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ABSTRACT

The thesis presents a 3D numerical simulation of turbulent tube/channel flow
through oblique baffles. Three flow simulations were developed under a steady, three-
dimensional, periodical, incompressible turbulent flow condition. Firstly, airflow and
heat transfer behaviors in a rectangular channel fitted with 45° multiple V-baffles (VB)
were examined under a constant heat-flux on the top wall or absorber plate only. The
VBs were placed in a single baffle, inline and staggered baffle arrangements on the top
and bottom walls. Secondly, effects of 30° inclined U-baffles (UB) mounted in a
constant heat-fluxed square channel on the heat transfer rate are investigated. Thirdly,
influences of insertion of 30° inclined vortex rings (VR) into a circular tube on thermal
performance (7)) are examined. Effects of relative VB/UB/VR height and pitch on heat
transfer characteristics are also studied. The RNG k-& turbulence model and the finite
volume method with the QUICK scheme for handling the pressure-velocity coupling
were used to solve the governing RANS equations. The air was used as working fluid
for Reynolds numbers (Re) from 3000 to 20,000.

The simulation models were validated and verified with data from published
correlations. The numerical studies revealed that the friction factor slightly decreased
with increasing Re. The increment of BR significantly increased the Nusselt number and
friction factor. The 7 decreased as Re increases. The numerical results show that the
highest 1 values were 1.83, 1.61, and 1.54 at the lowest Re for the VB channel, UB
square-channel and VR tube, respectively. In addition, in order to improve 7, two types
of baffles; the inclined horseshoe baffles (HB) and the V-shaped horseshoe baffles
(VHB) that were the modification by integrating the VB, UB and VR merits were
introduced and applied to the corresponding circular tube. The numerical result
revealed that the friction factor for the HB/VHB was significantly reduced in comparison
with that for the VR. The highest 7 for the HB was up to 2.48 at PR=0.3, BR=0.1375 and
Re=3000. The VHB provided higher 7 than the HB and its maximum 7 was about 2.76
at PR=0.35, BR=0.085 and Re=3000.
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CHAPTER 1
INTRODUCTION

1.1 The Motivation of the Research

In recent years, many techniques have been proposed for enhancement of
the heat-transfer rate in a tube/channel. These can be classified into two main groups:

- Passive technique requiring no additional power source

- Active technique requiring additional external power inputs

In the case of the passive technique, convection heat transfer from surfaces
by attachments of different solid shapes with different geometries, such as baffles, fins,
ribs, blocks and winglets, have been widely exploited. Heat transfer augmentation with
such arrangements can be achieved by the increase in the surface area (surface
extension) and also by the high turbulence intensity (mixing) generated due to the
attachments of those vortex-flow devices. This type of forced convection heat transfer
is encountered in much process equipment such as heat exchangers, nuclear reactor
fuel elements, turbine blades, electronic boards and components etc. Improved heat-
transfer rates are normally accompanied by the increase in pressure drop in the flow
over such surfaces. Thus the main target is to design the attachments in such a way
and the geometry that they will yield the maximum enhancement in the heat-transfer
rate with minimum increase in pressure drop or minimum decrease in the flow rate.

As mentioned earlier, the heat transfer enhancement is achieved at the
expense of an increased pressure drop. Energy loss due to the pressure drop may
sometimes exceed that gained due to the heat-transfer enhancement. For many
practical applications, it may thus be necessary to determine the net economic benefit

due to the heat-transfer enhancement.

1.2 Objectives of the Research

The primary objective of the research is to study numerically the heat transfer
enhancement in a baffled channel/tube in order to understand the physical
phenomena of heat transfer enhancement and flow characteristics. In the present
study, numerical computations are carried out using a well-known commercial program,
ANSYS FLUENT 14.5 that is suitable for the complex vortex flow.

The main research objectives are as follows:

1. To obtain numerical solutions for fluid flow in a heat exchanger
tube/channel with angled/inclined baffles to allow studying the effect of baffle height,

baffle pitch length, angle of attack and orientation on heat transfer enhancement.



2. To try to explain the mechanism of heat transfer augmentation in a heat
exchanger tube from the results of the numerical computations
3. To evaluate the optimum thermal performance of the baffled tube using

air as a working fluid.

1.3 Thesis Outline

The thesis consists of 8 chapters, the contents of which are briefly described
below:

Chapter 1 introduces the motivation of the research and the objectives of the
study.

Chapter 2 starts with the literature survey in experimental and computational
research work on baffled channels/tube and flow topology.

Chapter 3 provides the mathematical foundations employed as the governing
equations in the numerical simulation. The turbulence model is introduced to
represent the physics of fluid flow. The finite volume method is briefly described to
solve the algebraic equations discretized from the governing equations. The solution
algorithm, the solution procedure, and the boundary conditions are explained. The
key quantifying performance parameters are defined to evaluate the thermal
performance.

Chapter 4 describes the numerical flow model and the computational details
to represent the computational domain of interest. The geometries and arrangements
of the baffles placed in the channel/tube are prescribed. The grid generation, the
boundary conditions, and the computational schemes are presented. The validation
methods are described and discussed.

Chapter 5 presents the validation of the numerical flow model. For validation
purpose, the comparisons of numerical solutions with experimental datas are
described and discussed.

Chapter 6 deals with the numerical solutions of the multiple V-baffles, inclined
U-baffles and inclined vortex rings in a channel/tube. The flow topology and coherent
structures of the air flow and mechanism of heat transfer enhancement using the
baffles are described and discussed. The effects of the baffle geometries and
arrangements on the pressure loss, heat transfer and thermal performance are
reported and discussed.

Chapter 7 explains the numerical results of the modified vortex rings in the
form of the inclined horseshoe baffles and V-shaped horseshoe baffles inserted into a
circular tube. The flow topology and coherent structures of the air flow and details of
heat transfer enhancement by both the horseshoe baffle inserts are described and

discussed. Influents of attack angle, blockage ratios and pitch ratios on heat transfer



are examined. The optimum geometrical configuration of the baffles that provides the
highest thermal performance is also presented.
Chapter 8 summaries the main conclusions of the thesis and makes

suggestions for future work.



CHAPTER 2
LITERATURE REVIEW

The heat transfer enhancement (HTE) methods in a heat exchanger system
are needed for engineering and industrial work. In general, the HTE methods can be
divided into two groups which are the passive and the active methods [1,2]. The
passive HTE without stimulation by external power, such as a rough surfaces,
extended surfaces, swirl/vortex flow devices, surface tension devices, etc. The active
HTE, which requires extra external power sources, such as mechanical aids, swirl
flow-turbulator devices, flow-induced vibration, surface-fluid vibration, injection and
suction of the fluid, jet impingement. The vortex/swirl flow devices have been
commonly used passive HTE methods in single-phase internal flows in a
tube/duct/channel heat exchanger by placing or inserting the rib, fin, baffle, winglet,
wire coils, helical/twisted tapes, vortex rings and conical into the tube/duct/channel
to enhance heat transfer rate in the system.

Since the present study relates to heat transfer enhancement using a vortex
flow devices with the air and water, therefore, the following literature reviews are
focused mainly on relevant passive HTE methods for the air. The reviews are divided
into two parts for both experimental and numerical work. First, the articles of
duct/channel heat exchanger researches are surveyed due to the extensive studies in
the field of HTE. Second, the articles of convective heat transfer enhancement of

circular tube heat exchangers are reviewed and discussed.

2.1 Application of vortex flow devices in channel heat exchangers
Many research used passive HTE method to enhance the thermal
performance of duct/channel heat exchangers such as insertion of vortex flow
devices, artificial roughness on a surface with vortex flow devices
(grooves/ribs/fins/baffles/winglets), dimpled surface and so on. The development of
thermal boundary layer or the laminar sub layer near the wall can be reduce by
using such method. The literature survey of various vortex flow devices used in

channel heat exchangers is presented in Table 2.1.

2.1.1 Groove/Dimple

Earlier studies carried out on vortex flow in channel utilized different
geometries to enhance the thermal performance. For groove and dimple
applications, Jaurker et al. [3] studied experimentally the heat transfer and friction

characteristics of rib-grooved artificial roughness on one broad heated wall. They



found that the heat transfer coefficient for rib-grooved arrangement is higher than
that for the transverse ribs as compared to that of rectangular transverse ribs of
similar rib height and rib spacing. Jin et al. [4] studied the effects of the pulsating
flow agitation on the heat transfer in a triangular grooved channel. Layek et al. [5]
carried out studies the effect of repeated integral transverse chamfered rib-groove
roughness on one broad wall of rectangular duct. The mass transfer enhancement in
grooved channels with different cavity lengths for pulsatile flow were proposed by
Nishimura et al. [6] A numerical investigation of turbulent forced convection in a two
dimensional channel with periodic transverse grooves by utilizing k-¢ turbulence
model on the lower channel wall was conducted by Eiamsa-ard and Promvonge [7].
The influence of discrete grooved structures of P, V and W-type grooves on heat
transfer enhancement in a narrow channel were studied by Tang et al. [8]. Xia et al.
[9] numerically studied the heat transfer enhancement by longitudinal vortex
generators in a three-dimensional dimple heat exchangers. The effect of
conventional dimpled cavity with secondary hemispherical protrusions on flow
characteristics and heat transfer performances of rectangular dimpled channels was
numerically investisated by Liu et al. [10]. Skullong et al. [11] investicated
experimentally the thermal performance of turbulent flow in a solar air heater
channel with combined wavy-rib and groove turbulators. They found that the ribbed-

grooved upper wall at PR = 0.5 yields the highest thermal performance.

2.1.2 Ribs/Fins/Baffles/Winglets
Both experimentally and numerically for using ribs/fins/baffles/winglets and
combined devices in duct/channel [12-50]. Fiebig [12] studied the effects of

embedded vortices in internal flow on heat transfer and pressure loss
enhancement.lt was concluded that the longitudinal vortex generators generate
higher heat transfer enhancement for the same pressure penalty than transverse
vortex generators. Numerical simulations of turbulent flows and heat transfer in a rib-
roughened channel with longitudinal vortex generatorst were carried out by Zhu et
al. [13]. Numerical and experimental determination of flow structure and heat
transfer effects of longitudinal vortices in a channel flow was conducted by Biswas et
al. [14]. Verma and Prasad [16] investigated the optimal thermohydraulic
performance of artificially roughened solar air heaters and the optimal
thermohydraulic performance curves are suitable for the practical design of such
collectors. Karwa et al. [17] experimentally investigated the thermo-hydraulic
performance of solar air heaters having integral chamfered rib roughness on absorber
plates, the thermal efficiency (10 to 40%) of solar air heaters with artificially



roughened absorber plate due to the enhancement in the Nusselt number of the
order of 50 to 120% over the smooth absorber plate.

An experimental study of heat transfer characteristics of a pair of longitudinal
vortices using color capturing technique was conducted by Kim and Yang [18]. Momin
et al. [19] experimentally investigated the heat transfer and friction in solar air heater
duct with V-shaped rib roughness on absorber plate. It was observed that the
maximum enhancement of Nusselt number and friction factor as a result of providing
artificial roughness has been found to be respectively 2.30 and 2.83 times that of
smooth duct for an angle of attack of 60°. An experimental study heat transfer and
friction behaviors in rectangular channels with varying number of ribbed walls was
conducted by Chandra et al. [22]. A numerical of laminar flow and heat transfer in
the horizontal channel with staggered baffles proposed by Mousavi and Hooman
[66]. The correlations for Nusselt number and friction factor for solar air heater with
roughened duct having arc-shaped wire as artificial roughness have been developed
by Saini and Saini [32]. A numerical study on laminar convection heat transfer in a
channel with longitudinal vortex generator were proposed by Wu and Tao [36, 37].

Chu et al. [40] numerically explored the three-dimensional numerical study on fin-

and-oval-tube heat exchanger with longitudinal vortex generators (LVGs). They
pointed out that the LVGs with placement of downstream, angles of attack a = 30°
and minimum tube-row number provide the best heat transfer performance. The
effects of combined ribs and winglet type vortex generators (WVGs) on forced
convection heat transfer and fluid friction behaviors in a triangular ribbed channel
was investigated experimentally by Promvonge et al. [42]. A numerical study of
laminar flow and heat transfer in square channel with different baffle were reported
by Promvonge et al. [44, 45] and Promvonge and Kwankaomeng [46]. The effect of Z-
shaped baffle placed on the absorber plate at three blockage ratios and pitch ratios
on heat transfer augmentation in a rectangular channel was investigated
experimentally and numerically by Sriromreun et al. [47]. Tamna et al [50]
investigated experimentally and numerically the turbulent flow and heat transfer in a
three-dimensional solar air heater channel with multiple V-baffle vortex generators
BVG. They found that the single BVG with PR = 0.5 yields the highest thermal

performance.



Table 2.1 Application of vortex flow devices in channel heat exchangers

Authors and configuration

Conditions

Results

Jaurker et al. [3]

i

7
7 Z
M R A T
s A A A

I

[ S

Re=3000-21,000, V-
shaped rib with relative
roughness height of
0.02-0.034 and angle
of attack of flow of

30°-90°

Maximmum Nu = 160

Maximum f= 0.04

Maximum n = 1.8

Jin et al. [4]

Flow direction -

>

Re=270-910, Pulsating
flow in a triangular
grooved channel with

PIV system

Maximum of 350% of
heat transfer
enhancement is
achieved compared to

the steady flow case

Re=3000-21,000,
Transverse chamfered
rib-groove with e/Dp=
0.022-0.04, P/e=4.5-
10, ¢/P= 0.3-0.6 and ¢
= 5-30°

Maximum Nu = 180

Maximum f = 0.033

Nishimura et al. [6]

S-cavity
e B I e I e B B
M-cavity
(VL=1/2) _‘ ’_

L-cavity

Le L S =
e R N B s B r

a =56 [mm], H= 70 [mm], L =330 [mm], W = 80 [mm]

Re=40-1400, Grooved
channels for pulsatile

flow

The enhancement at
intermediate Strouhal
numbers, depending on
the cavity length and

Reynolds number

Eiamsa-ard and Promvonge [7]

é?’ibf LaiE o r—\“‘a*_ﬁ_r—‘l E
Lam )| P2 B [ [ |

Re=6000-18,000,
Transverse grooves
with the groove-width
to channel-height ratio,
B/H=05- 175,
groove pitch ratio = 2

and depth ratio = 0.5.

Maximum Nu = 63

Maximum f = 0.04

Maximum n = 1.33




Table 2.1 (cont’d)

Authors and configuration

Conditions

Results

Tang et al. [8]

Re=4016-10,709,
P,V and W-type

grooves

Nu/Nug = 1.6-1.9

f/fo=2.0-2.3

n=1.25-1.48

Hi2

=0

Re=400-1200, Dimples
and grooved crescent-
shape protrusion

added surface

Nu/Nuo = 1.15-1.6
Y% =0.9-1.15

n=14

Liu et al. [10]

Re=5000-25,000,
Primary dimples,
primary dimple with
secondary protrusion
and primary dimple
with two secondary

protrusions

Nu/Nup = 1.52-1.82

f/fo=1.64-1.98

n=128-1.46

Re=4000-21,000,

Wavy-rib and groove

Nu/Nug = 4.4-7.69

flfo=14-134
e n=1.1-1.75
Fiebig [12] Re=350-300,000, longitudinal vortex
Winglets and wing-type | generators generate
trailing edge — vortex generators higher heat transfer

Vel g

D‘% RW DWP RWP

enhancement for the
same pressure penalty
than transverse vortex

generators.




Table 2.1 (cont’d)

Authors and configuration Conditions Results
Zhu et al. [13] Re=300,000, Nu/Nug = 2.1
Delta wing, rectangular
wing, delta winglet pair lfo=3.59
and rectangular N =125-1.48
winglet pair
Re=1580, Nus, = 50
Winglet
Re=600-1000, She/Shg = 1.48-1.60
Delta-Wing

Vermaa and Prasad [16]
flblwbqr plate

;K Roughness elements

M

L

Re=5000-20,000,

Small diameter wires

Nu/Nug = 1.29-2.08

f/fo=14-134

n=11-1.75

Karwa et al. [17]

Re=3750-16,350,

Rib roughness on

Nu/Nug = 1.44-2.2

-% s L L absorber plates flfo=18-38
rig P —v -
FLOW
Kim and Yang [18] P=-20-45°, X = 5,10, | St = 6.0-8.7

-
-
- P T
;-// ; - //"///
-~ - -
. s
-

20 and 35




Table 2.1 (cont’d)
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Authors and configuration

Conditions

Results

Malik et al. [19]

Re=2500-18000,
V-shaped rib

Maximmum Nu = 69

Maximum f = 0.033

Maximum n = 1.8

Bhagoria et al. [20]

fe—p 1

:\Jai I B ) e N

Re=3000-18000,
Transverse wedge

shaped rib

Maximum Nu =110

Maximum f = 0.040

Yang and Hwang [21]

Re=10,000-50,000,

Porous-baffle

Nu/Nug = 10-80

N I ]
180 1 "9
I‘v,ﬁ e |
Chandra et al. [22] Re=10,000-80,000, Nu/Nug = 1.0-5.0
Varying number of
ribbed walls Jlfo=12-12
n=10-18
Lau et al. [23] Re=7000-28,000, Nu/Nug = 4.7-6.3
e it Round and square
Ede=c=e 4 holes f1fo = 270-490
MCL in a wide rectangular
iJ‘MDD:TD/ 2 = = channel n=065-11
Tt P L B Jat e
l J 1
Sohankar [24] Re=200-2000, f/J) = 5.37-1.7

vee-shaped rib




Table 2.1 (cont’d)
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Authors and configuration

Conditions

Results

Sahu and Bhagoria [25]

Re=3000-12,000,
90° broken transverse

ribs

Nu = 9.57-42.73

Thermal efficiency =

51.29-83.15%

Re=200-550,

Louver-fin

h =32-140 W/m? K
f=5-8

Chaube et al. [27]

Flow domain

v

e
Rib v | ¢ |¢p)|

Uniform heat flux

Re=3000-20,000,

Rib roughness on

absorber plate

Nu = 20-210
f=0.02-0.16
n = 1.3-2.15

Mousavi and Hooman [28]

L

| !

