent related work (reports, documents, researches or theses).

2- Mode the problem with the suitable mathematicad model and assumptions,

defining the boundary conditions and auxiliary relations needed.
3- Solve the mathematical model in 2 numerically.
4- Develop a computer program to implement the discretized model in 2 and 3

5- ANSY Sfluent 16 is used to solve the model case study, while the mesh is done by
using Pointwise program. The case study is tube heat exchanger and Four meter
shell. Tube outside diameter is 19mm while the inner shell diameter is 39 mm. The
boundary condition of outer surface of tube is constant wall temperature while the
shell surface is isothermal. Water and air is the fluid that will be used in the annular
helical shell.

6- Represent and analyze the results for final conclusions.
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Chapter Three

Theoretical Model and Numerical Solution

3.1 Numerical Solution (Computational Fluid Dynamic)
This chapter presents the mathematical models for shell and tubes heat exchanger.
The present models involved the basic conservation principles of the mass,
momentum, and energy. This motivates to the necessity of developing the prevailing
equations for the heat transfer and fluid flow which are used to analyze the steady
state conditions.

Three-dimensional, turbulent flow with compressible and incompressible flow are
considered in this study to estimate the thermal performance and pressure drop for
fluids flow in the straight and twist annular region of heat exchanger for different

velocities of water and air in the straight and twist annular region.

ANSYS - Fluent version 16 is used to solve the models cases study, while the mesh
is done by using Pointwise program. Four meter long of shell and tube heat
exchanger is employed in this study. Tube outside diameter is 19mm while the inner
shell diameter is 39mm. The boundary condition of outer surface of tube is constant
wall temperature while the shell surface is adiabatic. Water and air is the fluid that
will be used in both straight and annular helical shell for the geometry models with
using a computer with Intel core | 7 processer at 1.7 GHz speed and Ram of 32 GB.

3.2 System Geometry
This present work includes models geometry of shell and tubes heat
exchangers as shown figure (3.1) and the specifications of present models are shown
in table (3.1).
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Table 3.1 Specification of Present models

Model tube Outlet tube Shell Shell Height
Name section diameter(mm) section dimensions (mm)
Shape Shape (mm)
Straight circular Do=19 Circular Di =39 4000
Twist circular Do=19 Circular Di =39 4000
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(b)

Figure 3.1 Geometries of present models. (a) straight annular model, (b) twist

annular mode|

3.3 Assumptions
The assumptions that considered for the present investigation are:

1. The models are simulated under steady state conditions.

2. The working fluids are air (compressible) and water (incompressible).

3. Three dimensional polar coordinates model is considered.

4. No heat Source.

5. Insulation outer wall of annular regime, that means no heat flux from outer walls.
6. Isothermal tube wall surface with the persistent heat flux on the annular surface.

3.4 Governing Equation
The equations that govern the heat transfer and fluid motion in the tube
and shell that Cylindrical-polar coordinates (r—/-z) are:
29



3.4.1 Continuity, momentum and energy equations.

Continuity Equation
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3.4.2 Reynolds-Averaged Navier-Stokes (RANS)

RANS equations in tensor notation are shown by (the over bar on the mean
velocity is released).

L (3.6)

1t 1x,
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By time-averaging the instantaneous Navier-Stokes equation, additiona terms
perform that represents the influence of turbulence. These are the Reynolds stresses,

rute .

3.4.3 Two Equations Turbulence Models

The turbulence model contains two equations which used for solving the two
transport equations and symbolize the turbulent characteristics and get the eddy
viscosity. This permits the models in order to account the impacts of specia history
such as the turbulent energy diffusion and convection. The variables of transport
consists of two variables which are the turbulent kinetic energy k and the specific
dissipation ¢ for k-¢ model. The first variable of transport defines the turbulence
energy whereas the second variable defines the turbulence scale. it is defined as:
Rajesh 2013 [36].

Blpk) , 8 4By 3 L T I S
?-ng(pﬂjkj = E[(H*‘:)g}] TP, —ps + Py (3.8)

Where C;1=1.44, C=1.92 and oy =1

And Py, and P, represent the effect of the buoyancy forces. Py is the turbulence

construction due to viscous forces, that model ed by:

P, ﬁr(au_l_ )x_‘au

The K-¢ model take up that the viscosity of turbulenceis related to the kinetic energy
of turbulence and dissipation through the relation. Rajesh 2013 [36]:

pe =Cop— L (3.11)

Where C, =0.09
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35 Mesh Generation
3.5.1 ThreeDimensional Mesh Generation

The structured and unstructured volume meshing includes two types of methods. The
integral form of governing equations is discredited using finite-volume. A structured
grid was used in the present work for all models, the wall thickness it not considered
for the outer shell. The generation mesh for the present models is shown in figures
(3.2) and (3.3).

