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Abstract

Transferring thermal energy efficiently necessitates using a heat exchanger capable of
producing the full thermal power of the energy supply at the lowest possible cost and
time. Traditional surface style heat exchangers have significant disadvantages, such as the
high heat transfer resistance of the surface, fouling issue, and increasing cost. So, any
attempt to enhance the heat transfer characteristics of a surface-type heat exchanger
enhances its thermal performance. The air bubble injection and finned helical coil tube are
two of the most promising enhancement techniques recently suggested in a separate
image.
So, in the present study, the effect of merged enhancement techniques, air injection and
finned ( externally) helical coil tube on the thermal performance of a vertical counter-
current coiled heat exchanger was investigated experimentally. The air was injected into
the shell side of the heat exchanger as air bubbles with an average diameter of
approximately 100 um via a porous sparger (new injection method). Furthermore, the
study was conducted to optimize the operational parameters of the void fraction (air and
water volumetric flow rates) of the shell side under laminar flow (316 < Re <1223). The
experiments were performed with Qs=2,4,6,8and 10LPM, Qa=0,2,4,and 6 LPM, and
working fluid inlet temperature difference AT were 20 °C. The effect of varying the
operating parameters on the overall heat transfer coefficient U, effectiveness ¢, and
number of heat transfer units (NTU) with and without air bubbles injection and compared.
Besides, we studied the effect size of pitch for finned tube on the thermal performance of
the heat exchanger ..

The experimental results showed that the overall heat transfer coefficient and heat

exchanger effectiveness were improved significantly due to air bubbles injection,

Vi



the maximum enhancement ratio of (Ug,/Ug,) was up to 119 %, (&gy/€sq) Was

122% and Ntug, /Ntug, was 116% compared with pure water The aforesaid maximum

enhancement ratios were achieved when Qs = 10LPM, Qa = 2LPM, Qh =
2LPM, size of pitch for fin = 1cm and AT = 20°C. While the minimum enhancement
ratio of of (Ug,/Usg,) was up to 39 %, (&r/esq) Was 18% and Ntug, /Ntug, was 36%
Foresaid minimum ratio occurred at Qs = 2LPM, Qa = 6 LPM, Qh =
1 LPM, size of pitch for fin = 2cm and AT = 20°C.furthermore, our experiments
conclude that Qa = 2 LPM and Qs = 6 LPM are the optimum flow rates under the current
experimental conditions to get on highest improvement ratio of (Ug,/Us,) , (&ra/€s2) @nd
Ntug, /Ntug,.

On the other hand, for the finned tube, the maximum enhancement ratio of of (U¢,/
Uf) was up to 83 %, (er,/€r) Was 55% and Ntug, /Ntus was 81% s clearly obtained at
Qs = 10 LPM, Qa = 2 LPM, and size of pitch for fin = 1cm while the minimum
enhancement of (Ug,/Upwas 27%, (gr./gr) was 11% and Ntug,/Ntug was 26% s
clearly obtained at Qs = 2 LPM, Qa = 6 LPM, and size of pitch for fin = 2cm and AT =
20 °C.furthermore, the optimum flow rates under the current experimental conditions to
get on highest improvement ratio of (Ug,/Up and (gg,/er Was (Qs = 10 LPM) and
(Qa = 2 LPM).
. Additionally, the all value increases with increased coil side flow rate due to increasing

thermal capacity (hot fluid) for the same heat process time.
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NOMENCLATURE

Sympol Definition unit
As The surface area of heat transfer m?2
C Thermal capacity J/s.k
c Specific heat J/kg.K
D, Curvature diameter mm
di Inner coiled tube diameter mm
Do Outer diameter mm
H Height column mm
h Height coil mm
Kk Thermal conductivity W/m.K
De Dean number -
L Length mm
me Mass flow rate Kgls
N Number of turns -
p Coil pitch mm
Ps The pitch of the Spiral fin mm
Dy Diameter bubble mm
Rc curvature radius mm
Re Reynolds number -
T tubes thickness mm
T Temperature K
q Heat transfer rate W
@) VoIumetric FIow rate L/min
Qa VOIUMETric AIr FIOW rate L/min
Qn Volumetric Hot water FIow rate L/min
Qs Volumetric Cold water FIow rate L/min
L/min Litter per minute -
W uncertainty 1n the measurement -
U Overall heat transter Coefticient VWImZ K
Us Overall heat transter Coefficient (Smooth tube) WImZ K
Us Overall heat transter coefticient (finned tube) WImZ K
Usa Overall heat transter CoefTicient (Smooth tube With air) WImZ K
Ufa=U Overall heat transter coefficient (finned tube with air) WImZ K
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Ut/ Us

Enhancement ratio for Overall heat transfer coefficient
(finned tube with air) to Overall heat transfer coefficient
(finned tube without air)

Ufa/ Usa

nhancement ratio tor Qverall heat transter coetjcient
( mneg tube wit aII‘S to Overa‘lmeat transfer coefficient

(smooth tube with air)

Subscripts

Air

Cold fluid

Hot fluid

=—TlO |

Inner

Inlet

Outer

out

Outlet

min

Minimum

LMTD

Logarithmic mean temperature difference

Greek Symbols

Fluid Density

Dynamic viscosity

Effectiveness

Effectiveness of smooth tube

Effectiveness of finned tube

Effectiveness (smooth tube with air)

Effectiveness (finned tube with air)

Enhancement ratio for effectiveness (finned tube
with
air) to effectiveness (finned tube without air)

Number of heat transfer unit

Ntus/Ntu ¢

Enhancement ratio for Number of heat transfer
unit (finned tube with air) to Number of heat
transfer unit (finned tube without air)

Ntha/NtuSa

Enhancement ratio for Number of heat transfer
unit (finned tube with air) to Number of heat
transfer unit (smooth tube with air)
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Chapter one Introduction

INTRODUCTION

1.1Preface

Heat exchanger is an apparatus that employed to transfer heat between
two or more fluids placed at different temperatures and in thermal contact with each
other. Heat exchanger is employed either singly or compound with a large thermal
system in many domestic, commercial and industrial applications, for example, power
plant, ventilation, air-conditioning and refrigeration systems,
manufacturing,processing,automotiveandaerospaceindustries, Theheatexchanger almost
utilized in such process. The objective design of an efficient energy
conversionprocessrequiresasuitableheatexchangertoextractamaximumpossible thermal
potential of the system’s energy source [1]. The heat exchanger can be divided into two
Kinds:

1.1.1 Indirect contact heat exchanger: this kind of heat exchangers the hot and cold
fluids are separated by barriers made from a metallic, thermal energy is exchanged
through it. Because of the high heat transfer resistance of the metallic barriers, the
ability of this type of heat exchanger to extract the thermal potential is limited. In
addition to the high cost which results from the large heat transfer area that required
overcoming the low efficiency of the surface type heat exchanger.

1.1.2 Direct contact heat exchanger: this kind of heat exchangers direct contact heat
exchange doesn’t have such problems such as in indirect contract heat exchangers, it
relates to the transportation of thermal energy between two or more fluid streams when

they are brought into intimate contact with one another [2, 3, 4, 5, 6 and7].
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The process of increasing thermal performance of heat exchangers is called heat
transfer enhancement which aiming to reduce size, weight, as well as cost
manufacturing of heat exchanger (especially surface type). Therefore heat transfer
enhancement is an active area of research. Researchers suggested many heat transfer
augmentation methods or enhancement techniques which classified into two groups

active methods and passive methods.

1.2 Classification of Heat Transfer Enhancement Techniques.
Heat transfer enhancement techniques can be classified into three groups:

1. Passive Techniques

2. Active Techniques

3. Compound Techniques.

1.2.1 Passive Techniques:

The principle of heat transfer improvement in this methods is to improve thermal
conductance. This technique uses a surface and geometrical modifications for the flow
channel. Passive method hold the advantage over the active method as its doesn’t
require any direct input of external power. Treated surfaces can achieve heat transfer
augmentation, this methods comprise [8, 9, 10, 11, 12 and13].

*» Rough surfaces: These are the surface modifications that promote turbulence in

the flow field at the wall region, primarily in single-phase flows, without an
increase in heat transfer surface area.

+» Extended surfaces: They provide effective heat transfer surface area. Recently,
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modern development has led to modified finned surfaces that also tend to
enhance the rate of heat transfer coefficient by disturbing flow field as well as to
increasing heat transfer surface area.

Displaced enhancement devices: These are the inserts that are used primarily in

confined forced convection. They improve energy transport in directly by

Promoting turbulence and flow mixing at heat exchange surface by displacing
fluid from heate dor cooled surface of duct with bulk fluid from the core flow.
for example, using wire matrix inside pipe

Swirl flow devices: They produce swirl or secondary recirculation for axial flow
in a channel. These include helical striper cored screw type tube inserts, twisted
taps and various forms for altered flow arrangements. They can be used for a
single-phase as well as two-phase flow.

Surface tension devices: These consist of wicking or grooved surfaces, which
improve the flow of liquid to the boiling surfaces and from the condensing
surfaces.

Curved tubes: These lead to relatively more compact heat exchangers. The tube
curvature due to coiling produces secondary flow and vortices, which promote
higher heat transfer coefficients in single-phase flow as well as in most regions
of boiling.

Use of additives: These contain an addition of soluble-polymers and gas bubbles
in a single-phase liquid flow or liquid droplets in a gas flow. Additionally, they
include the addition of solid nanoparticles to enhance the thermo physical

properties
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1.2.2 Active Heat Transfer Enhancement Technique:

From the use and design point view, this technique is complex . its requires some
external power to facilitate the desired flow modification and the associated
improvement in the heat transfer rate. Heat transfer augmentation by this method can be
achieved by using mechanical aids, such as instruments that can be used to stir the fluid
by mechanical means or by rotating surface. These include rotating the heat exchanger
tubes. Briefly this enhancement technique involves [11, 12, 13]:

1. Surface vibration: It is applied primarily at either low or high frequency, in a single-
phase flow to obtain a higher convective heat transfer coefficient.

2. Fluid vibration: Pulsations are created in the fluid itself instead of applying
vibrations to the surface. This method is used primarily in a single-phase flow and it is
considered to be perhaps the most practical type of vibration enhancement due to the
mass of the heat exchangers.

3. Electrostatic fields: They can be in the form of electric ormagnetic field, from direct
or alternating current sources. These methods apply mainly in the heat exchange systems
involving dielectric fluids. Depending on the application, it can also produce greater bulk
fluid mixing and induce forced convection or electromagnetic pumping to enhance heat

transfer.

