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ABSTRACT

Transferring thermal energy efficiently require 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 (internally-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 a variable diameter of (0.1,0.8, and1.5 mm) via sparger (spiral- shape
plastic tube) with 1400 hole per meter, as a new injection method. Furthermore, the
study was conducted to optimize the operational parameters of the void fraction 0.25
(air and water volumetric flow rates) of the shell side under laminar flow (316 <
Re < 1223). The experiments were performed with volumetric cold water flow rate
(Qs) = 2,4,6,and 8 L/min,volumetric air flow rate (Q,) = 0.5,1,1.5,and 2 L/min,air
pressure=2,3,4,and 5 bar,volumetric hot water flow rate (Qn) = 1,1.5,and 2 L/min,and
working fluid (water) inlet temperature difference were 20 °C. Studying the effect
of varying the operating parameters on the overall heat transfer coefficient,
effectiveness , temperature distribution along with shell side pressure drop, and effect
of air pressure on the thermal performance of the heat exchanger was considered with
and without air bubbles injection.Besides, that studied the effect of bubbles diameter,
and distance of spiral fins (5,8, and 10mm) on the thermal performance of the heat

exchanger.
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The experimental results showed that the overall heat transfer coefficient and
heat exchanger effectiveness were improved significantly due to air bubbles
injection. Indeed, for a smooth tube, the maximum enhancement ratio of overall heat
transfer coefficient with air to overall heat transfer coefficient without air was 152
%, and effectiveness with air to effectiveness without air was 111% at Qs = 6
L/min,Q, =2 L/min,Qn = 2 L/min.

On the other hand, for the finned tube, the maximum enhancement ratio of
overall heat transfer coefficient with air to overall heat transfer coefficient without
air was 92 % while, the effectiveness with air to effectiveness without air was 71%
at Qs =4 L/min, Q, = 2 L/min, and bubble diameter = 1.5mm.

Furthermore, the experimental results showed that the highest improvement
ratio of (overall heat transfer coefficient of finned tube to overall heat transfer
coefficient of smooth tube) for pitch fins (5,8, and 10mm) was (107%, 73%, 49%),
respectively, and the ratio of (overall heat transfer coefficient of finned tube with air
to overall heat transfer coefficient of smooth tube without air) for pitch fins (5,8, and
10mm) was (281%, 261%, 248%) respectively.
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CHAPTER ONE

INTRODUCTION

An effective energy conversion process requires a design that involves an
appropriate equipment to achieve the highest possible thermal potential from the
systems energy supply [1]. The heat exchanger is equipment that has almost been
used in this operation. Therefore, the heat exchanger can clearly be described as a
device that transfers thermal energy between two different energy content fluids. The
heat exchanger can be practically divided into two major types: surface or indirect
contact heat exchanger and direct contact heat exchanger [2]. Metallic walls separate
hot and cold fluids in the former, and thermal energy is transferred through them.
However, due to the high heat transfer resistance of the metal barriers, this form of
heat exchanger's thermal potential is restricted in addition to the high cost resulting
from the huge heat transfer area needed to overcome the low efficiency of the heat
exchange. Although direct contact heat exchange does not have such issues, it refers
to thermal energy transport between two or more fluid streams when they are brought

into intimate contact with each other [2-7].

Researchers have proposed several heat transfer improvement strategies over
the last few years to minimize costs, size, weight and increase the thermal efficiency
of surface heat exchangers. These strategies can be classified into three groups:

passive, active, and compound techniques, which will be outlined in the following:

1.1 Passive Heat Transfer Enhancement Technique:

This techniques generally used surface or geometrical modifications to the
flow channel by incorporating inserts or additional devices. It promote higher heat
transfer coefficients by disturbing or altering the existing flow behavior (except for

extended surfaces), increasing the pressure drop. In the case of extended surfaces,
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the effective heat transfer area on the extended surface is increased. Passive
techniques hold the advantage over active techniques as they do not require any
direct input of external power. However, this heat transfer enhancement
methodology involves [8-13]. Heat transfer augmentation by these techniques can be

achieved by using:

RY

% Rough Surfaces: These surface modifications mainly create disturbance in
the viscous sub-layer region. These techniques are applicable primarily in
single-phase turbulent flows.

s Extended Surfaces: Plain fins are one of the earliest types of extended

L)

surfaces used extensively in many heat exchangers. Finned surfaces have
become very popular nowadays due to their ability to disturb the flow field
apart from increasing heat transfer.

s Swirl Flow Devices: They produce swirl flow or secondary circulation on the

*,

axial flow in a channel. Helically twisted tape, twisted ducts & various forms
of altered (tangential to the axial direction) are typical of swirl flow devices.
They can be used for both single-phase and two-phase flows.

% Surface Tension Devices: These devices direct and improve liquid flow to
boiling surfaces and from condensing surfaces. Examples include wicking or
grooved surfaces.

% Coiled Tubes: In these devices, secondary flows or vortices are generated due
to curvature of the coils, which promotes a higher heat transfer coefficient in
single-phase flows and most regions of boiling. This leads to relatively more
compact heat exchangers.

% Displaced Enhancement Devices: These inserts are used primarily in

L)

confined forced convection. They improve heat transfer indirectly at the heat
exchange surface by displacing the fluid from the heated or cooled surface of

the duct with bulk fluid from the core flow.
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s Use Of Additives: This contains soluble polymers and gas bubbles in a single-
phase liquid flow or liquid droplets in a gas flow. Besides, they require the

addition of solid nanopatrticles to strengthen the thermophysical properties.

1.2 Active Heat Transfer Enhancement Technique:

These techniques are more complex from the use and design point of view as
the method requires some external power input to cause the desired flow
modification and improvement in the rate of heat transfer. It finds limited application
because of the need for external power in many practical applications. Compared to
the passive techniques, these techniques have not shown much potential as it is
difficult to provide external power input in many cases. Briefly, this strategy of

improvement includes [11, 12, 13]; various active techniques are as follows:

 Fluid Vibration: Instead of applying vibrations to the surface, pulsations are
created in the fluid itself. This kind of vibration enhancement technique is
employed for single-phase flows.

¢ Injection: In this technique, the same or other fluid is injected into the primary
bulk fluid through a porous heat transfer interface or upstream of the heat
transfer section. This technique is used for the single-phase heat transfer
process.

s Jet Impingement: This technique is applicable for both two-phase and single-
phase heat transfer processes. In this method, fluid is heated or cooled
perpendicularly or obliquely to the heat transfer surface.

%+ Suction: This technique is used for both two-phase heat transfer and single-
phase heat transfer processes. Two-phase nucleate boiling involves vapor
removal through a porous heated surface, whereas fluid is withdrawn through

the porous heated surface in single-phase flows.
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+ Surface Vibration: They have been used primarily in single-phase flows. A
low or high frequency is applied to facilitate the surface vibrations, resulting
in higher convective heat transfer coefficients.

¢ Electrostatic Fields: Electrostatic fields like electric or magnetic fields or a
combination of the two from DC or AC sources are applied in heat exchanger
systems which induces more significant bulk mixing, force convection or
electromagnetic pumping to enhance heat transfer. This technique is

applicable in the heat transfer process involving dielectric fluids.

1.3 Compound Enhancement Techniques:

A compound augmentation technique is that where two or more than one of
the techniques mentioned above is used in combination to improve further the

thermal performance of a heat exchanger [6].
1.3.1 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.
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Figure 1.2: Types of curved tube geometries [14].

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].
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1.3.2 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].

(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.

He

dv
Hsh

Figure 1.3: 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]:

- (2
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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].

De <20 De > 100

Figure 1.4: 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 (Ay) to its volume (V) that called area dencity (B)
,should be over(f > 700 m?/m3 ) 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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1.4 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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Figure 1.5: General view for a vertical shell and helically coiled tube heat
exchanger with air bubble injection method.

1.5 Research Problem And Objectives Of The Thesis

According to the literature review, it has been seen that limited studies have
been published on air injection as an enhancement technique. Besides, 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 question
on this methodology and to fill a void that exists in the literature with the following

points:

1. Proposed a new strategy for injection air bubbles (plastic-spiral shape tube with
1400 holes per meter and three different diameters to explain the effect of bubble
diameter on the thermal performance of heat exchangers.

2. Investigate the effect of injected air bubbles on the thermal performance of four
shells and helically coiled tube heat exchange.

9
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» Smooth coiled tube heat exchange.

» Finned Coiled tube with 5 mm pitch heat exchange.
» Finned Coiled tube with 8 mm pitch heat exchange.
» Finned Coiled tube with 10 mm pitch heat exchange.

3. Investigate a wide range of parameters that were non-investigated from before,

such as different airflow rates with different pressure.

4. study the influence of variation in the injected air flow rate, air pressure, pitch of
spiral fins, and bubble diameter on the thermal performance of a shell and helically

coiled smooth and (internally — externally) finned tube heat exchanger.

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

these include:

» Overall heat transfer Coefficient.
> Effectiveness.
» The temperature distribution along with the heat exchanger height.

» The increment of the pressure drop is due to the air injection.

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 pressure, temperature, and flow rates.

10
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1.6 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 technigue, compound enhancement techniques,
and more recent air bubble injection 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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CHAPTER TWO

LITERATURE REVIEW

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 bubble's number,
shape, size, and distribution rely on the injection technique and the fluid's 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 [23-28]

This chapter provides a review of the studies on a shell and helically coiled
tube heat exchangers to improve their thermal performance through the use of heat
transfer enhancement strategies (passive, active, and compound), with an emphasis
on the air bubbles injection technique and helical fins coil as the topic of the current

thesis.

2.1 Geometrical Surfaces Modification Techniques of Heat Exchanger

Manipulating the surface geometries of the coiled-tube heat exchanger such as
curvature ratio, coil spacing and other dimensions are passive reinforcement
techniques. In this context, Kahani et al. [29] Experimentally studied the effect of

curvature ratio and coil spacing on heat transfer performance and pressure drop of a

12
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coil heat exchanger operating under laminar flow conditions. The results confirmed
a significant improvement in the heat transfer rate associated with the higher pressure
drop in the helical coil than the straight tube. Moreover, the results showed that the
heat transfer rate was enhanced by increasing the coil temperature and decreasing the

bending ratio.

Austen and Soliman [30] investigated the influence of the coil pitch on the
pressure drop experimentally, and the heat transfer rate of helical coil heat
exchangers operates under uniform heat flux. Two pairs of coils were tested; each
pair corresponds to the same diametric ratio but a substantially different pitch ratio.
The working fluid was water. The results showed that the pitch was significantly
affected the heat transfer rate at low Reynolds numbers. In order to increase the
turbulent level of fluid flows in a helically coiled tube, Yildiz et al. [31] placed
spring-shaped wires with different pitches inside the helically coiled tube and studied
the influence of this mechanism on the heat transfer and pressure drop of the shell
and helical pipe heat exchanger experimentally. The results demonstrated that the
best increment in the heat transfer rate was with the smallest pitch/wire diameter ratio
since it was accounted as much as five times compared to an empty pipe for the same
Dean number. Although the inlet/outlet pressure drop was raised to 10 times with
respect to the conventional empty helical case, the increase in Nusselt number
reflects an increase of the effectiveness of the helically coiled tube heat exchanger
by 30 %. Heat transfer coefficients for three different shell and helically coiled tube
heat exchangers with different coil pitches and curvature ratios were investigated
experimentally by Shokouhmand and Salimpour [32]. The results showed that the
shell side heat transfer coefficient enhances with increasing coil pitch. Moreover, the
results confirmed that the overall heat transfer coefficient in the counter flow was
40% more than those in parallel flow.Finally, Jamshidi et al. [33] experimentally
studied the effects of geometrical parameters and fluid flow on the heat transfer rate
in the shell and coil heat exchangers. Results showed that the larger coil diameter,

13
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coil pitch, and mass flow rate could improve the heat transfer rate in these types of
heat exchangers.

2.2 Finning Surface of helical coil heat exchanger

Tubes can be finned on both the interior and exterior. This is probably the oldest
form of heat transfer enhancement. Finning is usually desirable when the fluid has a
relatively low heat transfer film coefficient, as does a gas. The fin increases the film
coefficient with added turbulence and increases the heat transfer surface area. This
added performance results in a higher pressure drop. Recent papers also describe

predicting finned tube performance[34].

