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Abstract

Present work aimed to improve the heat transfer coefficient by
utilizing various types of vortex generators in the tube banks with single
and two-phase flow. The rate of heat transfer and the pressure drop is

calculated in the horizontal rectangular duct.

Thermal convection for flow across tube banks with winglets through
the heat exchanger was evaluated in two portions numerically under the
Reynolds number of water range (3639-4813). Present numerical work
deals with the simulation using the commercial code ANSYS FLUENT
(19). The first part studied the effect of two-phase flow (water and air) on
the performance of two shapes of vortex generators (Delta and
Rectangular) winglets. The second part studied the effectiveness of four
shapes of winglets (Delta, Rectangular, Zikzak, and Sinusoidal wavy),
circular or oval tube banks, and (CFU) or (CFD) configurations. It varied
the angle of attack (15, 20, and 25) in the two-phase flow.

This work investigated experimentally the effect of two shapes of vortex
generators (Delta and Rectangular) and various flow rates of the mixture

(water-air) on the heat transfer coefficient.

In a single-phase flow (water) when the Reynolds number increased
from (3646) to (4252) and (4813), the (Nu) increased by (8.3%) and (17%)
numerically and by (8%) and (17.13%) experimentally. The (f) decreased
by (12.5%) and (9.6%) numerically and by (2.1%) and (3.7%)
experimentally, without (VGs). At (Re = 3646) the (Nu) increased by
(52.8%) numerically and by (53%) experimentally, at (Re = 4254)
increased by (45.16%) numerically and by (45.67%) experimentally, and
finally at (Re = 4813) increased by (46.4%) numerically and by (45.68%)
experimentally with delta winglets. Also, At (Re = 3646) the (Nu)
increased by (63.46%) numerically and by (62%) experimentally, at (Re =
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4254) increased by (60.16%) numerically and by (60.78%) experimentally,
and finally at (Re = 4813) increased by (59.1%) numerically and by
(58.56%) experimentally with rectangular winglets compared to without
(VGs). The best performance parameter was found to be (2.4) numerically
and (2.8) experimentally with delta winglets, (1.6) numerically and (1.5)

experimentally with rectangular winglets.

In a two-phase flow (water-air) the (Nu) increased by (80%)
numerically and by (81%) experimentally with delta winglets. Also, the
(Nu) increased by (76.4%) numerically and by (71.7%) experimentally
with rectangular winglets. The (f) decreased by (19.65%) numerically and
by (19.6%) experimentally with delta winglets and the (f) decreased by
(13.5%) numerically and by (5%) experimentally with rectangular winglets
compared to without (VGs). The best performance parameter was found to
be (2.24) numerically and (2.25) experimentally with delta winglets, (2)

numerically and (1.81) experimentally with rectangular winglets.

The best thermo-hydraulic performance is obtained by delta winglets at
(15) an angle of attack for the oval tube banks in the two-phase flow with

(CFD) configuration and moderate turbulent flow rate.
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The total volume of the mixture
Volume of collected water
The mass-averaged velocity
The drift velocity for the secondary phase k
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il Pressure drop Pa
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Chapter one Introduction

CHAPTER ONE

Introduction

1.1 Background

In numerous industrial processes, fluid passes through ducts consisting
of banks of tubes. Banks of tube heat exchangers are utilized in a diversity of
technical applications, including heating, ventilation, air conditioning, and
refrigeration systems, vehicles, petroleum, electronic cooling, and chemical
industries. The fluid has a tendency to flow more quickly along the smooth
duct wall, hence lowering the flow through the tube's banks, [1]. In any
situation, the capacity to forecast the nature of the emerging flow pattern
during the transition from one construction to another is essential for the
development of new kinds of heat exchangers. This will enable the
performance parameters of the devices to be determined and aid in the
prevention of any issues. As heat convection coefficient of fluids,
conventional fluids such as air, water, and ethylene glycol are typically
employed. Although numerous techniques are employed to improve heat
convection coefficient, the limited heat convection coefficient performance of
conventional fluids impedes performance enhancement. Enhancing the heat
transfer coefficient is one of the main tools for conserving energy in a variety

of processes, [2].
1.2 Concept of Vortex Generators (VGS)

Vortex generation is used to enhance heat convection coefficient, which
holds promise on the fluid side. As seen in Figure (1-1), vortex generators
(VGs) such as wings and winglets can produce vortices into the fluid flow,
resulting in an increase in the heat convection coefficient. On a heat transfer

surface, vortex generators may be pierced, mounted, or imprinted. Vortices
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are created when fluid flows around vortex generators because of the friction

and separation on the vortex generator's edge, [3].

Figure (1-1) Schematic diagrams of four common (LVGS), [4]

Researchers have long focused on enhancing the performance of heat
exchangers through design modifications due to their immense technological
significance. It is commonly known that the insertion of vortex generator
winglets (VGW) of various kinds, shapes, and configurations (rectangular,
trapezoidal, delta, and curved trapezoidal) improves heat transfer coefficient,

[5], as shown in Figure (1-2).

Rectangular winglet  Trapezoidal winglet Delta winglet Curved trapezoidal winglet

Figure (1-2) Various kinds of winglets, [3]
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1.3 Types of Banks of Tube Heat Exchangers and Applications

Various industrial operations, such as the creation of steam in a boiler or
the cooling of air conditioning coils, involve heat exchange to or from cross-
flowing banks of tube heat exchangers. This can be classified according to the
geometric arrangement of the tube rows of a bank, [6], as shown in Figure (1-
3):

1) Inline tube rows of a bank

2) Staggered tube rows of a bank

g
/5” N
- 5, \‘r \
|t— .SJ._ 41\ _.T_;_-ll:\ \\ _é_}b
I S N by e iaN
A2 \f‘ VA AN ¥ A
- Ay T L 4+
[N NS N S s NI
o | T*-~-=> e ﬁ;}{l NZEN
- A N
L G {+ A A !
k\|,/f \_|Jf’ '\|_ | - ! \\|J |_l
ANVA {p
Row 1 Row 2 Row 3 Row 1 Row 2 Row 3 Row 4
(a) (b)

Figure (1-3) Tube configurations (a) Inline (b) Staggered, [6]

Applications of heat exchangers include heating, ventilation, air
conditioning, automobiles, petroleum, electronic cooling, food processing,
Aerospace, cooling of nuclear systems, and chemical industries. In the
direction of the fluid velocity (V), the tube rows of a bank might be inline or
staggered. The configuration is defined by the diameter of tube (D), the
transverse distance (St), and the longitudinal distance (S.) between tube
centers. The tube of a bank can be either a circular tube, as shown in Figure

(1-4) or an oval tube, as shown in Figure (1-5).
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Figure (1-4) Banks of the circular tube heat exchanger staggered

arrangements, [7]

Winglet

Side Wall —{”

b * ! Inlet plane
i u=u(z)
Yy

Figure (1-5) Heat exchanger with oval tube and vortex generators, [7]

1.4 Two-Phase Flow

Two-phase flow is used to reduce pressure drop in the duct at high flow
velocities at Reynolds numbers of water range (3646-4805). Putting winglets
inside the duct increases the heat transfer rate since the pressure drop must be

minimized to prevent incurring additional costs. Heat transfer coefficient and
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temperature distribution were investigated in the duct using various values for
the flow rate of water and air with different shapes and positions of the vortex
generators. The two-phase flow differs substantially from the single-phase
flow. In addition to being characterized as laminar or turbulent, the structure
of the flow must also be specified. In addition, it is essential to understand the
characteristics typical of two-phase flow, such as phase slip velocity, local
changeable flow rate, phase density, and volume fraction. Flow structure
within the heat exchanger influences both the efficiency of heat transfer and
the magnitude of flow resistance. It also impacts the heat convection

coefficient of working fluid flow around tube banks, [8].

Since the nature of matter in a new state are clearly distinguishable, and
two-phase flows should be categorized based on the states present in the flow
field. Each class must be handled separately from the others, and the two-

phase flows can be categorized as follows, [9]:
1) Gas-Liquid flow as the flow in side channel pump [10].

2) Solid-Liquid flow as the pipeline transportation of coke in petroleum
[11].

3) Solid-Gas flow this type of flow is fundamental to many industrial
processes such as pneumatic transport, particulate pollution control,
combustion of pulverized coal, drying of food products, sand blasting,

plasma-arc coating and fluidized bed mixing, [12].

4) Flow of plasma and liquid that involves the mixing of gas and
electrically conducting of liquid.

5) Flow of plasma and solid that involves the mixing of gas and

electrically charged of solid particles.
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6) Flow of plasma and gas which also involves the interaction of various

gases.

The practical applications of plasmas with liquid, solid, and gas as mixture

are used in the field of power production, [13].
1.5 Flow Regimes in Horizontal Flow

Only horizontal single-phase and two-phase flow across tube banks in a
heat exchanger are investigated in the present work. Gravity causes the
asymmetric distribution of phases in horizontal co-current flow, which results
in more complex flow patterns. The predicted horizontal flow regimes are

depicted in Figure (1-6) and are described as follows, [14]:

1) Bubbly flow: This is a similar regime to vertical flow, except the

bubbles have a tendency to move in the upper portion of the channel.

2) Plug flow: This is comparable to slug flow in a vertical scenario, with
the exception that the layer of liquid buffering the bubble of gas from
the wall of channel is frequently thicker at the bottom than at the top.
Additionally, the bubble's nose is asymmetrical, as shown in Figure (1-
6).

3) Stratified flow: In this situation, liquid and gas phases have been
completely separated, with gas at the top and liquid flowing at the

bottom of the channel.

4) Wavy flow: As in a stratified flow, the gas velocity increases,

enormous surface waves begin to form on the liquid layer.

5) Slug flow: As the velocity of gas continues to increase in the zone of

wavy flow, the waves suddenly reach the top of the channel. These are
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propagated at a high velocity and wet the whole surface of the channel,

leaving a film of liquid between the waves or slugs.

6) Annular flow: As the gas velocity continues to increase, a gas core
punctures the slugs and the flow becomes annular, with a thicker layer

of liquid at the bottom of the channel than at the top.

Bubbly flow

( 2 C?L:Dg Plug flow

67 3 Stratified flow
h,—’v««/—vm\—ﬁvP Wavy flow

Siug flow

Annular flow

Figure (1-6) Flow regimes in horizontal flow, [14]



Chapter one Introduction

1.6 Objectives of Present Work

The present work aims to study the effect of using vortex generators with
tube banks in line configuration in the heat exchanger for two-phase flow

(water and air) to improve heat transfer rate and are described as follows:

1. Investigate the effects of using single-phase and two-phase flow over
the tube banks of a heat exchanger.

2. Investigate numerically the thermo-hydraulic performance of heat
exchangers with four types of winglets (Delta, Rectangular, Zikzak,
and Sinusoidal wavy), with circular and oval tube banks, and common
flow upward (CFU) or common flow downward (CFD) configurations.

3. Evaluate experimentally the influence of two types of winglets (Delta
and Rectangular) with oval tube banks and common flow downward
(CFD) configuration on the thermo-hydraulic performance of a heat
exchanger.

4. Investigate numerically and experimentally the impact of various attack
angles (15°, 20°, and 25°) for winglets on the thermo-hydraulic

performance of heat exchangers.
1.7 Motivations of Present Work

The purposes of the performance enhancements in heat transfer coefficient
Is to increase the overall heat convection and minimize the size and expense

of the heat exchanger and are described as follows:

1. Vortex generation winglets are used to enhance heat transfer
coefficient.

2. Two-phase flow is used to reduce pressure losses in the duct at high
flow velocities. Putting winglets inside the duct increases the heat
transfer rate since the pressure drop must be minimized to prevent

incurring additional costs.
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1.8 Plan of the Present Work

1. Numerical work focuses on Computational Fluid Dynamics (ANSYS
FLUENT 19) used to predict water and airflow as two-phase flow and
temperature fields in the heat exchanger. The Navier-Stokes equations for
Continuity, Momentum, and Energy equations are solved numerically to

accomplish present work.

2. Experimental requires numerous procedures, including the design and
manufacture of the test section (rectangular duct) and the fabrication of the
experimental rig including of all the required apparatuses and instruments.
The working fluid is monitored of density, viscosity, temperature at the inlet
and outlet of the duct, surface temperature of tube banks, and pressure at the
inlet and outlet of the duct. In addition, the heat transfer coefficient and the

Nusselt number must be measured.
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CHAPTER TWO
LITERATURE REVIEW

2.1 Introduction

Enhancement of forced convection occurs when the heat transfer
coefficient is increased, and the pressure penalty is reduced in the fluid flow
across banks of tubes in (HES) using a longitudinal vortex generators (LVGS)
arrangement. Different shapes of vortex generators for flow through banks of
the tubes heat exchanger are used. This review contains numerical and
experimental studies interested in the heat transfer rate of banks of tubes with
used (LVGs) studied under laminar and turbulent flow conditions. This
chapter also includes the thermo-hydraulic performance parameters of (VGs)
with tube banks for fluid flow in the duct are studied experimentally and
numerically. Vortices motions induced by (VGs) build up the best fluid

mixture, increasing the heat transfer rate.

2.2 Theoretical Studies

Biswas, et al. (1994), [15], studied numerically the flow structure and
heat transfer improvement in a channel with an included circular tube and a
winglet-type vortex generator. A modified version of Marker and Cell
method has been employed to solve the equations. The geometrical
configuration illustrated a component of a air-water cross-flow fin-tube heat
exchanger. In the absence of a winglet-type vortex generator, relatively little
heat transfer occured in the low-velocity fluid recirculation zone downstream
of the circular tube. The flow field for (500 < Re < 1000) was found to be
periodic, hence the heat transfer results are time avcragcd values. However,
when a winglet-type longitudinal vortex generator was present in the wake
zone behind the cylinder, heat transfer in this region was increased by as

much as (240%). The results demonstrated a significant increase in overall
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channel heat transfer. This improvement showed great promised for
significantly reducing the size of heat exchangers.

Tiwari, et al. (2003), [7], showed numerically the impact of a single-row
duct of banks of tubes of circular and elliptic shape with a pair of (VGs) was
increased by 81% in the heat transfer rate can be obtained by comparing it
with the channel work without (VGs). A three-dimensional study of laminar
flow and heat transfer in a channel with built-in oval tube and delta winglets
was carried out through the solution of the complete Navier—Stokes and
energy equations using a body-fitted grid and a finite-volume method.
Furthermore, when adding one pair of wings, vortex generators increased the
heat transfer rate by (147%) compared to the planar duct. However, it also
had reached that at (Re = 1000), for four pairs of (VGs) with interior wings
pairs in the (CFU) and exterior wings pairs in the common flow downward
stream with elliptical tubes. That result in a (100%) greater rate of heat
transfer augmentation compared with the flow in the duct, which no use
(VGS) pairs.

Hiravennavar, et al. (2007), [16], studied the impact of Delta winglets
(VGs) on thermo-hydraulic performance numerically by solving the unsteady,
three-dimensional, incompressible Navier—Strokes equations and energy
equation using a modified Marker and Cell method. Air was used as working
fluid. A delta winglet pair type vortex generator was placed in a
hydrodynamically developed and thermally developing laminar channel flow
and the computations are carried out at (Re = 790, 1000, 1580, 2000). It found
that flow in a duct with single winglets and paired winglets augmented
thermo-hydraulic performance by (33%) and (67%) compared to the duct
without winglets.

Chu, et al. (2009), [17], studied (3-D) numerical for thermo-hydraulic
performance in banks of oval-tube (HE) using VGs. The Navier—Stokes and
energy equations and the boundary conditions equations are solved by using a
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computational fluid dynamics code (FLUENT). For (Re) number instituted on
the hydraulic diameter in the range (500-2500), it was forming that the
intermediate Nusselt number for three rows of banks of the oval-tube (HE)
with using augmented by (13.6-32.9)%; however, pressure drop also
increased by (29.2-40.6)%. Three geometrical characteristics position of
(VGs) (CFU) and (CFD), a row of banks of oval-tube number of the row was
(n =2, 3, 4 and 5) and angles of attack (a = 15° 30° 45° and 60°) were also
researched for characteristics optimisation. The (LVGs) with the position of
(CFD), minimum tube row number and angles of attack (oo = 30°) gave the
better performance of (HE) by augmented in heat transfer rate.

Chu, et al. (2009), [18], reported numerically thermo-hydraulic
performance in the fin-tube (HE) featuring a pair of rectangular winglets
(RWP). The Navier—Stokes and energy equations with the boundary condition
equations are solved by using a computational fluid dynamics code
(FLUENT). For Reynolds numbers range (500-880), without (RWP) design
was compared to three upgraded arrangements with (RWP): the aligned
(1RWP) situation, the aligned (3RWP) situation, and the aligned (7TRWP)
situation. The air-side heat transfer coefficient enhanced by (28.1-43.9)%,
(71.3-87.6)%, and (98.9-131)% for the three improved arrangements, with a
pressure loss penalty rised of (11.3-25.1)%, (54.4-72.0)%, and (88.8—
121.4)%, respectively. Among the three upgraded arrangements, the aligned-
(1RWP) situation achieves the best overall performance, followed by the
aligned-(3RWP) situation and the aligned-(7RWP) situation.

Ramadan, (2012), [19], investigated numerically for two-dimensional fluid
flow across a staggered three-row oval-tube bank with rectangular (LVGS)
left in each tube. The characteristics of average Nu number and skin friction
coefficient are studied numerically by the aid of the computational fluid
dynamics commercial code of FLUENT (6.3). The Reynolds numbers range
(250 —1500), (x)-axis locations 3 and 2, and attack angles of (30° and 45°)on
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(RVGs) were investigated. The emphasis of this investigation was the impact
of the various VG shapes on the thermo-hydraulic performance of three rows
of oval tube banks. The results demonstrated an increase in heat transfer and
the coefficient of skin friction with increased (Re) number and decreased
relative distance between (LVG) sites. Observations indicated the overall Nuy,
number of three oval tubes improved by (10-20.4)% and by (10.4-27.4)%
with angles of attack (30° and 45°), respectively, with an increased in the
friction factor of three oval tubes approaching (53%) and (72%), respectively,
compared to the situation without (VGSs).

He, et al. (2013), [20], studied numerically the heat transfer improvement
and pressure loss penalty for fin-and-tube heat exchangers with rectangular
winglet pairs (RWPs) in a relatively low Reynolds number flow. In order to
improved heat transfer, the (RWPs) was positioned in a certain orientation.
undary condition equations are solved by using a computational fluid
dynamics code (FLUENT). For the Reynolds number range (575-880), the
overall performance of the (7-RWPs) case was inferior to the other cases. The
results indicate that the heat transfer enhancement caused by (RWPSs)
outweighs the form drag introduced by the RWPs themselves at a relatively
high Reynolds number. For (Re > 815), the single-RWPs case increased the
(j/f) ratio by (1.7 - 2.7)% and the (3-RWPs) case improved the ( j/f) ratio by
(0.7 - 2.0)%.

Gholami, et al. (2014), [21], researched a numerical solution with the
wavy rectangular winglet of continuity, momentum, and energy equations
resolving by using FLUENT ANSYS (14). The effect of the Reynolds range
(400-800) with longitudinal wavy rectangular winglets at a (30°) angle was
investigated. The outcomes offered that the rectangular wavy obstacle
turbulence can enhance the heat transfer rate of banks of tube (HESs) with a

reasonable pressure drop and a better impact on the thermo-hydraulic
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performance. This raised was more critical for the case of the wavy obstacle
turbulence in (CFU) arrangement.

Albdoor, (2014), [22], investigated numerically the impact of (VGs)
across banks of tube (HE) with various forms on thermo-hydraulic
performance. A computational fluid dynamics code (FLUENT) was used to
solve steady (2-D) Navier- Stokes and energy equations. (k-¢) model used to
remedy the turbulent effects. Three different-shaped VGs were installed
behind tubes with Reynolds numbers range (7000-11000). The effects of three
winglet shapes (airfoil, rectangle, and triangle) with varied attack angles (30°
and 45°) on average Nusselt number (Nu), friction factor, and pressure loss
are examined. Using winglet pairs affects heat transfer, friction factor, and
pressure loss, and heat transfer enhancement depended on the shape and angle
of attack of the winglet. The triangle was the optimal shape for maximizing
heat transfer, and an angle of attack (45°) was optimal for maximizing heat
transfer.

Jedsadaratanachai and Boonloi, (2015), [23], evaluated numerically the
heat transfer improvement, and flow arrangements of the fin-oval tube (HE)
with (DVGs). (DVGs) similar to (V-ribs) were put on surfaces of the fin with
the Vtip facing upstream, referred to as (CFU). The convective terms in the
governing equations for momentum and energy were discretized with
Powerlaw scheme and QUICK scheme, respectively. The SIMPLE algorithm
has been applied on the coupling among pressure and velocity .The impacts
angles of attack (a = 15°, 30°, 45° and 60°) and the pitch between the V tip
and the center of the oval tube in the transverse distance (a = 3.77, 4.77, and
5.77 mm) on thermo-hydraulic performance are examined for (Re) numbers
range (500-2500), based on the hydraulic diameter of the test duct. By (VG)
flow and swirl flow across the test duct, it was discovered that (DVGSs) can
aid to improved thermo-hydraulic performance. In addition, increased in heat
transfer and friction factor range from (1.15) to (1.55) and (1.5) to (3.4) times
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the basic scenario, respectively. At (Re = 2500), (a = 5.77 mm), and (o= 15°),
the highest heat transfer coefficient enhancement approached (1.12).

Lu and Zhou, (2016), [24], analyzed numerically the thermal and flow
properties of plane and curved longitudinal vortex generators (LVGSs). The
mathematical model of the air channel fitted with LVGs was solved using
FLUENT (6.2) program. The Laminar model and RNG k-& model are applied
for laminar flow and turbulent flow, respectively. In a channel flow with (Re)
range (700-2650) embedded with a pair of the flat and curved delta,
trapezoidal, and rectangular winglet (LVVGs), numerical simulations in three
dimensions were performed. According to the results, the curved trapezoidal
winglet pair (CTWP) gavethe optimum thermo-hydraulic performance. It was
found that the (Nun,/Nun) of plane (VGs) was a little higher than that of
corresponding curved ones for all (Re) and the deviation of (Num,/Numo)
between (TWP) and (CTWP) was as high as (3.5%) at (Re = 3000). (RWP)
has the highest (Nu./Nun) ranging between (1.21) and (1.42) followed by
(TWP) and (DWP) successively.

