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Abstract

Heat transfer enhancement was investigated numerically and
experimentally in a two-pass ribbed channel with ribs heated at constant
temperature and installed in the base. Optimum design of two-pass channel
of rectangular cross-section with eight ribs and sharp bend was investigated
with four different configurations depending on the three-dimensional
governing equations using ANSYS 2021 R1. The working fluid is classified
into two-phase flow, three-phase flow as air-water and air-water-gasoil at
ambient condition. Variable parameters of this study could be considered as:
the length to hydraulic diameter ratio was with a range of (0 < S/D <40.525),
the Reynold numbers for two phase flow was with a range of (72456.3 to
116031.4) while for the three-phase flow, a Reynolds number was with a
range from (128182 to 223551.6). Numerical results of optimum design
show that the percentage of enhancing heat transfer of curved ribs is 34.55%
higher than that for the V-shaped ribs. While the percentage of increasing
pressure drop for VV-shaped ribs 60.01% is higher than curved ribs. The circle
shape of perforating is enhanced heat transfer more than the square and the
triangle perforating shapes for same the area by about 7.47 % and 6.1%
respectively. The pressure drop in square area has a maximum value with
percentages about (7.48% and 12.3%) for triangle and circle areas,
respectively.The area of diameter (3 mm) is enhanced heat transfer more than
(6 and 9 mm) by about 15.4% and 21.25% respectively, also, it has the
highest pressure drop about (15.1% and 22.82%) in comparison with (6 and
9 mm) respectively. The percentages of heat transfer enhancement for 45° is
about 19.45% and 7.52% with respect to 30° and 60° respectively. Whereas
the percentages of increasing pressure drop in 60° is about 43.98 % and 15.27
% with respect to 30° and 45°, respectively. The most significant numerical

results showed that the optimum design for the two-pass channel of a sharp



bend is with curved ribs of a circular perforating of (3mm) and rib angle of
45° depending on the same conditions. Two types of flow (two-phase flow
and three phase flow) with varies flow rates are investigated in an optimum
design when the rib temperature varied from 50°C to 70°C.The ratio of the
heat transfer enhancement (Nu/Nuo) increases and the friction ratio(f/f,)
decreases both with increasing velocities and rib temperature. The flow
pattern is a “Plug pattern” for the two types of the flow that have a mass flux
for liquid phase and gas phase of ranges (2100 > Gjiquig > 300 and Ggas < 2)
.The observation shows that the Performance Criteria Evaluation (PCE)
decreases with increasing Var and Vaer for the two-phase flow and
increasing Vair , Vwater aNd Vgasoil fOr the three-phase flow at constant Tri, but
it increases with increasing T, at constant velocities. The deviation
percentage between present work and Dhanasekaran T. S [29] are
calculated about 1.8% .Also , the results were compared with other
researchers Wei Wang [30] and Longfei [44] where there was good
agreement. The deviations between the numerical and experimental results
for the two phase flow at conditions Vg are varied from 1.3157m/s to
3.29m/s, Vaer=0.1684m/s and T,j»,=60°C for heat transfer coefficient (h)
,Nusselt numbers (Nu), temperature of fluid, pressure drop, and friction
ratios ( f/f,)are about 8.75% , 9.5 % ,0.2 %,11.6 %,and 5.21 % respectively
In the three phase flow at the same conditions and Vg.sii=0.042m/s, the
deviations of heat transfer coefficients ,Nu, temperature of fluid, pressure
drop, and ratio f/f, are about 6.16%, 9.02 % ,0.5 %,12.7 %, and 6.23 %,

respectively.



Nomenclature

Symbols Definition Units
A Cross-sectional area m?
AR Aspect ratio
Cp Specific heat at constant pressure J/kg.K
Dn hydraulic diameter m
E Energy J
e Rib height mm
e/Dy | Ratio of rib height to hydraulic diameter
e/H Rib height to channel height
f Friction factor
f/fo Friction ratio
G Mass flux
g Acceleration of gravity (9.81) m/s?
hx Heat transfer coefficient W/m?2.K
| Current Amper
I Turbulent intensity -
k Thermal conductivity W/m .K
L Length m
m Mass flow rate Kgls
Nu Nusselt Number ...
Nu/Nu, | Enhancement ratio
Nu Average Nusselt Number
Ple Pitch to rib heightratio | ......
P Pitch m
Ple Ratio of pitch to rib height | ......
P Pressure N/m?




q Heat flux W/m?
Q Heat transfer rate w
0 Flow rate L/min
Re Reynolds number
Distance in streamwise direction from inlet of
> ribbed region, bend, and outlet ribbed region m
Ratio of distance in streamwise direction
S/ID | from inlet of ribbed region, bend, and outlet
ribbed region to hydraulic diameter
t Time sec
T Temperature K
\Y Voltage Volt
\/ Velocity m/s
v Mass averaged velocity m/s
Win/H | Aspect ratio
w Wetted perimeter of the channel m
Distance from the wall to the first grid cell’s
v center
Greek symbols
Symbol Description Units
o Volume fraction -
€ Turbulent dissipation rate m2/s?
K Turbulent kinetic energy m2/s?
K Dynamic viscosity kg/m. s
p Density kg/m?
AP Pressure drops Pa
o Specific rate of dissipation m2/s®

v




AT Temperature difference
Sub scripts
Symbol Description
air Air
avg. Average value
B Bend
dr Drift velocity
bulk Bulk
gasoil Gasaoll
h Hydraulic
k Phase
in Inlet
mixture ,m Mixture
n Number of the Phases
0 Smooth
rib Rib
S Surface of Rib
t Turbulent
water Water

Abbreviations

Abbreviation

Description

ANSYS Analysis of System

CFD Computational Fluid Dynamics
CFX Computational Fluid Xerography
2-D Two dimensions

3-D Three dimensions




N Negative orientation with flow

P Positive orientation with flow

PN Positive-Negative orientation.

PCE Thermal Performance Criteria Evaluation.

ORIR, ORIS,

ORRIR,ORRIS, | Inner (I), Outer (O) bend wall have shapes: Round (R )
OSRIR, OSIS, | or Square (S) with two corners (L) left and (R ) Right .
OLRIR, OLRIS

RANS Reynold Averaged Navier Stokes model

SST Shear Stress Transport Model

Vi
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Chapter One Introduction

Chapter One: Introduction

The enhancement of convective heat transfer has a great role in a channel flow
which requires more turbulence in the flow. Many modifications have been
carried out in the last 10 years on the techniques of enhancing heat transfer. A
channel flow is employed in many commercial and variety engineering industries
as a power generation, petrochemical, and petroleum depended on the nature of
fluids. The technological advancements in thermal energy system required to
solve energy problem and determine the cost. On the other hand, the study of
enhanced surface heat transfer is of considerable interest in the wide range of
industrial and transport applications. In most cases enhanced surfaces are used as
the basic element of a devices that deal with concepts of heat exchange [1].

In recent years, the cost /saving of energy and material is increased to produce
more efficient heat exchange equipment. For perfect design, as it needs exact
analysis of heat transfer rate and pressure drop. The major factor in optimum
design is to make the best heat exchange with high heat transfer rate using
minimum pumping power [2].

The methods that used to enhance convective of heat transfer is divided into
two techniques: passive and active techniques. These techniques are working to
enhance heat transfer from one hand and high pressure drop and friction on the
other [3]. Techniques of enhancing heat transfer can be classified the mechanisms
of enhancing heat transfer as active and passive techniques depending on having
or not having extra power [4,5 and 6]. Passive techniques do not require an
external power input, except for pump or blower power to move the fluid, and
involve the use of roughened surfaces, extended surfaces, displaced promoters,
and swirl flow devices. The other kind, active techniques, need extra power such

as using an electric or acoustic fields, surface vibration, and mechanical aids
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merely. One such method, over the past thirty years ribs are used due to their high
thermal performance factor [7].

As for the flow within these channels, especially in modern industrial fields, a
strong demand focused on analysis of multiphase flow problems [8].

To produce the better understanding of most important mechanisms of heat
transfer in a channel flow, numerical simulations may be therefore a helpful tool.
Computational Fluent Dynamics (CFD) can be considered as an effective tool for
estimating the heat transfer coefficients and the pressure drop to clear the
enhancement values. However, the accuracy of the calculation depends on the

choice of the most appropriate flow model for (CFD) simulation [9].

1.1 Passive Heat Transfer Techniques

One of the problems is to establish generally-applicable selection criteria for
the use of heat transfer techniques. The disadvantages of the passive heat transfer
technique are the using of a large number of factors that enter into the decision
problem. Many of these are economic factors, such as initial cost, maintenance
cost, development cost, etc. and other considerations such as reliability and
safety. The essential principle of these techniques is to enhance the convective
heat transfer which can be achieved by the following principles [10].

1. Decreasing the thermal boundary layer thickness.

2. Increasing the turbulence in the fluid flow.

3. Increasing the velocity gradient near the heat transfer wall.

The use of this technique causes a swirl in the bulk of the fluids and disturbs the
actual boundary layer so as to increase effective surface area. The passive

technique involves important techniques, as below: [3,4]

1.1.1 Roughen the Surfaces (Ribs).

It’s a common geometric technique to roughen the surface and enhance forced

convection by increasing the turbulence effect and increase surface area for heat
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transfer. Its existence provided more disturbing flow by breaking the boundary
layer. Although, the active role of rib that performed, these structures have

negatives, as increase friction, the pressure drop leads to high losses [2,7].

1.1.2 Using Curved Geometry (Bend)

Bend is one of the typical components of piping system and any turn (bend) in
channel represented as a technique to enhance heat transfer and fluid flow because
it generated an additional centrifugal force and grew of secondary flow in the
bend region [8,11].

1.1.3 Surface Area of Channels

The increasing surface area of convection represents important factor to
enhance heat transfer by using rough walls. The use of walls with shapes such as
longitudinal wavy rib along wavy channel or expanded the heat exchange in the
channel by increasing the aspect ratio to 2:linstead of 1:1 as shown in Figure
(1.1) a, b, [12,13].

Endwall 2 Outer sidewall = Innersidewall AA' section
L=300mm s=s8mm W=S0mm H=S0mm 10mm Stainless steel heating foil
1mm b R P i . _ S
ak rib F - ‘
H
rib
S
> 1 @ Flow
Re9.6mm 3 40m 38mm 48mm L > Direction
p
I HWGFEDCE Ay
E ) ) , :
T 3 >
2 Wavy rib
I KLMNOP QR ‘Undulant channel sidewall

(a) Wavy channel with wavy Rib [12].
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2nd pass

AR =122

(b)Dimensions and Aspect ratio [13]
Figure (1.1). Increasing the area of heat exchange.

1.2 Rib Geometry

To understand the physics of flow related to the ribs, it should commonly
define the features of ribs such as height, configuration, and rib spacing. Figure
(1.2) (a) provides the schematic of the flow behavior inside ribbed channel. The
significance and principle of ribs is to create a turbulence and break the boundary
layer due to the separation and reattachment of flow. From this figure, it can be
shown the separated boundary layer is induced by the upstream rib form a
separated shear layer and reattaches on wall of channel [14]. Also, the typical
behavior of local heat transfer distribution in inter-rib region of the fully
developed channel is shown in Figure (1.3). The minimum values of local heat
transfer is at a region X8 because of recirculation flow while the local maximum
value is in the region X9 because of reattachment in flow. After reattachment, the
local heat transfer is decreased until reaching a minimum valve at X10 due to
separation. At the corner of the rib in downstream created a small vortex which
tapered some flow and produced a maximum local heat transfer in region
X11.Enhacment in heat transfer attached an increasing in pressure drop of fluids

and pumping power [15].
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Many geometries of ribs have been proposed to enhance heat transfer and

more of them are still being developed. It involved various geometrical

parameters as below [14]: -

a. Shape: Contribute to turbulence, most of ribs found are rectangular ribs,

square ribs, inclined angle ribs, triangular ribs, M-shaped rib, W-shaped

rib and V-Shaped rib.

b. Height: Available heights of ribs are preferred to achieve turbulence; they

effect flow in few numbers of rib.

c. Space between two ribs: Distance between ribs effects the reattachment

and separation regions.

d. Width: Suitable widths of ribs are preferred to increase the surface area

for transfer energy.
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Figure (1.2) Flow structure near the ribbed wall.[14].
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e- Ribs Angle and Orientation

The rib angle with respect to the direction of flow represents one of the main
factors in creating turbulence and vortices and thus enhancing heat transfer. Using
the angle, the efficient area that will be contributed can be determined. Therefore,
It is necessary to choose the angle that gives more resistance to more turbulence
and more heat transfer as shown in Figure (1.4) a, [17].
Although the term “Rib Orientation” of ribs with respect to the flow direction has
a crucial role to enhance the heat transfer within the channel without incurring
the penalties of friction and pressure drop that are severe enough to negate the
benefits of heat transfer enhancement. The orientations of ribs may be arranged
as negative-negative, positive-positive, positive-negative, and negative-positive
are measured depending on flow direction in the two pass channels, as shown in
Figure (1.4) b, [18].
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(a) Different Rib angles [17].
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(b) Ribs orientation [18].

Figure (1.4). Ribs angles and orientation arrangement.
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1.3 Concept of Ribbed Surface of Two-Pass Channels

The technology development of heat transfer focused mainly on the
improvement of ribbed surface to increase the internal area and break down the
laminar sublayer to redevelop the boundary layer and help in enhancing heat
transfer. When the ribs disturb the incoming boundary layer, it creates a
turbulence. Although the complex flow field generated by the ribs provides
significant heat transfer enhancement, the presence of these roughness elements
results in pressure drop. In the past, numerous experimental and numerical studies
have been carried out to assess the thermal performance factor of the roughening
features [13-14].

In past, this technique used in gas turbine and heat exchangers when air cooling
needs to provide secondary flow for more turbulence. Fluid flow and heat transfer
in rectangular channel is most commonly studied due to their wide applications.
Therefore, the investigation of heat transfer enhancement in rectangular channel
is essential. The rib technique for improving and increasing surface area has been
used in heat transfer enhancement to provide efficient mixing and strong
secondary flow [4]. Recently, many techniques used to enhance heat transfer are
reported, which modify the inclined rib pattern and geometry along the
downstream direction to reduce pressure drop. In past several years, most
researches had concentrated on ribs and turbulence to provides a better thermal
contact between the surface and the fluid create swirl to improve the temperature

gradient, which ultimately leads to a high heat transfer coefficient [5].
1.4 Concept of Bend

The bend configuration is almost in transportation systems. It existed
necessary in piping system specially oil-water flow application such as
petrochemical industries, petroleum production and transportation. The efficient

configuration plays a great role to create turbulence when needs to enhance heat
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transfer. The reasons for using bend with different configuration are related to
limit the installation space and change the direction of channel. Besides
flexibility, a bend with a specific shape, i.e., a sharp-bend, provides turbulence
and pressure drop for the purpose of transferring heat. The bend depends on fluids
and purpose of using, it sometime appropriates in transportation fluids from place
to another or in heat exchangers, cooling ducts and pneumatic conveying dryer

applications [8].
1.5 Concept of Two-Phase Flow and Three Phase Flow

In recent years, the investigation more than one phase flow attracts more interest
in many studies. For example, one of the most applications of three-phase flow is
in the petrochemical industry in which gas phase usually flows in a combination
with oil and water phases in transportation pipelines to enhance heat transfer [8].
Studying flow characteristics such as pressure drop is a necessary for designing

this equipment.

Generally, three-phase flows are more complex than gas-liquid two-phase
flows because of an additional phase with different physical properties which
leads to a wide variety of behavior and properties. The fluids that passed through
ribbed region and then in the bend are affected by complex behavior such as

secondary flow and turbulence [8,17].
1.6 Industrial Applications

A channel flow that required increasing heat transfer coefficient depends on
passing fluids. Rectangular channels with ribs are widely used in compact heat
exchangers to enhance the heat transfer, because the ribs increase the turbulent
fluid flow near the wall and disrupt the thermal boundary layer [1-3]. However,
the traditional methods usually generate great pressure drop and consume more
pumps energy. The two-pass channel is used with a wide range when the working

fluid as air-water, oil-water, air-steam, and nano fluid—air etc. There are many
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applications such as piping system, power generation, chemical engineering
process, heat exchangers [19-24]. A multi-phase flow used in several industries

as petroleum production, transportation and petrochemical industries [8 ,26].
1.7 The main objective

The main objective of this study is to develop and modify a ribbed channel of
two-pass flow to obtain an optimum design. The numerical and experimental
investigations are used to enhance heat transfer in case of two-phase or three
phase flow in a horizontal rectangular Ribbed two-pass channel under turbulent
flow with Re ranged for two phase flow and three-phase flow are with a range of
((Re>72456.3)) and ((Re > 128182)) at constant inlet temperature, respectively.

This goal is accomplished through the following main steps:
A. Numerical Part

The aim of the present work is to study and analysis an optimum design of ribbed
channel of two-pass using ANSYS Fluent commercial CFD software. There are
several modifications are: first, the simple smooth channel is analyzed, then, the
comparison between the two shapes of ribs (Curved rib and V-shaped rib) is done
to obtain an optimum rib. After that, comparison shapes perforating area are as
(circle, triangle, square) at same cross section. Then, investigating the perforating
area as circle diameters are (3,6,9) mm. And, comparison rib angles are
(30°,45°,60°). Also, the behaviors of two types of flow are two and three phase

flow with different ribs temperature and flow velocities.

B. Experimental Part
Experimental test rig of optimum design is built with all necessary apparatuses
required to evaluate the heat transfer and pressure drop for two types of flow at

varies rib temperature with varies velocities.
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1.9 Layout of Dissertation

It consists of six main chapters:

e The introduction and the general overview are introduced in chapter one.

e Chapter two gives a systematic and comprehensive review of the literature

on related research problems.

e Chapter three described the work numerical to choose the optimum design
after a series of modifications with several experiments with different

boundary conditions.

e Chapter four is devoted to describe the experimental construction and
measuring instrumentations and show the comparison with the numerical

model.
e Results of the study are presented and discussed in chapter five.

e The conclusions and suggestions are summarized in chapter six.

10
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Chapter Two: Literature Review

2.1. Introduction

This chapter focused on the significant of recent researches that
improve the geometric shape of ribbed with two-pass channel or without
ribs and its influence on the heat transfer enhancement and flow. The

classification of these researches can be done as follows: -

2.2. Numerical Studies

Su et al. [27] studied numerically the effect of high Reynolds numbers
on heat transfer coefficients and friction factors in 3-D geometry with three
cases of aspect ratios (AR =1:1; 1:2; 1:4) and same length and bend shape
of smooth two-pass channels. Re of air ranged from 10,000 t0100,000.
Results presented that the AR was strongly affected on vortices also the
Nu\Nu, decreased when Re increased. In addition, the AR=1:2 rectangular
channel has the highest Nu\Nu, at turn region because vortices were
stronger than AR=1:1 or 1:4 channels .The heat transfer in bend was high
due to turbulence and associated pressure gradient, while the AR=1:2 has
higher enhancement in heat transfer than AR=1:4 at same conditions,
because vortices generated in bend region would develop to the highest
strength and expand to entire second-pass while remaining confined to
leading and trailing surface in AR=1:4 of channels. Also, it observed when
Re increased that f//f, decreased for three cases of aspect ratios.

Kamali et al. [28] described numerically the characteristics for the heat
transfer and behavior of flow in 2-D channel with many shapes of ribs
named as square, triangle and trapezoidal installed in one wall. Re ranged
for air flow from 8000 to 20000.The main goal of this study is to provide
information about local heat transfer for different ribs of various kinds. The

results showed that the heat transfer coefficients were strongly affected by
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rib shapes. Also, the cases of [trapezoidal rib with decreasing height in flow
direction] provided highest enhancement in heat transfer and pressure drop
than other cases because of rib feature created more turbulence and losses.
In addition, it found that (f) in case (the trapezoidal rib with increasing
height in flow direction) had lowest value.

Dhanasekaran et al. [29] investigated numerical work the role of ribs
and bend on the heat transfer enhancement and Nu distribution of internally
air flow through two-pass channel with 45° ribbed with positive—negative
arrangement where ribs installed in top and bottom walls. To predict mist
cooling enhancement in rectangular ribbed channel with constant heat flux.
Re were as 5000,10000,25000 and 40000 and temperature of 300K where
assumed the exist pressure to be a constant value of 1 atm. Results showed
that the turbulence generated due to bend shape and Nu increased with Re
increased through channel. Also, the presented effect of bend on behavior
of Nu with the presence of ribs was as a fluctuant curve and it observed
that ribbed regions and bend had high Nu values in comparison with
smooth channel at Re=25000.

Wei et al. [30] investigated numerically in three-dimensional flow
(mist-air) and the heat transfer enhancement in two-pass of square cross
section and sharp bend of the channels with 45° angled ribs install on top
& base as a heated walls under fixed surface temperature (T.) with no slip.
Re was about 25000 at static pressure 1x10%. ANSYS CFX 11.0 simulated
work and used (k-¢ turbulence model). Results indicated that the Nu
increased in ribbed regions and bend region. Also, the reasons explained
this behavior were that high turbulence in ribbed region led to break
boundary layer and created flow pattern was quite complex, but in bend,
the turbulence decreased. The curve behavior of Nu at first decreased
because of smooth region of low turbulence when in ribbed regions the

turbulence increased led to increase Nu with fluctuant behavior.
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Siddique et al. [31] analyzed numerically the heat transfer
enhancement as three-dimensional geometry in two-pass channels of
walls roughened of 45° with aspect ratio equal to (Wi,/H=1:3) in the inlet
pass and (1:1) in outlet pass connected with sharp 180° bend .Also
comparison with a reference channel of W/H=1:2 channel .By CFD Fluent
simulated and Re equal 100,000 with inlet air temperature 310 K. Results
noticed that pressure drop inlet pass W/H=1:3 have lower values in
comparison with W/H=1:2 in the entire channel. The less pressure drop
was an important advantage in design made W/H=1:3 as aspect ratio was
more attractive. In addition, pressure drop decreased with decreasing
aspect ratio in ribbed region channel. Also, heat transfer at tip wall and
bend decreased for the smaller aspect ratio of inlet pass Win/H=1:3 .Heat
transfer enhancement increased with smaller aspect ratio channel.