L1 Ya-xia et al. [35] used numerical simulation to evaluate the turbulent flow
and temperature fields in helical tubes cooperating with spiral corrugation, as seen
in Fig 2.1. In addition, the flow and heat transfer effects of spiral corrugation

parameters and Reynolds number were investigated.

(A) Re is the smooth coiled 1

tube's curvature radius.

(B) H denotes the pitch of a \_I/'(b
helical tube.

(C) a denotes the radius of v v A
the tube. P -\\\ \ ' l l f \'
(D) @ is the angle rotated 0 4 4 ‘ .

around the smooth coiled | ‘

tube's helical axis.
(E) e is the spiral corrugation

S

depth. 2

F) h the spiral corrugation’ ‘ ¢

(.) e spiral corrugation's ‘ , / ; 2a H
pitch.

Re

Figure 2.2: helical tube cooperating with spiral corrugation [35].

The findings showed that spiral corrugation could increase heat transfer in a

smooth helical tube due to the additional swirling motion. In addition, the reduced
14
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pitch of spiral corrugation will improve heat transfer in the tube due to increase
secondary flow inside coil tube.Under the reporting framework, helical tubes
cooperating with spiral corrugation improve heat transfer by 50-80 % while growing

flow resistance by 50-300 % over smooth helical tubes.

Sivalakshmi et al. [36] studied the effect of helical fins on a double pipe heat
exchanger's performance experimentally. The performance of a heat exchanger in a
straight inner pipe in terms of average heat transfer rate, heat transfer coefficient, and
effectiveness were analyzed and compared to a heat exchanger with helical fins

mounted over the inner pipe, as shown in fig 2.2.

Figure 2.3: straight tube with Helical fins [36].

The research shows that the addition of fins boosts the heat transfer coefficient.
At higher flow rates, the average heat transfer rate and the heat exchangers

effectiveness rise 38.46 % and 35 %, respectively.

15
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2.3 Enhancement Heat Transfer of Heat Exchangers By Compound Methods
Techniques

Several reports have discussed the use of combined enhancement, including
both the effects of passive and active methods. However, the combination of passive
methods is somewhat limited, with the most common being internal and external
finned tubes. Other combinations may be nearly impossible because of the

manufacturing techniques used in modifying the tube geometry [37].

The most common passive techniques for improving heat transfer in tubes are
rough surfaces, displaced enhancement systems, swirl-flow devices, curved
geometries, spiral fins, and flow additives [37-38]. These techniques are typically
used individually, although it is well understood that in some situations, two or three
of the existing methods may be used concurrently to achieve an enhancement more

significant than that achieved by using only one technique [37].

Multiple compound techniques have been investigated to evaluate under what
conditions can achieve an enhancement more significant than that provided by a
single technique. For example, the helical coiling improves when the fluid
experiences a centrifugal force, forcing fluid from the core region towards the outer
wall and thinning the boundary layers [39]. The improvement effect associated with
the walls (corrugation, fins, grooves, etc.) is due to the disruption of the growth of
the boundary layers, an increase in heat transfer field, the production of swirling or

secondary flows [40].

Solano et al. [41] studied the thermal-hydraulic behavior of three types of
improvement techniques based on artificial roughness: corrugated tubes, dimpled
tubes, and wire coils, as shown in Fig 2.3. The comparison was carried out using the

three best samples from the authors various geometries in previous works [42].

16
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p corrugation pitch.

h corrugation height.

p dimple pitch.

a length between dimples.
h dimple height

e diameter wire
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Figure 2.4: illustrates the different forms of surface roughness considered in this
article [41].

The findings demonstrated that artificial roughness has a more significant
effect on pressure drop characteristics than heat transfer enhancement. Likewise, this
shape strongly affects the advance of the transition to turbulence and its
characteristics: smooth or sudden. According to the study, smooth tubes are
recommended for Reynolds numbers less than 200. Wire coils are more
advantageous for Reynolds numbers between 200 and 2000, while corrugated and
dimpled tubes are preferred over wire coils for Reynolds numbers greater than 2000
due to lower pressure drop for equivalent heat transfer coefficient values.

Mehdi et al. [44] investigate the thermal performance of a helical shell and
tube heat exchanger numerically without a fin, with circular fins, and with cut (V-

shaped) circular fins (at an angle of 15°) attached to the coil, as shown in fig 2.4.

17



Chapter Two Literature Review

Smooth coil circular finned cut circular finned

front views of fins form

Figure 2.4: Diagram of the research geometry [44].

The extracted results demonstrated that heat transfer increases in both simple
and circular finned heat exchangers where the fluid velocity (both hot and cold) on
the shell side is greater than the fluid velocity (both hot and cold) on the tube side.
Finally, it is discovered that the results of cut circular fins on the helical shell and
tube heat exchanger performance and heat transfer are minimal compared to the

circular fins.

18
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2.4 Enhancement Heat Transfer By Injection Air Bubbles of Heat Exchanger

Several academic studies have been conducted to understand the dynamic
behaviour of bubbles within liquids. New strategies have been proposed to inject tiny
air bubbles to improve heat exchangers thermal characteristics. The value of the
airflow rate introduced into the heat exchanger is essential for improving the heat
transfer phenomena in a heat exchanger. The higher the airflow rate (Q,), we get the
higher enhancement ratio due to increased (Re) and mix levels inside the shell.
However, this dependency could be affected in some cases when the airflow rate
reaches a specific value [45-46].In this case, it can act as an insulator around the
tubes due to the low air thermal conductivity. It is, therefore, necessary to produce a
specific number of air bubbles of a specific size. The main achievements of improved
heat exchangers by injection of air bubble heat exchangers are summarized as

follows.

For the first time, the sub-millimeter air bubbles injection technique was
suggested by Dizaji et al. [23] to improve the thermal performance of a shell and
helically coiled tube heat exchanger in which a liquid (especially water) was used as
a working fluid. However, they studied the influence of air bubbles injection on the
number of thermal units (NTU) and effectiveness () of the vertical shell and coiled

tube heat exchanger's effectiveness.

The experiments were carried out with a volumetric flow rate and a steady
temperature of the hot water (coiled side) of 3.8 LPM and 40 °C, respectively. The
mass flow rates range was from 5 to 15 LPM, and the inlet temperature of cold water
(shell side) was kept constant at 12 °C. The experiments were carried out with
different air bubble injection conditions at a steady air flow rate of 1 LPM. The
experimental setup and air injection process are depicted in Fig 2.5 and 2.6,

respectively.
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Figure 2.5: A general view of the test section, which contains the air bubble

injection process [23].

Figure 2.6: A general view of different number and hole locations on the air

injection process [23].

The findings showed that the number of thermal transfer units (NTU) and
effectiveness were increased dramatically due to the air bubbles injection. The most
significant improvement was achieved in case "d" Fig 2.6. Depending on the air
injection state and cold-water mass flow rate (shell side), the NTU increased was

20



Chapter Two Literature Review

found to be up to 1.5-4.2 times, and the effectiveness increased 1.36-2.44 times
compared to the case of no air bubbles injection (only water). Their experimental
results concluded that the ratio (n/d) (the number of holes to the hole diameter) was
the most influential parameter. The greater amount of (n/d), the more significant

enhancement was.

The air injection technique's positive role on the helical coiled tube heat
exchanger's thermal performance has encouraged researchers to examine it in other
heat exchanger types. In this context, Dizaji et al. [47] clarify the effect of air bubbles
injection on heat transfer rate, NTU, and effectiveness in a horizontal double pipe
heat exchanger experimentally. The air injection method was based on creating tiny
holes on a plastic tube to generate air bubbles along with the heat exchanger, as
illustrated in Fig. 2.7. The mass flow rate and the inlet temperate of air through the
plastic tube were 0.098%x10—3kg/s and 26°C, respectively. The flow rate and inlet
temperature of cold water (outer pipe) were constant at 0.083 kg/s (Re=4000) and
25°C, respectively. Hot water (inner pipe) inlet temperature was kept constant at
40°C with mass flow rate variant from 0.0831 kg/s to 0.2495 kg/s (Re =5000 ~
16000).
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Figure 2.7: General view of air bubble injection methods [47].

The results revealed that the Nusselt number was improved by about 6% - 35%
based on the air injection conditions and Reynolds number of the shell side, and the
effectiveness of the heat exchanger was increased by about 10%- 40%. Furthermore,
the maximum effectiveness was achieved when air bubbles were injected into the
annular space. Consequently, they concluded that the ratio of (n/d) is an essential

parameter.

Moosavi et al. [24] proposed a steadily increasing airflow rate from 1 to 5
LPM to examine the effect on the thermal performance and pressure drop of a vertical
shell and helically coiled tube heat exchanger. They used the same experimental set-
up as [47],and [23] but with different operating parameters. Their results reveal that
the airflow rate significantly impacts heat transfer enhancement in the heat
exchanger. They discovered that increasing the airflow rate increased the overall heat
transfer coefficient. Furthermore, their findings revealed that increasing the flow rate

of air pumped into the shell side of the heat exchanger increased the overall heat
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transfer coefficient by around 6-187 %. Depending on the shell side's water and

airflow concentrations, the pressure drop increment ranged from 13% to 225 %.

Khorasani and Dadvand [48] used an injection mechanism to injection air
bubbles into the horizontal shell and the helical coil heat exchanger in both (parallel
flow and counter-flow) situations, as shown in Fig 2.8. Numerous airflow rates (1-5
LPM) and various shell-side water flow rates (1-5 LPM) have demonstrated that the
NTU rises by (1.3-4.3) times by injecting air bubbles, with the most drastic increase
occurring in the counter-flow case. It was also found that the maximum effectiveness

value of 0.815 could be reached in the counter-flow situation.

Figure 2.8: Schematic of shell and air bubbles injection mechanism [48].

Heat transfer performance was carried out experimentally by Nandan and
Singh [49] with various air injection sites. Four separate cases with and without air
injection in the shell or tube side were considered, and the effects were compared.

The study discovered that inserting air bubbles in the tube increases the heat transfer
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rate by 25-40% at various Reynolds Number ranges. Furthermore, the air injection

at various points also impacts on overall heat transfer coefficient.

El-Said and Alsood [50] have tested the possibility of enhancing the thermal
performance of many tube heat exchangers by pumping the air as tiny bubbles using
a cross-flow and parallel flow air injection technique, as illustrated in Fig 2.9. The
air and shell side water flow rates were changed between 1 and 5 LPM and 12-21

LPM, respectively, with a constant tube side water flow rate.
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Figure 2.9: Injection holes layout [50].

The study showed that the air bubble injection was significantly improved the
heat exchangers performance and that the cross-flow injection method had a more
significant benefit. Indeed, the augmentation on the U caused by cross-air injection
into the heat exchanger shell was 131-176%, depending on air and shell side water
flow rates. Bager et al. [51] also examined the optimal operating conditions of
injecting a sub-millimeter air bubble into the coil tube heat exchanger's shell side.

The implemented shell-side flow, airflow, and coil-side flow rates were changed
24
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from 2 LPM to 10 LPM, from 0 to 10 LPM, and 1 LPM to 2 LPM, respectively, with
three temperature differences (20°C, 30°C, and 36°C). The results showed that the
most effective shell-side flow rate was 6 LPM, and the effect of the air flow rate was
more significant when it had a value greater than 6 LPM. The maximum
augmentation in the NTU and the effectiveness were 1.93 and 0.83, correspondingly,
while the minimum value of the NTU and the effectiveness were 0.66 and 0.63,
respectively.Additional the experimental data showed that the temperature difference
has a slight effect on the effectiveness, especially when the air flow rate over 6 LPM.
. Kreem et al. [52] studied influence of tiny air bubbles injection on temperature
distribution along a vertical shell and helical coiled tube of heat exchanger,indeed
observed an intimate thermal mixing of bubbles in the heat exchanger shell and
proposed that could be the main reason for improving the thermal performance
,through ahigh heat transfer was recorded and indicated by the sudden rasing of the
temperature along the heat exchanger.furthermore,steady state can be achived faster

as void fraction range is increased.