Wanling, et al. (2017), [25], studied numerically the impact of three
various shapes of (LVGs) such as rectangular, trapezoid and Delta winglets
on thermo-hydraulic performance numerically and the swirling flow rate of
banks of the tube (HE). The coupling of velocity and pressure was handled by
the SIMPLE algorithm, within this algorithm, the momentum equations and
pressure correction equation were solved sequentially and iterated to
convergence. For studied (Re) range (200-1800), compared with the plain fn
case, Nu increases about 3.1-14.4%, 1.7-6.3% and 2.1-8.8% for the cases
with delta winglet (VGs), rectangular winglet (VGs) and trapezoid winglet
(VGs), respectively. The outcomes offered that the overall average (Nu)
augmentation corresponds to pressure drop due to its Reynolds number

growth. Under the corresponding pumping power restrictions, this study
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found that the optimum configuration of the (LVVGs) was the Delta winglet for
the research cases.

Naik and Tiwari, (2018), [26], investigate numerically the impact of
winglet placement on the heat transfer properties of fin tube (HEs) with
aligned tube configuration. The mathematical model was solved using
commercial software ANSYS ICEM (17.2). Their work investigated RWVGs
pair with a flow-down arrangement. Initially, the effects of various probable
sites of (RWVGs), angles of attack range (15° - 60°), and (Re) number range
(2000-4000) were examined. (j/f) was greater for upstream-placed (RWPs)
because to lower pressure drop than for (RWVGs) mounted in other places.
The value of (j/f) was greatest for the (RWVGs) positioned at (X =-2.0, Y = -
1.25), and a (37.6%) improvement in heat transfer was observed in
comparison to the configuration without (RWVGS).

Modi and Rathod (2019) [4] evaluated numerically the thermo-hydric
performance of the fin-tube (HE) with elliptical curved and sinusoidal wavy
kind, Rectangular winglet vortex generators (RWVG). The numerical analysis
of the governing equations was carried out using commercial code ANSYS
(16.2). Reynolds number range (400-1000) were examined. From the
numerical results, it was observed that for Reynolds number (400), inlet and
outlet temperature difference (AT) was found to be (44.6%) higher for flat and
(47.4%) and (46%) higher for wavy — (CFU) and (CFD), and 46.3% and
36.6% higher for curved-up and down (RWVGS), respectively as compared to
non-winglet baseline case. In addition, (CFU) wavy (RWVG) had the greatest
improvement in heat transfer compared to all other (RWVG) arrangements
evaluated. However, the Wavy (CFU) design had the lowest (j/f), while the
curved (CFD) configuration had the highest (j/f) values. Curved (CFD)
(RWVG) was shown to be more appropriate than other (RWVG) scenarios.

Haque and Rahman, (2020), [27], presented numerically a (3-dimension)
for thermo-hydraulic performance in fluid flow across banks of circular and
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elliptic pipes (HE) and used (LVGs). The heat transfer rate characteristics and
hydraulic performances are measured numerically by using ANSYS FLUENT
(15). It studied that under laminar flow conditions, (Re) was in the range
(500-850), which found that the enhancement in heat transfer rate was better
affected by the geometric shape of the tube. The heat transfer rate rised by (13
%) when the angle of attack changes from (15°) to (25°). However, pressure
drop rises by (62 %) and (40 %) for the circular and elliptic pipes.

Gupta, et al. (2021), [28], investigated numerically the impact of
extracting a rectangular winglet (RW) with a hole at the surface of the fin
surface on heat transfer improvement and pressure drop in the fin-tube (HE).
Their work had been conducted assuming Reynolds numbers in the range
(1500-9000) and an angle of attack (45°). Numerical simulations were done
using the shear stress transfer (SST) model of turbulence, which proved
capable of generating separated flows. There was an increase in heat transfer
of up to (34%) for the considered (Re) number range in the case of employed
a punched rectangular winglet with the hole in a (CFU) arrangement in the
upstream location, as compared to the situation of a without punched RW
with the hole in the same arrangement and position. The results demonstrated
that piercing an (RW) with a hole significantly enhanced the heat transfer
coefficient and pressure drop of a winglet installed in a typical (CFU)
arrangement at an upstream position.

Naik and Tiwari, (2021), [29], presented numerically a technique for
performance evaluation of convective heat transfer augmentation devices
including  fin-tube heat exchangers. Three-dimensional numerical
computations of highly complex flows in RWP mounted fintube heat
exchanger were performed in ANSYS FLUENT (17.2). Turbulent flow
conditions are solved by considering realizable (k—e) two-equation eddy-
viscosity turbulence closure. The method focused on quantifying
irreversibility caused by rectangular winglet pairs (RWPs) in inline-arranged
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fin-tube heat exchangers. Their analysis was enlarged for a few specific
places by adjusting the angle of attack (15°-60°). Hence for airflow in a
channel with Reynolds number range (2000-4000). The outcome for several
(RWP) placements reveals that upstream (RWP) locations gave better
performance.

Naik and Tiwari, (2021), [30], investigated numerically the airflow
through heated fin-tube heat exchangers with winglet-type vortex generators
was undertaken for both inline and staggered arrangements of circular tubes.
Three-dimensional numerical computations are performed in ANSYS ICEM
(17.2). The flow Reynolds number range (2000-4000). According to the
absence of (RWPs), the inclusion of (RWPSs) in an inline configuration
increases heat transfer by a maximum of (39.6%), while the pressure loss
increases by a significant (60.2%). In the event of a staggered arrangement,
the presence of (RWPs) resulted in a maximum (29.4%) increased in heat
transfer and a (22.1%) decreased in pressure. (RWPs) positioned upstream
and distant from the tubes produce the highest (j/f) value due to a combination
of increased heat transfer enhancement and decreased flow loss. For both
inline and staggered situations, downstream (RWP) positions offer more
overall heat transfer, but upstream (RWP) locations offered greater overall
heat transfer from the bottom fin surfaces.

Wang, et al. (2021), [31], investigated numerically the effect of (VGs) on
the heat transfer improvement and pressure loss of elliptical fin and tube
(HEs) at angles of inclination ranged (15°-75°). As the working fluid in this
investigation, transition regime airflow was chosen. To solve the non-closure
of the fundamental turbulence equations, Reynolds numbers at the inlet range
(1300-2100), and the shear stress transport (SST) model of turbulence was
chosen. The ellipticity ratios of the analysis tubes range between (0.6) and
(1.0). The efficiency coefficients for a (15°) (VG) angle of inclination for
(0.6, 0.7, 0.8, and 0.9) ellipticity ratios are found to be greater than in the
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comparable cases without (VGs). Therefore, from their study, it was
concluded that the fin-and-elliptical tube heat exchanger with vortex
generators at 15° inclination angles exhibit better performance.

Shi, et al. (2021), [32], investigated numerically the effect of the
longitudinal placement of a curved delta winglet vortex generator (CDWVGs)
on the thermo-hydraulic enhancement of the fin-tube (HE). The
incompressible air in the flow channel is in steady-state without considering
viscous dissipation. The Renormalization Group (k—€) model can predict the
flow and heat transfer accurately in the flow channel with (VGs) and was
adopted for the turbulent flow. The range of Reynolds numbers range (600-
5000) was studied. Compared to the plain fin and the original placement the
friction coefficient increased by (12.2%-15.7%) and (4.8%-12.2%) at the
best site, while the (Nu) enhanced by (15.2%-43.9%) and (5.4%-9.8%). The
heat transfer coefficient of the ideal LVGs site rised by (8.1%), reached a
maximum of (1.38). The (CDWVGs) had a lower pressure loss than its
straight counterpart. The results are useful for developing and optimizing the
finned tube (HE) with (CDWVGS) that were investigated.

Xie and Lee, (2022), [33], tested numerically the heat transfer and
pressure drop of three (CRVGs) (VG 1, VG 2, and VG 3) in a fin and tube
(HE). By employing VGs. Three-dimensional governing equations are
discretized by the finite volume method and solved using the commercial
software ANSYS FLUENT 19.2. Three tube row numbers (3, 4, 5) and six
inlet velocities (1.0, 2.5, 3.75, 5.0, 6.25, and 7.5 m/s) with Reynolds numbers
range (1369-10269). Significantly increased secondary flow and interaction
between the temperature zones and flow, hence enhancing the heat transfer
performance. By increasing the number of tube rows from three to five, the
overall (Nu) number for all (VG) situations increased. For all (VG) designs,
the arrangement with tube row number 3 was the most successful in terms of
per-tube heat rejection augmentation. The results reveal that (VG 2) satisfies
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the heat transfer and pressure drop and volume quality standards with the
greatest equilibrium. The obtained thermal and volume goodness
enhancement factors by (VG 2) reach as high as (1.42) and (1.24),
respectively, manifesting its potential for the development of

highperformance and compact heat exchangers

2.3 Experimental Studies

Feibig, et al. (1991), [34], investigated experimentally the heat transfer
improvement and drag effect by delta and rectangular wings and winglets in
laminar duct flow and found that the heat transfer improvement per unit
vortex generator area was highest for delta wings closely followed by delta
winglets; rectangular wings and winglets were less effective. The Reynolds
number in this study lies range (1000-2000). The average heat transfer was
increased by more than (50%) and the corresponding increase of drag
coefficient was up to (45%).

Garimella and Eibeck, (1991), [35], observed experimentally the heat
transfer enhancement by a half delta wing was shown to grow with a rised
Reynolds number in the laminar zone (up to 40%) but decreased to the order
of 5% in the turbulent regime in air flow. The Reynolds number range (800-
5500). Also, the enhancement was greater at the larger channel height. There
was only a small increase in pressure drop due to the introduction of the
vortex generators, when compared to staggering the elements, but the heat
transfer enhancement was also lower and more localized with the vortex
generators.

Tiggelbeck, et al. (1993), [36], investigated experimentally the flow
structure, heat transfer, and drag by longitudinal vortices formed by double
rows of delta winglets in transition channel flow to reduce the air-side heat
transfer resistance of compact heat exchangers. The Reynolds number range
(2000-8000). The investigations consist of flow visualization using laser light
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sheets, liquid crystal thermography for local heat transfer, and drag
measurements using a balance, as shown in Figure(2-1). The improvement of
heat transfer was greater for aligned delta winglet double rows than for
staggered rows. The angle of attack necessary for the production of
longitudinal vortices was smaller behind the second row than it was behind
the first. On walls, (40) times the size of the winglet, improvements in heat
transfer of (80%) and increased in pressure drop of (160%) were observed.
Higher Reynolds numbers result in a greater ratio of heat transfer
improvement to increased drag.

Fiebig, et al. (1994), [37], carried out experimentally the impact of (VGs)
on the heat transfer and pressure drop in the fin-tube (HES) for Reynolds
numbers range (600-3000). For the staggered tube configuration, it findings
indicate that (HE) elements with round tubes and (VGs) enhanced heat
transfer by about (10%), whereas flat tubes increase heat transfer by roughly
(100%). In addition, it found that the pressure loss in a plane tube bank with a
VG was approximately half that of a round tube bank with a (VG).

Gentry and Jacobi, (1997), [38], studied experimentally the increased of
heat transfer rate by different (VGs) attached to a flat plate's leading edge.
wing-chord length-optimal delta-wing designs were determined for Reynolds
numbers of (600, 800, and 1000) with used a straightforward method for
calculating this parameter from flow visualisation data. The median heat
transfer across the plate's surface was increased by (50-60)% using delta-
wing (VGs). The attack angle was measured between the plate and the lean of
the delta. A delta-wing was equivalent to an isosceles triangle placed
symmetrically to the flow. A delta-winglet, in contrast side, represents a right-
angled triangle (or half delta) placed perpendicular to the plate, but at an
incident, angle calculated parallel to the input flow. In this study, the attack
angles were changed from (25°) to (55°), with the optimal improvement
happening at (40°).
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Wang, et al. (2002), [39], illustrated the flow structure of an improved fin-
and-tube heat exchanger with annular and delta winglet vortex generators. For
the same winglet height, the delta winglet indicated more intense vertical
motion and flow unsteadiness than the annular winglet; nevertheless, the
pressure drop associated with the delta winglet was less than that of the
annular winglet and Reynolds numbers range (500-2500). The frictional
penalty of the proposed vortex generators was about (10-65)% higher than
that of the plain fin geometry. The penalty of pressure drops of the proposed
vortex generators to plain fin geometry was relatively insensitive to change of
Reynolds number.

Torii, et al. (2002), [40], reported a technology that improved heat
transfer and reduce pressure loss in a fin-tube heat exchanger with circular
tubes in a relatively low Reynolds number flow by employing delta winglet-
type vortex generators. For the objective of enhancing heat transfer, the
winglets are arranged in a hitherto unexplored orientation. This design was
known as the "common flow up" orientation. The proposed arrangement
significantly delayed separation, minimized form drag, and eliminated the
zone of poor heat transmission near the tubes' wake. In the case of staggered
tube banks, the heat transfer was increased by (30%) to (10%), while the
pressure loss was decreased by (55%) to (34%) for Reynolds numbers range
(350-2100) (based on two times channel height). In the case of in-line tube
banks, while the pressure loss was decreased by (55%) to (34%). In the case
of in-line tube banks, heat transfer was increased by (20%) to (10%) while the
pressure loss was decreased 15% to 8%.

Kim and Yang, (2002), [41], investigated experimentally the flow and
heat transfer characteristics of a pair of delta winglet (VGs) were performed at
a (Re = 31 400). In order to control the strength of longitudinal vortices, angle
of attack of the vortex generators was varied from (+20° to +45°), and the
spacing between the vortex generators was (4 cm) apart. For the common-
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flow-down cases, two maximum values in the local heat transfer distributions
exist for the three angles of attack. With the common-flow-up cases, only one
maximum value exists. Based on the findings, the common-flow-down
arrangement of (VGs) better heat transfer characteristics than the common-
flow-up cases.

Pesteei, et al. (2005), [42], studied experimentally exiting the heat
transfer coefficient and pressure drop on the fin-tube (HE) with (WVGSs)
utilizing a single (2-inch) diameter heater and five different placements of
(WVGs). The measurements were performed at a (Re = 2250). Utilizing
(WVGs) significantly increased heat transfer. In comparison to a standard fin
tube (HE), the average (Nu) enhanced by around (46%), while the local heat
transfer coefficient enhanced by multiple orders of magnitude. The optimal
placement of the winglets occurred when (X = 0.5D) and (Y = 0.5D). The
rised in pressure loss under the current circumstance was around (18%).

Kwak, et al. (2005), [43], compared experimentally the performance of
winglet vortex generators with common-flow-up and common-flow-down
designs. For the three-row tube bundle in a staggered arrangement with
winglet pairs, the heat transfer enhancement was (5-15)% more and the
pressure loss penalty was (2-10)% greater compared to fin-tube bundles
without winglets. Heat transfer enhancement and pressure-loss reduction with
winglet-type vortex generators for fin-tube heat exchangers, winglet pairs
built only in the first transverse row of a three-row tube bundle in a staggered
arrangement successfully increased heat transfer by (10-30)% and reduced
pressure loss by (34-55)% for Reynolds numbers range (350-2100). In
comparison to a single transverse row of winglet pairs, heat transfer and
pressure loss were increased by (6-15)% and (61-117)%, respectively, in the
staggered arrangement. For an in-line configuration with two rows of

winglets, the respective increased were (7-9)% and (3-9)%.
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Allison and Dally, (2007), [44], reported an experimental work on the
impacts of (DWVGSs) on the operation of the fin-tube (HE). The water flow
Reynolds numbers based on the hydraulic diameter range (2500-7500). The
winglets used to have a flow-up configuration and were placed immediately
upstream of the tube. The winglet surface was found to have (87%) of the
louvre fin surface's heat transfer capacity but only (53%) of the pressure loss.
It was determined that the heat transfer of the two surfaces of the fin differ
greatly. The delta winglet fin has a less leading edge and primarily relies on
increased heat transfer via vortex production. Based on the findings, the
louvre fin was preferable to the delta vortex fin. Although vortices are
produced by the first row of vortexes, the vortices produced by the winglets in
the second row are of the same magnitude. This means that only the first row
of vortexes may be useful for generating vortices that can enhance heat
transfer.

Joardar and Jacobi, (2008), [45], studied experimentally the
performance of winglet arrays in a full-scale heat exchanger. Based on the
findings, the winglets placed in common-flow-up orientation could improved
wake management The effectiveness of a (3VG) alternate-tube inline array of
vortex generators was compared to a single-row vortex generator design and
the baseline configuration. The winglets are placed in a common-flow-up
orientation for improved tube wake management. The overall heat transfer
and pressure drop performance are assessed under dry-surface conditions over
a Reynolds number range based on hydraulic diameter range (220-960). It
was found that the air-side heat transfer coefficient increased from (16.5%) to
(44%) for the single-row winglet arrangement with an increased in pressure
drop of less than (12%). For the three-row vortex generator array, the
enhancement in heat transfer coefficient increased with Reynolds number
from (29.9%) to (68.8%) with a pressure drop penalty from (26%) at (Re =
960) to (87.5%) at (Re = 220).

24



Chapter two Literature review

Lawson and Thole, (2008), [46], investigated experimentally the heat
transfer enhancement by delta winglets on the tube surface of louvred fin heat
exchangers, which induced the formation of stream-wise vortices and
enhanced heat transfer between air flow and the surface on which the Delta
winglets are placed for Reynolds numbers of (216, 577, and 955). Based on
the findings, the addition of delta winglets to louvred fins increased heat
transfer along the tube wall by up to (47%), accompanied by a (19%) rised in
pressure losses. Comparisons of measured heat transfer coefficients with and
without piercings demonstrated that piercings decreased average heat transfer
enhancements, but considerable increased still occur in comparison to the
absence of winglets.

Zhou and Ye, (2012), [5], studied experimentally by comparing
traditional Delta winglets and Curved Trapezoidal winglets (CTW) and
longitudinal rectangular obstacle turbulence, Delta (VGs) and Trapezoidal
(VGs). Reynolds numbers range (700-26800) covered the laminar, transitional
and turbulent region. The experiment was conducted in an air channel which
was heated by hot water with counter-flow design. It found that Delta (VGs)
pairs produced the best execution in the Transitional flow region and
Laminar; however, curved trapezoidal winglets produced a higher heat
transfer rate in the turbulent flow region. An appropriate spacing between the
leading edges of a pair of (CTWVG) should be considered for different flow
regions. In addition, double rows of (CTWP) do not showed better
thermohydraulic performance due to the larger pressure drop and the spacing
between the two rows of (CTWP) should also be optimized.

Kattea, (2012), [47], carried out an experimental investigation of the
impact of (VGs) (circular and square) on thermo-hydraulic performance at
different positions (X = 0.5, 1.5, 2.5 cm) in front of a (HE) with Reynolds
number in the range of (62000 < Re < 125000) and heat flux in the range of
(3000-8000) W/m?. Before the (HE), at a distance of [X,=0.5 cm], the
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circular form has been determined to be the most effective for improving heat
transfer. The square was the optimal shape for improved heat transfer at a
distance of [X,=2.5 cm] before the (HE), which was the optimal site for
improved heat transfer. Using circular (VGs) improved heat transfer across
the (HE) by (56%, 50%, and 36%) at locations (X=0.5, 1.5, and 2.5cm), while
square (VGs) improved heat transfer by (39%, 42%, and 51%) at the same
locations.

Zhou and Feng, (2014), [48], investigated experimentally the thermo-
hydraulic performance of flat and (CWVGs) with and without punched holes.
In both laminar and turbulent flow zones, (VGs) with curved winglets
(CRWP, CTWP, and CDWP) offer thermo-hydraulic performance
improvement than VGs with flat winglets with Reynolds number in the range
of (650 < Re < 21000). In all flow areas, (CDWP) had the best heat transfer
coefficient, followed by CTWP (o = 20°). The punched holes enhanced the
heat transfer coefficient of (VGs) and reduced the resistance to flow in all
conditions. The hole was punched at a lower location along the vertical axis,
and the center line along the lateral axis provides superior heat transfer
enhancement and heat transfer performance and pressure loss. The results
demonstrated the advantages of employed (\VGs) with perforated surfaces and
curved winglets to improve heat transfer.

Zdanski, et al. (2015), [49], presented experimentally the influences of
vortex generators type Delta obstacle turbulence on the thermo-hydraulic
parameters in series banks of the tube with Reynolds number in the range of
(2500 < Re < 13500). The effects of the following characteristics on the
thermo-hydraulic enhancement are estimated as the main target of this study,
the (X) dimension from the bank of tubes to the vortex generators. The actual
outcomes showed that the (Nu) increased when utilized (LVGSs), being a high
increased of nearly (30%). Furthermore, the pressure loss across the pipe
banks increased and reached nearly (40%).
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Prasopsuk, (2016), [50], studied experimentally the impact of
longitudinal rectangular winglets (RW) on the effectiveness of (HEs) with the
Reynolds number in the range (4100-26000). The (RW) parametric study
includes five winglet to tube height ratios or blockage ratios (b / D = 0.15,
0.2, 0.25 and 0.3) at a single winglet inclination angle ( o= 45°) and a pitch
ratio ( P / D =2). It accomplished that longitudinal rectangular winglet kind
(LVGSs) produce increased thermo-hydraulic efficiency as contrasted to the
case without used (LVVGs) with an increase in pressure loss in the duct. The
experimental results show that the heat transfer and friction loss for the (RW)
insert increased with the increment of pitch ratio. The (Nu) for the inserted
tube was approximately (3.7-4.3) times higher than that for the smooth tube,
while the (f) was approximately (19.4-45) times greater. For the studied pitch
ratio ranges, the highest thermal enhancement factor of (1.46) was obtained
for (pitch ratio = 0.2) at lower Reynolds number.