%{ﬁ;

Figure 3.2 Mesh generation of straight annular model
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Figure 3.3 Mesh generation of twist annular model
3.5.2 Mesh Dependency

In order to determine if the solution is determined by the grid independent or no, can
be determined by creating a grid with more cells and compare the solutions model.
The tests of grid refinement for the temperature of average static on hot surface
specified that the grid size of nearly (131822 cell) for the straight annular model and
(123511 cdll). The straight model is validated against experimental results in chapter
4. For the twist case, no experimental results are available at the current time so mesh
dependency test is carried out asin table (3.2).

Table 3.2 Mesh dependency study for Twist at Re=5000.

Mesh type Number of nodes Nu
Coarse mesh 50114 105.42
M edium mesh 85486 108.80
Fine mesh 132056 111.86
more fine mesh 262189 112.22




From the results in Table 3.2, we notice that the value for Nu number changes
only by 0.3% after the fine mesh. This means that the fine mesh can be used for the

investigations and it will provide sufficient accuracy and resolution to be adopted.
y+ value for Re (500) = 4.5 and for Re (6000) = 3.7

3.6 Boundary conditions
In the three dimensions numerical investigations a correct definition of
boundary conditions are even more difficult than it in the one dimension. The
boundary condition of inlet, outlet, and solid walls are necessary for calculating the
flow characteristics through the test section. The models in the present work
considers as four cases with turbulent flow in the annular regime.The boundary
conditions specifications for al cases are given in tables (3.3) to (3.6) specification

of preliminary and periphery circumstances for straight annular with air fluid flow.

Table 3.3 Specification of initial and boundary conditions for straight annular with air

fluid flow.

Reynolds Inlet Temperature Air Air Fluid
Number | Temperature | wall (K°) densitg/ viscosity annular

(K°) (kg/m®) | (kg/m.s) flow

velocity

(m/s)
500 300 473 1.225 | 1.79*10° | 0.365184
1000 300 473 1225 | 1.79*10° | 0.730367
1500 300 473 1225 | 1.79*10° | 1.095551
2000 300 473 1225 | 1.79*10° | 1.460735
2500 300 473 1225 | 1.79*10° | 1.825918
3000 300 473 1225 | 1.79*10° | 2.191102
3500 300 473 1225 | 1.79*10° | 2.556286
4000 300 473 1225 | 1.79*10° | 2.921469
4500 300 473 1225 | 1.79*10° | 3.286653
5000 300 473 1225 | 1.79*10° | 3.651837
5500 300 473 1225 | 1.79*10° | 4.01702
6000 300 473 1.225 | 1.79*10° | 4.382204
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Table 3.4 Specification of initial and boundary conditions for straight annular with

water fluid flow

Reynolds Inlet Temperature Water Water Fluid
Number | Temperature | wall (K°) density viscosity annular

(K°) (kg/m®) (kg/m.s) flow
velocity

(m/s)
500 300 473 998.2 0.001003 0.02512
1000 300 473 998.2 0.001003 0.05024
1500 300 473 998.2 0.001003 0.075361
2000 300 473 998.2 0.001003 0.100481
2500 300 473 998.2 0.001003 0.125601
3000 300 473 998.2 0.001003 0.150721
3500 300 473 998.2 0.001003 0.175842
4000 300 473 998.2 0.001003 0.200962
4500 300 473 998.2 0.001003 0.226082
5000 300 473 998.2 0.001003 0.251202
5500 300 473 998.2 0.001003 0.276322
6000 300 473 998.2 0.001003 0.301443

Table 3.5 Specification of initial and boundary conditions for twist annular with air

fluid flow

Reynolds Inlet Temperature | Air density Air Fluid
Number | Temperature | wall (K°) (kg/m?) viscosity annular

(K°) (kg/m.s) flow

velocity

(m/s)
500 300 473 1.225 1.79*10° | 0.365184
1000 300 473 1.225 1.79*10° | 0.730367
1500 300 473 1.225 1.79*10° | 1.095551
2000 300 473 1.225 1.79*10° | 1.460735
2500 300 473 1.225 1.79*10° | 1.825918
3000 300 473 1.225 1.79¢10° | 2.191102
3500 300 473 1.225 1.79*10° | 2.556286
4000 300 473 1.225 1.79¢10° | 2.921469
4500 300 473 1.225 1.79*10° | 3.286653
5000 300 473 1.225 1.79*10° | 3.651837
5500 300 473 1.225 1.79*10" 4.01702
6000 300 473 1.225 1.79*10° | 4.382204
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Table 3.6 Specification of initial and boundary conditions for twist annular with

water fluid flow

Reynolds Inlet Temperature Water Water Fluid
Number | Temperature | wall (K°) density viscosity annular