Shen et al. [32] investigated numerical study of combination two means
(dimples and bleed holes) to enhancement heat transfer behavior in two-
pass with bend 180° channel. Simulation performed by RANS with
different position of hole and angle of installation. Comparison the
enhancement of heat transfer of dimples with bleed with other devices of
enhancing heat such as ribbed channels. Pressure drop in the two pass was
slightly but in the bend was very sharply with Reynolds numbers varied
from 12500 to 50000. Results indicated that the rate heat transfer are higher
in case of dimples and bleed holes than case of using dimples or holes
separately. Results observed that Nu and heat transfer were higher in
second—pass than in first pass led to heat transfer more enhancing. The
holes of bleed have higher Nu because of boundary layer destruction by
different bleed position. In comparison of friction factor increased due to
bend than straight channel but the dimple contributed to increased pressure
drop was very slightly. Dimpled channels have much lower friction than

ribbed channel.

13



Chapter Two Literature Review

Ramadhan et ,al. [33] presented numerically a two-dimensional of
turbulent flow heat transfer through a grooved channel with circle cross
section. In this study four geometric shapes such as a (circular, rectangular,
trapezoidal and triangular) and aspect ratios of groove-depth to channel
diameter (0.1 & 0.2). Re ranged from 10,000 to 20,000 when the boundary
conditions were at constant heat flux =1000W/m? with inlet velocity
ranged from 3.18 and 6.36m/s of air with constant properties at T;, equal
300K.Simulation by CFD commercial code FLUENT. Results observed
that the best enhancement occurred with the lower depth-groove ratio.
Also, it was observed that the grooved provided a considerable increased
about 64.4 % in heat transfer than smooth channel. The optimum choice
for best enhancing in heat transfer was triangle groove for any depth and
in groove of (e/D=0.1) because it has a gained of thermal enhancement
factor about 1.52 than other. The groove is the most appropriate choice to
enhance the heat transfer based on reason because the (PCE) has 41.1%
higher than smooth channel.

Sahaetal. [34] studied numerically the effect of bend geometry on heat
transfer and pressure drop turbulent flow inside a two-pass channel of
AR=1:1with different bend geometries. In this study found geometry that
reduced the bend related pressure drop and enhance in heat transfer
coefficients. A square channel with a round U-bend is taken as a baseline
case and compared with nine different bend geometries named as turning
vane geometry, an asymmetrical bulb, three different symmetrical bulbs,
two different bow shaped geometries at the end wall, a bend with an array
of dimples in the bend region, and a bow and dimples geometry. In CFD
simulation used RANS equations and (realizable k-¢ turbulence model)
depending on computing Nu/Nu, , f/f, and PCE .Results found that all bend
geometries have significant effect and showing increased in PCE of a two-

pass channel. Also, the symmetrical bulb configuration showed reduce in
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f/f, and increased PCE 30% .The highest PCE was 41% over baseline in
type symmetrical bulb combined with bow along the outer walls and
surface dimples.

Balasubramanian et al. [35] studied numerically the behavior of heat
and flow in two-pass channel without ribs .All the wall imposed to constant
temperature about 350K when air flow rate with temperature 300K .The
turbulence model used realizable k-g of RANS for two layer 5< y+ < 30
as resolution mesh .In simulation used two types of mesh trimmer and
tetrahedral for Re around 30000.The results showed that heat transfer
coefficient is independent of the grid topology and present key parameter
for resolving the heat transfer coefficient at walls depended on the
resolution of boundary layer .The strong flow impingement and flow
separation at bend and large recirculation bubble in downstream and
bifurcation zone due to secondary flow after bend. Also, it showed that
high heat transfer in the impingements zone but large recirculation bubble
in second pass led to reduce heat transfer coefficient. In addition, the
tetrahedral mesh was more sufficient especially in bend region.

Zhu et al.[36]studied numerically the secondary flow and heat transfer
enhancement in rectangular two-pass channel with 45° ribs. Re of air flow
ranged from 25000 to 40000., Results showed that the main flow secondary
flow was thrown to the outer side wall after the bend due to the centrifugal
force, and it weakened in second pass and a new main flow secondary flow
was generated at same time near the opposite side wall in second pass. In
addition, heat transfer strength was dissipated in second—pass cause by
interaction between old and new secondary flow. Also, results showed that
the increasing of Re led to the reduction of the effect of corner on main
flow region in passage 2 ,at Re equal 40000 the secondary flow in main

flow region of corner is dissipated before the entrance of pass 2.1n addition,
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the heat transfer strength in the corner was obvious higher than in straight

passage due to the additional disturbance generated by secondary flow.

Al-Shamani et al. [37] investigated numerically the affecting of heat
transfer due to turbulent forced convective flow of Nano fluids through
rib—groove in one pass horizontal channel. Four cases of ribs and groove
named different trapezoidal configurations with flow direction and uniform
heat flux on up & down walls. The types of nanoparticles SiO, Al,O3, ZnO
and CuO. In this study, the results are carried out over a range of Re
10,000-40,000, at constant temperature. Results indicated that the cases
trapezoidal with increasing height in the flow direction with rib—
trapezoidal groove has the higher heat transfer rate and higher Nu. The type
SiO; had the highest Nu. Also, Nu increased as the volume fraction
increased. In addition, the trapezoidal rib-groove used good candidates for
the development of efficient mean for heat exchange.

Andreozzi et al. [38] presented numerically that forced convection
enhancement in channels with flow of water/Al,O3. Different arrangements
of geometric rib used such as trapezoidal, rectangular, triangular shapes
heated with constant uniform heat flux. Re ranged from 20,000 to 60,000.
Results showed the heat transfer rate increases with increasing Re and
nanoparticle volume fraction. The triangular ribs have higher-pressure
drop and Nu has higher than trapezoidal rib. The Nu increases while Re
increases in triangular ribs.

Zheng et al. [39] investigated numerically the effects of rib
arrangements on the flow pattern and heat transfer in an internally ribbed
heat exchanger tube with different rib arrangements. Ribs arranged in two
types with parallel type ribs and V shape type ribs. Re of water ranged from
6780 to 20340 with steady flow. The results observed effects of rib

arrangement on heat transfer and flow pattern as Nu and f in the V-type
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were about 57-76% and 86-94% higher than those in the P-type ribbed
tube, respectively. The (PCE) in V- type varied from 1.32 to 1.74, which
were about 27% - 41% higher than that in P-type at same pumping power
Also, the longitudinal swirl flow with multiple vortices induced in the V-
type ribbed tube was a more effective flow pattern for heat transfer,
compared to the longitudinal swirl flow with single vortex generated in the
P-type ribbed tube.

Gao et al. [40] investigated and compared numerically conjugated heat
transfer through channel with internal flow of stream /air in high aspect
ratio in two pass ribbed channel by relationship between flow field and heat
transfer under constant heat flux. Re ranged about larger than 30000.The
fluid field structure was shown by vortex core technology. The results
presented that the generation and separation of secondary flow led to
enhance local heat transfer strength. Also, the maximum difference in
temperature of inner and outer surface in certain position was lower than
2K.

Kim et al. [41] investigated numerically the effect of the non-uniform
inlet velocity profile and heat transfer in ribbed channel. Four inlet air
velocity profile named as: fully developed flow, uniform inlet profile,
asymmetrical flow of maximum velocity near lower level, asymmetrical
flow for upper level when the mass flow rate for all cases was same Re
based on mean velocity for all cases. Re varied as 10,000 and 30,000. The
rib installation with angle was 60°and ratio of rib-pitch to height ratio (P/e)
equall0. Results showed that the local heat transfer and pressure drop
affected by the inlet velocity profile in channel. The inlet velocity profile
altered the path and strength of the secondary flow. The overall Nu/Nu,
was the highest value for profile of uniform and case (the fully developed
inlet profile) resulted in the lowest Nu/Nu,. The value of f was the lowest

for case uniform inlet profile, while fully developed inlet profile showed
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the highest f. Also, the PCE had a 20% for fully developed inlet profile
higher than uniform inlet profile while other profile showed similar PEC.

Al-Turaihi et al [42] performed a numerical work for two-phase flow
(water-air) in ribbed rectangular channel where ribs used with different
shapes. Also, this study showed the effect of ribs on coefficient of heat
transfer. Three ribs shapes were used rectangular, triangle and trapezoidal.
Turbulence model used a k-¢ as standard and water-air as primary-
secondary respectively. The velocities ranged from (0.12 -0.18) m/s and
(0.4-0.8) m/s for air and water respectively. Results presentation as that the
heat transfer coefficient increased by adding ribs, it also increased as the
velocity of flow increased. Also, heat transfer coefficient has 135.65% for
triangle rib and 73.97 % and 99.14 % for rectangular and trapezoidal ribbed
duct respectively in comparison with smooth channel. At ribs and the
leading edge of the ribs the velocity is increased which increase the heat
transfer coefficient, at the trailing edge the velocity is lower which give
low heat transfer coefficient.

Pourfattah et al. [43] investigated numerically the effects of (AL,O3)
and rib angle on enhancement heat transfer when turbulent flow in channel.
Several angles of ribs were (30°,60°,90°,120°,150°) where the walls under
constant heat flux of 10 kw . The working fluid was water as base flow
and nanoparticles of AL,O3; with several volume fraction (¢#=0.02,0.04)
when Re ranged from (24000-600000) at constant inlet temperature 300K.
The ribs were attached rib and detached rib. The results explained that
existence of ribs created a eddy on direction of flow cause better mixture
of flow and adding nanoparticles to base flow lead to heat transfer
enhancement. To improve heat transfer without considering the applied
pressure drop the 90° was best suggested, while the 60° was get the

maximum ratio heat transfer enhancement to the applied pressure drop. By
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increasing Re to 60000, the adding 4% of nanoparticles causes
enhancement of heat transfer about 22%.

Wang et al. [44] studied numerically the distribution of heat transfer
along ribs surface, end wall surface and all surface during two-pass
channel, and effect of Re (10000-40000), ribs (45° and 90°) and aspect
ratio on flow behavior and surface heat transfer as local. Results showed
that 45°angled ribs increased the area led to enhance heat transfer with 30
% and increased overall heat transfer coefficient about 50 % than smooth
channels. The increasing in Re was significant enhancing heat transfer
along ribbed channel. In comparison, the wide channel (2:1) has be better
enhanced factor than narrow channel (1:2) but narrow channel reduces
pressure drop by about 60%. Also, ribs heat transfer quantity increases with
an increase of the inlet Re.

Ravi et al. [45] investigated numerically that heat transfer and friction
characteristics of air flow in four different rib shape - 45° angled, V-
shaped, W-shaped and M-shaped ribs in a two-pass channel with aspect
ratio 1:1 . Re varied 20,000 to70,000. Simulation performed by RANS with
commercial software ANSYS used k-¢ (realizable). The results showed
that the heat transfer enhancement performed by V-shaped ribs was 7%
higher than 45 ribs, 28% higher than W-shaped ribs and 35% higher than
M-shaped ribs. However, the pressure penalty for VV-shaped ribs was 19%
higher than 45 ribs, 24% higher than W-shaped ribs and 28% higher than
M-shaped ribs.

Xie et al. [46] studied numerically the fluid flow and heat transfer
characteristics in a cooling channel with various crescent ribs mounted on
one wall. Kinds of ribs named as straight, crescent rib concave to the
stream-wise direction, the crescent rib convex to the stream-wise direction.
Re ranged from 8000 to 24,000 for air flow. Results showed that the cases

with crescent ribs significantly outperform the case with straight ribs with
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respect to heat transfer performance. Also, the crescent ribbed channels
provide a 21-41% higher normalized average Nu relative the straight
ribbed channel, while inevitably lead to a 15-80% higher pressure drop.
Enhancing by ribs met a induce high pressure.

Rasool et al. [47] indicated numerically effect of ribs shape on heat
transfer and friction factor for air turbulent flow in a two-pass channel.
Different shape of ribs was square, boot, trapezoidal and house rib with
surface temperature about 100 °C. Re for turbulent flow ranged of 5000-
52000. The results presented that shaped rib design significantly influenced
on characteristic transfer distribution and fluid flow. The boot shaped rib
design had better heat transfer and friction factor than other shapes. Boot
shaped rib had a best heat transfer enhancement and pressure drop lower
than square rib but best pressure loss performance had by house shaped rib.
Generally improving heat transfer coefficient was by increasing Reynolds
number.

Rasool et al. [48] studied numerically the perforated ribs in two-pass
channel to heat transfer enhancement and pressure drop. Cases named as
solid rib, cylindrical hole at bottom, square hole at bottom, cylindrical hole
inclined at 30° and tilted cylindrical holes and heated to 100C°. Air was
working fluid at Re about 10000-50000. Results showed that the
perforation in the ribs enhanced heat transfer coefficient about 1.4 -5.7 %
than conventional solid ribs. Also, the inclined perforations in rib had
better heat transfer coefficients by increment about 18.3 -25.4% and higher
friction factors compared with conventional solid ribs. Pressure drop
increment was up to 0.89 -6.3 % higher than solid ribs under similar flow
conditions, square hole at bottom had higher Nu than other cases.

Gao et al. [49] investigated numerically the generation and distribution
of secondary flow and influence of rib angle and rib orientation during two-

pass ribbed channel .Re ranged of air flow 30000.The turbulent model of
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ANSYS CFX 14 was SST-k-o with boundary conditions as 1 atm of static
pressure and inlet temperature 298K with turbulent intensity 5%.Results
observed more secondary transport lead to enhance heat transfer .In first
pass the local heat transfer limited by rib angle but in second —pass limited
by rib angle , orientation, and bend region .The percentage of average heat
enhancement in 30°,45°,60°,75° as rib angle through first pass was
93.97%,121.65%,127%,81.97% but about 60.33% in second pass of
channel with 60°PN. The lowest average heat transfer enhancing in 75NP
was 11.23%.

Jiang et al.[50] studied numerically the characteristics of heat and
flow in a two-pass ribbed channel .The ribs was about different rib angles
of 45°,60°,75° with constant heat flux .Various shapes of ribs were
45°paralleled ,60° paralleled ,75° paralleled ,45°V-shaped ribs,60°V-
shaped .Re varied in flow of air about . Numerical simulation perforated
by k-¢ standard model ,RNG model ,SST model to select the k-¢ standard
as optimum model .Results observed that ribs of VV-shaped secondary flow
in first pass in center area while paralleled-shaped was more closed to outer
wall of passage .Also due to increase mist/steam ratio was increased heat
transfer gradually .Two-pass channel with 45-paralleled ribs or V-shaped
ribs had higher heat transfer while channel with 75 paralleled ribs or V-
shaped ribs had lower heat transfer .Nu in 45° VV-shaped was about 20.78%
higher than 75° V-shaped .Also ,Nu in 45° paralleled ribs was about
10.86% higher than 75° paralleled ribs .

Gohring et al. [51] investigated numerically stationary smooth and
ribbed two-pass cooling channels. As a goal of studying, the results of
numerical simulation validated with experimental data of another studying.
The configuration of rib with flow direction inclined by angle 45°. The
Reynolds number was 25,000 with wall temperature about 71.11°C. A

model of turbulence SST with combined Reynolds stress model performed
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with reattachment modification. The results showed that this model was
capable to predict the experimental reference data of heat transfer results
within an overall deviation of 19%. The deviation of Nu/Nu, ratios about

23% and 13% for smooth and ribbed respectively.

Jiang et al. [52] studied numerically the effect of two-phase flow
(mist/steam) on heat transfer internally in in ribbed channel with two-pass
of two array of rib , top and bottom walls with angle about 60°.Also ,this
study analyzed the effect of 60° angled ribs on generation of secondary
flow .The turbulence model utilized standard K-¢ and dispersed phase
model for water mist in simulation work ,under conditions was no-slip
with constant heat flux about 10000 W/m? ,with Re greater than of 200.The
results showed that the influence of ribs as a vortex regions in main stream
.The locations of this vortex were outer side wall and inner side wall for
first pass and second pass respectively. But, in turning region and near ribs
appeared the strongest vortex strength.

Mondol et al. [53] studied numerically the behavior of flow in 180°
bend and characteristic the profile and distribution of velocity and pressure
in 2-D channel. Reynolds numbers values ranged 827 to 1654 inlet velocity
10,15,20 m/s, water as working fluid. Boundary conditions were as outlet
pressure and no slip. The results presented that the behavior of pressure in
lower and upper portion of the bend, when its increased and then decreased
after passing through bend. While for velocity distribution increased with
Re but maximum velocity occurred in bend because of flow separation. In
addition, for different Reynolds number, it showed a changed in pressure
and velocity distributions. The velocity was increased when Reynolds
numbers was increased, and pressure drop increased in centerline of

channel.
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Gao etal.[54] investigated numerically influence of heat transfer and
friction loss with configuration rib in two-pass ribbed channels. Four rib
orientation (PP, NN, PN, NP), two ribs angles of 45°and 60° and eight
different bend shapes (ORIR, ORIS, ORRIR, ORRIS, OSRIR, OSIS,
OLRIR, OLRIS). Re varied as 30000.The results showed that rib
orientation determined the position secondary flow while the shape of bend
determined the local secondary flow generation. The sharp edge outer has
a significant enhancement of heat transfer at entrance of the second pass.
The case of ORIR have a least pressure drop and NP leaded a higher heat
transfer. Angle of 45° leaded to similar but weaker secondary flow
corresponding angle with 60° ribs. The Nu increased about 2.0% in case of
60 NP ORRIS.

Luan et al. [55] investigated numerically a method of connecting holes
between legs of a two-pass channel with and without ribs. Re ranged
10,000, 30,000 and 50,000. Different rib configurations and holes positions
were designed. The result showed that positive effect of the holes on the
enhancement especially in ribbed channels. Connecting holes largely
reduced pressure drop across the channel but heat transfer decreased. For
the smooth channel, pressure loss reduced by 14.66% at the heat transfer
loss of 1.68%, for the ribbed channel pressure loss reduced by 47.99% with

merely 8.24% decreased in heat transfer with ribs when connecting holes.

He et al. [56] investigated numerically optimization ribbed U-bend
cooling channel to enhance heat transfer in internal cooling designs use
complex geometries consisting of ribbed serpentine channels. Comparison
the optimization results to get optimum design and arrangement that lead
to lower pressure loss while enhancing heat transfer. Boundary conditions
were of Re about 42000, inlet temperature of air was 293.15K when the

wall temperature about 303.1K. Several variables the rib design depended
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upon shape, height, pitch, and angle. The results showed that the
optimizing the U-bend shape was more effective for improving overall heat
transfer than optimizing the rib arrangement. Also, the optimizing ribs was
more effective for improving local heat transfer.

Yan et al. [57] studied numerically the effect of inclination divider on
heat transfer and flow characteristics in a ribbed two-pass channel for Re
varied from 10,000 to 50,000. The inclination angles of divider were — 3e,
— 20, — 10,00, + 1°, +2° and + 3°and ribs with angle of 45¢. Results showed
that channels with wall divider inclined produced friction factors is higher
cause by pressure drop than a channel with straight divider wall. Also,
channel have larger negatively inclined of wall divider showed best
enhancement in heat transfer in the second passage while worse heat

transfer in the first pass and bend region.

2.3- Experimental Studies

Al-Hadhrami et al. [58] investigated experimentally the effect of
various 45°angled rib turbulator arrangements on the heat transfer
enhancement, two-pass square channel with copper plates were heated to
provide a uniform heat flux. Experiments carried out for Reynolds numbers
from 5000 ,10000 to 25000. Arrangements of rib turbulators are arranged
in angle of (+45° &-45°) in the flow direction, and heated surface around
65°C. The results showed that the 45° parallel rib arrangement provided
higher heat transfer enhancement were compared to 45° crossed rib.

Liu et al. [59] investigated experimentally the effect of rib spacing on
the heat transfer enhancement and pressure penalty in stationary
rectangular, cooling channels. Re ranged from 5000 to 40000 for air as a
working fluid. In this studying, it investigated which ribs spacing have
highest enhancements. In the 1:2 rectangular channels, 45° angled ribs of

square placed on the leading and trailing surfaces with rib spacing (P/e) as
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3,5, 7.5 and 10. The result observed that the case of very close rib spacing
of P/e = 3 have greatest heat transfer enhancement, while the Ple = 5
spacing has the greatest pressure penalty.

Salameh et al. [60]studied experimentally that pressure drop and heat
transfer for turbulent flow inside a U-channel for outer wall rib bends and
smooth. Re number was varied from 8000 to 20000 with uniform heat flux.
The results showed that friction factor ratio and the heat transfer
enhancement ratio in ribbed bend at a Reynolds number of 20000 were
48.75 and 2.66, respectively. Also, it found that the presence of the rib
increased the heat transfer coefficient on outer wall of bend. In addition,
uncertainties were 3% and 6% for the Nusselt number and friction factor,

respectively.

Elfert et al. [61] investigated experimentally the flow characteristic
in two-pass channel by using a technique "nonintrusive particle image
velocity (PIV).The ribs were on two opposite walls in a symmetric
orientation inclined with angle 45°with square cross section to turbulent
flow direction. Dimensions were length equal 10d,, when d=25mm, p/e=10
, €/D=0.1,0.06. Re values were 50000, while air as working fluid of test
model. The results also showed the effect of the presence of the ribs on the
flow, which would cause a change in the fluid movement as desired by
created advanced vortices in both passes and bend created vortices notice

in second pass beginning.