Subesh et al. [53] test two different air bubble injection techniques (parallel
and cross-flow) on the shell side and heat exchanger tube by an applied wide range
of injected airflow and cold water (1 to 6 LPM of airflow rates and 10 to 20 LPM
shell side water flow rates with constant tube side hot water flow rate 1 LPM). They
observed that the results of cross-injection of €, NTU, and U of the heat exchanger
were more significant than the parallel injection method for all experimental
conditions. Furthermore, the pressure loss in the cross-injection method was higher
than in the shell-side parallel injection method. Ghashim et al. [54] have been
experimentally tested the effect of the injection of tiny air bubbles into the heat
transfer and pressure drop of the helically coiled tube heat exchanger operating under
turbulent flow conditions. The airflow rate was 1.5, 2.5, and 3.5 LPM, the constant
mass flow rate of cold water 0.0331 kg/s, and the hot fluid (Re) were between 9000
and 50000. Research shows that the air injected led to a 64 — 126 % rise in Nu and
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raised the pressure drop from 66 — 85 % for the entire range (Re) tested. Sokhal et
al. [55] evaluate the thermal performance of a shell-and-tube heat exchanger with a
new technique called air bubble injection. The study has been carried out with
different parameters such as flow rate, fluid inlet temperature, and air injection
techniques. The air has been injected at different locations such as the inlet of pipe,
throughout the pipe, and in the outer pipe of the heat exchanger. The authors found
that the increase of the air bubble flow rates increased the heat exchanger's

performance, Contrary to no bubble injection.

Panahi [56] explored the influence of air bubble injection on the Nusselt
number Nu during forced convection and the effectiveness of vertical shell and
helically coiled tube heat exchanger. The tests were carried out using the same set-
up and operating parameters of Dizaji et al. [47]. The study found that injecting air
bubbles into the shell side improved Nusselt number (Nu) and effectiveness by 50 —
328 % and 53 — 127 %, respectively.

In internal combustion engines, energy conservation and thermal management
play a significant role in overall performance, affecting engine exhaust emissions
and total fuel consumption. As a result, Zavaragh et al. [57] optimized the heat
transfer and exhaust emission experimentally by using air bubbles injection within
the engine cooling system (water jackets) as a new method to increase cooling system
output. The air injection technique has two significant benefits. In the warming state,
air injection into the coolant fluid causes the engine components to heat up faster by
forming air layers (heat insulation layer) around the cylinder. In the cooling
condition, air injection is restricted to a certain degree to generate turbulence flow,
which increases heat transfer by mixing boundary layers. The analysis indicated that
injecting air bubbles regularly using the proper procedure would decrease fuel
consumption by approximately 5.69 % while lowering engine pollutant emissions by

approximately 16.93 %.
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Pourhedayat et al. [58] studied the effect of air bubble injection on
dimensionless exergy destruction, NTU, and the effectiveness of a vertical double-
pipe heat exchanger experimentally. Since each type of heat exchanger needs a
different injection system based on the heat exchanger configuration, the technique
used here is to produce air bubbles by drilling small holes in a ring tube of varying
amounts and diameter mounted in the annular space of the heat exchanger, as seen
in Fig 2.10. The study was conducted out with hot water inlet temperature r of 40°C
and constant Reynolds number (Re=5500 based on water flow rate), and cold-water
inlet temperature and Reynolds number of 25°C with 5000 < Re < 16000,
respectively. To inject air into both sides of the ring tube, an aquarium air pump was

used.

Total view front view Total view

Hot water outlet

Cold water outlet Outer tube

Inner tube

S Air

Air flow inlet Aire>

Holes on ring-shape
plastic tube

Hot water inlet

Figure 2.5: Test section and injection method [58].

The results demonstrated that the injected bubbles cause additional exergy
destruction, which is natural. However, the exergy destruction by bubbles was less
than that of other hard turbulators that function as a wall against flow movement.

With n=36 and d=0.3, the Nusselt number (Nu), dimensionless exergy destruction,
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and effectiveness were improved by around 57 %, 30 %, and 45 %, respectively. The
skilled construction of perforations on a plastic tube and the logical selection of their

number and diameter will improve the performance of heat exchangers.

Finally, Shukla and Yadav [59] investigated the impact of air bubble
diameter on the effectiveness, NTU, and overall heat transfer coefficient numerically
of shell and helical coil heat exchangers using ANYSYS FLUENT 14.5 CFD
software. Five different air bubble diameters (0.05, 0.1, 0.3, 0.5 and 0.7 mm) were
tested. The CFD results revealed that air bubbles with a diameter of 0.7mm have the
greatest heat transfer. Furthermore, the greatest increases in NTU, overall heat

transfer coefficient, and effectiveness were 1.39, 1327, and 0.74, respectively.
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2.5 Scope of The Present Work

From a survey of the literature, it can be summarized as follows:
1. According to the literature review, 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. There is a shortage of experimental data and designable correlations concerning
the air injection method. However, investigate the effect of the inlet temperature
difference between hot and cold fluid, the abundant numbers of tiny air bubbles
rather than countable bubbles, the implementation of bubbles with micro-scale rather
than the submillimeter scale on the thermal performance of the helically coiled tube
heat exchanger are critical. In addition, studying the temperature distribution along
the shell side and optimizing the shell side and air flow rates are essential for the heat

exchanger working with this enhancement technique.

As clearly demonstrated by the literature review, although a relatively good
number of studies have been carried out regarding the implementation of the air
injection technique to enhance the thermal performance of heat exchangers, there
was no attention focused on the injected air bubble diameter. therefore, the present
study aims to fill this gap by investigating the effect of bubble diameter on the
augmentation of the thermal performance of a vertical shell and helical coil (smooth

and finned) tube heat exchanger. To do so, different operational conditions, such as
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the shell side, coil side flow rates, and the injected air bubble diameters (0.1,0.8, and

1.5mm), were experimentally tested.

In addition to novelty in the current study by combining more than one
improvement technique represented by using helical coil finned tubes with variable
spiral pitch (pf) 5,8, and 10mm together with injection air bubble technique with
variable bubble diameter 0.1,0.8, and 1.5mm, constant numbers of bubbles (1400)

per meter, through studying its effect on improving heat transfer in heat exchangers.
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CHAPTER THREE

EXPERIMENTAL WORK

INTRODUCTION

The previous studies, as mentioned in the literature review, gives a clear
indication of the possibility to improving the thermal performance of a shell and
helically coiled tube heat exchanger by using air bubbles injection technique. The
following sections will describe, in detail, the experimental apparatus, procedure,

and experimental conditions used in work.

3.1 Experimental Apparatus
A general view and a schematic layout of the experimental test rig are

illustrated in Fig 3.1 and 3.2. In general, the main parts of test rig can be classified

into three main units, briefly defined as follows:

3.1.1 Heating Unit: The hot water supply system was constructed to supply hot
water to the coiled side of the test section. The heating unit includes a water storage
tank, pump, rotameter, valves, variac, a wattmeter, electrical heater, and connection

tubes, as shown in Figures 3.1 and 3.2,

3.1.2 Cooling Unit: The cold-water supply system constructed to supply cold water
to the shell side of the test section. The cooling unit includes a cold-water reservoir,
pump, rotary compressor, evaporator, condenser, expansion valve, and thermostat,

as shown in Figures 3.1 and 3.2.

3.1.3 Test Section: The test section was manufactured from three parts, as explained

in the following suction:
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Figure 3.1: Experimental Apparatus; a photographic image of the general
arrangement.

17 18 (&

Figure 3.2: a schematic illustration of the tests set-up: 1. housing tube, 2. helically
smooth coiled tube, 3. air pump, 4. a cold storage tank, 5. evaporator, 6. compressor,
7. Condensor,8. water pump, 9. rotameter, 10. variac, 11. wattmeter, 12. a hot storage
tank, 13. heater. 14. pc, 15. recorder of data, 16. manometer, 17. a slit of air, 18. air
temperature thermometer.19.sparger.
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3.1.3.1 cold-water section: It consists of a PVC column with a total height of 50
cm, an outer diameter of 15 cm, and a thickness of 0.025 cm. It is connected from
below to the cold-water supply line and from the top to the water return line of the
cold-water tank. It has four ports, two for hot water in and out and two for cold water.
In addition, it has four evenly spaced holes along with its height that are used to
install temperature gauges (thermocouples). These thermocouples are connected to
an eight-channel data logger and a computer to read and record them. The distance

between the thermocouples along the shell is 9 cm, as shown in Fig 3.3 and 3.4.

_— T —— ;
Hot water inlet -’ “- LE, == Hot water outlet

& |

@4— 1 cold water outlet ‘ ‘ cold water inlet }—0 I/

Figure 3.3: The cold-water section and thermocouples positions.
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Figure 3.4: Test section.

3.1.3.2 Hot Water Section: consists of four samples of tubes with a length of 393.9
cm and 0.6 cm outer diameter that have been wrapped in a helical shape with regular
dimensions. One of samples has a smooth surface, and the three others have been
formed to have internal and external fins in a spiral shape and different pitch (5,8,
and10mm). The process of manufacturing fins took place in Baghdad, the Bab al-
Sheikh region, with special moulds. As well as the helically coiling process was done
accurately due to the difficulty of winding the tubes that contain fins; and a small
piece of the finned tubes was also sent to a laboratory in Iran via an office in Baghdad
to clarify the dimensions and shape of the inner and outer fins, as shown in fig (3.5),
and appendix (B). The coil is immersed entirely in water, and the first end of the coil
(at the top of the shell) is connected to the inlet hot water tube, while the second end
(at the bottom of the shell) is connected to the return line of hot water tube that

connected with hot water storage tank, as illustrated in fig 3.1 and 3.2.
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Figure 3.5: Manufacture of some practical parts.
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Figure 3.6:sparger
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0.5mm 0.6r’nm 0.7mm
! 08mm

Figure 3.7: drill bits and manufacturing process of sparger.
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3.2 Experimental Equipment

The details of the important experimental equipment are given in the following
sections.
3.2.1 Shell and Helical Coils (Smooth and Finned) Tube Heat Exchanger

Traditional shell and helical coil tube heat exchangers are used in the
experiments. Hot water flows through the coils (smooth and finned) tube side of
copper, whereas cold water flows through the shell side of PVC in a counter-current
configuration. The shell has an internal diameter of 14.5 cm, a thickness of 0.025 cm,
and a total height of 50 cm. furthermore, the coil construction from 11 rings with an
external diameter of 11cm is mounted inside the shell. The pitch between the rings
(p) of 3cm, and the coils overall height is 38cm. Further details are given in Table
3.1 and fig 3.4. The outer surface of the shell is insulated using polyolefin foam
insulation layer Expanded polyethylene foam (EPE) with a very low thermal
conductivity (0.002 W/m. K) of 8 mm thick for use as a thermal insulator around the
hot water tank, the cold-water tank, pipes, and the test section to minimize

environmental heat losses.

Table 3.1: an overview of the dimensions of the heat exchanger in (mm).

Tube Do t H L D. | di N [¢] ps
shell 150 2.5 500 - - - - - -
Coiled tube | 6 1.6 380 | 3939 (110 44 | 11 30 5,8,10

3.2.2 Loop of Water

There are two water loops; a hot water loop and a cold-water loop, as seen in
fig 3.2. The hot water loop consists of a water storage tank (120 L) with an electrical
water heater with a capacity of 3 kW, a variac, wattmeter, and centrifugal pump with
a capacity of 30 LPM for hot water pumping from/to heaters and a heat exchanger
tube side(see Fig 3.1 & 3.2), variac was used as a voltage controller sine the variac

and wattmeter were helped together to keep the inlet water of coiled tube at a constant
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temperature which allows to perform all experiments under the same temperatures
and to avoid or reduce the uncertainty among them. Therefore, the electric source
was supplied to variac firstly, then to the wattmeter, and finally to the electric heater.
Furthermore, the cold-water loop consists of a water storage tank (250 L), a rotary
compressor, an expansion valve, an evaporator, a refrigerant R-22, a condenser, and
a thermostat to hold the shell side of the inlet water at a specific temperature, as well
as a centrifugal pump with a capacity of 30 LPM for cold water pumping from/to the
cooler and the heat exchanger side. Both pumps have the same technical data as
tabulated in table 3.2. Additionally, the pumps mass flow rate was high compared to
the experiments flow rate range; therefore, each pump has a recirculation loop to

controlled manually on the water flow rate, as shown in fig 3.8.

