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Rotation

Major: Mechanical engineering

Date: Oct 2005

A computational study is performed on three-dimensional turbulent flow and heat
transfer in a rotating rectangular channel with aspect ratio (AR) of 10:1, oriented at 90°
and 120° from the direction of rotation. Focus is on effects of high rotation and high-
density ratios on the heat transfer characteristics of the 120°orientation. The finite volume
code, FLUENT is used to predict the flow and heat transfer. Computational domain is
meshed with fine grids to resolve the near wall viscous layer. The Reynolds stress model
(RSM), which accounts for rotationa effects, is used to compute the turbulent flow and
heat transfer in the rotating channel. The effects of rotation and coolant-to-wall density
ratio on the fluid flow and heat transfer characteristics are reported on a moderate range
of rotation numbers and density ratios (0 < Ro < 0.25 and 0.07 < Ap/p < 0.4). The
computational results are in good agreement with experimental data. The results show
that the density ratio, rotation number and channel orientation significantly affect the
flow field and heat transfer characteristics in the rotating rectangular channel. Flow

reversal occurs at high rotation number and density ratio.
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NOMENCLATURE

AR  channel aspect ratio.

Cp specific heat, kJkg-K.

Dn, hydraulic diameter, m.

h heat transfer coefficient, W/m?-K.
Kk thermal conductivity, W/m-K.

L length of the duct, m.

L, L, length of the unheated sections, m.
Ls length of the heated section, m.
Nu Nusselt number, hDy/k.

Pr prandtl number.

Pr; turbulent prandtl number.

g heat flux, W/mZ.

R, radius from axis of rotation, m.

Ro rotation number, QD%V
b

Re Reynolds number, M
u

S arc length, m.

T local coolant temperature, K.

T inlet coolant temperature, K.

Tw wall temperature, K.

uve&w the mean relative velocitiesin x, y, and z —direction respectively, m/s.
Xiii



Us friction velocity, m/s.

W,  bulk velocity, mi/s.

GREEK SYMBOLS

P density of fluid, kg/m®.

Aplp  density ratio, TWT_-E (See equation 4.2).
v dynamic viscosity of the coolant, kg/m-s.
v laminar viscosity, kg/m.s.

L turbulent viscosity, kg/m.s.

angle of channel orientation measured from direction of rotation, deg.

Q Rotational speed, rad/s.

6 Dimensionless temperature, L for constant wall heat flux, and
4/(pCpuy)

=T for constant wall temperature.
TW - T|
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CHAPTER 1

INTRODUCTION

1.1. Overview

The demand for more power, whether it be thrust from an aircraft engine or shaft
horsepower from an industrial gas turbine, provides incentive for gas turbine
manufacturers to continually seek improvements in gas turbine performance. One of the
ways to increase the performance of aturbineisto raise the turbine inlet temperature. At
the same time, blade cooling is required in order to provide an acceptable service life. In
general, turbine blades must either be made from superior materials or has superior

cooling design or both in order to survive in higher performance turbine [1].

This work is motivated by the need of accurate heat transfer prediction in cooling
channels. For efficient gas turbine operation, flow temperatures in the hot gas path
exceed acceptable metal temperatures in many regions of the engine. So that the integrity
of the parts can be maintained for an acceptable engine life if the blades are cooled.
Efficient cooling schemes require accurate heat transfer prediction to minimize regions
that are overcooled and, even more importantly, to ensure adequate cooling in high-heat-

flux regions.

Turbine blades undergo high rotation. Rotation induces considerable effect on the

hydrodynamic and thermal characteristics of internal flow. Hence heat transfer in rotating
1



heated channel is complex. This aspect is of prime concern for the design of the turbine

blade cooling passage.

A smooth rotating duct simulates the condition of the internal cooling passage in the
turbine blades. Earlier studies on cooling passages were primarily based on stationary
models, which are easier to build and work on. Stationary models neglect the Coriolis and
centrifugal buoyancy effects, which affect the velocity, temperature, and turbulence
distributions. Rotation causes unstabilization and enhancement of turbulence on one side
and stabilization of the flow on the other. Location of the unstabilized and stabilized
surfaces depends on the flow direction, rotation direction, and the model orientation. Heat
transfer from the unstabilized walls is superior compared to that from the stabilized walls.
Therefore, investigating heat transfer characteristics of rotating coolant passages is vital.
Unlike a stationary duct, the model (duct) orientation may significantly affect the heat
transfer characteristics in rotation. The Coriolis influenced flow distribution depends on
the duct orientation and consequently, the heat transfer from the individual surface

changes with the model orientation.