B -
[ |
I

Re=50-500,
Staggered baffles

Nu/Nug = 1.0-3.5

Re=4000-17,000,
Metal grit ribs

Nu = 20-95
f=0.01-0.024
n=2-3




Table 2.1 (cont’d)
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Authors and configuration Conditions Results
Wu and Tao [30] Re=800-2000, Nu = 16-30
Extras et AP = 8-38

downstream

Computational slement

Upper semi-fin Lower semi-fin Tube wal DWLYG

Delta winglet, a = 30
and 45°

Layek et al. [31]

GLASS ABSORBER
COVER L(T<) G PLATE
Y i / e
W ’
g Faan N
e { h
o ‘\Q "
AIR “
Tb

BACK PLATE INSULATION Q,

Re=200-550,
Transverse chamfered

rib—groove

Augmentation entropy
generation number (N,)
= 0.56-1.2

Saini and Saini [32]

Arc shaped G. |. wires G.l. sheet, 22 gauge thick

L T,
‘/‘/7/‘////////////» ‘/&//////7‘///‘//‘#/#/7‘

Re=2000-17,000,
Arc-shaped wire, W/H
=12, P/e =10,

e/d = 0.0213-0.0422,
/90 = 0.3333-0.6666

Nu=10-130

f=0.012-0.18

Aharwal et al. [33]

A\

Re=3000-18,000,
Inclined continuous
rib with gap, P/e = 10,
e/Dh = 0.0377, a =
601, ¢/e = 0.5-2 and
d/W = 0.1667-0.667

Nu/Nug = 1.5-2.6

ffo=2.0-2.9

n = 1.0-1.85

Joardar and Jacobi [34]

VORTEX
GENERATOR

Re=220-9600,
Winglet-type vortex

generator arrays in
compact plain-fin-

and-tube

J/f=0.15-0.375

Z =9-25W/mK

Varun et al. [35]

S S
SIS
S
IS
VoSS
S S
SIS S
LSS

Re=2000-14,000,
Transverse element-

rib

Nu = 4-59
f=0.03-0.08
n =0.11-0.79




Table 2.1 (cont’d)
Authors and configuration Conditions Results
Wu and Tao [36] Re=1600, Nu/Nug = 1.132-1.289

Rectangular winglet,

o = 30-45°

f/fo=1.18-1.68

Wu and Tao [37]

L ‘1

¥

[

N A-A Side-view #

T

B2|A A
Lot . -
Inlet 1 b Outlet

uuuuuuuuu

B-B Top-view

Re=800-3000,
Rectangular winglet,

a = 15-90°

Nu/Nug = 1.05-1.23

flfo=1.1-2.3

p—
pr S

Re=4000-16,000,
Wedge (right-triangular)

and rectangular shapes
rib

Nu/Nug = 2.6-4.4

f/fo=10-170

n = 0.8-1.1

Bopche and Tandale [39]

Piteh, p

Direction of air flow (upstream)

Re=3800-18,000,
U-shaped, P/e = 6.67-

Nu/Nug = 1.4-2.28

R 57.14 Slo= 15158
: = n=13-1.82
Re=500-2500, Nu =0.3-0.8
Delta winglet
f=85-145
Re=1678-8500, Nu = 8-130
ORI Stagger-arrayed short | f = 0.03-7
Flow,_ 5 5 oin fins n = 1.06-1.82
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Authors and configuration

Conditions

Results

Promvonge et al. [42]

Nl

. L

Re=5000-22,000,
Triangular rib and

winglet

Nu/Nug = 2.2-2.6

f/fo=22-5.5

n = 0.9-1.65

Re=5000-25,000,
Multiple 60° V-baffles

Nu/Nug = 2.6-5.8

fifo = 5-38

n = 1.47-1.87

Promvonge et al. [44]

Periadic Boundary(=H)

O
.
§ Ve
i
-
)
]
1
.
L.
!

Re=100-1200,
45° inclined baffles on

one wall

Nu/Nug = 1.5-8.7

ffo = 2-70

N =05-2.2

Promvonge et al. [45]

Periodic Boundary (=H)
/~ Upper Baffles

i | — T
P
ir
B
I
'
'
1
'
I
|
B

Re=100-2000,
30° inline angled
baffle on two
opposite channel

walls

Nu/Nug = 0.9-16

flfo=1-54

n=1-4

[ = ,-i,//""//"—L-’/("‘//—‘ 5 f—
R e N gy
L Lower baffles

Re=100-1200,
45° staggered V-baffles

Nu/Nug = 0.9-11

ffo=1-90

n=09-2.8

Sriromreun et al. [47]

Re=4400-20,400,
Z-shaped baffles

Nu/Nug = 4.3-6.7

ffo = 6.5-36

n=1.4-2.2
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Table 2.1 (cont’d)

Authors and configuration Conditions Results

Alam et al. [48] Re=2000-20,000, Nu/Nug = 6.76
V blocks with relative
blockage height of 0.4- Jfo= 2884

1.0, relative pitch ratio

n=25-3.0
of 4-12 and open area
ratio of 5-25%
Re=5000-24,000, Nu/Nug = 1.5-1.61
Delta-winglet,

flfo=2.1-35

n =215
Re=4000-21,000, Nu/Nug = 3.91-7.53

e 45° multiple V-baffle
Eululg®y flfo=12.5-129.6

n =183

2.2 Application of vortex flow devices in tubular heat exchangers

For enhancement of heat transfer in a tubular heat exchanger, the wire coils,
helical/twisted tapes, vortex rings and conical turbulators have been widely used.
The literature survey on different types of vortex flow devices used in tubular heat

exchangers is presented in Table 2.2.

2.2.1 Wire coil inserts

Wire-coil inserts is one of the HTE methods and put into the flow tube/duct
to improve the energy transport at the heated surface indirectly that helps improve
fluid mixing between the core and the near-wall flow regions, thus the heat transfer
is enhanced by fast fluid mixing. Promvonge [51] investigated and compared the
results between the effects of square cross-sectional and circular cross-sectional coil-
wires on the heat transfer and flow friction characteristics in a tube having a uniform

wall heat-flux and also, studied the wire coil insert in conjunction with a snail-type
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swirl generator mounted at the tube entrance as reported in Ref. [52]. Promvonge
[53] investigated the effect of combined wire coil and twisted tape on heat transfer
and turbulent flow friction characteristics in a uniform heat-fluxed tube. The twisted
tape was inserted into the wire coil, both wire coil and twisted tape was placed
inside the test tube to create a continuous impinging swirl flow along the tube wall.
Gunes et al. [54] investigated the equilateral triangle cross-sectioned coiled-
wire inserted with three pitch ratios and two different ratio of equilateral triangle
length side to tube diameter heat transfer enhancement and pressure drop of airflow
in a tube heat exchanger. Gunes et al. [55] again studied experimentally on heat
transfer and pressure drop in a heat exchanger tube with coiled-wire inserts placed
separately from the tube wall with three pitch ratios (P/D = 1, P/D = 2 and P/D = 3)
and two different distances (s = 1 mm, s = 2 mm) in turbulent flow regime (Re =
4105 to 26 400). The combined devices with non-uniform wire coil and twisted tape
inserts on thermal performance characteristics in a tube were studied by Eiamsa-ard
et al. [56]. The optimum values of the design parameters, the ratio of the distance
between the coiled wire and test tube wall to tube diameter (s/D), pitch ratio (P/D),
ratio of the side length of equilateral triangle to tube diameter (a/D) of equilateral
triangular cross-sectioned coiled wire inserts in a tube were studied by Gunes et al.

[57]. Nasr et al. [58] presented an application of artificial neural networks (ANNs) to

characterize thermo-hydraulic behavior of helical wire coil inserts inside tube with
four types of wire coils which were tested within a geometrical range with helical
pitch 0.156 < p/d, < 0.354 and wire diameter 0.027 < e/dy < 0.094.

2.2.2 Twisted tape inserts

Earlier studies of passive HTE with swirl flow devices, the twisted-tape inserts
have been extensively investicated both experimentally and numerically for
augmentation of the heat transfer rate in tube heat exchangers.

The insertion of twisted tapes is widely employed in heat transfer engineering
applications for enhancing the heat transfer rate in a heat exchanger system. In
general, the twisted tape is can be divided into two groups: typical and modified
twisted-tapes. Both typical and modified twisted-tapes have been made by focusing
on the effect of geometry and twist ratio on heat transfer and flow friction in tubes.
For typical twisted tape is to create swirl generator that help to increase turbulence
levels resulting in improved heat transfer rate, albeit with a minimal pressure loss
penalty. Eiamsa-ard et al. [59] studied the effects of the short-length typical twisted
tapes with various tape-length ratios on heat transfer, friction factor and thermal
performance characteristics. Eiamsa-ard et al. [60] again investigated the thermal

characteristics in a heat exchanger tube with dual twisted tape elements in tandem.
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Bas and Ozceyhan [61] experimentally investigated on heat transfer enhancement in a
tube with twisted tape inserts placed separately from the tube wall with five twist ratios

(y/D = 2,25, 3,35 and 4) and two clearance ratios (¢/D = 0.0178 and 0.0357). Bhuiya
et al. [62] experimentally studied the effects of triple twisted tape inserts with four
different twist ratios (y = 1.92, 2.88, 4.81 and 6.79) on heat transfer rate, friction factor
and thermal enhancement efficiency. Bhuiya et al. [63] again presented the
experimental results of the heat transfer and fluid friction characteristics in a heat
exchanger tube with double counter twisted tape inserts. The regularly-spaced
twisted tape elements with two twisted ratios (y=6.0 and 8.0) and three space ratios
(5=1.0, 2.0, and 3.0) on heat transfer and pressure loss in a double pipe heat
exchanger were reported by Eiamsa-ard et al. [64].

On the other hand, modifications of twisted tapes were made with a view to
the increase in heat transfer rate rather than the reduction of friction loss. These can
be divided into several categories such as tape-edge modification [65-67], tape-
surface modification [68, 69], helical left-right screw tapes [70-72], alternate-axes
twisted-tapes [73, 74] and twisted tapes with wings [75-77]. The effect of twisted
tape with serrated-edge insert on heat transfer and pressure loss behaviors for
turbulent flow Reynolds numbers from 4000 to 20,000 was carried out by Eiamsa-ard
and Promvonge [65]. Influences of using the serrated twisted tape on heat transfer
enhancement in a tube were also reported by Chang et al. [68]. Sivashanmugam and
Suresh [70] conducted an experimental work on heat transfer and friction factor of
circular tube fitted with full-length helical screw element of different twist ratio, and
helical screw inserts with spacer length 100, 200, 300, and 400 mm. Eiamsa-ard and
Promvonge [73] examined the heat transfer and flow friction characteristics in a
circular tube equipped with two types of twisted tapes: (1) typical twisted tapes and
(2) alternate clockwise and counterclockwise twisted tapes (C-CC twisted tapes).
They found that the C-CC twisted-tapes provided higher heat transfer rate, friction
factor and heat transfer enhancement index than the typical twisted-tapes. The
modifications of twisted tapes were used for heat transfer augmentation by
numerical researchers. Guo et al. [78] conducted a numerical investigation on heat
transfer and friction factor characteristics in a circular tube fitted with center-cleared
twisted tape. The results showed that the thermal performance factor of the tube
with center-cleared twisted tape can be enhanced by 7-20% as compared with the
tube with conventional twisted tape. Li et al. [79] numerically investigated heat
transfer enhancement characteristics of tube inserted with centrally hollow narrow

twisted tape.
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2.2.3 Other vortex-flow devices

Apart from twisted tapes and wire coils, various styles of vortex flow devices
have been applied in order to improve the heat transfer rate in tube heat
exchangers. The effects of the regularly spaced helical screw-tape on the heat
transfer enhancement and thermal performance in laminar and turbulent regions
were also reported by Sivashanmugam and Suresh [80]. Promvonge et al. [81]
reported the effect of inclined vortex rings (VR) on thermal performance
enhancement in a heat exchanger tube. The study showed that the VR at BR = 0.1
and PR = 0.5 yields the best thermal performance. The influence of inclined
horseshoes baffles in a tubular heat exchanger on heat transfer rate, friction factor
and thermal enhancement factor was studied by Promvonge et al. [82]. Tandiroglu
[83] studied the effect of flow geometry parameters on transient heat transfer for
turbulent flow (3000 < Re < 20,000) in a circular tube with baffle inserts. The effect of
V-nozzle inserts with different pitch ratios (PR = 2.0, 4.0 and 7.0) on heat transfer and
flow friction characteristics were studied by Eiamsa-ard and Promvonge [84].
Promvonge [85] experimentally investigated the effect of conical ring inserts with
three different ring diameter ratios (d/D = 0.5, 0.6 and 0.7) and for each ratio, the
rings were placed with three different arrangements (converging conical ring, referred
to as CR array, diverging conical ring, DR array and converging—diverging conical ring,
CDR array) on heat transfer and friction factor in a tube. The influences of propeller
type swirl generators on turbulent convection in round tube has been presented by
Eiamsa-ard et al. [86]. They found that the increase in heat transfer over the plain
tube is about 2.07 to 2.18 times for PR=5, blade angles 8=60° and N=8.
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Table 2.2 Application of vortex flow devices in tube heat exchangers

Authors and configuration

Conditions

Results

Promvonge [51]

A B
Q :I“' A: Circular cross-section
— B: Square cross-section

Re=5000-25,000,
Wires coil with two
different spring coiled

wire pitches

Nu/Nug = 1.8-2.6

ffo=5-9

n=11-13

Promvonge [52]

=

N |

A Circular crass-

s cecton
IOETT 5 sowmecomaion
i &

Re=5000-25,000,
Square cross section
wires coil with a snail-

type swirl generator

Nu/Nug = 3.4-3.9

f/fo= 62-50

n =0.9-1.1

Promvonge [53]

Re=3000-18,000,
Wire coils with
different coil pitch in
conjunction with

twisted tapes

Nu/Nup = 3.0-6.5

f/fo=27-75

n = 0.85-1.53

Re=3500-27,000,
Equilateral triangular

coiled wire

Nu/Nug=1.27-2.5

ffy = 3-6

n = 0.88-1.36

Ozceyhan and Buyukalaca [55]

Re=4105-26,400,
Coiled wire with three
different pitch ratios
and two different
distances from tube

wall

Nu/Nug = 1.6-3.1

J/fo=5-8

n=1-15
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Authors and configuration

Conditions

Results

Eiamsa-ard et al. [56]

Re=4600-20,000,

Non-uniform wire coil

Nu/Nug = 2.3-3.7

and twisted Jlfo=8-21
n=097-1.2

Re=13,200-19,800, Nu = 133.14
Optimization of
design parameters in f=018
a tube with coiled

AT wire inserts by

® Taguchi method
Re=4200-49,000, Nu= 233
Wire coils with helical
pitch in rang 0:156— | f=0.0419

0:354 and wire
diameter in rang
0:027-0:094

Eiamsa-ard et al. [59]

Inflow | =

— D 21
1 B3 |

Re=4000-20,000,
Short-length twisted

Nu/Nug=1.1-1.45

(@ S o e tape f/_fO: 153—24
iy S Al a— n = 0.8-1.05
Re=4000-19,000, n=1-11

Dual twisted tape

elements
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Authors and configuration

Conditions

Results

Bas and Ozceyhan [61]

Re=5132-24,989,
Twisted tape with twist
ratio of 2, 2.5, 3, 3.5
and 4 and clearance
ratios of 0.0178 and
0.0357

Nu/Nug = 1.36-2.75

flfo=2.2-6.0

n=1.18-1.76

Re=7200-50,050,
Perforated twisted
tape with different
porosities of 1.6, 4.5,
8.9 and 14.7%

Nu/Nug=2.1-4.4

flfo=2.1-6.6

n = 1.28-1.59

Re=6950-49,000,

double counter

twisted tape

Nu/Nug = 1.3-3.4

f/fo=1.8-3.8

n = 1.0-1.35

Tvisted

B — - @

Re=2000-12,000,
Regularly spaced

Nu/Nug = 2.21-2.79

' : twisted tape Jlfo=1.94-8.26
e )}

' - n = 0.63-1.05
Eiamsa-ard and Promvonge [65] | Re=4000-20,000, n =117

serrated twisted tape

Re=2000-12,000,
Square-cut twisted

tape

Nu/Nug = 1.05-1.81

f/fo=2.45-3.81

n = 0.98-1.27
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Authors and configuration Conditions Results

Murugesan et al. [67] Re=2000-12,000, n = 1.02-1.27

VIT (DR = 0.34, WR = 0.43) ! V-cut twisted ta pe

Re=5000-25,000, Nu/Nug = 1-5
Serrated twisted tape
f/fo=2-80
n=07-16
Re=7200-49,800, Nu/Nug =2.1-4.4
Perforated twisted ffo=21-4.6
Sivashanmugam and Suresh [70] Re=6000-14,000, Nu =170

AN A S A A A DDA, Helical screw with

R

R f=0.12
"l - spacer length 100, 200,

vhe Lt vhe 300, and 400 mm

Sivashanmugam and Suresh [71] Re=2700-13,500, Nu = 180
e e e e e T Helical screw-tape

P D D " " S S S

lbrahim [72] Re=570-1310, Nu =19
Helical screw-tape
f=10.18
Re=3000-27,000, Nu/Nug = 1.27-1.91

SE— Typical, alternate
/ ) | clockwise and f/fo=3.42-5.1

counterclockwise
n = 0.96-1.4

twisted
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Authors and configuration

Conditions

Results

Eiamsa-ard et al. [74]

Re=5000-21,500,
Uniform/non-uniform

twisted tape

Nu/Nug = 1.25-2.95

f/fo=3.3-10

n = 0.89-1.38

Re=5200-22,000,

Twisted tapes consisting

Nu/Nug=1.5-2.9

f/fo=14.5-8.5
of centre wings and
alternate-axes n=0.9-14
Re=3000-27,000, n =0.9-1.25

Delta-winglet twisted
tape

Re=5500-20,200,

Nu/Nug=1.4-2.8

Trapezoidal wings Sffo=3.5-82
n = 0.7-1.45
Guo et al. [78] Re=500-1750, n=25-55
1f—/;|“, ] ; 0) Center-cleared twisted
) @ tape
el (C I ®)
Li et al. [79] Re=400-1200, N =26-56
T - Centrally hollow

I=>=J1D

conventional twisted tape

S~———|-0)

unilateral twisted tape

S

cross hollow twisted tape

narrow twisted tapes
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Authors and configuration

Conditions

Results

Sivashanmugam and Suresh [80]

Yel95 A

e T T L
Y=293  ®
— -~ —~ o~
= — - - -
y=m1
-~ — —
—_— S — e
¥

Re=200-3000,
Resularly spaced

helical screw-tape

Nu =70

f=03

Promvonge et al. [81]

Cross section

Re=5000-26,000,

Inclined vortex rings

Nu/Nug = 3.6-4.3
f/fo= 35.1-36.5

Lo 00 n=11-14
Promvonge et al. [82] Re=5300-24,000, Nu/Nug = 2-3.9
/ / / Inclined horseshoe
(// é baffles Jlfo=3-19
||I' _ e
II ' n=13-1.88
Tandiroglu [83] Re=3000-20,000, Nu =110
Baffle inserts
f=0.046

Eiamsa-ard and Promvonge [84]

Insulation  hermacou ples

Pressure tap : Pressure tap
fee & s
e —~—
Cold —> —> Hot air
?s
[ i s g

Electrical heater/

Re=8000-18,000,
V-nozzle arrangements
with different pitch
ratios of 2.0-7.0

Nu/Nug = 3.16-3.70

n = 0.85-1.19

Promvonge [85]

Re=6000-26,000,

Conical ring

Nu/Nug = 1.91-4.33

n=09-18

Re=4000-21,000,
Propeller type swirl

generators

Nu/Nug = 1.6-2.3

n = 0.82-1.19
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2.3 Concept of the research

According to the literature review above, various turbulence promoter devices
have been used in the thermal systems both tubular and flat-surface duct/channel
heat exchangers for heat transfer enhancement. Each turbulator is suitable for
different applications indicating its advantages and disadvantages. Among turbulators,
the winglet turbulator demonstrates the superiority of thermal performance in a
duct/channel heat exchanger. This superiority lies in the ability of providing the heat
transfer rate at lower flow resistance. The purpose of the present research is
therefore to develop and modify the turbulator for use in a channel/tube heat

exchanger. The present research can be divided into 2 sections.