-J‘Q Inlet to water pump

Figure 3.8: water pump.
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Table 3.2: water pump technical data

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

3.2.3 Measurement Devices

Inlet and outlet temperatures of hot water, cold water, and temperature

distribution along the shell tube were assessed using K-Type (Nickel Chromium, fig.

3.9) calibrated thermocouples with extension wires (RS Component Ltd, Nothants,

UK). These thermocouples are linked to a data logger that directly shows their

readings on a PC, except the inlet and outlet air temperature is connected to a digital

thermometer, as seen in fig. 3.1 and 3.2. The thermocouple accuracy is seen in Table

3.3. Simultaneously, the calibration curve of the thermocouples is given in Appendix

(A). The type K thermocouple is used in most thermal applications because it has

good corrosion resistance. In addition, it has a wide operational temperature range.

The specifications of this thermocouple type are below:

Temperature Range:

» Thermocouple grade wire, —270 to 1260 °C.
> Extension grade wire, 0 to 200 °C.

» Melting Point, 1400 °C.

» Special Limits of Error: = 1.1°C or 0.4%.
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Table 3.3: 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

Thermocouple

t water inlet

Figure 3.9: k-type, Nickel-Chromium thermocouple.
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Besides, the pressure is determined using an analogue pressure gauge.
Volumetric flow rates for both hot and cold water are determined by rotameters
(panel type). Rota-meters with 18 LPM and 4 LPM maximum flow rates for cold and
hot water and roto-meters (Key Instruments Model FR2000 +5 % Full Scale) were
used to quantify airflow. In addition, it was calibrated before starting the experiments

to determine the water mass flow rate accurately for each experiment (see Appendix
(A)).
3.2.4 Air Supply Unit

A total Air Compressor (50 L) air compressor made in China (see fig. 3.10)
was used to supply fresh air to the sparger unit. Technical data of the air compressor
are tabulated in Table 3.4.

Figure 3.10: air compressor.
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Table 3.4: air compressor specifications.

Parameter comment
Voltage 220-240V,50Hz
Input power 1.8Kw(2.5HP)
Speed 2850rpm
Tank capacity 50L(13.2Gal)
Operating pressure max.8bar
Air displacement 119L/min
Pump lubricated Oil
Noise: 96db

3.2.5 Data Logger
The 8-channel data logger (fig 3.11), with the following parameters, was used:

[HEN
1

Eight-channel data loggers for thermocouples.

N
1

Supports all common forms of thermocouples.
Measures from-270 to +1820 °C.

High resolution and accuracy (For common type K thermocouples, the TC-08

W
1 1

can sustain a resolution of 0.025°C, over a range of —250 to +1370 °C).

(62
1

Fast sampling rate up to 10 measurements per second.
6- The USB interfaces.
7- Pico Log is used for Windows data logging applications.
The data logger is directly attached to the pc with a USB link, where the
thermocouple reads directly on the pc.
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Figure 3.11: Picolog-6 data logger with 8-thermocouples.

3.2.6 Digital Thermometer
Inlet and outlet air temperatures were determined using a digital thermometer

of type Digitron 3208. fig 3.12. The general characteristics of the thermometer are
displayed in table 3.5.

-

Figure 3.12: Digital Thermometer.
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Table 3. 5: Digital thermometer specifications.

Parameter comment
Absolute Maximum Temperature Measurement +950°C
Calibrated SYSCAL
Thermometer Type Handheld
Probe Type K
Application Industrial
Best Accuracy 0.2 %
Number of Temperature Inputs 1
Resolution 0.1°C
Length 140mm
Width 70mm
Height 26mm
Dimensions 140 x 70 x 26mm
Intrinsically Safe Yes
Model Number p 3208I1S
Weight 250g
Hazardous Area Certification ATEX
Temperature Scale Centigrade
Battery Type oV
Absolute Maximum Temperature Measurement +950°C

3.2.7 Manometer

The PCE-917 digital manometer was developed to measure the pressure of
gasses and liquids under extreme environmental conditions. Therefore, the
manometer has two connections to the upper end of the tube. One for the inlet (P1)

and the other for the outlet (P2), as seen in fig. (3.13). The manometers measurement
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range is approximately (+ 101.50) psi with a resolution of (0.05/0.1) and an accuracy

of £2 percent (full range), as shown in Table 3.6 below.

Figure 3.13: PCE-917 digital manometer.

Table 3.6: manometer (PCE-917) specifications.

Model PCE-917
o) Range (£ 101.50) psi
Resolution (0.05/0.1)
Accuracy +2 % (full range)
Reproducibility 1%
Measurement sequence 0.8s
Min- Max- Peak- Hold Yes
Interface RS-232
Power supply 1 x 9V battery PP3
Material of case plastic
Dimensions of case 180 x 72 x 32 mm
Weight 210 ¢
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3.3 Experimental Procedure

The experiments were carried out in the laboratories of the technical collage
engineering/najaf,extended from december to february ,during the offical working
hours of collage,under the enviroment temperature range nearly (18-22°C).To fill out
this section, the procedure of the first five experiments will be discussed first as the

following:

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. Select the (air flow rate and pressure values) and Repeat the same value of cold
and hot water flow rate after that start injecting air into the shell side after reaching
to steady-state of injection bubbles case (2-5min) according to type of coil that is

used. The test section temperatures are recorded automatically by the data logger.
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The experiments were carried out on finned, and smooth coil tubes with

different operation parameters as shown in tables (3.10,3.11, and 3.12).

P ¥ @ B B B » =2 B 0

Channels & Axes v
. shell in
AV686/097 | 1] Type K
' . shell -1
AVEBE/097 | 2] Type K

. shell -2
AVEB6/097 | 3| Type K

shell -3
AV686/097 | 4| Type K

X — shell -4
'c . AVE86/097 | 5| Type K

E shell out
S— AVEBE/097 | 61 Type K

= hd V] coilin
— AVE86/097 | 7| Type K
—_

—— coil out
— AV6B6/097 | B| Type K

PO NS == = AW

18°C /'\_/“—-——’V\/“WM /\ J/\ I\J\j\ji/\f\/UiJ
A A A, . AT /\(NV/\/\‘-/—\"" MNMAS W/

/'“\’\/\/‘-WWV‘\/\/“W

l£: = Rl ¢ A

455 1nar 155 s 55 138 155 Ws 255 1n3s 155

Figure 3.14 represent the screen capture of the measured temperatures along with
the heat exchanger.

Table 3.7 Test conditions for the experiments

Smooth helical coil tube for sparger hole (0.1,0.8,1.5mm) - 360 runs
pressure(bar) | hot water (L/min) | cold water (L/min) | air flow rate (L/min)
2,345 1,15,2 2,4,6,8 0,05,1,1.5,2
Finned helical coil tube, pitch (5,8,10mm) for sparger hole (0.1,0.8,1.5 mm) —
360 runs
pressure(bar) | hot water (L/min) | cold water (L/min) | air flow rate (L/min)
3 1,15 2,4,6,8 0,05,1,1.52
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3.4 Comparison Between Porous Sparger [51] and Sparger (Spiral- Shape
Plastic Tube in The Presented Study).

(New sparger)
0.1mm - 1400 holes - Qa=0.9 Lpm 0,0 - 1400 holes - Qa={ Lpm .~ 0.Imm - 1400 holes - Qa=1.3 Lpm  ~ (:tmam - 1400 holes - Qa=2Lpm

(Porousf- sparger)

Qa= 1lLpm Qa= 1.5'Lpm

Figure 3.14: Comparison between porous sparger [51] and sparger (spiral-shape
plastic tube) at air pressure (3 bar).
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Table 3.8: Comparison between sparger (spiral- shape plastic tube) and porous
sparger [51].

sparger (spiral- shape plastic tube)

Porous sparger [51]

It was practically synthesized.

It was bought from the market.

It is made of plastic.

It 1s made of stone.

known number and diameter of holes

(1400) (0.Imm, 0.8mm, and 1.5mm).

The number and diameter of the

bubbles are unknown.

Cost is lower; almost no more than $ 1.5 per

sparger

Higher cost Approximately 15$

per sparger

Air bubbles cover all sparger area at any

airflow rate

None

Given the possibility of studying the effect
of number and bubbles diameter on the rate

of heat transfer.

None

3.5 Calculation Equations of Experimental Work.

3.5.1 overall heat transfer coefficient

The overall heat transfer coefficient can be calculated using the equation

shown below [24].

U = d

As. AT mMTD

(3.1)

Where g, A;and ATy rp 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 (q) can be

calculated as follows:

q= rhhcp,h(Th,i - Th,o) = rhccp,c(Tc,o - Tc,i) (32)
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The log-mean temperature difference for counter flow can be calculated from the

equation below [24]:

AT mpr = (Th'i_TC'%)li_—(:; ;O_Tc'i) (3-3)
1n<Th:o_Tc,i)
v.d
Reshen =— (3.4)
Q
vV = D2 (3.5)
nD2
4D
Fh T T

Where Q, Re, v, Dy, and b 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.

3.5.2 Volume Fraction (VF)

VF = airflow rate (36)

airflow rate + water flow rate

3.5.3 effectiveness (g)

The effectiveness of a heat exchanger explains the ratio of the actual to

maximum possible heat transfer [24]:

e — actual heat transfer in a heat exchanger _ q (3 7)
S © maximum possible heat transfer in a heat exchanger o Cmin (Thi—Tci) '

Where q, Chins Thi and Ty, represent the heat transfer,thermal capacity,

temperature of coil inlet,and temperature of coil outlet.
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3.6 Uncertainty Calculations

The following equation can be used to calculate the uncertainty of experimental data
[61]:

W = 35 (% wy,) 38)
Moreover, the result is given as:
R=f(XyXy ....,X,) (3.9)
Where:

Wrg: Uncertainty in the result
X4, 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 (3.8).

3.6.1 Overall Heat Transfer Coefficient (U)

W), =constant
W, z q.War,
Wy = [(orie) + (- g, 3.10
u \/ As. AT MTD A (ATLMTD)Z A% TLMTD ( )

(gl (EI:::“" ) v}
O e v L),
(e
W, = q J V:;h]z + [VZ:h]Z + [T:i':;h‘or + [— T:%r (3.12)
Sub equations (3.11) and (3.12) in equation (3.10) to get on Wy
~. Average Wy; = 13.23%

(3.11)
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3.6.2 effectiveness (€)