(K°) (kg/m°) (kg/m.s) flow
velocity

(m/s)
500 300 473 998.2 0.001003 0.02512
1000 300 473 998.2 0.001003 0.05024
1500 300 473 998.2 0.001003 0.075361
2000 300 473 998.2 0.001003 0.100481
2500 300 473 998.2 0.001003 0.125601
3000 300 473 998.2 0.001003 0.150721
3500 300 473 998.2 0.001003 0.175842
4000 300 473 998.2 0.001003 0.200962
4500 300 473 998.2 0.001003 0.226082
5000 300 473 998.2 0.001003 0.251202
5500 300 473 998.2 0.001003 0.276322
6000 300 473 998.2 0.001003 0.301443

3.7 Initial Condition
The flow field can be determined only if the iteration is started. Thus, in order to
start the solution, a preliminary estimate is needed.

If the preliminary circumstances are poor, it may result in divergence or at least
lead to converge. At the current study, the whole variables are started from the

boundary conditions.

The value of the velocity for each model are given in the tables (3.3)to (3.6) these
values used to calculate the values of k and € by the equation below Rajesh 2013
[36].

-
=

e L P B (3.12)

when V isthe mean primary velocity flow

I

tur

= 0.16(R,) Y B (3.14)
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Where Cu is a turbulence model continuous which typically has a value of 0.09 and

(1) isthe viscosity ratio.

3.8 Number of Iteration

The supreme number of repetitions used to reach a converged solution.

3.9 ConvergenceCriteria
This is the remaining values group under which, when the average
residuals decrease, the solver will be ended itself. Residuals are the calculation
errors. It is recognized that when the residuals for flow, comprising permanency and

momentum parameters fall below 1x10™.

3.10 Contribution of thiswork
In this work four cases were modeled and solved using ANSYS bench
package version 16.0. Work included geometry generation using Pointwise program,
then mesh using structure mesh. Boundary conditions were then set. Flow was solved

for choosing number of iteration until convergence.
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Chapter Four

Results and Discussion

4.1 Introduction

At this chapter, we will present the results obtained from the numerical
solution by using the ANSYS — FLUENT Version 16 computer program, which was
equipped for thisaim. All the analysis was executed at two stages. The first stage for
straight annular regime and the second stage for twist annular regime. Both of the
stages are conducted with air and water as fluid flow in the annular regime for
variable Reynolds Number namely of (500, 100, 1500, 2000, 2500, 3000, 3500,
4000, 4500, 5000, 5500, 6000).

4.2 Case Study
In 2015, [37] Hamed Sadighi Dizgji et a. Have conducted experimental
analysis about the" The experimenta studies on the properties of pressure drop and
heat transfer for new provisions of corrugated tubes in a heat exchanger with double
pipe". Tube geometry is [L(inner) = 346mm, D(ave) = 85mm, L (outer) = 346mm, D(ave)
= 106mm], Dh = 21mm, and 2r = 25.4mm.
Figure (4.1) shows the mesh generation and geometry of the case study.

Figure 4.1 Geometry and mesh generation of the case study.
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In Figures (4.2) and (4.3), shows a comparison of the case study between
experimental results and numerical results, which included relationship between
Reynolds number versus Nusselt number and friction factor. It can be observed that
the Nusselt number and friction factor of numerical study are higher than the Nusselt
number friction factor of experimental study for all Reynolds number. It can be
shown that the numerical study increasing 2.9% and 2.3% respectively compared
with experimental study.

=—+— Expermimental —S—DNumerical
140
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Figure 4.2 comparison of the case study between experimental results and numerical
results for (Nu) versus (Re)
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Figure 4.3 comparison of the case study between experimenta results and numerical

results for ( ) versus (Re)

In table (4.1) and (4.2) shows the values of the friction element and Nusselt

number for the experimental study with numerical study versus Reynolds number

and error rate.

Table 4.1 detailing Nusselt number with Reynolds number.

Re (Nu) Experimental (Nu) Numerical error
3400 46.5 46 1.075269
7000 64.5 65 0.775194
10600 84 88 4.761905
14000 102.5 107 4.390244
17600 121.5 126 3.703704

Average Error 2.941263 %

Table 4.2 detailing friction factor with Reynolds number.