Section I: Turbulators

First, presents a numerical study on heat transfer augmentation in a solar air
heater channel fitted with multiple V-baffle (VB) turbulators. During the test air was
passed through the test channel under a uniform wall heat-flux of the absorber
plate. The fluid flow and heat transfer characteristics are presented for Reynolds
numbers based on the channel hydraulic diameter ranging from 4000 to 20,000. The
VBs are applied at a relative baffle height (in terms of blockage ratio, BR=b/H= 0.25)
and attack angle of 45° with respect to the main flow direction. The use of the VBs is
to generate multiple longitudinal vortex flows through the test channel to increase
turbulence intensity and stronger mixing of fluid between the core and the near-wall
flow. Influences of three different baffle pitch to channel-height ratios (PR=P/H=0.5, 1
and 2) on heat transfer and pressure drop in terms of respective Nusselt number and
friction factor (or energy loss for propelling air through the channel) are examined.
Three VB arrangements, namely, one VB wall (or single VB), in-line and staggered VBs
on two opposite walls are also investigated.

Next, presents a numerical analysis of turbulent periodic flow and heat
transfer behaviors in an isothermal-fluxed square channel fitted with inclined U-
baffles (UB). Five baffle blockage ratios, (BR=b/H=0.05, 0.1, 0.15, 0.2 and 0.25), at
three pitch spacing ratio, p/H=PR=0.5, 1.0 and 2.0 and an attack angle, a=30° are
introduced in the present study. The UBs are mounted repeatedly on the channel
walls to create longitudinal vortex flows through the test channel. The computations
based on the finite volume method and coupling the pressure-velocity with the
SIMPLE algorithm have been conducted for the airflow in the form of Reynolds
numbers ranging from 4000 to 20,000. Influences of five baffle-to-duct height or
blockage ratios (b/H=BR=0.05, 0.1, 0.15, 0.2 and 0.25) on the heat transfer in terms of
Nusselt number and the pressure loss in the form of friction factor are compared

between the inserted channel and the smooth channel.
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Finally, presents a numerical investigation of the influence of inclined vortex
rings (VR) on heat transfer augmentation in a uniform heat-fluxed tube has been
investigated numerically. In the present work, the 30° inclined VRs were mounted
repeatedly in the tube with various geometry parameters of the VR, four relative ring
heights (BR=b/D=0.05, 0.1, 0.15 and 0.2) and three relative ring pitches (PR=P/D=1.0,
1.5 and 2.0). Air was employed as the test fluid in the tube for the Re from 4000 to
20,000. The aim at using the VR is to create counter-rotating vortices inside the tube
to help increase the turbulence intensity as well as to convey the colder fluid from
the core regime to the heated-wall region. To find an optimum thermal performance
condition, the effect of BR and PR values on the heat transfer and pressure loss in

the tube is examined.

Section II: Horseshoe baffles

In this section, investigations have been conducted to examine the effect of
relative baffle pitch lengths and widths of the inclined horseshoe baffles (HB) and V-
shaped horseshoe baffles (VHB) insert on heat transfer rate and flow friction
characteristics in a uniform heat-fluxed tube using air as the test fluid for the
turbulent regime, Re=3000-20,000. The HB and VHB are the modification of the VB,
UB and VR by integrating their merits of those turbulators. The application of the HB
and VHB is expected to be a promising insert device for improvement of thermal

systems in industrial applications.



CHAPTER 3
MATHEMATICAL FOUNDATION

The chapter deals with the governing mathematical equations of fluid flow
and heat transfer used for mathematical modelling, numerical procedure and solution.
The governing Navier-Stokes equations derived from the three basic conservation laws
are first proposed including the Reynolds average Navier-Stokes equations for turbulent
flows. The appearance of Reynolds stresses obtained from the time-averaged
momentum equations leads to turbulence model used in the computation to
represent the characteristics of the turbulent flow. Then, the finite volume approach
is employed in solving the algebraic governing equations discretized by a second-order
differencing scheme. The boundary conditions of the flow model are prescribed. Next,
details of the solution algorithm and procedure employed in the present study are
also explained. To evaluate the thermal performances, the key pertinent parameters

are offered.

3.1 Governing Equations

The governing equations for a numerical simulation of the fluid flow and heat
transfer problem are introduced. The equations represent the mathematical
foundation of the principle conservation laws of physics. For an incompressible viscous
fluid, the g¢overning equations were derived from the conservations of mass,
momentum and energy.

In the present study, a numerical model of fluid flow and heat transfer in a

tube/duct/channel was developed under the following major assumptions:
® Steady three-dimensional fluid flow and heat transfer.
® Turbulent and incompressible flow.

® Negligible body forces, viscous dissipation and radiation heat transfer.

3.1.1 Equation of continuity

The continuity equation was derived by the conservation of mass using a mass
balance of a fluid element flowing in and out a control volume in a flow field. From
the principle that the mass of a fluid must be conserved and it cannot be created or
destroyed. The net rate of change of a mass entering and exiting a differential control
volume must equal zero. For a steady, three-dimensional incompressible fluid flow,

the conservation of mass equation can be derived to

div(U)=0 (3.1)
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where U is the velocity vector has the velocity components of u, v, and w in x, y, and

z directions, respectively.

3.1.2 Equation of momentum

The momentum equations were derived by the conservation of momentum
using Newton’s second law of motion. This law states that external forces acting on a
body in a given direction is equal to the net rate of change of velocity times mass
(momentum) in the same direction. The external forces are classified as surface and
body forces. The surface forces are from the pressures and stresses acting on the
control volume surface. The body forces include only gravitational forces but
neglecting magnetic and electric fields acting on the body of fluid. For a steady, three-
dimensional and incompressible fluid flow, the momentum equations in terms of

velocity gradients can be derived to each direction as following equations.

x-momentum:

div (puU) = —Z—P+div(,u grad u) (3.2a)
X
y-momentum:
. oP ..
div(pU) = ot div(u grad v) (3.2b)
Y
z-momentum:
: oP .
div(pwU) = e +div (u grad w) (3.20)
'z

The terms on the left-hand side of the conservation of momentum equations
are the rates of change of momentum. The first term on the right-hand side is the
pressure force and the second term within the bracket is the viscous forces. For the
present study, the body force acting on the fluid element was negligible and excluded

from the above equation.

3.1.3 Equation of energy

The energy equation can be derived by the conservation of energy using the
first law of thermodynamics for a differential control volume in a flow field. This law
expresses that the net rate of change of energy is equal to the sum of the rate of heat
addition to and the rate of work done on a fluid particle. For a steady, three-
dimensional and incompressible fluid flow, the conservation of energy equation can

be derived to
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div(piU) = div(k grad 7)+ ® (3.3)

where i is the internal energy of the control volume (i = ¢,T). The viscous dissipation
(® ) was defined as

H[aujz (asz (awﬂ (Ou asz (Gu 6wj2 (6\/ awﬂ
O=pu — | = = |+ == H| =+ | —+— (3.4)
ox oy 0z dy Ox 0z Ox 0z Oy

The term on the left-hand side of the energy equation is the convective rate
of change of heat transfer. The first term on the right-hand side represents the rate of
change of conductive heat transfer while the second term is the viscous dissipation
owning to friction in the fluid which may usually be neglected except in systems with

large velocity gradients [1]. Therefore, the energy equation can be written as
div(piU) = div (k grad T') (3.5)

In numerical simulation, these partial differential equations as the governing
equations were integrated over all of the control volumes in the region of interest or
the computational domain. This is equivalent to applying the three fundamental
conservation laws to each control volume. The discretization approach is described in

subsequent section of the finite volume method.

3.2 Turbulence Modeling

At a low flow rate or low Reynolds number, the fluid flow is regarded as a
laminar flow when at a high Reynolds number, the flow is viewed to be turbulent. The
turbulent flow is characterized by a highly unsteady and random state of three-
dimensional motion which the velocity and pressure change continuously on a broad
range of time and length scales [87]. A typical one-dimensional velocity of turbulent
flow at a point can be displayed in Figure 3.1. The term u(¢) is the instantaneous
velocity at time ¢ while u/(¢f) and U are fluctuating velocity an averaged flow velocity

over a time, respectively. Thus, u(f) = U+ u'(?).
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Figure 3.1 A typical velocity of one-dimensional turbulent flow at a point.

There are several approaches in numerical prediction of the turbulent flows
such as Reynolds-averaged Navier-Stokes (RANS), direct numerical simulation (DNS),
and large eddy simulation (LES). Each method requires different computational efforts
and time. In the present study, the RANS approach was applied in simulation of the

turbulent flow model.

3.2.1 Reynolds-averaged Navier-Stokes (RANS)

Turbulent flow models can be simulated by an approximation method. This
method is based on time-averaging the equations of motion over a time interval
assuming that the flow is statistically steady. By averaging, all of unsteadiness in the
flow is regarded as a part of the turbulence. This approach results in a set of partial
differential equations which are called the Reynolds-averaged Navier-Stokes (RANS)
equations. In a statistically steady flow, every variable can be written as the sum of a

time-averaged component, @ and a fluctuating component, ¢'(r) with zero mean

value as expressed in the following equation.

olt)=0 +9¢'(t) (3.6)

The time-averaged component is defined as
7 =lim —[p(r)dr (3.7)

Here ¢ is time and T is the averaging time interval. This interval must be large
enough compared to the typical time scale of the fluctuations. Therefore, the

component @ is free from the time that the averaging is started. In the present work,



31

the flow is steady and thus, the Reynolds-averaged Navier-Stokes (RANS) equations are
required.

The tube/channel flow is governed by the Reynolds averaged Navier-Stokes
(RANS) equations and the energy equation. In the Cartesian tensor system these
equations can be written as follows:

Continuity equation:

0
——(pu,)=0 (3.8)
Ox,
Momentum equation:
i( uu)——a—p+ 0 au"+auj — pulu’. (3.9)
ox; Pl ox; 0Ox, “ ox; O U '

where p is the density of fluid, and U;is a mean component of velocity in the

direction X; , p is the pressure, ¢ is the dynamic viscosity, and u' is a fluctuating
component of velocity. Repeated indices indicate summation from one to three for 3-
dimensional problems.

Energy equation:

ox. 6x_ ; ox ;

0 0 oT
—(p“,-T):—{(“E)—) (3.10)
J

where T' and T, are molecular thermal diffusivity and turbulent thermal diffusivity,

respectively and are given by

r=*. and thi (3.11)

Pr Pr,

3.2.2 RNG k—¢& model
The Reynolds-averaged approach to turbulence modeling requires that the
Reynolds stresses, —pu;u; in Eg. (3.9) needs to be modeled. The Boussinesq

hypothesis relates the Reynolds stresses to the mean velocity gradients as seen in the

equation below:
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— W— %4_% _z k+ %
puu; = H, EYRPY 3 P /“tax'

j@, (3.12)
J 1 i

where k is the turbulent kinetic energy, defined by k=1/2- Lm and ¢ is a Kronecker
delta. The merit of the Boussinesq approach is the relatively low computational cost
associated with the computation of the turbulent viscosity, p gsiven as (4, = ,OCyk2 /€.
The RNG k-¢ model is one of the two-equation models that employ the Boussinesq
hypothesis.

The steady state transport equations are expressed as:

_8 ( u)——a a _6k +G, — pg (3.13)
ox, ox; oy ox; h '
0 0 Os £ g’
2 pa)="au, £ lic S6,-C, p5 - R 14
Gxi(p ) axj[ ”ffaxj] le Tk TPy 5.14)

In the above equations, &; and &, are the inverse effective Prandtl numbers

for k and ¢, respectively. a, = ae= 1.39, Cl*g =1.42, C,e=1.68, respectively. The effective
viscosity My is written by

kZ
u¢ﬁ=ﬂ+ﬂ,=ﬂ+p0u? (3.15)

where Cp is a constant and set to 0.0845, derived using the ‘‘renormalization group”
(RNG) method.

The first term on the left-hand side of the RNG &k — & model equations is the
convective rate of change of & or ¢. The right-hand side of the equations includes the
transport of k or ¢ by diffusion, rate of k or & production, and rate of k& or & destruction,

respectively.

3.3 Finite Volume Method
The governing RANS equations in terms of partial differential equations are
transformed into discrete algebraic equations. The solution of the discretized

equations produces a set of values corresponding to the solution of the original
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equations. The discretization process can be divided into two steps which are the
discretization of the solution domain and the discretization of the governing equation.

The discretization of the solution domain generates a numerical description of
the computational domain. This process is also known as grid generation. The space is
divided into a finite number of discrete regions which called control volumes (CVs) or
cells. The discretization of the governing RANS equations together with the domain
discretization produces an appropriate transformation of the RANS equations into a
system of discrete algebraic equations. Then, the set of algebraic equations is solved
simultaneously using any direct or iterative method.

The generic conservation equation for an arbitrary quantity (¢) can be written

in the vector form as follows:

div(pug)=div(I grad ¢)+ S, (3.16)

The left-hand side of the equation is the convective term. The right-hand sides
are the diffusive term and the source term, respectively. The finite volume method
uses the integral form of the conservation equation as the starting point. Therefore,

formal integration over a control volume gives

[(pg)- ndd=[(I" grad ¢)-ndA+ [S,dV (3.17)

4

The integral equation represents the flux balance in a control volume. The
left-hand side yields the net convective flux. The right-hand side includes the net
diffusive flux and the production and destruction of the quantity ¢ within the control
volume, respectively. The integral conservation equation is applied to each control
volume and to the entire solution domain. The integral conservation equations for all

control volumes are summed to obtain the global conservation equations.
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Figure 3.2 A control volume around general node P
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For simplicity, the one-dimensional control volume is illustrated in Figure 3.2.
Focusing on general node P, the neighboring nodes are identified by W and E nodes.
The control volume faces are identified by w and e faces.

Integration of transport equation (Equation 3.16) over the control volume gives

_ (499 _( 499 (3.18)
(puAp), —(puAp), [FAdxj [FAdx)

e w

Integration of continuity equation (3.1) yields

(pudg), —(pudp), =0 (3.19)

The variables F = pu and D =T/& are defined to represent the convective
mass flux per unit area and diffusion conductance at the cell faces, respectively.
Assuming that the face area, A, = Ac = A, the integrated convection-diffusion equation

(Equation 3.18) can be written as

Fe¢e_Fw¢w:De(¢E_¢P)_Dw(¢P_¢W) (320)
The integrated continuity equation (3.19) can be expressed as
F, —-F,=0 (3.21)

Assuming that the velocity field is known and the quantity ¢ at the e and w
faces can be calculated, therefore the integrated convection-diffusion equation

(Equation 3.20) can be solved.

QUICK numerical scheme

The quadratic upstream interpolation for convective kinetics (QUICK) scheme
introduced by Leonard in 1979 [91] was employed in the present study. The QUICK
scheme uses a three-point upstream-weighted quadratic interpolation for cell face
values. The quantity ¢ can be obtained from a quadratic function passing through two
bracketing nodes on each side of the face and a node on the upstream side. For a
uniform grid, the value of quantity ¢ at the cell faces between two bracketing nodes

i and i-1, and upstream node i-2 can be estimated by

6 3 1
=—@_, +—¢0 ——0. (3.22)
¢face 8 ¢t—1 8 ¢1 8 ¢t—2
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For demonstration, the QUICK scheme for one-dimensional convection-

diffusion problem for a general node P is illustrated in Figure 3.3. For positive flow, F,

> 0 (uy > 0), the quantity ¢ at the w face is

6 3 1

¢w = §¢W +§¢P _§¢WW

When F. > 0 (u. > 0), the quantity ¢ at the e face is

6 3 1

9, =§¢p +§¢E _§¢W
Quadratic functions
¢W d)w
dw ! b be 033 et
I
y | \:\
| |
| |
U | e |
—_—2___| __——>
| |
| |
Ww W w p e E EE

Figure 3.3 Quadratic profiles used in QUICK scheme.

(3.23)

(3.34)

Equations 3.23 and 3.24 were substituted in the discretized convection-

diffusion equation (Equation 3.20) and solved for central and neighboring coefficients.