Wang et al. [62] investigated and presented experimentally the end
wall heat transfer characteristics at bend the effects of periodic ribs on end
wall heat transfer in channel of two—pass in square cross section 50x50
mm?.Air was a liquid as working fluid. Reynolds numbers ranged 11000
to 26000. Plexiglass were fitted onto the end wall e/Dy, =0.06, P/e varied
from 6 t015.The rib with square cross section is fixed on the end wall
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vertically on base of bend and provided with heat flux. Results showed that
domination of heat transfer at the bend in case of ribs absence due to flow
impingement. Also, heat transfer distributions in the end wall were
changed. Turbulence levels lead to change in heat transfer were very
significantly. Heat transfer enhancement had best value in rib pitch ratio
equal to 12.

Pietrzak et al. [63] presented an experimental method for how to
measure the pressure drops of gas-liquid and liquid-liquid-gas during
horizontal pipe with 180° bend of channel. Results shows the void fraction
increases along with increased air velocity and it presented a method and
ensure high precision and could be calculated all parameters during two-
phase flow and three-phase flow with various shape geometry of bend.
Also, in this study calculated the pressure drop in horizontal pipe for two-
phase flow.

Oliveiraetal. [64] studied experimentally the pressure gradient and gas
holdup in two—phase flow (air-water) during vertical channel with 180°
bend and two horizontal passes. Boundary condition named with
superficial velocities of water and air were 0.2m/s and 0.4 ,4 ,20 m/s,
respectively. It was noted that the variation pressure gradients were more
sharply occurred in downstream of bend from negative to positive. The
limited change in the pressure was about of 40~60 diameter channel for
upstream and downstream of the bend, respectively. The results showed
that the maximum pressure drop occurred in bend region in compared with
other. The bend finding led to destroy the waves of flow.

Liou et al. [65] presented experimentally the effects of rib angle ,rib
orientation on air flow field in two—pass parallelogram channel with
180°bend by description flow pattern and turbulence .This study included
secondary flow mean velocity vector ,turbulent intensity ,Reynolds stress

and turbulent kinetic energy in various orientation (45°,-45°,90°) in ribbed
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channel .Air as working fluid at Reynolds number about 10000.The results
presented a difference in flow characteristics near top &bottom of ribbed
channel for three angle but heat transfer distributions were same for £45°
same Nu/Nu, distributions on top and bottom walls of square channels
whereas difference in flow characteristic near top and bottom wall in
parallelogram channel.

Singh et al. [66]investigated experimentally the characteristic of heat
transfer in combination V-shaped rib and cylindrical dimples in two-pass
channel .Different configuration named as : dimples alone ,ribs alone , and
combining of both rib-dimples. In, this studying to know the enhancement
of heat transfer normalized depending to smooth case, pressure drop
depended on smooth channel as reference and correlation turbulence model
by Blasius correlation. Reynolds numbers ranged from 19500 -69000,
pressure drop calculated by pressure across two-pass. Results showed that
the combination of ribs and dimples observed higher heat transfer
enhancement led to higher thermal hydraulic performance as compared
with ribs or dimples as alone.

Liou etal. [67] presented experimentally that the Nusselt number (Nu)
distributions and flow fields in the two-pass parallelogram channels. The
ribs of square shape on two opposite channels. The ribs along wall channel
with configuration as attached or detached. In this studying, its
investigation about Nusselt Number and friction factor for Reynolds
number ranged for air flow from 5000 to 20,000. The results noticed that
the heat transfer enhancement in detached ribs have higher values than
attached ribs. The ratios of Nu/Nu, of inlet leg, turning region, outlet leg,
and entire end wall for the attached rib case varied 2.53-2.46 ,3.77-2.89,
3.03-2.75and 3.11-2.7 for Re range, and for detached ribs about 2.9-2.75,
3.78-2.94, 3.29-2.94 and (3.32-2.87) for Re ranges. The ratios of f/fo
ratios for two types ranged from 4.1-6.7 and 4.5-8.1 for 5000 Re 20,000.
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The friction factor in detached ribs have higher value in comparison with
attached ribs for this range of Re.

Yang et al. [68]studied experimentally the effect of heat transfer and
characteristics of pressure drop on a square channel with two opposite
surfaces roughened by high blockage ratio ribs (with large blockage ratio
(0.2,0.33) and P/e ranged from (5 to 15). Re ranged from 1400 to 9000.
Results showed that heat transfer enhancement increased with the
increased of Reynolds number at higher pressure drops. Also, the best P/e
was 10 for highest heat transfer enhancement in comparison with 5, 15. In
addition, the heat transfer when used symmetric arrangement ribs was
higher than staggered arrangement ribs while pressure drop in the
symmetric arrangement ribs was larger than the staggered arrangement
ribs. And, the two-side enhancing heat transfer higher than one-side ribbed

channel.

Qayoum et al.[69] presented experimentally enhancement heat transfer
during internal flow through the permeable repeating ribs installed on base
of two-pass channel and ribs configuration investigated friction
characteristics when enhancing heat transfer with named as smooth, slit-
ribbed ,solid-ribbed, and slit- split ribbed. Re varied 5500- 16400 and air
as a working fluid. The results showed that the array as slit rib did not
provide sizeable heat transfer advantage but split silt has effective on heat
transfer compared to the solid rib, however, there is drop in pressure
penalty for the slit rib. A slit-ribbed and split-slit-ribbed have percentages
in the heat transfer enhancement to solid ribs was observed as 4-5% ,14—
21%.

Chang et al. [70] investigated experimentally the wavy ribs in
longitudinal alongside walls of two-square channel with V or W a ribs at

uniform heat flux. Reynolds Numbers were 5000 to 30000. . Averaged Nu
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ranged along 1-pass, bend and 2-pass of 5.8-5.5,6.07-5.52,5.81-4.94, and
5.7-5.12 times Dittus Bolter equation but friction factors f ranged of 43.67-
21.43 times Blasius correlation to pressure drop across two-tap. The results
showed that the Nu/Nu  ratios in inlet, outer pass, and bend increased as
Re increased from 5000 to 30000.

Hayashi et al. [71] investigated experimentally the characteristics of
two-phase flow(air—water) and pressure drops in two-pass channel. Test
channel was smooth with circular cross section with liquid velocity were
between (0.1- 2.4) m/s, and gas volumetric flux were between (0.02-11)
m/s. The Re ranged less than 33000.The results showed that the pressure
linearly decreased toward the bend in the upstream of bend, the effect of
bend was small on pressure drop in the upstream channel. Also, the bend
caused a large pressure drops APg ,and the flow disturbed in the bend was
redeveloping in downstream channel. In addition, the effect of ratio Dy
(diameter of curvature to hydraulic diameters) changed from 3 to 6 on
APy at same mixture velocity was smaller than effect of mixture on APg.

Kore et al. [72] investigated experimentally different shapes of ribs
on heat transfer and fluid flow characteristics through one —pass channel
with square, house, boot shaped rib. Air was the working fluid at constant
heat Flux. Re ranged 6000 to 30000. The results showed that type house
had higher heat transfer enhancement among all ribs due to mixing of
primary and secondary flow lead to turbulent mixing. Boot shaped of
20mm pitch had a higher thermal performance. House shape ribs showed
lowest pressure drop but boot and square ribs showed similar results of
pressure drop.

2.4- Numerical &Experimental Studies

Sriromreun et al. [73] investigated experimentally and numerically the
influence of baffle turbulators on heat transfer augmentation in a

rectangular channel with a zigzag shape (Z-shaped baffle) with inclined

29



Chapter Two Literature Review

with 45° were optimum and Re varied 4400 to 20,400 for air flow. A [Z-
baffles inclined to 45° with respected to the main flow direction are
characterized at three baffle- to channel-height ratios (e/H=0.1, 0.2 and 0.3)
and baffle pitch ratios (P/H=1.5, 2 and 3). The results showed a significant
effect of the presence of the Z-baffle on the heat transfer rate and friction
loss over the smooth channel with no baffle. Also, the results found 45° Z-
baffle with larger of e/H=0.3 provided higher heat transfer and friction loss
than the one with smaller of e/H=0.1].

Li et al. [74] studied experimentally and numerically heat transfer
characteristic and also flow in rectangular cross-section ribbed channels.
The working fluid was air at ambient temperature, flow internally in
channels with five ribs regularly placed on bottom wall with rib pitch-to-
height ratios ranged from (10 to 30) with uniform heat flux. The Re ranged
from 57000 to 127000. Numerical simulation performed by realizable k-¢
as turbulence model. The results showed in case of p\e =10 local maximum
heat transfer occurred between first and second ribs located about distance
(9e) from upstream. Averaged Nu was higher for P/e = 20 and 30 than
P/e=10.Although, pressure drop in P/e=20 higher value but P/e=30 lesser
value constant Re because it has large distance between reattachment and

next of rib.

Erelli et al. [75] studied and analyzed experimentally& numerically
the turbulence flow and heat transfer in a two—pass smooth square channel
with different divider and outer turn at uniform heat flux . Reynolds
Numbers namely 25000,35000, and 45000.The results show that the higher
heat transfer obtained in the turn region and its increase with increasing
strength of the secondary flow.

Singh et al. [76] studied numerically and experimentally of flow and

heat transfer in two-pass ribbed channel and rib geometries. Different Ribs
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of 45°. Angled analyzed such as V, W, M shaped, uniform heat flux. The
working fluid was air and Reynolds Numbers 19500-69000.The results
observed that V-shaped with 45° ribs had slightly higher heat transfer
enhancement and friction factors than M and W shaped ribs. In bend region
heat transfer enhancement decreased with increased Reynolds Number and
V-shaped has higher values. Also, normalization for smooth surface
Nu/Nus levels ranged in lower than for correlation of Dittus Boelter
Nu/Nu.

Kaewchoothong et al. [ 77] studied experimentally and numerically the
effect of rib arrangement on the distributions of the local heat transfer
coefficient in a ribbed single channel with eight differences of rib with
angles of inclined about of 30°, 45¢, 60, 90, 45° and 60° V-shaped, and
inverted V-shaped ribs exerting a uniform heat flux and Re about 30000.
The results showed that the Nu improved in ribs angle about 45° ,60°, and
60° V-shaped ribs with percentage about 25%, 20% and 30% higher than
90° and 60°V-shaped ribs have highest Nu. Enhancement in convective
coefficient distributed higher value in 60° V-shaped and then, 60° and
45°inclined ribs compared with 90° was about 32.6%,19.3% and 23.5%

respectively.

Al-Jibory et al. [78][ studied numerically and experimentally the effects
of triangular ribs inside a rectangular channel on the heat transfer and flow
behavior. Reynolds numbers varied from 8082, 9698 and 11778.The
results showed that the temperature distribution for the inner wall surface
of the ribbed channel was lower than smooth one by (8.9 %) for the
triangular ribs with angle of 90° and (Re=11778) due to the fact that the
ribs create turbulent conditions and increasing thermal surface area, and
thus increasing heat transfer coefficient than the smooth channel. Also, the

triangular ribs with angle of 90 was the best as compared to the other two
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cases for cooling the rectangular channel. In addition, after modification
and analysis have been done, Nusselt Number enhanced by (36%]).
Al-Kumait et al. [79] presented experimentally and numerically the
ability to get high enhancement in heat transfer and low friction factor by
combined ribs configuration and flow of TiO, Nano-fluid flow ,turbulent
with Reynolds numbers of 5000-40 000 under uniform heat flux along
channel .The results observed that helical ribbed channel ,circumferentially
ribbed and longitudinal ribbed channel gave a enhanced about 2.0%, 1.9%
and1.88% respectively. The helical ribbed channel has higher turbulent
Kinetic energy and a higher Nu with uniform distribution because of a
stronger swirl intensity led to a thinner thermal boundary layer. In addition,

the deviation of Nu and f deviated with values +2% and +3%, respectively.

Abed et al. [80] investigated numerically and experimentally the
effect of many superficial velocity of air and water with constant heat flux
on the coefficient of force convection, temperature distribution and
compare both results experimentally and numerically which they get it for
ribbed channel, triangle ,trapezoidal ,semi-trapezoidal and rib groove with
smooth channel .The range of the inlet velocity of water and air between
0.105-0.310 m/s and 0.263-1.320 m/s respectively .When the Re increased
the turbulent with increase and the heat transfer with enhance .The best
efficiency with triangle rib and also it had the lowest temperature
distribution. The deviation between the experimental results and numerical
result was about 4.0% -7.5%. Also, the highest heat transfer with the
triangle ribs. It was higher than trapezoidal and semi-trapezoidal around
56% and 44% respectively.

2.5- Summary of Previous Studies
As focused on the literature review, several researchers have studied the

effect of several factors such as: rib angles and orientation, shape of rib,
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and flow type when walls with constant heat flux or constant temperature
Is employed. There were a few researchers who studied the two-phase flow
of air-water only using a horizontal one pass channel as shown in table
(2.1). The detailed scope of the present work is to investigate numerically
the optimum design and two types of flow (two and three phase flow) are
investigated numerically and experimentally. The thermal performance
criteria evaluation (PCE), enhancement ratio and losses ratio are then taken

into account.
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Table (2.1): Summery of important investigation of 180° bend of two-pass channels.

Air+Mist
Re=
5000,10000,25000

,40000
Dhanasekaran et al.

[29]

Mist and Air
Re =25000

Wei et al.
[30]

Air
Re=12000,25000
,50000

Shen et al[32]

Uiheated

m[ 95,

parlion

1524

All dimensions

Sa
Bleed holes
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Numerlcal of Two-Pass ribbed [ o
45° as angled ribs in channel.

Numerical two-pass Channel
two-pass channels with 45°
ribbed.

Numerical SST, k-¢ turbulence
model with dimple with bleed on

bottom wall.

Enhancement about 30% at
second pass and 20% at first
pass at 2% mist injection.

Secondary flow pattern was
quite complex due to
combination effect of ribs and
180° sharp turn results heat
transfer enhancement.

Heat transfer rates are higher
in dimples with bleed holes
than other cases.



Zhu et al.[36]

Wang et al.[44]

Ravi et al. [45]

Rasool et al. [47]
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Air
25000 < Re <£40000

Air
(10000< Re < 40000),

Air
20,000< Re < 70,000

Air
5000< Re < 52000.

> e e Numerical work in rectangular

TSI two-pass channel with 45° ribs

opper plates on heated ribbed wall{5]

Numerical work of ribbed two-
pass channel with different
aspect ratio.

Numerical work of ribbed two-
pass channel with different
shapes of ribs.

Numerical in two pass ribbed
channel
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When Re increased lead to
effect reduction in corner on
main flow in passage land 2 .
Heat transfer strength was
higher than in straight
passage due to interaction
original main flow with new
flow in corner.

The increasing in Reynolds
number was significant
enhancing heat transfer along
ribbed channel.

Better augmented and value
in friction factor through a
channel with aspect ratio 2:1
in compared with channel
1:2.

Heat transfer enhancement of
V-shaped ribs was 7% higher
than 45° ribs, 28% higher
than W-shaped ribs and 35%
higher than M-shaped ribs.

Shaped rib design effected on
characteristic transfer
distribution and fluid flow in
between the rib.




Rasool et al [48]

Gao et al. [49]

Jiang et al.[50]

Jiang et al. [52]
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Air
10000< Re < 50000.

Air flow
Re =30000

Water Mist—Steam
Re >200

Water Mist-Steam
Re> 200

The Second Flow Passage ™

Ry TR
0 A

O TheFirs Flow Passage.~ The Tuming Area

36

Numerical in two-pass square
channel with ribs of different
perforated areas

Numerically two-pass channel

Numerical work of in two-pass
channel with various shapes ribs

ot Numerical Rib in top and bottom

walls
Rib angle 60°.

Perforation ribs enhanced
heat transfer coefficient 1.4-
5.7% than convention solid
ribs.

Flow in first pass affected
only rib angle while in the
second pass the flow is
affected by the angle and
orientation of the rib.

V-shaped secondary flow in
first pass in center while
paralleled-shaped was more
closed to outer wall.

Strongest vortex strength
located in Turing region and
in regions near ribs.
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Mondol et al. [53] Water Pressure Ouflt — Numerical in two-pass channel Jl e Investigated the behavior of
Re=827-1654 pressure and the velocity
distributions in 180 ° bend.

—— L ——

Velocity Inkt — D

Yan et al. [57] Air B Hosed wall o Numerical work to investigate A channel with larger
10,000 < Re < 50,000 iy v inclination divider angle negatively inclined divider
: showed better enhancement in
heat transfer in the second
passage while worse heat
Outersideall transfer in the first pass and
Oul bend region.

Liou et al. [65] Air i : Experiments two—pass Heat transfer distributions

Re=10000 parallelogram channel. were same for +45° same
= Nu/Nu, distributions on top
and bottom walls.

Air L, 4 Numerical study of solid, slit-rib Split silt improvements in
Re=5500, 12500 and &7 = M and splitslit-rib in two-pass heat transfer.
' square channel Pressure drop penalty for slit

rib.
Qayoum etal [69]
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Air
19500<Re<69000

Singh et al [76]

Air-Water
Re >72456.3
Air-Water-Gasoil
Re > 128182))

Circle d=3mm°
Rib angle =45

Present study

38

Numerical and Experimental
work with ribs on bottom wall in
two passes .

Study optimum design of ribs
two-pass ribbed channel and
investigation numerically and
experimentally.

Combination of ribs and
dimple observes higher heat
transfer enhancement. .

Enhancement in heat transfer.
Pressure behavior.

Pressure drop & friction
factor and Performance
Criteria Evaluation (PCE).
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Chapter Three: Numerical Work

3.1. Introduction

This chapter presents the optimum design of physical model after a series
of modifications or improvements in a ribbed two-pass channel to achieve
the maximum enhancement of heat transfer using a computational fluid
dynamics (CFD) software package of commercial code ANSYS FLUENT
2021 R1.

3.2. Design Consideration

The numerical computation is carried out to solve the governing
conservation equations using finite volume method. There are many
models in this study such as mixture, Volume of Fluid model and Eulerian
model. Also, there are many turbulent such as Standard k-e turbulence
model, k-¢ as Realizable, RNG, and standard k-w. after comparison
between other turbulence models of k-¢ as Realizable, RNG, standard k-m
and previous studies. Table (3.1) shows all consideration and the results of
the previous studies.

The improvements and the choosing of the optimum design are depended
on the enhancement heat transfer and these divided into three categories as
follow: First is concerned with a smooth channel of eight hot areas in along
the base wall.

The second category is related to ribs and modifications with four stages:
first choose the optimum design of rib depending on the configuration (V-
shaped and Curved-ribs). Second stage includes the chosen of the
perforating shapes (square, circle, triangle) with the same cross-sectional
area for optimum rib. In the third stage the optimum perforating area with

a circular shape of three diameters 3, 6 and 9 is chosen.
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In the fourth stage the optimum angle with three values 30°,45° and 60°
(see table (3.2)) is chosen. All experiments are performed at the same
boundary conditions.

Third category of improvements is related to the type of flow and rib
temperatures after design the optimum channel, and made the flow as two-
phase and three phase flow. For the two-phase flow of air- water the flow
rates of air and water are (10-25) L/min and (4-12) L/min, respectively.
While for the three-phase air-water-gasoil, the flow rates for air (10-25)
L/min, gasoil (2 - 4) L/min, and water (4-12) L/min.

In addition, the rib temperatures are varied as 50°C, 60°C and 70°C.The
most important outputs of this simulation are displayed as contour and
values of heat transfer coefficients, Nusselt numbers, pressures,
temperatures, velocity distribution, and volume fraction for all phases

separately.

Table (3.1). References of geometry characteristic.

Parameters Equations Research Reasons

ers

Aspect ratio AR=2:1 [44] High enhancement in heat

transfer.

Height of the channel | H=0.5W [44] High enhancement in heat

transfer.

Entrance and exit | Lin=15~20D [44,74] Sufficiently far from the

regions channel inlet.

Sharp bend Sharp edges is bent with | [30,31,75] | High enhancement in heat
180° transfer.

Length of pass Lpass=30~36 Dy, [44,47,48] | High enhancement in heat

transfer.

Pitch-to-rib P/e=8 to 10 [44] High enhancement in heat
height//ratio (P/e) transfer.

Shape of Perforating Circular inclined perforating | [47,48] High heat transfer

on rib

34



Numerical Work

Chapter Three

Table (3.2). Configuration of Ribs

Ribs Configuration

Tests
1 Choose Rib Shape
Curved- shaped rib [ V-shaped rib (Without rib)
2 Choose shape of perforating same area
Circle Perforating | Square Perforating | Triangle Perforating
3 Choose area of perforating
Curved- ribwith | Curved-ribwith [ Curved-rib with
3mm 6mm 9mm
4 Choose rib angle
Rib with angle of Rib with angle of Rib with angle of
30° 45° 60°
5 Rib of Optimum Design
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3.3Geometric Model

The 3-D geometric model consists of a two-pass ribbed channel with
several improvements. The working fluids flow as Two-phase and Three

phase.

3.3.1 Description of the Two-Phase Flow Channel Model

The description of the two-pass channel can be seen in Figure (3.1). The
two sides of the design are set to be with zero velocity whereas the one pass
Is set to be with an inlet fluid velocity. The second pass is set to be with
outlet pressure of a gage pressure about zero pascal, which is selected as
constant for each experiment. Also, all dimensions choose to design
channel in Table (3.3).

Table (3.3). Dimensions of channel in (mm).

Parameter Parameter
Dn Bend length Lg
Ribbed region Lout WxH

Clearance of bend
Outlet length Le _
(Tip to end wall).

Converter length Lc Distance between passes
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| 1920 mm

240mm

Figure (3.1). Physical geometry of Ribbed Two-Pass Channel.
3.3.2 Description of Smooth Channel Model
Numerical model is described as a two pass channels as shown in Figure
(3.2). It has eight hot areas inclined with angle 45° in base, these areas have

width of 20mm and temperature of 60°C.