1.2.3 Compound Techniques:
A compound augmentation technique is the one where more than one of the
above mentioned techniques is used in combination with the purpose of further

improving the thermo-hydraulic performance of a heat exchanger.
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1.2.3.1 Helically Coiled Tube Effect on Enhancement Heat Transfer:

According to the above-mentioned heat transfer enhancement techniques,
curved tubes, particularly coiled tubes, have been adopted as essential passive
methods due to their compact design. In addition, it has a high coefficient of heat
transfer in comparison with the straight tubes [14]. Therefore, curved tubes are the
most commonly used tubes in several heat transfer applications, such as air
conditioning cooling systems, chemical reactors, food dairy processes [14], and heat

recovery [15]. The curved tube types are shown in Fig 1.1.

2R
<4 Helical Coil Bend Tube —5

-
------
- -

Spiral

Dy

Serpentine rube K
y L2
S

Twisted tubes

K — R

b

Figure 1.1: Types of curved tube geometries [14].
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Helically coiled tubes Fig.1.1 are the well-known type of curved tubes used in a
large area of heat transfer applications. It provides a simple and effective means of heat
transfer augmentation in a wide variety of industrial applications. The centrifugal
forces caused by the curvature of the tube produce a secondary flow field with a
circulatory motion pushing the fluid particles toward the core region of the tube. The
intensity of the secondary flow field increases as the flow rate increases, and due to
the stabilizing effects of this secondary flow, laminar flow persists to much higher
Reynolds numbers in the helical coil than in straight tubes [14]. Consequently, the
heat transfer performance differences between the coils and straight tubes are
particularly distinct in the laminar flow region, which received most research attention
[16].

1.2.3.2 Secondary Flow in a Helical Coiled Tube:

The geometry of the shell and helically coiled tube heat exchanger is shown
schematically in Fig.1.2. When a fluid flows in a helically coiled tube, and due to the
interaction between centrifugal and viscous or frictional forces in the curved portion of
the flow, a specific characteristic motion is known as secondary flow, as depicted in
Fig.1.3. Secondary flow causes displaced fluid of curved pipes outer wall to the
curved pipes inner wall. i.e., the fluid in the central region of the pipe moves away
from the center of Curvature, and the fluid near the pipe wall flows towards the center of

Curvature, but at the same time, this will increase pressure drop (Ap) [17].



Chapter one Introduction

(dy) is the tube diameter.
(d) is the coil diameter.
(d.p) shell diameter.

(H.) coil height.

(H.y) shell height.

(dy) shell inlet diameter.
(p) is the pitch coil.

Figure 1.2: Schematic of shell and coiled tube heat exchanger [17].

Dean was experimentally showed that the dynamical similarity of secondary

flow depends on a non-dimensional parameter called Dean Number (De) [18]:

dt O.Sdtvm (1.1)
De =(3z) ()

Where De is the Dean Number, V, are the mean velocity along the pipe, v
kinematic viscosity, and d; is the diameter of the pipe which is bent into a coil of

radius R [18].
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De <20 De >100

Figure 1.3: Secondary flow areas at low and high Dean Numbers [19].

So, to achieve the maximum thermal exchange in a minimum volume, the ratio of
heat exchanger surface area (Ag) to its volume (V) that called area dencity ()
,should be over(p = 700 m2-m?) to form a compact heat exchanger [20]. Therefore,
the choice usually fell out on coiled tube heat exchangers to achieve the maximum
thermal exchange. since the coil tube is compact; therefore, it requires a smaller space.
In addition, it is easy to produce, can operate at high pressure, and is suitable for use
under conditions of laminar flow or low flow rates on the shell side. Thus, these heat
exchangers can often be very cost-effective [21]. Consequently, the focus has begun to
enhance further the thermal performance of the helical coiled tube heat exchangers

using the different techniques mentioned above.
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1.3 Heat Transfer Enhancement by Air Bubbles Injection into

Shell Side of Heat Exchanger:

Any desire to improve the heat exchangers thermal performance leads to
additional pressure drops, costs, electricity, material, and weight. For example, the
turbulators mentioned above are significantly increased the pressure drop along with
the heat exchangers. As a result, any attempt to minimize the pressure drop will
reduce the increment of heat transfer. Therefore, experts are still looking for a
technique that can improve the thermal performance of heat exchangers with a

minimum possible pressure drop [20].

Some researchers have investigated sub-millimeter air bubble injection, such as
kitagawa et al. [22], as a heat transfer amplification technique for natural convection
of static fluids. Several academic experiments have been conducted to explain bubbles
fluid-dynamic behavior within liquids Sadighi et al. [23] recently suggested the direct
application of tiny air bubbles to improve heat exchangers thermal characteristics. Air
injection into any liquid contributes to the formation of air bubbles within the fluid.
The quantity, shape, distribution, and scale of these air bubbles depend on the method
used for air injection. As air bubbles are formed, they tend to float vertically through
the liquid due to buoyancy. Air bubbles normal behavior will increase turbulence and
break the boundary layer of fluid flow. Thus, tiny air bubbles vertical movement and
stability can be used as an appropriate, efficient technique to increase heat exchangers
thermal performance [24]. Fig 1.4 clearly describes the injection of air bubbles in a

vertical shell and a coiled tube heat exchanger.
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1.4 Problem statement

the previous experiments concentrated on a narrow variety of operational
conditions, which are insufficient to explain the process by which the bubbles caused the
improvement. However, the present work may be adopted as an expansion of the work in
guestion on this methodology and to fill a void that exists in the literature with the

following points:

1. Investigate the effect of injected air bubbles on the thermal performance of four

shells and helically coiled tube heat exchange.

» Smooth coiled tube heat exchange.

> Finned Coiled tube with 1.cm size of pitch .
» Finned Coiled tube with 1.5 cm size of pitch.
» Finned Coiled tube with 2 cm size of pitch.

2. Study the influence of variation in the injected air flow rate and pitch of spiral fins
on the thermal performance of a shell and helically coiled smooth and (externally) finned
tube heat exchanger.

3. Different heat transfer parameters are calculated depending on the measurement;

these include:

» Overall heat transfer Coefficient
> Effectiveness.
» The number of thermal unit(NTU)

10
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To achieved these objectives, an appropriate experimental set-up was designed and
manufactured especially for this experimental study and equipped with the necessary

measurement instruments for temperature, and flow rates.

1.5 Thesis Outline

The present thesis is divided into five chapters and four appendixes, as flowing:

» The current chapter [chapter one] is a general introduction to heat exchanger
enhancement techniques, helically coiled (smooth and finned) tube heat
exchangers, fluid flow mechanism inside the coiled tube, and finally, the air bubble
injection technique.

> Chapter two presents a review of the literature that is relevant to the topic of the
present thesis. These studies include the most popular enhancement techniques of
the shell and helically coiled tube heat exchanger in chronological order. These
include the surface modification technique, compound enhancement techniques.

» Chapter three describes the experimental work. A description of the experimental
apparatus used to investigate the effect of air bubbles injection on heat transfer
characteristics of the vertical shell and helical coiled (smooth and finned) tube heat
exchanger is given. The procedure of the experiments performed and the physical
properties of the working fluid are outlined in chapter three.

» Chapter four presents the discussion of the experimental results obtained for
various parameters at different operational conditions.

» Chapter five is about the conclusions obtained from the experimental study and

provides some recommendations for future work.

11
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1.6 Scope of The Present Work

It can be summarized as follows:
1. The air injection technique seems one of the most promising techniques for improving
the thermal performance of a shell and helically coiled tube heat exchangers.
Nonetheless, further laboratory experiments and theoretical (analytical, numerical)
studies are needed to fully comprehend these essential enhancement techniques.
2. Hard turbulators enhancement techniques mentioned in the literature survey, such as
wire coiled, twisted tape, corrugated tubes, wavy stripes, barbed wires, and springs,
require additional materials, increasing the heat exchanger's cost, increased pressure
drop, and weight.
3. It has been shown clearly that no investigation technique has been reported on the air
injection as enhancement techniques ways used in coiled finned tube and shell heat
exchanger .The present work is introduced as a new knowledge adding for the mentioned
works on the coiled finned tube and shell heat exchanger with bubble of air injection
technique and to fill the gap that clear shown in the literature survey with the following
organization:

Creating a suitable helical external finned tube by wilding copper wire with 1mm
diameter with three pitches wrapped 1, 1.5 and 2.0 cm a helical coiled tube ( passive
technique)

Investigate a new porous sparger with outer diameter 5 cm for injection air bubbles
into shell side (active technique)

Investigate wide range of parameters that non-investigated before. These
parameters include: for example wrapped copper wire around helical tube , a wide range
of the shell side flow rate (Qshell=2,4,6,8 and 10 LPM) ,the air flow rate

12
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(Qair=0,2,4,and6LPM), the coil side(Qcoil = 1, 1.5 and 2 LPM) and finally the

inlet temperature difference (AT=20°c)

13
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Chapter two Literature Review

LITERATURE REVIEW

2.1 Introduction

More recently, air bubble injection has been suggested as one of the
promising enhancement methods of heat exchanger thermal performance.Upon air
injected into a liquid, an air bubble will form within the liquid. However, these
bubbles number, shape, size, and distribution rely on the injection technique and the
fluids properties. Once the bubbles form in the liquid, naturally, they float and move
upward due to the buoyancy force, which initiates by the difference in the densities of
the liquid and air. This random motion of bubbles will mix the liquid bulk and break
down the hydrodynamic and thermal boundary layers, enhancing heat exchange in
thermal systems, such as heat exchangers. However, the mixing level depends on
many factors, such as the air bubbles flow rate, number of bubbles, size of bubbles,

and heat exchanger design [23-27]

2 .2 Air injection enhancement technique.

The natural behavior of an air bubbles injection into any liquid due to the
buoyancy force, can improve the turbulence level and destroy the thermal boundary
layer of the fluid flow. So, vertical movement and mobility of small air bubbles can be
used as a suitable active technique to improve the thermal performance of heat
exchangers. Two phase flow and air bubbles injection studies were expressed as follow.

Firstly, The influence of the injection period on the bubble rise velocity and their

shape were experimentally studied by D. Funfschilling and H. Z. Li [28]. The

14
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exprimental performed with three different fluids were employed: a newtonian fluid
(99.5% glycerol), an inelastic shear thinning fluid (2% carboxymethylcellulose—CMC
in water) and an elastic shear thinning fluid (0.5% polyacryl- amide—PAAmM in water).
Flow field results around a rising bubble reached by PIV tend to show a disconnection
between the shape of the bubble and surrounding flow field.