Moreover, the quantity ¢ for negative flow directions can be obtained using the same

sequence. Therefore, the QUICK scheme for one-dimensional convection-diffusion

problem can be expressed as

aP¢P = aw¢w + aE¢E + aWW¢WW + aEE¢EE

(3.25)

The central and neighbor coefficients in equation 3.25 can be identified using

the expressions in Table 3.1.
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Table 3.1 Central coefficient and neighbor coefficients for the QUICK scheme

Central coefficient Formula
ap aW+aE+aWW+aEE+(Fe_Fw)
Neighbor coefficients Formula
ay D, +gawa +%aeFe +§(1 -a,)F,
a 1
ww —-——a F
8 w w
wr D -2aF-2(-a ) - (-a,)F,
8 8 8
L-a,)
8
Note: a,=1for F,>0 and «,=1 for F, >0
a,=0 for F, <0 and a,=0 for 7, <0

For the QUICK scheme, the cell face values of fluxes are always calculated by
quadratic interpolation between the two bracketing nodes and an upstream node.
Since the scheme is based on a quadratic function, its accuracy in terms of Taylor
series truncation error is third-order on a uniform mesh. The QUICK scheme has greater
accuracy than the central differencing or hybrid schemes. Furthermore, the QUICK
scheme is also suitable for quadrilateral and hexahedral meshes aligned with the flow

direction.

3.4 Boundary Conditions

3.4.1 Wall boundary condition

The boundary conditions appropriate to a solid wall boundary must be
specified for velocity and turbulence parameters. The wall boundary condition is
treated between the fluid and solid regions. Since the viscous sublayer and buffer layer
are extremely thin, the wall function which is a set of semi-empirical formulas must
be used along with finer grid at the near-wall region [88]. In the present study, the no-
slip condition was applied at the solid wall. The fluid velocity at the wall is equal to
zero. For the RNG &k — ¢ model, enhanced wall treatment method which combines the
standard two-layer model with the enhanced wall function was also suggested to

bridge the viscosity affected between the near-wall and the fully-turbulent regions.
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3.4.2 Periodicity

The flow becomes periodically fully-developed in repetitive geometries. Since
the geometry and arrangement of the baffled tube/channel was successively repetitive,
the flow became periodic far from the entrance region, mostly for the distance of
about 10 hydraulic diameters from the inlet. The periodic boundary conditions were
advisably applied for a large number of repetitive modules. By using the periodic flow
condition, the time and cost consumption can be substantially reduced for the
computation of self-repeating modules. Therefore, the periodic module was used as

the computational domain.

3.5 Solution Algorithm

3.5.1 Pressure-velocity coupling with SIMPLE algorithm

The pressure-based solver uses a solution algorithm to solve the governing
equations. Since the governing equations are non-linear and coupled, the solution
loop must be employed iteratively in order to obtain a converged numerical solution.
The pressure-based segregated algorithm solves the individual governing equations
sequentially for the solution variables as reported in [91]. Since the governing
equations are solved in separated manner, the segregated algorithm is memory
efficient. The discretized equations are stored in the memory one at a time.

The iteration procedure of the pressure-based segregated algorithm consists
of the following steps.

1. Update fluid properties such as density, viscosity, specific heat, turbulent
viscosity based on the current solution.

2. Sequentially solve the momentum equations using the recently updated
values of pressure and face mass fluxes.

3. Solve the pressure correction equation using the recently obtained
velocity field and the mass flux.

4. Correct the face mass fluxes, pressure, and the velocity field using the
pressure correction obtained from step 3.

5. Solve the equations for additional scalars such as turbulent quantities
and energy using the current values of the solution variables.

6. Check for the convergence of the governing equations.

These steps are continued until the convergence criteria are satisfied.

The pressure-velocity coupling solver was employed with the SIMPLE (Semi-
Implicit Method for Pressure Linked Equations) algorithm. The SIMPLE algorithm is a

segregated algorithm that uses a relationship between velocity and pressure
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corrections to enforce the mass conservation and to obtain the pressure. The SIMPLE
algorithm field as seen in [91] can be described as the following sequence.

1. Guess the pressure field.

2. Solve the momentum equations to obtain the velocity field.

3. Solve the pressure correction equation.

4. Calculate the new pressure from the pressure correction value.

5. Calculate the velocity field from their corrected values using the velocity
correction formula. The corrected velocity field exactly satisfies the continuity
equation.

6. Solve the discretization equation for other variables such as temperature
and turbulence quantities if they influence the fluid properties.

Treat the corrected pressure as a new guessed pressure. Return to step 2 and repeat

the whole procedure until the convergence criteria is satisfied.

3.5.2 Solution procedure

In the present study, the ANSYS Workbench was employed to numerically
investigate the effects of baffles on the heat transfer and fluid flow characteristics in a
channel. First, the problem of interest and the assumptions were defined. Then, the
computational domain and the boundary conditions were determined. The solid
geometry of computational domain was constructed using the DesignModeler
application. Next, the computational grid was generated using the Mesh application in
the ANSYS Workbench. The turbulence model and the solution methods were
established using the FLUENT application in the ANSYS Workbench. The flow and
thermal boundary conditions were applied. The convergence criteria were specified.
After that, the computations were performed. Finally, the numerical solutions were
examined and discussed. The flow topology and coherent structure were also

introduced to visualize the fluid flow and heat transfer behaviors.

3.5.3 Key quantifying thermal enhancement factors

The key quantifying thermal enhancement factors were Reynolds number, the
friction factor, Nusselt number and the thermo-hydraulic performance.

The Reynolds number is defined as a ratio of inertia to viscous forces and is

derived as

Re=2—"m"" (3.26)
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where p, #, and U, are the fluid density, dynamic viscosity, and mean velocity,
respectively. The hydraulic diameter (Dp) for the rectangular channel, square channel
and circular tube is defined as D, = 4wrH /2(W + H ), H and D, respectively.

The friction factor is defined as the dimensionless pressure drop for internal
flow. The friction factor can be calculated by evaluating the pressure drop (AP) across
the length of periodic module (L) for the numerical model. The friction factor is

expressed as

_(ap/L)D,

(3.27)
/ (b2 /2)
From the Newton’s law of cooling, the local convective heat transfer

coefficient (h,) is defined as

h, = ﬁ (3.28)
K b

where g is surface heat flux, Ty is surface temperature, and T is bulk fluid temperature.
The local Nusselt number is defined as a ratio of convective heat transfer to

conduction in a fluid and is expressed as

Nu, = (3.29)

where £ is the thermal conductivity of the fluid.

The area-weighted average Nusselt number is defined as

dA (3.30)

I hD
Nu:ZI kh

A

To compare the key quantifying thermal enhancement factors of the baffled
tube/channel with based values of the smooth tube/channel, the relative friction
factor and the Relative Nusselt number are introduced. The relative friction factor is
expressed as f/fo while the relative Nusselt number is given by Nu/Nu,. The f, Nu and
fo.Nug are the friction factor and Nusselt number for the baffled tube/channel and the
smooth tube/channel, respectively.

To evaluate the thermal performance of the baffled tube/channel, the

thermo-hydraulic performance is introduced. The thermo-hydraulic performance is
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defined as the ratio of the heat transfer coefficient of an augmented surface (h) to the
smooth surface (ho) at the same pumping power criterion. The thermo-hydraulic

performance (1) is derived as

ﬂzi _ Nu| :(Nu/NuO)
hy op Nu0|pp (f/fo)l/3

(3.31)

where f, Nu and f,, Nug stand for the friction factor and Nusselt number for the baffled

tube/channel and the smooth tube/channel, respectively.

3.6 Flow Topology and Coherent Structure

3.6.1 Flow topology
The topology in the case of periodic incompressible flow can be described by
the two dimensional streamlines. The definitions of streamline, streamsurface, and

isosurface or vortex core are summarized in the following:

® Streamline is a tool for visualizing the vector fields is to plot the location
of streamlines, which are lines tangential to the vector field of the velocity vector field.
The projection of streamlines to solid walls is very useful. The plotting is done using

wall shear stress vectors, and their corresponding wall streamlines.

® Streamsurface is a set of streamlines passing through a fixed curve inside
the flow field. This streamsurface is tangential to the velocity vector field. The

streamsurface is very useful for the flow visualization.

® Vortex is a region of the flow where streamlines are closed and

approximately circular.

3.6.2 Coherent structure

By definition, a coherent structure is a three-dimensional region of the flow
over which at least one fundamental flow variable (e.g. velocity component,
temperature, etc.) exhibits significant correlation with itself or with another variable
over a range of space and/or time that is significantly larger than the smallest local
scale of the flow.

After the Reynolds decomposition, the fluctuating part is decomposed into
the coherent motion and to the turbulent background. The coherent part has
important impact on the dynamics of the flow that provides a depth insight and

mechanism of heat transfer inside tube/channel heat exchangers.
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3.6.3 Q-criterion
The Q is a fundamental variable that is able to detect a vortex. The Q is the
second scalar invariant of the velocity gradient tensor and can be expressed for fluids

with constant density as follows:

0= %(Q,_.,Qﬁ -5;8 ) (3.32)

g i

where Q,-j is the anti-symmetrical part of the velocity gradient tensor, aju,- or the

vorticity tensor, which is expressed as

0, :%(a.u, —ou,) (3.33)

where S,-j is the symmetrical part of the velocity gradient tensor, ajui or the rate of

strain tensor, which is expressed as
1
$,~ow, o) 539

Equation 3.32 shows that the Q is the indicator of vorticity dominance over
strain. The results of the flow topology and coherent structure for the flow are
presented in chapter 6 and chapter 7.

The next chapter offers the structure of numerical model and the
computational details to represent the given problem of interest. The geometries and
arrangements of the baffles are also described. The numerical model was verified and
validated. Thereafter, the effects of various configurations of tube/channel flows on
the prescribed key quantifying thermal enhancement factors are presented and

discussed in chapter 6.



CHAPTER 4
NUMERICAL SOLUTION PROCEDURE

The chapter describes the numerical simulation algorithm, the numerical
verification and validation procedures. The computational detail of the baffle
geometry and arrangement used in the tube/channel is first introduced and then, it
follows with the computational domain and the grid generation including the
boundary conditions. Next, the numerical schemes and methods used in the present
computation are presented, apart from the convergence criteria. Finally, the

verification and validation methods are also provided.

4.1 Computational details of tube/channel flows

This section describes the computational detail on tube/channel flows
through various types of baffles to represent the tube/channel flow problems of
interest. First, the baffle’s geometry and its arrangement in the tube/channel were
defined, apart from the computational domain and grid structure. The boundary
conditions based on prescribed major assumptions were described including the

computational schemes and the convergence criteria.

4.1.1 Baffle geometry and arrangement for numerical simulation

Figure 4.1 depicts a rectangular channel fitted with multiple V-baffles (VB)
repeatedly placed on the channel wall. The full-length channel was divided into 3
parts: entry, test section and exit. The detail of the full-length channel mounted with
the VB on the channel wall and a module/period of one periodic flow,
computational domain and baffle arrangement are also shown in Figure 4.1. The
periodic flow channel attains a periodically fully developed flow and thermal
condition where the velocity field and heat transfer pattern repeats itself from one
module to another. The concept of periodically fully developed flow and its solution
procedure has been first introduced by Patankar et al. [88]. In the periodic flow
module, air flows through the channel at an inlet temperature (T) and flows over a
VBs. The longitudinal pitch spacing (P) is a distance between the VB cells, in which
P/H is defined as the pitch ratio (PR) while the transverse pitch spacing (Py) is a
distance between the VB cells in transverse direction. To investigate the flow
structure and heat transfer mechanism, the module with three VB arrangements
(single VB; inline and staggered VB placed on two opposite walls) is simulated and

theirs numerical results are validated with the measurement in the current work.
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Top view Baffle arrangements
Figure 4.1 Channel geometry of periodic flow for VB.

Figure 4.2 displays a square channel inserted with inclined U-baffles (UB).
The full-length of the test duct was also divided into 3 parts: entry, test section and
exit. The pitch spacing, p is a distance between the neighboring baffle cells/modules.
Periodic boundaries are used for the inlet and outlet of the flow domain. The
concept of periodically fully developed flow and its solution procedure has been
described in Ref. [88]. Constant mass flow rate of air at 300 K is assumed due to
periodically fully developed flow conditions. The physical properties of the air have
been assumed to remain constant at mean bulk temperature. Impermeable
boundary and no-slip wall conditions have been implemented over the walls of
square channel as well as the UBs. The uniform heat-flux of the square channel
walls is maintained at 600 W/m? while the baffle is assumed at adiabatic wall

conditions.

Entry Test section Exit

‘////"//.//‘///////7 PP /,74

P _Penodic_

Computﬂnmlﬂl domain Side view

Figure 4.2 Duct geometry of periodic flow for UB.

Figures 4.3, 4.4 and 4.5 show a circular tube fitted with vortex rings (VR),
Inclined Horseshoe baffles (HB) and V-shaped Horseshoe baffles (VHB), respectively.
The full-length of the test tube was also divided into 3 parts: entry, test section and
exit. For a periodic flow module, the flow under consideration is expected to attain a
periodic flow condition in which the velocity field repeats itself from one

cell/module to another. The concept of periodically fully developed flow and its
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solution procedure has been described in Ref. [88]. The air enters the test tube at an
inlet temperature, T, and flows over the different types of VR/baffles. The pitch

spacing, p is a distance between the neighboring baffle cells/modules.

Entry ‘ Test section ‘ Exit
i
L

P Periodic

Computational domain Side view

Figure 4.3 Tube geometry of periodic flow for VR.
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Figure 4.4 Tube geometry of periodic flow for HB.
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Figure 4.5 Tube geometry of periodic flow for VHB.

4.1.2 Computational domains

Using a periodicity characteristic of the given problems, the computational
domains for the VB, UB, VR, HB and VHB modules are depicted in Figures 4.6, 4.7, 4.8,
4.9 and 4.10, respectively. In Figure 4.6, a constant surface heat-flux condition was

applied at the top wall only. The inlet and outlet planes were specified as periodic
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boundaries. The sidewalls were also assigned as symmetry planes. For the UB
module in Figure 4.7, a constant heat-flux value was applied on all walls while
similar uniform heat-flux was used for the tube flow modules fitted with VR, HB and
VHB as shown in Figures 4.8, 4.9 and 4.10, respectively. In fact, Nu is free from heat-
flux boundary conditions and thus, any of heat-flux value can be applied on the
tube/channel wall. In the present work, these tube/channel walls are heating at a
constant heat flux of 600W/m? The symmetry geometry was assigned as symmetry
plane in the periodic flow modules.

For the 30° UB periodic channel flow module in Figure 4.7, the channel
height, H was set to 45 mm while the baffle blockage ratio (BR=b/H) is varied in a
range of BR=0.05-0.25 with the pitch spacing ratio, s=p/H=0.5-2.0 in the present
investigation. Periodic boundaries are used for the inlet and outlet of the flow
domain. Constant mass flow rate of air with 300K (Pr=0.707) is assumed due to
periodically fully-developed flow conditions.

For the periodic tube flow modules for VR, HB and VHB baffles as shown in
Figures 4.8, 4.9 and 4.10, the air enters the tube at an inlet temperature, T;,, and
flows over the 45° VR, HB and VHB baffles where b is the baffle height, D=0.05 m, is
the tube diameter and b/D is known as the blockage ratio, BR=0.05-0.20. The axial
pitch, L is a distance between the baffle modules in which L/D is defined as the

pitch ratio, PR having a value in the range of 0.5-2.0.
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Figure 4.6 Computational domain for VB module.
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Figure 4.7 Computational domain for UB module.
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Figure 4.8 Computational domain for VR module.
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Figure 4.9 Computational domain for HB module
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Figure 4.10 Computational domain for VHB module.
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4.1.3 Grid generation

The numerical solution of the RANS and energy equations requires an
arrangement of a discrete set of grids or meshes in the flow field. These equations
are approximated by a set of algebraic equations on the discretized equations with
defined grids. Then, the system of algebraic equations can be solved to obtain a set
of discrete values which is an approximated solution of the RANS and energy
equations. The determination of grids for a given body is known as grid generation.

The ¢rid structure in the current study was generated by the Meshing
application in the ANSYS Workbench. The computational domain created in previous
section was meshed with quadrilateral-faced hexahedral elements.

Samples of hexahedral grid structure used for each case of the computation
are presented in Figures 4.11 to 4.15. The grid structure was designed to be non-
uniform for effective computation. As a matter of fact, a fine grid was required where
high eradient area of variable solutions was expected. Therefore, the ¢rid structure
was intentionally densely packed around the baffles, at the wall boundaries, and at

the periodic boundaries.

Figure 4.12 Hexahedral grid structure for UB module simulation.
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Figure 4.13 Hexahedral grid structure for VR module simulation

Figure 4.14 Hexahedral grid structure for HB module simulation

Figure 4.15 Hexahedral grid structure for VHB module simulation.

4.1.4 Boundary conditions

The following boundary conditions were imposed for the computations.

e Periodic boundary conditions were applied at the inlet and outlet of
each periodic module while symmetry planes were used for symmetric geometry.

e No-slip boundary conditions were imposed along the stationary solid
wall of the channel.

e The top wall of the channel was assumed to be at a constant surface
heat flux while all walls were set to a constant heat-flux for the square channel and

the round tube.
e The upstream bulk temperature of the fluid was specified to be 300K.



49

4.1.5 Computational schemes and convergence criteria

Since the algebraic equations for steady flow were non-linear, an iteration
scheme was used to solve the equations. The algebraic equations had to be
modified using linearization process. Then, the linear systems could be solved by
iteration techniques. The numerical schemes or methods employed in the present

study are presented in Table 4.1.

Table 4.1 Numerical scheme/method used in the computation

Spatial discretization Numerical scheme/method
Pressure-velocity coupling SIMPLE

Gradient Least squares cell based
Pressure Standard

Momentum QUICK

Turbulent Kinetic Energy (k) QUICK

Turbulent Dissipation Rate (¢) QUICK

Energy QUICK

For the iteration method, the convergence criteria had to be determined to
terminate the iteration process. The residual was used as an indicator for the iterative
convergence. The residual of the algebraic equation is the change in the equation
over each step of iteration. It is usually scaled or normalized to eliminate the effect
of magnitude of the flow variable. In order to minimize the iteration error, the
normalized residual should be reduced until the first two or three most significant

digits of the general flow variable will not change in further iterations.

Table 4.2 Residual monitors and convergence criteria

Residual monitor Absolute criteria
Continuity 1x10°
x-velocity 1x10°®
y-velocity 1x10°
z-velocity 1x10°
Turbulent Kinetic Energy (k) 1x10°®
Turbulent Dissipation Rate (&) 1x10°®
Energy 1x10°
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The computations for each steady-state simulation were considered to have
converged when the monitoring residuals for all variables less than 1x10-6 except for
the energy equation, the convergence criterion was set to less than 1x10-9. The

monitoring residuals and their convergence criteria are also listed in Table 4.2.