~

0.250 0.500 (m)
]
0375

Figure (3.2). Smooth Channel
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3.3.3 Description of Rib shapes Model

A schematic diagram of ribs inside a channel is shown in figure (3.3).

The rib is geometrically defined by a ratio of a spacing pitch to the height

of the rib (e) as (P/e) which is about 9. The number of ribs is 8 at the surface

of constant temperature. The cross-section area of the rib is (20 x22) mm?,

as shown in table (3.4).

Two types of ribs are taken in account which are: curved shape, and V-

shaped with same cross section area. A comparison between two types of

ribs is done to study and choose the optimum rib design, as shown in Figure

(3.4).

(b)V-shaped rib

(@) Curved rib

Figure (3.3). 3-D Model of channel with Curved-rib and V-shaped rib.

po s 1 13,14 MM

[]
fo— 20 ——emtes e 20 —omteo— 20 —

(@) Curved Rib

38



Chapter Three Numerical Work

22mm

10mm 56.57mm
o

(b) V-shaped Rib
Figure (3.4). Two types of Ribs
Table (3.4). Dimensions of rib (in millimeter)

Rib Type Cross Section Height (e) Pitch (P)
Curve 22%20 20 196
V-shaped 22x20 20 196

3.3.4 Physical Models perforated shape

Three numerical | models are designed with different perforating shapes
(triangle, square and circle) and compared with solid case the same cross
section area for perforating from the previous stage as shown in figure
(3.5). In the centers of convexity are perforated shapes of areas as circular,

square and triangle cross section area.
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(a)Solid

(C) Perorating of Traingle shape

(b)Perforating of Circle shape

(d)Perforating of Square shape

Figure (3.5). Models of perforated shape area.

3.3.5 Physical Models for the perforated area of Ribs

Three numerical models are designed to study the perforating area with

different diameters (3, 6 and 9) mm in the curved rib, as shown in Figure

(3.6). Two perforations are done in each rib, which are concentrated in the

convexity centers.

(@)d=3mm

(b) d=6mm

(C) d=9mm

Figure (3.6). Models of perforated circle.
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3.3.6 Physical Models for Ribs angles

Rib angle is the angle of flow direction with ribs. Three models of curved
rib of circular perforating area are inclined with angles of 30°, 45° and 60°.
To study the rib angle according to high heat transfer enhancement the

position of the rib inside the channel, as shown in figure (3.7).

0
Rib angle 30
(a)Rib angle (b)Rib angle 45°

(C)Rib angle 60

Figure (3.7). Models of Ribs angles.

3.3.7 Physical Models of Optimum Design

An optimum channel is designed according previous cases of the
previous stages, the ribs and its accessories according to the previous
stages.

A curved rib with circular perforating area of diameter 3mm and rib angle
about 45° is represented as an optimum design according this study (see
figure (3.8)).
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Circle d:3mm
Rib angle =45°

Figure (3.8). Optimum Model

3.3.8 Description of Three-Phases Flow in a Channel Model

The optimum channel model is obtained from above improvement
utilizing of the three phases flow. The first-pass of the structure is set to be
two inlets together: first inlet is air with velocity and second inlet is for the
water-gasoil velocities is entered the channel. While the second pass is set
to be outlet pressure with the mixture of three—phases. The rib temperatures
were set to be constant during flow of one experiment.
3.4 The Geometry

The geometries for all improvements of the problem are modeled and
simulated as a 3-D design channel structure using solid 2021 combined
with ANSYS Workbench 2021 R1. There are a group of models designed
in table (3.5). The geometry was set to be fluid.

Table (3.5): All simulation Models

Improvements Number of Models

smooth channel

shape of ribs

shape of area perforating

area of perforating

angle of rib

optimum design for two-phase flow

optimum design for three-phase flow
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3.5 The Mesh

In the present work, fluent unstructured solver is used to assign the order
of the cells, faces, and grid points in a mesh and to maintain a contact
between adjacent cells in order to get the best grid topology for complex
geometry. Fluent code uses different element types for mesh topology [81].

In this study tetrahedron element type is used for three-dimensional
geometry due to its priority use in the sophisticated and complex
geometries [81]. The geometry is divided into small elements using the
Meshing with ANSYS Workbench 2021 R1. The model mesh details are
shown in table (3.6). All geometries meshed a fine relevance with elements
sizes and maximum layer, 5 mm ,5 respectively, as indicated by table (3.6).
That is why it was decided to use a fine mesh in the region near to the
surfaces and use coarse meshes as the distance from the surface grows.
Figure (3.9) show the layer inflation that is used to get more resolution with
a number of rows of 5 and a growth factor about 1.2. The governing
equations would be solved at each element of the model geometry [82].

Table (3.6) Mesh Information

Number

Improvements

Node Element

smooth channel 501522 1116994

Shape of ribs
_ (489710) ,(538399) (1090503),(1222735)
(V-shaped, curved rib)

shape of area perforating (879312), (648061 ), (2083447),(1486814),
(circular, square, triangle) (639976) (1466322)

circular area of perforating (879312), (729529), (2083447),(1711548),
(Diameter of 3,6,9) mm (665240) (1549927)

rib angles (1202041), (879312), (2875688), (2083447),
(30°,45°,60°) (887567) (2084908)

optimum design (879312) (2083447)
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Layer
Inflation

Outl/o((of channel

Inlet of channel

Side of channel

Top Chaunel

Base of channel

Figure (3.9) Mesh of the geometry.

3.6 Boundary Condition (B.C)
3.6.1 Two-Phase Boundary Condition
B.C are defined for every zone of domain the computational

domain. Two inlets of the geometry were named: inlet air and inlet water
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which are the inlets of the channel as shown in Figure (3.10). The velocities
of primary phase (air) and secondary phase (water) are setting in inlets. Rib
surface temperature is set in experiments for three cases (50,60,70) °C. The
outlet of the channel, which is the end edge of the geometry, was set to be
outlet pressure equal zero. The relaxation of the pressure, momentum, and
volume fraction of two-phases in ribbed channel with two-pass are shown
in table (3.7).
3.6.2 Boundary Conditions of Three-phase flow

The primary phase was set (air phase) and secondary phase was set as
mixture of water-gasoil as shown in Figure (3.10). The inlets of the
geometry were divided into two inlets: first inlet is for air only while the
other inlet is for water &gasoil with different velocities. Properties of water
and gasoil can be defined as input in materials tab in Fluent. However, the
internal domain ribs have the same conditions in two-phase case. The outlet
of the channel, which is the end edge of the geometry, was set to be outlet
pressure, The relaxation of the pressure, momentum, and volume fraction

are shown in table (3.7).
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Inlet Water

Inlet water & gasoil

Heat Source in

Ribs bases

s /S
NN N

Figure (3.10). Boundary condition of the computational domain.
Table (3.7) Relaxation Factors [83]

— T4 03

_ Factor Value
Relaxation
Two-phase flow | Three-phase flow
Volume fraction 0.8 0.3
Pressure 0.1 0.1
Momentum 0.1 0.1
Another factor 0.8 1

3.6.3 Velocity Inlet Boundary Condition
Inlet velocity is defined in this study depending on the flow rate

of the working fluid (water). The flowrate of the working fluid is shown in
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tables (3.8) and (3.9) for two and three phase turbulent flow, respectively.
Also, the inlet temperature is set be to be (27°C) for all fluids.

Table (3.8) Flow rate values (Two-Phase Flow)

Q air (L/min)

Q water (L/min)
Table (3.9) Flow rate values (Three Phase Flow).
Qair (L/min)
Qgasoil (L/min)
Q water (L/min)

3.6.4 Pressure Outlet Boundary Conditions
A pressure outlet is specified at the outlet domain where the pressure is
assumed to be zero.
3.7 Simulation Assumptions
The following assumptions are used in the model:
Three-Dimensional, steady state and turbulent flow.
Non-Homogenous model.
Gravity is 9.81m/s?.
Incompressible and Newtonian fluids
Constant inlet temperature.
No heat generation along channel.

Constant physical properties.

© N o g~ w -

The primary phase is air while, water is a secondary phase in the
case of two-phase flow and the of mixture water-gasoil is secondary
phases in case of three phase.

3.8 Fluent Setup

3.8.1 Defining the Material Properties
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In this section the input contains the options for the materials is
chosen. For air-water case is under material tab in Fluent at 27°C input
temperature condition and velocity in first and second inlets respectively.
But in three-phase flow, the properties of air inlet that separated from the
inlets of mixture (water-gasoil) is defined as input in materials tab in
Fluent. The water-gasoil velocities are taken as zero in air inlet while air
velocity was zero in the second inlet in channel wall with material

considered for analysis is aluminum. The properties of water, air, gasoil

liquid and a mixture of (water-gasoil) are taken as follows (see table
(3.10)):

Table (3.10) Properties of fluids at 27 °C [83].

p 1.1774 kg/m?®
) Primary U 1.8462x107°
air
phase Cp 1.005 J/kg.K
k 0.02624 W/m.K
p 995.8 kg/m?
Secondary U 8.6x10* kg/m.s
water
phase Cp 4.179kJ/kg.K
k 0.62 W/im.K
p 830 kg/m3
Secondary M 2.778 x10° kg/ms
gasoil
phase Cp 2.2J/kg.K
k 0.145W/m.k

3.9 Computational Flow dynamics Validation
3.9.1 Grid Independence.

Figure (3.11) and (3.12) show the average Nusselt number and pressure for

inlet flow conditions in grid independence study. This study is carried out
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with mesh sizes of 0.5 ,1.8, and 2 million. The predicted results show a
small variation from (0.5 and 1.8) million different mesh numbers and
specially for (0.5 and 1.8) million meshes until it reaches 1.8 million, the
results are stabled. Therefore the rest of computational analysis is
conducted with 2 million meshes because of the curve of Grid
independency stability after 1.8 million meshes and the required precision
Also, due to the difficulty of interpretation it is very necessary to know
how to simulate and know how to deal with its parameters and boundary
conditions so that the consultation chooses his closest case study and
simulates to get enough experience to simulate the present work
.Simulation of case study of literature survey [29] and getting a deviation
percentage about 1.8% in comparison with present work depending on
velocity and temperature contours as shown in Figure (3.13) & (3.14)
.Because of the computational is carried out using the commercial CFD
software FLUENT (version 6.2.16) from ANSYS at different dimensions

various flow rates of air working fluid of 300K and constant heat flux.
3.9.2 Viscous Models

The selection of study model is achieved by the exceptional perception of
the phenomena. Three model are investigated in the validation of a viscous
model called: Volume of Fluid (VOF), Eulerian and Mixture models.
Figure (3.15) shows the simulation of behavior of the heat coefficient of
convective in three models along channel. The red line represented the heat
transfer coefficient in the Eulerian model which is straight because this
model cannot model heat transfer and heat transfer coefficient if it’s a
constant [83].

Also, another two lines have the same behavior of heat transfer coefficient

of VOF and Mixture models, but the black line has a higher value are not
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within the range work because this model simulated heat and mass transfer
phenomena itself of immersible fluids and it is designed for two or more
immiscible fluids where the position of the interface between the fluids is
of interest. The Mixture model which is appeared with green line in figure
(3.15) has accepted values. The mixture model is more realistic in this
phenomenon because it can be used to model multiphase flows where the
phases move at different velocities, only phase and fluid move in slip ratio.
Also, a multiphase model may not feasible when there is a wide distribution
of the particulate phase or when the interphase laws are unknown and not

Important between phases.
3.9.3 Turbulence Models

To improve the accuracy of a simulation for a model apart from the
(standard k-¢ turbulence model) and compared with three turbulence model
as (Realizable k-e, RNG k-¢ and standard k-w). Figure (3.16) shows the
behavior of average Nusselt number when used above turbulence model
and compared with results of equations for the entire Re range along
channel. It observed that the standard k-e turbulence model have a good
variation value, also this model is used in many research [23,24],[29] in
the study of an internal flow with heat transfer with walls in two-pass

ribbed channel.
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Figure (3.13). The CFD comparison of velocity contour
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Figure (3.14). The CFD comparison of Temperature contour.
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Figure (3.16). Effect of four turbulence models on Nu distribution

3.10 Model of Simulation
3.10.1 Two Phases Flow
Mixture model multiphase model are chosen to simulate the two phases flow.

The air phase was set to be the primary phase whereas the water is set to be
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secondary phase, it used to simplify the complex flow as two-phase flow.

The solver is pressure based and turbulent intensity about 5%.

3.10.2. Three Phases Flow

Mixture multiphase model is used to simulate the three phases in the channel.
In this model, it is assumed to be a balance in a special length in which the
phases flow and moving in different velocities. Also, in these cases used

pressure-based solver and turbulent intensity about 3% are used.

3.11 Equations Describing Fluids during Motion
1- Continuity Equation (Conservation of Mass)

The continuity equation for mixture is [84]:

V.(p.7) =0 ... (3.0
where v,,, is the mass-averaged velocity: mixture density p,, is constant,
the volume fraction of phase.

n -
= Lk=1 XkPkVk .. (3.2)
Pm

And p,, is calculated as:
Pm = Xk=1%kPk . (3.3)
a; is volume fraction of phase k.

2- Momentum equation
The general expression for phases:

—_— — — —T — a4
V.(pmvm.vm)z—v-p+v-[um[v Vg +V v, ”+pmg +F —

V. [Zho1 akPK Vark Vark) ... (3.4)

where n is the number of phases, Fisa body force and u,,is the viscosity of

mixture:

fm = k=1 ki ... (3.5)
Vark . 1S the drift velocity for secondary phase k.

Vdr,k = \_;k — Vm . (36)
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3- Energy equation

The expression of energy equation for all phases mixture can be getting by

sum individual energy equations for phases:

v. Zﬁ:l[akﬁk (o Ex +p)] =V- [keffVT] + Sg . (8.7)
Where k. is the effective conductivity calculated as: -
Ker = X o [Ky + kel ...(3.8)

k, is the turbulent thermal conductivity. The first three terms on the right-
hand side of Equation (3.8) represent energy transfer due to conduction.

Sgincludes any other volumetric heat sources.

P 2
Ek=hk—ﬁ+v7k (39)

For a compressible phase, and E; = h;, for an incompressible phase, where
h,, is the sensible enthalpy for phase k.

4- Volume Fraction of Secondary Phase

The continuity equation for secondary phase k, the volume fraction equation

for secondary phase k can be obtained: -

%(O‘kpk) + V. (aepy Vi) = —V. [Pk Varg] + Zieq[migi — ] --- (3.10)
3.12 Turbulence (k- Model)

The simplest complete models of turbulence are the two-equation
models in which the solution of two separate transport equations allows
the turbulent velocity and length scales to be independently determined.
The standard k-eé model in ANSYS-Fluent falls within this class of
models and has become the workhorse of practical engineering flow
calculations. Robustness, economy, and reasonable accuracy for a wide
range of turbulent flows explain its popularity in industrial flow and heat
transfer simulations. It is a semi-empirical model, and the derivation of the
model equations relies on phenomenological considerations and empiricism.
As the strengths and weaknesses of the standard k- model have become
known, improvements have been made to the model to improve its
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performance. Two of these variants are available in ANSYS Fluent: the RNG

k-&¢ model and the realizable k-¢ model. The distribution of eddy viscosity
throughout the flow domain must be established in order to calculate the
momentum and heat diffusion coefficients for turbulent equations. The
model used in the present work was standard k- model, which provides
superior performance for flows, boundary layers under strong adverse
pressure gradients, separation, and recirculation, suitable for complex flows

involving severe pressure gradient, strong streamline curvature [84].
3.12.1 Standard k-¢ model

The turbulence kinetic energy (k), and its rate of dissipation (g) respectively,

are written as [83]:-

d ., m

Z (k) + V. (Vi k) = V- [”;—k Vk] + Gim — PméE .. (3.11)
0 — Ht,m €

a(PmS) +V.(ppVm €) = V- [ s Vs] + Eclsck,m — CyePme ... (3.12)

The rate of turbulence dissipation, o, , oy turbulent Prandtl number for € |k
and Gy ,, is the rate of generation of the turbulent kinetic energy. pp, is its
destruction rate. p ,, turbulence viscosity can be calculated using the
equations:

Pem = X Qip; .. (3.13)
KZ
Hem = meu? ... (3.14)
— —T — 2 —
Gkm = Hem [va + Vv, ]:va t3p k Vv, ... (3.15)

The boundary values for turbulent quantities near the wall are specified with
the enhanced wall treatment method as shown in Table (3.11).

Table (3.11): Model Constant
| Constant | Values I
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Cu 0.09
Cie 1.44
Coe 1.92
Ok 1.0
O¢ 1.3
Pry 0.75

3.13 Step of Numerical Solution

Simulation performed the channel model of computational fluid dynamic

with steps strategy

1.

8.

SOLIDWORK 2021 used to configuration the geometry.

2. ANSYS Workbench 2021 used to generation mesh.
3. The model was Mixture.

4,
5
6
7

The materials depend on whether it is two or three phases field.

. Choosing phases and boundary conditions were set.
. The solution initialization.

. The solution was run with steady and a maximum iteration (1000).

The residual of the solution is shown in figures (3.17).

The results of simulation were extracted as data and contours.

[

Residuals

[— continuity
| x-velocity 1e+06 —=
y-velocity 1

z-velocity
energy 1e+04

epsilon
|——vi-water 1e+02

e \

1e-02 -

1604 e EE——————— S —

1e-06 — T T T T T r \
0 100 200 300 400 500 600 700 800 900 1000

Iterations

Figure (3.17): process of residuals plot.
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Chapter Four: Experimental Work

4.1 Introduction

This chapter describes all the steps of designing and building the
experimental test rig. It presents a detailed description of apparatus used
in the laboratory experiments and the experimental investigation of heat
transfer enhancement and flow of two-phase and three phase in a horizontal
rectangular ribbed two-pass channel at different Reynolds number. It can
be classified into three main categories: The first concerns with building
experimentally the optimum model resulting from the numerical part
within the fluid laboratories of the Mechanical Engineering Department at
University of Babylon. The second deals with two-phase flow (air—water)
and three phase flow (air-water-gasoil) at different flow rates and with
different ribs surface temperature. The third category is concerned with
studying the heat transfer enhancement and the pressure drop. All the

experiments have been done at in a laboratory condition (27 °C and 1 atm).

4.2 Description of Test Rig and Experimental Apparatus

To achieve the best experimental investigation, the test rig is designed
and manufactured to deal with all measurement’s cases especially two and
three phase flow requirements and care has been taken to build parts of the
test rig. Figures (4.1) and (4.2) show the schematic diagram and photo of
the experimental apparatus. These parts have been fixed on the frame
structure which is designed to ensure both easy operation and maintenance

through the experiments.
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verter

Figure (4.2): Experimental Rig.
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4.3 Main channel

A channel of two-pass used in the experiment has a pass length of (4080)
mm and a rectangular internal cross section of (80mm by 40mm) (WxH).
The hydraulic diameter of the channel is 53.3mm. It consists of three
sections, i.e., the inlet section 960mm, test section (ribbed regions and
bend) (1920+240) mm and outlet section (960) mm. The channel is
manufactured by using 10 mm thickness transparent Plexiglas Plates
(Acrylic) for the optical access to flow. Two-phase flow & three phase flow
from laboratory room is drawn through the inlet contraction and entered

the channel as shown in Figure (4.3).

40.00

Figure (4.3). Main Channel (all dimension in mm).
4.4 Curved Ribs

The Curved Ribs are manufactured from an aluminum metal of angle
45° with constant temperature and installed after entrance length. The ribs
are of length (80 mm) and cross section (22x20) mm in a Positive-Negative
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(PN) arrangement and two perforating circle area with 3mm as diameter.
There is a heat source installed at the base of the rib to maintain the required
temperature for rib surface. Eight ribs are manufactured from aluminum

metal, 4 ribs in each pass of channel. They are formed by CNC lathe

machine to form ribs with (22mm) height and (20 mm) thickness as shown
in figure (4.4).

Figure (4.4). Rib Configuration
4.5 Heaters

Heat is supplied to the ribs using a finger heater with (6mm x80mm) as
shown in Figure (4.5). It made of stainless steel with specifications
220Volt, Current (3~4) Amp and 700 Watt. Eight heaters are installed to
supply heat flux on the external base of ribs. All heaters are connected to a
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volt regulator with a known voltage and a Digital Power Analyzer to read

the wattage value.
4.6 Converters

A Converter has been connected to the channel to supply mixture of two
and three phase flow to the channel and connect channel with another parts
of rig. Two-Converters, one at the inlet and the second at the outlet region
are used. They are is made from galvanized material and with a circular
cross-sectional area at the fluid entry side and a rectangular sectional area
at the channel side. The beginning of the Converter opens the air tube with
a diameter (0.5 in) which is intertwined with a large tube with a diameter
(1.25 in), as shown in Figure (4.6).

Figure (4.5). Finger Heater Figure (4.6). Converters

4.7 Air compressor

Figure (4.7) shows a compressor designed by Ingersoll-Rand company
type (WELDED AIR RECIVER-BS 5169 IIIE), which works as positive
displacement machine. It consists of piston driven by a crankshaft to
deliver gases at high pressure with a connecting rod.

4. 8Water Pump.

To provide water to the system, specifications as a centrifugal type, model
NO. SHFM5AM, quantities (5 to 480) Lpm, head (5 to 20) m, power (1.5
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KW) and work at constant voltage (220 V) are taken into account, as shown
in figure (4.8).
4.9Water Tank.

It has a capacity of (500) liter with a cylindrical shape. The water used
In experiments is at a laboratory temperature.
4.10 Water flow meter
It is a variable area flow meter (Rotameter), which consists of a vertical
conical measuring tube and mobile float based on the weight force that
equals to the bouncy force as shown in figure (4.9). It is used to control and
measure in Litters /minute the water quantity with a range of (10 to 70)
LPM.