1.2. Turbine blade cooling concepts

In addition to high thermal and aerodynamic loads, turbine blades operate at extremely
high inertial stresses. Creep and rupture life of the blade material at certain temperatures
often define the life of the entire engine. The blade failure explains the level of attention
paid to the blade cooling design that is required to support the constantly increasing

turbine rotor inlet temperatures (TRIT).



Figure 1.1 shows a sectional view of atypica turbine blade. Many techniques of cooling
have been proposed over the years, air cooling, water cooling, steam cooling, fuel
cooling, liquid metal cooling, heat pipe, thermosyphon, and so on. The cooling

techniques can be classified asfollows [2]:

Internal cooling (for external stream temperatures of 1300-1600 K): convection cooling,
impingement cooling and internally air-cooled thermal barrier
External cooling (for external stream temperatures > 1600 K): local film cooling, full-

coverage film cooling, and transpiration cooling.

1.2.1. Internal cooling

Because of its high thermal load combined with large inertial and dynamic forces, the
turbine blade is the most critical component for engine durability. In order to achieve the
bulk metal temperatures capability of about 1500 F, required by creep-rupture life
characteristics for advanced blade alloys, highly effective blade-cooling techniques are

inevitable for long-term durability.

1.2.1.1. Convective cooling

It is one of the earliest forms of cooling used in practice, and it is employed in both
industrial and aircraft gas turbines. The coolant air passes through very complex
passages, which may include ribs and turbulence generators to increase their
effectiveness. Some of the air is bled at the leading edge or the blade tip or the trailing
edge, or it goes through an 180° return channel to finally be vented near the trailing edge.

In general, a blade convection cooling techniques can be subdivided into:



1. Schemes employing straight-through radia holes or channels that may be
connected to form multipass, or serpentine, systems in which the air passes
through the blade/vane several times before exiting

2. Schemes involving enhanced heat transfer by mean of ribs, dimples, matrixes,
pin-fins, or similar devices to extend the cooled surface and promote turbulence.

3. Schemes using impingement cooling to more closely match the cooling to
externa thermal loads.

4. Swirl cooling schemes utilizing heat transfer augmentation due to centrifugal
force field in a strong vortex that is induced inside that blade, primarily for

leading edges.

Since the level of internal convective cooling depends on the internal cooling passage
surface area and the convection heat transfer coefficient acting over this area, both of
these parameters must be maximized for an efficient cooling design. For all cooling
systems covered by first two groups, custom tailoring of the cooling passage cross
sectional flow provides an effective means of controlling the local Reynolds number, and
thereby the local heat transfer coefficient. The ssmplest form of internal cooling system
using airfoil designs generally consists of smooth radia passages of circular, eliptical, or

triangular cross section.

1.2.1.2. Jet impingement cooling
The heat flux distribution on the turbine airfoil must be appropriately matched with an

effective cooling system that will achieve the desired design temperature distribution



while minimizing the amount of cooling air used. In the leading edge region of the
airfail, this often results in the use of impingement cooling. Impingement cooling refers
to the use of orifices through which the coolant flow is accelerated and the resulting jets
impinge normal to the target surface. Heat transfer coefficients generated by normal
impingement of air jets are generally considerably higher than those obtainable by other
conventional methods. Jet impingement cooling, which has proven to be highly effective
for turbine nozzles, and where spent air is removed towards the trailing edge through the
passage between airfoil inner wall and insert. An important advantage of impingement
cooling, particularly, if the design uses metal inserts, isthat it is usually relatively easy to
modify the geometry for engine temperature up rates or if shortfals are encountered in a

design.

1.2.2. External cooling

1.2.2.1. Filmcooling

Another effective way to protect a surface from a hot fluid stream is to inject a cooler
fluid under the boundary layer, thus forming a protective layer or film along the surface.
The injected fluid can enter the boundary layer in a number of ways, and the possible

geometrical arrangement is considerable.

1.2.2.2. Transpiration cooling
For the cooling air to be cooled much more efficiently than that in traditional film cooling
based designs, the single layer perforated sheet must be replaced with a multiple-layer

sheet structure where the cooling air is routed through a winding path between the layers.