U. Puli et al [29] experimentally examined behavior of bubbles in subcooled flow
boiling of water in a horizontal annulus at mass fluxes ranged from 400 to 1200 kg/m2-
s, heat fluxes ranged from 0.1 to 1 MW/m2, and pressures varying from 1 to 4 bar using
a high-speed visualization methods and automated image-processing analysis
algorithms. From the results, they are found that behavior of bubble is significantly
influenced by a mass flux of working fluid and applied heat flux, whereas the pressure
of operating fluid influences the bubble generation process indirectly.

Y. Wang et al. [30] Investigated the characteristics of gas-liquid two-phase slug
flow in a vertical narrow rectangular channel. They are used a high-speed video camera
system. The results demonstrated that the increase of gas flow rate leads to increase the
average length of bubbles. The increment of liquid flow rate leads to the reduction of the
average length increment of bubbles.

The effects of sub-millimeter-bubble injection on the laminar natural convection of
water along a heated vertical plate with uniform heat flux were investigated
experimentally by A. Kitagawa et al. [31], wused thermo- couples and the PTV
technique. In the range of volumetric flow rate 34< Q <57 mm3/s. The results showed
that the enhancement of heat transfer coefficient with the sub-millimeter bubble
injection is 1.35-1.85 times higher than pure fluid. Moreover the ratio of the heat
transfer coefficient with sub-millimeter-bubble injection to that without injection,
increases with an increase in the bubble flow rate or a decrease in a heat flux of the wall.
Hence, it is expected that sub-millimeter-bubble injection is a proportional technique for

enhancing the heat transfer rates for laminar natural convections.
15
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N. M. Nouri and A. Sarreshtehdari [32] experimentally investigated the influence of
air bubbles injection into a rotary device on skin friction. They have injected
microbubbles with the size smaller than 300 um. The results that obtained from the
study showed that void frictions less than 4% caused a reduction of about 90% in skin
friction due to a rotational velocity that creates with small values of void friction.

H. Sadighi Dizaji et al. [33] proposed air injection bubbles as a considerable technique
to improve thermal performance of shell and helically coiled tube heat exchanger in
which a liquid used as a working fluid( especially water ). Where they have studied
experimentally the influence of air bubble injection on the number of thermal unit
(NTU) and performance of vertical shell and coiled tube heat exchanger as well as
exergy loss due to air bubbles injection. Volumetric Flow rate and temperature of hot
water (coiled side) were kept constant at 1L./m and 40 °C respectively. Inlet temperature
of cold water (shell side) kept constant at 12 °C with different mass flow rate from
(0.0831 to 0.2495) kg/s. The experimental performed with various air bubbles injection
conditions at constant air flow rate (1L/m) as predicted in (figure 2.1) . The results were
demonstrated that the amount of number thermal unit and effectiveness augmented
significantly due to air bubbles injection, maximum enhancement obtained was occurred
in case “ d ”. Dependent on air injection state and cold water mass flow rate (shell side)
an increase of up to 1.5-4.2 times in NTU, 1.23-2.59 times in dimensionless exergy
loss, and 1.36-2.44 in effectiveness compared to the pure water (without bubble
injection).from the results obtained, they are concluded that the ratio (n/d) is an effected
parameter in these cases, higher amount of (n/d) mean more enhancement. Where n is

number of holes and d is diameter of hole.
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' Hot water
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Coiled tube
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o X \
Cold water inlet Air flow inlets

Figure 2.1. A general view of test section include air bubble injection method[33].
Moosavi et al. [34] suggested to increase air flow rate to 5 L/m gradually, they are
investigated the effect of air bubble injection with different air flow rates on thermal
performance, frictional characteristics and pressure drop of a vertical shell and helical
coiled tube heat exchanger , the results showed that the air flow rate has important roles
on the effect of bubble injection into the heat exchangers and the increment of air flow
rate causes augmentation of the overall heat transfer coefficient. Air injection into the
shell side of the heat exchanger enhanced the overall heat transfer coefficient about 6-
187% due to increasing of air flow rate. The pressure drop in the shell side due to air
bubble was 3.4 kpa.

Khorasani and Dadvand [36] studied experimentally the influence of air bubbles
injection on the performance of horizontal shell and helical coiled tube heat exchanger,
as well as they evaluated the variations of NTU, effectiveness and exergy loss due to the
air bubble injection into the shell side with different air flow rate. The experimental
performed with parallel and counter configuration. Temperature and flow rate of hot
water (coil side) kept constant with 43 °C (1 L/m), whereas the volume flow rate of shell

side varied from 1 L/m to 5L/m with constant temperature 23 °C. The obtained results
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showed that the NTU and effectiveness € of the heat exchanger were improved
significantly due to injection of the air bubbles. An increasing in the value of NTU was
1.3-4.3 times. The maximum enhancement occurred in the counter flow structure at 1
I/m water flow rate in the shell side and air flow rate 5 I/min. The exergy loss improved
around 1.8-14.2 times the value of non-injected air bubbles situation. The supreme
exergy loss occurred in the counter flow configuration with the shell side water flow
rate of 1 I/min and air flow rate of 5 I/min. In addition, the air bubbles injection led to
increase in the effectiveness. The maximum effectiveness due to air bubbles injection
was 0.815 realized in the counter flow structure with the shell side water flow rate of 5
I/min and the air flow rate of 5 I/min.

H. Sadighi Dizaji et al. [37] clarify experimentally the effect of air bubble injection on
heat transfer rate, NTU, and effectiveness in a horizontal double pipe heat exchanger.
Air injection method was based on creating tiny holes on a plastic tube to generate air
bubbles along the heat exchanger. The mass flow rate and inlet temperate air through
the plastic tube were 0.098 x 10-3 Kg/s And 26°C respectively. The flow rate and inlet
temperature of cold water (outer pipe) were kept constant at 0.083 kg/s (Re=4000) and
25°C respectively. Hot water (inner pipe) inlet temperature was kept constant at 40°
with different mass flow rate variant from 0.0831 Kg/s to 0.2495 kg/s
(Re=5000~16000) study are related to bubbles inlet parameters. The results are
summarized as follows: Nusselt number improved about 6% - 35% based on air
injection condition and Reynolds number. The effectiveness of heat exchanger increased
about 10%- 40%. Maximum effectiveness was achieved when air bubbles were injected
into the annular space. So, it can be concluded that the ratio of (n/d) is a very important
parameter. Design of holes on the plastic tube and their number and diameter can
enhance the performance of heat exchangers.

A. Nandan and G. Singh [38] investigated experimentally Overall heat transfer

coefficient, exergy losses and dimensionless exergy loss of shell and tube heat
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exchanger, hot water was flowing to the shell side at different flow rates (1, 1.5, 2, 2.5,
3 I/m) and at four different temperatures (30, 40, 50 and 60 C). Cold water was kept at a
constant flow rate around 2 I/m and constant temperature. An aquarium pump was
employed to injection air. The flow rate and inlet temperature of air injected was
0.05833 kg/s and 15 C respectively. Four different situations with and without air
bubbles in a tube side were carried out. The results that obtained from the experiments
showed The heat transfer rate with air injection during the tube was increase 25-40%
accompanied by air injection at the enhancement of 20-30% and at shell inlet which
gives an improvement of 10-20% as compared to pure water at various Reynolds
Numbers. the overall heat transfer coefficient with air injection during the tube gives an
improvement by 30-45% followed by air injection at the tube inlet which gives
augmentation by 20-30% which shows improvement of 10-15% to pure water at
various Reynolds Number. Exergy loss with air injection during the tube gives an
augmentation of 35-45% air injection at inlet which gives improvement by 20-30% and
improvement by 10-15% as compared to pure water at various Reynolds Number.
Increase in the hot water temperature gives an augmentation in heat transfer rate, overall
heat, and the dimensionless exergy loss.

Energy conservation and thermal management in internal combustion engines has an
important role in the overall performance which directly affects the engine exhaust
emissions and the total fuel consumption.

H. Ghasemi Zavaragh et al. [39] studied experimentally optimization of heat transfer
and efficiency of the engine by employ air bubble injection inside the engine cooling
system as a new strategy to improve the performance of the cooling system. The
strategy of the air injection has two meaningful advantages. In the warming state,
significant air injection into the coolant fluid leads to heating engine components faster
by creating air layers (heat insulation layer) around the cylinder. For the cooling state,

air injection is limited to a specified level for creating turbulence flow to improve heat
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transfer by mixing boundary layers. The results showed that the periodic air bubble
injection by using the appropriate procedure can increase fuel economy and reduce
engine pollutant emissions also.

S. Pourhedayat et al. [40] investigated experimentally the influence of air bubble
injection on dimensionless exergy destruction, NTU, and effectiveness of a vertical
double-pipe heat exchanger. Each type of heat exchanger requires a specific injection
method depending on the heat exchanger structure. The Procedure which employed to
create air bubbles was based on make a small holes on a ring tube with different number
and diameter placed in the annular space of the heat exchanger, Water fluid was used as
a working fluid , operation parameters of the inner tube (hot water) and outer tube(cold
water) of the heat exchanger were (40°C with constant Re = 5500 based on water flow
rate) and cold water (25°C with 5000< Re< 16000), respectively. An aquarium-air pump
was employed to injection air for both sides of the ring tube. The result showed that
Bubbles cause an increment of further exergy destruction as well, which is natural.
However, exergy destruction by bubbles is less than the other hard type of turbulators,
which act as a barrier against the flow movement. Nusslet number, dimensionless
exergy destruction and effectiveness were enhanced about 57%, 30% and 45%
respectively with n=36 and d= 0.3. The proficient design of perforations on a plastic
tube and logical choice of their number and diameter can improve the performance of
heat exchangers.

E. M. S. El-Said and M. M. A. Alsood [41] investigated experimentally two new
methods were (cross air injection and parallel injection to working fluid) to clarify the
effect of air bubble injection its direction on the thermal performance and pressure drop
of a shell and multi-tube heat exchanger. The obtained results showed that cross
injection method has a significant effect on effectiveness, NTU, overall heat transfer
coefficient compared to the parallel method. Pressure drop due to cross injection higher

than parallel injection. Moreover, the overall heat transfer coefficient enhanced about
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131- 176 % when cross injection employed.

Baqir et al. [42] experimentally investigated the effect of micro bubble in a helically
coiled tube heat exchanger's side shell. Porous sparger was used to provide tiny air
bubbles as a new strategy that undressed before in the literature surevy. Their findings
showed that the increase in the overall heat transfer coefficient due to the air bubble
injection was around 130 per cent.