4.11 Air Reservoir

To collect the air coming from compressor under a pressure in order to
provide a pure air flow rate with high stability. Gas reservoir of cylindrical
shape has a capacity of (1000 Liter) with (6 bar) and a laboratory

temperature is used (see Figure (4.10)).
4.12 Pressure Regulator

There are two pressure regulators gages are used, the first gage is ranged
from O to 6 bar to know the pressure inside the reservoir range as shown in
Figure (4.11).

4.13 Safety Valve.

A safety valve is used to control the air pressure and air flow coming from
air reservoir. It has a pressure regulator with a range of (0 to 12) bar, as
shown in Figure (4.12).
4.14 Air flow meter,

Figure (4.13) shows a flow rate range from (350 to 3500) I/hr. It is used to
manage and control the gas flow rate that enters the Converter. It consists
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of a tube made of a clear material with a float that is exerted a drag force

of the flow and gravity.
4.15 Gasoil pump.

Centrifugal pump is used to supply the gasoil into the test channel from
tank. It is (2x%2) inch size with a maximum discharge of 30 Lpm, a power
supply of 370 Watt, and a maximum head of (30 m) as shown in Figure
(4.14).

4.16 Gasoil flow meter

The purpose of using the flow meter is to control and measure the gasoil
flow rate that enters the mixing pipe, with a range of (1 to 22) Lpm as

shown in Figure (4.15).

4.17 Gasoil tank

It used in experiments is stored in a cylindrical tank capacity (500 liter).
4.18 Check & gate valve

Check valve is used to prevent the backflow of water and air. It positions
between the flow meter and gate valve. The gate valve utilized to control

the flow rate that enter to the flow meter.
4.19 Accumulation tank

The mixture of water and gasoil coming out of the channel are collected
through a downward pipe into a tank and left there for a day or until the oil
and water are separated from each other due to the difference in density.
The gas is discharged to the atmosphere and oil is then returned into the oil
tank from the separation tank to be reused while water is draw out to the
drain. The separation tank is made of plastic material with a capacity of
(500 litter), (see Figure (4.16)).
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4.20 Mix Region (MR)

It’s a part of the piping system consists of two entrances in case of two-
phase flow and three entrances in three-phase flow, as shown in Figure
(4.17). Water entrance is as a straight line with the (MR) while air entrance
has pipe of 1.27cm open in beginning Converter to avoid chocking flow
due to high pressure of air. In three-phase flow, the gasoil entre (MR) in
acute angle and mixing with water. The acute of entrances is for reduction

losses during flow. The opposite side, mixture of Water-Gasoil is leaving.

Figure (4.8). Water Pump Figure (4.9). water flow meter
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Figure (4.10). Air Reservoir Figure (4.11). Pressure Regulator

Figure (4.12). Safety Valve Figure (4.13). Air Flow Meter
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Figure (4.14): Gasoil Pump Figure (4.15). Gasoil Flow-meter

Figure (4.16). Accumulation Tank
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Water Water+Gasoil
! air_l air ]
1111 11717
/
"~ Gasoil
air 7 air 4
T T
Water Water
two -phase three- phase

Figure (4.17). Mix Region

4.21 Temperature Devises

4.21.1Thermocouples Distribution and Fixation

Thermocouples are used to convert a signal of thermocouples to a digital
reading at same time, with specification according to table (4.1). Eleven
thermocouples (K-types, TP-01) are installed along channel. All
thermocouples are attached to by drilling to the channel in a specific place
with a suitable adhesion epoxy. Three thermocouples (k-type) are located
in inlet ribbed region in first pass, bend, and outlet ribbed region in second
pass at Omm, 1040mm, and 2080mm from the entrance of the ribbed
section to measure the temperature of the mixture. The eight
thermocouples are located in the center of each rib from the outside of
channel. Thermocouples produce a voltage as a result of the heat effect,

and this voltage can be used to measure rib temperature.
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Table (4.1). Thermocouples Specification [89].

(-50.1°C to - e
100°0) +(0.4 % +1°C)

Type K (-50.0°C to +(0.4 %

) 999.9°C) +0.5°C)
Chromium-—

aluminum) (1000°C to -
1300°C)

+(0.4 % +1°C)

4.21.2Digital Temperature Recorder

Thirteen channel portable temperature recorder model (BTM-4208SD) has
been used to measure the temperature and to save the measuring data at a
certain time into SD memory card. The measured temperatures are showed
via Microsoft Excel for each second. Figure (4.18) shows the temperature

recorder and the thermocouple.

=

12 Channels -
TEMPERATURE RECORDER
_—

Olaven BTM-4208SD

Figure (4.18). Temperature recorder device and thermocouple.

4.22 Digital Manometer (PM 9100)

Two Digital Manometer device are used to measure the change in the

pressure across a small channel inside the ribbed channel as shown in
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Figure (4.19). They work on principle of piezoelectricity (where electricity
Is generated if mechanical stress is applied to the thin membrane with
accuracy of (0.1 %) as shown in table (4.2). The recorded data show the
maximum and minimum of readings. Channels are located at different
distances (S) from a reference point (inlet point): inlet channel, bend
channel and outlet channel at distances (0,1040, 2120) mm from inlet point
to ribbed section, respectively. The small channels are located at the
channel base of ribbed region with three holes, first is inlet and outlet

ribbed region channel as shown in Figure (4.20).

BE0mm: O60mm 300m
0 ﬁ &— inlet
240mm| @ |
| ’
| .
| d | — o
l i
i :
| i
1
| '.
| ]
| L
oog o o
O0o0d O0o4da

Figure (4.19). Position of channel manometers.
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Figure (4.20). Digital Manometers.
Table (4.2): Manometer Specification [87]

(mm)

Piezoelectric | £2% Full Temperature | 180x72x32 | Mbar, Psi
Scale
(0°C to 50°C) Kg/cm?, mmHg
Humidity Atmospheric
Less than
80%

4.23 Capture and Analysis

A camera is used to monitor a flow with slow motion after added a

potassium Permanganate into water in the ribbed channel.

4.24 \oltage Variation Device

A variable voltage device, as shown in figure (4.21), was used to supply
the required voltage with a range of (0-260) V, and supply the required
power for heater. In addition, there is an internal resistance to control the

variations of voltage till reach the demanded value is used.
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4.25 Power Measuring Device

The power analyzer model (DW-6091) as presented in figure (4.22) is

utilized to measure the supplied electric power values that feed the heaters

with specification as indicated by table (4.3). The input heat is given as:
Qi =1 *V cosf ... (4.1)

The uncertainty of Qi, equal 1.4%.

Table (4.3) Information of power measurement device. [90]

Power (Watts) 1-6000 150-200 Watts
Voltage (\Volts) 0.1-299.9 196.9-228.2 Volt
| Current (Amp.) | 0.1-200 I 0.74-0.86  Amp. |

Figure (4.21) variable voltage device. Figure (4.22) power device

4.26 Instrument Calibration

To increase the accuracy of measurements devices, it performed a calibrate
each of the flow meters, manometers, and the recorder device.
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4.26.1Digital Temperature Recorder

To calibrate the temperature recorder, a thermocouple is used as shown in
Figure (4.23). In this way, the deviation values for all channel temperatures
recorded. The method carried out by input a value to a calibrator and
compared the deviation between two devices as shown in table (4.4).

Figure (4.24) presents the calibrated data.

Figure (4.23). Calibration method temperature recorder.

Table (4.4): Calibration Results of Thermocouple

. o
Indicated value | Indicated value | Correlation value”C

Reference Device 1 Device 2

value

Device 2

-0.723

-0.801

-0.65
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S BCTI TR T

60 Error=1.6%
o Toarger =0.43678+0.99697T 00000y oT,=0.99995

Calibration Temperature Instruments
o | 0 Toime =0.00668+1.00823T ... . ,1,=0.99996669

£ 5]
e} (%]
T |

™,

N

=
[=]
I
\,
ok
AN

Temperature Recorder( °C)
T
N\

N

=] A
s 00
\

70 Lo T R N N B R R TSI SR NI NI PRI SR NI R
24 28 32 36 40 44 48 52 56 G0 64
Temperature Calibrator (°C)

Figure (4.24). Calibration Curves of temperature.

4.26.2 Pressure Calibration

To calibrate the digital manometer is done by using a U-tube manometer.
The difference of pressure is the different between the high of the water in
the tube where is close of the channel and the high of the water in the
opened tube to the atmospheric. The difference between the pressure value
of the two manometers readings at same time and for the same values of
flow rate. The measured reading of the pressure difference (pressure drop)
and the standard reading of the pressure difference are drew as shown in
figure (4.25).
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Figure (4.25). Calibration Curves of Digital Manometers.
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4.26.3 Volumetric Flow rate of water

The flow meter used to measure the water flow rate is calibrated by using
a scaled container filled with the water coming out of the channel at a
specific flow rate, the time for the water to reach a specific point on the
container is recorded. This process was repeated for five times and the
values are represented in curve with the flow meter values as shown in
figure (4.26).

13

L 3
i 5 calibration water flow meter

i Error=2.5%
" +—4+ Qcalibration =-0.2843+1.0482Q flowmeter
10 | =0.998 |
o[
-l ///
7 F /

Q water flow rate by calibration (L‘Ilrnl] n}
.,

I, U T N T 0 S S T VS O S A
1 2 3 1 5 & 7 8 9 10 11 12 13

(L/min)

Q. water flow rate by flowmeter

Figure (4.26). Calibration Curves of Waterflow meter.
4.26.4 Volumetric Flow rates of Gasoil

The flow meter used to measure the gasoline flow rate is calibrated by
using a scaled container in the same way as water flow meter where it filled

with the gasoil that is coming out of the channel at a specific flow rate. The
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time is recorded for the gasoil to reach a specific point in the container.
This process was repeated for five times and the values are represented in

curve with the flow meter values as shown in figure (4.27).

7
Calibration Gasoil Flow meter
6.5 Emror=4.8%
g Qonottonnty e 06141172 Q ot o by o
© r=0.996
— 2.5
£
£ i
N /
= I /
= Y,
% 1 /
;’ ) ,/,
z i /’/
[ 4 - v
" *
§35 /
L8 /
U 3 '_ V
25 F
2 F
1‘5-..I|-||--\||..||.--|-||.-‘.-||-|
1.5 2 2.5 3 3.5 4 4.5 5 5.5 6 6.5 7
Q Gasoil llow rate by flowmeter {L!min)

Figure (4.27). Calibration Curves of gasoil flow meter.
4.26.5 Volumetric Flow rates of Air

The air flow meter is calibrated by measuring the pressure difference
through orifice meter, which has a restriction to create a pressure drop. The
pressure difference is measured using a U-tube water manometer as shown
in Figure (4.28). It consists of a straight length pipe of 50 cm; with a central
orifice of (32) mm outlet diameter and 25.4 mm inlet diameter. The
theoretical discharge (Q weory) IS calculated by assuming the air is as
incompressible fluid and using a Bernoulli's equation for two points (before
and after orifice). Neglecting the pressure drop is resulted from friction
losses. The linear relation of calibration is shown in Figure (4.29). The

theoretical volumetric flow rate can be calculated as [91]:
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... (4.2)

Q _ A Z(Ap)air
theoritical —
1_[A_2]2 Pair
Aq
Figure (4.28). Orifice meter and U-manometer.
1000
950 £ Calibration Air Flow meter
C Error=2.533 %
90{] :_ QOrifice meter=_7‘004412 +0982455Q Flow meter
L r=0.99971
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800 -
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(l.zlcw meter“ rfhr:'

Figure (4.29). Calibration Curves of air flow meter.
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4.27

Experimental Procedure

The following procedure has been applied for the purpose of

investigating and analyzing the ribbed channel enhancement in heat

transfer, pressure behavior, and temperature distribution. The producer of

running experiments is: -

A. First set of experiments (Water-Air) Twenty-seven of them are

o B~ W

o oA w N

with a two-phases flow:

The electrical heater is operated and adjusted to get the first constant
rib temperature (50°C) using a regulating device (220 volt).

The compressor is run to get the air amount in the gas receiver.

The air loop is opened with a first value of flow rate.

The water loop is opened with first value of flow rate.

The pressure is measured by three channels of the Digital manometer
for the first run 5-minutes data recording for stability in measuring.
And images for the experiment were taken.

The procedure from the 5 previous steps is repeated for other
experiments rib surface and flow rates as Table (4.3).

B. Second sets of experiments (Water—Air-Gasoil) eighty-one of
them are with a three-phases flow:

The electrical heater is operated and adjusted to get the first constant
rib temperature (50°C) by the regulating device (220 volt).

The compressor is run to get the air amount in the gas receiver.

The air loop is opened with first value of flow rate.

The water loop is opened with first value of flow rate.

The gasoil loop is opened with first value of flow rate.

The pressure is measured by three channels of the digital manometer
for the first run 5-minute data recording for stability in measuring.

And images for the experiment were taken.
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7. The procedure from the 5 previous steps is repeated for other

experiments rib surfaces and flow rates as table (4.4).

Table (4.3). The variables of experiments (Two-Phase Flow)

Q air (L/min)
Q water (L/min)
Trib (°C)

Qair (L/min)
QGasoiI (L/min)
Q water (L/min)

Trib (°C)

4.28 Experimental Calculations

1. Calculation effective properties (Air-Water).

To calculate the effective properties for mixture of (air-water) as two-
phase flow with the help of certain mixing rules and definitions [85,88].
Assuming the air is a controlled phase while water is secondary phase
of flow.

a) Void Fraction (a)
It is Dimensionless quantity represented the volume of gas phase

to total volume of all phases in channel [85]:

__ Volume of gas phase

o= ... (4.3)

Total volume

Volume of liquid phase
1—oa= 5 e (44)

Total volume

b) Velocity of Mixture
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The mixture velocity as a relative velocity for two-phase flow of mixture

(m/s) as follow [85]:
Vinixture = Vair + Vwater ... (4.5)
¢) Dynamic Viscosity of Mixture

To calculate viscosity of mixture by equation,[85]:

Pmixture = 0% Pair + (1 — @) Myater ... (4.6)
d) Specific heat at constant pressure (Cp).

The value of Cp for mixture can be calculated depended on the void

fraction and Cp for phase as according to equation below [85]:

CPmixture = A * CPgir + (1-a) CPwater .. (4.7)

2. Calculation effective properties (Air-Water-Gasoil).

To calculate the effective properties for mixture of (air-water-Gasoil)
as equations [85] and [88]. Assuming the air is the controller phase and
water is secondary phase in flow.

a) Void Fraction (o)

It is dimensionless quantity represented as [85].

Volume of gas phase
Ayiyr = ... (4.8
atr Total volume ( )
Volume of water phase
x = ... (4.9
water Total volume ( )
Volume of gasoil phase
Agacnil = ...(4.10
gasoil Total volume ( )

b) Mixture Velocity

The mixture velocity is a relative velocity for a two-phase flow of
mixture (m/s) as follows [85]:

Vinixture = Vair ¥ Vwater T V gasoit ... (4.11)
c) Dynamic Viscosity of Mixture

To calculate viscosity of the mixture use:

Mmixture = %air * Hair T Quater- Hwater + O(gasoil- ugasoil (4-12)
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d) Specific heat at a constant pressure (Cp)
The value of Cp for mixture can be calculated depending on the void
fraction and Cp for phase as [85] :
CPmixture = %gir * CPqir + Wyater- COwater + %gasoi- CP gasoit ---(4.13)
e) Density ( Pmixture) [85].
Pmixture = Pgasoil * ®gasoil T Pw * Ay + Pair * Agir ..(4.14)

3. Reynold Numbers [86]

The ranges of Re for two types of flow are calculated in APPENDIX E.

Re = %’”d .. (4.15)

4. Friction Factor (f) [44]

[ ..(4.16)

Es Wnixture Pmixture

AP : Pressure drop (pa).

S: distance from the inlet to the outlet of ribbed region and bend (m).
For smooth channel can be calculated as [45]:

f, = 2(2.236ln Re — 4.639)72 ... (4.17)

5. Heat Transfer Coefficient

The heat transfer coefficient over the ribbed surface is [86]:

h=—3 ... (4.18)

Twan—Toulk
q equal to Q;,, by surface area of heat transfer the heat flux from the heated
surface to the surrounding bulk fluid. Twa, was read from thermocouples
fixed on ribs surface. The bulk temperature Ty, at position X along the

direction of flow and is measured on the assumption that the temperature
of linear working fluid flows along the channel, and can be calculated as
[92]:
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X
Touik = Tin + (Tour — Tin) T ... (4.19)

6. Thermal-Performance Criteria Evaluation (PCE) [45].

PEC = =% .. (4.20)

For smooth channel Nu (Dittus-Boelter) can be calculated as [45]:
Nu, = 0.023Re’8pPro4 ... (4.21)

For ribbed channel Nu can be calculated as [44]:

hL

8. Error Analysis

The relation between temperature recorders and thermocouple calibrator
are linear formula for device land 2 as in equations:
Tcalibrator = 0.43678 + 0-99697Ttemperature recorderl (4-23)

Tcalibrator = 0.00668 + 1-000823Ttemperature recorder2 (4-24)

The calibration for digital manometers is done with an accurate U-tube
manometer and the relation is linear formulas for 1 and 2 as given in
equations (4.25) and (4.26).

Py_tube Manometer = 0.1324 + 1-02~L-"I‘di§_;ital manomwter 1 ... (4.25)
l:)U—tube Manometer — 0.3989 + 1-OOSZSTdigital manomwter 2 (4-26)

The calibration for water, gasoil & air flowmeters are done with an accurate
scaled tube and the relation is linear formulas as given in equations (4.27)
to (4.29).

Qwater calculation — —0.2843 + 1.0482 Qwater flowmeter (4-27)
ansoil calculation = —0.614 + 1-172ansoi1 flowmeter (4-28)
QOrifice meter — —7.004412 + 0-9824'55QAir flowmeter (4-29)
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Chapter Five: Results and Discussion

5.1 Introduction

In this study, the results are discussed in two parts, the first is related
to the steps of design the optimum channel to enhance heat transfer and
pressure drop. The second part is related to two types of the flow are air
and water and air, water, and gasoil for two and three phases flow
respectively. Also, comparisons between computational fluid dynamics
results and experimental results are investigated the flow. All results are

calculated in the inlet pass, outlet pass of ribbed region and bend.

5.2 Comparison of Numerical Results

The current numerical analyses of the flow and heat transfer values along
two-pass channels have been performed in order to demonstrate the
validity and correctness of the numerical process for this study. These
analyses have been compared to the numerical results produced by prior
researchers for studies [29,30,44]. The current study is performed in a 45°
angled AR=2:1 channel with two-phase flow Re 72456.3 at T,,=60°C
along two passes of curved rib with circular perforating area (3mm).
Figure (5.1) shows the flow behavior of smooth channels for research [29]
in the air conditions of Re equal to 25000 and 36 ribs of are attached in top
and bottom with heat flux equal 4800W/m? channel and exist Psatic =1*10°
in a different dimension two-pass with AR=1:1).

Figure (5.2) shows the effect of rib on the behavior of Nu at different
conditions. The research [30] is used (air in Re=25000, Pgtric =1*10°, all
heated walls at fixed temperature (Ty) in a different dimension two-pass
with AR=1:1 where ribs (52) are attached in top and bottom channel. It is
seen very clear from comparison between [29,30] and this current work,

the two curves have same trend, that is good agreement. The high deviation
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between curves so as to difference in boundary conditions as well as the
channels have a different dimensions and obstruction have shapes and
modifications in current ribs. The working fluids, the researchers used as

one phase while the current study used two-phase flow.
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Figure (5.1). Nu behavior in smooth channels.
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Figure (5.2). Nu behavior in ribbed channel.
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5.3 First Part: Results for Choosing the Optimum Design.

5.3.1 The Shape of Channel the Bend, and an Aspect Ratio

For the purpose of improving channel heat transfer, the bend and channel
shape choices have been extensively studied and determined in relation to
the amount of turbulence produced. In compared to alternative
arrangements, the acute bend is made possible by a significant
improvement in heat transfer. According to sciences, increased turbulence
and mixing caused by sharp edges also boosted Re and improved heat
transfer. On another side, the sharp edges produced additional pressure
drop due to increased friction and losses.

Additionally, the aspect ratio must take into account the height of the ribs
and have a good streamline flow. An acceptable aspect ratio was around
(2:1). These results have a good agreement with previous study [44]
because the streamline flow caused turbulence, which in turn led to high
heat transfer for reasonable values of velocity and friction, as well as
because increasing channel width (which indicates an increase in the length
of ribs) led to larger area and increasing rate of heat cause more enhancing
in heat transfer. Figure (5.3) shows the channel's optimum design for this

study.

Inipy Watey

RS

Figure (5.3). Physical Model of Channel
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5.3.2 Smooth Channel

To be able to gain design ideas about the configuration of ribs that achieved
the necessary amount of enhancement in heat transfer, as well as to
compare with rib cases and understand the behavior of pressure drop, it is
first necessary to study a simplified case for a channel without ribs and
with a hot area (same area of base of rib) at 60°C and inclined with 45° at
the same level of channel base.

Figure (5.4) (a) explains the effect of hot area and bend on velocity of
mixture at air and water velocities about 1.3157 m/s and 0.1684 m/s
respectively. It observed that the velocity started to increase gradually in
first pass and reached maximum in the bend region, gradually increase in
velocity of mixture at first-pass. Because the increase temperature due to
hot areas lead to expanding air phase with flow direction and increasing
velocity of mixture. The maximum values of velocity in bend because the
area of flow decrease at constant flowrate, also the increasing turbulence
of mixture so to sharp edges was led to increase friction, more losses and
turbulence.