Syaiful, et al. (2019), [51], investigated experimentally the heat transfer
performance and pressure drop of perforations (CDWVGS) in a rectangular
duct with the Reynolds number in the range (2000-11000). Their study found
that using three pairs of (CDWVGs) with three holes increased the heat
transfer rate by up to (78.9%) of the baseline. This value was (27.3%) greater
than when utilized a three-hole (VG) for delta winglets. Nonetheless, this
enhancement in heat transfer rate was accompanied by a rised in the flow's
pressure losses. When compared to the baseline, pressure loss was improved
by up to five times with the installation of three pairs of three-hole
(CDWVGS). Hole in vortex generators can reduce pressure drop by (35%) for
(DWPVGSs) and (17%) for (CDWPVGSs). Longitudinal vortices generated
from (CDWPVGs) were greater than those generated by (DWPVGs) based on

visualization results.
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Syaiful, et al. (2021), [52], focused on the application of flat and
concave (VGs) with and without holes to enhance heat transfer with the
Reynolds number in the range (2000-11000). In their study, the number of
pairs of (VGs) at the attack angle 20° from the main flow direction was
altered from one to three pairs for different types of (VGs). The airflow
velocity through the duct was changed at (0.2 m/s) intervals between (0.4 and
2.0 m/s). In terms of the total Reynolds number, the usage of concave delta
winglets without holes produced the best thermo-hydraulic performance for
various pairs of (VGs). At a (Re = 9000), the maximum heat transfer

enhancement factor was shown to be (1.42).

2.4 Theoretical and Experimental Studies

Leu, et al. (2004), [53], evaluated thermo-hydraulic performance in
plate-fin and tube (HEs) using (VGs) of inclined block shape positioned
behind the tubes, as shown in Figure (2-2). For Reynolds numbers for airflow
range (400-3000), the impacted of various span angles (30°, 45°, and 60°) are
explored in depth. The governing equations are solved numerically using a
finite difference formulation. Results suggested that the proposed technique
for enhanced heat transfer might generate longitudinal vortices and enhanced
thermo-hydraulic performance in wake zones. The scenario which equals
(45°) maximizes heat transfer enhancement. At (Re = 500), the fin area can be
reduced by (25%) if embedded (VGs) are utilized instead of conventional
fins.

Yousif, (2006), [54], investigated an experimental and numerical on the
flow and heat transfer from a heated cylinder by using (rectangular,
triangular, trapezium and elliptic) type vortex generators simulation by using
finite volumes method where Reynolds number range (7200-14400) with an
angle of attack (20°, 26°and 32°). The average heat transfer enhanced (4-
15)% by using winglets vortex generators.
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Awaad and Al-Khishali, (2012), [55], investigated numerically and
experimentally were carried out on the effect of two types of vortex
generators (circle cross sectional vortex generators and square cross sectional
vortex generators) on the flow field and heat transfer from a duct heater. The
flow Reynolds number ranging from (32000< Re < 83000) with a constant
heat flux of (43.09426 KW/m?). In the numerical investigation, FLUENT
package (6.3) was used to solve steady, (3-D) , continuity , momentum and
energy equations with standard (k-¢) model was used to remedy the turbulent
effects. Circle cross sectional vortex generators (either small or big circle
cross sectional vortex generators) and square cross sectional vortex generators
shapes were also used in the numerical study. Theoretically program
(FLUENT program) shows that the presence of vortex generators (VGS)
would save (27%) of heaters power. The experimental results (temperature
values, Nusselt number calculations, and effectiveness calculations) of the
flow over heaters with (VGs) were compared with the flow over heaters
without (VGs), heat transfer around heaters was enhanced by (2.76-4.11)%
using big circle cross section vortex generators and it was enhanced by (2.186
-3.75)% using small circle cross section vortex generators while it was
enhanced by(1.3 -1.94)% by using square cross section vortex generators, all
of these values were for 3rows of (VGs) at (X4=2cm).

Al-khishali and Ebaid, (2015), [56], studied experimentally and
numerically thermo-hydraulic performance augmentation in a rectangular
wooden duct with constant heat flux and two different (VGs) forms (circular
and square). These (VGs) are identical in size and were positioned in two
positions (Xq=1 cm and Xg=2 cm) in front of the heater set for Reynolds
numbers range (32000-83000). FLUENT version (6.3) simulates the influence
of (VGs) using the (k—¢) turbulent model. The heat flow remained constant
and equal to (43.09426 kW/m?) for all Reynolds number values. The
numerical and experimental results indicate that the presence of (VGs)
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improved heat transfer. In addition, the numerical results demonstrated a
(27%) reduction in heater power with the (VGs). The circular shape enhanced
heat transfer by (2.186%) to (3.75 %), whereas the square shape enhanced
heat transfer by (1.3%) to (1.9%). Also, the pressure loss at the exit of the
duct rised by (166.7%-400)% when (CVGs) were used and by (133.3%-—
300)% when (SVGs) were utilized.

Hosseini, et al. (2016), [57], evaluated experimentally and numerically
the impact of plane plate obstructions and rectangular and triangular bars on
the cooling of a hot bar. All simulations are conducted in the Ansis FLUENT
13. Standard (k—€) model was applied to simulate the turbulent flow of the
wind tunnel. In the case of staggered tube banks for Reynolds numbers of
(21913, 78787, 143623, and 204354). The results showed that heat transfer
improved from (10%) to (30%), while pressure fell from (55%) to (34%). In
the case of aligned tube banks and the same Reynolds area, heat transfer
increased from (10%) to (20%) while pressure reduced from (15%) to (8%).
In addition, this investigation demonstrated the Nusselt augmentation when
the Reynolds number rose. In addition, the Nusselt variation relates to the
rectangular vortexes that are flat as opposed to other modes.

Abdelatief, et al. (2017), [58], evaluated numerically and
experimentally, with the support of the commercial code FLUENT (6.3.26),
the impacts of relative positions (X or Y), heights (hy,), and span angle (0) of
(WVGSs) on heat transfer performance improvement and pressure drop for
(CFD) and/or (CFU) wing-shaped tubes bundle (HEs) for air (1.85x10° < Re
< 9.7x10%.The results indicated that increased counterclockwise (CFD) or
clockwise (CFU) increased the (Nu) number values. (WVGSs) with (+5° +45°)
exhibited a (34%) to (48%) increased in (Nu) compared to the baseline
instance. The lowest values of tube downstream friction coefficient (f) were
achieved at (+5°) (CFD) and (15°) (CFU) in the baseline condition. From (0°)
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to (5°), the upstream tube's (Nu) increased, however from (5°) to (15°), there
was no discernible change.

Li, et al. (2018), [59], studied experimentally for normal fin surface with
(12) longitudinal obstacle turbulence of Delta winglet over each tube in banks
(HEs). Experiences of 4 rows of banks of the tube heat exchanger with actual
geometry shape accomplished to contrast the overall properties for a
suggested fin with the circular tube and wavy fin with Reynolds number in
the range of (2000 < Re < 10000) . Laminar model was used for velocity from
(2.5 m/s) to (3.5 m/s), and (k-») turbulence model was used for higher
velocities. Also, the circular tube heat exchangers have six rows of circular
tubes with two wavy fins. It used twelve (LVGs) and ten (LVGSs). The inlet
velocity of the air side varies from (1.5 m/s) to (7.5m/s), and the water side
flow rate was fixed at a certain value at each air inlet velocity. The testing
result showed the thermo-hydraulic performance and pressure drop increased
by (LVGs) for banks of the tube heat exchanger, which used a fin with the
five rows of banks of the tube with a normal fin surface. It can replace the six
rows of wavy surface fins for the two surface fins. Also, the (LVGS) increased
the Nusselt number for two cases that used the fin surface and the wavy fin

surface.
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2.5 Summary

The current reviews focused on thermo-hydraulic performance for banks
of the tubes heat exchanger with improvement by using different shapes and
sizes (VGs) with varying angles of attack and their position. (VGs) are ideal
for reducing pressure loss and increasing the heat transfer rate for fluid flow
through banks of tube heat exchangers in all numerical and experimental
research. The present work shows a review of vortex generator designs in
recent decades for their technological importance in the field of heat transfer.

(VGs) play an essential role in the advancement of heat transfer

applications. The following summarized essential resulting observations on
this review:

1) More efficient thermo-hydraulic performance in a rectangular duct with
vortex generators because of low thermal properties on both water and
airflow and increased heat transfer rate for (HES).

2) Vortices are generated by winglets such as Rectangular and Delta
winglets. These vortices are induced when the fluid passes through
obstacle turbulence. Augmentation in thermo-hydraulic performance
was induced in fluid flow within the duct because of more turbulence.

3) An increase in airflow velocity and vortices generation, in that case,
reduces pressure throughout the duct because of friction between air
particles and duct walls with tube walls which is inversely proportional
to the airflow velocity.

4) Researchers used various angles of attack for (VGs) in their studies,
which found the moderate angle of attack was an optimum angle.

5) Literature studies focused on the impact of various design
characteristics for augmentation in thermo-hydraulic performance in
multi-row banks of tubes (HEs) with the use number of vortex
Generators at the specified shape and position, with circular and oval
tubes row. The oval tube row is used to increase air velocity. This
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technique increases thermo-hydraulic performance according to a
minimum increase in pressure loss.

Researchers that have been reviewed previously are summarized in the

following Table (2-1), as shown below, where they were divided into the

numerical, numerical and experimental and experimental research:
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Table (2-1) Summary of literature review

Author Ng;gighof Re range shé\gg'f;pe Objective Results
The flow structure | When a winglet-type
. and the heat transfer | longitudinal  vortex
Numerical X .
Biswas | simulation by improvement in a | generator was
ot al usin channel with an | present in the wake
: ng 500-1000 | DWL VGs | included  circular | zone behind the
(1994) modified . .
tube and a winglet- | cylinder, heat
[15] MAC L )
type vortex | transfer in this region
method i
generator was increased by as
much as 240%
The impact of a | That result in a 100%
Numerical single-row duct of | greater rate of heat
Tiwari | . . banks of tubes of | transfer
et al. mmtﬂ;trl]on by 1000 DWL VGs circular and elliptic | augmentation
(2003) _Using shape with a pair of | compared with the
Finitevolume :

[7] scheme (VGs) flow in the duct,
which no use (VGs)
pairs

The impact of Delta | It found that flow in

Numerical winglets (VGs) on | a duct with single

Hiraven | . . thermo-hydraulic winglets and paired

simulation by .
navar usin 790, 1000, performance winglets augmented
etal. o f?e ; 1580, | DWL VGs thermo-hydraulic
(2007) 2000 performance by 33%
MAC

[16] method and 67% compared
to the duct without
winglets

The  effect  of | Nusselt number for

thermo-hydraulic three rows of banks

. performance in | of the oval-tube (HE)

Chuet iumerical e | banks of oval-tube | with using
' . Y| 500-2500 ' | (HE) using VGs augmented by 13.6-
(2009) using DWLVGs, 32 9%: however

[17] FLUENT RWLVGs N ’
pressure drop also
increased by 29.2-
40.6%

The  effect  of | Heat transfer

thermo-hydraulic coefficient enhanced

performance in the | by 28.1-43.9%,

Chu et Numerical fin-tube (HE) | 71.3-87.6%, and
al simulation b featuring a pair of | 98.9-131%, with a

(200'9) using Y| 500-880 RWP rectangular winglets | pressure loss penalty

i . 0
[18] FLUENT (RWP) rised of 11.3-25.1%,

54.4-72.0%,
88.8-121.4%,
respectively

and
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The effect of two- | Nu,, number of three
dimensional  fluid | oval tubes improved
flow across a | by 10-20.4% and by
staggered three-row | 10.4-27.4% with
Ramad Numerical oval-tube bank with | angles of attack 30°
an simulation by rectangular (LVGs) | and 45° respectively,
(2012) using 250-1500 | WLVGS | |oft in each tube with an increased in
[19] FLUENT the friction factor of
three  oval tubes
approaching 53%
and 72%,
respectively
The heat transfer | For (Re) > 815, the
improvement  and | single-RWPs  case
pressure loss | increased the (j/f)
. penalty for fin-and- | ratio by 1.7 - 2.7%
H;Iet simtrlzfir(;(r:\atl)y tube hgat gnd the 3-RWPs case
(201'3) using 575 -880 RWPs exchangers _Wlth |mproved the ( j/f)
[20] FLUENT rectangular winglet | ratio by 0.7 - 2.0%
pairs (RWPs)
The effect of banks | Enhance the heat
of tube (HEs) with | transfer rate with a
Gholam | Numerical with  the ~wavy reasonab_le pressure
ietal. |simulation by rectangular winglet | drop. Th_|§ raised was
(201 4)' using 400-800 | CRWLVGs more crfltlctzl for the
case 0 e wavy
[21] FLUENT obstacle turbulence
in (CFU)
arrangement.
The impact of | The DWLVGs was
(VGs) across banks | the optimal shape for
Numerical of tube (HE) with | maximizing heat
f(lggﬂ)) simula_tion by 7000- gvv\\;t\\;gz various forms_ on | transfer, and an angle
[22] using 11000 CWLVGs’ thermo-hydraulic of attack 45° was
FLUENT performance optimal for
maximizing heat
transfer.
The effect of the | Increased in heat
Numerical heat transfer | transfer and friction
Jedsada simulation by improvement, and | factor range from
Lat'anaé: using f|1(:)V\;] e;_rrangelment;[s 1.1§4to' 1.55 rz\an(tj) 1:5
ai an of the fin-oval tube | to 3.4 times the basic
Boonloi Powerlaw 500-2500 DVGs HE with (DVGs) scenario, respectively
(2015) scheme and
23] QUICK
scheme
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The effect of the | The deviation of
thermal and flow | (Nun/Numo) between
properties of plane | (TWP) and (CTWP)
. and curved | was as high as 3.5%
Lu and _Nume_rlcal TWP, longitudinal vortex | at Re = 3000. (RWP)
Zhou | simulation by DWP, .
. 700-2650 generators (LVGs) | has the  highest
o) | T (i)
[24] between 1.21 and
1.42 followed by
(TWP) and (DWP)
successively
The impact of three | compared with the
Wanlin _Nume_rical various shapes of |_olain fn case, Nu
ot al simulation by TWP, (LVGs) on thermo- | increases about 3.1-
%2017)' usingthe | 200-1800 | DWP, | hydraulic 14.4%, 1.7-6.3% and
[25] SIMPLE RWP performance for | 2.1-8.8% for the
algorithm banks of the tube | cases with delta
(HE) winglet (VGs)
The impact of | The value of (j/f) was
winglet placement | greatest  for  the
Numerical on the heat transfer | (RWVGSs) positioned
Naik | simulation by properties of fin|at (X =-2.0, Y = -
and using tube (HEs) with|1.25), and a 37.6%
Tiwari | commercial | 2000-4000 | RWVGs | aligned tube | improvement in heat
(2018) software configuration transfer was
[26] ANSYS observed in
ICEM 17.2 comparison to the
configuration
without (RWVGs)
Elliptical The effect of the |the Wavy (CFU)
thermo-hydric design had the lowest
curved and ) .
_ sinusoidal p_erformance of t_he /), while th_e cur\_/ed
Modi N . . fin-tube (HE) with | (CFD) configuration
umerical wavy kind . .
and simulation by rectangular LVGs had the highest (j/f)
Rathod using 400-1000 winglet values. Curved
(2019) FLUENT Vortex (CFD) (RWVG) was
[4] shown to be more
generators .
appropriate than
other (RWVG)
scenarios
The  effect  of | The heat transfer rate
thermo-hydraulic rised by 13 % when
Haque performance in | the angle of attack
Numerical fluid flow across | changes from 15° to
and simulation by banks of circular | 25° However
Rahma . 500-850 RWPs - . ' o
n (2020) using and elliptic pipes | pressure drop rises
[27] FLUENT (HE) and used | by 62 % and 40 %
(LVGs) for the circular and
elliptic pipes
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The impact of a | Piercing an (RW)
rectangular winglet | with a hole
(RW) with a hole at | significantly
Gupta Numerical the surface of the | enhanced the heat
etal. | simulation by 1500-9000 (RW) with | fin surface on heat | transfer  coefficient
(2021) using ahole transfer and pressure drop of
[28] FLUENT improvement  and | a winglet installed in
pressure drop inthe | a typical (CFU)
fin-tube (HE) arrangement at an
upstream position
Evaluation The outcome for
Naik Numerical performance of heat | several (RWP)
and simulation b transfer placements  reveals
Tiwari . Y| 2000-4000 RWPs augmentation that upstream (RWP)
using ) . . X
(2021) FLUENT devices including | locations gave better
[29] fin-tube heat | performance
exchangers
The effect of the | Staggered
. . airflow through fin- | arrangement, the
Naik _Nume_rlcal tube (HE) with | presence of (RWPs)
and simulation by WVGs for both | resulted in a
Tiwari using 2000-4000 RWPs - .
inline and staggered | maximum 29.4%
(2021) ANSYS £l i h
[30] ICEM 17.2 arrangements of | increased in heat
circular tubes transfer and a 22.1%
decreased in pressure
The effect of (VGs) | It was concluded that
on heat transfer and | the fin-and-elliptical
Wang Numerical pressure loss for | tube heat exchanger
etal. | simulation by i (HEs) at angles of | with vortex
(2021) using 1300-2100 RWPs inclination  range | generators at 15°
[31] FLUENT (15° -75°) inclination angles
exhibit better
performance
The effect of the | The friction
. . (CDWVGS) on the | coefficient increased
SI;'I et simﬂrlr;(teircl)(r:\a:) thermo-hydraulic of | by 12.2%-15.7% and
(202'1) usin Y| 600-5000 | CDWVGs | the fin-tube (HE) 4.8%-12.2%, while
[32] FLUE%IT the (Nu) enhanced by
15.2%-43.9% and
5.4%-9.8%
The effect of the | The obtained thermal
heat transfer and | and volume goodness
pressure drop of | enhancement factors
Xieand | Numerical three (CRVGS) | by (VG 2) reach as
Lee simulation by 1369- CRVGs (VG 1, VG 2, and | high as 1.42 and
(2022) using 10269 VG 3) in a fin and | 1.24, respectively
[33] FLUENT tube (HE)
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The effect of the | The average heat
heat transfer and | transfer was
- drag effect by delta | increased by more
Fe?['gllg _ rg:igr?gzr}gr an_d recta_ngular than 50%_ and the
.| Experimental | 1000-2000 . wings and winglets | corresponding
(1991) wingsand | . duct . £
[34] winglets in duc increase 0 rag
coefficient was up to
45%
The effect of the | Small increase in
heat transfer | pressure drop due to
enhancement by a | the introduction of
Garime half delta wing the vortex
lla and generators, but the
Eibeck | Experimental | 800-5500 Havl\figelta heat transfer
(1991) g enhancement  was
[35] also lower and more
localized with the
vortex generators
Tiggelb The effect of the | Improvements in
flow structure, heat | heat transfer of 80%
eck et transfer, and drag | and increased in
al. Experimental | 2000-8000 DWP by d E)I £ q f
(1993) y double rows of | pressure rop o
delta winglets in | 160% were observed
[36]
channel flow
The impact of | Enhanced heat
Fiebig (VGs) on the heat | transfer by about
ot al _ transfer _and 10%, yvhereas flat
(1994') Experimental | 600-3000 RWPs pressure drop in the | tubes increase heat
[37] fin-tube (HES) transfer by roughly
100%
The increased of | The median heat
Gentry heat transfer rate by | transfer across the
and 600. 800 (VGs) attached to a | plate's surface was
Jacobi | Experimental " ~nn | Delta-wing | flat plate's leading | increased by 50-60%
and 1000 X .
(1997) edge using delta-wing
[38] (VGs)
Improved fin-and- | The frictional penalty
tube (HE) with |of the proposed
annular and delta | vortex generators
Wang Annular | winglet vortex | was about 10-65%
et al. . and Delta | generators higher than that of
(2002) | EXperimental | 500-2500 | 4yt the  plain  fin
[39] VGs geometry
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Improved heat | In  the ~case of
transfer and reduce | staggered tube banks,
pressure loss in a | the heat transfer was
fin-tube heat | increased by 30% to
exchanger with | 10%, while  the
Torii et circular tubes with | pressure loss was
al DWVGs decreased by 55% to
' Experimental | 350-2100 | DWVGs 34%. In the case of
(2002) in-li be bank
[40] In-line  tube banks,
heat transfer was
increased by 20% to
10%  while  the
pressure loss was
decreased 15% to 8%
The impact of apair | In  the case of
of delta winglet | staggered tube the
. (VGs) on the flow | common-flow-down
Kim
and and hea.t _transfer arrangement of
Yang | Experimental | 31 400 DWVGs characteristics (VGs) Dbetter heat
transfer
(2002) o
characteristics  than
[41] the common-flow-up
cases
Exiting the heat | The average (Nu)
transfer coefficient | enhanced by around
Pesteei and pressure drop | 46%, while the local
et al. . on the fin-tube (HE) | heat transfer
(2005) Experimental 2250 RWVGs with (WVGs) coefficient enhanced
[42] by multiple orders of
magnitude
The performance of | The heat transfer
WVGs with | enhancement was 5-
common-flow-up 15% more and the
Kwak and common-flow- | pressure loss penalty
et al. Experimental | 350-2100 RWVGs down designs was 2-10% greater
(2005) compared to fin-tube
[43] bundles without
winglets
The impacts of | The VGs achieved
Allison DWVGs on the | 87% of the louvre fin
and operation of the fin- | surface's heat transfer
Dally | Experimental | 2500-7500 | DWVGs | tube HE performance but only
(2007) 53% of the pressure
[44]. loss
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Joardar
and
Jacobi
(2008)
[45]

Experimental

220-960

RWVGs

The performance of
winglet arrays in a
full-scale heat
exchanger

Heat transfer
coefficient increased
from (16.5%) to
(44%) for the single-
row winglet
arrangement with an
increased in pressure
drop of less than
(12%). For the three-
row vortex generator
array, the
enhancement in heat
transfer  coefficient
increased with
Reynolds number
from (29.9%) to
(68.8%) with a
pressure drop penalty
from (26%) at (Re =
960) to (87.5%) at
(Re = 220)

Lawson
and
Thole,
(2008),
[46]

Experimental

216, 577,
and 955

DWVGs

The heat transfer
enhancement by
delta winglets on
the tube surface of
louvred fin heat
exchangers

The addition of delta
winglets to louvred
fins increased heat
transfer along the
tube wall by up to
(47%), accompanied
by a (19%) rised in
pressure losses

Zhou
and Ye,
(2012),

[5]

Experimental

700-26800

DWVGs,
CTWVGs,
RWVGs

DWVGs,
CTWVGs,
RWVGs in an air
channel which was
heated by hot water
with  counter-flow
design