Re () Experimental () Numerical error
7000 0.036 0.037 2.777778
10600 0.033 0.034 3.030303
14000 0.031 0.0315 1.612903
17600 0.028 0.0286 2.142857
Average Error 2.39096%
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4.3 Straight annular with air flow
The scaled residuas of the straight annular with air flow model found that the
solution of model is converged at 200 iterations during 2 hour for Reynolds number
of 5000 as shown in figure (4.4).

Residuals
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Figure 4.4 Scaled Residuals for Straight annular with air flow for Re=5000

Static temperature contour of the straight annular with air flow model for the
case of Reynolds number of 5000 is shown in figure (4.5), the cross heat transfer
impact in the straight shell areais observable from the temperature contour. It can be
shown that the air temperature near inner tube is higher than air temperatures in the
deeper shell side and there is symmetric distribution of air temperature due to

constant heat flux and temperature of inner tube wall.
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Figure 4.5 Outlet temperature contour for Straight annular with air flow for Re=5000

Figure (4.6) shows the relation between outlet temperatures of air in the shell side
for Straight annular with air flow versus Reynolds number. The air outlet
temperature is noticed to be variable values and decreased with Reynolds number
increase. It is shown that the maximum and minimum outlet temperature is 470.7 K
and 422.2 k at Reynolds number of 500 and 2000 respectively.

We notice that there are some discontinuities in the results. The reason behind
those discontinuities is that the flow is laminar a Re number below 2000. After that
transition occurs and finaly the flow becomes fully turbulent at Re of 2500.

However, In this study, turbulent solver was used in al the Re range.
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Figure 4.6 Outlet temperature with Re for Straight annular with air flow

Figure (4.7) shows the relation between the inlet and outlet temperatures

difference of air in the shell side for Straight annular with air flow versus Reynolds

number. The temperatures differences of air are noticed to be variable values and

decreased with increasing of Reynolds number. It is shown that the maximum and

minimum temperature differences of air are 170.7 K and 122.2 k at Reynolds number
of 500 and 2000 respectively.
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Figure 4.7 Inlet and outlet temperature difference with Re for Straight annular with

ar flow
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Figure (4.8) shows the relation between heat fluxes from outer tube surface for
Straight annular with air flow versus Reynolds number. The heat flux is noticed to be
variable values and increased with increasing of Reynolds number. It can be shown
that the maximum and minimum heat flux values are 2875.4 W/m? and 286.6 W/m?
at Reynolds number of 6000 and 500 respectively.
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Figure 4.8 Heat flux with Re for Straight annular with air flow

Figure (4.9) shows the relation between Nusselt numbers of outer tube
surface for Straight annular with air flow versus Reynolds number. The Nusselt
number is observed to be variable values and increased with increasing of Reynolds
number. In the turbulent flow the Nusselt number increased as Reynolds number
increased because of increasing in turbulent concentration as Reynolds number
increased. It can be shown that the minimum Nusselt number value is 2.7 occurs at

Reynolds number of 500 and 27.3 occurs at Reynolds number of 6000.



—#— Outer tube surface nusselt number
a0
25
20 J"/’F
15 //-t"”r""
e
5 ) /zl—

0

—

Nusselt number (Nu)

500 1000 1500 2000 2500 3000 2500 A000 4500 5000 5500 G000
Re

Figure 4.9 Nusselt number with Re for Straight annular with air flow

Figure (4.10) shows the relation between film heat transfer coefficients of
outer tube surface for Straight annular with air flow versus Reynolds number. The
factor of heat transfer is seen to be variable values and increased with increasing of
Reynolds number. It can be shown that the minimum film heat transfer coefficients
value is 3.3 W/m2K occurs a Reynolds number of 500 and 33 W/m2.K arises at
Reynolds number of 6000.
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Figure 4.10 Film heat transfer coefficient with Re for Straight annular with air flow
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Figure (4.11) shows the relation between pressure drops in shell side for
Straight annular with air flow versus Reynolds number. The drop of pressure is
noticed to be variable values and increased with increasing of Reynolds number due
to increasing in ar velocity. It can be shown that the maximum and minimum
pressure drop values are 112 Pascal and 3 Pascal at Reynolds number of 6000 and
500 respectively.
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Figure 4.11 Pressure drop with Re for Straight annular with air flo
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4.4  Straight annular with water flow
The scaled residuas of the straight annular with water flow model found that
the solution of model is converged at 200 iterations during 2 hour for Reynolds
number of 5000 as shown in figure (4.12)
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Figure 4.12 Scaled Residuals for Straight annular with water flow for Re=5000