Kreem et al. [43] studied experimentally the effect of air bubble on thermal
performance of shell and coiled tube heat exchanger especially temperature distribution
along shell side d. the results showed there is a huge effect on thermal performance.
Sokhal et al. [44] experimentally evaluated the effect of air bubble injection on the
thermal and exergy of a shell and tube heat exchanger. The findings from experimental
data showed that the rise in the injected air bubble's flow rate improves the heat
exchanger's efficiency while the loss of exergy increases with the flow rate. The
minimum dimensionless exergy loss and Nu were around 27.49 per cent and 13 per cent
compared to no bubble injection

Subesh et al. [45] studied experimentally two different air bubble injection techniques
(parallel and cross-flow) into the shell side of a shell and tube heat exchanger were. A
wide range of shell side and injected airflow rates measured the possible improvement
of the heat exchanger's thermal performance, including Nu, the overall heat transfer
coefficient and effectiveness due to the bubble injection. Their findings showed that the
cross-injection air bubble technique was more effective than the parallel, but with a
higher drop in pressure.

Ghashim et al. [46] studied experimentally the effect of air bubble injection on the heat
transfer and pressure drop of a helically coiled tube heat exchanger working under
turbulent flow conditions has been.

The injected air flow rate range was 1.5, 2.5 and 3.5 I/min, and the hot fluid Re was

between 9000 and 50000 and Nu, effectiveness, NTU and exergy losses were measured.
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The results showed that the air injected contributed to a 64-126 per cent rise in Nu,
while the pressure drop increased from 66-85 per cent for the entire range of the
measured Re.

The heat transfer enhancement performance of vertical helically coiled tube heat
exchanger was investigated experimentally by Saif S.Hassan [47] et al. The
experiments were carried out with a 50 cm height heat exchanger and 15 cm internal
diameter. The operation parameters were: four different mass flow rate for cold water
shell side and three different mass flow rates for hot water coiled tube side and four
different airflow rates. The temperature difference betwwen hot and cold side was 20°C.
4 Kk-type thermocouples used. The experimental data demonstrated that the increase of
air injection flow rate have a significant effect which could be responsible for the heat
exchanger's thermal enhancement. Moreover, the injected air pressure having a minor
effect on thermal performance.

The effect of bubble size on thermal performance in a vertically coiled tube heat
exchanger was studied experimentally by Saif S.Hassan [48] et al. 0.1, 0.8, and 1.5 mm
represent the bubbles size which tested in the present study. The experiments carried out
with four shell-side flow rates 2, 4, 6, and 8 LPM, constant hot fluid flow rate 1 LPM,
and constant AT= 20 °C. The 4 k-type thermocouples used to measured temperature
distribution along the height of the heat exchanger. Results showed that air bubbles’
injection generally led to a significant augmentation of the heat transfer rate and the
optimum bubble size was 0.8 mm. Moreover the results demonstrated that the air
bubbles injection and bubbles size have a major role in temperature distribution along

height column of the heat exchanger.
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2.3 The summary

After figuring out a number of the previous researches and techniques which were
used to improve the shell and coiled tube heat exchanger with air bubble injection
technique, many critical points can be outlined. The thermal performance of shell and
coiled tube heat exchanger can be affect hardly by inserting special techniques to
enhancement heat transfer and thus increase the efficiency of a heat exchanger such as;
air bubble injection technique, helical coil, etc. The addition of special materials to the
working fluid, such as nanoparticles at different proportions and different types have
been used to improve the thermal parameters of shell and tube heat exchanger. Some of
the suggestions designed to the sparger by increasing the contacting area between heated
coiled tube and cooled fluid, thereby increasing the temperature of the liquid passing
through it. Some researchers have proposed a new design by adding a sparger to
increase the acquire heat as a design shell and tube. The other parameters of the shell
and coiled tube heat exchanger were studied such as increasing the flow rate of air
bubbles, temperature difference used, and the type of internally / externally finned
coiled tube. The mixture of water and air of two-phase flow systems works to increase
the heat transfer coefficient in a specific condition, such as the proportion of water and
air, air bubble size, tube diameter used, angle of the inclined tube.

In this study ,the thermal performance of shell and coiled externally finned
tube heat exchanger under air bubbles injection conditions and mass flow rate variation
will be carried out and fill the gap which  appears in the study by performing
experiments over the a wide range of operational parameter for fluid and air flow rates

inside shell and coiled finned tube.
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EXPERIMENTAL WORK

Introduction

This section describes the experience apparatus, method, and experimental
conditions used in this study. In this study ,The previous studies gives a clear indication
of the possibility to improving the thermal showing of a shell and helically coiled finned
tube exchanger of heat by using air bubbles injection technique
The current research has been working and establishing an experimental device to verify
the impact bubble of air injection and the effect of the distance between one fin and
another of the finned tube on the thermal showing of the perpendicular shell and helical

coiled (smooth and finned) tube exchangers of heat .

3.1 Test system part.

Figure 3.1 and Figure 3.2 show the exact views and structure of the test bench. The
test bench include of three main elements. The first section of the heating unit was
designed to provide hot water in the side of the lined pipe, which included a hot water tank
and an electric heater. The second cooling unit is designed to supply cold water to the side
of the register. The cooling unit consists of a cooling water tank, rotary compressor,
evaporator, condenser, additional valve and thermostat. The third stage heat exchanger
(Figure 3.3) consists of a PVC jacket, a spiral wound copper pipe and a porous sparger,
which is mounted under the jacket on the side facing the generator. air bubbles. An air
compressor (HAILEA ACO-318, 4) was employed to ventilate the air. As in Figs. 3.2 and
Fig. 3.3, the system flow rate was the dissipation flow rate, with hot water being boiled
into the tube from the upper side and shell side flow rate entering the tube from the lower

side. The flow bubbles of air and shell side flow rate is the flow that together flows from
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bottom to top. 8mm thick ultra-high heat dissipation (0.002W / mK) polyolefin foam
wrapping paper was employed as thermal insulation about the hot water reservoir , cooling
water reservoir and water heater.part of the test to reduce heat loss to the area as much as
possible. The PICOLOG 6 TC-08 data logger contains 8 type K thermocouples to display
the temperature of rooms, stores and temperature distribution along the skin immediately
on the PC. Three rotameters (panel type) were used to amount air and water in flow rates,
both are used to measure hot and cold water with an uncertainty of + 0.2 LPM and a value

equal to the flow rate of air and an uncertainty of £ 0 To taste 2 LPM.

IR

Fig. 3.1: Overview of the experimental configuration: 1.Shell tube, 2. Helical coiled tube,
3. Aguarium air compressor, 4.cold water tank, 5.evaporator, 6. Compressor, 7.condensor,
8. Water pump, 9. rotameter, 10.hot water tank, 11. Electric heater, 12. Data logger 13.
PC, 14. Air vent
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Fig. 3.2: A planning view of the empirical configuration: 1.Shell tube, 2. Helical coiled
tube, 3. Aquarium air compressor, 4.cold water tank, 5.evaporator, 6. Compressor,
7.condensor, 8. Water pump, 9. rotameter, 10.hot water tank, 11. Electric heater, 12. Data
logger 13. PC, 14. Air vent

3.3 Test Section.

As seen in the schematic view (Figure. 3.3), the test section comprised three main
parts are PVC shell tube, Helical coiled tube (a copper straight tube before coile operation
with 3.939 m was manually wrapped to form helical coiled tube, see Figure 3.4) and Stone
porous sparger.

The geometrical designs of the pipe shell and the pipe shell are presented in Table 3.1.
Eight thermocouples are employed to measure the temperature of the heat exchanger. Four
of them were employed to measure the flow and flow of hot water (T}, ; and T}, ,), and
cold water (T, ; andT, ,), and the other 4 thermocouples were fixed over the shell side of

the test section to measure the distribution of temperature along the shell tube
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(Ty,T,,T; and T,) as showed below.

Fresh air inlet o Dc ﬂ
Tcoe
| T Airvent 3
Cold water outlet — [7 Coiltube —
N ] ‘ .
|
H
Hot water inlet mmm—p } ‘ \
| -y T4 v
p
L)
Thii 9em
‘ v
T -V o T3 (| £
Air bubbles > 9cm em
- = =l e T2
Shell ‘
9cm
Th,0
" - -t ==Y e T1
Hot water outlet e g
Sparker Y
------ -« Tc,i

Cold water inlet

Number of turns 11
l(.:':"ty:ef":::d Number of turns 11 eyl
The distance between one step Coil type finned The distance between one

and another 1cm The distance between one step step and another 2cm

Fig. 3.3: Diagram of the experimental part.
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Table-3.1, A general view of the characteristics of the exchanger of heat (mm) [24].

Tube Di H Dc | N | t L di | P
Shell 152.4 | 500 - -1 3 - - -
Coiled tube | - 380 114 | 11|16 | 3939 |44 30
(bco)

\ 2 ] A " A J
coiled tube during coiled tube shell Shell tube after Shell and Thermocouples
formation after formation perforation coiled tube after installation

: ’ l» 7

Fig. 3.4: Stages of test section assembly
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3.4 Sparger

use Stone pored sparger (Mott Corp.®, Type: 316 L SS ,Farmington, USA ,
CT) to work small air bubbles in inside a shell tube . (100 um in avearge). It was
placed at the bottom of the shell tube as illustrated in Fig. 3.3. The geometric pattern, over

view and planning view of this section are Shown below .

Air inlet pipe diameter
=0.63 cm

Average holes
diameter 100 pm

@ 14.50cm
outer diameter

height =7 cm

Fig. 3.5: Sparger specification: (a) over view, (b) planning view
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3.5 Air supply unit

The ACO-318 electromagnetic air compressor from China (see Fig. 3.6) was
used to air-condition the energy-saving device. The compressor status is made-up of top
quality ZL 102 alloy of aluminum with customized planning , high heat efficiency,
electrically operated magnetic motor, straight-line reciprocating air movement and
reasonable shape. Use a new, portable material, label SF3, for the piston and cylinder,
with a few energy consumption and an oil-free construction . The technical data of the air

compressor are listed in Table-3.2.

‘—1
P i-H i

Fig. 3. 6: pneumatic piston
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Table-3.2: pneumatic piston properties

part Comment
Brand name HAILEA
Module number ACO-318
Power 45 Watt
Voltage 220-240 Voltage
Frequency 50 Hertz
Pressure 25 kpa

Air flow 70 LPM

Noise 60 dB

3.6 Heating unit

Heating unit used to provide hot water for the coiled tube. Heating unit

comprises of water storage tank (120 L), electrical heater,

3.7 Cooling unit

A cooling unit used to provide cold water to shell side. As shown in Fig. 3.1 & 3.2
cooling unit involves water storage resaves (250 L), revolving compressor, extension
valve, condenser, evaporator, and thermostat to keep inlet water of the shell side at a

constant temperature.