This arrangement is referred to as transpiration cooling. This method approaches an
ideal-wall cooling system that can maintain the entire liner at the maximum temperature

of the material, avoiding cooler regions that would represent wasteful use of cooling air.
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Figure 1.1: A typical turbine blade [2].



CHAPTER 2

LITERATURE REVIEW

2.1. Experimental studies

Morris and Salemi [3] investigated the combined effect of Coriolis and buoyancy forces
on forced convection in a circular tube that rotates orthogonally to its centerline. They
concluded that, the Coriolis force creates circumferential variations in local heat transfer
that tends to improve the heat transfer on trailing edge of the tube in relation to the
leading edge, and centripetal buoyancy is shown to increase the local heat transfer further
in comparison to that which is caused by Coriolis-driven secondary flow. In this study
Morris and Salemi, formulated a new correlating parameter, involving the product of
inverse Rossby number with the buoyancy parameter to uncouple the combined effects of
Coriolis forces and centripetal buoyancy for there cases. The influence of uneven wall
temperature on the local heat transfer coefficient in a rotating one and two pass-square
channels with smooth wall has been studied experimentally by Han et al. [4-6]. Results
showed that uneven wall temperature enhances the heat transfer co-efficient in rotating
channel compared to the uniform wall temperature. This is because of the interactions
between rotation-induced secondary flows and uneven wall temperatures. Results also
showed that the uneven wall temperature effect on local heat transfer in the second pass
is greater than that in the first pass. El-Husayni et a. [6] obtained heat transfer data of

stationary and orthogonally rotating asymmetric and symmetric heated smooth and



turbulated channels. For smooth case they concluded that, heat transfer coefficient in
stationary mode, did not exhibit appreciable sensitivity to the choice of thermal boundary
condition, and same conclusion was drawn for rotating mode with the exception of the
results obtained at the highest rotation number tested. Dutta and Han [7] considered the
effect of orientation and rotation on heat transfer in three channels. They found that a
change in channel orientation about the rotation frame causes a change in the secondary
flow structure and the associated flow and turbulence distribution. Consequently, the heat
transfer coefficient from the individual surfaces of the two-pass square channel changes.

Liou and Chen [8] carried out laser-Doppler velocimetry measurements to view the
velocity field in rotating smooth duct with 180 deg straight-corner turn. They mentioned
that for stationary duct the sharp turn is found to affect the up and down stream main
flow, and also it was stated that sharp turning makes the turbulence intensity levels higher
and considerable more nonuniform in the second pass as compared to the first pass. Bons
and Kerrebrock [9] developed a momentum integral model for data interpretation, which
accounted for Coriolis and buoyancy effects. For the first time, the (transient liquid
crystal thermometry) TCLT technique was successfully implemented by Liou et a. [10],
to investigate the heat transfer in rotating internal cooling channel. The results show
informative spanwise variations of heat transfer enhancement of abatement resulting from
rotation. A critical range of Ro is identified, below which the regional averaged Nusselt
number ratios of the regions after the 180 deg sharp turn in rotating two-pass cooling
passage are rather insensitive to the rotation number. Willett and Bergles [11] performed
adetailed investigation of the heat transfer in a narrow, 10:1 smooth rectangular channel

oriented to 60° to the r-z plane. Due to limitation in slip ring capacity, lead side and trail

9



side data could not be obtained simultaneously. The test rig was operated in both
directions in order to collect the data on both side, and data were collected at five equally
spaced transverse locations, one at the center and two each on either sides of the duct
centerline. The five positions are designated as: far forward, center forward, centre line,
center aft, and far aft. They studied Nusselt number as a function of both rotation and
buoyancy number. Rotation speed was constant through out the investigation. Most of
their focus dealt with exploring the contribution of buoyancy forces under rotation. They
found that the duct orientation induced a significant variation in the heat transfer
coefficient in the span wise direction. They found that the normalized Nusselt number
(channel-averaged) of the trailing side is nearly constant over the range of buoyancy
number studied, and normalized Nusselt number at the far-aft-end of the trailing sideis a
strong function of the rotation number and buoyancy number. Normalized Nusselt
number of the lead side was shown to increase linearly with increase in buoyancy
number, at low range of buoyancy number, and after buoyancy number of 0.2, the
normalized number is nearly constant. The result also showed increase in Nusselt number
with increase in rotation number at constant density ratio and vice versa. In a subsequent
work, Willett and Bergles [12] studied experimentally the same channel but with 90°
orientation from the direction of rotation. Again in this investigation the data on both
sides were not collected simultaneously. They found the trailing and leading side heat
transfer coefficients increase and decrease, respectively, with buoyancy number. In above
investigations [11&12] the uncertainty in normalized Nusselt number was calculated to

be + 11.
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2.2. Numerical studies