ds 2 ds 2
W= [(=W,) + (7m— W, (3.13)
aq 0 Q max- -max
/' W, =constant
2 2 - 2 2
_ W, W/Dm/ Wiy i W o
W,=q + + + |- (3.14)
my Cpn | Th,i—Th,o Th,i—Th,o
2 - 2 2 2
Wi ch WTh. Wr .
Womax. = Qmax [ “] + “] pall Pl B ol e (3.15)
my L Cpn Th,i—Tc,i Th,i—Te,i
Sub equations (3.14) and (3.15) in equation (3.13) to get on W,
~ Average W, = 9.52%
Table 3.9: Average uncertainties of the performance parameters
Parameters Uncertainty
Overall heat transfer coefficient +13.23%
Effectiveness +9.52 %
Table 3.10: calculations of uncertainty.
fl te (| . .
Run No massflow rate l/m) uncertainty calculation
: hot water | cold water air
LMTD |WLMTD | Qhot | WQhot U Wu U% QMAX |WQMAX| EFF WEFF | EFF%
1 1.5 2 0 10.62 142 | 786.70 | 102.60 | 1101.41| 186.73 | 16.70% |2089.50 | 131.93 | 0.38 0.05 14%
2 1.5 2 0.5 10.78 0.59 |[1207.73| 108.08 | 1510.50 | 158.73 | 10.51% |2089.50 | 131.24 | 0.58 0.06 10%
3 1.5 2 1 10.70 0.80 |[1256.83| 108.96 | 1583.08 | 182.19 | 11.51% |2089.50 | 131.45 | 0.60 0.06 10%
4 1.5 2 15 10.48 0.86 |1302.80| 109.29 | 1675.42 | 197.50 | 11.79% |2089.50 | 130.85 | 0.62 0.06 9%
£ 5 1.5 2 2 10.27 0.86 [1294.45| 108.70 |1699.25| 201.90 | 11.88% |2089.50 | 131.41 | 0.62 0.06 9%
£ 7 1.5 4 0 12.21 0.13 | 916.25 | 103.46 | 1011.31| 115.03 | 11.37% |2089.50 | 131.67 | 0.44 0.05 12%
: 8 1.5 4 0.5 10.67 0.80 [1303.85| 110.50 | 1646.75 | 186.87 | 11.35% |2089.50 | 130.64 | 0.62 0.06 9%
_g 9 1.5 4 1 10.52 0.93 |1333.10| 110.84 |1708.31| 208.24 | 12.19% |2089.50 | 130.98 | 0.64 0.06 9%
_°- 10 1.5 4 1.5 10.30 1.00 |1336.24| 110.28 | 1748.84 | 223.91 | 12.80% |2089.50 | 131.65 | 0.64 0.06 9%
8 11 15 4 2 9.93 1.05 |1374.89 | 110.82 | 1865.80 | 248.46 | 13.32% |2089.50 | 131.95 | 0.66 0.06 9%
B 13 15 6 0 12.06 0.45 [1054.15| 105.58 |1178.02 | 126.33 | 10.72% |2089.50 | 130.92 | 0.50 0.05 11%
E 14 1.5 6 0.5 10.51 1.04 |1314.30( 109.79 | 1686.02 | 218.76 | 12.97% |2089.50 | 131.81 | 0.63 0.06 9%
& 15 1.5 6 1 10.19 1.14 [1380.11 110.85 |1825.84 | 252.12 | 13.81% | 2089.50 | 131.61 | 0.66 0.06 9%
16 1.5 6 15 10.14 1.21 | 1438.62 | 112.57 | 1911.67 | 273.61 | 14.31% |2089.50 | 131.07 | 0.69 0.06 9%
17 15 6 2 9.77 1.28 |1543.10( 115.82 |2129.37| 322.31 | 15.14% |2089.50 | 131.02 | 0.74 0.06 8%
18 1.5 8 0 12.46 1.06 |1125.20( 106.90 |1217.23| 155.77 | 12.80% |2089.50 | 131.47 | 0.54 0.06 10%
19 1.5 8 0.5 10.75 1.37 |1410.41 112.31 | 1768.83| 267.21 | 15.11% |2089.50 | 131.31 | 0.68 0.06 9%
20 1.5 8 1 10.17 1.33 [1456.38 | 112.72 | 1930.74 | 295.05 | 15.28% | 2089.50 | 131.61 | 0.70 0.06 9%
21 1.5 8 15 9.91 1.32 | 1484.59 | 113.35 |2018.27| 311.19 | 15.42% |2089.50 | 131.85 | 0.71 0.06 8%
22 1.5 8 2 9.26 1.25 |[1608.92 | 117.06 |2342.73 | 359.87 | 15.36% | 2089.50 | 131.63 | 0.77 0.06 8%

Ave Wy = 13.23%

Ave W, = 9.52%
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CHAPTER FOUR

EXPERIMENTAL RESULTS

INTRODUCTION

This chapter describes and analyzes the research findings for heat transfer
characteristics such as the overall heat transfer coefficient (U), effectiveness (),
pressure drop (Ap), and temperature distribution in the vertical shell and helical
coiled (smooth and finned) tube heat exchanger with air injection bubbles inside cold

water (air/water ,two phase flow).

As previously shown in studies [23, 24, 50], the injection of air bubbles
significantly increases the thermal performance of heat exchangers. As a result, it is
expected to reduce the size of heat exchangers required to do the same purpose when

used without air injection.

The shell side flow rate was (Qs = 2,4,6 and 8 L/min) , AT = 20 °C, four
different airflow rates (Q, = 0.5,1,1.5and 2 L/min) , air pressure (2,3,4,and5
bar), diameter bubbles (0.1,0.8,and 1.5mm), number of bubbles =1400 per
meter,spiral pitch (pf = 5,8,and 10mm) , under laminar flow (316 < Re <
1223),and three different coil side (hot fluid) flow rate (Q;, = 1,1.5and 2 L/min)

in addition to the control case without air injection.
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4.1 Smooth Surface Helical Coil Tube Heat Exchanger
4.1.1 Overall Heat Transfer Coefficient (Uy)

The overall heat transfer coefficient (Uy)is investigated and optimized in this
analysis as it represents a significant measure of how effective the thermal process
is. The heat transfer rate (q) that appeared in Eq. (3.1) is based on the assumption
that the water in the shell side is fully absorbed by the heat provided by the coil side
(hot fluid). Many scholars have used this assumption [23, 24, 56], and it is intended

to remove all doubt about how much heat can inevitably be lost to the atmosphere.

Figure 4.1 depicts the variation of the overall heat transfer coefficient U with
the shell side flow rate . In all cases, the injection of air bubbles within the shell side
of the heat exchanger raises the overall heat transfer coefficient. As shown in Fig.
4.1, air bubble injection led to a significant enhancement in heat exchanger
performance. The maximum value of the overall heat transfer coefficient (Ug)due to
air injection was (1476 W/mz2, °C) when the water flow rate 8 L/M, hot water flow
rate 2 LPM, and an airflow rate of 2 L /min,see fig (4.1C). in contrast, the minimum
value was (850 W/mz2. °C) when water flow rate 2L /min, hot water flow ratel L/min
and airflow rate 0.5 L/min, see fig (4.1A).

This enhancement in heat transfer can easily be attributed to the influence of
the bubbles that are injected. Due to the density difference between the air bubbles
and water in the shell, the bubbles are driven vertically through the bulk of water
under the effect of buoyancy force. As a result, the bubble plume will entrain fluid
from the shell side and therefore increase its Reynold number (Re)and the
turbulence level. Beyond this, the motion of the entrained fluid within a closed
vessel, such as the shell, will also induce secondary flows, improving the mixing.
Consequently, the boundary layer which forms on the outer surface of the coil will

be disrupted. This is particularly important when the fluid layers' temperature in the
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coil's vicinity is significantly higher than the temperature of the rest of bulk of the
fluid in the shell.

Finally, the poor thermal conductivity of air could also decrease the rate of
heat loss to the surroundings. It should be remembered that the shell side Reynolds
number can be calculated using the correlations depending on the water flow rate as

shown in equations (3.4) and (3.5).

Moreover, it should be remembered that the actual water velocity within the
shell side is greater than the water velocity measured from Eq (3.5) since more fluid
flow (water flow + airflow) can travel through the same shell after the airflow
injection within the shell side of the heat exchanger. Furthermore, inevitably, the
combined fluid would travel at a faster rate than pure water. As a result, the real 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 air injection that increases the heat transfer

rate of the heat exchanger.

In general, the overall heat transfer coefficient (Ug) increases significantly
when air bubbles are injected into the shell side while the flow rates of the working
fluids are kept constant. It is evident that the enhancement of the overall heat transfer
coefficient continues to improve with increasing shell-side flow rate. Interestingly,
(Us) augmentation seems to have a maximum value depending mainly on the air
injection flow rate. Thus, airflow rates of 2 L/min can be represented as the flow
rate required to produce the maximum improvement in (Ug) within the study range
for the three hot coil flow rates (1,1.5 and 2 L/min).

Additionally, we notice from fig 4.1 that the value of (Uy) increases with the
coil side flow rate increase due to increasing thermal capacity (hot fluid) for the same
heat process time. Finally, the average uncertainty of the overall heat transfer

coefficient (U) was calculated (see Appendix C) and given in table 3.12.
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Figure 4.1:Effect of air bubbles injection on (Uy) of a smooth helical coiled tube

heat exchanger P,= 3 bar,Db =1.5mm.
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Figure 4.2 clarifies the variation of the enhancement ratio of the overall heat
transfer coefficient (U, /U) with the shell side flow rate.The enhancement ratio of
the overall heat transfer coefficient with air injection bubble to overall heat transfer
coefficient in a simple case (pure water) is (Ug,/U). As seen in Fig. 4.2, the slope
of (Ug,/Uy) is reduced with an increased water flow rate. It is noted that the reduction
of (Ug,/Uy) or its slope does not mean the decline of (Uy). It just means that the
amount of positive effect of air bubble injection on (Uy) has been reduced compared
to the increased water flow rate. Nevertheless, the overall heat transfer coefficient is

yet increased.

Meanwhile, as shown in fig 4.2, the shell side flow rate of 6 LPM results in
more improvement (Us). However, these findings could lead to conclude that Qa =
2L/min and Qs =6L/minare the optimum flow rates under the current

experimental conditions.

The results reveal that the maximum enhancement ratios of (U, /U) was 2.52
at Q; = 6 L/min, Q, = 2 L/min, and Q;, = 2 L/min. Furthermore, the minimum
(Uga/Ug) was 1.56 at Q; = 8 L/min, Q, = 0.5 L/min, and Q;, = 1 L/min.
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Figure 4.2: Effect of air bubbles injection on the (Ug,/U,) With the shell side flow
rate of a smooth helically coiled tube heat exchanger P,= 3 bar,Db =1.5mm.
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4.1.2 Volume Fraction (VF)

volume fraction (VF)is one of the most important parameters used to
characterize two-phase fluid flow, especially the gas-liquid flow. Furthermore, air
injection must be controlled because if air quantity increase, will work as an insulator
layer on the coil due to increased (VF), which leads to reduced heat transfer. This
phenomenon can also be explained using the definition of volume fraction as shown
in equation (3.6) [51].

Figure 4.3 illustrates the variation of the enhancement ratio of the overall heat
transfer coefficient (Ug,/Us) with volume fraction (VF).Increased water flow rate
decreases the amount of volume fraction. Moreover, lowering the volume fraction
means reducing airflow contribution (air bubbles) to overall fluid flow. Obviously,
with a variable airflow rate in Fig 4.3, the increase in volume fraction is attributed to
decreased water flow rate rather than an increase in air flow rate. However, for a
given volume fraction, increasing the airflow rate raises the (Ug,/Us). As a result,

the amount of (U, /Uy) It decreases as the volume fraction increases.

So, as seen in fig 4.3, void fraction 0.25 at (Qs = 6 L/min,and Q, =
2 L/min) represents an optimal value for improving the heat exchanger's thermal
performance. At the same time, the maximum enhancement ratio occurred when void
fraction between 0.2 and 0.3 (Q; = 6 L/min and Q, = 2 L/min) for any (Q;) On
the other hand, the minimum enhancement ratio occurred when the void fraction
value is 0.05 (Qs = 8 L/min and Q, = 0.5 L/min) for any (Qp).
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4.1.3 Effectiveness (&)

Figure 4.4 demonstrates the variance in thermal effectiveness with the shell
side flow rate.The sudden improvement in effectiveness caused by air injection is
noticeable, demonstrating the important role of air bubbles in improving heat
transfer. The duty of the injected air on the effectiveness is continuing active for all
shell-side flow rates. Further, Fig 4.4 illustrates that the maximum value of the
effectiveness is 0.71 achieved when (Qp = 1 L/min) at the shell-side flow rate of 8
L/min and the injected airflow rate of 2 L/M. Furthermore, the minimum value is
0.38 at Q;, = 2 L/min, the shell-side flow rate of 2 L /min, and the injected airflow
rate of 0.5 L/min. In addition, the average uncertainty of the effectiveness (U) was

calculated (see Appendix C) and given in table 3.12.

Lastly, the figure clearly shows that the effectiveness value decreases with the
coil side flow rate increase due to increasing thermal capacity (hot fluid) for the same

heat process time.
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Finally, fig 4.5 demonstrates the relationship between the enhancement ratio
of the effectiveness (ey,/€s) and the shell side flow rate .The improvement ratio
develops from its minimum value by increasing the airflow rate reaching its
maximum value and decreasing or continuing steadily with the airflow rate
depending on the shell side flow rate. According to Fig 4.5, the Q¢ = 6 L/min and
(Q, =L/min) are the optimal value to enhance the effectiveness of the heat

exchanger.