Static temperature contour of the straight annular with water flow model for
the case of Reynolds number of 5000 is shown in figure (4.13), the cross impact heat
transfer in the straight shell areais observable from the contour of temperature. It can
be shown that the water temperature near inner tube is higher than water
temperatures in the deeper shell side and there is symmetric distribution of water
temperature due to constant heat flux and temperature of inner tube wall.
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Figure 4.13 Outlet temperature contour for Straight annular with water flow for
Re=5000

Figure (4.14) shows the relation between outlet temperatures of water in the
shell side for Straight annular with water flow versus Reynolds number. The water
outlet temperature is noticed to be variable values and decreased with increasing of
Reynolds number. It can be shown that the maximum and minimum outlet
temperature is 380 K and 343.5 k at Reynolds number of 500 and 2000 respectively.
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Figure 4.14 Outlet temperature with Re for Straight annular with water flow
Figure (4.15) shows the relation between Inlet and outlet water temperatures
difference in the shell side for Straight annular with water flow versus Reynolds
number. The temperatures differences of water are noticed to be variable values and
decreased with increasing of Reynolds number. It can be shown that the maximum
and minimum temperature differences of water are 80.6 K and 43.5 K a Reynolds
number of 500 and 2000 respectively.
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Figure 4.15 Inlet and outlet temperature difference with Re for Straight annular with

water flow
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Figure (4.16) shows the relation between heat fluxes from outer tube surface
for Straight annular with water flow versus Reynolds number. The heat flux is
noticed to be variable values and increased with increasing of Reynolds number. It

can be shown that the maximum and minimum heat flux values are 307122.6 W/m?

and 27267.7W/m? at Reynolds number of 6000 and 500 respectively.
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Figure 4.16 Heat flux with Re for Straight annular with water flow

Figure (4.17) shows the relation between Nusselt numbers of outer tube
surface for Straight annular with water flow versus Reynolds number. The Nusselt
number is observed to be variable values and increased with increasing of Reynolds
number; in the turbulent flow the Nusselt number increased as Reynolds number
increased because of increasing in turbulent strength as Reynolds number arised. It
can be shown that the minimum Nusselt number value is 10.4 occurs at Reynolds

number of 500 and 117.6 occurs at Reynolds number of 6000.
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Figure 4.17 Nusselt number with Re for Straight annular with water Flow

Figure (4.18) shows the relation between film heat transfer coefficients of
outer tube surface for Straight annular with water flow versus Reynolds number. The
factor heat transfer is seen to be variable values and increased with increasing of
Reynolds number. It can be shown that the minimum film heat transfer coefficients
value is 313 W/m2.K occurs a Reynolds number of 500 and 3530 W/m2K arises at
Reynolds number of 6000.
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Figure 4.18 Heat transfer coefficient with Re for Straight annular with water flow
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Figure (4.19) shows the relation between pressure drops in shell side for
Straight annular with water flow versus Reynolds number. The drop of pressure is
noticed to be variable values and increased with increasing of Reynolds number due
to increasing in ar velocity. It can be shown that the maximum and minimum
pressure drop values are 112 Pascal and 433.4 Pascal at Reynolds number of 6000
and 500 respectively.
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Figure 4.19 Pressure drop with Re for Straight annular with water flow
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45 Twist annular with air flow
The scaled residuals of the twist annular with air flow model found that the solution
of model is converged at 900 iterations during 6 hours for Reynolds number of 5000
as shown in figure (4.20).
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Figure 4.20 Scaled Residuals for twist annular with air flow for Re=5000

Static temperature contour of the twist annular with air flow model for the
case of Reynolds number of 5000 is shown in figure (4.21), the cross impact heat
transfer in the twist shell area is observable from the contour of temperature. It can
be shown that the air temperature near inner tube is higher than air temperatures in
the deeper shell side and there is no symmetric distribution of air temperature with
constant heat flux and temperature of internal tube wall due twist flow in the shell

regime.
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Figure 4.21 Outlet temperature contour for twist annular with air flow for Re=5000

Figure (4.22) shows the relation between outlet temperatures of air in the shell
side for twist annular with air flow versus Reynolds number. The air outlet
temperature is noticed to be variable and decreased with increasing of Reynolds
number. It can be shown that the maximum and minimum outlet temperature is 472.8
K and 453.6 k at Reynolds number of 500 and 6000 respectively.
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Figure 4.22 Outlet temperature with Re for twist annular with air flow

Figure (4.23) shows the relation between Inlet and outlet temperatures
difference of air in the shell side for twist annular with air flow versus Reynolds
number. The air temperatures differences of air are noticed to be variable values and
decreased with increasing of Reynolds number. It can be shown that the maximum
and minimum temperature differences of air are 172.8 K and 153.6 K at Reynolds

number of 500 and 6000 respectively.