In addition to the experimental studies mentioned above, severa studies have been made
to predict numerically the flow and heat transfer in radially rotating ducts. First model
developed by Wilcox and chambers as mentioned in [13], second and third models for
Coriolis effects are based on a study of curved boundary layers by launder et al. as
mentioned in [13], were tested for the effect of the Coriolis force on the turbulent
structure by Howard et al. [13]. First model gave the most satisfactory prediction while
containing no empirical coefficient and maintaining numerical stability at high rotation
number. While third model, also predicted well at moderated rotation number. Need for
inclusion of Coriolis mode for turbulence was confirmed. locovides and launder [14]
performed parametric study of flow and heat transfer in rotating rectangular ducts. They
found that the transition of stream wise vortices depends on both the cross sectional
geometry and flow Reynolds number, and the rotation leads to significant difference
between the values of friction factor and Nusselt number on the suction and pressure
surfaces of the duct. Prakash and Zerkle [15] studied the flow and heat transfer in radialy
rotating smooth duct with and without rotation. They considered both the Coriolis and
centrifugal-buoyancy effects. Centrifugal buoyancy is shown to increase the radia
velocity of the cooler fluid near the trailing wall and decrease the radial velocity of the
warmer fluid neat the leading face, and also the rotation is found to increase the heat
transfer over the trailing face, while over the leading face, the heat transfer decreases near
the inlet but increases downstream. The predictions are found to be quite sensitive to the

inlet conditions. Tekrival [16] employed standard and extended
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k- model to predict three-dimensional heat transfer model in orthogonal rotating duct.
The conclusion was near wall grid size has a significant effect on the heat transfer
calculation when the wall function treatment is used. Relatively large difference between
the numerical prediction and experimental data near the inlet are believed to be due to
neglect of the inlet swirl in the flow. Prakash and Zerkle [17] again in 1995 studied the
flow and heat transfer in radially rotating ribbed duct with and without rotation. They
predicted flow and heat transfer using k-¢ model with wall function and enhanced near
wall treatment as well. Result implied that two-layer model that permits integration to the
wall did not yield satisfactory results. Bo et al. [18] has reported the application of
several turbulence model (k-e/one-equation EVM, low-Re EVM, and low-Re ASM)
variants to predict the strong heated developing flow through a sguare duct rotating in
orthogonal mode. A k-g/one-equation EVM produces a most reasonable set of heat
transfer prediction, but some deficiencies do emerge at the higher rotation number. New
terms for Coriolis and rotation buoyancy has been used for prediction of heat transfer by
Dutta et al. [19], modifying k & ¢ transport equations are shown to give predictions that
are in better agreement with the experimental data. lacovides and launder [20] did a
review of computational methods applied to ssimulate the internal gas turbine blade
cooling. This paper attempts to show that progress is being made, particularly in respect
to the flow in serpentine blade-cooling passage. They mentioned that the use of wall
function cannot give a better than qualitative account of effects of rotation and curvature.
The use of second —moment closure in the modeling is shown to be bringing marked
improvements in the quality of predictions. Chen et a. [21] employed near wall Reynolds