Double  rows of
(CTWP) do not
showed better
thermohydraulic
performance due to
the larger pressure
drop and the spacing
between the two
rows of (CTWP)
should also  be
optimized
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Impact of (VGs) | Circular (VGs)
(circular and | improved heat
square) on thermo- | transfer across the
hydraulic (HE) by (56%, 50%,
performance at | and 36%) at
Ié%ticg?’ Experimental 62000 - (éi\r/gjér different positions | locations (X=0.5,
[47]’ 125000 and square) 15, and 2.5cm),
while square (VGs)
improved heat
transfer by (39%,
42%, and 51%) at the
same locations
CRWP, | the thermo- | The advantages of
Zhou CTWP, and | hydraulic employed (VGs)
and 650 - CDWP performance of flat | with perforated
Feng, | Experimental 21000 withand | and (VGs) with and | surfaces and curved
(2014), without | without  punched | winglets to improve
[48] punched | holes heat transfer
holes
The influences of | The (Nu) increased
vortex  generators | when utilized
. type Delta VGs on | (LVGS), being a high
Zdein;k' _ 2500 - the _ thermo- | increased of nearly
; | Experimental DWVGs | hydraulic (30%). Furthermore,
(2015), 13500 . .
[49] parameters in series | the pressure loss
banks of the tube across the pipe banks
increased and
reached nearly (40%)
The impact of | The (Nu) for the
longitudinal inserted tube was
Prasops rectangular winglets | approximately (3.7—
uk, . 4100- (RW) on the | 4.3) times higher
(2016), Experimental 26000 RW effectiveness of | than that for the
[50] (HEs) smooth tube, while
the (f) was (19.4-45)
times greater
The heat transfer | using three pairs of
Syaiful, performance  and | (CDWVGs) with
et al. . 2000- pressure drop of | three holes increased
(2019), Experimental 11000 CDWVGs perforations the heat transfer rate
[51] (CDWVGS) in a|by up to (78.9%) of
rectangular duct the baseline
The application of | The usage of
Flatand | flat and concave | concave DWVGs
Syaiful, concave | (VGs) with and | without holes
et al. Experimental 2000- (VGs) with | without holes to | produced the best
(2021), 11000 and enhance heat | thermo-hydraulic
[52] without | transfer performance for
holes various  pairs  of
(VGs)
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Evaluated thermo- | The scenario which
hydraulic equals (45°)
Numerical performance in | maximizes heat
simulation b plate-fin and tube | transfer
Leu, et utation by (VGs) of | (HEs) using (VGs) | enhancement. At (Re
using finite L T - ;
al. . inclined | of inclined block | = 500), the fin area
difference 400-3000 .
(2004), formulation block shape  positioned | can be reduced by
[53] and shape behind the tubes (25%) if embedded
. (VGs) are utilized
Experimental )
instead of
conventional fins
Investigated on the | The average heat
Numerical rectanaular flow and heat | transfer enhanced (4-
. . ang transfer from a|15)% by  using
.. | simulation by , triangular, . .
Yousif, N . heated cylinder by | winglets vortex
(2006) using finite 7200- trapezium using (rectangular, | generators
’ volumes 14400 and elliptic, | . g gufar, g
[54] triangular,
method and type vortex :
) trapezium and
Experimental generators .
elliptic) type vortex
generators
The effect of two | Heat transfer around
types of vortex | heaters was enhanced
Circle generators  (circle | by (2.76-4.11)%
Awaad Numerical Cross Cross sectional | using big circle cross
and Al- | simulation by sectional | vortex  generators | section vortex
Khishal using 32000- VGsand |and square cross | generators and it was
i, FLUENT 83000 square sectional vortex | enhanced by (2.186 -
(2012), and Cross generators) on the | 3.75)% using small
[55] Experimental sectional | flow field and heat | circle cross section
VGs transfer from a duct | vortex generators
heater
Thermo-hydraulic (CVGs)  enhanced
performance heat transfer by
augmentation in a | (2.186%) to (3.75
rectangular wooden | %), whereas (SVGSs)
duct with constant | enhanced heat
. heat flux and two | transfer by (1.3%) to
Al- | Numerical TWO  Gifferent  (VGs) | (1.9%). Also, the
khishali | simulation by different .
. forms (circular and | pressure loss at the
and using 32000- (VGs) square) exit of the duct rised
Ebaid, | FLUENT | 83000 forms | >
. by (166.7%-400)%
(2015), and (circular h
[56] Experimental and square) when (CVGs) were
used and by
(133.3%-300)%
when (SVGs) were
utilized

42




Chapter two

Literature review

Numerical Plane plgte The impact of p!ane _heat transfer
Hossein | simulation by 21913, obstruction | plate  obstructions | improved from
i et al using 78787, s and ar]d rectangular and (10_%) to (30%),
(,2016). FLUENT 143623, | rectangular trlangula}r bars on | while pressure fell
57] ’ and and and the cooling of a hot | from (55%) to (34%)
£ ) 204354 triangular | bar
xperimental bars
The impacts of | Indicated that
relative  positions | increased
(X or Y), heights | counterclockwise
(hw), and span angle | (CFD) or clockwise
Abdelat _Nume_rical _ (0) of (WVGs) on | (CFU) increased the
iof ot 3|mula_t|on by ; Wing- heat transfer | (Nu) numbe_r values.
a’I using 1.85><103- shaped performance (WVGs) V\/_lth (+5°
(201'7) FLUENT 9.7x10 tubes improvement and | +45°) exhibited a
[58] ’ and bundle pressure drop for | (34%) to (48%)
Experimental (CFD) and/or | increased in  (Nu)
(CFU) wing-shaped | compared to the
tubes bundle (HEs) | baseline instance
Numerical The impac'_ts of fin | DWVGs increased
_ simulation by surche .Wlth (12) | the Nusselt number
Li, et al. using 2000 - longitudinal for two cases that
(2018), FLUENT 10000 DWVGs | obstacle turbulence | used the fin surface
[59] and of Delta Wingl_et and the wavy fin
Experimental gverk (zchg )tube in | surface
anks S
Sigel-phase (water)
and two-phase flow
Numerical (water and air) over
simulation by DWVGs, | bank of the circular
Present using RWVGs, |or oval tubes with
Work FLUENT 3639-4813 ZWVGs, | various shapes and
and SWWVGs | arrangement of
Experimental vortex  generators

through rectangular
duct
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2.6 Novel Points of Present Work
From the above literature, it was concluded that most of the works

focused on enhancing the thermo-hydraulic performance by using (VGSs) in
the tube banks (HEs) under turbulent conditions. Several previous
experimental and theoretical studies on different shapes, different locations
and varied angles of attack of vortex generators to reach optimum design to
the requirement of smaller volume of the heat exchanger, low cost, quiet, and
high efficiency in operation, the high-efficiency (HES) is very necessary to
achieve these objectives. The objective of this work are:

1) FLUENT PACKAGE 19 is used to numerically analyse three-dimensional
flow to predict temperature difference, heat transfer coefficient, Nusselt
number, pressure drop, and velocity distributions for single-phase and
two-phase flow over tube banks in the rectangular duct with a vortex
generators.

2) Temperature difference, heat transfer coefficient, Nusselt number,
pressure drop, and velocity distributions are predicted experimentally for
two shapes (Delta and Rectangular) winglets over the bank of oval tubes
in a rectangular duct with different water-air flow rates, different
locations, varying angles of attack, and common flow upward or common
flow downward configurations of vortex generators in order to reach

optimum design.
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CHAPTER THREE

Mathematical Model and the Numerical Analysis

3.1 Introduction

FLUENT is computational fluid dynamics program for simulating fluid
flow problems. It employs the finite volume technique to solve the fluid's
governing equations. Workbench (19.0) enables the use of different physical
simulations, such as incompressible or compressible, inviscid or viscous, and
laminar or turbulent flow. The law of conservation of mass, momentum, and
energy governs the fluid problem framework of FLUENT. This law is defined
in terms of a discretized partial differential equation based on a finite volume,
[60].

The present work deals with the simulation using the commercial code
ANSYS FLUENT (19). ANSYS FLUENT predicts temperature distribution,
pressure gradient and velocity for single and two-phase flow (water-air)
through a bank of circular and oval tubes with and without (VGs). Heat
convection coefficient and temperature gradient were investigated in the duct
by changing the superficial velocities of water and air with multi shapes and

arrangements of the vortex generators.

3.2 The Geometric Model
3.2.1 Modeling the Single and Two-Phase Flow

The characteristics of the problem and boundary condition for the single
and two phase-flows can be shown in Figure (3-1). The rectangular duct inlet
Is represented as the fluid inlet's superficial velocities. Oval tubes wall are
exposed to a constant heat flux, while the outlet pressure is represented at the
outlet of the rectangular duct. The remaining portion of the duct walls is put

to be adiabatic.
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Heat flux

Adiabatic Wall

LD ———

Outlet pressure

Adiabatic Wall

Figure (3-1) Problem Boundary Condition

|Inlet Velocity|

>
xe=q®p

-

3.2.2 The Geometry of the Testing Section and Design Considerations

In order to simulate the system, it has been modeled as a (3-D) model
by using Solid Works (2018) combined with ANSYS Workbench (19.0). The

model has been drawn as a rectangular shape and its dimensions are (12 cm X

2 cm x 100 cm). The geometry of the testing section is set to be fluid as

shown in Figure (3-2). All dimensions were taken based on Ref. [27] with

scale (1/2) to provide the necessary pressure for the flow and the flow rate of

the mixture in the duct. Using the diameter of the tube (D) as the

characteristic length scale, all dimensions of the duct are calculated as (L =
10D, W =1.2D, and H = 0.2D), respectively.

Figure (3-2) Computational domain for test section
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3.2.3 Vortex Generators Model

Four models of (LVGs) are used in this simulation and its dimensions
are (3 cm x 1cm x 0.1 cm). (LVGs) are placed in the duct to study the
behavior of heat transfer and pressure drop. (LVGs) addition has complex
effects on the flow pattern and heat convection coefficient, suggesting a
numerical investigation. The purpose of evaluating the flow pattern is to
determine the optimal (LVG) form and location in the duct. LVVGs models are

shown in Figure (3-3).

Figure (3-3) (LVGs) models (a) Rectangular (b) Delta (c) Zikzak
(d) Sinusoidal wavy
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3.2.4 Mesh Generation

Because there are so many mesh types to choose from, it's important to

consider factors like flow field, geometry, and complexity when choosing

which mesh to use. The required (CPU) time, solution accuracy, and

convergence rate are all influenced by the size and kind of mesh, [61].

In this study, the meshing procedure is carried out in the ANSYS

Workbench (19.0) application using quadrilateral structured grid elements.

The meshing sizes for maximum and minimum meshing sizes are set to be

equal (0.001 m) for oval and circular tubes as shown in Figures (3-4) and (3-

5) respectively. Tables (3-1) and (3-2) also show how many elements and

nodes each situation in this study contains for oval and circular tubes

respectively.

Table (3-1) The number of elements and nodes for banks of oval tube

No. Case Nodes No. Elements No.
(a) Duct without VGs 204309 182760
(b) Duct with Delta 124721 624332
(c) Duct with Rectangular 124831 624663
(d) Duct with Zikzak 124826 624657
(e) Duct with Sinusoidal 134436 674249

Table (3-2) The number of elements and nodes for banks of circular tubes

No. Case Nodes No. Elements No.
(@) Duct without VGs 205443 184160
(b) Duct with Delta 125186 624464
(©) Duct with Rectangular 125217 624655
(d) Duct with Zikzak 125359 624988
(e) Duct with Sinusoidal 134144 670464
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Figure (3-4) The mesh of oval tubes

Figure (3-5) The mesh of circular tubes
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3.2.5 Grid Independence
A grid-independent solution is required to enhance the precision of the
computations. The present work on grid independence consists of three parts:
convergence index, grid refinement, and General Richardson. Two various
winglet positions relative to the center of each tube are used. For forward
(AX= -1, AY= £4), downward (AX= 1, AY= +4) of each tube with (a=15°)
and (Re= 3643.5).
A grid refinement was carried out to get a grid-independent solution. Table
(3-3) indicates that the result for grid refinements is satisfactory. Case (2)
components are employed for the solution domain in this problem. Utilizing

additional elements are time-consuming and do not greatly improve the

outcome.
Table (3-3) Grid Independence
Elements Ap Time rate of Iteration
Case Nu
No. (Pa) (It. /hr.)
1 485993 8.1 16.3 285.7
2 624332 10.2 18.1 222.2
3 985840 11.7 19.7 133.3
4 1317805 13.5 21 83.3
34
32 _—

30 /
3 28 /

ol

i/

7/

0.4 0.6 0.8 1 1.2 1.4

Number of elements x 106

Figure (3-6) Grid independence
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3.3 Problem Assumptions
In the present study, the air is used as a second phase with water to

increase vortex generators' efficiency by reducing pressure loss in the duct.
The following assumptions are used to simulate the model:

1) Unsteady state flow

2) Turbulent flow

3) The Zone has a three-dimensional space

4) The pressure is based on the solver

5) Newtonian flow

6) Incompressible flow

7) Constant properties of working fluid (density, viscosity, specific heat,

and thermal conductivity)

8) Negligible viscous dissipation and body force

3.4 Governing Equations

The problem to be solved involves the flow pattern and thermal
performance through a bank of oval and circular tubes with LVGs in a
rectangular duct. The continuity, momentum, and energy equations for the
two-phase, the volume fraction equations for the secondary phases, and the
algebraic formulations for the relative velocities are all solved in the current
work using the two-phase model. The (k-w) standard model is used instated of
the (k-¢) model because the (k-¢) model limited predictions for rotating and
swirling flows and fully developed flows in non-circular channels, [62]. The

governing equations are presented as shown below:
1. Continuity Equation

The volume fraction of the phase has been obtained using the

continuity equation. For a given control volume, the volume fractions of the
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primary (water) and secondary (air) phases can take on any value between

zero to one, depending on how much space is occupied by each.

0 —

7t (o) + V. (P V') =0 (3-1)
7m — ZTI;L=1°;k kak (3_2)
Pm = k=1 %k Pk (3-3)

2. Momentum Equations

The common form of this equation is given by:

0 - > > - - -
~—(PmVm) + V. (P UV ) = — Vp + V-[ﬂm(vvm+vvr€1)]+ Pmg +
at

F + V.[ Xk=1%% PkVarkVark] (3-4)
Um = 22:1 O Uk (3-5)
77dr,k = 731( - 17m (3'6)

3. Energy Equations
The following expression represents the energy equation for the mixture:
S yr (@ peEi) + V.EEoy (B (oeEi +1)) = V.(ket VT) + S
(3-7)
ket = D=1k + k¢)) (3-8)

The first term on the right-hand side of equation (3-7) reflects conduction-
based energy transfer. The symbol Sg includes any other volumetric heat
sources.

2
In Equation (3-7) Ex = hy — pﬂ + 2 for a compressible phase, and
k

E, = hy for an incompressible phase.
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3.5 Turbulence Model

Models are utilized to have the capacity for characterizing and predicting
the physics of the multiphase flow. Also, these models are suitable for
different applications that have multiphase flow. Some of the demonstrating
approaches are the Euler-Lagrange approach, the VVolume of fluid approach,
The Euler-Euler method and distributed phase modeling. The Euler-Lagrange
method is computationally expensive and is suitable for dilute dispersed
flows, which are flows with a small volume proportion of the dispersed phase,
[63].

Also, the (k-w) standard turbulence model will be used to simulate the
flow-through test section. The single and two-phase flow is modeled by
utilizing the mixture of the model with various parameters by relying on the
testing variables and the results of the experiments to contrast and validate the
results that will be obtained from the computational fluid dynamics, [64 and
65]. These parameters are passing in the course of a rectangular duct for
single and two-phase flow over a bank of circular and oval tubes with and
without (VGs), [66]. Three different turbulence models' results are compared
in Table (3-4).

Table (3-4) Turbulence models' results

Time rate of
Ap :
Model Nu Iteration
(Pa)
(It. /hr.)
(k-¢) standard 9.1 16 222.2
(k-e) RNG 9.1 16.1 148.15
(k-m) standard 10.2 18.1 222.2

The solution to the turbulent situation focuses on the viscosity of the

turbulent viscosity solution. The viscosity of the turbulent is evaluated based
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on the turbulence model, the kinetic energy (k), and the dissipation rate ().
In this concept, (o) represents the inverted time scale involved with
turbulence. Two additional partial differential equations are solved using this
model. A modified form of the (k) equation is employed in the (k-®) model.

The turbulent viscosity is then calculated as follows:

He = Pg (3-9)
for turbulent kinetic energy (k) and specific rate of dissipation (o)

< - gk 3 [ 23] =
W)~ o2, ppat + 2 [(u + ) %2] 11
And P, = p, [a; + %]Z—;

The eddy viscosity, (L), is defined in terms of the turbulent Kinetic energy

(K) and the specific dissipation rate (®):

« pk
e = o (3-12)

In the present work, the turbulent kinetic energy (k) is (5.539644 x 10°)
m?/s* and the specific dissipation rate (o) is (5.513134) 1/s. In Wilcox's

model, the constants are found as o* = 1.0, p* = 0.09, a = 0.52, p = 0.072 and
(Gk) - (Gco) =2.0.
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3.6 The Boundary Conditions

The fluids used in this study include water, designated as the first phase,
and air, designated as the second phase. The inlet of the duct represents the
entry point of the air and water, and the superficial velocities of water and air
are considered entry boundary conditions. The values of these velocities have

been taken from the experimental data shown in Table (3-5) for water and air.

Table (3-5) Mixture superficial velocity

Qw (L/min) Vy (M/S) Qa (L/min) V, (M/s)

15 0.10417 8.33 0.057917
17.5 0.1215417 16.67 0.117

20 0.1375 25 0.17375

The boundary conditions of the mixture flow systems are presented in
Table (3-6). The Model constant which is used in the numerical simulation of
the FLUENT maodel is shown in Table (3-7).

Table (3-6) Boundary conditions, all dimensions in (cm)

Location Boundary conditions
Zone
X y | z Fluid Energy
0 |0-2]| O- Inlet Velocity 293 k
12
425,]0-2 | 3.5- Tube walls No-slip  21883.8 W/m’
55, 8.5
67.5,
80
0- |0-2]| O Duct side Symmetry Adiabatic
100 walls
Winglets No-slip Adiabatic
100 | 0-2 | O- Outlet Pressure Adiabatic
12
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Table (3-7) Model constants

Variable Relaxation factors

Two-Phase (Water-Air)

Dispersion Pr Number 0.75

Energy Pr Number 0.85

Wall Pr Number 0.85
Production Limiter Clip Factor 10

3.7 Fluids and Material Properties

The properties of the fluids and materials utilized in the model are
detailed in Table (3-8).

Table (3-8) Properties of Fluids and Materials, [67]

Property  Water — Liquid  Aluminum — Solid Air — Gas
Density 998.2 2719 1.225
(kg/m®)

Thermal 0.6 202.4 0.0242

conductivity

(W/m.K)

Viscosity 0.001003 1.7894 x 10™
(kg/m.s)
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3.8 Simulation steps

The simulation of a three-dimensional turbulent thermal transfer system
in the bank heat exchangers by ANSYS FLUENT (19.0) is frequently
required to evaluate the flow pattern and temperature region in the turbulent
area in order to build the program by implementing the following steps:

1) Design the geometry of the model in the present work by:

a) Define the geometry of the model and fluid characteristics with
ANSY'S Workbench (19.0).
b) Mesh generation based on the difference in temperature to

enhance the temperature distribution prediction

c) The model is chosen

d) The material used is defined

e) The phases are set and the boundary condition determined

f) Boundary conditions for mixture flow in the turbulent forced-
convection problem are set with residual monitors for all
parameters (10°). The solution would be obtained when the
convergence reached for the residual at (10°)

g) The solution is initialized

2) Solve the governing equations through the k-w turbulent model
3) Runthe ANSYS FLUENT solver
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Figure (3-8) The flow chart for simulation by ANSYS FLUENT (19.0)
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3.9 The Physics of Work
3.9.1 Superficial velocity

The superficial velocity of the two-phase flow (Water and Air) is
determined and used to demonstrate the possibility of enhancing it on the
pressure drop and heat transfer rate between the wall surface of oval tubes and
a mixture flow. The superficial velocity can be calculated directly from the
flow rate measured by the fluid flow meter using equation (3-13), [68], which
yielded the values in Table (3-4).

Q =u XA (3-13)
3.9.2 Air Volume Fraction

The air volume fraction ¢, Of air volume is defined as the volume of air

(V,) divided by the total volume of the mixture (Water and Air) (V+), [69]:
9o = 3 (3-14)

Vr

Air volume fraction from equation (3-14) yielded the values in Table (3-9).
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Table (3-9) Air volume fraction

Quw Quw Qa Qa ®a
(L/min) (m°/s) (L/min) (m°/s)

15 0.00025 8.33 0.000139 0.357
15 0.00025 16.67 0.00028 0.528
15 0.00025 25 0.000417 0.625
175 0.0002917 8.33 0.000139 0.3227
175 0.0002917 16.67 0.00028 0.49
175 0.0002917 25 0.000417 0.588
20 0.00033 8.33 0.000139 0.296
20 0.00033 16.67 0.00028 0.459
20 0.00033 25 0.000417 0.558

3.9.3. Reynolds Number

Reynolds number in single phase flow can be found by equation:

pxuxDH
u

Re = (3-15)

Reynolds number in two-phase flow for water phase can be found by
equation, [70]:

R _ (1=x) X pyy X uyy X Dy
ew =
Uw

(3-16)

Also, the Reynolds number in two-phase flow for the air phase can be found
by the equation:

X X pg XUg XDy

Re, =
a Ha

(3-17)

62



Chapter three Mathematical Model and the Numerical Analysis

The air mass fraction and Reynolds number of water are listed in Table (3-
10).

Table (3-10) Air mass fraction and Reynolds number of water

m,, m, Air Mass Re,
(kg/s) (kg/s) Fraction
0.25 0 0 3645.95
0.25 0.0001668 0.000666755 3643.5
0.25 0.000336 0.00134 3641
0.25 0.0005004 0.0019976 3638.67
0.2917 0 0 4254
0.2917 0.0001668 0.00057149 4251.57
0.2917 0.000336 0.00115 4249
0.2917 0.0005004 0.00171 4246.7
0.33 0 0 4812.5
0.33 0.0001668 0.000505199 4810
0.33 0.000336 0.001017 4807.6
0.33 0.0005004  0.001514 4805.2

3.9.4. Data Analysis

Simplified steps were used to analyze the heat transfer process for the water

as single-phase flow and water and air as two-phase flow, [55]:
Qheaters =1 XV (3-18)
Qheaters = Qconv = h X Ap X AT (3-19)

The local heat transfer coefficient can be obtained as:

h = Aconv (3_20)

A X ATS
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h X Dp,

Nu = — (3-21)
A =m XN XD XL (3-22)
Tb — Tintet +2 Toutlet (3-23)
ATg = T,s — T, (3-24)
D, =4:A (3-25)

The average values of the other parameters can be calculated based on
calculation of average tube surface temperature and average bulk mixture
temperature as follows:

_ Tist+ Tb

T¢ .