—4—Temperature difference AT (K)
180
175
4
170 3\
1o \ M
160
V v\\*\‘
155

—

150

500 1000 1500 2000 2500 2000 2500 4000 4500 5000 5500 6000

Temperature difference (K)

Re

Figure 4.23 Inlet and outlet temperature difference with Re for twist annular with air

flow
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Figure (4.24) shows the relation between heat fluxes from outer tube surface
for twist annular with air flow versus Reynolds number. The heat flux is noticed to
be variable values and increased with increasing of Reynolds number. It can be
shown that the maximum and minimum heat flux values are 3057.4 W/m? and 297.3

W/m? at Reynolds number of 6000 and 500 respectively.
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Figure 4.24 Heat flux with Re for twist annular with air flow

Figure (4.25) shows the relation between Nusselt numbers of outer tube
surface for twist annular with air flow versus Reynolds number. The Nusselt number
IS observed to be variable values and increased with increasing of Reynolds number;
in the turbulent flow the Nusselt number increased as Reynolds number increased
because of increasing in turbulent intensity as Reynolds number increased. It is
shown that the minimum Nusselt number value is 2.8 occurs at Reynolds number of

500 and 29 occurs at Reynolds number of 6000.
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Figure 4.25 Nusselt number with Re for twist annular with air Flow

Figure (4.26) shows the relation between film heat transfer coefficients of outer
tube surface for twist annular with air flow versus Reynolds number. The factor of
heat transfer is seen to be variable values and increased with increasing of Reynolds
number. It is shown that the minimum film heat transfer coefficients value is 3.4

occurs at Reynolds number of 500 and 35 occurs at Reynolds number of 6000.
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Figure 4.26 Heat transfer coefficient with Re for twist annular with air flow
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Figure (4.27) shows the relation between pressure drops in shell side for twist
annular with air flow versus Reynolds number. The drop of pressure is noticed to be
variable values and increased with increasing of Reynolds number due to increasing
inair velocity. It can be shown that the maximum and minimum pressure drop values
are 145 Pascal and 4 Pascal at Reynolds number of 6000 and 500 respectively.
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Figure 4.27 Pressure drop with Re for twist annular with air flow
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4.6 Twist annular with water flow
The scaled residuals of the twist annular with water flow model found that the

solution of model is converged at 900 iterations during 6 hours for Reynolds number

of 5000 as shown in figure (4.28)
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Figure 4.28 Scaled Residuals for twist annular with water flow for Re=5000

Static temperature contour of the twist annular with water flow model for the
case of Reynolds number of 5000 is shown in figure (4.29), the cross impact heat
transfer in the straight shell areais observable from the contour of temperature. It can

be shown that the water temperature near inner tube is higher than water

temperatures in the deeper shell side and there is no symmetric distribution of water

temperature with constant heat flux and temperature of inner tube wall due to twist

flow.
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Figure 4.29 Outlet temperature contour for twist annular with water flow for
Re=5000

Figure (4.30) shows the relation between outlet temperatures of water in the
shell side for twist annular with water flow versus Reynolds number. The water
outlet temperature is noticed to be variable and decreased with increasing of
Reynolds number. It can be shown that the maximum and minimum outlet
temperature is 426.7 K and 373.2 k a Reynolds number of 500 and 2000
respectively.
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Figure 4.30 Outlet temperature with Re for twist annular with water flow

Figure (4.31) shows the relation between Inlet and outlet temperatures
difference of water in the shell side for twist annular with water flow versus
Reynolds number. The temperatures differences of water are noticed to be variable
values and decreased with increasing of Reynolds number. It can be shown that the
maximum and minimum temperature differences of water are 126.7 K and 73.3 K at

Reynolds number of 500 and 2000 respectively.
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Figure 4.31 Inlet and outlet temperature difference with Re for twist annular with
water flow
Figure (4.32) shows the relation between heat fluxes from outer tube
surface for twist annular with water flow versus Reynolds number. The heat flux is
noticed to be variable values and increased with increasing of Reynolds number. It
can be shown that the maximum and minimum heat flux values are 333795 W/m?
and 48035 W/m? at Reynolds number of 6000 and 500 respectively.
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Figure 4.32 Heat flux with Re for twist annular with water flow
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Figure (4.33) shows the relation between Nusselt numbers of outer tube
surface for twist annular with water flow versus Reynolds number. The Nusselt
number is observed to be variable values and increased with increasing of Reynolds
number; in the turbulent flow the Nusselt number increased as Reynolds number
increased because of increasing in turbulent intensity as Reynolds number increased.
It can be shown that the minimum Nusselt number value is 18.4 occurs at Reynolds

number of 500 and 127 occurs at Reynolds number of 6000.
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Figure 4.33 Nusselt number with Re for twist annular with water flow