stress closure model and two-layer isotropic eddy viscosity model to compute heat
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transfer in rotating two-pass square channels. Results showed that the near-wall second-
moment closure model accurately predicted the complex three-dimensional flow and heat
transfer characteristics. Flow and heat transfer in a smooth and a ribbed U-shaped duct
was simulated by Lin et a. [22]. For smooth U-duct with rotation, Coriolis force and
centrifugal buoyancy dominate in the up-leg part of the duct. Al-Qahtani et al. [23]
studied numerically rotating normal and twisted channel orientations. RSM model
predicted fairly well the complex three-dimensional flow and heat transfer characteristics
resulting from sharp 180° turn, rotation, centrifugal buoyancy force and channel
orientation. They also investigated the effect of the rotation number, Ro, and inlet
coolant-to-wall density ratio, Ap/p. Results showed that, for § = 90° orientation, the cool
fluid is located next to trailing wall in the first pass, where as in the second pass the cool
fluid is pushed towards leading wall. This shift in cold fluid location was attributed to
changein the Coriolis force direction. For p = 135° orientation, the cool fluid is located
next to outer wall in the first pass, where as in the second pass the cool fluid is pushed
towards inner wall. Flow reversals were aso reported for high rotation number and
density ratio, for both channel orientations. They also concluded that the Nusselt number
ratios in the first passage trailing and outer surfaces increases with increase in rotation
number and density ratio for both B = 90° and p = 135° cases, with the increase in the
outer surface being the most for B = 120° case. Al-Qahtani et al. [24] studied numerically
smooth and ribbed rectangular channel with aspect ratio of 4:1 for normal and twisted
channel orientations. They focused more on effect of rotation number and density ratio on
ribbed channel. The study shows considerable spanwise heat transfer difference across

the leading and trailing surfaces of smooth duct for p = 135° case. They found that the top
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and bottom wall in B = 135° case, behave like leading and trailing wall of p = 90° and
thus Nusselt number ratios on these surfaces are low and high respectively. Su et a. [25]
also performed computation to study the three-dimensional flow and heat transfer in u-
shaped duct for various aspect ratio (AR = 1:1, 1:2, and 1:4) under rotation and non-
rotating conditions. For all three different aspect ratio ducts, the Nusselt number ratios
decrease with increasing Reynolds numbers. For non-rotating ducts, the channel aspect
ratio has small effect on spanwise averaged Nusselt number ratio. Belhoucine et al. [26]
used explicit algebraic Reynolds stress model to compute turbulent flow in rotating
square duct. Their model demonstrated that the Coriolis term produces considerable
variation in the structure of turbulence and the mean motion. In the latest research Al-
Qahtani et al. [27] used RSM model to predict the flow and heat transfer in smooth
rectangular channel with aspect ratio of 4:1 for two channel orientations, p = 90° and B =
135°. Their focus was on high-rotation and high-density-ratio effects on the heat transfer
characteristics of the p = 135° orientation. They reported that at rotation number Ro of
0.28 and density ratio, Ap/p of 0.2 flow reversal occur near the top wall, and strength of
this reverse flow increased with increase in density ratio, Ap/p. The flow reversals were
attributed to Coriolis-force-induced secondary flow and centrifugal buoyancy. Coriolis-
force-induced secondary flow pushes the cold fluid toward the bottom wall, and on the
other hand centrifugal buoyancy tends to accelerate cold fluid at the bottom and
decelerate the hot fluid at the top wall. They also showed that for high rotation number
and high density ratio case, turbulence intensity of V(uu)/Wp components is relatively
higher at trailing surface when compared to stationary case, which was due to coriolis

driven cross stream flow. The study shows leading Nusselt number at downstream to
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increases with increase in rotation number and density ratio, and this was because of
flow reversals that take place downstream. Again here it was found that the Nusselt
number is high on the bottom surface and low on top wall for a given rotation number

and density ratio for B = 135° channel orientation.

The primary objective of the present study is to predict the three-dimensional flow and
heat transfer for rotating /non-rotating smooth one-pass rectangular channel (AR = 10:1)
with two channel orientation (B = 90° and 120°) and compare with available experimental

data.
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CHAPTER 3

MATHEMATICAL MODELING

3.1. Problem description

Figure 3.1 shows the location of the tilted cooling channel in aturbine blade. The cooling
passage configuration is smooth rectangular passage with aspect ratio (AR) of 10:1,
oriented such that the long sides of the channel cross-section are at 3 = 90° (in one case)
and to the direction of the blade tangential direction. The first configuration (i.e. p = 90°)
is unlikely to be found in a cooled gas turbine blade, except in an unconventional design.
However, it is used here for comparison with the other configuration (B = 120°). The 8 =
120° configuration is found in the trailing edge region of a blade. Figure 3.2 shows the
geometry of the computational domain. Two of the four sidewalls, in the rotational
direction, are denoted as the leading and trailing wall, respectively, while the other two
sidewalls are denoted as the top and bottom walls. The channel hydraulic diameter, Dy, is
4.55 mm. The distance from the inlet of the channel to the axis of rotation (Y-axis) is
given by R/Dy = 36.92 and the length of the channel is given as L/Dy, = 27. The channel
consists of an unheated starting length (L1/Dy = 1.3), a heated section (Lo/Dy = 23.12)
corresponding to the test section in Willett and Bergles [11 & 12], and unheated exist
section (L3/Dp = 1.5). The arc length S is measured from the beginning of the heated
section to its end. The two axial locations at which results are presented are at locations
Z/Dy = 12 and Z/Dy, = 22, which is denoted as plane a & b, respectively.
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3.2. Mathematical model