4.2 Verification of numerical simulation

The verification is a process of determining that a computational model
accurately represents the conceptual description of the domain of interest. This
section presents the verification methods used to estimate the errors in the

numerical model.

4.2.1 Grid independence

The quality of a numerical solution depends highly on the quality of
generated grid. A high quality erid is critical to reliability and accuracy of the
numerical solution. A low quality grid may lead to an incorrect solution. Therefore, it
is important to test if the attained solution is grid independent. A simple method to
test for the grid independence is to refine the resolution of the numerical model and
repeat the simulation. If the results do not change significantly, the successive
refined ¢rid is probably adequate. If there are significant differences between two
solutions, the successive grid is likely an inadequate. This method is often called a
grid refinement study. For the present study, the grid refinement study was
performed for various grid resolutions. The observed key parameters for the test of
grid independence were the friction factor, the average Nusselt number, and the
averaged y* values. The settings and results of the grid refinement study are

presented in the next chapter.

4.2.2 Grid convergence index

The other method to examine the numerical error in @ numerical solution is
to determine the grid convergence index (GCl). This approach was originally proposed
by Roached [89] for reporting the grid refinement study. The GCl is based on
generalized Richardson extrapolation involving comparison of discrete solutions at
two different grid sizes [90]. The objective is to provide a measure of uncertainty of
the grid convergence. The GCI indicates how much the numerical solution would
change with a further grid refinement. A small value of GClI indicates that the
computation is within the asymptotic range of convergence. The GCl on the fine grid

is defined as per [91]
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4.2.3 Verification of smooth channel

To verify the numerical model, at preliminary stage, computational
experiments were repeatedly performed to quantify the average friction factor (fo)
and average Nusselt number (Nug) for smooth tube/channel at a given Reynolds
number ranging from 4000 to 20,000. Then, the calculated Nug and f, were qualified
with prominent classical correlations at the same given Reynolds numbers.

The average friction factor for smooth tube/channel was compared with
Blasius correlation [92] and Petukhov correlation [92] for fully developed turbulent
flow in tubes/ducts.

The Blasius correlation is expressed as

£=0316Re™* for Re <2x10* (4.1)

The Petukhov correlation is given by

f= (0.790 InRe -1 .64)_2 for 3,000 <Re<5x10° (4.2)

The average Nusselt number for smooth channel was compared with Dittus-
Boelter correlation [93] and Gnielinski correlation [92] for fully developed turbulent
flow in tubes/ducts.

The Dittus-Boelter correlation is expressed as

Nu = 0.023 Re*/* Pr?/s for 0.6<Pr<160, Re>1x10* 4.3)

The Gnielinski correlation is given by

_ (f/8)Re~1000)Pr
u=
1+12.7(7/8) (P -1

] for 0.5<Pr<2,000, Re>1x10* (4.4)

The numerical result was verified with the classical correlations and available
experimental data for different geometric parameters and arrangements of baffled
tubes/channels. The next chapter presents the results of preliminary numerical

verification, and validation of numerical simulation with available experimental data.



CHAPTER 5
VALIDATION OF NUMERICAL SIMULATION

This chapter describes the verification and validation numerical results
obtained from the procedures introduced in the previous chapter. First, the verification
of numerical solutions is reported. Then, ¢rid independence was tested. The numerical
data of smooth tube/channel were validated with the published classical correlations.
Finally, to validate the periodic flow models as given in chapter 4, comparison between

numerical results and available experimental data is reported.

5.1 Verification of numerical simulation

5.1.1 Grid independence study

The ¢rid density used in the numerical flow models was based on successive
grid refinement experiments. The vital parameter specified the grid resolution of the
numerical flow model was the edge size of following geometries: the V-baffle’s curve,
baffle’s height, baffle’s longitudinal pitch, and the deducted tube/channel’s height.
To test for grid independence solution, first, the erid density was refined from 50,000
(coarse) to 800,000 (fine) elements by adjusting the edge size of the geometries. Next,
numerical simulations of the baffled tube were conducted at a prescribed Reynolds
number of 3000 using those refined grid models. Then, the numerical solutions

compiled from the grid refinement study were determined and reported in Table 5.1.

Table 5.1 Grid independence study of 30°HB, BR=0.1, PR=1.0 at Re=3,000

Cas€ | No. of Elements Nu f %Error Nu | %Error f
1 49952 34.61 0.1891 - -
2 107040 35.02 0.1916 1.18 1.28
3 203376 35.13 0.1903 0.30 0.64
a4 402250 35.12 0.1908 0.03 0.23
5 808010 35.12 0.1906 0.01 0.10

The absolute errors of predicted friction factor and Nusselt number compared
to each other. The errors are also presented in Table 5.1. Regarding the grid density
studied, the friction factor and Nusselt number values for cases: 3, 4, and 5 were
marginal to each other. Therefore, the ¢rid densities for cases 3, 4, and 5 were regarded
as grid independence solutions. Hence, to reduce the computational efforts, the ¢rid
density of case no. 3 (203,376 elements) was deliberately selected for meshing the

numerical model. Corresponding to the errors obtained from the refinement, the
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selected grid density was sufficiently fine for achieving the desired computational
accuracy. If the PR increases more than PR=1.0, more grid mesh is needed to keep grid

density constant along the tube/channel model.

5.1.2 Verification of smooth tube

To verify the numerical flow model for smooth tube, the computations were
performed to quantify the friction factor (fy) and Nusselt number (Nug) for numerical
smooth tube flows at Reynolds number (Re) ranging from 4000 to 20,000. Then, the
predicted fo and Nug values for the tube flows are qualified with the data from the
published classical correlations as expressed in previous chapter at similar Reynolds
numbers. The predicted f, are compared with the Blasius and Petukhov correlations
while the predicted Nuy, are compared with the Dittus-Boelter and Gnielinski
correlations for the tube flow model.

Comparisons of predicted and correlation values of the friction factor and
Nusselt number for a tube flow model are depicted in Figures 5.1 and 5.2, respectively.
In the figures, the predicted values for numerical smooth tube are in reasonably
agreement with the correlation data. The predicted friction factor is within 6.8% and
3.82% compared to the Blasius and Petukhov correlations, respectively. For Nusselt
number, the maximum deviation of the predicted is within 5.03% and 18.25%
compared to data from Dittus-Boelter and Gnielinski correlations, respectively. Also,
experimental data of f; and Nug taken from Ref. [82] are included in the figures. A
careful consideration indicates that the numerical solutions based on the verification

results are reliable.
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Figure 5.1 Verification of predicted f, for smooth circular tube.
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Figure 5.2 Verification of predicted Nuy for smooth circular tube.

5.2 Validation of numerical simulation

To validate the three numerical flow models, the experimental data were
needed for comparison. Therefore, available experimental data were used to compare
with the predicted values from the numerical flow simulations. Firstly, the numerical
simulation of a baffled-channel flow as mentioned earlier in chapter 4 was carried out
under the same condition of a constant surface heat flux on the top channel wall or
the absorber wall. Secondly, the numerical flow model of a U-baffled square channel
was conducted and the numerical results were validated with available measurements
[82]. Finally, the numerical flow simulation in a HB-baffled tube was performed and

the result was validated with measurements of the HB-baffled tube [82].

5.2.1 Validation of VB/UB-channel flow models

The comparisons of predicted friction factor and Nusselt number with
experimental data are presented in Figures 5.3 and 5.4 for the channel fitted with
multiple V-baffles or the VB-channel flow model. The comparisons are made for the
characteristics of V-baffles with BR = 0.25, PR =0.5, and o = 45° and there are three
types of V-baffle arrangements: single V-baffles on absorber plate only, inline V-baffles
and staggered V-baffles on lower and upper walls. In Figure 5.3, the predicted f from
the numerical flow model is in good agreement with measurements for the three
arrangements. The maximum deviation of the predicted f is within + 8.36% for each
arrangement. Figure 5.4 displays a comparison between the predicted Nu and available
measurement for the three arrangements of the VB-channel flows. It is noted that the

predicted Nu tending to increase with the rise of Re is in good agreement with the
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measured Nu for all the three cases. The deviation of the predicted Nu is within +
8.1% for each arrangement. This validation makes high confidence for using the
simulation of the VB-channel flow model with the turbulence model and numerical

schemes mentioned earlier in previous chapter.
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Figure 5.3 Comparison of predicted f with measurement for VB-channel flow.
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Figure 5.4 Comparison of predicted Nu with measurement for VB-channel flow.

Figures 5.5 and 5.6 depict, respectively, the comparison between the predicted
data of f and Nu from the simulation of a square channel inserted with inclined U-

baffles or UB-channel flow and measured data. The simulation was performed for the
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U-baffled channel with BR = 0.2, o = 30° and three values of PR (PR = 0.5, 1.0 and 2.0)
as reported earlier in chapter 4. As can be seen in Figure 5.5, the predicted f agrees
very well with available measurements for the three PR cases. The predicted f and Nu

are within + 11.01% deviation with measured data for each PR.
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Figure 5.5 Comparison of predicted f with measurement for UB-channel flow.
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Figure 5.6 Comparison of predicted Nu with measurement for UB-channel flow.

5.2.2 Validation of HB-tube flow model
Comparisons of the predicted f and Nu for turbulent tube flow through an
inclined horseshoe baffles (HB) or the HB-tube flow model with available

measurements are presented in Figures 5.7 and 5.8, respectively. The parameters of
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the HBs used in the simulation are BR = 0.2, PR =0.5, and o = 20° and the measured
data at these HB parameters are taken from Ref. [82] for comparison. It is visible in
Figure 5.7 that the predicted f agrees fairly well with measured data and is within +
8.16%. Also, it is interesting to note that the predicted Nu for the HB-tube flow is in
good agreement with measurement and an excellent agreement can be observed at
higher Re. The maximum deviation of the predicted Nu is within + 12.45%. As a result,

the numerical solutions based on the validation results are regarded to be acceptable.
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Figure 5.7 Comparison of predicted f with measurement for HB-tube flow.
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Figure 5.8 Comparison of predicted Nu with measurement for HB-tube flow.

The constructed numerical flow models for various baffle types are entirely
verified and validated. The flow model can be used to represent the specified flow
problem of interest. Next, the numerical computations with several airflow rates and

different geometric parameters of various baffle types are performed to investigate the
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fluid flow and heat transfer characteristics in a baffled tube/channel and presented in
the next chapter. Chapter 6 presents and discusses the numerical results of various
arrangements of various baffles mounted in the tube/channel using air as a working
fluid.



CHAPTER 6
TURBULATORS

This chapter presents numerical investigations on heat transfer enhancement
and pressure loss using proposed turbulators inserted into a rectangular channel, a
square channel and a circular tube. All channels and tube were studied under a
uniform surface heat-flux condition. The investigations were conducted with different
blockage ratios (BR) and pitch ratios (PR) for Reynolds number (Re) ranging from 4000
to 20,000. The numerical results for each channel/tube were calculated and presented
in terms of Nusselt number (Nu), friction factor (f), and thermal enhancement factor
).

Three different turbulators were used for each channel and tube. First, the
multiple V-baffles (VB) were placed in a rectangular channel with three arrangements:
VBs mounted on a single wall, on inline and on staggered opposite walls. Second, the
inclined U-baffles (UB) were inserted into a square channel while finally, the inclined

vortex-ring baffles (VR) were inserted into a circular tube.

6.1 Multiple V-baffles

6.1.1 Effects on heat transfer

The numerical results on heat transfer under uniform heat flux condition in a
rectangular channel fitted repeatedly with V-baffles were calculated and presented in
the terms of Nusselt number (Nu). The V-baffles were arranged in a single wall of the
absorber plate, inline and staggered arrays on the top and bottom walls. The variations
of predicted Nu obtained under a range of Reynolds number and various pitch ratio
values are presented in Figures 6.1 and 6.2, respectively. In Figure 6.1, it is found that
the V-baffles yielded substantial heat transfer enhancement with a similar trend in
comparison with the smooth channel. The Nu values increased with the increment of
Re. The inline array cave higher Nu than the others. This is because the inline
arrangement caused the flow recirculation and separation that provided the increment
in turbulence intensity. At PR=0.5, comparing with the smooth channel, the Nu values
for the in-line, staggered, and single wall arrangements were in the range of 728-763%,
652-719%, and 614-660%, respectively. This indicates that the inline arrangement gives
higher heat transfer than the staggered and the single wall arrangements around 6-
12% and 16-18%, respectively. Moreover, at PR=2, the V-baffles with inline, staggered,
and single wall arrangements provided the Nu in a range of 453-490%, 431-460%, and
398-415% higher than the smooth channel. The inline arrangement performed better

than the staggered and single wall arrangements at about 8-11% and 19-20%,
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respectively. In Figure 6.2, the Nu reduced with the increment of PR. This is because
the smaller PR provided more interruption of the boundary layer and also provided
stronger vortex strength which leads to higher heat transfer rate. Therefore, the vortex
flows created by the V-baffles could induce the impingement flow along the channel

wall, especially behind the V-tip of baffles.
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The relative Nusselt number defined as a ratio of augmented Nu to smooth
channel’s Nu, Nu/Nug. The relative Nusselt numbers plotted against Re and PR were
depicted in Figures 6.3 and 6.4, respectively. In Figure 6.3, the Nu/Nu, decreased slightly
with increasing Re for all cases. The Nu/Nug for the inline arrangement was higher than
that for the staggered and single wall arrangements. The higher flow blockage and
stronger swirl/vortex flow from the inline arrangement lead to better fluid mixing

between the core and near-wall regions. A further investigation revealed that, for the
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inline arrangement, the Nu/Nug at PR=0.5 was also higher than that at PR=1 and 2. The
staggered and single wall arrangements also gave the similar trends. At PR=0.5, 1 and
2, the increases in Nu/Nuy for the inline, staggered, and single wall arrangements were
approximately in the range of 7.28-7.63, 6.52-7.19 and 6.15-6.6; 5.81-6.16, 5.37-5.53 and
4.88-5.12; and 4.53-4.9, 4.31-4.61 and 3.98-4.15 times, respectively. In Figure 6.4, the
Nu/Nug was found to reduce steeply from PR=0.5 to PR=1 and then decrease gradually
to PR=2 for each Re.

6.1.2 Effects on friction factor

The effects of V-baffles on the isothermal pressure drop across the rectangular
channel are presented in this section. The variations of the pressure drop in terms of
friction factor (f) with Reynolds number (Re) and Pitch ratio (PR) were showed in Figures
6.5 and 6.6, respectively. In Figure 6.5, it was apparent that the use of V-baffles leads
to a large increase in f over the smooth channel. As expected, the obtained f from the
V-baffles with inline arrangement was considerably higher than the staggered and single
wall arrangements. The average increase in f was in a range of 12.5-139.7 times above
the smooth channel. At PR=0.5, the f with the inline array was around 8 and 38 times
higher than the staggered and single wall arrays, respectively. The pressure losses may
come from higher rotating flow and increasing surface area due to the presence of the

V-baffles as can be seen in Figure 6.6.
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Figure 6.7 Variation of f/f, with Re for VB.

The effects of V-baffles on the isothermal friction factor ratio, f/f,, with Re and
PR values were depicted in Figures 6.7 and 6.8, respectively. In Figure 6.7, the V-baffles
provided a considerable increase in f/fo with the increment of Re. This can be due to
higher flow blockage, larger surface area, and the reverse flow. The f/f, for the inline
array was much higher than that for the staggered and single wall arrays at a similar
flow condition. The variations of f/fo with PR for various arrangements were presented
in Figure 6.8. In the figure, the f/fo was nearly independent from Re values and tended
to decrease with the increment of PR. At PR=0.5, 1 and 2, the f/f, were in the range of
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88.45-139.65, 82.42-122.42 and 54.62-79.9; 70.53-100.93, 65.7-90.8 and 21.36-30.63;
and 49.3-70.41, 40.44-56.44 and 12.5-19.87 times for the inline, staggered, and single
wall arrangement, respectively. For the single wall arrangement, the increment of PR

from 0.5 to 1 reduced the friction loss significantly as shown in Figure 6.8.
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6.1.3 Effect on thermal enhancement factor

The variations of thermal enhancement factor (1) with Re and PR values were
depicted in Figures 6.9 and 6.10, respectively. The data of Nu and f were compared at
an identical pumping power condition. In Figure 6.9, the 1 showed the downtrend with
increasing Re for all cases. The V-baffle with a single wall arrangement having PR=0.5
gave the highest 1 at the lowest Re. This is because of lowest flow blockage. The inline
and staggered arrangements provided lower n because of their higher friction factor
values. For the single wall VB, at PR=0.5, 1 and 2, the maximum n were about 1.83,
1.77 and 1.75, respectively. At a given PR, the single wall VB yielded the n around 9-
21% and 12-27% higher than the inline and the staggered, respectively.



65

2.6
e i PR=0.5 PR=1.0 PR=2.0
L A A inline O O in-line OO inline
22 F A A staggered ® @ staggered @ staggered
A-—A single O-—0O single O single
20 r
18 f 2 ;
1.6 :
= r (@)
14 6.
1.2
10
0.8
0.6 [ 45° BR=0.25
04 n n n 1 n n n 1 n n n 1 n n n 1 n n n 1
0 4000 8000 12000 16000 20000 24000
Re
Figure 6.9 Variation of n with Re for VB.
3.0
[ in-line staggered single
OO Re=4000 @ @ Re=4000 <O —< Re=4000
.5 [ O O Re=8000 B B Re=8000 O —O Re=8000
i V¥V Re=12000 ¥ ¥ Re=12000 V- —V Re=12000
O O Re=16000 ® ® Re=16000 O-—O Re=16000
20 F A A Re=20000 & A Re=20000 A-—A Re=20000
0
R —
S 15+ 0000 BEEESS=—r——————==== S
1.0
0.5 r
45°, BR=0.25
OO 1 1 1 1
0.0 0.5 1.0 1.5 2.0 2.5

PR
Figure 6.10 Variation of n with PR for VB.