(3-26)

All the physical properties p, u, v, and k were evaluated at (T ).

3.9.5. Performance Parameter

The Colburn factor (j) and the friction factor (f) are derived from

Equations (3-27) and (3-28) to calculate the performance parameter (j/f), [71].

j = St.pr2/3 (3-27)
AP
f = (3-28)
2 Amin
St =2 —_1 (3-29)

Re XPr _pxcpr

KX cp
k

Py — (3-30)
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3.10 Convergence Criteria
Table (3-11) shows the residual error for continuity, velocities, energy
equations, (K), (w), and (¢,) for four different types of vortex generators. The
residual monitor are shown in Figures (3-9) and (3-10) for case of without
(VGs) and case of with (VGs), respectively.
Table (3-11) Residual error

Equation continuity | X-Velocity | Y-Velocity | Z-Velocity | Energy K W

R. error 10° 10°® 10° 10°® 10° 10° | 10°

mew\s.u.l.'.l.w,tx\'.'.'.'.'.'.'.l.',\

f'.

I

o 200 4no E00 200 1mneo 1200 1400 1600 1800 2n00

Iterations

Figure (3-9) Residual plot from FLUENT program to converge for case of
without (VGs)

m»nm\\n\mm |

n umn l 2000
Iterations

Figure (3-10) Residual plot from FLUENT program to converge for case of
with (VGs)
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3.11. Error Calculation for the Validation
Using the following equation, the absolute total error of the simulation

results was compared to the experimental results, [72]:

E =y, Ken=Xexel , 100 (3-31)

X'exp
In the duct, (X) might be either (Nu) or (f). [X'ceo — X'l is the
difference between the simulated values and the experimental measurement

values for variable (X) and (n) number of measurements.
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CHAPTER FOUR
EXPERIMENTAL WORK

4.1 Introduction

The experimental study in the present work includes fabricate and
manufacture of an experimental rig. The test rig has been built in the
mechanical engineering fluid laboratory at University of Babylon to study the
effect of vortex generators (VGs) on heat transfer rate and the pressure drop
in the duct. This chapter discusses in detail all of the experimental progress
indicators. All experiments were performed at an ambient laboratory
temperature and atmospheric pressure. The duct was fabricated to fully

develop turbulent flow before reaching the oval tube banks, [73].

4.2 Experimental Apparatus

The experimental rig consists of a rectangular duct with four-row oval
tubes with vortex generators for the heat exchanger. A pair of winglets is
glued out on the duct surface symmetrically in (CFD) configuration for each
oval tube. It also includes all the required instruments to study the heat flow
augmentation with a corresponding pressure drop through the duct illustrated
in Figure (4-1a).

Figure (4-1b) displays the experimental rig. The testing rig used in the
present work consists of the following main parts and measuring instruments:
1-The test section consists of rectangular duct, heaters and vortex generators,
as shown in Figure (4-1c).

2- Water tank

3- Water pump

4- Flowmeter of water
5- Flowmeter of air

6- Pressure regulator
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7- Pressure gauge
8- Air tank
9- Air compressor
10- Power analyzer
11- Electrical voltage regulator
12- Manometer
13- Temperature recorder
14- Digital camera
The cycle of liquid flow consists of a water tank, pump, water flow meter,
valve, gate valve, way valve and piping system. The cycle of airflow consists
of a compressor, air tank, pressure gage, valve, pressure regulator, air flow

meter, way valve, and piping system) with a mixing pipe (1/4 in copper tube).
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’»12.5 cm 20 cm
— —
> e ®© © o
~—— ~— ~— ~—

Inlet

P
4 cm
Inlet ¢
—_— _ _

(b)

3 cm
Rectangular \\/ L\ 1cm

Figure (4-1c) Dimension of (a) top view of test section; (b) oval tube and
position of vortex generators; (c) vortex generators
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4.2.1 Test Section

The test section is made from a transparent cast acrylic sheet certified
by (ISO 9001) in (2015) to observe and record two-phase (air-water) flow
behavior. The test section is a rectangular duct with a dimension of (100 cm x
12 cm x 2 cm). Also, the duct involves four rows of oval tubes arranged in

banks. Figure (4-2) illustrates the test section.

Figure (4-2) Test section

4.2.2 Vortex Generators (VGS)

Vortex Generators are manufactured from aluminum in two shapes
(Delta and Rectangular) winglets. The manufacturing process of vortex
generators was performed by specialized engineers in one of the engineering
workshops in Babylon city using a digital milling machine Computer
Numerical Control. Vortex generators are manually affixed to the interior
surface of the rectangular duct. The dimensions of vortex generators are
selected depending on the dimensions of the duct and based on previous
reference. Figure (4-3) illustrates the shapes of vortex generators. The
dimensions of the duct, the position and dimensions of the vortex generators,
the oval tube, and the angle of attack (15°) were set after simulations of many
configurations of vortex generators, angle of attack, and tube type to reach the
optimum dimensions for the test section, which provided the best

performance.
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(@) (b)

Figure (4-3) Shapes of vortex generators (a) Delta winglet

(b) Rectangular winglet

4.2.3 Water Tank
In the experimental test, water was stored in a circular cross-section

tank with a capacity of (500L). The tank was made entirely of plastic.

4.2.4 Water Pump

Water was pumped into the channel via the water pump (Stream). It has
a maximum head of (20 m), a minimum discharge rate of (480 L/min), and
voltage (220 Volts); as illustrated in Figure (4-4).
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Figure (4-4) Water pump
3.2.5 Flowmeter of Water
The flow rate of water in the duct was measured by using a float-type
flowmeter. The flow meter range is (15-75 L/min), as illustrated in Figure (4-
5).

Figure (4-5) Flowmeter of water
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4.2.6 Air Compressor

An Air compressor was used to supply air, which converted the energy
generated into potential energy stored in pressurized air. The operating
pressure is (0.1 MPa), the voltage is (220 V), the horsepower is (hp), and the
frequency is (50) Hz, as illustrated in Figure (4-6).

Figure (4-6) Air compressor
4.2.7 Flowmeter of Air
A flowmeter with a range of (350 to 3500 L/h) was used to specify the
airflow rate that entered the channel. It is used to determine the volume flow
rate of air passing through a device in a unit of time, as illustrated in Figure
(3-7).

Figure (4-7) Flowmeter of air
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4.2.8 Heaters

The heating system Figure (4-8) was designed using four heaters
measuring (50) mm in length and (8) mm in diameter. The heaters work by
converting electrical energy to heat; each one has a power rating of (100 W);
consequently, the total power rating is (400 W) and operates at 220 volts.

These heaters are installed in the center of the oval tubes.

Figure (4-8) Heaters

4.2.9 Thermocouples

The thermometer is a temperature-measuring instrument with twelve
channels and a universal thermocouple as the thermal input. The thermometer
used in this work is the (BTM-4208SD) thermometer, which was used to
measure temperature at numerous locations throughout the duct, as illustrated
in Figure (4-9).
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12 Channels | - i
TEMPERATURE RECORDER

L.l rL utron BT&""ZOBSO

Figure (4-9) Digital thermometer

4.2.10 Power Analyzer and Voltage Regulator

A power analyzer is a device used to supply electrical energy to
heaters. It consists of control functions that have been expanded to complete
loop control to take advantage of digital hardware and software algorithms.
The function of a power supply is to transform a variable input voltage into a
constant output value. The voltage regulator is used to control the voltage
input to the power analyzer and set the required electrical power to the

heaters, as shown in Figure (4-10).

Figure (4-10) Power analyzer and voltage regulator
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4.3 The Experimental Work's Flow Phases
4.3.1 The Continuous Phase

The continuous phase experimented with water at ambient conditions.
The water pump pumps water into the test section from the water tank and is
regulated by a valve gate to maintain the desired water flow rate.
4.3.2 The Dispersed Phase

The dispersed phase is used to air at ambient conditions in the
experimental work. A compressor pumps air into the test section, which is

then regulated by a pressure regulator and mixed with water.

4.4 Instruments calibration

The water flow meter and thermometer were calibrated to increase the
accuracy of the measuring devices.
4.4.1 Water flow meter calibration

The flow meter used to determine the water flow rate was calibrated
using a scaled container filled with water flowing from the test pipe at a
specified flow rate. The period required for the water to reach a specified
point on the container was recorded.

This procedure was repeated four times, and the values were plotted
alongside the flow meter readings. Water flowing through the flow meter over
a specified period is collected in a measuring container, and the measured
flow rate is calculated using the following equation:-

Q= Vult (4-1)

The details of the calibration process can be seen in appendix [A].
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4.4.2 Calibration of the Thermocouples

In order to get accurate readings, the temperature sensors
(thermocouples) and thermocouples have been calibrated in the Metrological
Department at Central Organization for Standardization and Quality Control.

The details of the calibration process can be seen in appendix [A].

4.5 Experimental Procedures

The experiments were designed to evaluate and analyze the test section's
heat transfer coefficient, temperature distributions, and the reduction in
pressure. Furthermore, the influence of various types of vortex generators on
single-phase and two-phase flow phenomena for water and air over the bank
of oval tubes with varying flow rates (3645.95 < Re < 4805.2) and constant
heat flux is explained. Comparing two vortex generators (Delta and
Rectangular) winglets concludes that any vortex generator provides the best
heat flow. Thus, tests were conducted using the superficial velocity of water
and air, with a constant heat power of (110W). The experimental procedure
was as follows:-
1- Within the duct, install the vortex generator (first model) in (CFD)
arrangement with a 15° angle of attack.
2- Switch on the water pump and set the initial flow rate to (15 L/min).
3- Connect the heater to an electrical power source and turn it on.
4- Allow 10-15 minutes for the heated oval tubes to reach a stable surface
temperature.
5- Run the compressor and supply air at the initial value (8.33 L /min).
6- Record the temperature of the six sensors (four on the oval tubes' walls
and two on the inlet and outlet duct). It was simultaneously recording a
video with the camera to observe the nature of the fluid flow and measuring
the pressure at the test section's inlet and outlet to determine the total
reduction in pressure inside the duct.
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7- Begin by changing the airflow rate (while keeping the water flow
constant) and repeating the previous steps.

8- Continue until all varying air discharges have been completed.

9- Alternate the water flow rate and repeat all of the steps above. Continue
until all water has been discharged, as illustrated in Table (4-1).

10- All preceding steps should be repeated four times to ensure the accuracy
of the readings taken.

11- All preceding steps should be repeated for the remaining two vortex
generator models.

Table (4-1) The values used in the experiments for the working conditions

Heat Power Qw Qs
(W) (L/min) (L/min)
110 15 0
110 17.5 8.33
110 20 16.67
110 -=-- 25
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4.6 Uncertainty

The precise measurement of the experimental work is dependent on the
precision and quality of the instruments, as well as the reading of results
through the devices. Examine the dependability of the results and inferences
generated from the data. For each test, the experiment is repeated four times

under identical conditions.

Errors in devices and equipment can impact measurement uncertainty,
which results in uncertainty propagation (o,). Consequently, the inaccuracy
of experimental results for the complete experimental apparatus is +5% when
the square of uncertainty is assumed. It was considered a measurement of x
that is subject to some device error, each of uncertainty o; see Appendix [B]

for more detailed information, [74].

o = /% (4.2)

Wherei=1,2, ..., .
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CHAPTER FIVE
RESULTS AND DISCUSSION

5.1 Introduction

The experimental and numerical results of a single-phase and two-phase
flow (water-air) over a tube banks in a rectangular duct with four different
types of vortex generators (Delta, Rectangular, Zikzak, and Sinusoidal wavy)
winglets are presented and discussed in this chapter. The effects of vortex
generators and different flow rates of the mixture (water-air) on the heat
transfer coefficient have been demonstrated through comparisons between
experimental and numerical results. Heat transfer coefficient and temperature
distribution were investigated in the duct by using various values for the flow
rate of water and air with different shapes and positions of the vortex
generators. As well as to compare the four different types of vortex generators
and determine which vortex generators and discharges provide the maximum

heat transfer with the lowest pressure drop in a turbulent flow.

5.2 Model Validation

The computational fluid dynamics model is validated by numerical
simulations of flow through a fin-and-tube heat exchanger with an intake
Reynolds number range (500-850). The numerical results are compared with
the numerical results obtained by Chu, et al., [18], and then tested to
determine the most suitable technique for the current analysis.

The maximum errors of heat transfer coefficient between the present model
results and the numerical results of Chu, et al., [18] are (0.68 %, 1.58 %, and
1.36 %), corresponding to (500, 700, and 850) Reynolds numbers,
respectively. The maximum pressure drop deviations between the present
numerical results and Chu, et al., [18] are (0.25 %, 2 %, and 4.12 %);
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corresponding to (500, 700, and 850) Reynolds numbers, respectively. The
model validation results are shown in Figure (5-1).

Also, the computational fluid dynamics model validation by numerical
simulations of flow through the heat exchanger with an intake of the Reynolds
number range (600-2700) was compared to the experimental outcomes of
Fiebig, et al., [75].

The maximum errors between the present model findings and the
experimental outcomes of Fiebig, et al., [75] are (4.35%) for (Nu) and
(5.825%) for (f). The model validation results are shown in Figure (5-2).
From the above analyses, the high degree of agreement between these
outcomes illustrates the model's reliability in precisely forecasting the flow

structure and heat transfer properties.
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Figure (5-1) Validation of the present model with the germane work Chu, et

al., [18] for (a) Heat transfer coefficient, and (b) Pressure drop
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Figure (5-2) Validation of the present model with the germane work
Fiebig, et al., [75] for (a) Nusselt number, and (b) Friction factor
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5.3 The Numerical Results

Two-phase flow reduces pressure drop in the duct at high flow velocities,
[76]. In the present study, the air is used as a second phase with water to
increase vortex generators' efficiency by reducing pressure drop in the duct.
The heat transfer rate is enhanced by adding vortex generators inside the duct,
considering that the pressure drop must be minimized to reduce additional
costs, [77]. Four shapes of vortex generators (Delta, Rectangular, Zikzak, and
Sinusoidal wavy) winglets are investigated numerically. Workbench (19.0) is
used to compute the results and analyzes for turbulent two-phase flow area.
Other parameters are used in this investigation of the oval and circular tube
banks, (CFU) and (CFD) configurations, and the (k-o) standard turbulence

model is used. In Table (5-1), the initial conditions of numerical work are

presented:
Table (5-1) The initial conditions
Inlet Flowrate Flowrate Airvolume Heatflux Angle of
Temperature  of water of air fraction (W/m?) attack
(°C) (Lpm) (Lpm) (Degree)
20 15 8.33 0.357 21883.8 15

5.3.1 Circular Tube Banks
5.3.1.1 Effect of configuration, angle of attack, and shape of vortex
generators

Table (5-2) describes all situations in the duct when various vortex
generators are used. Figure (5-3) shows the temperature gradient between

water-air flow and surfaces of the circular tube at various points in the duct,
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and Figure (5-4) illustrates the inlet and outlet pressure in the duct at an angle
of attack (15°).
Table (5-2) angle of attack (15°)

AP
Vortex t Rate of decreasing
ortex type
yp in AT (%) Rate of Rate of
increasing | decreasing
(%) (%)
CFU 27.9 9.86
Delta
CFD 28 8.46
CFU 30 0.2
Rectangular
CFD 33 0.09
CFU 34 34.78
Zikzak
CFD 33.13 36
CFU 34.3 90
Sinusoidal
CFD 315 45.6

Figure (5-5) shows the performance parameter at various positions in the
duct at an angle of attack (15°). The performance of Delta winglets in the
(CFU) configuration is higher than the other winglets.

Table (5-3) describes all situations in the duct when various types of
vortex generators are used. Figure (5-6) shows the temperature gradient
between water-air flow and surfaces of the circular tube at various points in
the duct, and Figure (5-7) illustrates the inlet and outlet pressure in the duct at
an angle of attack (20°).

Figure (5-8) shows the performance parameter at various positions in the
duct at an angle of attack (20°). Delta winglets in the (CFU) arrangement

perform better than the other vortex generators.
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Table (5-3) angle of attack (20°)

AP
Vortex t Rate of decreasing
ortex type
P in AT (%) Rate of Rate of
increasing | decreasing
(%) (%)
CFU 30.6 7
Delta
CFD 28 5.56
CFU 29.1 8
Rectangular
CFD 30.88 7.7
CFU 29.8 44.1
Zikzak
CFD 32.15 41.7
. CFU 36.75 101.7
Sinusoidal
CFD 32.83 50.14

Table (5-4) describes all situations that occur in the duct when various
types of vortex generators are used. Figure (5-9) shows the temperature
gradient between water-air flow and surfaces of the circular tube at various
points in the duct and Figure (5-10) illustrates the inlet and outlet pressure in
the duct at an angle of attack (25°).

Figure (5-11) shows the performance parameter at various positions in the
duct at an angle of attack (25°). The performance of the delta winglets in the

(CFD) arrangement is better compared to the other winglets.
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Table (5-4) Angle of attack (25°)

AP
Vortex t Rate of decreasing
ortex type
yp in AT (%) Rate of Rate of
increasing | decreasing
(%) (%)
CFU 27.78 1.8
Delta
CFD 28.5 0.8
CFU 30.66 21.16
Rectangular
CFD 32.1 20.19
_ CFU 28.2 54.86
Zikzak
CFD 29.67 49.93
CFU 36 119.5
Sinusoidal
CFD 32.18 56.38

The overall performance of delta winglets with (CFD) and (CFU)
configurations is better compared to other kinds of winglets. Due to the
pressure difference and frictional flow effects, high longitudinal vortices are
generated behind the delta winglet pairs. As the induced velocity of
longitudinal vortices is considerably higher than that of the frontal velocity,
vortices transport the fluid from the wake region of the circular tube banks to
the main flow regions, promoting enhanced mixing of the bulk fluid.

The above observed that in all cases, any types of vortex generators were
used in circular tube banks that promoted thermo-hydraulic performance in
the (HE). There was usually a pressure drop which can illustrate as follows;
for the case without used vortex generators, the resistance of the flow of air in
the duct results only from the friction between air particles and duct walls

with circular tube walls. The resistance of the airflow in the duct when vortex
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generators were used not only results from the friction between air particles
and duct walls with circular tube walls but also from extra resistance, which
causes an increase in pressure drop through flow in the duct.

Figure (5-12) shows performance parameter for delta winglets in (CFU)
and (CFD) configuration at (o = 15°, 20° 25°). The overall performance of
delta winglets with (CFD) and (CFU) configurations is better at an angle of
attack of (a = 15°) compared to the other two angles of attack. This occurs
because a low angle of attack can generate more turbulence, vortex intensity,
and impinging flows than a high angle of attack. As seen, (a = 15°) performs
the best temperature distribution, while the case of (o = 20°, 25°) provide the
opposite result. This angle (a = 15°) generates the greatest vortex intensity,
which results in the most effective mixing of the fluid flow throughout the test
duct.
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Figure (5-3) The temperature difference between two-phase flow (water and
air) and circular tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm)
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Figure (5-5) Performance parameter
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Temperature Difference (°C)
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F

igure (5-6) The temperature difference between two-phase flow (water and
air) and circular tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm)
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Figure (5-7) Inlet and outlet pressure in the duct
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Figure (5-8) Performance parameter
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Figure (5-9) The temperature difference between two-phase flow (water and

air) and circular tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm)
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Figure (5-11) Performance parameter
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Figure (5-12) Performance parameter for delta winglets in (CFU) and (CFD)
configuration at (a. = 15°, 20°, 25°)

5.3.1.2 Velocity vector

Figures (5-13) to (5-15) illustrate that the velocity vector for two-phase
flow across circular tube banks with and without (VGs) from Workbench
(ANSYS - FLUEMT19.0) when the flow rate of air (8.33 Lpm) and the flow
rate of water (15 Lpm).

Figure (5-13) shows the velocity vector for a two-phase flow without
vortex generators.

Figure (5-14) shows the velocity vector for a two-phase flow with (VGs)
in a (CFU) configuration. It can be observed that the flow velocity is
increased, and the flow is directed toward the circular tube's surface by
(VGs).
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Figure (5-15) shows the velocity vector for two-phase flow with (VGs) in
a (CFD) configuration. It can be observed that the flow velocity is increased,
and the flow is directed toward the circular tube's surface by (VGs).

The (CFU) configuration shows velocity of longitudinal vortices is higher
than the (CFD). As the induced velocity of longitudinal vortices 1is
considerably higher than that of the frontal velocity, vortices transport the
fluid from the wake region of the tubes to the main flow regions, promoting
enhanced mixing of the bulk fluid.

The velocity distributions at the entrance region show uniformity. After the
flow passes the first pair of the winglet vortex generators, the velocity of the
flow increases at near the second row of the circular tubes regimes, but the
velocity behind the winglet vortex generators is seen to decrease. These
behaviors are found again between the second row of the winglet vortex
generators and the third row of the circular tubes. The variations of the flow
attack angles show a similar profile of the velocity distributions. The effect of
the flow attack angles, at (a = 15°), provides the highest velocity values, while
(a = 20°, 25°) perform the lowest values at similar conditions. This is due to
the fact that (0. = 15°) provides the greatest vortex strength and turbulence
level in compared to other cases. In addition, at (a = 15°) results in the
increase in the vortex intensity and also provides the highest values of the

velocity distributions over the circular tube banks heat exchanger.
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Figure (5-13) Velocity vector for two-phase flow across circular tube banks
without vortex generators at (x =55 cm)

a=15°

(@) (b)
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(@) (b)

(c) (d)
Figure (5-14) Velocity vector for two-phase flow across circular tube banks

with (VGs) in (CFU) configuration at (x =55 c¢cm) (a) delta (b) rectangular (c)

sinusoidal wavy (d) zikzak
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0.070 (m)

(c) (d)
Figure (5-15) Velocity vector for two-phase flow across circular tube banks
with (VGs) in (CFD) configuration at (x =55 c¢cm) (a) delta (b) rectangular (c)

sinusoidal wavy (d) zikzak
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5.3.2 Oval Tube Banks
5.3.2.1 Effect of configuration, angle of attack, and shape of vortex
generators

Table (5-5) describes all situations in the duct when various types of
vortex generators are used. Figure (5-16) shows the temperature gradient
between water-air and surfaces of the oval tube at many points in the duct,
and Figure (5-17) illustrates the inlet and outlet pressure in the duct at an
angle of attack (15°).