In addition, in fig 4.5, the slope of (eg,/€) decreases as the water flow rate
increases. It should be remembered that a decrease in (eg,/€5) or its slope does not
imply a decrease in effectiveness. It simply means that the beneficial impact of air
bubble injection on (&) has been decreased due to the increased water flow rate.
Nevertheless, the effectiveness is yet increased. Meanwhile, as seen in fig 4.5, the
shell side flow rate of 6 L/min results in more improvement in effectiveness.
However, these findings could lead to conclude that Q, = 2 L/min and Qg =

6 L/min are the optimum flow rates under the current experimental conditions.

The results reported that the maximum percentage enhancement ratios of
(€sa/€) was 2.11 at Qg =6L/min , Q; = 2L/min , and Q;, = 2 L/min ,
furthermore, the minimum (eg,/€5) was 1.34 at Q; = 8 L/min, Q, = 0.5 L/min ,
and Q,, = 1L/min .
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4.1.4 Pressure Drop (Apss)

Any attempt to enhance the thermal performance of a heat exchanger by using,
for example, twisted tape, corrugated tubing, finned tubes, wavy stripes, barbed
wires, or springs results in additional pressure drop as well as an increase in cost,
energy, material, and weight. Tiny air bubble injection has been shown to be a
promising strategy for heat transfer enhancement with the lowest possible pressure
drop compared to the most common enhancement techniques such as nanofluid

techniques and surface modification techniques [23].

Figure 4.6, show the effect of increase shell-side flow rate on pressure drop
(Apgs) -Obviously, the increased bubble diameter led to a development in pressure
drop along the heat exchanger shell side. This could be mainly due to the increase in

the shell side Re with increasing the size of bubbles.

Indeed, the experimental results showed that the maximum increment in
pressure drop due to the air bubbles injection was 1.7 psi when Q, = 2 L/min at
Q. = 8 L/min and bubble diameter = 1.5 mm. On the other hand, the minimum value
of the pressure drop due to the air bubbles injection was 0.5 psi when Q, =

0.5 L/min at water flow rate, Q; = 2 L/min, and bubble diameter = 0.1 mm.
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4.1.5 Influence Air Pressure (p,) on Thermal Performance of Heat Exchanger

Figure 4.7 demonstrates the impact of varation air pressure value on coil outlet
temperature.It was evident from fig 4.7 that the change in the air value has an
apparent effect on the temperature of the hot water coming out of the coil; The higher
value of the injected air, the lower the temperature of the hot water coming out of the
coil. It is also noticeable that it has a more significant effect when it is (0.5 L/min)
Because the process of optimizing the hot water coming out the temperature of the
coil was done by using the compound technique (smooth helical coil tube plus air
injection bubbles) instead of the helical smooth coil tube only. In addition, we note
that in the case of (Q, = 1,1.5and 2 L/min), hot water coming out of the
temperature of the coil will decrease by a lower value compared to (Q, =
0.5 L/min) because the optimization process will be calculated compared to the
value of the improvement obtained from (compound technique) using the first value
of air represented by (Q, = 0.5 L/min). Moreover, air injection pressure appears

to have only a minor impact on improving heat transfer.
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Figure 4.7: effect of variation air pressure on coil outlet temperature,at bubble
diameter =1.5 mmQg = 6 L/min, and Q;, = 1.5 L/min.
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4.2 Finned Surface Helical Coil Tube Heat Exchanger
4.2.1 Overall Heat Transfer Coefficient (Uy)

Figure 4.8 demonstrates the variation of the overall heat transfer coefficient
U¢ with the shell side flow rate .Similarly, two other figures (Figs. 4.9 and 4.10) are
presented for a different pitch of spiral fins (pf) (8 and 10 mm) and the same
operating conditions in fig 4.8.

The value of (Uy) increases with increasing the Qg reaches its maximum value
at approximately Q; = 8 L/min.at the same time, the overall heat transfer
coefficient develops with increasing the injected air flow rate.

Moreover, we concluded from figs 4.8, 4.9, and 4.10 that the value of the
overall heat transfer coefficient increases as the bubble diameter increases and
decreases the pitch of the spiral fin (pf), as shown in the following comparison
paragraphs 4.4 and 4.5. The reason for this is that when the bubble diameter
increases, it will lead to a greater displacement of the fluid than the smaller diameter
bubble, leading to an increase in the Reynolds number. the movement of the larger
bubble diameter could lead to more diffusion and perfect thermal mixing. So, from
all the above reasons, the heat transfer rate increases. Moreover, the results show that
the inner coil fins could enhance the heat transfer compared to the smooth spiral tube
due to the additional rotational movement (secondary flow). Meanwhile, reducing
the distance between the fins will lead to higher heat transfer due to the increase in
the number of fins, increasing the surface area of heat transfer. In turn, the outer
helical fins destroy the thermal boundary layer formed on the surface of the tube,

which increases the heat transfer from the hot to the cold liquid. So,
(Ug) D bubble 0.1 mm < (U¢) D bubble 0.8 mm < (Us) D bubble 1.5 mm

(Ug) pitch 10 mm < (U¢) pitch 8 mm < (Ug) pitch 5 mm

Indeed, the highest value of (Uf) was 2343 W/m2.°C obtained at Q, =
2 L/min, Q¢ = 8L/min,(pf) = (5mm),and bubble diameter (1.5 mm), while
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the lowest value of (Uy) Was 1275 W/m2.°C obtained at Q, = 0.5 L/min,Qs =
2 L/min, (p¢) = (L0mm), and bubble diameter (0.1 mm).
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As well as looking at the impact on the measured values of (Ug), it is
instructive also to investigate the dimensionless improvement in heat exchanger
performance. This is done by considering the enhancement ratio (Ug,/Us) Where
(U¢) represents the value of the overall heat transfer coefficient for finned tube in the
case without air injection while (Ug,) represents the value of the overall heat transfer

coefficient for finned tube in the case with air injection.

Figure 4.11 shows the variation of (Ug, /U, with the shell side flow rate. For
all cases measured here, the ratio of (Ug, /Uy, Initially increases as the shell side flow
rate increases. There is then a clear maximum value at (Qs = 4 L/min) and then the
enhancement ratio gradually decreases with any subsequent increase of Q, as
mentioned in paragraph (4.2.1). Nevertheless, even at the highest shell-side flow
considered, the ratio (Ug, /Uy It is still significantly greater than one, implying that
the performance of the heat exchanger is still superior to the case without air
injection.

Additionally, Fig 4.11 shows that (U, /Uy Increases with an increase in the
airflow rate. Still, in all cases, the maximum enhancement ratio of (Ug, /Uy, is clearly
obtained at Q; = 4 L/min,Q, = 2 L/min, and bubble diameter = 1.5mm is 92 %.
while the minimum enhancement of (Ug, /Uy, is clearly obtained at Qs = 8 L/min,
Q, = 0.5 L/min, and bubble diameter = 0.1mm is 38 %. therefore, according to fig
4.11, (Qs = 4L/min) and (Q, = 2 L/min) are the optimal value to enhance the

overall heat transfer coefficient of the heat exchanger.
(Uta/Ugy D bubble 0.1 mm < (Ug, /Uy D bubble 0.8 mm < (Ug,/eUs D bubble 1.5 mm
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4.2.2 Effectiveness (r)

Figure 4.12 illustrates the variation of the effectiveness (g¢) with the shell side
flow rate.Similarly, two other figures (Figs. 4.13 and 4.14) are presented for different

pitches of spiral fins (8 and 10 mm) and the same operating conditions in fig 4.12.

The value of (g¢) Increases with increasing the Q. and reaches its maximum
value at approximately Q; = 8 L/min. At the same time, the effectiveness develops
by increasing the injected air flow rate. obviously, the value of the injected air seems

to give the maximum value at Q, = 2 L/min when Q¢ = 8 L/min.

We conclude from figs 4.12, 4.13, and 4.14 that the (&) Increases with the
bubble diameter increase and decrease the distance between spiral fins, as shown in

the following comparison paragraphs (4.4 and 4.5). So,
(&) D bubble 0.1 mm < (&) D bubble 0.8 mm < (&) D bubble 1.5 mm
(&) pitch 10 mm < (g¢) pitch 8 mm < (&) pitch 5 mm

The minimum obtained value of (&) was 0.53 at Q, = 0.5 L/min, Q; =
1.5 L/min,Qs = 2 L/min, (pf = 10mm), and bubble diameter (0.1 mm) .On
the other hand, the maximum value of the (gf)was 0.77 at Q, = 2 L/min, Q; =
1.5 L/min,Qg = 8 L/min,(pf = 5mm), and bubble diameter (1.5 mm).
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Figure 4.13: Effect of air bubbles injection on (&) at (pf = 8mm), Qy, =
1.5 L/min, and p, = 3 bar).

81



Chapter Four Experimental Results

(A)
e+ @--- Qair (LPM)=0 ---H---Qa=0.5 Qa=1 Qa=1.5 --¥---Qa=2
0.8 =
[ D, = 0.1lmm ]
0.7 + oo X
JUTRTY L
R T 2T IITTTIEL SEOMOPPPrD u
<061 i il a
2 Fiivil... -
2 05
w
>
- Y J
8] e
g 04 L
[ eo®®
W e
0.3 @ cccecencannns *
0.2 T T T 1
0 2 4 6 8 10
SHELL SIDE WATER FLOW RATE(Qy) L/min
(B)
cco oo Qair (LPM):O "‘-"‘Qa=0.5 Qa:]_ Qa:]__s ...)K...Qa:Z
0.8 =
[ D, = 0.8mm ]
0.7 i —— X
......... > St
R I
$06q4 el P ERSSRERIR S a
] Kl
] &
Z 05
>
E 1 e .
S 04 - L
w ceo®
™. ce®®
R [ >
0.3 - -
0.2 T
0 2 4 6 8 10
SHELL SIDE WATER FLOW RATE(Qy) L/min
(C)
<<+ <+ Qair (LPM)=0 - <M -+ Qa=0.5 Qa=1 Qa=1.5 <X+ Qa=2
0.8
][ Dy, = 1.5mm ]
07 e *
'..-)K'""""":.?K ............ a
3. 06 0 el mc
%) Klosoates
] »
Z 0.5 -
= e
E .l e
@ o044 .
wo e »*t
0.3 A >’
0.2 T T T T 1
0 2 4 6 8 10
SHELL SIDE WATER FLOW RATE(Qy) L/min

Figure 4.14:Effect of air bubbles injection on (&) at (pf = 10mm), Qy, =
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Lastly, fig. 4.15 demonstrates the relationship between the enhancement ratio

of the effectiveness (g¢, /€ and the shell-side flow rate.As seen in fig. 4.15, the slope
of (gr./€r Is reduced with the increase of the water flow rate. It is noted that the
reduction or slope of (&¢,/€r Does not mean the reduction of effectiveness. It just

means that the positive effect of air bubble injection on effectiveness has been
reduced compared to the increased water flow rate. However, the effectiveness is yet

increased. So,

(£¢a/€r) D bubble 0.1 mm < (&g, /€ D bubble 0.8 mm < (&,/& D bubble 1.5 mm

The minimum enhancement obtained value of (er,/erywas 1.23 at Q, =
0.5 L/min, Q; = 8 L/min, and bubble diameter (0.1 mm).On the other hand,the
maximum value of the (ep/en was 171 at Q, =2L/min, Qs =4L/

min, and bubble diameter (1.5 mm).therefore,according to Fig 4.15, (Q; =4 L/
min) and (Q, = 2 L/min) are the optimal value to enhance the effectiveness of the

heat exchanger.
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4.2.3 Pressure Drop (Apsr)

Figure 4.16 illustrates the effect of bubble diameter on the pressure drop
(Apr) .Evidently, the bigger bubble diameter led to a rise in pressure drop along the
heat exchanger's shell side. Therefore, this may be attributed to an increase in the
shell side Re as the diameter of the bubble increases. In addition, the fins added to
the surface of the helical coil tube will obstruct the flow of water inside the shell,
added to the effect of bubbles on pressure drop, which leads to an increase in pressure

drop more than in the case of a smooth coil (Apss).