6.1.4 Flow and heat topologies for multiple V-baffles

The flow and vortex coherent structures of different V-baffle arrangements in
a rectangular channel can be presented using streamlines plotted on transverse planes
at various locations. The distance between each transverse plane was 0.2 times PR.
Figure 6.11 (a), (b), and (c) presents streamlines at locations x/P=0 to x/P=1 for V-baffles
with single array, inline, and staggered arrays, respectively. In Figure 6.11 (a), a pair of

vortex pairs occurred for using the single array. The vortex pairs for downstream V-
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baffles were swirling in direction that left the heat surface (called “common-flow-up”).
In the meantime, the vortex pairs for upstream V-baffles were swirling in direction
toward the heat surface (called “common-flow-down”). For inline array, the vortex
pairs induced by the V-baffles occurred symmetrically on top and bottom walls as
shown in Figure 6.11 (b). However, for staggered array, the vortex pairs occurred on top
and bottom walls were not symmetrical. As a result, the inline array produced more
intensity of vortex strength than the other arrangements.

Figure 6.12 (a), (b), and (c) presents pressure distributions for different V-baffle
arrangements on transverse planes at location x/P=0 to x/P=1 for single VB, inline VB,
and staggered VB arrays, respectively. Considering the upward V-baffles, for all
arrangements, the pressures in front of the tip area of V-baffles were high while the
pressures behind the tip region of V-baffles were low. This behavior induced the flow
to be swirled and become vortex flow behind the V-baffles. The highest pressure drops

was seen in the sequence of the inline, the staggered, and the single VB arrays.

x/P=0.8 x/P=1.0

Figure 6.11(a) Streamlines in transverse planes for single VB at Re=8000 and PR=0.5.
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Figure 6.11(b) Streamlines in transverse planes for inline VB at Re=8000 and PR=0.5.
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Figure 6.11(c) Streamlines in transverse planes for staggered VB at Re=8000 and
PR=0.5.
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Figure 6.12 Pressure contours in transverse planes for VB at Re=8000 and PR=0.5.
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The Q isosurfaces of the flows through V-baffles with single, inline, and
staggered VB arrangements were presented in Figure 6.13 (a), (b), and (c), respectively.
For all, the Q isosurfaces occurred behind the baffles and along the flow streamlines.
The Q isosurfaces exposed only on the heat surface with the V-baffles for the single
VB array as depicted in Figure 6.13 (a). The core flows for the inline array were largest

and strongest as shown in Figure 6.13 (b).

(c) ‘staggered array’
Figure 6.13 Q isosurface of Q=200 for difference VB arrangement at PR=0.5 and
Re=8,000.

The temperature distributions of V-baffles with single, inline, and staggered VB
arrangements on transverse planes at location x/P=0 to x/P=1 were presented in Figure
6.14 (a), (b), and (o), respectively. As a result, for all arrangements, the air with lower
temperature was induced toward the heat surface behind the upstream V-baffles to

exchange the heat.
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(c) ‘staggered arrays’
Figure 6.14 Temperature contours in transverse planes for VB at Re=8000 and
PR=0.5.
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The local Nusselt number contours on the upper wall of smooth channel,
single, inline, and staggered VB arrangements were depicted in Figure 6.15 (a), (b), (0),
and (d), respectively. For comparison, these local Nusselt numbers were calculated at
Reynolds number of 8,000 and pitch ratio of 0.5. The channel with V-baffles produced
high local Nusselt numbers in the area behind the tip of upward V-baffles which were
the reattachment area of the flow. The inline array gave the highest averaged local
Nusselt number. The smooth channel gave lowest heat transfer rate because of no

reattachment flow.

Figure 6.15 Local Nu, contours on upper wall for (a) smooth channel (b) single VB (c)
inline and (d) staggered VB arrays at Re=8000, PR=0.5.

Nusselt-number
0 20 40 60 80 100 120 140 160 180 200 220 240

The local Nusselt number (Nu,) contour including the streamlines showing the
impingement flow on the upper wall of the tested channel with inline VB arrays at
Re=8000, PR=0.5 was presented in Figure 6.16. It is apparent from the figure that the
high Nu values for the multiple V-baffles were in large areas over the channel wall.
The peaks could be observed on the channel wall area around the upstream of V-tip
where the red area showed the impingement flow region of the secondary flow
providing higher heat transfer rate than other areas. The vortex-induced impingement
flow was responsible to heat transfer enhancement in the channel, apart from fast

fluid mixing between the core and the near-wall regions.
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Figure 6.16 Streamlines and Nuy contours on upper wall for inline VB at Re=8000
and PR=0.5.

6.2 Inclined U-baffles

6.2.1 Effects on heat transfer

The numerical results on heat transfer in a square channel fitted repeatedly
with U-baffles under a uniform surface heat-flux condition are presented in this section.
The U-baffles had 5 baffle-to-duct heights or blockage ratios (BR=0.05, 0.1, 0.15, 0.2,
and 0.25). The heat transfer coefficient was calculated and presented in the form of
Nusselt number (Nu). The variations of Nu with Re and BR values are displayed in
Figures 6.17 and 6.18, respectively. In Figure 6.17, the Nu increased with increasing BR
and Re. The higher Nu could be obtained at the larger BR. This is because the larger
BR produced flow recirculation and separation which gave better increase in the
turbulence intensity of the flow than the smaller one. Depending on Reynolds number,
for U-baffles at PR=0.5, the Nu values for the BR=0.05, 0.1, 0.15, 0.2, and 0.25 were in
the range of 244-282%, 271-313%, 304-346%, 337-389%, and 356-404% above the
smooth channel, respectively. This indicated that the use of U-baffles with BR=0.25
yielded higher heat transfer than that with BR=0.2, 0.15, 0.1 and 0.05 around 4-6%, 16-
17%, 29-31%, and 43-46%, respectively. At PR=1 and 2, the BR=0.05, 0.1, 0.15, 0.2, and
0.25 also provided Nu in the range of 211-240%, 230-266%, 261-3019%, 298-333%, and
308-351%; and 177-204%, 204-232%, 236-273%, 266-307%, and 278-321% higher than
the smooth channel, respectively. At BR=0.25, the U-baffle with PR=0.5 performed
better than the one with PR=1 and 2 approximately 15% and 26%, respectively. Figure
6.18 showed that the Nu tends to increase with the increment of BR. This is because
the U-baffles generated longitudinal vortex flows which can help increase the flow
turbulence degree and also transport the central core flow to the near-wall regions.
Thus, the merit of the U-baffle was that the created vortex flows could induce
impingement flow over the duct heated walls (called vortex-induced impingement).
Also, the vortex flows could wash up the flow trapped in the channel corner regions
which normally acted as ineffectively heat transfer areas. This phenomenon led to

higher heat transfer rate in the square channel.
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Figure 6.18 Variation of Nu with BR for UB.

The relative Nusselt numbers (Nu/Nup) plotted against Re and BR were depicted
in Figures 6.19 and 6.20, respectively. In Figure 6.19, the Nu/Nu, tended to decrease
with the increase in Re for all cases. The BR=0.25 provided the highest Nu/Nu, due to
higher flow blockage and more frequent interruption of the flow leading to stronger
swirl/vortex strength. Depending on Re, the BR=0.25, 0.2, 0.15, 0.1, and 0.05 yielded
the Nu/Nug values around 3.56-4.04, 3.37-3.89, 3.04-3.46, 2.71-3.13, and 2.44-2.82; 3.08-
3.51, 2.98-3.33, 2.61-3.01, 2.30-2.66, and 2.11-2.40; and 2.78-3.21, 2.66-3.07, 2.36-2.73,
2.04-2.32, and 1.77-2.04 times for PR=0.5, 1, and 2, respectively. It was noted that the
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Nu/Nug of the U-baffles with BR=0.2 and PR=1 was two times higher than that of the
full-length coil insert. In Figure 6.20, the Nu/Nu, showed a steeper increase at the
beginning with the rise of BR value but gave a slower increase for BR >0.2. The PR=0.5
provided higher Nu/Nu, than the PR=1 and 2 at a given BR value. A close inspection
revealed that at similar BR value, the PR=0.5 yielded the Nu/Nuy approximately 17-
27% higher than the PR=1 and 2.
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Figure 6.19 Variation of Nu/Nug with Re for UB.
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Figure 6.20 Variation of Nu/Nuo with BR for UB.
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6.2.2 Effects on friction factor

The effects of the U-baffle inserts on the isothermal pressure drop across the
square channel are depicted in Figure 6.21. The variations of the pressure drop in the
form of f with Re and BR values are presented in Figures 6.21 and 6.22, respectively.
In Figure 6.21, the use of U-baffles led to a substantial increase in the f over the smooth
channel. As expected, the f for the U-baffles with BR=0.25 was substantially higher
than that with smaller BR. The average increase in f was in a range of 3.8 to 41.7 times
over the smooth channel. At PR=0.5, the f value for BR=0.25 was found to be around
30, 41, 45, and 58 times higher than that for BR=0.2, 0.15, 0.1, and 0.05, respectively.
However, the f tended to increase with raising the BR and showed the steeper increase
for BR > 0.2 as displayed in Figure 6.22. This could be due to the higher flow blockage,
the larger surface area, and the reverse flow. The pressure losses were mainly due to
high viscous losses near the wall, the extra forces exerted by reversing flow, and also

the high flow blockage from the presence of the U-baffles.
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Figure 6.21 Variation of f with Re for UB.
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Figure 6.22 Variation of f with BR for UB.

Effects of U-baffle inserts on the isothermal friction factor ratio (f/fo) with Re
and BR values are depicted in Figures 6.23 and 6.24, respectively. In Figure 6.23, it is
visible that the application of U-baffles leads to a substantial increase in f/f, with the
rise of Re. As expected, the f/f, for BR=0.25 was much higher than that for BR=0.2, 0.15,
0.1, and 0.05 at a similar operating condition. For BR=0.25, 0.2, 0.15, 0.1, and 0.05, the
increases in f/fo values at PR=0.5, 1, and 2 were about 25.7-41.7, 17.9-29.1, 15.2-24.5,
14.1-22.9, and 10.9-17.7; 12.2-20, 9.2-15, 7.4-11.7, 5.9-9.5, and 4.6-7.5; and 11.4-18.3,
8.4-13.1, 6.5-10.3, 5.2-8.3, and 3.8-5.8 times, respectively. The U-baffles at BR=0.15 and
PR=2 also provided slightly higher f/f, than the full-length coil insert. Thus the flow
blockage due to the presence of the U-baffles was a key factor that gave a high
pressure drop in the channel. In Figure 6.24, the f/f, was found to increase with the
rise in Re and BR values. It is visible that the UB inserts provided a substantial increase
in the f/fy at about 3.8-41.7 times, depending on BR, PR and Re values. The BR=0.25
provided the largest f/f, of about 35.7, 17.04, and 15.8 times for using the PR=0.5, 1,
and 2, respectively. This indicates that at a very high BR, the increment of PR was less

effective to reduce significantly the friction loss in the channel.
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Figure 6.24 Variation of f/f, with BR for UB.

6.2.3 Effects on thermal enhancement factor

The variations of the thermal enhancement factor (n) with Re and BR values
are depicted in Figures 6.25 and 6.26, respectively. The Nu/Nug and f/f, were compared
at an identical pumping power condition. In Figure 6.25, the n tended to reduce with
the increase in Re for all cases. It is seen that the UB at BR=0.2 and PR=1 gives the
highest 1 at the lowest Re. At PR=1, the maximum n were about 1.45, 1.48, 1.55, 1.6,
and 1.53 for BR=0.05, 0.1, 0.15, 0.2, and 0.25, respectively. The maximum mn was at
BR=0.2, PR=1, and Re=4000.



1.8
[ PR=0.5 PR=1.0 PR=2.0
L7 r A A BR=025 A A BR=025 A —A BR=0.25
O BR=020 @@ BR=020 O-—0O BR=0.20
16 ¢ O BR=0.15 ® ® BR=0.15 O —O BR=0.15
15 L V BR=0.10 ¥ ¥ BR=0.10 Vv —V BR=0.10
F O BR=005 @ @ BR=0.05 < —< BR=0.05
14 |
< 13 ¢
1.2 : -
11 F ﬁffé
10 F %
09 £ 30°uB
08 : 1 n n n 1 n n n 1 n n n 1 n n n 1
0 4000 8000 12000 16000 20000 24000
Re
Figure 6.25 Variation of n with Re for UB.
2.2
PR=0.5 PR=1.0 PR=2.0
20 F OO Re=4000 & D Re=4000 > —< Re=4000
’ ¥V V Re=8000 ¥ ¥ Re=8000 %V Re=8000
O O Re=12000 B & Re=12000 [ —O Re=12000
18T O O Re=16000 ® @ Re=16000 O —O Re=16000
A A Re=20000 A A Re=20000 A —A Re=20000
S 14 r @ w :
M T
12 + 'fg: - §
D=
A
1.0
08
30° UB
06 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30

BR
Figure 6.26 Variation of n with BR for UB.

6.2.4 Flow and heat topologies for inclined U-baffles

78

The flow and vortex coherent structures of the flow in a square channel fitted

with inclined U-baffles (UB) can be described by plotting streamlines on transverse

planes at each observed location. Each position was located at a distance of 0.2xPR.

Figure 6.27 presents the streamlines of the UB with a=30° BR=0.2, and PR=2.0 in

transverse planes at x/P=0 to x/P=1. From the figure, a longitudinal vortex pair occurred

along the channel. The vortex pairs were induced toward the bottom wall. The

longitudinal vortex pair also reduced with reducing PR.
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The pressure distributions of the UB at BR=0.2 and PR=2.0 in transverse planes
at x/P=0 to x/P=1 are presented in Figure 6.28. The high pressure region was in front
of the UB while the low one was behind the UB. This behavior induced the longitudinal
vortex flows and also the secondary vortex flows behind the UBs. The pressure drop

also increased with reducing the PR.

Figure 6.27 Streamline in transverse planes for UB at BR=0.2 and PR=2.0.

] .

Pressure: -4-20 2 4 6 810121416182022

Figure 6.28 Pressure contours in transverse plane for UB at BR=0.2 and PR=2.0.

xP=0.2

The Q-isosurfaces of the UBs (half left) with a=30°, BR=0.2, and various PRs at
Re=8,000 are presented in Figure 6.29. The main vortex core flow occurred along the
top wall of the channel. The smaller core flows also occurred behind the UBs. These
smaller core flows also joined the main core flow. The shorter PR produced larger and

stronger core flows than the longer PR.
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(@) PR=1.0

(b) PR=2.0
Figure 6.29 Q-isosurfaces of Q=200 for UB with various PRs at BR=0.2 and Re=8,000.

The temperature distribution contours of the inclined U-baffles at BR=0.2 and
PR=2.0 on transverse planes at x/P=0 to x/P=1 are presented in Figure 6.30. The flow
with lower temperature was induced toward the sidewalls and bottom wall which
increased the heat transfer rate. However, in the zone behind the UB, there was no air
mixing between lower and higher temperatures. Therefore, heat transfer rate in this
zone was low. When the PR was reduced, the near wall boundary layer also reduced
and the temperature gradient at the wall increased, leading to the enhancement of
heat transfer rate.

The local Nusselt number for the UBs at BR=0.2 and PR=2.0 on the square
channel’s walls is presented in Figure 6.31. The higher local Nusselt numbers were at
the wall area between the baffles. The corner, the middle top, and the wall area
behind the baffles produced the low local Nusselt numbers. The smaller PR also gave

the higher average local Nusselt numbers than the larger PR.



81

Temperature: 298 300 302 304 306 308 310 312 314

I x/P=1.0
x/P=0.8
xP=0.6
x/P=0.4

x/P=0.2

Figure 6.30 Temperature contours in transvers plane of UB at BR=0.2 and PR=2.0.
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Figure 6.32 Streamlines and Nuy, contours on the wall for UB at BR=0.2 and PR=2.0.

Figure 6.32 presents the local Nusselt number and the streamlines of the UBs
at BR=0.2 and PR=2.0. The UBs produced the longitudinal vortex pairs and also induced
the impinging flow toward the heat surface. This phenomenon enhanced the heat
transfer rate. The shorter pitch also gave more flow reattachment than the longer

pitch.
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6.3 Inclined Vortex Rings

6.3.1 Effects on heat transfer

The numerical results on heat and flow characteristics of inclined vortex rings
(VR) having four ring-to-tube heights or blockage ratios (BR=0.05, 0.1, 0.15, and 0.2) are
displayed in Figures 6.33 and 6.34, respectively. In Figure 6.33, it is found that the
Nusselt number increased with increasing the BR, apart from the Re. The higher Nu was
seen at the largest BR which gives rise to flow recirculation and separation and provides
higher turbulence intensity than the smaller. At PR=0.5, the Nu values for BR=0.1, 0.15
and 0.2 were in the ranges of 260-297%, 330-387%, and 354-435% above that for the
smooth tube, respectively. The VR at BR=0.2 gave higher heat transfer than that at
BR=0.15 and 0.1 around 9-12% and 41-46%, respectively. At PR=2.0, the BR=0.1, 0.15,
and 0.2 provided the Nu in a range of 191-222%, 214-253%, and 224-271% higher
than the smooth tube, respectively. At PR=2.0, the VR with BR=0.2 performed better
than the one with BR=0.15 and 0.1 at about 1-3% and 17-22%, respectively. Figure
6.34 shows the variation of Nu with PR values. In the figure, the Nu tended to reduce
with the increment of PR. This is because the VR insert could generate two main
longitudinal vortex flows that can help to increase the flow turbulence degree and to
transport the core flow to the near-wall regions. Thus, the created vortex flows can
induce impingement flow over the tube wall (called vortex-induced impingement).

In Figure 6.33, it is visible that the Nu increased with reducing the PR. This is
because the VRs with smaller PR interrupted the development of the boundary layer
of the fluid flow and also increased the turbulence intensity of the flow. The VRs at
BR=0.2 and PR=0.5 showed higher heat transfer rate than the one at PR=1.0, 1.5, and
2.0 around 20%, 28%, and 38%, respectively.