3.2.1. Governing equations

The Reynolds-averaged Navier-Stokes equations in conjunction with a Reynolds Stress
Turbulence closure models are solved using the commercial software Fluent. In such a
system, account must be taken for the Coriolis and centrifugal forces, which appear as
source terms in the equations of motion. The governing equations for mean flow

variables are [28]:

Continuity:
V(pti)=0 3.1
X-Momentum:
div(piu)= —? —2pQw+ p Q*x+div[ugrad (u)]+ div[— pW] (3.2)
X
Y -Momentum:
R ip , ——
dlv(puv):—a—y+d|v[,ugrad (V)] + dIV[—pV V\/] (3.3)
Z-Momentum:
div(ptiw)= ‘272* 2pQu+ p Q% z+div|ugrad (w)]+ div[— p\/\/_u’] (3.4)
Energy:
div(pdT)= div[(%jgrad (T)}div[— PUT) (35)
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The second and third terms on the right hand sides of equation (3.2) and (3.4) occur due
to the Coriolis and centrifugal forces, respectively. It is worth to mention here, that the
Governing equations are solved in rotating reference frame, where u, v and w represent
relative velocity components. Various forces acting on the rotating cooling channel and

effect of rotation on the velocity field is shown in the figure 3.3.

3.2.2. Turbulence modeling

The Reynolds stress model involves calculation of individual Reynolds stresses through
solving their differential equations. The individual Reynolds stresses are then used to
obtain closure of the Reynolds-averaged momentum equation. Following [28] the model

eguations for the transport of the Reynolds stresses may be written as follows.

Cij:DiTj+DiLj+Pij+Gij+¢ij+€ij+Fij (3.6)
C,, :ai u_lﬂ) is the convective term, (3.7)
Xy
ou u;
D] =- J [ﬂ ! J} is the turbulent diffusion term, (3.8)
X, | o, 9X,
pt =LA Gu) isthe laminar diffusion term, (3.9)
X | X,
——dU, ou, . :
P,={uu, — |+ uu, — isthe stress production term, (3.10)
X, 0%,
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G = ﬂ(gi a—T+ g ;)—T] is the buoyancy production term, (3.11)
X;

P Tox,
G, =0.%0,,+8] isthe pressure strain term, (3.12)
6,,=—C, PE(T%‘%@ j kj is the slow pressure strain term, (3.12a)
¢ij 2 :_CZI:(Pij + Fij +Gij_Cij )_E@j [Pkk +Gkk _Ckk]:|
’ 3 (3.12b)
k=1,2,3
istherapid pressure strain term,
3
W e 3 2
¢i' :Cli(ukumnknm&ij _Euiuknjnk _Eujuk ni”kj@
(3.12¢)
, 3 3 K2
+C2(¢km,2nknm5ij _E¢ik,2njnk _E¢jk,2ni nkj@

isthewall reflection term,

d isthe normal distance to thewall.n, and x, component of the unit normal to the wall.

£, =2 9,9y iss the diissipation term, (3.13)
0%, 0%,
F =-2pQ, U Up&m + uiumgikm) istherotationterm.  (3.14)

%
Where C,=18,C, =06, C,=05 C,=03, C, :ClT’ C,=009& k=041 are

the suggested values by FLUENT software.
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To close the above system of equations, expressions need to be provided for the
turbulence viscosity g, and the turbulence prandtl number Pr, . The turbulent viscosity is
obtained using Reynolds Stress Model where k and & represent the turbulent kinetic
energy and rate of dissipation of turbulent kinetic energy respectively.