3.8 Water pumps and rotameters

Two electric water pumps (KF/0, China) were used, one for the cold water and
another for the hot water. Both pumps have the same technical data as tabulated in Table-

3. 3. Both pump has a bypass line to control the water inflow rates easily as shown below
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, o
’ 7 b Rv nass
Outlet to ~
rotameter | .
\
o Inlet to water pump
¥
Fig. 3.7: water pump
Table-3.3: water pump technical dada
Parameter Comment
Type KF/0
Max. fluid temperature 80°C
Power 0.372 KW
Voltage 220V
Frequency 50 Hz
Pressure 3 bar
Max. head 30m
Flow rate 30 LPM

The volumetric i

rotameters (panel

nflow rates of both kind of water (cold and hot) were measured by

type). Rota-meters with 18 LPM and 4 LPM maximum flow rates were

used for the cold and hot water respectively.
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3.9 Data Logger

An eight channel data logger, Pico Technology Temperature Data Logger TC08 USB
(Fig. 3.8) with the following specifications was used:

1- Eight channel thermocouple data logger

2- Supports all popular thermocouple types

3- Measures from -270 to +1820 °C.

4- High resolution and accuracy (For popular Type K thermocouples the TC-08 can

maintain 0.025°C resolution over a —250 to +1370 °C range).
5- Fast sampling rate up to 10 measurements per second.
6- USB interface.

7- PicolLog for Windows data logging software included.

The data logger is connected directly to a computer by a USB connection, where the

thermocouple readings displayed directly on the computer.

Fig. 3.8: Picolog-6 data logger with 8-thermocouples
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3.10 Temperature measurement

The inlet and outlet temperatures of the hot water, cold water, air and temperature
distribution along the shell tube were measured by using K-Type (Nickel Chromium,
Fig. 3.10) calibrated thermocouples with extension wires (RS Component Ltd,
Nothants, UK). All these thermocouples are connected with a data logger, which
directly displays their measurements on a PC, excepted of the inlet and outlet air
temperature were connected to a digital thermometer as illustrated in Fig. 3.1 and fig 3.2 .
The accuracy of the thermocouples are given in Table 3-5, while the calibration curves are
given in Appendix A. K-type thermocouple is common used in most thermal applications
due to its high corrosion resistance. It has a wide operational temperature range. The
specifications of the mentioned thermocouples are:

Temperature Range

*Thermocouple grade wire, —270 to 1260°C
*Extension grade wire, 0 to 200°C

*Melting Point, 1400°C

Accuracy (whichever is greater):

*Special Limits of Error: £ 1.1°C or 0.4%.

Table. 3-5: Error of temperature measurement in thermocouples

Parameters Unit Error
The temperature of the hot water outlet °C +0.4
The temperature of the hot water inlet °C +0.4
The temperature of the cold water outlet °C +0.4
The temperature of the cold-water inlet °C +0.5
Cold water along column side T1 °C +0.4
Cold water along column side T2 °C +0.4
Cold water along column side T3 °C +0.4
Cold water along column side T4 °C +0.5
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Fig. 3.9: k-type, Nickel-Chromium thermocouple

3.11 Working fluid.

Pure water has several properties that make it useful as a coolant. It has a high
specific heat capacity makes it to be an effective coolant. Also, it is fairly common, which
means it is readily available. Furthermore, the cost of water is fairly low. Water also has a
low viscosity, which represents the liquid's resistance to flow and fits comfortably in ata 7

on the pH scale, meaning it is neither alkaline nor acidic.
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3.12 Experimental Procedure

In this work 180 experiments were carried out under many different operating
conditions. The samples were divided into three groups (each group consisted of 60
samples) based on the size of the fin for finnted tube. First, 60 samples were
reduced to field = 1 cm and the combined temperature of 37 °© C and the shell
temperature of 17 ° C (AT = 20 °C) were carried out. The flow rates for hot water,
cold water and air vary according to Figure-3.6. Two further test units were carried
out with the same criteria, which are summarized in Table-3.6, but with different
sizes of pitch (1.5 and 2) cm. . To complete this section, the first 60 test methods are
discussed as follows:

1. First of all preparing the experimental set-up and checking all the instruments
and connections if have leakages, additional to check the electrical power supply.

2. Circulate the hot water (coil side) and the cold water (shell side) by running the
pumps and choosing a specific flow rate. This stages objective to maintain a
consistent temperature in the experimental system.

3. Prepare hot water and cold water in storage tanks by running the heat and cooling
systems and selecting the temperature difference (AT=20 °C). Then specified the hot
and cold water flow rates. Firstly the test section is operated without air bubbles
injection, and heat is exchanged between hot and cold fluids until reaching a steady-
state that is achieved after (20- 25 min) according to the type of coil that used.

4. After reaching steady-state, measurement of flow meters by rotometer of hot and
cold water, and temperatures through thermocouples by reading them directly on
the PC through the data logger. These readings are the first heat exchanger
measurement experiment to run without air injection. This process is repeated for
each side of the shell, and the side flow rate of the coil.

5. At these conditions (step 3) after steady state condition, take the measurements of
the flow meters and thermocouples by read them directly on the PC via the data
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loger. These reading represents the measurement of the first experiment where the
heat exchanger working without air injection. This step is repeated for each shell
side and coil side flow rates.

6. Select the air flow rate value and start injection of air into the shell side. Once the
air being injected, the measurements of the temperatures along the test section are
recorded automatically by data loger

7. This procedure (step 1 to 5) is repeated for each individual run. Figure 3.12

represent the screen capture of the measured temperatures along the heat exchanger

Picolog 6 - Files - D 20 ¢6 h1 N - Table:

¢ ¥ @B E BB » 2 @ B 0

Channels & Axes v

. ™ ° coil inlet (°C) coil outlet (°C) shell inlet (°C) shell outlet (°C) shell 1 (°C} shell 2 (*C) shell 3 (°C) shell 4 (°C)

coil inlet
AV686/097 | 1| Type K
Q \l/ Max. Min. Ave. Max. Max. Max. Max. Max. coil outlet
AVEB6/097 |2 | Type K
e 252 1722 159 I T Sl e
0 Bk : 5 C C c c b C AVEB6/097 |3 | Type K
aajaaiae 37.47 25.29 17.23 19.02 17.86 18.09 18.39 18.91 shell outlet
00:00:45 37.57 25.35 17.26 19.02 18.06 18.21 18.37 18.89 AV686/097 | 4| Type K
00:01:00 37.65 25.37 17.28 19.01 18.03 18.16 18.41 18.95 shell 1
80:01:15 37.68 25.41 17.31 18.96 18.02 18.18 18.45 18.92 AV686/097 | 5| Type K
00:01:30 37.74 25.40 17.33 19.03 17.89 18.18 18.36 19.18 shell 2
00:01:45 37.71 25.39 17.34 19.08 17.97 18.16 18.34 19.00 AV686/097 |6 Type K
00:62:00 37.68 24.32 17.26 18.94 18.01 18.16 18.60 18.89 shell 3
00:02:15 37.67 23.27 17.13 18.49 17.84 19.04 19.27 19.01 AV6BS/097 |7 | Type K
0:02:30 37.64 23.11 17.17 18.95 17.9% 19.01 19.49 19.38 shell 4
09:02:45 37.58 23.12 17.17 18.85 18.09 19.04 19.60 19.57 AV6B6/097|8 | Type K
00:03:00 37.55 23.18 17.22 19.01 18.02 19.32 19.69 19.83
00:03:15 37.48 23.12 17.24 19.05 18.11 19.26 19.78 19.81
80:03:30 37.46 23.08 17.27 19.12 18.13 19.35 19.75 19.86
00:03:45 37.37 22.57 17.29 18.82 18.28 19.36 19.58 19.56
00:04:00 37.33 22.00 17.31 18.99 19.00 19.37 19.54 19.49
00:04:15 37.25 22.00 17.32 19.03 19.03 19.38 19.41 19.55
00:04:30 37.29 22.04 17.25 19.14 19.67 19.49 19.73 19.65
00:04:45 37.37 22.07 17.15 19.17 19.09 19.43 19.49 19.69
00:05:00 37.55 22.02 17.22 19.20 19.15 19.52 19.79 19.68
00:05:15 37.58 21.80 17.26 19.26 19.30 19.51 19.71 19.69
00:05:30 37.65 21.80 17.38 19.27 19.34 19.64 19.78 19.79
00:05:45 37.61 22.04 17.32 19.33 19.39 19.68 19.77 19.78
00:06:00 37.61 22.08 17.33 19.41 19.43 19.72 19.96 19.92
00:06:15 37.54 22.15 17.36 19.41 19.47 19.73 19.85 19.88
80:06:30 37.49 22.14 17.37 19.54 19.47 19.73 20.06 19.99
00:06:45 37.42 2.17 17.48 19.53 19.51 19.81 19.99 20.03
00:07:00 37.39 22.06 17.41 19.56 19.54 19.87 20.09 20.05
00:07:15 37.35 22.04 17.43 19.68 19.66 19.86 20.04 19.99
00:07:30 37.30 22.04 17.45 19.63 19.66 19.88 20.12 20.14
00:07:45 37.21 22.05 17.45 19.63 19.61 19.88 20.04 20.15
00:08:00 37.22 22.05 17.33 19.66 19.62 19.93 20.05 20.12
00:08:15 37.25 21.98 17.27 19.66 19.68 19.98 20.08 20.09
00:08:30 37.36 21.92 17.33 19.64 19.68 19.89 20.09 20.13

Fig.3.12: Screen capture for data logger page during recording experimental data
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Table-3.6, Test conditions for the first group of the experiments in pitch of finned tube =

lcm
water flow rate of water flow rate of shell Air flow rate
coil side(LPM) side (LPM) (LPM)
2 0,2,4,6
4 0,2,4,6
1 6 0,2,4,6
8 0,2,4,6
10 0,2,4,6
2 0,2,4,6
4 0,2,4,6
1.5 6 0,2,4,6
8 0,2,4,6
10 0,2,4,6
2 0,2,4,6
4 0,2,4.,6
2 6 0,2,4,6
8 0,2,4,6
10 0,2,4,6

Same the experiments that tabulated above were performed for two others sets when the
size of pitch for finned tube=1.5cm and 2cm

Table-3.7: Average uncertainties of the performance parameters

Parameters Uncertainty
Overall heat transfer coefficient +14.21%
Effectiveness +8.52 %
NTU +12.26 %
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3.14 Calculation Equations of Experimental Work.
3.14.1 overall heat transfer coefficient

The overall heat transfer coefficient can be calculated using the equation

shown below [24].

U=—17? (3.1)

As. TumTD

Where g, Asand AT v1p represent the heat transfer rate, surface area of heat
transfer, and the log-mean temperature difference, respectively.