Table (5-5) Angle of attack (15°)

AP
Vortex t Rate of decreasing
ortex type
yp in AT (%) Rate of | Rate of
increasing | decreasing
(%) (%)
CFU 42.5 8
Delta
CFD 42.2 7.13
CFU 42.88 3.8
Rectangular
CFD 42.86 0.1
_ CFU 43.26 30.8
Zikzak
CFD 43.24 32
CFU 42.83 65.34
Sinusoidal
CFD 42.8 39.47

Figure (5-18) shows the performance parameter at many positions in
the duct at an angle of attack (15°). The delta winglets' performance is more
excellent than the other winglets in the (CFU) and (CFD) arrangements.

Table (5-6) describes all situations in the Duct when various vortex

generators are used. Figure (5-169) shows the temperature gradient between

105



Chapter five Results and discussion

water-air flow and surfaces of the oval tube at many points in the duct, and
Figure (5-20) illustrates the inlet and outlet pressure in the duct at an angle of
attack (20°).

Figure (5-21) shows the performance parameter at many positions in the
duct at an angle of attack (20°). The performance of Delta winglets in the

(CFU) and (CFD) configurations is more significant compared to the other

winglets.
Table (5-6) Angle of attack (20°)
AP
Vortex t Rate of decreasing
ortex type
yp in AT (%) Rate of | Rate of
increasing | decreasing
(%) (%)
CFU 40 4.93
Delta
CFD 41.28 4.1
CFU 43.17 6.6
Rectangular
CFD 42.74 6.95
CFU 44.5 36.77
Zikzak
CFD 42 35.38
_ _ CFU 44.6 76.58
Sinusoidal
CFD 41.63 41.76

Table (5-7) describes all situations in the duct when various types of
vortex generators are used. Figure (5-22) shows the temperature gradient
between water-air flow and surfaces of the oval tube at many points in the
duct, and Figure (5-23) illustrates the inlet and outlet pressure in the duct at an
angle of attack (25°).
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Table (5-7) Angle of attack (25°).

AP
Vortex t Rate of decreasing
ortex type
yp in AT (%) Rate of | Rate of
increasing | decreasing
(%) (%)
CFU 36.54 1.6
Delta
CFD 41.34 0.025
CFU 42 18.5
Rectangular
CFD 43.57 17.4
_ CFU 41.84 44.4
Zikzak
CFD 41.59 41.94
CFU 43 92.1
Sinusoidal
CFD 44.2 49

Figure (5-24) shows the performance parameter at many positions in the
duct at an angle of attack (25°). The performance of Delta winglets in the
(CFD) arrangement is higher than the other winglets.

The (CFD) configuration shows a better overall performance than the
(CFU). Due to the pressure difference and frictional flow effects, longitudinal
vortices are generated behind the winglet pairs. As the induced velocity of
longitudinal vortices is considerably higher than that of the frontal velocity,
vortices transport the fluid from the wake region of the oval tubes to the main
flow regions, promoting enhanced mixing of the bulk fluid.

The above observed that in all cases, any types of vortex generators were
used in oval tube banks that promoted thermo-hydraulic performance in the
(HE). There was usually a pressure drop which can illustrate as follows; for

the case without used vortex generators, the resistance of the flow of air in the
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duct results only from the friction between air particles and duct walls with
oval tube walls. The resistance of the airflow in the duct when vortex
generators were used not only results from the friction between air particles
and duct walls with oval tube walls but also from extra resistance, which
causes an increase in pressure drop through flow in the duct.

Figure (5-25) shows performance parameter for delta winglets in (CFU)
and (CFD) configuration at (o = 15°, 20°, 25°). The overall performance of
delta winglets with (CFD) configuration is better at an angle of attack of (a0 =
15°) compared to the other two angles of attack. This occurs because a low
angle of attack can generate more turbulence, vortex intensity, and impinging
flows than a high angle of attack. As seen, (a = 15°) performs the best
temperature distribution, while the case of (a = 20°, 25°) provide the opposite
result. This angle (0. = 15°) generates the greatest vortex intensity, which
results in the most effective mixing of the fluid flow throughout the test duct.

Figure (5-26) shows performance parameter for delta winglets with
circular or oval tube banks in (CFU) and (CFD) configuration at (a = 15°).
Circular tube with (VGs) in (CFU) and (CFD) configurations show a better
heat transfer ability than oval tubes in (CFU) and (CFD) configuration in the
first two rows of tubes, however, the opposite is observed in the last two rows
of tubes because of more intensification of the mixing motion. Due to a
manifested reduction in pressure drop penalty, the overall performance of the
oval tube is better than the circular tubes for all cases. For a more meaningful
insight into the relative performance, heat transfer per unit pressure drop is
noted that oval tubes with delta (VGs) in a (CFD) configuration yield the

optimum output if the pressure drop penalty is considered.
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Figure (5-16) The temperature difference between two-phase flow (water and

air) and oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5,

and 80 cm)
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Figure (5-17) Inlet and outlet pressure in the duct
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Figure (5-18) Performance parameter
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Figure (5-19) The temperature difference between two-phase flow (water and air) and
oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5, and 80 cm)
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Figure (5-21) Performance parameter
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Figure (5-22) The temperature difference between two-phase flow (water and
air) and oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5,
and 80 cm)
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Figure (5-23) Inlet and outlet pressure in the duct
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Figure (5-24) Performance parameter
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Figure (5-25) Performance parameter for delta winglets in (CFU) and
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Figure (5-26) Performance parameter for delta winglets with circular or oval
tube banks in (CFU) and (CFD) configuration at (o = 15°)
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5.3.2.2 Velocity vector

Figures (5-27) to (5-29) illustrate that the velocity vector for two-phase
flow across oval tube banks with and without (VGs) from Workbench
(ANSYS — FLUENT 19.0) when the flow rate of air (8.33 Lpm) and the flow
rate of water (15 Lpm).

Figure (5-27) shows the velocity vector for a two-phase flow without
vortex generators.

Figure (5-28) shows the velocity vector for a two-phase flow with (VGs)
in a (CFU) configuration. It can be observed that the flow velocity is
increased, and the flow is directed toward the oval tube's surface by (VGs).

Figure (5-29) shows the velocity vector for a two-phase flow with (VGs)
in a (CFD) configuration. It can be observed that the flow velocity is
increased, and the flow is directed toward the oval tube's surface by (VGs).

The (CFU) configuration shows velocity of longitudinal vortices is higher
than the (CFD). As the induced velocity of longitudinal vortices is
considerably higher than that of the frontal velocity, vortices transport the
fluid from the wake region of the tubes to the main flow regions, promoting
enhanced mixing of the bulk fluid.

The velocity distributions at the entrance region show uniformity. After the
flow passes the first pair of the winglet vortex generators, the velocity of the
flow increases at near the second row of the oval tubes regimes, but the
velocity behind the winglet vortex generators is seen to decrease. These
behaviors are found again between the second row of the winglet vortex
generators and the third row of the oval tubes. The variations of the flow
attack angles show a similar profile of the velocity distributions. The effect of
the flow attack angles, at (o = 15°), provides the highest velocity values, while
(a = 20° 25°) perform the lowest values at similar conditions. This is due to
the fact that (oo = 15°) provides the greatest vortex strength and turbulence

level in compared to other cases. In addition, at (a = 15°) results in the
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increase in the vortex intensity and also provides the highest values of the
velocity distributions over the oval tube banks heat exchanger.

0.080 (m)

Figure (5-27) Velocity vector for two-phase flow across oval tube banks at (x

= 55 cm) without vortex generators
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Figure (5-28) Velocity vector for two-phase flow across oval tube banks with

(VGs) in (CFU) configuration at (x =55 c¢cm) (a) delta (b) rectangular
(c) sinusoidal wavy (d) zikzak
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Figure (5-29) Velocity vector for two-phase flow across oval tube banks with

(VGs) in (CFD) configuration at (x =55 c¢cm) (a) delta (b) rectangular
(c) sinusoidal wavy (d) zikzak
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5.4 Experimental Results
Various parameters have been investigated experimentally to determine
their effect on the temperature distribution and heat transfer coefficient. These

parameters are presented in Table (5-8):

Table (5-8) Experiment parameters

Vuw V, Heat power
(m/s) (m/s) (W)
0.10417 0.057917 110
0.1215417 0.117 110
0.1375 0.17375 110

Two shapes of vortex generator are used (Delta and Rectangular), (CFD)
with a (15°) angle of attack. The temperature distributions for two different
vortex generator models in two-phase flow over a bank of oval tubes under
turbulent conditions have been compared. Every line represents a different
type of vortex generator. Also, there is a comparison between various flow
rates for two-phase flow and pressure drop through the duct.

After completing the laboratory experiments and analyzing the
outcomes, the same boundary conditions accompanying them are examined
for inclusion in ANSYS Workbench (19.0). Following the program, data were
collected for analysis and comparison to laboratory results.

5.4.1 Single-phase flow
5.4.1.1 Effect of flow rate
Figure (5-30) shows the temperature difference between single-phase
flow (water) and oval tube surfaces at many positions in the duct (x = 42.5,
55, 67.5, and 80 cm) without vortex generators for various water flow rates
(15, 17.5, and 20 Lpm) experimentally with Reynolds number of (3645.95,
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4254, and 4812.5). From this figure, when the water flow rate increased, the
temperature difference decreased experimentally by (9.15%) and (6.33%),
respectively, for reduced temperature difference at increased flow velocity.
Therefore, the heat transfer coefficient increased. For without vortex
generators, the subsequent peaks in front of the second and third tubes
become lower and flatter because the low-speed separated flow in the wake of
the preceding tube becomes the stagnation flow of the following tube. The
increased velocity in front of the second tube due to the blockage of the first
tube causes a stronger vortex and a higher heat transfer peak. The third peak
IS due to the vortex region heat transfer of the tube in the last row. The peak
caused by the third tube row is lower than that of the second row because the
third tube row lies in the wake of the first row. In this location, additional
fluid is pumped to the hot tube surface side, substantially strengthening the
mixing. Thus, heat transfer is significantly improved.

Figure (5-31) shows inlet and outlet pressure in the duct for single-phase
flow (water) at many positions in the duct (x = 42.5, 55, 67.5, and 80 cm)
without vortex generators for various water flow rates (15, 17.5, and 20 Lpm).
The water flow rate increased the pressure drop in the duct by (33.3%) and
(66.67%), respectively. The pressure drop is increased in the duct during the

flow of water due to increase of form drag of the tube banks by its shape.

124



Chapter five Results and discussion

20

18

2

O 16
< |
8 14 .
S -
S 12
= # Ex.Qw= 15 L/min
T 10 & .
@ B MW Ex.Qw=17.5 L/min
=]
= 8 Ex.Qw= 20 L/min
| .
< 6 .
£ m
L 4

2

0

30 35 40 45 50 55 60 65 70 75 80 85
Position x (cm)

Figure (5-30) The temperature difference between single-phase flow
(water) and oval tube surfaces at many positions in the duct (x =42.5,
55, 67.5, and 80 cm) without vortex generators for various water flow

rates (15, 17.5, and 20 L/min) experimentally
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Figure (5-31) Inlet and outlet pressure in duct without vortex generators for
single-phase flow
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5.4.1.2 Effect of vortex generators

Adding vortex generators in the duct can increase the velocity of single-
phase flow, creating vigorous turbulence intensity inside the duct that
enhances the heat transfer coefficient. It can be noted that the temperature
difference decrease as the flow velocity increase, and when directing the flow
toward the oval tube's surface, it can be observed that the temperature
difference is inversely proportional to the velocity of flow.

Figure (5-32) illustrates the temperature difference between single-phase
flow (water) and oval tube surfaces at many positions in the duct (x = 42.5,
55, 67.5, and 80 cm) when delta winglets are used as vortex generators in the
duct for various water flow rate (15, 17.5, and 20 Lpm) experimentally. From
this figure, notice that when the water flow rate increased, the temperature
difference compared to without vortex generators decreased by (26.76%,
27.75%, and 35.34%), respectively. Also, when the water flow rate increased
in single-phase flow with the delta winglets as vortex generators, the heat
transfer coefficient increased with the oval tube surfaces' temperature
decreasing due to the working fluid becoming focused on it by the winglets.

Figure (5-33) shows inlet and outlet pressure in the duct for single-phase
flow (water) at many positions in the duct (x = 42.5, 55, 67.5, and 80 cm)
with the delta winglets as vortex generators for various water flow rate (15,
17.5, and 20 Lpm). When the water flow rate increased, the pressure drop in
the duct compared without vortex generators decreased by (33.3%) and (25%)
at water flow rate of (15 Lpm) and (17.5 Lpm), respectively and increased by
(20%) at a water flow rate of (20 Lpm). When the delta winglets are used as
vortex generators, the reduction in pressure increases compared to without
vortex generators in the duct.

Figure (5-34) shows the temperature difference between single-phase
flow (water) and oval tube surfaces at many positions in the duct (x = 42.5,

55, 67.5, and 80 cm) when the Rectangular winglets are used as vortex
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generators in the duct for various water flow rate (15, 17.5, and 20 Lpm)
experimentally. From this figure, notice that when the water flow rate
increased, the temperature difference compared to without vortex generators
decreased by (23.9%, 30.2%, and 33%), respectively. Also, when the water
flow rate increased in single-phase flow with the rectangular winglets as
vortex generators, the heat transfer coefficient increased with the oval tube
surfaces' temperature decreasing due to the working fluid becoming focused
on it by the winglets. For oval tube banks, the greater contact volume between
mixing fluid results in a higher heat transfer coefficient, the bulk fluid is
mixing increases at each subsequent tube, transferring heat more effectively
and hence yielding an enhancement of the heat transfer performance. As a
result, the heat transfer coefficient for oval tube banks is found to increase
with the (VGs).

Figure (5-35) illustrates inlet and outlet pressure in the duct for single-
phase flow (water) at many positions in the duct (x = 42.5, 55, 67.5, and 80
cm) with the Rectangular winglets as vortex generators for various water flow
rate (15, 17.5, and 20 Lpm). When the water flow rate increased, the pressure
drop in the duct compared without vortex generators increased by (33.3%,
50%, and 40%), respectively. When the Rectangular winglets are used as
vortex generators, the reduction in pressure increases compared to without
vortex generators in the duct. The narrow passages of the fluid flow might

give rise to a jet impingement effect and hence increased pressure drop.
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Figure (5-32) The temperature difference between single-phase
flow (water) and oval tube surfaces at many positions in the duct
(x =42.5, 55, 67.5, and 80 cm) with delta winglets as vortex
generators for various water flow rates (15, 17.5, and 20 L/min)
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Figure (5-33) Inlet and outlet pressure in the duct with delta winglets as

vortex generators
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Figure (5-34) The temperature difference between single-phase
flow (water) and oval tube surfaces at many positions in the duct (x
=42.5, 55, 67.5, and 80 cm) with rectangular winglets as vortex
generators for various water flow rates (15, 17.5, and 20 L/min)
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Figure (5-35) Inlet and outlet pressure in the duct with rectangular winglets as

vortex generators
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5.4.2 Two-phase flow
5.4.2.1 Effect of flow rate

Figures (5-36) to (5-38) show the temperature difference between two-
phase flow (water and air) and oval tube surfaces at many positions in the
duct (x = 42.5, 55, 67.5, and 80 cm) without vortex generators experimentally
with Reynolds number range (3638 - 4810). At these points, the airflow rate
increases (8.33, 16.67, and 25 Lpm) with a constant water flow rate and heat
flux.

Figure (5-36) shows that the temperature difference between two-phase
flow and oval tube surfaces increased by (59.8%, 71.8%, and 102%),
respectively at a constant water flow rate (15 Lpm).

Figure (5-37) shows that the temperature difference between two-phase
flow and oval tube surfaces increased by (25.6%, 70.5%, and 99%),
respectively at a constant flow rate of water (17.5 Lpm).

Figure (5-38) shows that the temperature difference between two-phase
flow and oval tube surfaces increased by (5.3%, 42%, and 63.2%),
respectively at a constant flow rate of water (20 Lpm).

Additionally, when water and air flow rates in two-phase flow are
increased without vortex generators, the heat transfer coefficient falls due to
the temperature difference growing with less intensity. The increased velocity
in front of the second tube due to the blockage of the first tube causes a
stronger vortex and a higher heat transfer peak. The third peak is due to the
vortex region heat transfer of the tube in the last row.

Figures (5-39) to (5-341) show inlet and outlet pressure in the duct
without vortex generators for two-phase flow (water and air) at many
positions in the duct (x = 42.5, 55, 67.5, and 80 cm) experimentally. At these
points, the airflow rate increases (8.33, 16.67, and 25 Lpm) with a constant

water flow rate and heat flux.
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Figures (5-39) show that the pressure drop in the duct decreased by
(66.67%, 66.67%, and 100%), respectively at a constant flow rate of water
(15 Lpm).

Figure (5-40) shows that the pressure drop in duct in two-phase flow
without using vortex generators decreased by (50%, 50%, and 50%),
respectively at a constant flow rate of water (17.5 Lpm)

Figure (5-41) shows that the reduction in pressure in the duct in two-
phase flow without using vortex generators decreased by (66.67%, 75%, and
100%), respectively at a constant flow rate of water (20 Lpm).

Furthermore, when the two-phase flow rate (water and air) is increased
without vortex generators, the pressure drop is decreased. Because an increase
in air flow rate corresponds to an increase in the percentage of air in a two-
phase flow mixture, the pressure drop in the air flow is lower than the
pressure drops in the water flow, resulting in a reduction in the overall

pressure drop within the duct.
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Figure (5-36) The temperature difference between two-phase flow
(water and air) and oval tube surfaces at many positions in the duct (x =
42.5, 55, 67.5, and 80 cm) without vortex generators experimentally
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Figure (5-37) The temperature difference between two-phase flow
(water and air) and oval tube surfaces at many positions in the duct (x =
42.5, 55, 67.5, and 80 cm) without vortex generators experimentally
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Figure (5-38) The temperature difference between two-phase flow (water
and air) and oval tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm) without vortex generators experimentally
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Figure (5-39) Inlet and outlet pressure in the duct without vortex generators
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Figure (5-40) Inlet and outlet pressure in the duct without vortex generators
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Figure (5-41) Inlet and outlet pressure in the duct without vortex generators
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5.4.2.2 Effect of vortex generators

The velocity of two-phase flow (air and water) can be increased in the
duct by adding vortex generators, which increases the turbulence within the
duct and improves the heat transfer coefficient. When the flow is directed
towards the surface of the oval tube, it can be observed that the temperature
difference is inversely proportional to the flow velocity and that the
temperature difference decreases as the flow velocity increases. The airflow
rate increased from (8.33, 16.67, and 25 Lpm) at a constant water flow rate
with a constant heat power of (110 W).

Figures (5-42) to (5-44) illustrate temperature differences when delta
winglets are used as vortex generators in the duct for two-phase flow. Also,
the experimental heat transfer coefficient increased, corresponding that the
temperature difference decreased because the working fluid is focused on the
tube surface by the winglets.

Figure (5-42) shows that when delta winglets are used as vortex generators
in the duct the temperature difference between two-phase flow and oval tube
surfaces decreased by (40.1%, 37.3%, and 34.15%), respectively at constant
water flow rate (15 Lpm).

Figure (5-43) shows that when delta winglets are used as vortex
generators in the duct the temperature difference between two-phase flow and
oval tube surfaces decreased by (24.1%, 33.2%, and 33.85%), respectively at
constant water flow rate (17.5 Lpm).

Figure (5-44) shows that when delta winglets are used as vortex
generators in the duct the temperature difference between two-phase flow and
oval tube surfaces decreased by (20%, 31.2%, and 29.5%), respectively at a
constant water flow rate (20 Lpm).

Also, when water and air flow rates are increased in two-phase flow with
the delta winglets as vortex generators, the heat transfer coefficient increase

and the temperature difference decreases with less intensity.
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Figure (5-45) shows the pressure loss for the two-phase flow and
compared to the single-phase flow with delta winglets as vortex generators in
the duct decreased by (50%, 50%, and 50%), respectively at a constant flow
rate of water (15 Lpm).

Figure (5-46) shows the pressure loss for the two-phase flow and
compared to the single-phase flow with delta winglets as vortex generators in
the duct decreased by (50%, 50%, and 50%), respectively at a constant flow
rate of water (17.5 Lpm).

Figure (5-47) shows that the pressure loss for the two-phase flow and
compared to the single-phase flow with delta winglets as vortex generators in
the duct decreased by (50%, 50%, and 50%), respectively at a constant
discharge of water (20 Lpm).

The pressure drops are increased compared to the delta winglets in the
duct that are not used. Additionally, with an increase in the flow rate of water
and air in two-phase flow with delta winglets acting as vortex generators, the
pressure drops in the duct are reduced.

Figures (5-48) to (5-50) illustrate temperature differences when
Rectangular winglets are used as vortex generators in the duct for two-phase
flow. Also, the experimental heat transfer coefficient increased,
corresponding that the temperature difference decreased because the working
fluid is focused on the tube surface by the winglets.

Figure (5-48) shows that when Rectangular winglets are used as vortex
generators in the duct the temperature difference between two-phase flow and
oval tube surfaces decreased by (36.56%, 36.5%, and 32%), respectively at a
constant water flow rate (15 Lpm).

Figure (5-49) shows that when rectangular winglets are used as vortex
generators in the duct the temperature difference between two-phase flow and
oval tube surfaces decreased by (25.9 %, 35.45%, and 35.8%), respectively at
a constant water flow rate (17.5 Lpm).
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Figure (5-50) shows that when rectangular winglets are used as vortex
generators in the duct the temperature difference between two-phase flow and
oval tube surfaces decreased by (22.1%, 28%, and 23.5%), respectively at a
constant water flow rate (20 Lpm).