Turbulent viscosity is expressed involving k and ¢ as: [28]

k2
t=pC, (3.15)

k and & are solved from the following two transport equations,

Dk 9 u ok | 1 :
Dk_ 9 f 4]0k Lp 16 ) pelt+am 316
P ot ax K“akjaxj}z(” J)-pel+2m?) (3.16)

where o, =0.82

M, :\/ag Where M is Mach number, and a(EJ;/RT)

De 0 U, ) o€ 1 £ £?
— = || u+2 = |+C =P, +C.G, )=-C,, p— 3.17
Y Dt an |:{/,l O_gjaxj:| el 2( ii €3 “)k e2 P Kk ( )

Where 0, =1.0,C,, =1.44,C,, =1.92, (are the suggested values by fluent software) and

C,;=tanhlv/u| where v is the component of the flow velocity parallel to the gravitation
vector and u is the component of the flow velocity perpendicular to the gravitational
vector as mention in fluent manual [28].

3.3. Near-wall treatment
Turbulent flows are significantly affected by the presence of walls. Obviously, the mean

velocity field is affected through the no-dlip condition that has to be satisfied at the wall.
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The near-wall modeling significantly impacts the reliability of numerical solutions, in as
much as walls are the main source of mean vorticity and turbulence. After all itisin the
near-wall that the solution variables change with large gradients and the momentum and
other scalar transports occurs most vigorously. Therefore, accurate representation of the
flow in the near-wall region determines successful predictions of wall-bounded turbulent
flows. The turbulence model that we have chosen is primarily valid for turbulent core
flows (i.e., the flow in the regions somewhat far from walls). Consideration therefore
needs to be given as to how to make these models suitable for wall-bounded flows [28].
There are two approaches for modeling the near-wall region, namely wall function and

two-layer model.

3.3.1. Wall function

In first approach, the viscosity-affected inner region (viscous sublayer and buffer layer) is
not resolved. Instead, semi-empirical formulas called “wall functions’ are used to bridge
the viscosity-affected region between the wall and the fully turbulent region. The use of
wall function necessitates the need to modify the turbulence models to account for the
presence of the wall. Figure 3.4 shows the meshing in the near the wall to use of wall-
function approach. In high-Reynolds-number flows, the wall function approach
substantially saves computational resource. This is because the viscosity-affected near
wall region, in which the solution variables change most rapidly, is not resolved. The
wall function approach is popular because it is economical, robust, and reasonably

accurate. It is a practica option for the near wall treatment for industrial flow
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simulations. Standard wall functions in fluent are based on the proposal of launder and

Spalding [28], and have been most widely used for industrial flows.

The law-of-wall for mean velocity yields

U’ :%In(Ey*) (3.18)
where
Tw/P
Y = PCKY,
Y7,

and  k=von karman constant ( = 0.42)
E = empirical constant (= 9.81)
Up = mean velocity of the fluid at point P
ko = turbulent kinetic energy at point P
Y, = distance fron point P to the wall

u = dynamic viscosity of the fluid

3.2.2. Two-layer model

In second approach, the turbulence models are modified to enable the viscosity-affected
region to be resolved with a mesh al the way to the wall, including the viscous sub-layer.
Two-layer approach is used to solve the problem in this present study. In the two-layer
model, the whole domain is subdivided into a viscosity-affected region and a fully

turbulent region. Near wall meshing for two-layer is shown in Figure 3.4, the division of
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the regions is determined by a wall-distance based, turbulent Reynolds number, Rey,

defined as
Re, = £ Jky (3.19)
th

Wherey is the normal distance from the wall to the cell center. In fluent, y is interpreted

asthedistanceto the nearest wall:  y=min|f —F, |, Where 7 is the position vector at

the field point, and r,, is the position vector on the wall boundary.

In the fully turbulent region (Re > 200), the RSM are employed. In the viscosity-affected
near-wall (Re < 200), the momentum equations and the k equations are retained as
before. While ¢ is not obtained by solving its transport equations; rather obtained

algebraically from the below equation.

£=—0 (3.20)

The turbulent viscosity, 4, , iscomputed from

#,=pC,\kl, (3.22)

The length scales that appear in equation (3.20) and (3.21) are computed from

l, =cyll Re, 3.22
y_CIy —exp - Aﬂ ( )
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I, =c {1— exp[— Rey ﬂ (3.23)
e Iy Ag .