As a consequence, using energy balance, the heat transfer rate (g) can be

calculated as follows:

g-= fnth,h(Th,i — Tho) = r.ncCp,c(Tc,o_ Tei) (3.2)

The log-mean temperature difference for counter flow can be calculated from the

equation below [24]:

_ (Th,i_Tc,o)_ (Th,o _Tc,i)

AT vt = . 3.3
LMTD IHGZJETC'O-) (3.3)

Reshell==- (3.4)
_Q

Vergs (3.5)
a2

Dy =D=—+* (3.6)

Where Q, Re, v, D, and v represent the water flow rate through the shell side
of the heat exchanger, Reynold number of shells, shell velocity, shell hydraulic
diameter, and kinematic viscosity, respectively.
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3.14.2 effectiveness ()
The effectiveness of a heat exchanger explains the ratio of the actual to maximum

possible heat transfer [24]:
B actual heat transfer in a heat exchanger

"~ maximum possible heat transfer in a heat exchanger

q
= 3.7
Cmin(Th,i - Tc,i) ( )

Where g, Cmin, Thi, and Th represent the heat transfer, thermal capacity,
temperature of coil inlet,and temperature of coil outlet.

3.14.3 Number of Heat Transfer Units (NTU).

The number of heat exchangers (NTU), which is a non-invasive method, He was be set at
the same time to estimate the temperature of the exchanger heat and the magnitude of the

exchanger of heat and to calculate from the following equation[23]:

U.Ag

NTU = — (3.8).
min
Where Cmin represents the value of the smallest heat transfer capacity for heat
transfer.
Crnin = M. Cp (3.9

- percentage of enhancement ratio was calculated as follows [24]:

new value—orginal value

Percentage of enhancement ratio = * 100% (3.10)

orginal value
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Chapter Four

Experimental Results & Discussion
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INTRODUCTION

This section shows the results of the surface heat transfer properties such as overall
heat transfer (U), effectiveness (g), number of heat transfer units(NTU) for heat pipes

(smooth and finned) in both cases with and without air injection.

As previously shown in refs [24, 25, 28], the use of air injection significantly
improves the thermal performance of the heat exchanger. . Therefore, it is expected that
the size of heat exchanger that requires the same operation can be reduced even when

used without air injection.

4.1 Overall Heat Transfer Coefficient.

In this work, the superheating of the temperature rise (U) as an important indicator of

heat work under various operating conditions was extensively studied and adapted

As shown in figure (4.1) the difference of the overall heat transfer coefficient with
the shell side in flow rate at three various pitch (p=1,1.5,and 2) cm, and three different
air flow rates (Q_air=2,4,and 6 L/min) in addition to case of without air
injection(Q_air=0 L/min). The coil side flow rate is held constant at 1 L/min , as well as
, two other figures (Figs. 4.2 and 4.3) are presented for various coil side in flow rates
(Qcoil=1.5 and 2 L/min), the effect of pitch at 1 cm was clear comparted to 1.5 and 2
cm. Overall heat transfer coefficient increases significantly when air bubbles are
injected into the shell tube regardless pitch size. It is obvious that the enhancement of
the overall heat transfer coefficient continues to improve for increasing shell side in
flow rate.

The increase in overall heat transfer coefficient can be assign to the influence of

the injected air bubbles. Due to the density difference between the air and water bubbles
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inside the shell, the air bubbles are pushed vertically through the column of the water

under the effect of the buoyant force. As a result, the air bubble will pull water from the
side of the shell and thus increase the Reynolds number (Re) and turbulence degree.
Adding that, the movement of a circulating water within a shell, such as a shell cover,
will also cause secondary water flows to occur, increasing mixing level. Thus, both the
boundary layers hydrodynamic/thermal on the outer surface of the coil will be ruptured.

This is important when the temperature of the water layers around coil tube surface
Is significantly higher than the temperature of the rest of the larger section of the water
inside the shell.

Moreover, the poor thermal conductivity of air could also decrease the rate of heat
loss to the surroundings.

Finally, it should be noted that the actual water velocity inside the shell is greater
than the water velocity measured from Eq (3.5) since more mixing flow (water flow +
airflow) can rise through the same shell after the airflow injection within the shell side
of the heat exchanger. Furthermore, necessarily, the mixing flow would rise at a faster
flow rate than pure water. As a result, the actual water velocity and the actual shell side
Reynolds number are greater than the Reynolds number calculated from Eq (3.4). As a
result, this additional Reynolds number can be added as another positive action of the
air injection that increases the overall heat transfer coefficient rate of the heat
exchanger.

Generally, the rate of overall heat transfer coefficient (U) substantially increases
when the air bubbles are injected into the shell side while the flow rates of the water are
at constant. It is clearly shown that the augment of the overall heat transfer coefficient
continues to progress with increasing shell side mixing water/air bubbles flow rate.
Interestingly, (U) enhancement seems to have a maximum value depending on the air
injection flow rate. Thus, the air flow rates of 2 L/min can be represented as the flow
rate required to produce the maximum improvement in (U) within the study range for
the three hot coil flow rates (1,1.5 and 2 L/min).
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The overall heat transfer coefficient (U) increases significantly when air bubbles

=2 L/min Q shell=10 L/min, size of pitch =1cm because increasing the surfers area of
heat transfer. Both techniques were used in the present study in order to enhance overall

heat transfer coefficient.
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Fig. 4.1. Impact of air bubbles injection on the overall heat transfer coefficient of a three
different helical finned coiled tube for a constant coil side flow rate (Q.,;; = 1 [/min)
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Fig. 4.2: Impact of air bubbles injection on the overall heat transfer coefficient of a three

different helical finned coiled tube for a constant coil side flow rate (Q.,;; = 1.5 [/min)
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Fig. 4.3: Effect of air bubbles injection on the overall heat transfer coefficient of a three

different helical finned coiled tube for a constant coil side flow rate (Q.,;; = 2 [/min)
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Figure 4.4. express the variations of enhancement ratio Uys,/U,, With same operation
parameters above shell side flow rate (2,4,6,8 and 10) L/min at three different pitch size
(P=1,1.5,and 2 ) cm, and three different constant air flow rates (Qair=2,4 and 6 L/min
divided into three figures as shown below ( a, b and ¢) and constant coil side flow rate at
1 L/min. As well as , two other figures (Figs. 4.5 and 4.6) are presented for different coil

side flow rates (Qcoil=1.5 and 2 L/min) where U, refer to the overall heat transfer

coefficient of a shell and finned coil heat exchanger with air bubble injecting and Uy,
refer to the overall heat transfer coefficient of a shell and coil heat exchanger with air
bubble injecting . Maximum enhancement ratio was at 1 cm pitch size because raising
the number of fin increasing the surfers area of the heat transfer , 1.5 L/min hot water
flow rate and 2 L/min air flow rate as a result of air injection and increasing curvature
ratio due to reduce pitch size into 1 cm to improve secondary flow configuration.

It can be concluded from figures. 4.4, 4.5, and 4.6 that the highest improvement

ratio of the overall heat transfer coefficient ratio Uy,/Us, for size of pitch =1 cm and

Qshell = 10 L/min is 119 % and the minimum value is 39% at Qshell=2 L/min and size

of pitch =2 cm.
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Fig. 4.4: The difference in the enhancement ratio (Ug,/Us,) With the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,;; = 1 l/min)
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Fig. 4.5: The difference in the enhancement ratio (Ug,/Us,) With the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,;; = 1.5 [/min)

53



Chapter four Experimental Results and Discussion

A =¢—npitch 2cm ==—pitch 1.5cm ==A=pitch 1cm
® ] et —A
5 - Qair=2L/rnin/
3 41 - —=] U
S 3 -
3 2
= 1 —— —
=) 1 - C= —— —
O T T T T 1
2 4 6 8 10

Shell Side Flow Rate, Qshell (L/min)

B ==¢==pitch 2cm =fll=pitch 1.5cm  ==f==pitch 1cm
6 -
=\
5 -1 Qair=4L/min /— =
s 4 - —
%)
=) el -
| +
E 3 = = =
=) 2
N o — —— —O— —e
0 T T T T 1
2 4 6 8 10

Shell Side Flow Rate, Qshell (L/min)

C ==@==pitch 2cm =l=pitch 1.5cm  ==f==pitch 1cm
® ] Qair=6L/min
3 . / —A
S 4 —
~
3 - i = | |
b& 2
1- -— —— —— — ¢
0 T T T T 1
2 4 6 8 10

Shell Side Flow Rate, Qshell (L/min)

Fig. 4.6: The difference in the enhancement ratio (Ug,/Us,) With the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,i;; = 2 lmin)
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In addition to the influence on the measured values of U, it is instructive to also
consider the dimensionless performance improvement of the heat exchanger. This is
done taking into account the gain ratio Uy,/U which represents the value of the overall
heat transfer coefficient for the state with and without air injection for coiled finned
tube.

Figure. (4.7) shows the variation of U, /Uy as the casing side flow rate varies
with fixed the flow rate on the coil side (Qcoil = 1 L/min) and three air injection flow
rates (2,4 and 6 L/min). For all cases measured here (Figures. 4.8 and 4.9), the ratio of
Urq/ Uy initially increases significantly as the flow velocity on the shell side increases.
This results in a clear maximum value (Qshell = 10 L/min). For the maximum flow rate
on the calender side considered, the ratio U, /Uis always significantly greater than 1,
which means that the performance of the exchanger is always higher than in the case
without air injection. Also the figures (4.7, 4.8 and 4.9) show that Ug, /Uy increases
with increasing coil flow rate, but in all state the maximum gain of Uy, /Uy is clearly
reached at Qshell = 10 L/min, Qair = 2 L/min and size of pitch = 1cm.,

It can be concluded from figs. 4.7, 4.9, and 4.10 that the highest improvement ratio
of the overall heat transfer coefficient ratio Uy, /U for size of pitch =1 cm and Qshell =

10 L/min is 83 % and the minimum value is 27 % at Qshell=2 L/min and size of pitch =

2cm.
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Fig. 4.7: The difference in the enhancement ratio (Us,/U ) with the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,;; = 1 l/min)

56



Chapter four Experimental Results and Discussion

A =¢—pitch2cm =—=pitchl.5cm ===pitchlcm
4.50 +
4.00 | Qair=2L/min I —r— 4
3.50 4 /"’
~ 3.00
~ —— —] |
N 250 - 0
= 2.00 -
1.50 -
1.00 - - — ¢ ¢ ¢
0.50 -
O-OO T T T T 1
2 4 6 8 10
Shell Side Flow Rate, Qshell (L/min)
B =¢—pitch2cm ==—pitchl.5cm === pitchlcm
4.50 -~
ir=aL/mi
4.00 - Qair=4L/min
3.50 - . — i
- 3.00 - e
~ 2.50 - — — —3
= .
S 2.00 - — -
= 1.50 -
1.00 - —— G ¢ —*
0.50 -
0-00 T T T T 1
2 4 6 8 10
Shell Side Flow Rate, Qshell (L/min)
C e=@==pitch2cm =l=pitchl.5cm === pitchlcm
450 1 ai :
air=6L/min
4.00 - Q /
3.50 A
=5 s A
- 3.00 - — A
- 2.50 -
~ 2.00 - O —i - -
IS
= 1.50 - = .
1.00 - *>r— ‘
0.50 -
0-00 T T T T 1
2 4 6 8 10
Shell Side Flow Rate, Qshell (L/min)

Fig. 4.8: The difference in the enhancement ratio (Us,/Uy) with the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,;; = 1.5 [/min)
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Fig. 4.9: The difference in the enhancement ratio (Us, /U ) with the shell flow rate for

three different pitch and constant coil (hot) flow rate (Q.,;; = 2 l/min)
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4.2 Effectiveness

Figure 4.10,shows the effectiveness with the air injected flow rate for a fixing
coil side flow rate (Qcoil = 1 L/min) and three values of the air rate (Qair = 2,4 and
6LPM). The other two numbers are similar figures (4.11 and 4.12) are presented for

variation coil side flow rates (Qcoil = 1.5 and 2 L/min).