Moreover, when water and air velocity flow is increased in two-phase
flow with rectangular winglets acting as vortex generators, the heat transfer
coefficient increases and the temperature difference decreases. The
enhancement of heat transfer from the fin surfaces is achieved by placing
winglets vortex generators on the surfaces in the neighborhood of the oval
tube banks. Longitudinal vortices develop along the side edge of the winglets
due to the pressure difference between the front surface (facing the flow) and
the back surface. These vortices interact with an otherwise two-dimensional
boundary layer and produce a three-dimensional swirling flow that mixes near
oval tube surface. This enhances the mixing of fluid from the periphery and
the core regions of the flow field. Thus the thermal boundary layer is
disrupted and heat transfer is enhanced.

Figure (5-51) shows that the pressure drops for the two-phase flow and
compared to the single-phase flow with rectangular winglets as vortex
generators in the duct decreased by (25%, 50%, and 25%), respectively at a
constant flow rate of water (15 Lpm).

Figure (5-52) shows that the pressure drops for the two-phase flow and
compared to the single-phase flow with rectangular winglets as vortex
generators in the duct decreased by (33.3%, 50%, and 66.67%), respectively
at a constant flow rate of water (17.5 Lpm).

Figure (5-53) shows that the pressure drops for the two-phase flow and
compared to the single-phase flow with rectangular winglets as vortex
generators in the duct decreased by (42.9%, 71.4%, and 85.7%), respectively

at a constant flow rate of water (20 Lpm).

137



Chapter five Results and discussion

When using rectangular winglets as vortex generators, the pressure
drops are increased compared to not using rectangular winglets in the duct.
Additionally, when the water and air flow rate increases in the two-phase flow
with rectangular winglets acting as vortex generators, the pressure drops in
the duct are reduced. The additional pressure losses are modest because the
form drag for such winglets slender bodies is low.Because an increase in air
flow rate corresponds to an increase in the percentage of air in a two-phase
flow mixture, the pressure drop in the air flow is lower than the pressure

drops in the water flow, resulting in a reduction in the overall pressure drop
within the duct.
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Figure (5-342) The temperature difference between two-phase flow (water
and air) and oval tube surfaces at many positions in the duct (x = 42.5, 55,

67.5, and 80 cm) with delta winglets as vortex generators experimentally
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Figure (5-43) The temperature difference between two-phase flow (water
and air) and oval tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm) with delta winglets as vortex generators experimentally
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Figure (5-44) The temperature difference between two-phase flow (water
and air) and oval tube surfaces at many positions in the duct (x = 42.5, 55,
67.5, and 80 cm) with delta winglets as vortex generators experimentally
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Figure (5-45) Inlet and outlet pressure in the duct with delta winglets as

vortex generators
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Figure (5-46) Inlet and outlet pressure in the duct with delta winglets as

vortex generators
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Figure (5-47) Inlet and outlet pressure in the duct with delta winglets as

vortex generators
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Figure (5-48) The temperature difference between two-phase flow (water and
air) and oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5,
and 80 cm) with rectangular winglets as vortex generators experimentally
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Figure (5-49) The temperature difference between two-phase flow (water and
air) and oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5,
and 80 cm) with rectangular winglets as vortex generators experimentally
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Figure (5-50) The temperature difference between two-phase flow (water and
air) and oval tube surfaces at many positions in the duct (x = 42.5, 55, 67.5,
and 80 cm) with rectangular winglets as vortex generators experimentally
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Figure (5-51) Inlet and outlet pressure in the duct with rectangular winglets as

vortex generators

Q,~=17.5 Lpm

15000 |

14000
/c'u\ .__
= — =
[«B]
5 13000 —o—Ex.Qa=8.33 Lpm
(7]
@ —m—Ex.Qa= 16.67 Lpm
o —e

Ex.Qa= 25 Lpm
12000 xQ P
11000
0 20 40 60 80 100
Position x (cm)

Figure (5-52) Inlet and outlet pressure in the duct with rectangular winglets as

vortex generators
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Figure (5-53) Inlet and outlet pressure in the duct with rectangular winglets as

vortex generators

5.4.3 Regimes of flow in the duct

In this section, the digital camera shows the type of two-phase flow as

digital images for experimental tests.

Figure (5-54) shows digital images of the twelve experimental tests
without vortex generators for single and two-phase flow over the bank of oval
tubes. The flow patterns in the duct at a flow rate of water and air (15) and
(8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at a flow rate of water and air (15) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at a flow rate of
water and air (15) and (25) (Lpm), respectively, the flow is also as plug
patterns flow.
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The flow patterns in the duct at a flow rate of water and air (17.5) and
(8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at the flow rate of water and air (17.5) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at the flow rate of
water and air (17.5) and (25) (Lpm), respectively, in this situation, the water
layer has been completely separated from the air layer. The water flow at the
bottom of the duct is combined with the airflow at the top. As well as, the

flow is stratified.

The flow patterns in the duct at a flow rate of water and air (20) and (8.33)
(Lpm), respectively, at the base of the duct, the water layer separating the air
bubble from the wall becomes thicker than at the top. The bubble's nose is
asymmetrical, the flow is plug patterns, and the flow is Plug patterns.
Furthermore, at a flow rate of water and air (20) and (16.67) (Lpm),
respectively, in this situation, the water layer has been completely separated
from the air layer. The water flow at the bottom of the duct is combined with
the airflow at the top. As well as, the flow is stratified. Finally, at a flow rate
of water and air (20) and (25) (Lpm), respectively, as air velocity increases in
stratified flow, huge surface waves form on the water layer, and the flow

becomes wavy, as well as the flow is wavy patterns flow.

Figure (5-55) shows digital images of the twelve experimental tests with
delta winglets as vortex generators in the duct for single-phase and two-phase
flows over the bank of oval tubes. Air bubbles appear inside the water in the

two-phase flow with high velocity and random movement.
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The flow patterns in the duct at a flow rate of water and air (15) and
(8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at a flow rate of water and air (15) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at a flow rate of
water and air (15) and (25) (Lpm), respectively, in this situation, the water
layer has been completely separated from the air layer. The water flow at the
bottom of the duct is combined with the airflow at the top. As well as, the

flow is stratified.

The flow patterns in the duct at a flow rate of water and air (17.5) and
(8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at a flow rate of water and air (17.5) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at a flow rate of
water and air (17.5) and (25) (Lpm), respectively, in this situation, the water
layer has been completely separated from the air layer. The water flow at the

base with the airflow at the top of the duct produces stratified flow patterns.

The flow patterns in the duct at a flow rate of water and air (20) and
(8.33) (Lpm), respectively, in this case, the separation of the water layer and
air layer is complete. The water flows at the bottom of the duct, and the air at
the top and the flow is stratified patterns flow. Furthermore, at a flow rate of
water and air (20) and (16.67) (Lpm), respectively, as air velocity increases in
stratified flow, huge surface waves form on the water layer, and the flow

becomes wavy, as well as the flow is wavy patterns flow. Finally, at a flow
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rate of water and air (20) and (25) (Lpm), respectively, as the air velocity is
further increased in the wavy flow patterns region, the waves eventually
become big enough to reach the top of the duct. These are transmitted at a
high velocity and wet the entire duct surface, forming a water film between

the bridging waves, and the flow is slug flow.

Figure (5-56) shows digital images of the twelve experimental tests
using Rectangular winglets as vortex generators in the duct for single-phase
and two-phase flows over the bank of oval tubes. Air bubbles appear inside
the water in the two-phase flow with high velocity and more random
movement. The flow patterns in the duct at a flow rate of water and air (15)
and (8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at a flow rate of water and air (15) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at a flow rate of
water and air (15) and (25) (Lpm), respectively, in this situation, the water
layer has been completely separated from the air layer. The water flow at the
bottom of the duct is combined with the airflow at the top. As well as the flow

is stratified.

The flow patterns in the duct at a flow rate of water and air (17.5) and
(8.33) (Lpm), respectively, air bubbles appear inside the water in the two-
phase flow. The bubbles prefer to flow as bubbly patterns flow in the upper
portion of the duct. Furthermore, at a flow rate of water and air (17.5) and
(16.67) (Lpm), respectively, at the base of the duct, the water layer separating
the air bubble from the wall becomes thicker than at the top. The bubble's
nose is asymmetrical, and the flow is plug patterns. Finally, at a flow rate of

water and air (17.5) and (25) (Lpm), respectively, in this situation, the water
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layer has been completely separated from the air layer. The water flow at the
bottom of the duct is combined with the airflow at the top. As well as, the

flow is stratified.

The flow patterns in the duct at a flow rate of water and air (20) and
(8.33) (Lpm), respectively, in this situation, the water layer has been
completely separated from the air layer. The water flow at the bottom of the
duct is combined with the airflow at the top. As well as, the flow is stratified.
Furthermore, at a flow rate of water and air (20) and (16.67) (Lpm),
respectively, as air velocity increases in stratified flow, huge surface waves
form on the water layer, and the flow becomes wavy, as well as the flow is
Wavy patterns flow. Finally, at a flow rate of water and air (20) and (25)
(Lpm), respectively, as the air velocity is further increased in the wavy flow
patterns region, the waves eventually become big enough to reach the top of
the duct. These are transmitted at a high velocity and wet the entire duct
surface, forming a water film between the bridging waves, and the flow is

slug flow patterns.
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Figure (5-54) Digital images of the experimental tests without vortex

generators
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Figure (5-55) Digital images of the experimental tests with delta winglets
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Figure (5-56) Digital images of the experimental tests with rectangular

winglets
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5.5. Numerical Results for the Experimental Work

Figures (5-57) to (5-67) show the numerical results for the experimental
work of the increased water-air flow rates on the temperature gradient at
various locations in the duct with a constant electrical power of (110 W) as a
heat flux. The heat transfer coefficient decreases when the temperature
gradient between single or two-phase flow and the surfaces of tube banks

increases, and vice versa.
5.5.1. Single-phase flow

5.5.1.1 Effect of flow rate

Figure (5-57) illustrates the temperature gradient between water flow and
oval tube surfaces at various locations in the duct without winglets, with delta
winglets, and with rectangular winglets for three different water flow rates
(15, 17.5 and 20 Lpm). The temperature gradient decreased as the flow rate of
water increased, as observed in this figure.

Figure (5-57a) illustrates the temperature difference decreased by (7.76%)
and (17.2%), respectively for without vortex generators. These results agree
with [12 and 20] for reduced temperature gradient at the water flow velocity
increased; therefore, the heat transfer coefficient increased.

Figure (5-58) illustrates the entrance and exit pressure for water flow at
many points in the duct without winglets, with delta winglets, and with
rectangular winglets for three different water flow rates (15, 17.5 and 20
Lpm).

Figure (5-58a) illustrates the pressure drop in the duct increased by
(20.58%) and (58.27%), respectively for without vortex generators. The

pressure drop in the duct increased as the water flow rate increased.
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5.5.1.2 Effect of vortex generators

Figures (5-57b and c) illustrate the temperature difference decreased by
(35.45%, 30.1%, and 38.9%), respectively with delta winglets, and finally
(43.8%, 41.1%, and 37.2%), respectively with rectangular winglets.

Figures (5-58b and c) illustrate the pressure drop in the duct increased by
(20.5%) and (16.8%) at a water flow rate of (15 Lpm) and (17.5 Lpm),
respectively and increased by (3.9%) at a water flow rate of (20 Lpm) with
delta winglets, and finally (21.45%, 24.75%, and 13.4%), respectively with
rectangular winglets.

Figure (5-59a) illustrates the variation of a temperature gradient with
Reynolds number in water flow over the bank of oval tubes without winglets
generators. Due to a decrease in the temperature gradient between the water
flow and surfaces of the oval tube, the heat transfer coefficient improved as
the Reynolds number increased.

Figure (5-59b) represents the variation of the pressure reduction with
Reynolds number in water flow over oval tube banks with an absence of
winglets. As the Reynolds number grew, the duct pressure drop was increased.

Figure (5-59¢) represents the Reynolds number performance parameter for
water flow over oval tube banks without winglets. As the Reynolds number
climbed, the performance parameter improved because the pressure in the
duct and the temperature gradient between the water flow and the surfaces of
the oval tube decreased. The delta winglets' performance is higher than that of
the other two vortex generators. These results that examined the influence of
different vortex generator forms on heat flow in the duct and showed that

delta winglets provide the highest performance.
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Figure (5-57) The temperature gradient between water flow and surfaces of an
oval tube for various water flow rates (15, 17.5, and 20 Lpm) (a) without

winglets (b) with delta winglets (c) with rectangular winglets
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5.5.2. Two-phase flow

5.5.2.1 Effect of flow rate

Figure (5-60) indicates that at a constant flow rate of water, the
temperature gradient between water-air flow and surfaces of oval tubes
increased. At these points, the airflow rate increases (8.33, 16.67, and 25
Lpm) with a constant water flow rate and heat flux. When the water and air
flow rates increase without winglets, the rate of heat transfer decreases as the
temperature gradient becomes less significant. The heat transfer coefficient
improved as the temperature difference reduced because the winglets
concentrated the working fluid on the tube surface with delta winglets and
rectangular winglets used in the duct.

Figure (5-60a) illustrates the temperature difference decreased by (7.76%)
and (17.2%), respectively without the vortex generator. The stagnation of the
flow behind the tubes is clearly appearing in the case of tubes without vortex
generators. This case illustrates the problem of low velocity of the fluid back
the tubes that reduce the thermal performances of heat exchanger. As the
increased frontal velocity causes the longitudinal vortices' velocity to rise, the
fluid is transported from the wake zone of the tubes to the main flow regions,
therefore promoting enhanced mixing of the fluid layers.

Figure (5-61) represents the inlet and outlet pressure in the duct for
water-air flow at various points. At these points, the airflow rate increases
(8.33, 16.67, and 25 Lpm) with constant heat flux and discharge of water. The
pressure losses without winglets in the duct are reduced. Increased pressure
drops compared to delta winglets and rectangular winglets are used in the duct
that is not utilized.

Figure (5-61a) illustrates the pressure drop in the duct compared to the
single-phase flow decreased by (52%, 104.5%, and 154%), respectively, at a
constant discharge of water (15 Lpm), (43.73%, 88.66%, and 131.38%),
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respectively, at a constant discharge of water (17.5 Lpm), and decreased by
(43.54%, 84.97%, and 124.3%)), respectively, at a constant discharge of water
(20 Lpm) for without (VGs) case.

Due to the increased flow rate of water-air with delta winglets, pressure
drops within the duct are minimized.

In addition, when the flow rate of water-air is raised in the absence of
winglets in the duct, the pressure drop is reduced. Also, when rectangular
winglets are used in the duct, the pressure losses are more significant than not.
In addition, when the flow rate of water-air increases with rectangular

winglets, the pressure losses in the duct are decreased.

5.5.2.2 Effect of vortex generators

Adding winglets to the duct can raise the surface velocity of water-air
flow, hence enhancing the heat transfer coefficient by generating intense
turbulence. The temperature gradient decreases as the flow velocity increases.
When the flow is directed toward the surfaces of the oval tube, the
temperature gradient is inversely related to the flow velocity. The airflow rate
increased from (8.33, 16.67, and 25 Lpm) with a constant flow rate of water
and heat power of (110 W).

Figure (5-60b) illustrates the temperature difference decreased by
(44.67%, 44.9%, and 45%), respectively, at a constant discharge of water (15
Lpm), (41.88%, 42%, and 42.26%), respectively, at a constant discharge of
water (17.5 Lpm), and decreased by (40.18%, 40.35%, and 40.474%),
respectively, at a constant discharge of water (20 Lpm) with delta winglets.

Figure (5-60c) illustrates the temperature difference decreased by
(43.33%, 43.53%, and 43.67%)), respectively, at a constant discharge of water
(15 Lpm), (25.9 %, 35.45%, and 35.8%), respectively, at a constant flow rate
of water (17.5 Lpm), and decreased by (39.88%, 38.72%, and 34.676%),
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respectively, at a constant discharge of water (20 Lpm) with Rrectangular
winglets.

Figure (5-61b) illustrates the pressure drop in the duct compared to the
single-phase flow decreased by (5.66%, 27.8%, and 40.6%), respectively, at a
constant discharge of water (15 Lpm), (5.66%, 27.8%, and 40.6%),
respectively, at a constant discharge of water (17.5 Lpm), and decreased by
(5.66%, 27.8%, and 40.6%), respectively, at a constant discharge of water (20
Lpm) with delta winglets.

Figure (5-61c) illustrates the pressure drop in the duct compared to the
single-phase flow decreased by (33.6%, 49.4%, and 58.3%), respectively, at a
constant discharge of water (15 Lpm), (30.46%, 45.9%, and 54.9%),
respectively, at a constant discharge of water (17.5 Lpm), and decreased by
(28%, 43%, and 52%), respectively, at a constant discharge of water (20 Lpm)
with rectangular winglets.

The effect of the Reynolds number for water-air flow over oval tube banks
in a turbulent region on heat transfer rate and pressure reduction is essential
for optimal design and location of vortex formation. Due to the decrease in
pressure and temperature gradient between water-air flow and surfaces of the
oval tube in the duct, the performance parameter was improved when the
Reynolds number of water decreased and the Reynolds number of air grows at
the flow rate of air increases (8.33, 16.67, and 25 Lpm) but the flow rate of
water remains constant.

The wvariation of the temperature gradient with Reynolds number in
water-air flow over oval tube banks without winglets, with delta winglets, and
with rectangular winglets are represented in Figure (5-62). At a constant flow
rate of water, the heat transfer coefficient increases as the temperature
gradient between the water-air flow and surfaces of the oval tube decreases.

The variation of the drop in pressure with the Reynolds number in water-air

flow over oval tube banks without winglets, with delta winglets, and with
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rectangular winglets are visualized in Figure (5-63). When the Reynolds
number of water and the Reynolds number of air increases, the pressure drop
decreases in the duct with a constant flow rate of water.

The relationship between the Reynolds number and performance
parameter in the water-air flow over oval tube banks with and without
winglets 1s depicted in Figure (5-64). As water-air flow increased, the
performance parameter improved. The vortex generators eliminate the zones
of low-velocity behind the tubes. During the passing of the flow through the
tube walls and vortex generators, the fluid flow separates into three primary
zones; a very large zone located between (VGs) and the tube walls, where the
flow is accelerated and swirl the stagnated fluid behind the tubes. The second
zone located over (VGs) that presents the majority of the flow fields. The
third region behind the (VGs) shows a zone of secondary recirculation of the
flow. In other hand, adding the (VGs) near the surface of tubes, the fluid flows
behind the tubes and significantly eliminates the hot points, which enhance

the thermal performances of the fin and tubes heat exchangers.
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5.5.3 Velocity vector

Figures (5-65) to (5-67) illustrate that the velocity vector for water flow
and mixture (water-air) flow with and without (VGs) from Workbench
(ANSYS - FLUENT 19.0) when a flow rate of air increases (0, 8.33, 16.67,
and 25) (Lpm) respectively, with constant a flow rate of water.

Figure (5-65) shows the velocity vector for single-phase and two-phase
flow without vortex generators. As velocity increases, longitudinal vortices
also increase. Longitudinal vortices move fluid from the wake zone of the
tubes to the main flow regions, consequently enhancing the mixing of the
bulk fluid.

Figure (5-66) shows the velocity vector for water flow and mixture
(water-air) flow with delta winglets as (VGs). It can be observed that the flow
velocity is increased, and the flow is directed toward the oval tube's surface
by delta winglets.

Figure (5-67) shows the velocity vector for water flow and mixture
(water-air) flow with rectangular winglets as (VGs). It can be observed that
the flow velocity is increased, and the flow is directed toward the oval tube's
surface by rectangular winglets.

The distributions of velocity at the entrance region are uniform. After the
flow passes the first pair of winglet vortex generators, the flow velocity
increases near the second row of oval tubes regimes, however it decreases
after the winglet vortex generators. These characteristics are observed again
between the second and third rows of oval tubes and winglet vortex

generators.
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respectively, with constant a flow rate of water 15 Lpm (c) 17.5 Lpm (d) 20 Lpm
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5.6. Comparison between Numerical and Experimental Results
5.6.1 Single-phase flow

The effect of Reynolds number in single-phase flow over the bank of
oval tubes under the Reynolds number range (3646-4813) on heat transfer rate
and pressure drop is significant to reach optimum design and the best location
for vortex generators.

Figure (5-68) shows the variation of (Nu) with Reynolds number in
single-phase flow cross-bank of oval tubes with and without vortex generators
experimentally and numerically. When the Reynolds number increased from
(3646) to (4252) and (4813), the (Nu) increased by (8.3%) and (17%)
numerically and by (8%) and (17.13%) experimentally, due to a reduction in
the temperature difference between single-phase flow and oval tube surfaces.
Increasing (Re) predictably results in a higher velocity of the more fluid is
flushed from the hot wall side to the central cooled tube region, intensifying
the mixing significantly. Hence, heat transfer is greatly enhanced. The fluid is
at a lower temperature compared to the tube wall, as result, the fluid
temperature increases at the tube wall; however, due to the symmetry
boundary conditions (no thermal gradient) at the side walls or edges, the fluid
temperature is same as that of the inlet temperature. Stagnant points are
located on the tube surface while velocity increases towards the wall of the
channel. However, variation in temperature at the tube surface with (Re) is
evident.

Figure (5-69) represents compared without (VGs) at (Re = 3646) the
(Nu) increased by (52.8%) numerically and by (53%) experimentally, at (Re =
4254) increased by (45.16%) numerically and by (45.67%) experimentally,
and finally at (Re = 4812.5) increased by (46.4%) numerically and by
(45.68%) experimentally with delta winglets. Also, represents compared
without (VGs) at (Re = 3646) the (Nu) increased by (63.46%) numerically
and by (62%) experimentally, at (Re = 4254) increased by (60.16%)
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numerically and by (60.78%) experimentally, and finally at (Re = 4813)
increased by (59.1%) numerically and by (58.56%) experimentally with
rectangular winglets.

With (VGs) are used, the greater contact volume between mixing fluid
results in a higher (Nu). The vortex flows, impinging flow and small vortices,
created by the (VGs), are the cause for the heat transfer augmentation over the
smooth case. It is found that the delta winglet vortex generators can help to
enhance heat transfer rate due to the vortex flow induced from the vortex
generators. The uses of the generators not only increase in heat transfer rate,
but also increase in the pressure loss in the compact heat exchanger.
Therefore, the thermal performance in the heat system should be considered
on both the heat transfer augmentation and the increase in the friction factor.

Figure (5-70) shows a variation of the (f) with Reynolds number in single-
phase flow cross-bank of oval tubes with and without vortex generators. Due
to the narrow passages of fluid flow, (f) could have increased as the Reynolds
number increased, resulting in a higher pressure drop in the duct according to
the jet impingement effect.