Figure (5.4) (b) shows the effect of hot areas and sharp bend on pressure at
same above conditions. It observed that the pressure decreased gradually
toward the bend and minimum pressure in bend because of gradually
increasing in velocity and maximum velocity in bend. Also, the red regions

in the sharp edges caused by high friction in these regions.

Figure (5.4). Distribution of :(a) Velocity, (b)Pressure
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5.3.3 Optimum Ribs Shape

Choosing an appropriate shape and design is required to achieve a large
area and turbulent flow, therefore; two designs, Curved and V-shaped ribs
are used to enhance the heat transfer and pressure drop. A V-shaped ribs
have sharp edges great more turbulence, few covering in previous studies.
While curved-rib have smooth edges with wavy surface contact area.
Figure (5.5) shows the effect of curved ribs on heat transfer coefficients at
the same conditions of the previous stage. It observed that the heat transfer
coefficients are increased in two-types of ribs but curved rib has high
enhancing in heat transfer and more efficient. The percentages of
enhancing of curved ribs has 34.55% higher than V-shaped ribs and
enhancing with 147.85% and 40.8% with respect to smooth case,
respectively. Because the Curved ribs have smoothing flow where mixture
passes and exchanges heat with ribs better than V-shaped ribs. Also,
Curved ribs have higher heat transfer coefficients because of higher heat
rate, in spite of these have surface area equal 5.3086 x10°m?, while V-
shaped ribs equal 6.7632x103 m?. Figure (5.6) shows the effect of two rib
shapes on pressure along the ribbed and bend region. It observed that
pressure decreased from inlet to outlet with high dropping in the bend
region. The percentages of increasing pressure of V-shaped has 10.1 %
higher than curved ribs and enhancing with 40. 5% and 72.5 % with respect
to smooth case, respectively. The pressure in VV-shaped ribs have maximum
value because the shape of rib makes high obstruction opposite flow lead
to minimize velocity, high friction losses and increased pressure. The
Curved ribs have obstruction lower than V-shaped ribs because the curved
ribs configuration has wavy surfaces less friction, also low friction and low
pressure. While the percentages of increasing pressure drop, it observed
that V-shaped rib higher than curved ribs about 60.01% also, in comparison

with smooth case, the percentage of increasing pressure about 150% and
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56.2% for V-shaped and curved ribs respectively, because V-shaped have
a sharp edge with high friction. Figure (5.7) (a) and (b) show the behavior
of pressure as contour and effect of the shape of the ribbed and bend region
of the channel. The red region in V-shaped is large especially inlet region
because of large resistance to flow generated so to feature than curved rib
that has orange inlet region because the flow impact with sharp corners
lead to increase pressure more than in curved rib of smooth configuration.
Figure (5.8) (a) and (b) show the behavior of velocity as contour and effect
of the shape of the ribbed and bend region of the channel. In bend the
velocity has maximum values due to decrease in pressure so to high
turbulence. But in the passes the velocity gradually increased so to decrease
In cross section area and decreased in pressure. The blue and green region
concentrated in bend corners have a lower velocity so to high friction
losses. It considered that curved ribs optimum design according above

reasons.
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Figure (5.5). Heat convective coefficients. Figure (5.6). Pressure behavior.
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(a) Curved-Rib

(.:

Figure (5.7). Pressure distribution. Figure (5.8). Velocity-distribution.

5.3.4 Shape of Perforated Area

After choosing the optimum area will choose the shapes according to heat
transfer enhancement. Square, circle and triangle have the same cross
section area of perforated that were examined to obtain the optimal
perforating shape. Figure (5.9) shows the effect of shape of perforating area
on heat transfer enhancement. It observed that the circle has a high-
enhancing in-heat transfer, according the percentages of enhancement are
about 7.47 % and 6.1% for square and triangle perforating area,
respectively. Because the circle area has a largest heat transfer area with
smoothly in flow when square and triangle area have small heat transfer
area due to generate eddies consider as insulator prevents heat transfer in
sharp edges. When comparison heat transfer in square has higher than
triangle areas because square area higher than triangle areas.

Figure (5.10) shows the effect of the shape area on pressure at the same
condition of previous stages. It observed that the square area perforating
has high pressure comparison with triangle and circle area, because it has
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sharp edges in which generating eddies that lead to increase pressure of
flow. Also, pressure drops in square area has maximum value, the
percentages of increasing for square about for three cases along the ribbed
region and bend were about (7.48% and 12.3%) with respect to triangle
and circle areas, respectively. Because the friction losses in sharp edges of
square area and triangle were higher than in circle area.

Figure (5.11) shows the behavior of pressure as contour in presence of a
different shape of perforating at same conditions, it observed that pressure
decreased gradually toward the outlet, in bend it decreased sharply because
of more friction. In addition, it is observed that the circle shape has high
pressure (high red region) at inlet because it has low contact area at same
area of cross-section in comparison with triangle and square shapes.
Figure (5.12) shows the behavior velocity in same above cases, it is
observed that the circle shape has high velocity in comparison with triangle
and square shapes more turbulence because it has high contact area with
small surface area when square has high surface area.

Finally, it observed that the circle perforating is the optimum shape area

with high enhancement.
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Figure (5.9): Heat transfer behavior. Figure (5.10): Pressure behavior.
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5.3.5 Area of Optimum Perforated

The idea of creating a perforate inside the rib is to increase the area of heat
transfer and turbulence in ribbed region. Three cases of circle perforating
as (3,6 and 9) mm diameters inside ribs were used and it was chosen the
optimum diameter for that more enhancement in heat transfer. Figure
(5.13) shows the behavior of heat transfer coefficients for three circles
perforated at same conditions of previous stage along the channel. It
observed that coefficients (h) increased with decreased diameters from
inlet to outlet with high dropping in bend. From observation, the
percentages of enhancement in 3mm are about 15.4 % with respect to 6mm,

21.25% with respect to 9mm, when comparison with solid rib is enhanced
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about 33.425% ,16.13% and 10.07% for (3,6 and 9) mm, respectively.
Because the circle gives more smoothly in flow with low losses, also the
3mm circle allows the largest velocity depending on continuity equation
and relation of velocity with area, that getting to more turbulence than (6
and 9) mm leads to more enhancement in heat transfer.

The solid rib has a minimum heat transfer coefficient because the surface
area of heat transfer and turbulence are low.

Figure (5.14) presents the effect of three diameters on behavior of pressure
at same conditions. It observed that pressure decreases with increased
circle diameters so to the circle of 3mm diameter has a maximum pressure
while the circle of 9mm diameter has a minimum pressure. Because when
the flow passed with hardly through small perforating area led to increase
pressure, this mean that 3mm has maximum pressure in comparison with
(6 and 9) mm at same conditions. Also, the increasing percentages of
pressure drop for (3 mm) were about (15.1% and 22.82%) with respect to
(6 and 9 mm), respectively along the ribbed region and bend. The reasons
that become the area of 3mm have maximum pressure drop and percentage
are the maximum velocity in 3mm in comparison with other areas.

Figure (5.15) (a), (b) and (C) show the behavior of pressure as contour in
cases of perforating diameters at same conditions. It observed that the
pressure decreased gradually toward outlet. The red region in 3mm is large
because of higher pressure than other cases. Because the flow passed with
hardly through small perforating area led to increase pressure.

Figure (5.16) (a), (b) and (c) show the behavior of velocity as contour and
effect of the perforating diameters in the ribbed and bend region of the
channel. The inlet region in area of 3mm was light colored that mean the
velocity of lower than other because of according to Bernoulli’s equation.
The inlet region in areas (6) mm was dark color, while area 9mm was more

dark color that mean the velocity in 9mm have maximum value than other
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because of this area has lower pressure and according to Bernoulli’s
equation. The edges have lower velocity because of friction where higher
velocity in bend because of more turbulent. In outlet region in 3mm has
greenish yellow because of low velocity where increase in (6and 9) mm

higher than 3mm.
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Figure (5.15). Pressure distribution Figure (5.16). Velocity distribution.

5.3.6 Angles values of ribs

To provide the high turbulence and large surface area of heat transfer to
achieved the maximum enhancement in heat transfer. Three ribs angles are
tested to find optimum angle :30°,45°and 60° at same conditions of
previous stages. Figure (5.17) shows the effect of rib angles on heat transfer
enhancement. It observed that 30° has the lowest heat transfer coefficients
due to low turbulence while angle 60° is higher than 30° in compared with
other angles. Because the angle 30° has less obstruction area lead to low
resistance and low heat transfer from other cases. Also, it observed that 45°
has a maximum heat transfer coefficient. Because area of heat transfer was
higher lead to high rate of heat transfer and more turbulence. In addition,
angle 60° has higher area of heat transfer lead to low-rate heat transfer. The
percentages of heat transfer enhancement for 45° are about 19.45% and
7.52% with respect to 30° and 60° respectively. The results show that 30°
low flow resistance because ribs are low confrontation area with flow
wherefore low turbulence in comparison with other angles.

Figure (5.18) shows the effect of angles on pressure at same conditions of
previous stages. It observed that the pressure in 60° has high values
because of more resistance and abstraction for flow. The percentages of
increasing pressure drop in 60° was about 43.98 % and 15.27 % with

respect to 30° and 45° respectively. Because pressure drop increased with
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increasing confrontation area for flow when 60° has maximum

confrontation area.

Figure (5.19) shows the behavior of pressure in presence of a different

shape of perforating, it is observed that the 30° has low pressure in

comparison with 45° and 60° because of low obstructions for flow. Figure

(5.20) shows the behavior velocity in presence of a different angles for ribs,

it is observed that the 30° has high velocity in comparison with 45° and

60° these have low velocities because of low obstruction to flow. Finally,

it observed that 45° is the optimum shape area with high enhancement.
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5.4 Second Part: Two-phase flow internal Optimum channel

5.4.1 Distribution of local Nusselt Number (Nu).

Figure (5.21) displays the behavior of Nu across the ribbed and bend
regions for experimental and numerical work. The Nu behavior shows
multi peaks across the channel due to the increase of turbulent flow. A
maximum an increase in the Nu is indicated at S/D=10.84 and 29.68. The
curves have several regions: the first region (from inlet to first ribs) shows
decrease in Nu because of decreasing velocity due to friction. Second
region (first rib to fourth rib) shows increase in Nu because of turbulence
that leads to increased molecules contiguity between them and transferred
heat, this region has fluctuation behavior until maximum peak in point S
equal 10.84 times hydraulic diameter because the flow is made the eddies
and turbulence from inlet to ribbed region until is reached maximum
turbulence in S/D=10.84. After the third rib, Nu is decreased because the

impact of sharp corners and friction. Third region (fourth rib to bend start)
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shows decrease in Nu because of low turbulence. Fourth region (bend)
shows increase in Nu because turbulence increases. Fifth region (bend end
to first rib after bend) shows decrease in Nu because the flow has maximum
velocity and smoother in this region than flow in ribbed region, the
configuration of surface, and centrifugal force is accelerated the flow and
low turbulence. After the flow leaved bend region with high velocity and
entered the sixth region (first rib after bend to fourth rib after rib) shows
increase in Nu because of presence ribs led to high turbulence. This region
has fluctuation behavior until reach maximum peak in point S equal 29.68
times hydraulic diameter in second pass because the flow is created eddies
due to impact with the rib. After the point S/D= 29.68 the eddies are
disappeared due to decrease in mixture velocity led to low turbulence.
Seventh region (fourth rib after bend to outlet) shows decrease in Nu
because low velocity and low turbulence. Also, the observations show
same behavior at different velocities, Nu increases with increasing mixture
velocities because the turbulence in flow increase heat transfer. In addition,
the increase T, from 50°C to 70°C works to increase Nu because it
increases the kinetic energy of the flow and enhance heat transfer. Also,
the numerical and experimental curves have same behavior and same
location of maximum peaks. Figure (5.22) shows the effect of changing rib
surface temperature (T.ip) on Nu at different air velocities at maximum peak
in point S equal 10.84 times hydraulic diameter in constant water velocity
0.1684ml/s. It observed that the Nu increases with increasing rib surface
temperature (T.p) because the increase rib surface temperature (Ti,) leads
to increase kinetic energy of mixture. Also, the increase air velocities are
enhanced Nu because turbulence is increased with increasing velocities.
Figure (5.23) shows the effect of changing rib surface temperature (Tip) On

Nu when water velocities vary from 0.0842 to 0.2526m/s at maximum peak
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in point S equal 10.84 times hydraulic diameter in constant air velocity
1.3157m/s. It observed that the Nu increases with increasing rib surface
temperature (T.ip) because the increase rib surface temperature (Ti,) leads
to increase Kinetic energy of mixture, and the increase water velocities is
enhanced Nu because turbulence is increased with increasing velocities.
The enhancement in case of constant air velocity and case of constant water
velocity are compared. The case of varies water velocities are the highest
enhancement in heat transfer because the water has more heat capacity than
air.

In addition, when the water and air velocities and rib surface temperature
50 °C to 70 °C are varied three times, all the numerical and experimental

results have the same behavior with percentages according Appendix B.

235
T,,,=60°C
230 |- u B W V,ee=0.1684m/s,V5:=2.193m/s
225 — |
220 — H
- "
215 =
- [
2 210 - O
] n
. ]
205 N O
|
200 - H
195 = O
L O -
190 +~ o o
O a
18],__l:ll.ll:l||.J||n\|.|||:|||I\I.|\11|»|
0 5 10 15 20 25 30 35 40 45
S/D

Figure (5.21): Nu-distribution along ribbed and bend region of the

channel.
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Figure (5.23): Variation Nu for different Trip in S/D=10.84 at constant Vair

5.4.2 Effect of changing velocities of air and water on enhancement
ratio Nu/Nu, for different rib surface temperatures Trip .
To investigate the heat transfer enhancement due to various velocities

and different T, the Nusselt number ratio or enhancement ratio (Nu/Nu,)
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Is calculated. Figure (5.24) shows the effect of rib surface temperature Tip
on ratio Nu/Nu, when the Vg is varied from 1.3157m/s to 3.29m/s at
constant Vaer . It observed that the Nu/Nu; is increased with increasing
T:ip because the increase Ty is led to enhance heat transfer by increasing
the turbulence and kinetic energy. In addition, it observed the increasing
Vair ,it is increased enhancement ratio Nu/Nu, because the increase Vi is
led to increase heat transfer between mixture and hot ribs .Figure (5.25)

presents the behavior of Nu/Nu, due to increase Vwaer,it is enhanced higher
than V,ir case when rib temperature varied from 50°C to 70°C because the

water able to absorb more heat than air so as to it has high heat capacity
than air. The increasing percentages of enhancement ratio at different T,
Vair and Vater 1S calculated in APPENDIX B.
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Figure (5.24): Variation Nu/Nu, with rib surface temperature Tp.
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5.4.3 Effect of changing velocities of air and water on pressure drop
(AP) for different rib surface temperatures Trip .

Figure (5.26) shows the effect of increasing rib surface temperature
from 50 °C to 70 °C on the pressure drop when the Vi is varied from
1.3157 to 3.29 m/s at constant Vyaer. It presented that the pressure drop
increased with increasing T i, because the increase T, is heated the mixture
and more created more turbulence so as to kinetic energy. Figure (5.27)
shows the effect of increasing rib surface temperature from 50 °C to 70 °C
on the pressure drop when the Ve is varied from 0.0842m/s to 0.2526m/s
at constant V. When increase T, from 50 °C to 70 °C, the increasing
percentages are varied 25.3% to 31.4%. Also, it observed that the pressure
drop increased with increasing Vwaer and V. at constant Ty, with
percentages for 50 °C about (29.53% ~30. 5%) and (43.8%~45.39%)
respectively, for 60°C (29.53%~30.5%) and (43.8%~45.39%) respectively,
and 60 °C about (31.83% ~33. 5%) and (45.02%~46.79%) respectively.

Because the friction increased with increase velocities and kinetic energy
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lead to increase losses. In addition, it observed that the increasing

percentages in air case is higher than water case.
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5.4.4 Effect of changing velocities of air and water on friction factor

ratio (f/fo) for different rib surface temperatures Trip .

To investigate the friction factor ratio (f/f,) due to various velocities and

different Trip ,related to friction factor in without ribs cases is calculated.

Figure (5.28) shows the effect of increasing rib surface temperature T, On
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friction ratio when the Vg is varied from 1.3157m/s to 3.29m/s at constant
Vuwater. The effect of increasing Ty, from 50°C to 60°C to 70°C on f/f, is
analyzed. The f/f, values increased with increasing T, because it is led to
increase the pressure drop so as to kinetic energy is increased and created
more losses. Also, the increasing Vi is led to decrease the friction ratio

because the increase velocity is created more losses and more friction ratio.
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Figure (5.28): Variation friction ratio with rib surface temperature Tyip.

Figure (5.29) shows the effect of increasing rib surface temperature Ty
on friction ratio when the Vyaer is varied from 0.0842m/s to 0.2526m/s at
constant V. The f/f, values are increased with increasing Tip, because it
Is led to increase the pressure drop so as to kinetic energy is increased and
created more losses. Also, the increasing Vwaier IS led to decrease the friction
ratio because the increase velocity is created more losses and more friction
ratio. The friction ratios of increasing Vwaer is lower than friction ratios of
increasing V,r because the Vg, three times Vuaer . The increasing
percentages of friction ratio at different T.ip, Vair and Vuwager 1S calculated in
APPENDIX B.
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Figure (5.29): Variation friction ratio with rib surface temperature Tip.

5.4.5 Effect of changing velocities of air and water on Thermal-
Performance Criteria Evaluation (PCE) for different rib surface
temperatures Trip .

To balance the heat transfer enhancement quantity (Nu/Nu,) to pressure
losses (f/f, ) represented by (PCE).Figure (5.30) shows the effect of
increasing rib surface temperature T, on (PCE) when the Vg is varied
from 1.3157m/s to 3.29m/s at constant Vaer. The effect of increasing Tip
Is represented by increasing (PCE) with increase of T, because of more
heat rate and more heat transfer enhancement than friction ratio. The PCE
decreases with increasing V.- because the (f/f,) is increased because of
low f and f, lower lead to low over lower get value of f/f, higher than
enhance in heat transfer (Nu/Nu,).Figure (5.31) shows the effect of
increasing rib surface temperature T,i, on PCE when the Vyaer IS varied
from 0.0842m/s to 0.2526m/s at constant Vg.It observed that the PCE
increased with increasing T, because it is led to more heat rate and more

turbulence so as to more heat transfer enhancement than friction ratio.
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Also, the increasing Vwaer is led to decrease the PCE because the ratio (f/f,
) is increased because of low f and f, lower lead to low over lower get
value of f/f, higher than enhancement ratio of heat transfer (Nu/Nu,). The
increasing percentages of friction ratio at different Trip, Vair and Viater 1S
calculated in APPENDIX B.
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Figure (5.30): Variation friction ratio with rib surface temperature Tip.
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5.4.6 Distribution of Air-Water in channel

The presence of ribs has led to best distribution and breaking the boundary
layer thereby creating interference between phases so high turbulence led
to enhances heat transfer. The interference between water and air depended
on volume fraction means the volume of fluid to total fluids volume. The
conditions of this experiment are at water and air velocities (0.1684m/s and
2.193m/s) respectively, at T, equal 60°C. Figure (5.32) represents the air
distribution regions and concentration in the ribbed and bend part between
values (1.2429x10°~9.6x10?) of the channel. It observed that
improvement the interference between phases in ribbed regions because
breaking the boundary layer but the large areas (high volume fraction) of
air concerned in bend region because air has velocity about three times
water velocity. The red regions represent the air phase with high volume
fraction values while blue regions represent the water phase, other colors
represent the interference air-water with several values of volume fraction.
Figure (5.32) shows the water distribution regions and concentration
affected by the rib's presence in the channel. The red regions represent the
water phase with high volume fraction while blue region for air phase. It
observed that the good interference in ribbed regions because of presence
rib break boundary layer. In bend region, water concentrated less than air
because water heavy than air of high velocity. In comparison the two
distributions, it observed in ribbed parts good interference between phases
with volume fraction values (0.435~0.68) while in bend region air volume
fraction is been higher than water because water presence is less and heavy
than air of higher velocity.
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Figure (5.31): Air-distribution regions along ribbed channels.
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Figure (5.32): Water-distribution regions along ribbed channels.

5.4.7 Velocity distribution of Two-phase

Figure (5.33) show the effect of increasing V.- and Vaer 0N the velocity
distribution at constant T, about 50°C when V- are 0.0842m/s to 0.2526
and different V., are 1.3157m/s to 3.29m/s .It observed that the areas of

increasing velocity start gradually from the ribbed regions so as to break
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boundary layer create more turbulence ,where it notices the appearance of
a greenish-yellow color until the greatest value of the mixture velocity of
red orange color appeared reaches the bend region as a result of the
presence of centrifugal force. In addition, it observed that the velocity of
mixture increases with increasing Vair , Vwaer because of increase flow rates
of mixture lead to more turbulence.

Figure (5.34) show the effect of increasing Var and Vaier ON the velocity
distribution at constant Ty, about 60°C where Vaer are 0.0842m/s to
0.2526 and different V,; are 1.3157m/s to 3.29m/s. It observed that the
increasing V.ir and Vyaeer lead to appear greenish-yellow color as more light
than previous case because of increase flow rates of air and water. In bend
region, the region of the red orange color of high velocity appeared because
of centrifugal force. In addition, the velocity of mixture increased from
previous case with increasing T, because of increasing Kinetic energy of
the mixture. Figure (5.35) shows the effect of increasing Vair and Vyater ON
the velocity distribution at constant T, about 70°C a Vyater are 0.0842m/s
to 0.2526 and different V., are 1.3157m/s to 3.29m/s. The observation
shows that the increase in V,ir and Vuwaer lead to increase mixture velocity
and appear color as more light than previous case because of increased flow
rates of air and water. Also, the areas of the red regions of high velocity in
bend because the centrifugal force. the velocity of mixture increased with
increasing Ty because the kinetic energy of the particles of the mixture

increases.
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Figure (5.34). Velocity-distribution at T,i, =60°C.
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Figure (5.35): Velocity-distribution at T, =70 °C
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5.4.8 Pressure Distribution.