The increase in output as well as the increase in the shell on the side stream scale
can be seen from the figure. Similarly, the impact of the flow rate for shell side on the
effectiveness is limit on Qshell = 10 L/min. Thus, these observations can lead to the
conclusion that Qair = 2 L/min and Qshell = 10 L/min are the best case flows within
the current experimental conditions. This actual search was not noticed in any of the
relevant studies. With a regular flow measurement on the coil side (Qcoil = 1 LPM)) the
incremental increase in the thermal effectiveness at the shell side flow rate is 10 L/min,
air flow rate injection of 2 LPM, pitch = 1 cm ,While the minimum the thermal
effectiveness at the flow rate of shell side = 2 LPM, the air flow rate is 6 LPM, the pitch

= 2 cm and the temperature difference is 20 °C
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Fig. 4.11: Variation of effectiveness with the flow rate of shell for three different pitch

and constant coil (hot) flow rate (Q.,;; = 1.51/min)
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Figure 4.13 express the variations of enhancement ratio of the effectiveness &¢,/€5q

with same operation parameters above shell side flow rate (2,4,6,8 and 10) L/min at
three different pitch size (P=1,1.5,and 2 ) cm, and three different constant air flow rates
(Qair=2,4 and 6 L/min divided into three figures as shown below ( a, b and c) and
constant coil side flow rate at 1 L/min. As well as , two other figures (4.14 and 4.15) are
presented for different coil side flow rates (Qcoil=1.5 and 2 L/min) where &¢, refer to
the effectiveness of a shell and finned coil heat exchanger with air bubble injecting and
&4, refer to the effectiveness of a shell and coil heat exchanger with air bubble injecting.
Maximum enhancement ratio was at 1 cm pitch size because raising the number of fin
increasing the surfers area of the heat transfer , 1.5 L/min hot water flow rate and 2
L/min air flow rate as a result of air injection and increasing curvature ratio due to
reduce pitch size into 1 cm to improve secondary flow configuration.

It can be concluded from figures. 4.13, 4.14, and 4.15 that the highest improvement
ratio of the effectiveness ratio &¢,/&,, for size of pitch =1 cm and Qshell = 10 L/min is

122 % and the minimum value is 18% at Qshell=2 L/min and size of pitch =2 cm.
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Fig. 4.13: The difference in the effectiveness enhancement ratio with the flow rate shell

for three different pitch and constant coil (hot) flow rate (Q.,;; = 1 I/min)
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Fig. 4.14: The difference in the effectiveness enhancement ratio with the flow rate shell

for three different pitch and constant coil (hot) flow rate (Q.,;; = 1.5 [/min)
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Fig. 4.15: The difference in the effectiveness enhancement ratio with the flow rate shell

for three different pitch and constant coil (hot) flow rate (Q.,;; = 2 I/min)
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Figure 4.16, show the relationship between the enhancement ratio of the

effectiveness &¢,/€; and the air injected flow rate for variation shell side flow rate and

fixed coil side flow (Qcoil = 1 L/min) . Similarly, two other figures (4.17 and 4.18)
are presented for variation coil side flow rates (Qcoil = 1.5 and 2 L/min).

The optimal value to enhance effectiveness of heat exchanger is when the air
injected flow rate 2 L/min, Qshell = 10 L/min and pitch=1cm are as seen in Figure
4.16

It can be concluded from figs. 4.7, 4.9, and 4.10 that the highest improvement ratio
of the enhancement ratio of the effectiveness ratio £¢,/&y for size of pitch =1 cm and
Qshell = 10 L/min is 55 % and the minimum value is 11 % at Qshell=2 L/min and size

of pitch =2 cm.
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Fig. 4.16: The different in the effectiveness enhancement ratio with the shell flow rate

for three different pitch and constant coil (hot) flow rate (Q.,;; = 1 I/min)
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Fig. 4.17: : The different in the effectiveness enhancement ratio with the shell flow rate

for three different pitch and constant coil (hot) flow rate (Q.,;; = 1.5 [/min)
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Fig. 4.18: : The different in the effectiveness enhancement ratio with the shell flow rate

for three different pitch and constant coil (hot) flow rate (Q.,;; = 2 I/min)
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4.3 Number of Heat Transfer Units (NTU).

. Figure 4.19 shows the NTU difference with the cold water flow rate (Qshell) for

variation degrees of injected air flow (Qair) and the coil side flow rate (=1 LPM) and
the constant temperature change (AT=20°C) . Similarly, the other two (Figures 4.20 and
4.21) are developed in series with different hot water flow rates (Qcoil = 1.5 and 2
LPM), respectively. Of course, the air injected in the form of small waves around the
heat gun contributes significantly to the improvement of NTU. The minimum value
obtained from NTU was 0.62 at Qair = 6LPM, Qcoil = 2 L/min, Qshell = 2 L/min
,pitch =2cm. While, the maximum of value of NTU is 6.0 at Qair = 2 L/min, Qcoil =
1LPM, Qshell = 10L/min ,pitch=1cm
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Fig. 4.19.Impact bubbles of air s injection on the NTU of a three variation helical

finned coiled tube for a constant flow rate for coil side (Q.p;; = 1 [/min)
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Fig. 4.20 Impact bubbles of air s injection on the NTU of a three variation helical
finned coiled tube for a constant flow rate for coil side (Q.,;; = 1.5 [/min)
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Fig. 4.21.Impact bubbles of air s injection on the NTU of a three variation helical
finned coiled tube for a constant flow rate for coil side (Q.,;; = 2 [/min)
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Figure 4.22 express the variations of enhancement ratio Ntug,/Ntug, with same

operation parameters above shell side flow rate (2,4,6,8 and 10) L/min at three different
pitch size (P=1,1.5,and 2 ) cm, and three different constant air flow rates (Qair=2,4 and
6 L/min divided into three figures as shown below ( a, b and c¢) and constant coil side
flow rate at 1 L/min. as well as , two other figures (4.23 and 4.24) are presented for
different coil side flow rates (Qcoil=1.5 and 2 L/min) where Ntug, refer to the number
of heat transfer unit of a shell and finned coil heat exchanger with air bubble injecting
and Ntug, refer to the number of heat transfer unit ectiveness of a shell and coil heat
exchanger with air bubble injecting . Maximum enhancement ratio was at 1 cm pitch
size because raising the number of fin increasing the surfers area of the heat transfer ,
1.5 L/min hot water flow rate and 2 L/min air flow rate as a result of air injection and
increasing curvature ratio due to reduce pitch size into 1 cm to improve secondary flow
configuration.

It can be concluded from Figure s. 4.22, 4.23, and 4.24 that the highest improvement
ratio of the effectiveness ratio Ntuy,/Ntu,, for size of pitch =1 cm and Qshell = 10
L/min is 116 % and the minimum value is 36% at Q shell=2 L/min and size of pitch = 2

cm.
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Figure 4.25, show the relationship between the enhancement ratio of Ntus,/Ntu; and
the air injected flow rate for variation shell side flow rate and fixed coil side flow
(Qcoil = 1 L/min) . Similarly, two other figures (4.26 and 4.27) are presented for
variation coil side flow rates (Qcoil = 1.5 and 2 L/min).
The optimal value to enhance NTU of heat exchanger is when the air injected
flow rate 2 L/min, Qshell = 10 L/min and pitch=1cm are as seen in Figure 4.25
It can be concluded from figs. 4.25, 4.26, and 4.27 that the highest improvement
ratio of the enhancement ratio of Ntug,/Ntu; for size of pitch =1 cm and Qshell = 10
L/min is 81 % and the minimum value is 26 % at Qshell=2 L/min and size of pitch = 2

cm.
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4.4 Comparison of The Overall Heat Transfer Coefficient In the Helical
Coil (Smooth and Finned) Tube Heat Exchanger.

Figure 4.28 states the effect of fins and injection air bubbles on the overall heat
transfer coefficient (U) at different shell-side flow rates (2,4,6,8 and 10LPM), constant
hot water flow rate , stable air flow rate , and (AT =20 °C).

As mentioned previously, the injection of air into the water will generate bubbles inside
the cold water. As a result of the difference in density between the water and the air, the
bubbles will move vertically to the top. As a result of the movement of the bubbles, the
turbulence will increase inside the shell. As a result, the thermal layers formed on the
surface of the helical coil tube will be destroyed, which is one reason to increase the
transfer of heat from hot water to cold water. The second main reason is the increase in
cold water velocity due to injecting the bubbles into a shell, increasing the Reynolds
number, subsequently increasing the heat transfer rate.

Similarly, when using spiral fins, the inner fins will cause an additional rotational
movement (secondary flow) inside the hot water pipe. In contrast, the outer fins will act
as barriers to break down the thermal layer formed on the surface of the helical tube,

which will increase the rate of heat transfer between the two liquids
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4.5 Impact of Inlet Air Bubbles Temperature on Transfer of

Heat Rate.

In the current work, the maximum mass of air flow rate was 1.96 = 10™* kg/s
(10 LPM) and the maximum air mass fraction was 5.673 * 10~ 3as obtained by equation
4.1 below. However, it is obvious that the mass of air flow rate is a very little compared
with water mass flow rate (0.0333 kg/s). In addition to air has very poor thermal
conductivity (only 0.02 W/m.K) and poor heat capacity (0.19 J/s.K) therefore, the heat
transfer due to the injected air was ignored.