Figure (5-71) shows the Reynolds number performance parameter in the
single-phase flow cross-bank of oval tubes with and without vortex generators
experimentally and numerically. The thermal performance, considered from
the increase on the heat transfer and friction factor in the test section, when
the Reynolds number increased, the performance parameter was reduced due
to pressure drop increased in the duct. This results which studied the effect of
different shapes from vortex generators in the duct on heat flow and found
that delta winglets are given the best performance. The increase of the Nusselt
number is due to the augmentation on the heat transfer coefficient when
increasing the Reynolds number value. In range studies, the increase in the

Nusselt number is found with increasing Reynolds number for all cases. The
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friction factor tends to decrease with the rise of Reynolds number for all

cases.
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Figure (5-68) Variation of Nusselt number with Reynolds number in single-
phase flow experimentally and numerically
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Figure (5-69) Rate of increase in (Nu) for single-phase flow
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5.6.2 Two-phase flow

The effect of the Reynolds number for two-phase flow over the bank of
oval tubes under the turbulent area on heat transfer rate and reduction in
pressure is significant to reach optimum design and the best location for
vortex generation experimentally and numerically. The performance
parameter was enhanced due to the reduction in pressure drop and the
decreased temperature difference between the two-phase flow and oval tube
surfaces in the duct. When the Reynolds number of water is decreased and the
Reynolds number of air is increased, the airflow rate increases (8.33, 16.67,
and 25 Lpm) with a constant water flow rate.

Figure (5-72) shows the variation of temperature difference with
Reynolds number in a two-phase flow cross-bank of oval tubes with and
without vortex generation. The heat transfer coefficient is increased due to a
reduction in the temperature difference between two-phase flow and oval tube
surfaces at a constant flow rate of water (15 Lpm).

Figure (5-73) shows the variation of the reduction in pressure with
Reynolds number in a two-phase flow cross-bank of oval tubes with and
without vortex generation. When the Reynolds number of water is decreased
and the Reynolds number of air is increased, which causes pressure drop
decreases in the duct at a constant flow rate of water (15 Lpm).

Figure (5-74) shows the relationship between the Reynolds number and
performance parameter in the two-phase flow cross-bank of oval tubes with
and without vortex generation. The performance parameter was enhanced
because the flow rate of water and air increased experimentally and
numerically except with Rectangular winglets. Delta winglets are given the
best performance.

Figure (5-75) shows the variation of temperature difference with Reynolds
number in a two-phase flow cross-bank of oval tubes with and without vortex

generators. The heat transfer coefficient is decreased due to augmentation in
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the temperature difference between two-phase flow and oval tube surfaces at
a constant flow rate of water (17.5 Lpm).

Figure (15-76) shows the variation of the reduction in pressure with
Reynolds number in a two-phase flow cross-bank of oval tubes with and
without vortex generation. When the Reynolds number of water is decreased
and the Reynolds number of air is increased, which causes pressure drop
decreases in the duct at a constant flow rate of water (17.5 Lpm).

Figure (5-77) shows the relationship between the Reynolds number and
performance parameter in the two-phase flow cross-bank of oval tubes with
and without vortex generation. The performance parameter was enhanced
numerically and decreased experimentally with increased flow rates of water
and air. Delta winglets are given the best performance.

Figure (5-78) shows the variation of temperature difference with
Reynolds number in a two-phase flow cross-bank of oval tubes with and
without vortex generation. The heat transfer coefficient is decreased due to
augmentation in the temperature difference between two-phase flow and oval
tube surfaces at a constant flow rate of water (20 Lpm).

Figure (5-79) shows the variation of the reduction in pressure with
Reynolds number in a two-phase flow cross-bank of oval tubes with and
without vortex generation. When the Reynolds number of water decreases and
the Reynolds number of air is increased, this causes pressure drop decreases
in the duct at a constant flow rate of water (20 Lpm).

Figure (5-80) shows the relationship between the Reynolds number and
performance parameter in the two-phase flow cross-bank of oval tubes with
and without vortex generation. The performance parameter was enhanced
because water and air flow rates increased experimentally and numerically
except with rectangular winglets. Delta winglets are given the best

performance.
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Figure (5-81) represents compared without (VGs) at (Q, =15 Lpm) and
(Q. =8.33, 16.67, and 25 Lpm). When (Re = 3644) the (Nu) increased by (80
%) numerically and by (81%) experimentally, at (Re = 3641) increased by
(76.4%) numerically and by (60%) experimentally, and finally at (Re = 3639)
increased by (81.6%) numerically and by (53%) experimentally with delta
winglets. Also, represents compared without (VGs) at (Re = 3644) the (Nu)
increased by (76.4%) numerically and by (71.7%) experimentally, at (Re =
3641) increased by (72.9%) numerically and by (58%) experimentally, and
finally at (Re = 3639) increased by (75.3%) numerically and by (47%)
experimentally with rectangular winglets. Also, represents compared without
(VGs) at (Qy =17.5 Lpm) and (Q, =8.33, 16.67, and 25 Lpm). When (Re =
4252) the (Nu) increased by (63%) numerically and by (34%) experimentally,
at (Re = 4249) increased by (68%) numerically and by (49%) experimentally,
and finally at (Re = 4247) increased by (72%) numerically and by (51%)
experimentally with delta winglets. Also, represents compared without (VGs)
at (Re = 4252) the (Nu) increased by (64%) numerically and by (35.8%)
experimentally, at (Re = 4249) increased by (67%) numerically and by (54%)
experimentally, and finally at (Re = 4247) increased by (68%) numerically
and by (55.6%) experimentally with rectangular winglets. Furthermore
represents compared without (VGs) at (Q,, =20 Lpm) and (Q, =8.33, 16.67,
and 25 Lpm). When (Re = 4810) the (Nu) increased by (69%) numerically
and by (70.4%) experimentally, at (Re = 4808) increased by (69%)
numerically and by (72%) experimentally, and finally at (Re = 4806)
increased by (64%) numerically and by (39%) experimentally with delta
winglets. Also, represents compared without (VGs) at (Re = 4810) the (Nu)
increased by (73.5%) numerically and by (74%) experimentally, at (Re =
4808) increased by (60.16%) numerically and by (60.78%) experimentally,
and finally at (Re = 4806) increased by (49%) numerically and by (30%)

experimentally with rectangular winglets.
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Figure (5-82) illustrates a comparison of the optimal performance
parameter for single-phase and two-phase flow over oval tube banks with
delta winglets. Increasing (Re) predictably leads in a larger fluid velocity as
more fluid is pumped from the hot wall side to the middle cooled tube area,
hence increasing the mixing considerably. Hence, heat transfer is significantly
improved. The fluid is at a lower temperature than the tube wall; hence, the
fluid temperature increases near the tube wall. Nevertheless, owing to the
symmetry boundary conditions (no thermal gradient) at the side walls or
edges, the fluid temperature is the same as the entrance temperature. Points of
stagnation are placed on the tube's surface, whereas velocity rises towards the
channel wall. However, temperature variation at the tube surface with (Re) is
apparent. When (VVGs) are used, the increased contact volume between mixed
fluids results in a greater (Nu). The vortex flows, impinging flow, and small
vortices produced by the vortex generators (VGs) are responsible for the
enhanced heat transfer compared to the smooth situation. Due to the vortex
flow created by the vortex generators, it has been shown that delta winglet
vortex generators can benefit in enhancing heat transfer rate. Use of the
generators increases not only the heat transfer rate but also the pressure drop
in the compact heat exchanger. And hence, the thermal performance of the
heat system must take into account both the increase in heat transfer and the
increase in friction factor.

The above observed that in all cases, any types of vortex generators were
used in banks of the tubes that promoted thermo-hydraulic performance in the
(HEs). There was usually a pressure drop which can illustrate as follows; for
the case without used vortex generators, the resistance of the flow of air in the
duct results only from the friction between water particles and duct walls with
tube walls. The resistance of the airflow in the duct when vortex generators
were used not only results from the friction between water particles and duct

walls with tube walls but also from extra resistance, which causes an increase
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in pressure loss through flow in the duct. The use of air as a second phase in
the working fluid reduces pressure losses inside the duct because the friction
of air particles with the duct wall and tube walls is lower than the friction of
water particles in the duct; consequently, the addition of air is beneficial for
reducing operating costs.

When the Reynolds number increased, (f) increased as a result of the
narrow passages of the fluid flow, which could result in a jet impingement
effect and consequently a higher pressure drops in the duct. Due to the
increased in pressure drop inside the duct, the thermal performance decreased
as a result of an increase in heat transfer and friction factor in the test section
as the Reynolds number increased. This investigation looked into the effect of
several vortex generator forms on heat flow and found that delta winglets
provide the best performance. The increase in the Nusselt number is a result
of the increase in the heat transfer coefficient as the Reynolds number
increases. In all range investigations, an increase in the Nusselt number is
linked to an increase in the Reynolds number. In all situations, the friction

factor tends to decrease as Reynolds number increases.
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Figure (5-72) Variation of Nusselt number with Reynolds number at (Q,=
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CHAPTER SIX
CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORKS

6.1 Conclusions

In this work, thirty-six experiments were performed. In twenty-four
situations of two-phase flow, the influence of various vortex generator types
and water and air flow rates was tested. The experimental results have been
contrasted with ANSYS FLUENT (19.0) simulation results. Also,
Workbench 19.0 is used to compute the results of fifty-two cases for many
configurations and analyzes to reach the optimum one. In this study, the
performance of (VGs) is investigated based on the temperature gradient
between the fluid flow and the surface of the tube bank, which corresponds
to the pressure drops inside the duct. The best performance at the lowest
temperature difference and the lowest pressure drops. The following
observations can be written according to the results of the current work:

1. In a single-phase flow (water) when the Reynolds number increased
from (3646) to (4252) and (4813), the (Nu) increased by (8.3%) and
(17%) numerically and by (8%) and (17.13%) experimentally, without
(VGs).

2. In a single-phase flow (water) when the Reynolds number increased
from (3646) to (4252) and (4813), the (f) decreased by (12.5%) and
(9.6%) numerically and by (2.1%) and (3.7%) experimentally, without
(VGs).

3. In a single-phase flow (water), at (Re = 3646) the (Nu) increased by
(52.8%) numerically and by (53%) experimentally, at (Re = 4254)
increased by (45.16%) numerically and by (45.67%) experimentally,
and finally at (Re = 4812.5) increased by (46.4%) numerically and by
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(45.68%) experimentally with delta winglets compared to without
(VGs).

4. In a single-phase flow (water), at (Re = 3646) the (Nu) increased by
(63.46%) numerically and by (62%) experimentally, at (Re = 4254)
increased by (60.16%) numerically and by (60.78%) experimentally,
and finally at (Re = 4813) increased by (59.1%) numerically and by
(58.56%) experimentally with rectangular winglets compared to
without (VGS).

5. In a single-phase flow (water) the best performance parameter was
found to be (2.4) numerically and (2.8) experimentally with delta
winglets, (1.6) numerically and (1.5) experimentally with rectangular
winglets.

6. In a two-phase flow (water-air), the (Nu) increased by (80%)
numerically and by (81%) experimentally with delta winglets
compared to without (VGS).

7. In a two-phase flow (water-air), the (Nu) increased by (76.4%)
numerically and by (71.7%) experimentally with rectangular winglets
compared to without (VGs).

8. In a two-phase flow (water-air), the (f) decreased by (19.65%)
numerically and by (19.6%) experimentally with delta winglets
compared to without (VGs).

9. In a two-phase flow (water-air), the (f) decreased by (13.5%)
numerically and by (5%) experimentally with rectangular winglets
compared to without (VGs).

10. In a two-phase flow (water-air), the best performance parameter was
found to be (2.24) numerically and (2.25) experimentally with delta
winglets, (2) numerically and (1.81) experimentally with rectangular

winglets.
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11. The best thermo-hydraulic performance is obtained by delta winglets
at (15) an angle of attack for the oval tube banks in the two-phase flow

with (CFD) configuration and moderate turbulent flow rate.

6.2 Suggestions for Future Works

1. Other configurations, shapes, lengths, heights, and positions of vortex
generators can be investigated numerically and experimentally.

2. Carrying out an experimental study on a wider Reynolds number than
the one used in this study.

3. Studying (Nu), (f) and temperature distribution through noncircular
tube banks heat exchangers with vortex generators.

4. Investigating the effect of phase-change of the working fluid in the
heat exchanger with (VGs).
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Appendix A Calibration

1) Water flow meter calibration
Table (A-1) contains calibration data, and Figure (A-1) depicts the

calibration curves for the water flow meter

Table (A-1) Calibration Data

Qa (L/min) V (L) t (min) Q: (L/min)
15 40 2.68 14.925
20 40 2.014 19.86
25 40 1.611 24.83
30 40 1.342 29.8
30
25 -
<
E
S
o
20 g
15
15 20 25 30
Q; (L/min)

Figure (A-1) Flowmeter calibration curve
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Appendix A Calibration

2) Calibration of the Thermocouple

Table (A-2) explains the result of calibrating the thermocouple. The
calibration and the correlation between the reference value and the indicated
values are shown in Figures (A-2) and (A-3).

Table (A-2) Thermocouple Calibration Data

Reference value Indicate value Correlation value
Set value C o o o
C C C
10 11.35 10.80 0.55
50 50.51 49.00 1.51
70 71.07 69.20 1.87
100 101.73 100.60 1.13

120
100 /
80 Z
/ — @ — Reference value °C
40

Indicate value °C

Temperture C

0 20 40 60 80 100 120

Temperture C

Figure (A-2) The relationship between the reference and the indicated values

of the temperatures
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Calibration

Appendix A

3) Thermocouple Calibration

Figure (A
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Appendix B The Uncertaint

The Uncertainty: to calculate the uncertainty of the experimental results

the following parameter is concerned:

1) The mean value of the variable x calculated as:  X,,0qn 1nx‘

2) The standard deviation of x, given by: o= /%
- - . _ i

3) The standard error is given by: Om = 7=

4) The uncertainty of variable x given by: X=Xt o,

The calculation of uncertainty for the performance parameter (j/f) is shown
in the table below:

The The tested - U aint
variable values Xmean o Om x ncertainty

Performance parameter for flow with delta (VGs)

1 x1 2.8
2 X2 2.73 2.7525 0.036 0.018 2.7705 0.0065
3 X3 2.76 2.7345 -0.0066
4 x4 2.72

Performance parameter for flow with rectangular (VGs)

1 x1 1.512

2 X2 1.52 1.5155 0.0127 0.00635 1.52185 0.0042
3 x3 15 1.50915 -0.004208
4 x4 1.53
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Appendix C

Samples from Results

1) Circular Tube Banks (0. = 15)
e The temperature difference between two-phase flow (water

and air) and circular tube surfaces at many positions in the
duct (x = 42.5, 55, 67.5, and 80 cm) in (°C)

X-Position [ Without | CFU | CFD CFU CFD CFU [ CFD CFU CFD
(cm) Vortex | Delta Delta | Rectangular | Rectangular | Zikzak | Zikzak | Sinusoidal | Sinusoidal
42.5 16.9 | 11.301 | 10.794 10.354 10.494 10.555 | 9.78 10.059 10.128
55 17.373 | 10.193 | 10.603 10.318 10.772 10.34 | 9.967 9.488 10.127
67.5 14,974 | 10.832 | 10.82 10.516 10.065 9.939 | 10.063 9.891 10.309
80 16.803 | 10.648 | 10.548 10.861 10.783 10.866 | 10.357 9.599 9.997

e Inlet and outlet pressure in the duct in (Pa)

X-Position |  Without CFU | CFD CFU CFD CFU | CFD CFU CFD
(cm) Vortex Delta | Delta | Rectangular | Rectangular | Zikzak | Zikzak | Sinusoidal | Sinusoidal
0 23.1361 20.94 | 21.29 23.1821 23.248 31.28 | 31.56 44.0536 33.7974
100 0.00889211 | 0.095 | 0.1192 | 0.101766 0.100015 | 0.1157 | 0.102 | 0.073435 | 0.126243

2) Oval Tube Banks (a.=15)

e The temperature difference between two-phase flow (water
and air) and circular tube surfaces at many positions in the
duct (x = 42.5, 55, 67.5, and 80 cm) in (°C)

X-Position | Without | CFU CFD CFU CFD CFU CFD CFU CFD
(cm) Vortex Delta Delta | Rectangular | Rectangular | Zikzak | Zikzak | Sinusoidal | Sinusoidal
42.5 18.977 | 11.448 | 11.308 11.719 11.298 | 10.817 | 10.861 10.819 10.629
55 17.107 | 11.331 | 10.985 11.587 11.398 | 11.128 | 10.892 10.398 10.638
67.5 19.171 | 11.023 | 11.083 10.951 10.954 | 10.877 | 10.882 10.96 10.966
80 17.063 | 11.201 | 10.867 11.412 10.929 | 11.147 | 10.755 10.596 10.491

e Inlet and outlet pressure in the duct in (Pa)

X CFU CFD CFU CFD

Positio | Without CFU CFD Rectangul | Rectangul CFU CFD Sinusoid | Sinusoid
n Vortex Delta Delta Zikzak Zikzak

(cm) ar ar al al
0 19.48 | 17.999 | 18.1718 19.6443 19.5879 | 25.5389 | 25.771 | 32.2946 | 27.2303

100 0.0159 | 0.0962 | 0.09339 | 0.092254 | 0.101866 | 0.07153 | 0.07520 | 0.10934 | 0.08165
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Appendix C

Samp

les from Results

3) Single-phase flow

flow experimentally and numerically

Nusselt number with Reynolds number in single-phase

Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
3645.95 5.45 8.33 8.83 5.72 8.74 9.35
4254 5.89 8.58 9.47 6.2 9 9.93
4812.5 6.37 9.28 10.1 6.7 9.81 10.66
e Friction factor with Reynolds number in single-phase
flow experimentally and numerically
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
3645.95 1.4 0.758 15 1.26 0.8 1.2278
4254 1.37 0.82639 1.65278 1.10196 0.7162 1.10516
48125 | 1.34876 13 1.518 1.1386 0.95 1.291
e Performance parameter with Reynolds number in single-
phase flow experimentally and numerically
Re Ex.Delta Ex.Rectangular | Num.Delta | Num.Rectangular
3645.95 | 2.8229769 1.512 2.4 1.67748
4254 | 2.41494646 1.332724 2.233481 1.596975
4812.5 1.51147 1.4 1.754857 1.4
4) Two-phase flow
e Nusselt number with Reynolds number in two-phase flow
experimentally and numerically at (Q, = 15 Lpm) and
(Q,=8.33, 16.67 and 25 Lpm)
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
3643.5 5.2 9.4 8.93 5.84 10.5 10.3
3641 6.2 9.92 9.8 5.84 10.3 10.1
3638.67 6.6 10.1 9.7 5.76 10.46 10.1
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Appendix C

Samples from Results

Friction factor with Reynolds number in two-phase flow
experimentally and numerically at (Q,, = 15 Lpm) and
(Qs,=8.33, 16.67 and 25 Lpm)

Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
3643.5 | 1.03295 0.83 0.98 2.0659 1.66 1.78539
3641 | 0.8918485 | 0.716976 0.87 1.382365 1.096973 1.17584
3638.67 0.57 0.5 0.54 0.789177 | 0.634436 0.679753
e Performance parameter with Reynolds number in two-
phase flow experimentally and numerically at (Q,, = 15
Lpm) and (Q.= 8.33, 16.67 and 25 Lpm)
Re Ex.Delta Ex.Rectangular | Num.Delta | Num.Rectangular
3643.5 | 2.2497057 1.81 2.237575 2.04
3641 1.99 1.62 2.222548 2.0332
3638.67 1.7445 1.55 2.25889 2.035739
e Nusselt number with Reynolds number in two-phase flow
experimentally and numerically at (Q, = 17.5 Lpm) and
(Qa=8.33, 16.67 and 25 Lpm)
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
4251.57 6.7 8.95 9.1 6.4 10.45 10.5
4249 6.5 9.7 10 6.33 10.67 10.6
4246.7 6.75 10.2 10.5 6.33 10.89 10.64
e Friction factor with Reynolds number in two-phase flow
experimentally and numerically at (Q,, = 17.5 Lpm) and
(Q,=8.33, 16.67 and 25 Lpm)
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
4251.57 2.42 2.075733 2.3722672 1.94 1.53 1.6546564
4249 1.73 1.394 1.67286 1.4 1.12 1.21
4246.7 0.9 0.8 0.855479 0.88855 0.7186 0.7742
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Appendix C

Samples from Results

Performance parameter with Reynolds number in two-
phase flow experimentally and numerically at (Q,, = 17.5
Lpm) and (Q.= 8.33, 16.67 and 25 Lpm)

Re Ex.Delta Ex.Rectangular | Num.Delta | Num.Rectangular
425157 | 1.55737 1.385538 2.07036 1.923549
4249 1.852 1.59 2.107 1.937514
4246.7 1.7 1.6365 2.127251 1.929
Nusselt number with Reynolds number in two-phase flow
experimentally and numerically at (Q, = 20 Lpm) and
(Q,=8.33, 16.67 and 25 Lpm)
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
4810 5.5 9.37 9.63 6.4 10.8 11.1
4807.6 6 10.3 9.85 6.7 11.3 11.1
4805.2 7.5 10.4 9.7 6.87 11.3 10.3
Friction factor with Reynolds number in two-phase flow
experimentally and numerically at (Q,, = 20 Lpm) and
(Qa=8.33, 16.67 and 25 Lpm)
Ex.Without Num.Without
Re (VGs) Ex.Delta Ex.Rectangular (VGs) Num.Delta | Num.Rectangular
4810 1.82 0.8958 1.79 1.749 1.415369 1.54
4807.6 0.98 0.83176 0.924177 1.43698 1.1598 1.2615
4805.2 0.42 0.2597 0.371 0.9599 0.782838 0.84962
Performance parameter with Reynolds number in two-
phase flow experimentally and numerically at (Q,, = 20
Lpm) and (Q.= 8.33, 16.67 and 25 Lpm)
Re Ex.Delta Ex.Rectangular | Num.Delta | Num.Rectangular
4810 3.46 1.78 2.085278 1.96975
4807.6 | 2.0226187 1.74 2.089639 1.88717
4805.2 | 2.2425876 1.46415 2.01686 1.693877
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