Moreover, the experimental findings revealed that the highest increase in
pressure drop caused by the injection of air bubbles was 1.85 psi when Q, =
2 L/min at the water flow rate, Q¢ = 8 L/min, and bubble diameter=1.5 mm. on
the other hand, the minimum value of the pressure drop due to the injection of air
bubbles, was 0.75 psi as Q, = 0.5 L/min at the water flow rate, Q; = 2 L/min,

and bubble diameter = 0.1 mm.
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4.3 Effect Bubble Diameter (D) on Thermal Performance of Heat Exchanger

in Smooth and Finned Tube helical coil

As mentioned earlier, one of the main aims of the present study is to
investigate, for the first time, the effect of air bubble diameter on the thermal
performance of the helical coiled (smooth and finned) tube heat exchanger. To do so,
three different bubble diameters were tested (0.1 mm, 0.8 mm, and 1.5 mm) at the
same operational conditions.

4.3.1 Effect of Bubble Diameter (D) On (U) In Smooth and Finned Helical
Coil Tube Heat Exchanger

Figure 4.17 demonstrates the variation of U with the shell side flow rate of
(smooth and finned pr = 5 mm) tube.Obviously, the bubble diameter has contributed
to improving the heat exchanger thermal performance. The larger bubble diameter,
the higher the thermal efficiency was. This is agreed with the CFD results of [59].
However, one can justify the current behavior by increasing the shell side Re, which
is an essential and more effective parameter for the overall heat transfer process. The
contribution of thermal mixing due to the bubble motion in the overall thermal
enhancement is only minor as the size of the water bulk in the shell is much larger
than the heat source (coil). That means the larger bubble diameter can push or
displace more liquid than the small ones, which results in a more significant increase

in the shell side Re, leading to more heat transfer enhancement.
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Figure 4.17: Effect of bubble diameter on (Ug,Uf) at Q, = 0.5 L/min, Q. =
1 L/min,and P,= 3bar.

4.3.2 Effect of Bubble Diameter (D},) On (€) In Smooth and Finned Helical
Coil Tube Heat Exchanger

Figure 4.18 illustrates the effectiveness varies with the shell side flow rate of

the three different bubble diameters (0.1,0.8 and 1.5 mm) and the same operational

conditions of fig.4.17. Similar to the variation of U (see fig 4.17) appears in fig. 4.18.

The improvement of effectiveness is evident with increasing the shell side flow rate

and with increasing bubble diameter. This is consistent with our justification above.
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Figure 4. 18: Effect of bubble diameter on the effectiveness (eg, &) at Q,

0.5 L/min, Q;, = 1 L/min,and P,= 3bar.
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4.3.3 Effect of Bubble Diameter (Db) On(Ap) In Smooth and Finned Helical
Coil Tube Heat Exchanger

The effect of bubble diameter on the pressure drop inside the shell of (smooth
and finned tube) is given in Fig. 4.19. For the same operational condition used in figs
4.17 and 4.18. Obviously, the increased bubble diameter led to a development in
pressure drop along the heat exchanger's shell side. As we mentioned before, this
could be mainly due to the increase in the shell side Re with increasing the diameter
of bubbles. Surprisingly, the bubble with a diameter of 1.5 mm and 0.8 mm has nearly

the same effect on the pressure drop, contrary to the thermal improvement.
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Figure 4. 19: Effect of bubble diameter on the pressure drop inside shell
(Apss, Apss) at Q, = 0.5 L/min, Q;, =1 L/min,and P,= 3bar.

Furthermore, we found that the pressure drop (Aps.) in the helical coil smooth
tube is less than the pressure drop (Apg.) in the helical coil finned tube and vary

according to the hot coil flow rate as shown in table (4.1).
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Table 4.1: variation pressure drop (Apsc, Aps.) inside smooth and finned helical

coil tube
Type of tube Pitch fin Hot water (L/min) Ap (psi)
1 3.55
smooth helical coil smooth 15 3.7
2 3.85
1 5.65
5mm
15 5.75
_ _ _ 1 55
finned helical coil 8 mm
15 5.6
1 5
10 mm
1.5 55

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

Figure 4.20 states the effect of injection air bubbles on the overall heat transfer
coefficient (Ug, Ur) .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
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helical tube, which will increase the rate of heat transfer between the two liquids.
Regarding pitch (pr), the smaller pitch means the number of fins increases on the
surface of the tube, which increases the surface area for heat transfer.

It can be concluded from Figs 4.20 and 4.21 that the highest improvement
ratio of the overall heat transfer coefficient (U¢/Uy) for (ps) (5,8, and 10mm) was
(107%, 73%, 49%), respectively, and (Ug, /Us) for (p¢) (5,8, and 10mm) was (281%,
261%, 248%) respectively.
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Figure 4.20: Comparison of overall heat transfer coefficient (U, Uf) Q,, =
1.5 L/min, P,= 3bar,and D,,= (1.5mm).
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Figure 4.21: explained the highest improvement ratio of the (U#/Us), and (Us/Us) at
Qn, = 1.5L/min, P,= 3bar,and D= (1.5mm).
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4.5 Temperature Distribution Along Vertical Shell and Helical Coil (Smooth,
Finned) Tube Heat Exchanger

The present section tries to clarify the behavior of the temperature distribution
along the heat exchanger to helical coil (smooth and finned) tube together, which has
not been addressed in the literature. Four thermocouples were installed in equal space
along the shell side of heat exchange; in addition to four thermocouples were used to

measure the inlet and outlet temperatures of hot and cold water (see Figs 3.1, 3.2).

Figures 4.22 to 4.25 illustrate the transient temperature distribution along the
shell side in addition to the coil side temperature for the smooth and finned helical
coil tube heat exchanger.The obtained results showed that a mutual thermal mixing
took place once the air as tiny bubbles was injected into the heat exchanger's shell
side. Hence, a high heat transfer rate was obtained, which was indicated by the
sudden rising temperature along the heat exchanger. Moreover, it was observed that
the time is taken to reach temperature stability along the heat exchanger in both tube

states (smooth and finned) before bubble injection ranged from (20 to 25 min).

In general, while the inlet temperature of the coil and shell remains constant
during the whole process (35°C and 15°C), respectively, the injected air as bubbles
in the shell side results in a sudden change in the temperature along the heat
exchanger. Obviously, the temperature distribution increases directly once the air is
injected (Q, = 0.5 L/min) into the shell side. However, this rises in temperature is
developed with the increased airflow rate until achieving the steady-state conditions
at the end. Along with this, the outlet temperature of the coil (hot fluid) is consistently
decreased with time until reaching its minimum value but the invariant value at the
end of the individual run. Although the increase in the temperature along the heat
exchanger is distinctive at a low airflow rate (Q, = 0.5 L/min), the temperatures
become almost closest to each other at all points along the height with increasing the
airflow rate. This could indicate that the natural movement of air bubbles due to

bouncy force, which results from the difference in density between air and water,
92



Chapter Four Experimental Results

leads to intensive thermal mixing of the water inside the shell. Such behavior of the
temperature leads to sustain the temperature difference at its maximum level. This,
of course, leads to increased heat exchange between the hot and the cold fluid and
increases the heat exchanger's thermal performance.

The figures 4.22 to 4.25 show that the transient time to reach a steady state of
temperature in the case of the smooth tube is higher than the finned tube, as is the
case for the difference in the distance between the spiral fins in the tube, it was found
that the smaller distance between the fins, the less transient time due to effect of fins
and number of it. Furthermore, the more miniature coil outlet temperature obtains at
finned tube pitch (5mm).

(Transient time) smooth tube > (Transient time) finned tube
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Figure 4.22: Temperature distribution with time along heat exchanger at, D, =
1.5mm, Q;, = 1.5 L/min, Q; = 6 L/min,and P,= 3bar.
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(Finned Coil P; =5mm)
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Figure 4.23: Temperature distribution with time along heat exchanger at, D,, =
1.5mm, Q;, = 1.5 L/min, Q3 = 6 L/min, P,= 3bar ,and P = 5mm .
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Figure 4.24: Temperature distribution with time along heat exchanger at, D, =
1.5mm, Q;, = 1.5 L/min, Q; = 6 L/min, P,= 3bar ,and P; = 8mm .
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(Finned Coil P, =10mm)
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Figure 4.25: Temperature distribution with time along heat exchanger at, D, =
1.5mm, Q, = 1.5 L/min, Q3 = 6 L/min, P,= 3bar ,and P = 10mm.
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CHAPTER FIVE
CONCLUSIONS AND RECOMMENDATIONS

INTRODUCTION

The current study aims to investigate the effect of tiny air bubble injection on
the thermal performance of a counter-current flow for vertical shell and helically coil
(smooth and finned) tube heat exchanger experimentally in laminar flow (316 <
Re < 1523). The investigation involves heat transfer characteristics such as
overall heat transfer coefficient (U), effectiveness (¢), air pressure (p,) effect on the
thermal performance of heat exchanger, pressure drop (Ap), and temperature

distribution along the heat exchanger column.

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
(Us) and effectiveness (&) for all cases under study. However, depending on the
Qa and Qs, the maximum enhancement ratio of (Ug,/U) was up to 152 %, and
(€sa/€s) was 111% compared with pure water (without bubble injection). The
aforesaid maximum enhancement ratios were achieved when diameter
bubble=1.5mm,Qs = 6 L/min Q, = 2 L/min, and Q; = 2 L/min, While the
minimum enhancement ratio of (Ug,/Us) was 56%, and (e5,/¢s) was 34%.

Foresaid
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2. minimum ratio occurred at diameter bubble=1.5mm, Q; = 8 L/min, Q, =
0.5 L/min,and Q;, = 1 L/min.

3. The amount of (U, /U,) It decreases as the volume fraction increases. Moreover,
the highest improvement ratio (Ug, /U) occurred at Vd = 0.25,Q, = 2 L/min,
Qs = 6L/min, and Q, = 2 L/min, while, the lowest improvement ratio
(Ug,/Us) occurredatVd = 0.05,Q, = 0.5L/min, Q; = 8 L/min,and Q, =
1 L/min.

4. The shell side pressure drop (Apgs, Apgs) It was found to be increased with
increasing the airflow rate and bubble diameter. The maximum increment in
pressure drop (Apss) Vvalue due to the air injection was 1.7 psi at Q, = 2 L/min,
Dy, = 1.5mm, and Q; = 8,L/min .while the minimum increment in pressure
drop value was 0.5 psi at Q, =0.5L/min, D, =0.1mm, and Qg =
2 L/min.furthermore, The maximum increment in pressure drop (Apss) value
due to the air injection was 1.85 psiat Q, = 2 L/min, D, = 1.5 mm,andQ, =
8 L/min.while the minimum increment in pressure drop value was 0.75 psi at
Q, = 0.5L/min, Dy, = 0.1 mm,and Q, = 2 L/min.

5. The variation of air injection pressure (p,) the value appears to have only a minor
impact on improving heat transfer.

6. The maximum enhancement ratio of (Ug, /Uy is clearly obtained at Qg =
4 L/min, Q, = 2L/min, and Dy, = 1.5mm is 92 %. and the minimum
enhancement of (Ug, /Uy is clearly obtained at Qg = 8 L/min, Q, = 0.5L/
min, and D, = 0.1mm is 38 %. while the minimum enhancement obtained value
of (&,/€r) was 23% at Q, = 0.5 L/min, Qg = 8 L/min, and bubble diameter
(0.2mm) On the other hand, the maximum value of the(e¢, /€¢) was 71% at Q, =
2 L/min, Qg = 4 L/min, and bubble diameter (1.5mm).furthermore,(Qs = 6 L/
min) and (Q, = 2L/min) are the optimum flow rates under the current
experimental conditions to get on highest improvement ratio of (Ug,/

Uy and (&, /5).
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7. The transient time to reach a steady state of temperature in the case of the smooth
tube is higher than the finned tube, as is the case for the difference in the distance
between the spiral fins, it was found that the smaller distance between the fins,
the less the transient time. Furthermore, the more miniature coil outlet
temperature obtains at (p; = 5mm).

8. The bubble diameter (D) has contributed to improving the heat exchanger
thermal performance. The larger bubble diameter, the higher the thermal

efficiency was.
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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.

Study the influence of the number of air bubbles on the heat transfer
characteristics of the vertical shell and coiled (smooth and finned) tube heat
exchanger.

It is advised to do a special numerical analysis using CFD.

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.

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.

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.