_ 1.9+10~*
T 1.94107%+0.0333

Mair

+ Myater

MF,;, = = 5.673 %1073 ...(4.1)

Mair

However, the contribution of the injected air on the transfer of heat process in the
exchanger of heat is tested experimentally since the temperature of inlet and outlet air
were measured during the experiments. The maximum temperature difference was
found to be having only 0.4°C which could be as a conclusion of the adiabatic

expanding of (air volume expand once sprays by the sparger).
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Conclusions and Recommendations for Future Work

Introduction.

The aim of this work is now to test the injection of small air bubbles into the air
and the size of of pitch for finned tube of the direct heat exchanger and the helical tube
heat exchanger in the laminar flow. (316 < Re < 1523). This study included an analysis of
overall heat transfer coefficient (U), effectiveness (¢), number of heat transfer units

(NTU)

5.1 Conclusions.

The experimental findings of the current work, presented in Chapter 4,
demonstrated that the injection of air bubbles dramatically improves the thermal
performance of a vertical shell and helically (smooth and finned) coiled tube heat
exchanger. According to the obtained results, the following conclusions can be

drawn.

1. Air bubbles injection into the shell side of the helically coiled tube heat exchanger
results in a significant improvement in the overall heat transfer coefficient
(Uga) and effectiveness (eg5) for all cases under study. However, depending on

Qa and Qs, the maximum enhancement ratio of (Ufa/Ugg) was up to 119 %, and
(efa/€5q2) Was 122% compared with pure water. The aforesaid maximum

enhancement ratios were achieved when Qg = 10 L/min, Q, =

L/min, and size of pitch =1cm, While the minimum enhancement ratio
of (Uga/Uga) was 39%, and (&fa/esq) Was 18%.
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2. From our experiments, we conclude that Qa = 2 LPM and Qs = 10 LPM are the
best flow rates (Ug, /Ur) , (r4/€r)and (NTUf,/NTUf)to achieve higher levels
under current conditions.

3. The value of (Usa, Ug,) increases by increasing the flow rate on the coil side due

to the increase in thermal conductivity (water temperature) of the single heat
treatment. On the other hand, the value (&g, &) decreases with increasing flow
velocity on the recoil side due to increasing air pressure (water temperature) with
treatment simultaneous thermal
4. The maximum enhancement ratio of (Us./Us) | (era/er) and Ntug/Ntug is
clearly obtained at Qs = 10 L/min, Q, = 2 L/min, and size of pitch =1cm
iIs 83 % ,55% and 81% recepactlly and the minimum enhancement of
(Ura/Uy) | (era/er) and Ntug/Ntug is clearly obtained at Qs = 2 L/min, Q, = 6
L/ min,and size of pitch =2cm is 27 % ,11% and 26%
5. The maximum enhancement ratio of (Us, /Uy is clearly obtained at Qs =
10 L/min, Q; = 2 L/min, and size of pitch =1cm is 83 % , and the
minimum enhancement of (Us, /Uy is clearly obtained at Qs = 2 L/min, Q,
=6 L/ min,andsize of pitch =2cm is 27 % .
6. The maximum enhancement ratio of (&sy/gf) is clearly obtained at Qg =
10 L/min, Q, = 2 L/min, and size of pitch =1cm is 55% and the minimum
enhancement of (&gg/gf) Is clearly obtained at Qs = 2 L/min, Q, = 6 L/
min,and size of pitch =2cm is 11% .
7. The maximum enhancement ratio of Ntus,/Ntus is clearly obtained at Qg
= 10 L/min, Q; = 2 L/min, and size of pitch =1cm is 81% and the
minimum enhancement of Ntus,/Ntug is clearly obtained at Qs = 2 L/min,
Q. =6 L/ min,andsize of pitch =2cm is 26% .
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5.2 Recommendations

The present work deals with the experimental study of enhancing the thermal
performance of a vertical shell and coiled (smooth and finned) tube heat exchanger by
using the air bubbles injection technique. However, the following recommendations for
future work should be useful:

1. Itis advised to do a special numerical analysis using CFD.

2. Measure the timing and velocity of air bubble generation, which affects the
hydrodynamics and heat transfer in the heat exchanger. A clear Perspex tube and a
high-speed camera may be used to accomplish this.

3. Study the economic feasibility of our study using the method of merged the passive
and active methods, represented by using the air bubble injection technique and
helical coil finned (internally - externally) tube.

4. Study the effect of merged (passive and active method) technices through using
injection air bubbles inside shell and helical coil finned (internally - externally)
tube heat exchanger.

5. Study the effect of merged (passive and active method) techniques on nusselt
number, through using injection air bubbles inside the shell and helical coil finned

(internally - externally) tube heat exchang
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Appendix (A): Calibration curves
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Appendix (B): Uncertainty

The following equation can be used to calculate the uncertainty of experimental data
[64]:

Wy = \[Zo Wx, (B.1)
And the result IS given as:

R = f(Xl,Xz,....,Xn) (22)
Where:

Wr: Uncertainty in the result
X1, X5, ..., X,: Independent variables, and
W, W,, ... .. , W,: Uncertainty in the corresponding variables.
The uncertainty of the performance parameters that have been experimentally
obtained in the present study will calculate sequentially in the following sections using

the general formula (B.1).

Overall Heat Transfer Coefficient (U)

The overall heat transfer coefficient (U) was calculated by Eqg. (4.1) and rewritten
below:
U=—3 (B.3)

As. ATLmTD

According to Eg. (C.1), the uncertainty of U is due to the errors of q, AjAnd the

temperatures (Ty, ;, Ty o, Tc jand T, ;). However, the following general expression can be

made:
Wy = ("—”w)2+ (—a” w )2+(a—”w )2 (B.4)
U~ aq q aATLMTD ATLMTD aAS AS )
This leads to:
_ Wq z 9 Watymrp 2 (_ 9-Wag )2
Wy = \] (AS.ATLMTD) T ( As.(ATLMTD)Z) T A% ATmTD (B.5)

Where AT, yqrp is the log-mean temperature difference, and it can be found by:

T i Tco T o_Tc1
ATLMTD - ( = ln(Tzl_(TChO) ) (B6)

Th,o_Tc,i

Hence, the general uncertainty of ATy ytp IS [64]
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(0 e )

B [ i v )
ATymrp — — 7
(=)

Now, the second factor that affects the uncertainty of U is the heat transfer rate g which
can be found by:

(B.7)

q = my, Cpy, (Tpi — Thyo) (B.8)
Similarly, the uncertainty of q can be calculated as:

_ aq z aq z aq 2 aq 2
W, = j (a—mwmh) + (mwcph) + (aT_MWTh,i) + (mwﬂlo) (B.9)

Using Eqg. (B.8) results in:

_ (Cph [Th,i - Th,o]- Wnlh)Z + (mh. [Th,i - Th,o]' prh)Z + (mh. Cph wTh,i)Z

W, = 5 (B.10)
+(— my,. Cpthh,o)
i i mp | [Cph]| | Thi—The o
Multiply equation (C.10) by [mh] [Cph] [—Th’i_Th’o], results in:
(mh-Cph-[Th,i_Th,o]~Wmh>2 + (mh~[Th,i_Th,o]~WCph>2 4 (mh~Cph~(Th,i_Th.o)-WTh‘i)z
w — mh Cph Th,i_TC,i B ) 11
a N (- mh-Cph~(Th,i_Th,o)~WTcli)2 ( )
Th,i—Tc,i

where: q = rit, Cpy (Thi — Tho)
Eq. (B.11) becomes:

. _ Win, 12 Wep, 12 Wi 2 Wi o 2
" Wq N q\/ [m_h] + [Cph ] + [Th,i_Th,o] + [_ Th.i_Th.o] (B.12)

The uncertainty of A and Cph can be ignored due to their minor effect [64].

Now the uncertainty of U can be obtained by Substitute Eq. B.7 and B.12 into Eq. B.5.
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Effectiveness (g)

The general equation that can be used to calculate the heat exchanger effectiveness is:
q

£=5 (B.13)
Using Eqg. B. 1 above, the general uncertainty formula of € is:
de de 2
W \[ a max WQ.max ) (814)
Using Eq B. 13 ylelds
CIWQ 2
W, = \/ (-3 emar ) B.15
Q max (Q.max-)z ( )
Uncertainty of WQ.m .. can be similarly obtained:
2 2
aQ max aQ max aQ.max aQ.max
WQ.max_ = \/( am W ) +( prh) + ( aTh,i wTh,i) + ( aTc‘i ch,i) (BlG)
where
Q,max- = Cmin- (Th,i - Tc,i) (B 17)
and Ciin = My, * Cph
Using Eq. B. 16 above, yield:
2 2 2
_|(Cpu [Tui — Tei] Win,,)™ + (mp. [T = Tei] Wep, )™ + (mp. Cpp. Wy, ) (.18
Qmax- — 2 '
+(— my,. Cpthci)
mp | [Cpu| | Thi—Tei
Multiply Eq. C.18 by [ ][Cph] [Thi_Tm] results:
my Cph.[Thi=Tei] Wiy, 2 mp.[Th i—Te,i] Wepy, z mp.Cph-( Th,i=Tei)- Wry, ; 2
_ ( myp ) + ( Cph ) + ( Th,i_TC,i ) (B 19)
Qma: - mh.Cph.(Th,i—Tc,i).ch,i)2 '
+ ( Th,i—Te,i

But:
Qmax- = My,. Cpy,. (Th,i - Tc,i)
Hence, Eq. (B.19), becomes:
. Wmn 2 Wep 2 wTh,i 2 WTc,i 2
* Womax = Q,max\/ [m_hh] + [Thh] + [Th,i_Tc,i] + [_ Th,i_Tc,i] (8.20)

Finally, the uncertainty of € can be obtained by substituting Eg. B.12 and Eq. B. 20 into
Eg. B.15.
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NTU

The number of heat transfer units (NTU) is obtained by:
U.Ag

NTU = (B.21)

min

Using Eq. (C.5), the uncertainty of NTU can be developed as:

Wr = |5 W)+ (55m) + (i) + (i) B2)

Which leads to:

2 _ 2 U.Ag Wi, 12 U.AsW,p, 12
WNTU — \[ AS.WU] + %] + [_ h] + [_ —ph] (823)

my.Cop, my.Cop, m2.Cpp mp.Cp7

Similarly, the uncertainty expression of NTU can be developed by substituting the final
expression of EqB.5 above into Eq. B.23.
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