Figure (4.34) shows the relation between film heat transfer coefficients of
outer tube surface for twist annular with water flow versus Reynolds number. The
factor of heat transfer is seen to be variable values and increased with increasing of
Reynolds number. It can be shown that the minimum film heat transfer coefficients
value is 552 occurs at Reynolds number of 500 and 3836 occurs at Reynolds number
of 6000.
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Figure 4.34 Heat transfer coefficient with Re for twist annular with water flow

Figure (4.35) shows the relation between pressure drops in shell side for twist
annular with water flow versus Reynolds number. The drop of pressure is noticed to
be variable values and increased with increasing of Reynolds number due to
increasing in water velocity. It can be shown that the maximum and minimum
pressure drop values are 560 Pascal and 15.3 Pascal at Reynolds number of 6000

and 500 respectively.
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Figure 4.35 Pressure drop with Re for twist annular with water flow
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4.6.1 Comparison of Results

Figure (4.36) provides a comparison between the outlet temperatures of air
versus Reynolds number in the annular regime for cases of straight and twist annular
with air flow. It can be shown that the air outlet temperatures of twist annular
increasing by an average of 3.2% compared with air outlet temperatures of straight
annular for al Reynolds number, this enhancement in outlet temperature of the twist
annular case is occurred due to the additional heat transfer and turbulence produced

by the helical flow in the annular regime.
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Figure 4.36 Outlet temperatures in the shell side for straight and twist annular with

ar flow

Figure (4.37) provides a comparison between the outlet temperatures of
water versus Reynolds number in the annular regime for cases of straight and twist
annular with water flow. It can be shown that the water outlet temperatures of twist
annular increasing by an average of 5.8% compared with water outlet temperatures
of straight annular for all Reynolds number, this enhancement in outlet temperature
of the twist annular case is occurred due to the additional heat transfer and turbulence

produced by the helical flow in the annular regime.
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Figure 4.37 Outlet temperatures in the shell side for straight and twist annular with

water flow

Figure (4.38) provides a comparison between the temperatures differences of
air versus Reynolds number in the annular regime for cases of straight and twist
annular with air flow. It can be shown that the air temperatures differences of twist
annular increasing by an average of 9.1% compared with air temperatures differences
of straight annular for all Reynolds number, this enhancement in temperatures
differences of the twist annular case is occurred due to the additional heat transfer

and turbulence produced by the helical flow in the annular regime.
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Figure 4.38 Temperature difference in the shell side for straight and twist annular

with air flow

Figure (4.39) provides a comparison between the temperatures differences of
water versus Reynolds number in the annular regime for cases of straight and twist
annular with water flow. It can be shown that the water temperatures differences of
twist annular increasing by an average of 24.2% compared with water temperatures
differences of straight annular for all Reynolds number, this enhancement in
temperatures differences of the twist annular case is occurred due to the additional
heat transfer and turbul ence produced by the helical flow in the annular regime.
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Figure 4.39 Temperature difference in the shell side for straight and twist annular

with water flow

Figure (4.40) provides a comparison between the heat flux from outer tube
surface versus Reynolds number in the annular regime for cases of straight and twist
annular with air flow. It can be shown that the heat flux of twist annular increasing
by an average of 11.2% compared with heat flux of straight annular for all Reynolds
number, this enhancement in outlet temperature of the twist annular case is occurred
due to the additional heat transfer and turbulence produced by the helical flow in the

annular regime.
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Figure 4.40 Heat flux from outer surface tube for straight and twist annular with air

flow

Figure (4.41) provides a comparison between the heat flux from outer tube
surface versus Reynolds number in the annular regime for cases of straight and twist
annular with water flow. It can be shown that the heat flux of twist annular
increasing by an average of 31.3% compared with heat flux of straight annular for all
Reynolds number, this enhancement in heat flux of the twist annular case is occurred
due to the additional heat transfer and turbulence produced by the helical flow in the

annular regime.
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Figure 4.41 Heat flux from outer surface tube for straight and twist annular with

water flow

Figure (4.42) provides a comparison between the outer tube surface film
factor of heat transfer versus Reynolds number in the annular regime for cases of
straight and twist annular with air flow. It is shown that the outer tube surface film
heat transfer coefficient of twist annular increasing by an average of 11.2%
compared with outer tube surface film heat transfer factor of straight annular for all
Reynolds number, this enhancement in outer tube surface film heat transfer
coefficient of the twist annular case is occurred due to the additional heat transfer