Figure (5.36) shows the effect of increasing Vair and Vwaer ON the pressure
distribution at constant T, about 50°C a Vyaeerare 0.0842m/s to 0.2526 and
different Vg, are 1.3157m/s to 3.29m/s. It observed that the pressure
decreased gradually with increasing Vair and Vyater according Bernoulli’s
principle until reach minimum in bend region because the mixture velocity
reached maximum values.

Figure (5.37) show the effect of increasing Vair and Vaer ON the pressure
distribution at constant Ti, about 60°C a Vyaeerare 0.0842m/s to 0.2526 and
different Vg are 1.3157m/s to 3.29m/s. It observed that the pressure
decreased with increasing Vair and Vuaer according Bernoulli’s principle
until reach minimum in bend region because the mixture velocity reached
maximum values. Also, the areas of the red regions retraction of pressure
because the increasing T.p. The retraction in cases of increasing V. are
higher than cases of increasing Vwaer because the air flow rates have values
higher than water flow rates lead to increase mixture velocity .Figure (5.38)
shows the effect of increasing Vair and Vaer ON the pressure distribution
at constant T, about 70°C a Vyaer are 0.0842m/s to 0.2526 and different
V.ir are 1.3157m/s to 3.29m/s with same behavior of above cases . It
observed that the pressure decreased with increasing Var and  Vater
according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values. It observed that the
red region of pressure decreased with increasing T, because of increase

Kinetic energy.
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Figure (5.36). Pressure-distribution at T i, =50°C
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Figure (5.37). Pressure-distribution at T i, =60°C.
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Figure (5.38): Pressure-distribution at T i, =70°C.
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5.4.9 Flow pattern of two-phase flow behavior

Physically, the pattern of air-water flow mixture is described by depending
on velocities. The best-known and most widely used flow regime map is
that of Baker (1954). To utilizing this map, it must calculate the mass flux
of phases and physical property parameters as APPENDIX D. This flow
regime is a water flow with elongated air bubbles flowing along the top of
the channel. The hydraulic diameter of the elongated bubbles is smaller
than the channel such that the water phase is continuous. Experimentally,
the pattern of air-water flow mixture is described by visual observation.
Figures (5.39) shows the effect of Vg and Vwaer On flow pattern of the
mixture when increasing velocities at varies water velocities are 0.0842m/s
to 0.2526 m/s and air velocities varied from 1.3157 m/s to 3.29 m/s for
each velocity of water at constant T, equal 50°C. It observed the increasing
air velocity led to increase the volume of bubbles, and the flow pattern is
“Plug pattern” Also the mass flux values was increased as APPENDIX D.
Because the ranges of mass flux and physical property parameters
determined in Plug region on map. Figures (5.40) shows the flow pattern

of the mixture when using increasing the T, equal 60°C at same previous

group of T p equal 60°C. It observed the same behavior above when
increasing air velocity led to increase the volume of bubbles, and the flow
pattern is “Plug pattern” because the water layers separate the air bubbles
from the wall. Also, the mass flux values were increased as APPENDIX
D. Because the ranges of mass flux and physical property parameters
determined in Plug region on map. Figure (5.41) shows the flow pattern of
the mixture when increasing velocities at the T i, equal 70°C. It observed
the increasing air velocity led to increase the volume of bubbles, and the
flow pattern is “Plug pattern” because the water layers separate the air

bubbles from the wall. Also, the mass flux values were increased as
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APPENDIX D. Because the ranges of mass flux and physical property
parameters determined in Plug region on map.All figures compared
together to explain the effect of increasing T, at different temperatures.
From observation that the volume of bubbles increased when increasing
Tip and values of mass flux increased because of increasing mixture
velocity and kinetic energy. The regimes in of all experiments observed the
ranges of mass flux of air phase ( G, <2 ) and for water phase ( 2100 >

Guwater > 300) determined in Plug region on map .
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Figure (5.39): Flow pattern in Vyater , Vair at T 1ip=50°C.
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Figure (5.41): Flow pattern in Vair ,\Vwater at T 1ip=70°C.
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5.5 Third Part: Three-phase flow internal Optimum channel.
5.5.1 Distribution of local Nusselt Number (Nu).

Similar to the behavior of Nu in two-phase flow, it observed that all the
curves are contained from seven regions with the same reasons above.
Figures (5.42) to (5.44) show the effect of increasing V gasoil from 0.042 to
0.0842m/s when T, varied for three degrees 50°C, 60°C and 70°C at
constant Vair and Vwaer equal to 1.3157 m/s and 0.0842 m/s, respectively. It
observed the behavior of Nu in ribbed region described as fluctuant and it
increased when increasing V gasoil because increasing mixture velocity led
to more turbulence. Also, it observed the effect of increasing Tri, lead to
enhance heat transfer because the heat transfer rate increased.

Figures (5.45) to (5.47) show the effect of increasing Vgasit 0N Nu when
Trib varied for three degrees 50°C , 60°C and 70°C at constant Vg and
Vwater €qual to 2.193 m/s and 0.0842 m/s ,respectively .It observed that
increase V., lead to increase Nu because so as to increase turbulence . Also,
it observed the increasing in Tip and Vgasoit lead to enhance Nu with same
above reasons. The percentages of enhancing according as APPENDIX B.
Figures (5.48) to (5.50) show the effect of increasing Vgasoi 0N Nu when
Trip varied for three degrees 50°C , 60°C and 70°C at constant Vg and
Vuwater €qual to 3.29 m/s and 0.0842 m/s ,respectively . It observed that
increase Vi led to increase Nu because so as to increase turbulence. Also,
it observed the increasing in T, and Vgasoit lead to enhance Nu with same
above reasons. The percentages of enhancing according as APPENDIX B.
Figures (5.51) to (5.53) show the effect of increasing Vgasit 0N Nu when
Teip varied for three degrees 50°C , 60°C and 70°C at constant Vg and
Vwater €qual to 1.3157 m/s and 0.1684 m/s ,respectively .It observed that
increasing in Tripand Vgasoil l€ad to increase Nu because of more turbulence

Also ,it observed that increasing in Vg lead to increase Nu because of
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more turbulence . The percentages of enhancing according as APPENDIX
B. Figures (5.54) to (5.56) show the effect of increasing Vgasoir 0n Nu when
Trip varied for three degrees 50°C, 60°C and 70°C at constant Vair and Vwater
equal to 2.193m/s and 0.1684 m/s, respectively. It observed that increasing
in Trip and Vgasoil lead to increase Nu because of more turbulence. Also, it
observed that increasing in Vg, from above cases lead to increase Nu
because of more turbulence. The percentages of enhancing according as
APPENDIX B.

Figures (5.57) to (5.59) show the effect of increasing Vgasoit When Trip
varied for three degrees 50°C, 60°C and 70°C at constant Vair and Vwater
equal to 3.29m/s and 0.1684 m/s, respectively. It observed that increasing
in Trip and Vgasoil l€ad to increase Nu because of more turbulence. Also, it
observed that increasing in Vg, from above cases lead to increase Nu
because of more turbulence.

In comparison, Figures (5.42) to (5.50) and Figures (5.51) to (5.59) show
the effect of increasing Vwatr is 0.0842m/s to 0.1684 m/s lead to increase
Nu because of more turbulence so to increase of mixture velocity. The
percentages of enhancing according as APPENDIX B.

Figures (5.60) to (5.62) show the effect of increasing Vgasoi 0n Nu when
Trip varied for three degrees 50°C, 60°C and 70°C at constant Vair and Vwater
equal to 1.3157 m/s and 0.2526 m/s ,respectively . It observed that
increasing in Tipand Vgasoil l€ad to increase Nu because of more turbulence.
Also, it observed that increasing in Vi lead to increase Nu because of more
turbulence. The percentages of enhancing according as APPENDIX B.
Figures (5.63) to (5.65) show the effect of increasing Vgasoit 0n Nu when
Trip varied for three degrees 50°C , 60°C and 70°C at constant Vg and

Vwater €qual to 2.193m/s and 0.2526 m/s ,respectively It observed that

increasing in Trpand Vgasoil l€ad to increase Nu because of more turbulence
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Also ,it observed that increasing in V., from above cases lead to increase
Nu because of more turbulence . The percentages of enhancing according
as APPENDIX B.

Figures (5.66) to (5.68) show the effect of increasing Vgasoit 0n Nu when
Trib varied for three degrees 50°C, 60°C and 70°C at constant Vair and Vwater
equal to 3.29 m/s and 0.2526 m/s, respectively. It observed that increasing
in Trpand Vgasoit led to increase Nu because of more turbulence .Also ,it
observed that increasing in Vg, from above cases lead to increase Nu
because of more turbulence . The percentages of enhancing according as
APPENDIX B.

In comparison, Figures (5.51) to (5.59) and Figures (5.60) to (5.68) show
the effect of increasing Vwater is 0.1684m/s to 0.2526 m/s led to increase Nu
because of more turbulence so to increase of mixture velocity. The
percentages of an increasing Nu due to increasing Trib ,Vgasoil , Vair and
Vwater are tabled in APPENDIX B .
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5.5.2 Effect of changing velocities of air and water on average Nusselt
number (Nu avg) for different rib surface temperatures Trip .

In general, to investigate the effect of increasing Vwater ,Vair and Trip ON
the Nu 44 for all regions along the ribbed part and bend region is performed
by calculating the Nuaygy for all experiments . Figure (5.69) to (5.71) show
the effect of increasing Vgasoit and Vair 0N NU a9 at Tiip equal to 50°C . The
observation show that Nuayg increased with increasing Vgasoii and  Vair
because of more turbulence with increasing velocities. Also, it observed
that the increase in Vgasoit more than V,, because that the gasoil more
efficient in heat transfer than air.

Also, it presents the effect of increase Vyaer from (0.082 ,0.1684 and
0.2526) m/s, it observed that Nuag increased with increasing Vater
Because increase Vwaer lead to more turbulence in mixture flow.The
enhancing percentages so as to increase water velocities higher than
enhancing due to increase Ty, and air velocities. The percentages of
enhancing according as APPENDIX B.

Figure (5.72) to (5.74) show the effect of increasing Vgasoit and Vairon Nu
avg at Trip equal to 60 °C.The observation shows that Nuayg increased with
increasing Vgasoit and Ve With same previous reasons. Also, it observed
that Nuayg increased with increasing Vwaer With the same previous reasons.
Figure (5.105) to (5.107) show the effect of increasing Vgasii and Vair on
Nuayg at Tip equal to 70 °C. The observation shows that Nua, increased
with increasing Vgasoit and Vi with same previous reasons. Also, it
observed that Nu,yy increased with increasing Vaer With the same previous
reasons.

In comparison, Figures (5.69) to (5.71), Figures (5.72) to (5.74) and Figure
(5.75) to (5.77) are investigated that Nuayg increased with increasing Tiip .
Because the increased heat rate leads to increase Nuayg and enhancing heat

transfer.
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5.5.3 Effect of changing velocities of air and water on enhancement
ratio Nu/Nu, for different rib surface temperatures Trip .

To investigate the heat transfer enhancement due to various velocities
and different Triy, ,the average Nusselt number ratio (Nu/Nu,)is calculated
for all regions along the ribbed part and bend region .Figure (5.78) to (5.80)
show the effect of increasing Vgasoi and Vair on (Nu/Nu,) at Tip equal to
50°C.The observation show that (Nu/Nu,) value enhanced with increasing
Vgasoil aNd Vi because of more turbulence with increasing velocities. Also,
it presents the effect of increase Vyaeer from (0.082 ,0.1684 and 0.2526) m/s,
it observed that (Nu/Nu,) enhanced with increasing Vwaer. Because
increase Vwaier l€ad to more turbulence in mixture flow as APPENDIX B.
Figure (5.81) to (5.83) show the effect of increasing Vgasoit and Vair 0N
(Nu/Nu,) at Tp equal to 60°C.The observation shows that (Nu/Nu,)
enhanced with increasing Vgasoit and Vair With same previous reasons. Also,
it observed that (Nu/Nu,) enhanced with increasing Vuaer With the same
previous reasons as APPENDIX B.

Figure (5.84) to (5.86) show the effect of increasing Vgasoit and  Vair 0N
(Nu/Nu,) at Tp equal to 70°C.The observation shows that (Nu/Nu,)
enhanced with increasing Vgasoit and Vair With same previous reasons. Also,
it observed that (Nu/Nu,) enhanced with increasing Vuaer With the same
previous reasons as APPENDIX B.

In comparison, Figures (5.78) to (5.80) , Figures (5.81) to (5.83) and
Figure (5.84) to (5.86) are investigated and (Nu/Nu,) enhanced with
increasing Ti,. Because the increased heat rate leads to enhanced (Nu/Nu,).
The enhanced in Nu/Nu, due to increase in Vyaer have more than in Vi
because the water is able to absorb more heat than air so it has higher heat
capacity than air as APPENDIX B .
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5.5.4 Effect of changing velocities of air and water on pressure drop
(AP) for different rib surface temperatures Trib .

The difference in total pressure between two points results from the friction
caused by mixture against the channel walls and components. Figure (5.87)
to (5.89) show the effect of increasing Vgasoii and Vair on (4 P) at Tip equal
to 50°C .It observed that the (4P) increased with increasing velocities
Vasoit and Vi .Because the kinetic energy increased lead to increase
friction due to increase (4P). The increase Vwaer from 0.0842m/s to
0.2526m/s lead to increase (A4P) because of increasing friction.

Figure (5.90) to (5.92) show the effect of increasing Vgasoit and Vair on (4 P)
at Typ equal to 60°C . It observed that the (4P) increased with increasing
velocities Vgasoit and  Vair because the kinetic energy increased lead to
increase friction due to increase (A4P). The increase Vyaer from 0.0842m/s
to 0.2526m/s lead to increase (4P) because of increasing friction.

Figure (5.93) to (5.95) show the effect of increasing Vgasoii and Vair 0N
(4P) at Ty, equal to 70°C.The observation shows that the (4P) increased
with increasing velocities Vgsoi and Vi because the kinetic energy
increased lead to increase friction due to increase (4 P). The increase Vwater
from 0.0842m/s to 0.2526m/s lead to increase (4P) because of increasing
friction.

In comparison the three above groups of (50°C, 60°C, 70°C), these
observed that the effect of increasing T, led to increase(4P) because of

increase velocity so as to increase kinetic energy caused more friction.
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5.5.5 Effect of changing velocities of air and water on friction ratio
(f/fo) for different rib surface temperatures Trip .

To investigate the friction factor ratio (f/f,) is ratio between friction factor
with exiting the ribs to its value without ribs, and depending on pressure
drop and mixture velocity along the ribbed part and bend through the
channel. Figure (5.96) to (5.98) show the effect of increasing V gasii and
V.ir on (f/f,) at T equal to 50°C .The observation shows that(f/f,)value
decreases with increasing Vgasoit and Vi because of more Kinetic energy
and low friction. Also, it presents the effect of increase Vater from (0.082
,0.1684 and 0.2526) m/s, it observed that (f/f,) decreased with increasing
Vwater DeCause of low friction so as to high velocity. Figure (5.99) to (5.101)
show the effect of increasing Vgasoil and Vi on (f/f,) at Trip equal to 60°C
.The observation shows that (f/f,) value decreases with increasing Vgasoi
and V,r because of increase kinetic energy led to low friction . Also, it
presents the effect of increase Vyaer from (0.082 ,0.1684 and 0.2526) m/s,
it observed that (f/f,) decreased with increasing Vwaer because it does not
allow a high friction when velocity of mixture increased.

Figure (5.102) to (5.104) show the effect of increasing Vgasoit and Vair 0N
(f/f,) at Tripequal to 70°C. The observation shows that (f/f,) value decreases
with increasing Vgasoil and Vi because of increase kinetic energy led to
low friction . Also, it presents the effect of increase Vyaer from (0.082
,0.1684 and 0.2526) m/s, it observed that (f/f,) decreased with increasing
Vwater DeCause of increasing velocity of mixture.

These observations for Figures (5.96) to (5.98), Figures (5.99) to (5.101)
and Figures (5.102) to (5.104) show that increasing T, leads to increase
the (f/f,) as percentages in APPENDIX B because the pressure drop
increased lead to high friction losses.
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5.5.6 Effect of changing velocities of air and water on Thermal-
Performance Criteria Evaluation (PCE) for different rib surface
temperatures Trip .

The ratio of the enhanced heat transfer to the increased friction represented
by (PCE). Figure (5.105) to (5.107) present the effect of increasing V gasoil
and V,r on (PCE) at T, equal to 50°C .The (PCE)value decreases with
increasing Vgasoit and Vair With percentages as APPENDIX B for air and
water respectively. Because (PCE) is the ratio of (f/f,) is increased because
of low f and f, lower with increase velocities lead to low over lower get
value of f/f, higher than enhance in heat transfer (Nu/Nu,). mixture. Also,
it presents the effect of increase Vater from (0.082,0.1684 and 0.2526) m/s,
it observed that (PCE) decreased with increasing Vwaer . The reasons of
decreases relating to the value of (f/f,) is more than enhance in heat transfer
(Nu/Nu,) .

Figure (5.108) to (5.110) show the effect of increasing Vgasoit and Vair 0N
(PCE) at T equal to 60°C. The (PCE)value decreases with increasing
Vgasoit and Vi with percentages as APPENDIX B for air and water
respectively. Because (PCE) is the ratio of (f/f,) is increased because of
low f and f, lower with increase velocities lead to low over lower get value
of f/f, higher than enhance in heat transfer (Nu/Nu,). mixture. Also, it
presents the effect of increase Vater from (0.082 ,0.1684 and 0.2526) m/s,
it observed that (PCE) decreased with increasing Vwaer. The reasons of
decreases relating to the value of (f/f,) is more than enhance in heat transfer
(Nu/Nu,) .

Figure (5.111) to (5.113) show the effect of increasing Vgasoit and Vair 0N
(PCE) at Tiip equal to 70°C . The (PCE)value decreases with increasing
Vgasoit and Vi with percentages as APPENDIX B for air and water
respectively. Because (PCE) is the ratio (f/f,) is increased because of low

f and f, lower with increase velocities lead to low over lower get value of
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ratio f/f, higher than enhance in heat transfer (Nu/Nu,) in mixture. Also, it
presents the effect of increase Vater from (0.082 ,0.1684 and 0.2526) m/s,

it observed that (PCE) decreased with increasing Vwaer. The reasons of

decreases relating to the value of ratio (f/f,) is more than enhance in heat

transfer (Nu/Nu,) .

These observations for Figures (5.105) to (5.107), Figures (5.108) to
(5.110) and Figure (5.111) to (5.113) show that increasing T, leads to

increase (PCE) because increase Tri, leads to more heat rate and more

enhancement in heat transfer more than friction ratio.
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5.5.7 Velocity distribution of Three-phase

Figure (5.112) shows the effect of increasing Vgasoii and Vir are 0.042m/s
to 0.0842m/s and 1.3157m/s to 3.29m/s, respectively, when Vaer IS
0.0842m/s at T, constant 50°C. It observed that the areas of increasing
velocity start gradually from the ribbed regions so as to break boundary
layer create more turbulence higher than two phase flow, where it notices
the appearance of a greenish-yellow color until the greatest value of the
mixture velocity of red orange color appeared reaches the bend region as a
result of the presence of centrifugal force. The red region in cases of
increasing Vgirare higher than cases of increasing Vgasoit. The reason is that
the air flow rate is higher than gasoil (high kinetic energy). Figure (5.113)
shows the effect of increasing Vgasoit and Vair on the velocity distribution
at constant Vyaer= 0.1684 m/s and varied air and gasoil as 1.3157m/s to
3.29m/s and 0.042m/s to 0.084m/s at T, about 50°C respectively. It
observed that the mixture velocity increases with increasing Vair and Vgasoil
because of increased flow rates. The areas of the orange regions enlarged
because the increasing flow rate quantity leads to high Kinetic energy.

In comparison, Figures (5.112) and (5.113) observe the effect of increasing
Vwater from 0.0842 to 0.1684m/s at constant T, about 50°C. It observed that
the mixture velocity increases with increasing Vwaer because of more
turbulence. Also, the orange region enlarged because of more kinetic
energy. Figure (5.114) shows the effect of increasing Vgasii and Vi are
0.042m/s t0 0.0842m/s and 1.3157m/s to 3.29m/s ,respectively ,when V yater
IS 0.0842m/s at Tip constant 60°C .It observed that the velocity of mixture
increases with increasing Vgasoil and Vair because of increased Kinetic
energy .Also, the areas of the orange regions enlarged because the
increasing flow rates quantity lead to more kinetic energy and more
turbulence .The orange region in cases of increasing V., are higher than

144



Chapter Five Results and Discussion

cases of increasing Vgasoil - The reason is that the air flow rate is higher than
gasoil (high kinetic energy).

Figure (5.115) shows the effect of increasing Vgasoit and Vi on the velocity
profile at constant T, about 60°C a Vyaer 1S 0.1684 m/s and different Vi
are 1.3157m/s to 3.29m/s .1t observed that the velocity of mixture increases
with increasing Vair and Vgasoil because of increased flow rates. The areas
of the orange regions enlarged because the increasing flow rate quantity
leads to high kinetic energy.

In comparison, Figures (5.114) and (5.115) observe the effect of increasing
Vwater from 0.0842 to 0.1684m/s at constant T, about 60°C .1t observed that
the observed that the mixture velocity increases because of increased water
flow rates .Also ,the orange region enlarged because of more kinetic
energy.