The relative Nusselt numbers (Nu/Nup) plotted against Re and BR values are
presented in Figures 6.35 and 6.36, respectively. In Figure 6.35, the Nu/Nu, tended to
slightly decrease with the rise of Re for all cases. Note that the Nu/Nu, for BR=0.2 was
higher than that for BR=0.15 and 0.1. This is due to higher flow blockage of using BR=0.2
interrupted the flow and to stronger swirl/vortex flow strength, leading to promoting
the high levels of air mixing over the others. Depending on Re, the PR=0.5, 1.0, 1.5,
and 2.0, provided the Nu/Nuy in a range of 3.61-4.35, 2.87-3.47, 2.56-3.09, and 2.24-
2.71; 3.31-3.87, 2.78-3.25, 2.45-2.87, and 2.23-2.63; and 2.55-2.97, 2.21-2.57, 2.03-
2.36, and 1.91-2.22 times for BR=0.2, 0.15, and 0.1, respectively. In Figure 6.36, it can
be observed that the Nu/Nuy showed a steeper decrease at the beginning with the rise
of PR but gave a slower increase for PR > 0.1. The VR at PR=0.5 provided the highest

Nu/Nup at a given BR value.
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6.3.2 Effects on friction factor

The effect of the vortex rings (VR) on the isothermal pressure drop across the
circular tube is reported. The variations of the pressure drop in the form of friction
factor (f) with Re and BR are presented in Figures 6.37 and 6.38, respectively. In Figure
6.37, it is apparent that the VR yields a substantial increase in f over the smooth tube.
As expected, the f for the VR with BR=0.2 was substantially higher than that with
smaller BR. The average increase in f was in a range of 4.8 to 35 times over the smooth
tube. The f of the VR at PR=0.5 and BR=0.2 was found to be around 13 and 25 times
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above that at BR=0.15 and 0.1, respectively. This was due to higher flow blockage,
larger surface area, and reversing flow. The pressure losses were mainly due to high
viscous losses near the wall, the extra forces exerted by the reverse flow, and the high
flow blockage. In Figure 6.38, the f for larger BR (=0.2) was much higher than that for
smaller BR. The f tended to increase with the increment of BR and also decreased
significantly from PR=0.5 to PR=2.0, especially for lower BR, as shown in Figure 6.38. At
BR=0.2, the f for PR=0.5 was found to be around 46%, 61%, and 73% higher than that
for PR=1.0, 1.5, and 2.0, respectively.
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The effects of the VR inserts on the isothermal friction factor ratio (f/f,) plotted
against Re and PR values are presented in Figures 6.39 and 6.40, respectively. In Figure
6.39, the VRs yielded a substantial increase in f/fo with the rise of Re. This is due to the
flow blockage, the larger surface area, and the reverse flow. The f/f, at BR=0.2 was
much higher than that at BR=0.15 and 0.1 at a similar operating condition. At PR=0.5,
1.0, 1.5, and 2.0, the increases in f/f, were about 35.1-36.5, 19-19.8, 13.8-14.4, and
9.5-10; 21.7-23.1, 13.9-14.8, 9.7-10.3, and 8.1-8.6; and 9.8-11, 6.8-7.7, 5.5-6.2, and
4.9-5.5 times for BR=0.2, 0.15, and 0.1, respectively. The variation of f/f, with PR values
is presented in Figure 6.40. In the figure, the f/f, was independent from Re and tended
to decrease with the rise of PR. This means that at a high BR, increasing the PR was

less effective to reduce significantly the friction loss in the tube.
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6.3.3 Effects on thermal enhancement factor

Figure 6.41 shows the variation of the thermal enhancement factor (n) with a
given range of Re. The Nu/Nuy and f/f, were compared at an identical pumping power
condition. The n showed the downtrend with the increase in Re for all cases. It is seen
that the VR at BR=0.1 and PR=0.5 gives the highest n at the lowest Re. At BR=0.1, the
maximum 1 were, respectively, about 1.4, 1.35, 1.34, and 1.31 for PR=0.5, 1.0, 1.5, and
2.0. At a given BR, the PR=0.5 yielded the n around 3%, 4%, and 6% higher than the
PR=1, 1.5, and 2, respectively.
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6.3.4 Flow and heat topologies for vortex rings

The flow and vortex coherent structure of the VR in a circular tube can be
described by plotting the streamlines in the transverse planes as shown in Figure 6.43.
The distance for each transverse plane in a flow module (from a VR to another) was
set to 0.2PR in the range of x/P=0 to x/P=1 for VR at a=30°, PR=2.0, and BR=0.1. From
the figure, a longitudinal vortex pair appeared along the tube and the vortex pairs were
induced toward the bottom wall. The size of the longitudinal vortex pair also reduced
with reducing the PR.

The pressure distribution contours displayed in transverse planes at x/P=0 to
x/P=1 are presented in Figure 6.44 (a) and (b). The high pressure regions were in front
of the VRs on both top and bottom walls. The highest pressure appeared in front of
the VR on the top wall area. The lowest pressure occurred behind the vortex rings at
the bottom wall area. This phenomenon led to the induction of the vortex flows. The
pressure drop increased with increasing the BR due to higher flow blockage. The

pressure drop also reduced with increasing the PR.
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Figure 6.43 Streamlines in transverse planes for VR at PR=2.0, BR=0.1, and Re=8,000.

U b
Y “ A

£ -

x/P x/P=0.2 x/P=0.4

=0
«—-'/‘- ./
/( ,‘/'T )/
‘ 4 N

b )

x/P=0.6 x/P=0.8 x/P=1.0

T

Pressure: -8 -6 <4 -2 0 2 4

(a) PR=1.0 and BR=0.1



89

NZ XL 787

x/P=0.2 x/P=0.4
x/P=0.6 x/P=0.8 x/P=1.0

Pressure: =10 -5 0 5 10 15 20
(b) PR=1.0 and BR=0.2
Figure 6.44 Pressure contours in transverse planes for VR with various BR at Re=8000.
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Figure 6.45 Pressure contours in transverse planes for VR with various PR at Re=8000.
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The Q-isosurface (half left) of the VR turbulators at Re=8000 and PR=1.0 are
presented in Figure 6.46. The vortex core flows appeared along the tube and behind
the VRs. The higher BR produced larger and stronger vortex core flows than the lower

one.

(b) BR =0.2
Figure 6.46 Q-isosurfaces of Q=200 for VR with various BR at PR=1.0 and Re=8000.

The temperature distribution contours of the VR with various BR in transverse
planes at x/P=0 to x/P=1 are presented in Figure 6.47 (a) and (b). The lower air
temperature was induced from the top wall toward the other walls which can enhance
the heat transfer rate. When the BR was increased, the near wall boundary layer was
reduced but the temperature gradient at the wall was increased leading to
enhancement of the heat transfer rate. When the pitch was longer (larger PR), the heat

transfer rate also reduced as shown in Figure 6.48 (a) and (b).
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Figure 6.47 Temperature contour in transverse planes of VR for varied BR at
Re=8,000.
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Figure 6.49 Local Nu, contours on the wall for VR at BR=0.1, PR=2.0, and Re=8000.

The plot of local Nusselt number contours of a circular tube fitted with VRs is
presented in Figure 6.49. The high local Nusselt number areas were at the wall
between the VRs. However, at the vicinity of the VR and the middle on the top wall,
the local Nusselt numbers were low, except for some wall area below the VR. The

shorter pitch gave higher local Nusselt number than the longer pitch.

6.4 Conclusions

Numerical studies have been conducted to investigate the air flow
characteristics, pressure losses, and heat transfer rates in a rectangular channel, a
square channel, and a circular tube, respectively. The turbulators inserted into those
passages were multiple V-baffles (VB), inclined U-baffles (UB), and vortex ring baffles
(VR). The studied parameters were pitch ratios (PR) and blockage ratios (BR) for a given
range of Reynolds number from 4000 to 20,000. A uniform surface heat-flux condition
was applied as a thermal condition. From the numerical results of the present study,
the following conclusions can be drawn.

For the case of VBs, the inline array at PR=0.5 provided highest pressure drop
(f/fo=12.51-139.65) but also yielded a considerable heat transfer augmentation
(Nu/Nup=3.98-7.63) depending on Re. The Nu/Nu, augmentation tended to slightly
decrease with the rise in Re. However, the VB with a single wall arrangement at smaller
PR should be applied to obtain higher thermal enhancement factor. The best operating
condition for using the VB was obtained at smallest PR at the lowest Re. The single VB
arrangement at PR=0.5 yielded the highest n of 1.83 at Re=4000.

For the case of UBs, the counter-rotating vortex flows created by the UB could
help to induce impingement flows on the walls which led to drastic increase in heat
transfer rate in the square channel. The enhancement for Nu was about 2-4 times
above the smooth channel at PR=0.5-2.0 and BR=0.05-0.25. However, the increase in f
was in a range of about 4-40 times above the smooth channel, depending on BR and
Re. The n for the UB was higher than unity (indicating higher performance over the
smooth channel) and its maximum value was about 1.6 at PR=1.0, BR=0.2, and
Re=4000.
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For the case of VRs, the VR could create two main counter-rotating vortex flows
along the tube that helped induce impingement flows over the lower tube wall leading
to greater increase in heat transfer. The VRs at PR=1.0 and BR=0.2 caused a high
pressure drop (f/fo=71.25-93.29) but also provided a considerable heat transfer
augmentation in the tube (Nu/Nuy=3.73-5.56). The Nu of the VR showed the increasing
trend with the rise in BR and Re values but with the reduction of PR. The n of the VR
was above unity and tended to decrease with the increment in Re, BR, and PR values.
The VR at PR=1.0 and BR=0.05 yielded the highest n of 1.54 at the lowest Re.



CHAPTER 7
HORSESHOE BAFFLES

This chapter presents numerical results on heat transfer enhancement and
pressure loss using inclined horseshoe baffles (HB) and V-shaped Horseshoe baffles
(VHB) inserted into a circular tube. The numerical investigations were carried out by
varying the air flowrate for Re ranging from 3000 to 20,000. A uniform surface heat flux
was applied as the thermal boundary condition. The HBs were mounted periodically
in the tube with different attack angles (a=20°, 30°, and 45°), various PRs (PR=0.25-2.00),
and blockage ratios (BR=0.075-0.2). Similarly, the VHBs were also mounted repeatedly
in the tube with the same geometry parameters as the HBs.

The numerical results of heat transfer coefficient, pressure drop, and thermal
performance were calculated and presented in terms of relative Nusselt number
(Nu/Nuyp), relative friction factor (f/fo), and thermal enhancement factor (1)), respectively.
The optimal baffle geometry characteristics that provide the maximum n were further
investigated to study the flow structure and heat transfer mechanisms. Moreover, the
optimization analysis for the HBs and VHBs cases was also performed to obtain the
optimal thermal performance of each case. Finally, the empirical correlations for
Nusselt number (Nu) and friction factor (f) for both the HB and VHB were also

determined.

7.1 Inclined horseshoe baffles

7.1.1 Effects on heat transfer

The effects of three PRs (PR=0.5, 1, and 2) and BRs (BR=0.1, 0.15, and 0.2) on
the heat transfer coefficients were examined and presented in the form of Nu/Nuj.
The variations of Nu/Nuy with Re are presented in Figures 7.1, 7.2, and 7.3 for the HBs
at a=20°, 30° and 45°, respectively. In the figures, the Nu/Nuy values tend to decrease
slightly with the increase of Re for all cases. The Nu/Nuy for the HBs is obviously greater
than that for the smooth tube because the baffles give a stronger air mixing and
turbulence intensity leading to the destruction of thermal boundary layer. The vortex
flows also contributes to better air mixing between fluids at the core and the wall
regions. The flow behaviors promote an increase in the tangential and radial turbulent
fluctuation or the turbulence intensity, thinning the boundary layer, and enhanced the
heat transfer rate inside the tube.

The heat transfer coefficients show the upward trend with reducing PR or
increasing BR. This is due to the higher turbulence intensity that imparts to the flow

between the baffles and gives a result in higher temperature gradients near the tube’s
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wall. The variation of Nu/Nug with different attack angles (o) is depicted in Figure 7.4
for HBs at PR=1.0 and BR=0.1. The Nu/Nug tends to increase slightly with the increment
of a for all Re values. This is because the larger a. can generate stronger vortex flow
and give higher turbulence intensity and better fluid mixing leading to higher heat
transfer rate than the smaller one.

For the 20° HB at PR=0.5, 1, and 2, the Nu/Nu, values for BR=0.1, 0.15, and 0.2
were in a range of 2.59-3.87, 2.78-4.36, and 2.77-4.37; 1.88-2.85, 2.04-3.15, and 2.16-
3.39; and 1.63-2.28, 1.80-2.52, and 1.85-2.67 times, respectively, depending on Re.

For the 30° HB at PR=0.5, 1, and 2, the Nu/Nuo values for BR=0.1, 0.15, and 0.2
were in a range of 2.65-4.06, 2.83-4.60, and 2.91-4.77; 1.96-2.91, 2.10-3.24, and 2.31-
3.53;and 1.74-2.42, 1.89-2.71, and 2.06-2.95 times, respectively.

For the 45° HB at PR=0.5, 1, and 2, the Nu/Nug values for BR=0.1, 0.15, and 0.2
were in a range of 2.72-4.20, 2.86-4.64, and 3.16-5.12; 2.16-3.11, 2.45-3.56, and 2.73-
3.95; and 1.88-2.51, 2.12-2.92, and 2.36-3.23 times, respectively. The maximum Nu/Nug
was found to be about 5.12 at a=45°, PR=0.5, BR=0.2, and Re=3000.
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Figure 7.1 Variation of Nu/Nug with Re for 20° HB.
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Figure 7.4 Variation of Nu/Nu, with a for HB.

7.1.2 Effects on friction factor

Figures 7.5, 7.6, and 7.7 present the variations of f/f, with Re for HBs with a=20°,
30° and 45°, respectively. In the figures, the f/fo values tend to increase slightly with
the increment of Re for all cases. The HBs provided a substantial increase in f/f,. This
could be attributed to the dissipation of dynamic pressure of the fluid due to higher
surface area and also the swirl flows. The f/f, values obtained from three PRs were in
a similar trend pattern. The f/f; increased with decreasing PR. The variation of f/f, with
different a values is displayed in Figure 7.8 for PR=1.0 and BR=0.1. In the figure, the f/fo
tended to increase sharply with the increment of a.

Depending on Re, for 20° HB at PR=0.5, 1, and 2, the f/f; values for BR=0.1, 0.15,
and 0.2 were in a range of 5.17-5.74, 7.41-7.40, and 9.93-9.98; 4.14-4.09, 5.48-5.22, and
6.98-6.65; and 2.96-2.99, 3.89-3.72, and 5.07-4.80, respectively.

For 30° HB at PR=0.5, 1, and 2, the f/f, values for BR=0.1, 0.15, and 0.2 were in
arange of 7.29-7.70, 10.71-11.02, and 14.72-15.40; 5.47-5.85, 7.95-8.02, and 11.08-11.39;
and 3.65-4.05, 5.38-5.65, and 7.75-8.46 times, respectively.

For 45° HB at PR=0.5, 1, and 2, the f/f, values for BR=0.1, 0.15, and 0.2 were in
arange of 12.32-13.32, 19.08-21.21, and 30.05-35.90; 7.89-10.08, 13.36-16.62, and 21.13-
27.23; and 4.83-6.44, 8.21-10.61, and 13.30-17.40 times, respectively.



1,

1,

20

18

16

14

12

10

30

25

20

15

10

Figure 7.6 Variation of f/f, with Re for 30° HB.

k =20 PR=0.5 PR=1.0 PR=2.0

: ® @ BR-0.20 O O BR=0.20 O O BR=0.20

a ¥ V¥ BR=0.15 V-V BR=0.15 V-V BR=0.15

[ A A BR-0.10 A A BR=0.10 A A BR=0.10

; o ® ° ° ° °

. & % b v *

1 OSR® R R R %

r vV v v v v

[ A A A A N A

: n n n 1 n n n 1 n n n 1 n n n 1 n n 1 n n

0 4000 8000 12000 16000 20000 24000
Re
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Figure 7.8 Variation of f/f, with a for HB.

7.1.3 Effects on thermal enhancement factor

In thermal performance evaluation, the thermal enhancement factor (n) under

99

a constant pumping power was taken into account by using Eq. (3.31). The variations
of n with Re are depicted in Figures 7.9, 7.10 and 7.11 for HB with a=20°, 30° and 45°,

respectively. Most of n values were above unity except for the HB with a=45°, PR=2.0

at which the n values were below unity at higher Re. The n showed the downward

trend with increasing Re. The variation of n with different attack angles is portrayed in
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Figure 7.12 for HB at PR=1.0 and BR=0.1. The 1 tended to increase with reducing a for

all cases.
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Figure 7.10 Variation of n with Re for 30° HB.
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Figure 7.11 Variation of n with Re for 45° HB.

Depending on Re, for 20° HB, the maximum m was in a range of 1.45-2.25 at
BR=0.1 and PR=0.5 while the minimum was in a range of 0.9-1.55 at BR=0.2 and PR=2.0.
The mn values for BR=0.1, 0.15, and 0.2 were approximately 1.45-2.23, 1.43-2.21, and
1.29-2.03, respectively. At a given BR, the HB at PR=0.5 yielded the maximum n while
the lowest n was found at PR=2.0. The highest n was found to be 2.25 for BR=0.1 and
PR=0.5 at the lowest Re.

For 30° HB, the maximum n was in a range of 1.34-2.13 at BR=0.1 and PR=0.5
whereas the minimum was in a range of 0.95-1.42 at BR=0.2 and PR=2.0. The n values
for BR=0.1, 0.15, and 0.2 were about 1.32-2.11, 1.27-2.06, and 1.17-1.95, respectively.
The PR=0.5 yielded the optimum n while the PR=2.0 gave the lowest n. The highest
1 was found to be 2.13 for BR=0.1 and PR=0.5.

For 45° HB, the maximum n was in a range of 1.15-1.82 at BR=0.1 and PR=0.5
while the minimum was in a range of 0.88-1.30 at BR=0.2 and PR=2.0. The n values for
BR=0.1, 0.15, and 0.2 were around 1.08-1.76, 1.03-1.74, and 0.96-1.65, respectively. At
a given BR, the highest n was found at BR=0.1 and PR=0.5 while the lowest n was
found at PR=2.0. The highest n was found to be 1.82 at BR=0.1 and PR=0.5.
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7.1.4 Optimization for inclined horseshoe baffles
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In the present optimization, only the 30° HB was chosen to find the optimum
configuration parameters of the BR and PR at Re=3000. The reason is that the 30° HB
case provided higher Nu/Nug while its n was slightly lower than the 20° HB case. In this
study, the PR was varied from 0.25 to 1.25 but the BR from 0.075 to 0.175. The
variations of Nu/Nuo, f/fo, and n are depicted in Figures 7.13 to 7.15. Depending on Re,
the Nu/Nug was ranging from 2.47-5.56 while the f/f, was ranging from 2.95-13.95. The
1 increased with decreasing PR from PR=1.25 to PR=0.30 but decreased with PR=0.25

as shown in Figure 7.15. The maximum m factor was found to be 2.48 at PR = 0.3 and

BR = 0.1375 and these PR and BR values are regarded as the optimal parameters to
obtain the highest n for using the 30° HB.
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7.1.5 Flow and heat topologies for inclined horseshoe baffles

The flow and coherent structure of the HB inserted tube could be described
using streamlines plotted on transverse planes as shown in Figure 7.16. Each transverse
plane was located from x/P=0 to x/P=1 in a step of 0.2PR for the 30° HB with PR=2.0,
and BR=0.1. The vortex pairs appeared along the tube in a direction that induced the
flow toward the bottom wall. When the PR reduced, longitudinal vortex flow was
stronger.