and turbulence produced by the helical flow in the annular regime.
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Figure 4.42 Outer tube surface film heat transfer coefficient for straight and twist

annular with air flow

Figure (4.43) provides a comparison between the outer tube surface film
factor of heat transfer versus Reynolds number in the annular regime for cases of
straight and twist annular with water flow. It can be shown that the outer tube surface
film heat transfer coefficient of twist annular increasing by an average of 31.3%
compared with outer tube surface film heat transfer factor of straight annular for all
Reynolds number, this enhancement in outer tube surface film heat transfer
coefficient of the twist annular case is occurred due to the additional heat transfer

and turbulence produced by the helical flow in the annular regime.

71



—+—5Straight Water —8—Twist Water

ﬂ T T T T T T T T T
SO0 1000 1500 2000 2500 2000 3500 4000 4300 3000 3300 &000

Heat Transfure coefficient| W/ m?*K)

Re

Figure 4.43 Outer tube surface film heat transfer coefficient for straight and twist

annular with water flow

Figure (4.44) provides a comparison between the outer tube surface Nusselt
number versus Reynolds number in the annular system for cases of straight and twist
annular with air flow. It can be shown that the Nusselt number of twist annular
increasing by an average of 11.2% compared with Nusselt number of straight annular
for al Reynolds number, this enhancement in Nusselt number of the twist annular
case is occurred due to the additional heat transfer and turbulence produced by the

helical flow in the annular regime.
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Figure 4.44 Outer tube surface Nusselt number for straight and twist annular with air

Figure (4.45) provides a comparison between the outer tube surface Nusselt
number versus Reynolds number in the annular system for cases of straight and twist
annular with water flow. It can be shown that the Nusselt number of twist annular
increasing by an average of 31.3% compared with Nusselt number of straight annular
for al Reynolds number, this enhancement in Nusselt number of the twist annular
case is occurred due to the additiona heat transfer and turbulence produced by the

flow

helical flow in the annular regime.
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Figure 4.45 Outer tube surface Nusselt number for straight and twist annular with

water flow

Figure (4.46) provides a comparison between the pressure drop versus
Reynolds number in the annular regime for cases of straight and twist annular with
air flow. It can be shown that pressure drop of twist annular increasing by an average
of 29% compared with pressure drop of straight annular for all Reynolds number,
this enhancement in outlet temperature of the twist annular case is occurred because
of the extraflow resistance produced by the helical flow in the annular regime.
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Figure4.46 Pressure drop for straight and twist annular with air flow
Figure (4.47) provides a comparison between the pressure drop versus Reynolds
number in the annular regime for cases of straight and twist annular with water flow.
It can be shown that pressure drop of twist annular increasing by an average of
29.2% compared with pressure drop of straight annular for all Reynolds number, this
enhancement in outlet temperature of the twist annular case is occurred because of

the extra flow resistance produced by the helical flow in the annular regime.
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Figure 4.447. Pressure drop for straight and twist annular with water flow
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Chapter Five

Conclusion and Recommendations

51 Conclusion
A hydrothermal performance of twist annular turbulent flow in a shell and tube
heat exchanger has been investigated numerically. The numerical study includes a
three dimension numerical solution of four models by acommercia package ANSY S
FLUENT 16.0. The boundary conditions of al models that solved by the numerical
solution was taken as a constant temperature and constant heat flux for inner tube
wall, while the outer wall of shell side was insolation for variable Reynolds number.

The following conclusions are detected from this study:

The annular shape has significant effects on the hydrothermal performance of
fluid flow inside the annular regime.

An enhancement in air and water temperature difference of 9.1 % and 24.2
% respectively for twist annular compared with the straight annular.

The increasing in air and water outlet temperature of 3.2 % and 5.8 %
respectively for twist annular compared with the straight annular.

The increasing in air and water (heat flux, Nuselts number, and heat transfer
coefficient) of 11.2 % and 31.3 % respectively for twist annular compared
with the straight annular.

The increasing in air and water pressure drop of 29 % and 29.2 %

respectively for twist annular compared with the straight annular.

5.2 Recommendations
* In gpite of the results gained from numerical solution of the present study
some future study can be suggested such as:
e The performance of the present shell and tube heat exchanger can be
improved to obtain higher outlet air and water temperature by using constant
heat flux on the outer shell wall.
* Theeffect of external fins from outer shell wall may be studied.
e Study the effect of using Nanofluids in the annular regime.
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