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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APPENDIXES
Appendix (A): calibration curves
Calibreation method: Thermometer and thermocouples were put in ice cup as

a first point for calibration.the calibration carried out under five variat temperature
value.temperature values of thermocpouples were records from data loger and
temperature of thermometer recorded directly. The temperature value of ice water
warm up gradually by used water heater. Approximiatlly the temperature different
between of thermometer and thermocouples was 0.5 °C at the most point as seen in

the curves below.
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Figure A.1: Calibration curve of thermocouples

The rotometer was calibrated by using a graduated cylinder with L/min units,
a water pump and a valve to control the amount of water flowing from the tank via
the rotometer and a timer. After that, we set the amount of cold water flow to (2, 4,
6, 8 and 10) respectively through the control valve and measure the time taken for
each flow separately. It was found that there is a reading error rate of (0.1-0.2 L /min)

with the rotometer reading as shown in Figure (fig. A.2).
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Figure A.2: Shell side rotameter calibration curve.

In the same way, the hot water rotometer was calibrated, but at different
flowrate values (1,1.5,2, and 2.5 LPM), and we found an error rate of (0.2) by reading

the hot water rotometer as shown in the figure (fig A.3).
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Figure A.3: coil side rotameter calibration curve.



Appendix (B): Laboratory Examination

Ehremistry fPnalysis {oerntfer

To measure the dimensions, the sent sample was analyzed and the following
was obtained:

Outer diameter =6 mm.

Inner diameter =4.4 mm.

Length sample =8.05 mum.

Fin depth = 0.4 mm.

Wall thickness = 0.8 mm.

spiral angle = 49

upper width fin =0.52 mm.
bottom width fin = 0.3 mm.

fin inner height = 0.2mm.

shape of inner tips fins is convex.

The name of the test device ( Fesem Tescan mira3) and model France

=
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Figure B.1: Laboratory Examination paper.
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Figure B.3: Side view of finned tube.



Appendix (C): Uncertainty
The following equation can be used to calculate the uncertainty of experimental data
[61]:

W = (25 (2 W)’ .
Moreover, the result is given as:

R="fXy,Xyz ..., Xp) (C.2)
Where:

W¢g: Uncertainty in the result
X4, 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 (C.1).

Overall Heat Transfer Coefficient (U)

The overall heat transfer coefficient (U) was calculated by Eq. (4.1) and rewritten
below:
U=—>2 (C.3)

As. ATuMTD

According to Eqg. (C.1), the uncertainty of U is due to the errors of q, A;And the
temperatures (Ty, ;, Ty, o, Tcjand T ;). However, the following general expression can

be made:

W, = J(g_gwq)z (e W)+ (22 Wy,)’ (C.4)

This leads to:



_ Wq 2 _ _9Watpmrp 2 (_ 9-Wag )2

Wy = j (As-ATLMTD) + ( As-(ATLMTD)Z) + A% AT mTD (C.5)

Where AT urp IS the log-mean temperature difference, and it can be found by:
(Thl Tco) (Tho_TCl)

ATimrp = ln(Th T 0) (C.6)

Th,0~Te,i

Hence, the general uncertainty of AT, yp is [50]

({([(ThrT(cT:)l:Sl;t)) ‘Tcri)]>—1n< g::_?:%)} [W'lz‘h,i_ W%c_o]>+

(R e L)
(el

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

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

— aq 2 aq 2 2 2
Wa = \](a_mhwmh) + (EWCP*J + (aTh wT‘“) + <6Th wThO) C.9)

Using Eq. (C.8) results in:

(C.7)

WATLMTD =

2 z 2
W, = (Cph- [Th,i - Th,o]- Wmh) + (mh' [Th'i N Th'o]' prh) + (mh- Cph-WTh’i) (C.10)

+(— my,. CphWTh,o)Z

Multiply equation (C.10) by[ |22 [T*“ T“°] results in:

Cpnd | Th,i—Th,o

2 2 2
(mh-Cph-[Th,i_Th,o]-wmh) + (mh-[Th,i—Th,o].chh) n (mh-Cph-( Th,i—Th.o)-WTh_i>
my Thi—Te,i

Cpn
W, = o C.11
a + (— mh-Cph-(Th,i_Th,o)-chyi)2 ( )

Th,i—Te,i

where: q = iy, Cpy (Thi — Tho)
Eq. (C.11) becomes:



. _ Wiy 1% | [Wepp ]2 wr, 12 Wi, 17
- Wq B qj m_hh] + [?hh] + [Th,i_Th,o] * [_ Th,i_Th,o] (C.12)
The uncertainty of A, Moreover, Cpy, can be ignored due to its minor effect [44].

Now the uncertainty of U can be obtained by Substitute Eq. C.7 and C.12 into Eq.
C.5.

Effectiveness (€)

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

g=—1 (C.13)

Q.max.

Using Eg. C. 1 above, the general uncertainty formula of ¢ is:

W, = J (g—flwq)2 + (a Qi_,;x. Wo, )2 (C.14)

Using Eqg. C.13, yields:

W= (o) + (- Lemary

(C.15)
Uncertainty of W, can be similarly obtained:
2 2 2 2
W max. = j (63;‘:‘ Wmh) + (?C";‘:" WCph) + (?T—‘: WTh,i) + (ang ch,i) (C.16)
where
Qmax- = Cmin- (Thi — Tei) (C.17)

and Cpin = my, * Cpy,
Using Eg. C. 16 above, yield:



(Cph- [Th,i - Tc,i]-wmh)2 + (mh- [Thl Tc 1] prh) + (mh Cph Th,)z

Qmax- — (Cl8)
+(— my,. Cpthc,i)
mp] [Cpn] | Thi—Teci
Multiply Eq. C.18 by [ Hcph] [Thl TU] results:
(mh.Cph.[Th‘i—Tc‘i].Wmh)z + (mh-[Th,i_Tc,i]-WCph>2 + (mh.Cph-( Th,i_TC,i)-WTh,i>2
_ my, Cpn Th,i—Teji (C.19)
Qmax: — my, Cpp.(Th,i—Te,i)-Wr ; 2 .
+ ( Th,i—Te,i )
But:
Qmax- = My Cpp. (Tyi — Tei)
Hence, Eq. (C.19), becomes:
Wy, 12 c e 12 wr . 12
. — _mp Ph h,i _ ci
- Womax. = Q.max\/[ mh] [Cph] + [Tm T“] + [ Th,i_Tc,i] (C.20)

Finally, the uncertainty of € can be obtained by substituting Eqg. C.12 and Eq. C. 20
into Eq. C.15.
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1. Improvement of Thermal Performance of Coiled Tube Heat Exchanger Utilizing
Air Bubble Injection Technique.
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Improvement of Thermal Performance of Coiled Tube Heat
Exchanger Utilizing Air Bubble Injection Technique
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Abstract. The heat transfer enhancement in terms of temperature of a wertical
helically coiled tube heat exchanger is carried out experimentally. The experiments
were achieved in a heat exchanger with a 50 cm height and 15 cm internal diameter
under four different cold and three hot water mass flow rates and four different airflow
rates. At the same time, the temperature difference was taken invariant (AT=20°C). To
avoid some uncertainties, the hot side temperature of the heat exchanger was
measured via k-type thermocouples. The results showed that the increase of air
injection flow rate improved heat transfer from the hot stream flowing in the coil to
the shell's cold stream. An intimate thermal mixing when air injected is clearly
observed, which could be responsible for the heat exchanger's thermal enhancement.
Finally, the injected air pressure was noticed to be having only a minor effect on
thermal performance improvement.

Keywords: heat exchanger. coil tube, air injection bubbles, and sparger.

L Introduction

Heat exchangers are equipment utilized to transfer thermal energy between two different thermal
energy content streams. Hence, they are widely implemented in various industrial applications, such as
in the power plants, chemical industries, refinery, food industry, and pharmaceuticals. Accordingly, a
huge effort has been directed to improve the heat exchanger performance efficiency utilizing various
techniques[1]. However, all enhancement techniques inevitably involve a significant increase in the
pressure drop, cost, energy. materials, and heat exchangers weight. Minimizing the pressure drop
while improving heat exchanger thermal efficiency increases the target of many investigators.

Among various enhancement techniques, such as using a twisted tape, corrugated mbing, wavy stripes,
barbed wires, and internal and external fins, air injection as bubbles seems the most promising
approach. This improvement technique’s merit is in its capability to significantly improve the thermal
efficiency of heat exchangers with a relatively low increase in the pressure drop. However, Dizaji et
al. [2] has expernimentally studied the thermal enhancement of a helically ceiled tube heat exchanger

rm’ Comtent from this work may be wsed under the terms of the Creative Commons Atiribution 3.0 licencos. Ay further distribution
e = of this work must maintain sttribustion 1o the authon(s) and the tide of the work, joumal citabion asd D00
Fublibed under licemoe by O Publishimg Lid 1




. Air bubble injection technique for enhancing heat transfer in a coiled tube heat exchanger: an
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ABSTRACT

In the present study, the effect of injecting air bubble size on the thermal performance of a vertical counter-current
shell and coiled tube heat exchanger is experimentally investigated. The experiments were accomplished in a cylind-
rical shape heat exchanger with a 50 cm height and 15 cm outer diameter. Copper coil with 3.939 m equivalent
length and 06 cm outer diameter was used to carry the hot fluid (water). Four different cold fluid (shell side) flow
rates (), =2, 4. 6 and 5 LPW) under laminar flow conditions (316 < Re < 1223), constant hot (coil side)
flow rate fluid rates (G}, =1 LPM), four different injected air flow rates (2, = 0.5, 1. 1.5 and 2 LPLW),
imvariant temperature difference (AT = 20°C), and constant bubbles number (1400) were tested. To demonstrate the
effect of bubble size, a sparger with orifice diameters of 0.1, 0.8, and 1.5 mm was manufactured and used in the
study. The overall heat transter coefficient (U), N'TU, effectiveness, and pressure loss were invested. The experimen-
tal results clearly showed that the heat exchangers thermal efficiency significantly improved with increasing the shell
side flow rate and the injected air flow rate. The maximum improvement in U, NTU, and effectiveness was 153%,
153%, and 68%, respectively. The thermal performance of the heat exchanger was shown to be improved with
increasing the bubble size. Although the latter finding agrees with recent CFD published results, more studies need
to be confirmed.

KEYWORDS
Sparger; smooth helical coil; vertical shell; heat exchanger; injection bubbles

Nomenclature
Ay Heat transfer arca {m”)
€ Specific heat (1kg. k)
di Inner coiled tube diameter, mm
(R Curvature diameter {(mm)
H Height column (mm)
E Thermal conductivity (Wim “C)
L Tube length (mm)
LMTD Logarithmic mean temperature difference (°C)
1 Mass flow rate (kg/s)
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Appendix (E):summary of the obtained improvement values,and comparison of
the present study results with Kareem [51,52].

Table E.1: summary of the obtained improvement values.

Number of bubbl
No Type Parameters Value | Qs (L/M) [ Qh (L/M)| Qa (L/M) | Db (mm) | Ps (mm) ymber ot bubbles
per meter
(Usa/Us) max | 152% 6 2 2 1.5 / 1400
1
0‘00 (Usa/Us) min 56% 8 1 0.5 1.5 / 1400
o'z'o\,
(_}o° (esa/es) max | 111% 6 2 2 1.5 / 1400
2
(esa/es) min 34% 8 1 0.5 1.5 / 1400
(Ufa/Us) max 92% 4 1.5 2 1.5 5 1400
3
(Ufa/Us) min 38% 8 1.5 0.5 0.1 5 1400
$°<b (efa/ef) max 71% 4 1.5 2 1.5 5 1400
4 ¥
&
& (efa/ef) min | 23% 8 1.5 0.5 0.1 5 1400
9 Uf/Us max 107% 4 1.5 2 15 5 1400
10 Ufa/Us max 281% 4 1.5 2 1.5 5 1400

Table E.2: comparison of the present study results with Kareem et al. [51,52].

present study (finned tube)

Authors Kareem AR [51-52] , (smooth tube)
smooth tube (finned tube) pitch 5mm
Qx (L/M) 15 15 15
Qs (L/Mm) 6 6 6
Q. (/M) 2 2 2
AT(°C) 20 20 20
Dy (mm) / 1.5 15
Uwm’K) 1426 1336 2130
Usa/Us 63% 150% /
U, /U / / 81%
¢ 0.6 057 0.74
Esa/Es 31% 110% /
Efa/Ef / / 50%
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