The pressure distribution contours of the HBs plotted in transverse planes at
x/P=0 to x/P=1 with different BRs were presented in Figure 7.17 (a) and (b). The high
pressure area occurred in front of the base of the horseshoe baffle. The low pressure
distribution occurred behind the base of the HB. This pressure difference induced the
vortex pairs along the tube. Increasing the BR also increased the pressure drop. The
larger PR also reduced the pressure drop as shown in Figure 7.18. Moreover, increasing
the angle of attack also led to an increase in pressure loss due to its higher pressure

drag as shown in Figure 7.19.
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Figure 7.16 Streamlines in transverse planes for 30° HB at Re=8,000, PR=2.0 and

BR=0.1.
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Figure 7.17 Pressure contours in transverse planes for 30° HB at Re=8000.
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Figure 7.18 Pressure contours in transverse planes for 30° HB with various PR at
Re=8000.
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Figure 7.19 Pressure contour in transverse planes for HB with various a at Re=8000.

The plot of Q-isosurfaces of HBs at Re=8000 and PR=1.0 is shown in Figure 7.20.
The longitudinal vortex core flow which was the main vortex core appeared along the
top wall of the tube. The vortex-core flows also occurred behind the HBs and joined
with the main core flow. The higher BR produced larger and stronger vortex core flow
than the lower BR.
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(a) BR=0.1

(b) BR=0.2
Figure 7.20 Q-isosurfaces of Q=200 for 30° HB with various BR at Re=8000, PR=1.0.

The temperature contours of HBs in a tube are presented in Figure 7.21. The
contours were plotted on transverse planes at x/P=0 to x/P=1. The lower air
temperature from the top wall of the tube was induced to the other walls. This
behavior increased the heat transfer rate. However, the heat transfer rate was low at
the area behind the horseshoe baffles. When the baffle height was increased, the near
wall boundary layer also decreased which enhanced the heat transfer rate. When the
PR was reduced, the heat transfer rate also increased as shown in Figure 7.22. Moreover,
when the angle of attack was increased, the heat transfer rate also increased as shown
in Figure 7.23.

1/1//./

x/P=0.2 x/P=0.4
x/P=0.6 x/P=0.8 x/P=1.0

Temperature: 300 305 310 315 320 325 330 335 340 (a)

Figure 7.21(a) Temperature contours in transverse planes for 30° HB with PR=1.0,
BR=0.15 and Re=8000.
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Figure 7.21(b) Temperature contours in transverse planes for 30° HB with PR=1.0,
BR=0.2 and Re=8000.
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Figure 7.22(a) Temperature contours in transverse planes for 30° HB with BR=0.10,

PR=0.5 and Re=8000.
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Figure 7.22(b) Temperature contours in transverse planes for 30° HB with BR=0.10,
PR=1.0 and Re=8000.
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Figure 7.22(c) Temperature contours in transverse planes for 30° HB with BR=0.1,
PR=2.0 and Re=8000.
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Figure 7.23(a) Temperature contours in transverse planes for 20°HB at Re=8000.
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Figure 7.23(b) Temperature contours in transverse planes for 45° HB at Re=8000.
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nusselt-number: 20 25 30 35 40 45 50

Figure 7.24 Local Nuy contours on the wall for 30° HB with BR=0.10, PR=2.0 and
Re=8000.

The local Nusselt number contour plot of a 30° HB inserted tube with BR=0.1,
and PR=2.0 is displayed in Figure 7.24. The local Nusselt numbers were high at the
area between the HBs. However, the area near the HB and at the middle of top wall
gave low local Nusselt numbers. When the PR reduced, the averaged local Nusselt

number was also increased.

7.2 V-shaped horseshoe baffles

7.2.1 Effects on heat transfer

The variations of Nu/Nug with Re and a values for using the VHB are presented
in Figures 7.25 and 7.26, respectively. The VHBs gave the heat transfer coefficient much
higher than the smooth tube. The Nu/Nuy tended to decrease with the increase of Re
for all cases. Depending on Re, the Nu/Nug values at PR=1.0 were in the range of 1.91-
2.66,2.1-2.95,2.24-3.16, 2.37-3.42, 2.6-3.72, 2.72-3.98, and 2.89-4.23 times for BR=0.075,
0.1, 0.125, 0.15, 0.2, 0.25, and 0.3, respectively.
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Figure 7.25 Variation of Nu/Nug with Re.



6
A A Re=3000
5 [ =) 0 Re=4000
@] O Re=8000
V- -V Re=12000
s © O Re=16000
r ¥ % Re=20000
=]
o) A A
% 3+ o m] A
= o 8
o (@]
% & B
2 L
1 =
VHB
PR=1.0, BR=0.10
O [ n n n n 1 n n n n 1 n n n n 1 1 n 1 1
15 20 25 30 35 40 45

[0

Figure 7.26 Variation of Nu/Nug with a.

7.2.2 Effects on friction factor
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Figures 7.27 and 7.28 present the variations of f/f, with Re and a for the VHBs,

respectively. The f/fo showed the downward trend with increasing Re for all cases. The

VHB gave a substantial increase in f/fy, over the smooth tube. The f/f, increased with

increasing both Re and BR values. Depending on Re, the f/fo values at PR=1.0 were in
a range of 3.86-5.01, 4.75-6.21, 5.89-7.8, 7.5-10.03, 11.43-13.67, 16.9-20.21, and 25.81-
32.6 times for BR=0.075, 0.1, 0.125, 0.15, 0.2, 0.25, and 0.3, respectively.
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Figure 7.27 Variation of f/f, with Re.
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7.2.3 Effects on thermal enhancement factor

Figures 7.29 and 7.30 depict, respectively, the variations of the thermal
enhancement factor (n) with Re and a for the tube inserted with VHBs. In the figure,
the 1 values were above unity indicating that the use of VHBs is better than the smooth
tube. Depending on Re, the maximum m was about 1.76 at BR=0.1 and PR=1.0 while
the minimum was around 0.9 at BR=0.3 and PR=1.0. The n values were approximately
1.12-1.7, 1.14-1.76, 1.13-1.75, 1.1-1.74, 1.08-1.65, 1.0-1.55, and 0.9-1.43 at BR=0.075,
0.1, 0.125, 0.15, 0.2, 0.25, and 0.3, respectively. The highest n was found to be 1.76 at
BR=0.1 and PR=1.0.
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Figure 7.29 Variation of n with Re.
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7.2.4 Optimization for V-shaped horseshoe baffles

Similar to the 30° HB case, the 30° VHBs was chosen to find the optimum

configuration parameters of BR and PR at Re=3000 only. The PR was ranging from 0.30
to 1.50 while the BR was from 0.045 to 0.125. The variations of Nu/Nuy, f/fo, and n are
presented in Figures 7.31 to 7.33. According to the numerical results, depending on Re,
the Nu/Nug was in a range of 1.91-5.53 whereas the f/f, was from 1.73 - 9.19. The
maximum 1 was found to be 2.76 at PR=0.35 and BR=0.085.
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Figure 7.31 Variation of Nu/Nuy with BR for various PR values.
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7.2.5 Flow and heat topologies for V-shaped horseshoe baffles

The flow and coherent structure of the VHBs could be described by plotting
streamlines on the transverse planes. Each transverse plane was located in a step of
0.2PR on x/P=0 to x/P=1 as presented in Figure 7.34 for the VHBs with a=30°, PR=1.0,
and BR=0.1. In the figure, the two counter-rotating vortices pairs appeared along the
top and bottom halves in the tube. The top vortex pairs were common-flow-down
vortices while the bottom vortex pairs were common-flow-up vortices. When the BR
increased, the size of vortex pairs also increased which enhanced the air mixing.

The pressure contour plot of the VHBs with BR=0.1 and 0.2 on transverse planes
from x/P=0 to x/P=1 is presented in Figure 7.35 (a) and (b), respectively. The high
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pressures were in the area in front of the base of the VHB and also at the V-tip of the
VHB. The low pressure areas occurred behind the V-tip of the VHB. The increasing BR

had blocked the flow which led to an increase in pressure drop.

x/P=0 x/P=0.2

x/P=0.4 x/P=0.6

x/P=0.8 x/P=1.0
Figure 7.34 Streamlines in transverse planes for 30° VHB with PR=1.0 and BR=0.10 at
Re=8,000.
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Figure 7.35(a) Pressure contours in transverse planes for 30° VHB at Re=8000.
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Figure 7.35(b) Pressure contours in transverse planes for 30° VHB at Re=8000.

The plots of Q-isosurfaces of the 30° VHB with BR=0.1 and 0.2 at Re=8000,
PR=1.0 are presented in Figure 7.36(a) and (b), respectively. The four main vortex core
flows appeared along the tube. These main vortex-core flows also joined at the V-tip

of the VHBs. The higher BR also produced the larger and stronger vortex flows.

(b) BR =0.2
Figure 7.36 Q-isosurfaces of Q=200 for 30° VHB at Re=8000, PR=1.0.
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The temperature contours of the 30°VHBs with BR=0.1 and 0.2 plotted in
transverse planes from x/P=0 to x/P=1 are depicted in Figure 7.37(a) and (b),
respectively. The higher temperature areas were found on the upper and lower walls
while the lower temperatures regions were on the left and right sidewalls or behind
the V-tip of the VHB. When the BR increased, the near-wall boundary layer thickness
was also decreased which enhanced the heat transfer rate.
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Figure 7.37 Temperature contours in transverse planes for 30° VHB at Re=8000.
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Figure 7.38 Local Nusselt number contours on left-half sidewall for 30° VHB at
BR=0.1 and PR=1.0.

The local Nusselt number contour plot of the 30° VHBs at BR=0.1, and PR=0.1
is presented in Figure 7.38. The high local Nusselt number areas were on the sidewalls
behind the baffle V-tip at which was the highest Nuy area. The area on the lower and
upper walls had the lowest Nu.

7.3 Empirical correlations

The empirical correlations for Nusselt number (Nu), friction factor (f) and
thermal enhancement factor (n) for various baffle geometries in the present work are
presented in equations (7.1) — (7.18), respectively. The obtained correlations revealed
that Nu was related to Re, Prandtl number (Pr), blockage ratio (BR) and pitch ratio (PR)
while the f and n were dependent of Re, BR and PR. Obviously, the predicted Nu and
f were within £10 each under the condition of Re=3000-20,000 and BR=0.075 —0.2.

Correlations for 20° HBs, PR=0.25-2.0.

Nu =1.323Re"*¥Pr**BR *'!(PR +1) "% (7.1)
f =15.936Re ">’ BR *7*(PR +1) %% (7.2)
17 =17.98Re -0253gR -0-0402 (PR + 1)41377 (7.3)

Correlations for 30° HBs, PR=0.25-2.0.

Nu =1.493Re”***Pr**BR"*"(PR +1) *** (7.4)
f =27.822Re***BR"**!(PR +1)** (7.5)
n= 16.27Re*2%4BR 0078 (PR + 1)—0.306 (7.6)

Correlations for 45° HBs, PR=0.25-2.0.

Nu =1.445Re"**Pr**BR *3% (PR +1) %% (7.7)



f =553Re™**BR"**(PR +1)7'% (7.8)
1 =13.622Re ***BR *'¥’ (PR +1)'* (7.9)

Correlations for 20° VHBs, PR=0.3-2.0.

Nu=1.511Re’**Pr°*(PR +1)*°*BR **' (7.10)
f =16.86Re*"*'(PR +1)"'"BR'*** (7.11)
7=19.934Re"***(PR +1)*"**BR**"? (7.12)

Correlations for 30° VHBs, PR=0.3-2.0.

Nu = 1.494Re’*”?Pr’* (PR +1)%**'BR*** (7.13)
f =18.444Re**(PR +1)"'***BR'** (7.14)
7 =19.129Re***’ (PR +1)??*BR "% (7.15)

Correlations for 45° VHBs, PR=0.3-2.0.

Nu = 1.089Re***Pr>* (PR +1)*“"'BR %**° (7.16)
£ =17.085Re"”**(PR +1)"'***BR'*”° (7.17)
77 — 14.307Re-0,257(PR + 1)-0.ZSZBR-0.0374 (718)

7.4 Conclusions

Numerical studies have been conducted to investigate the air flow
characteristics, pressure losses, and heat transfer rates in a tube. The baffles inserted
into the tube were HB and VHB. The pertinent parameters were PRs and BRs for a given
range of Re from 3000 to 20,000. A uniform surface heat flux was applied as a thermal
condition. From the numerical results, the following conclusions can be drawn.

For the case of HBs, the counter-rotating vortices created by the HB could help
to induce impingement flows on the walls which led to drastic increase in heat transfer
rate in the tube. The order of enhancement for Nu was approximately 2—6 times above
the smooth tube at PR=0.5-2.0 and BR=0.075-0.25. However, the increase in f was in
a range of around 3-60 times above the smooth tube depending on BR and Re values.
The m for the HB was higher than unity (indicating higher thermal performance than
the smooth tube) and its maximum was found to be 2.48 at 0=30°, PR=0.3, BR=0.1375
and Re=3000.

For the case of VHB, the VHBs could create two pairs of main counter-rotating
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vortices along the tube that helped to induce impingement flows over the sidewall
which led to greater increase in heat transfer. Depending on Re, the VHB at PR=1.0,
BR=0.2 caused a high pressure drop (f/fo=25.81-32.6) but also gave a considerable heat
transfer augmentation in the tube (Nu/Nup=2.89-4.23). The Nu of the VHB showed an
increasing trend with the rise in BR and Re values. The n of the VHB was above unity
and tended to decrease with the increment in Re and BR values. The 30° VHB at
PR=0.35 and BR=0.085 yielded the highest n of 2.76 at the lowest Re.



CHAPTER 8
CONCLUSIONS

The main objective of the present study was to investigate the fluid flow and
heat transfer characteristics of a channel/tube fitted with various types of baffles using
air as the test fluid for Reynolds numbers (Re) from 3000 to 20,000. A steady three-
dimensional turbulent flow model was developed with an assumption of periodically
fully-developed turbulent flow. A constant surface heat-flux as thermal boundary
condition was applied on the top wall of a channel, all walls of a square channel and
of a tube. The computational domain was mapped into the physical domain to create
the numerical model. Grid structure was specified and generated. The RNG k—¢&
turbulence model was employed in the numerical simulation. By applying the finite
volume method, the numerical simulation was iteratively solved using the QUICK
scheme. The numerical solutions were verified with grid refinement study method. The
numerical solutions were also compared with the smooth tube correlations. The
results from the numerical simulation were validated with available experimental data
[50, 82]. The numerical simulations were carried out to investigate the effect of varied
geometric parameters of the turbulators and flow conditions on the key quantifying
thermal performance factors. In addition, in order to improve the tabulator for use in
a round tube, the inclined horseshoe baffles (HB) and the V-shaped horseshoe baffles
(VHB) were introduced and applied to the corresponding tube. The numerical result
revealed that the friction factor was significantly reduced. The highest thermal
performance factor was about 2.76 at PR=0.35, BR=0.085, Re=3000 for the VHB.

8.1 Conclusions

Numerical studies have been conducted to investigate the characteristics of
airflow, pressure losses, and heat transfer rates in a rectangular channel, a square
channel, and a circular tube, respectively. From the numerical results of the present
study, the following conclusions can be drawn.

For the case of multiple V-baffles (VB) placed repeatedly on the channel wall,
the in-line array having PR=0.5 caused higher pressure drop, but also provided a
considerable heat transfer augmentation, depending on Re. The Nu/Nu, augmentation
tended to slightly decrease with the rise in Re. However, the VB placed on a single
wall or the absorber wall at smaller PR should be applied to obtain higher n. The best
operating condition for the VBs was obtained at the smallest PR and Re. The single VB
wall at PR=0.5 yielded the highest n of 1.83 at the lowest Re.
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For the case of inclined U-baffles (UB), the counter-rotating vortex flows
created by the UB could help to induce impingement flows on the walls resulting in
drastic increase in heat transfer rate in the square channel. The n for the UB was higher
than unity (indicating higher thermal performance than the smooth channel) and its
maximum value was about 1.6 at PR=1.0, BR=0.2 and Re=4000.

For the case of inclined vortex rings (VR) or ring baffles, the VR could create a
pair of main counter-rotating vortex flows along the tube that help to induce
impingement flows on the lower tube wall leading to greater increase in heat transfer.
The 1 of the VR was also above unity and tended to decrease with the increment in
Re, BR, and PR values. The VR at PR=1.0 and BR=0.05 yielded the highest n around
1.54 at lower Re.

For the case of inclined horseshoe baffles (HB), two counter-rotating vortex
flows created by the HB could help to induce impingement flows on the tube wall
resulting in drastic increase in heat transfer rate. The n for the HB was higher than unity
and its maximum was about 2.48 at PR=0.3, BR=0.1375 and Re=3000.

For the case of V-shaped horseshoe baffles (VHB) with V-tip pointing upstream,
the VHB could create two pairs of main counter-rotating vortices along the tube that
can help induce impingement/reattachment flows on the wall behind the V-tip leading
to drastic increase in the heat transfer. All n| values for the VHB were above unity and
tended to decrease with the increment in Re and BR values. The VHB with a=30°,
PR=0.35 and BR=0.085 yielded the highest n around 2.76 at Re=3000.

8.2 Suggestions for future work

A numerical investigation of an unsteady flow in a three-dimensional flow
model should be introduced to the simulation of the horseshoe baffles which can
allow more details or depth insight of the heat transfer mechanism and flow structure
to be more accurately observed.

The numerical investigation of the horseshoe baffles should be offered to the
numerical simulation of nanofluid flow.

The application of Large Eddy Simulation (LES) or Direct Numerical Simulation

(DNS) should also be considered to the numerical simulation of the horseshoe baffles.
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