Figure (5.116) shows the effect of increasing Vgasoit and V,ir are 0.042m/s
to 0.0842m/s and 1.3157m/s to 3.29m/s ,respectively ,when Vaer IS
0.0842m/s at T, constant 70°C .It observed that the mixture velocity
increases with increasing Vgasoil and Vi because of increased kinetic
energy .Also, the areas of the orange regions enlarged because the
increasing flow rates quantity lead to more kinetic energy and more
turbulence .The orange region in cases of increasing V- are higher than
cases of increasing Vgasoit . The reason is that the air flow rate is higher than
gasoil (high kinetic energy).

Figure (5.117) shows the effect of increasing Vg (0.042m/s to
0.0842m/s) and Vi (1.3157m/s to 3.29m/s) on the velocity distribution at
Vwater 1S 0.1684 m/s at constant T, about 70°C. It observed that the velocity
of mixture increases with increasing Vair and Vgasoil ecause of increased
flow rates. The areas of the orange regions enlarged because the increasing

flow rate quantity leads to high kinetic energy.
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In comparison, Figures (5.116) and (5.117) observe the effect of increasing
Vwater from 0.0842 to 0.1684m/s at constant T i, about 70°C .1t observed that
the increasing Vwaer l€ad to increase mixture velocity because of increasing
flow rates. Also, the orange region enlarged because of more Kinetic
energy.

In comparison groups (5.112) to (5.117) represent the effect of increasing
T On mixture velocity distribution, it observed that the mixture velocity
value increased with increasing T, because the kinetic energy increased

S0 as to increase of temperature.
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5.5.8 Pressure-distribution of Three-phase

Figure (5.118) shows the effect of increasing Vgasoi and Vg 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to
3.29m/s, respectively, when Vyaer 1S 0.0842m/s at T, constant 50°C.It
observed that the pressure decreased gradually with increasing V gasoii and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

Figure (5.119) shows the effect of increasing Vgasoi and Vair 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to
3.29m/s, respectively, when Vyaer 1S 0.1684 m/s at T, constant 50°C.It
observed that the pressure decreased gradually with increasing V gasoil and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

Figure (5.120) shows the effect of increasing Vgasoi and Vair 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to
3.29m/s, respectively, when Vyaer is 0.2526 m/s at T, constant 50°C.It
observed that the pressure decreased gradually with increasing V gasoil and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

Figure (5.121) shows the effect of increasing Vgasoii and Ve, 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to
3.29m/s, respectively, when Vaer is 0.0842m/s at T, constant 60°C.It
observed that the pressure decreased gradually with increasing V gasoii and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

Figure (5.122) shows the effect of increasing Vgasoi and Vair 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to

3.29m/s, respectively, when Vyaer is 0.1684m/s at T, constant 60°C.It
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observed that the pressure decreased gradually with increasing V gasoir and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

Figure (5.123) shows the effect of increasing Vgasoi and Vi 0n pressure
distribution and varying as 0.042m/s to 0.0842m/s and 1.3157m/s to
3.29m/s, respectively, when Vyaer is 0.2526m/s at T, constant 60°C.It
observed that the pressure decreased gradually with increasing V gasoii and
V.ir according Bernoulli’s principle until reach minimum in bend region
because the mixture velocity reached maximum values.

In comparison the Figures (5.118) to (5.120), (5.121) to (5.123) and
(5.124), these observed that increase in T, from 50°C, 60°C to 70°C lead
to increase pressure values of flow in channel because increase in Kinetic

energy of mixture and distances between particles.
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5.5.9 Volume Fraction of Three-phase flow

It is one of the most important parameters used to characterize three-phase
flow in channel and identify the volume of phase to another phases.
Figure (5.125) presents the distribution of three-phases in ribbed part and
bend region at conditions Vi =2.193m/s and Vasi=0.0632m/s when at
Vwater €qual 0.1684m/s and T, =60°C.

Figure (5.125) (a) shows the air volume fraction and distribution along
ribbed and bend part of channel. It observed that the distribution of phase
more homogenous distribution than two-phase flow and air spaces are too
small or vanishing because the turbulence made to efficient distribution.
Figure (5.125) (b) shows the gasoil volume fraction and distribution along
ribbed and bend part of channel. It observed that the distribution of phase
more homogenous because the turbulence made to efficient distribution.
Figure (5.125) (c) shows the water volume fraction and distribution of air.
It observed that the distribution of phase more homogenous distribution
than two-phase flow and air spaces are too small or vanishing because the
turbulence made to efficient distribution.

Also, the effect of increasing velocities by increase flow rates or by
increase Ty ,it works to increase turbulence and excellent mixing of the
three phases inside the channel and the disappearance of the spaces for each

phase that were clear in the case of two-phase flow.
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5.5.10 Flow pattern of Three-phase flow behavior

To identify the flow pattern of three-phase flow is described by depending
on velocities, characteristics of fluids and geometry. Through mixture
flow, air and gasoil tend to separate up and water down so as to the gravity.
Figure (5.126) (a) ,(b) and (c ) shows the effect of increasing Vgasoi at
constant Vaer=0.0842m/s, V,=1.3157m/s and T, equal to 50°C .It
observed that the mixture velocity increase with increasing Vgasoii from
(0.042 to 0.0842)m/s because of gasoil flow rate increased . Also, the flow
pattern is “Plug flow “because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 >Guater+gasoit > 300 and G,ir < 2 as APPENDIX D.

Figure (5.127) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when Vi increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 > Guater+gasoil = 300 and Guir <
2 as APPENDIX D. The observation shows that volume of bubbles
increases with increasing V.

Figure (5.128) (a), (b) and (c) presents the effect of increasing Vgasoil When
V.ir increased on the previous experiments to 3.29 m/s at same above
conditions. The observation shows that volume of bubbles increases with
increasing Vair. Also, the flow pattern is “Plug flow “because the values of
mass flux for water and gasoil phases (liquid phase) determined on map as
Plug pattern region in ranges 2100 >Guater+gasoil = 300 and Gair < 2 aS
APPENDIX D.

In comparison Figure (5.126), Figure (5.127) and Figure (5.128) at same
Trip and Vwater grow up the size of the bubbles with more air flow rates.
Figure (5.129) (a) ,(b) and (c ) shows the effect of increasing Vgasoil at

constant  Vyaer=0.1684m/s, Vq;=1.3157m/s and T, equal to 50°C .It
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observed that the mixture velocity increase with increasing Vgasii from
(0.042 to 0.0842)m/s because of gasoil flow rate increased . Also, the flow
pattern is “Plug flow “because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 >Gwater+gasoil = 300 and Gair <2 as APPENDIX D.

Figure (5.130) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when V,;; increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 >Guwater+gasoil = 300 and Gair <
2 as APPENDIX D.

The observation shows that volume of bubbles increases with increasing
V.ir. Figure (5.131) (a), (b) and (c) presents the effect of increasing V gasoil
when Vs increased on the previous experiments to 3.29 m/s at same above
conditions. The observation shows that volume of bubbles increases with
increasing Vair. Also, the flow pattern is “Plug flow “because the values of
mass flux for water and gasoil phases (liquid phase) determined on map as
Plug pattern region in ranges 2100 >Guater+gasoil = 300 and Gair < 2 as
APPENDIX D.

In comparison Figure (5.129), Figure (5.130) and Figure (5.131) at same
Trib and Vwaeer grow up the size of the bubbles with more air flow rates.
Figure (5.132) (a) ,(b) and (c ) shows the effect of increasing Vgasoil at
constant  Vwaer=0. 2526m/s, V,;=1.3157m/s and T, equal to 50°C. |
observed that the mixture velocity increase with increasing Vgasii from
(0.042 to 0.0842) m/s because of gasoil flow rate increased. Also, the flow
pattern is “Plug flow “because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 > Gwater+gasoil = 300 and Gair < 2 as APPENDIX D.
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Figure (5.133) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when V,;; increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 > Guater+gasoil > 300 and Guir <
2 as APPENDIX D. The observation shows that volume of bubbles
increases with increasing V. Figure (5.134) (a), (b) and (c) presents the
effect of increasing Vgasoit When V- increased on the previous experiments
to 3.29 m/s at same above conditions. The observation shows that volume
of bubbles increases with increasing V... Also, the flow pattern is “Plug
flow “because the values of mass flux for water and gasoil phases (liquid
phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil = 300 and Gair < 2 as APPENDIX D.

In comparison Figure (5.132), Figure (5.133) and Figure (5.134) at same
Trib and Vwateer grow up the size of the bubbles with more air flow rates.
Figure (5.135) (a) ,(b) and (c) shows the effect of increasing Vgasil at
constant  Vyaer=0.0842m/s, Vq=1.3157m/s and T, equal to 60°C .It
observed that the mixture velocity increase with increasing Vgasoi from
(0.042 to 0.0842)m/s because of gasoil flow rate increased . Also, the flow
pattern is “Plug flow “because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 >Gwater+gasoil = 300 and Gair <2 as APPENDIX D .

Figure (5.136) (a), (b) and (c) presents the effect of increasing Vgasoii (0.042
t0 0.0842) m/s when V,;, increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 >Gwater+gasoil = 300 and Gajr <
2 as APPENDIX D.The observation shows that volume of bubbles

increases with increasing Vair. Figure (5.137) (a), (b) and (c) presents the
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effect of increasing Vgasoit When V- increased on the previous experiments
to 3.29 m/s at same above conditions. The observation shows that volume
of bubbles increases with increasing V... Also, the flow pattern is “Plug
flow “ because the values of mass flux for water and gasoil phases (liquid
phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil > 300 and Gair < 2 as APPENDIX D .In comparison Figure
(5.135), Figure (5.136) and Figure (5.137) at same Ti, and Vyaeer grow up
the size of the bubbles with more air flow rates. Figure (5.138) (a) ,(b) and
(c ) shows the effect of increasing Vgasoil at constant Vae,=0.1684m/s,
V.ir=1.3157m/s and T, equal to 60°C.It observed that the mixture velocity
increase with increasing Vgasoi from (0.042 to 0.0842)m/s because of gasoil
flow rate increased . Also, the flow pattern is “Plug flow “ because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 >Gwater+gasoil = 300 and Gair <
2 as APPENDIX D .Figure (5.139) (a), (b) and (c) presents the effect of
increasing Vgasoil (0.042 to 0.0842) m/s when V4, increased on the previous
experiment to 2.193m/s at same above conditions. Also, the flow pattern is
“Plug flow “because the values of mass flux for water and gasoil phases
(liquid phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil = 300 and Gir < 2 as APPENDIX D. The observation shows
that volume of bubbles increases with increasing V.. Figure (5.140) (a),
(b) and (c) presents the effect of increasing Vgasoit When Vg increased on
the previous experiments to 3.29 m/s at same above conditions. The
observation shows that volume of bubbles increases with increasing V..
Also, the flow pattern is “Plug flow “ because the values of mass flux for
water and gasoil phases (liquid phase) determined on map as Plug pattern
region in ranges 2100 >Guater+gasoil = 300 and Gair < 2 as APPENDIX D.

In comparison Figure (5.138), Figure (5.139) and Figure (5.140) at same

Trip and Vwater grow up the size of the bubbles with more air flow rates.
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Figure (5.141) (a) ,(b) and (c ) shows the effect of increasing Vgasoil at
constant  Vyaer=0. 2526m/s, V,=1.3157m/s and T, equal to 60°C .It
observed that the mixture velocity increase with increasing Vgasii from
(0.042 to 0.0842)m/s because of gasoil flow rate increased . Also, the flow
pattern is “Plug flow ““ because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 >Gwater+gasoil = 300 and Gair <2 as APPENDIX D .

Figure (5.142) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when V,;; increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “ because
the values of mass flux for water and gasoil phases (liquid phase)
determined on map as Plug pattern region in ranges 2100 >Gyater+gasoil > 300
and Gair < 2 as APPENDIX D .The observation shows that volume of
bubbles increases with increasing V. Figure (5.143) (a), (b) and (c)
presents the effect of increasing Vgasoit When Vi increased on the previous
experiments to 3.29 m/s at same above conditions. The observation shows
that volume of bubbles increases with increasing V.. Also, the flow pattern
is “Plug flow “ because the values of mass flux for water and gasoil phases
(liquid phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil > 300 and Gair < 2 as APPENDIX D.In comparison Figure
(5.141), Figure (5.142) and Figure (5.143) at same Ti, and Vaeer grow up
the size of the bubbles with more air flow rates.Figure (5.144) (a) ,(b) and
(c ) shows the effect of increasing Vgasoit at constant Vaer=0.084m/s,
V.ir=1.3157m/s and T, equal to 70°C.It observed that the mixture velocity
increase with increasing Vgasoi from (0.042 to 0.0842)m/s because of gasoil
flow rate increased . Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined

on map as Plug pattern region in ranges 2100 >Guwater+gasoil = 300 and Gair <

2 as APPENDIX D.
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Figure (5.145) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when V,;; increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 >Gater+gasoil > 300 and Gair <
2 as APPENDIX D.

The observation shows that volume of bubbles increases with increasing
V.ir. Figure (5.146) (a), (b) and (c) presents the effect of increasing V gasoil
when Vs increased on the previous experiments to 3.29 m/s at same above
conditions. The observation shows that volume of bubbles increases with
increasing Vair. Also, the flow pattern is “Plug flow ““ because the values of
mass flux for water and gasoil phases (liquid phase) determined on map as
APPENDIX D.In comparison Figure (5.144), Figure (5.145) and Figure

(5.146) at same Trip and Vyater grow up the size of the bubbles with more

Plug pattern region in ranges 2100 >Guater+gasoil = 300 and Gair < 2 as

air flow rates .Figure (5.147) (a) ,(b) and (c ) shows the effect of increasing
V gasoil at constant Vyaer=0.1684m/s, V4=1.3157m/s and T, equal to 70°C
It observed that the mixture velocity increase with increasing V gasoil from
(0.042 to 0.0842)m/s because of gasoil flow rate increased . Also, the flow
pattern is “Plug flow “because the values of mass flux for water and gasoil
phases (liquid phase) determined on map as Plug pattern region in ranges
2100 >Gwater+gasoil = 300 and Gair <2 as APPENDIX D.

Figure (5.148) (a), (b) and (c) presents the effect of increasing Vgasoil (0.042
t0 0.0842) m/s when V,;, increased on the previous experiment to 2.193m/s
at same above conditions. Also, the flow pattern is “Plug flow “ because
the values of mass flux for water and gasoil phases (liquid phase)
determined on map as Plug pattern region in ranges 2100 >Gater+gasoit > 300
and Ggr < 2 as APPENDIX D.The observation shows that volume of

bubbles increases with increasing V... Figure (5.149) (a), (b) and (c)
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presents the effect of increasing V gasoit When Vi increased on the previous
experiments to 3.29 m/s at same above conditions. The observation shows
that volume of bubbles increases with increasing V... Also, the flow pattern
is “Plug flow “ because the values of mass flux for water and gasoil phases
(liquid phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil > 300 and Gair < 2 as APPENDIX D .In comparison Figure
(5.147), Figure (5.148) and Figure (5.149) at same Ti, and Vaeer grow up
the size of the bubbles with more air flow rates.Figure (5.150) (a) ,(b) and
(c ) shows the effect of increasing Vgasoii at constant Vyaer=0. 2526m/s,
V.ir=1.3157m/s and T, equal to 70°C. |, observed that the mixture velocity
increase with increasing V gasoit from (0.042 to 0.0842) m/s because of gasoil
flow rate increased. Also, the flow pattern is “Plug flow “ because the
values of mass flux for water and gasoil phases (liquid phase) determined
on map as Plug pattern region in ranges 2100 >Gwater+gasoil = 300 and Gair <
2 as APPENDIX D.Figure (5.151) (a), (b) and (c) presents the effect of
increasing Vgasoil (0.042 to 0.0842) m/s when V4, increased on the previous
experiment to 2.193m/s at same above conditions Also, the flow pattern is
“Plug flow “ because the values of mass flux for water and gasoil phases
(liquid phase) determined on map as Plug pattern region in ranges 2100
>Gwater+gasoil > 300 and Gair < 2 as APPENDIX D.The observation shows
that volume of bubbles increases with increasing V.. Figure (5.152) (a),
(b) and (c) presents the effect of increasing Vgasoit When Vg increased on
the previous experiments to 3.29 m/s at same above conditions. The
observation shows that volume of bubbles increases with increasing V.
Also, the flow pattern is “Plug flow “because the values of mass flux for
water and gasoil phases (liquid phase) determined on map as Plug pattern
region in ranges 2100 > Guater+gasoil = 300 and Gair <2 as APPENDIX D.In
comparison Figure (5.149), Figure (5.151) and Figure (5.152) at same T

and Vwater grow up the size of the bubbles with more air flow rates.
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Figure (5.126). Pattern Vair =1.3157m/s Figure(5.127).Pattern Vair =2.193m/s

Figure (5.128).PatternVair =3.29m/s Figure(5.129).Pattern Vair =1.3157m/s
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Figure (5.132).Pattern Vair =1.3157m/s Figure(5.133).Pattern Vair =2.193m/s
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Figure(5.134).Pattern Vair =3.29m/s  Figure(5.135).Pattern Vair =1.3157m/s

Trin =60°C Trin =60°C
Vwater =0.0842m/s Vwater =0.0842m/s
M o . |

Figure (5.136). Pattern Vair =2.193m/s Figure (5.137).Pattern Vair =3.29m/s
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Figure (5.138).Pattern Va.r =1.3157m/s  Figure(5.139).Pattern Vair =2.193m/s

Figure (5.140). Pattern Var =3.29m/s Figure(5.141).Pattern Var =1.3157m/s
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Vwater —0 2526m/8 Vwa’[er —0 2526m/5

Figure (5.144). Pattern V,r =1.3157m/s Figure(5.145).Pattern Var =2.193m/s
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Vwater 200842m/3 Vwater 201684m/3

Figure (5.148).Pattern Vair =2.193m/s Figure(5.149).Pattern Vair =3.29m/s
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Figure (5.152). Pattern Vair =2.193m/s
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5.6 Comparison between Numerical and Experimental.

To clarify the deviations between numerical results and experimental
results, it is necessary to discuss and analysis these reasons. Figure (5.153)
shows the deviation between numerical and experimental results for two
phase flow at conditions Vae=0.1684m/s at constant T,,=60°C.It
observed that the deviations of Nu, temperature of fluid, AP, and f/f, have
about 9.5 % ,0.2 %,11.6 %, and 5.21 % respectively. Because numerical
results assumed that the experiments performed at steady state conditions
and neglected all influences from weather conditions, the state of device,
accuracy of measuring devices and calibration, etc. Also, the uncertainties
are neglected, but the experimental side, which takes all these influences.
All above reasons lead to that the numerical results higher than
experimental.

Figure (5.154) shows the deviation in coefficients of heat transfer for three
phase flow at conditions Vwaer=0.1684m/s and Vgasi=0.1684m/s at
constant T,;,=60°C.It observed that the deviations of Nu, temperature of
fluid, AP and f/f, have about 9.02 % ,0.5 %,12.7 %,and 6.23 %
respectively.

The reasons of deviations that the numerical results assumed that the
experiments performed at steady state conditions and neglected all
influences from weather conditions, the state of device, accuracy and errors
of measuring devices, calibration and neglected the uncertainties. While
the experimental side performed at real conditions, which takes all these
influences. All above reasons lead to that the numerical results higher than

experimental.
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Chapter Six: Conclusion and Suggestions
6.1 Conclusion

Present work focused on building an optimum design for heat transfer
enhancement and pressure drop for two-pass ribbed channel with investigations
Internal flow with two cases: two-phase and three phase flow was done to come out

with following conclusions:

6.1.1 Conclusions of Numerical and Experimental Results:

From the experimental results, the following are concluded: -

1. The Curved ribs enhanced heat transfer with percentages about 34.55% higher
than V-shaped ribs. While the pressure drop for VV-shaped ribs increased 60.01%
higher than Curved.

2. The circle of ((3 mm)) represents the optimum area with percentages of
enhancement are higher than ((6 and 9 mm)) about 15.4% and 21.25%
respectively. Also, the increasing percentages of pressure drop for ((3 mm)) were
higher than (6 and 9 mm) about (15.1% and 22.82%) respectively.

3. The circle shape of perforating is enhanced heat transfer higher than square and
triangle perforating shape for same area about 7.47 % and 6.1% respectively,
pressure drops in square area has maximum value, the percentages of increasing
pressure drop for square were about (7.48% and 12.3%) triangle and circle areas,
respectively.

4. The percentages of heat transfer enhancement for 45° are about 19.45% and

7.52% with respect to 30° and 60° respectively, while the percentages of
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increasing pressure drop in 60° was about 43.98 % and 15.27 % with respect to
30° and 45° respectively.

. The optimum design for the two-pass channel of sharp bend described as with
curved ribs have circle perforating of (3mm) with rib angle 45° depending on the
same condition.

. The ratio of heat transfer enhancement (Nu/Nuo) increases with increasing
velocities and rib temperature while the friction ratio decreases with increasing
velocities and increase with increasing rib temperature.

. The flow pattern is “Plug pattern” for two types of flow have mass flux for liquid
phase and gas phase determining in ranges (2100 > Giiguid > 300 and Ggas < 2) .
The observation shows that (PCE) decreases with increasing V- and Vyager for
two-phase flow and Vair , Vwater aNd Vgasoil fOr three-phase flow at constant Tri, but

it increases with increasing T, at constant velocities.

6.2Suggestions for Future Scope

To enhancement heat transfer and increased turbulence.

Study the effect of varying bend shape of channel of two-pass.

Adding another bend at outlet of first channel.

Studying a channel with circular cross section with internal annular ribs.
Studying different design and shapes of rib.

Adding a bleed hole in the walls of channel.

Adding a set of ribs in top of channel.

N o g bk~ DR

Add a nanoparticle to water base to increase PCE.
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