The constant in the length scale formulas, equation (3.22) and (3.23), are taken from

Chen and Patel [28]:

¢ =kC,’, A,=70, A =2¢
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CHAPTER 4

COMPUTATIONAL ASPECTSAND VALIDATION

4.1. Method of solution

The particular practice that will be chosen here for the derivation of the discretization
eguations is the control volume approach. The calculation domain is divided into sub-
domains or control volumes such that there is one control volume around a grid point.
The differential equation is integrated over this control volume to yield the discretization
eguations. Thus, the discretization equation represents the same conservation principle
over afinite region as the differential equation does over an infinitesimal region [29& 30].
This direct interpretation of the discretization equation makes the method easy to
understand in physical terms; the coefficients in the equation can be identified, even
when they appear in a computer program, as familiar quantities such as flow rates,

conductance, areas, volumes, diffusivities, etc.

4.2. Computational grid details

The grid was generated iteratively using gambit software. Figure 3.2A shows the
computational grid for the smooth duct. The pin fin case is discussed in detail in chapter
6. The block was divided into three zones, to have better distribution of nodes in the
critical regions. Reynolds stress model in conjunction with two-layer approach is used.
The minimum grid spacing (first node from the wall) in the near-wall region is

maintained at reasonable distance, which corresponds to a wall coordinate y* of the order
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of 1. The number of grid points in the stream wise direction from inlet to outlet is 88
while in the cross-stream plane is 41x61. The grid was made dense in the region of high
gradients, such as at the near-walls, inlet and at the two junctions of heated and unheated
section in order to obtain accurate results. The number of grid points and their
distribution in the present smooth duct were obtained based on grid-refinement test,
which is elaborated in the next section. Convergence criteria were set to 10 for all the

flow variables.

4.3. Boundary conditions
For smooth channel at the inlet (z = 0), a uniform velocity profile will be used for the w-

component while the u, v-components, k and £ were all assumed to be zero. Reynolds

stresses are assumed to be isotropic at the inlet, Normal stresses u't, VvV and ww' are

set to 1, and UV, UW, VW are set to zero, [28]. Since we are using ideal gas law to
incorporate the density variation with temperature, the code does not permit to use zero-
gradient boundary conditions for the flow variables at the exit of the channel. The
buoyancy effect is expected to be significant at high rotation number, Ro, and high
density ratio, Ap/p, so, we may expect some flow reversal to occur near the outlet of the
channel. Due to this reason pressure is fixed to atmospheric pressure at the exit. Reynolds
number based on channel hydraulic diameter is fixed to 30000. At the walls, the no-dlip
condition is used. The coolant fluid at the inlet of the channel is at uniform temperature T
=T,. Thetop and bottom walls are unheated and thermally insulated in the experiment of
Willett and Bergles [11 & 12] so they were modeled with zero heat flux boundary

condition. The leading and trailing walls are modeled with constant heat flux in one case

30



(Chapter 5) similar to Willett and Bergles [11&12]. In a further study, the leading and

trailing walls are kept at constant surface temperature (Chapter 6).

4.4. Physical properties
To validate the present results, the geometry and physical properties are chosen similar to
those used in the experiment of Willett and Bergles [11& 12]. The physical properties of
R134a are used, and the density variation with temperature is obtained using ideal gas
law for both, smooth and pin-finned channel.

ie p=PRT (4.1)
Where T, P, and R are local temperature, local pressure, and gas constant respectively.

1 = 1.1879x10° kg/m-s. k = 0.013538 W/m-K and C, = 854 kJ/kg-K.

Coolant-to-wall density ratio is defined as

Ap — Pi — Pw
P Pi

where p & p, aredensity of the coolant at the inlet and at the wall, respectively.

Using equation (4.1) the above equation can be written as

T

w

Ap/ _ %_%WZTW—F (4.2)
7

4.5 Assumptions
e Flow and heat transfer are assumed to be steady.

e |ded gaslaw isused to calculate density variation with temperature.
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e The cooling channel in the leading edge is assumed to have narrow rectangular
cross-section with aspect ratio (10:1).
e Uniform distribution of temperature/heat flux on wallsis assumed.
e Reynolds stresses are assumed to be isotropic at the inlet.

e Uniform velocity profile at theinlet (z = 0) is assumed.

4.6. Grid independency test

To choose a suitable computational grid, a grid independence test must be performed, to
ensure grid independence; the solutions were computed using different grid sizes. The
tested grid size are 31x51x88, 41x61x88, and 57x71x88. From now onwards, these grids
will be referred to as Grid-1, Grid-2, and Grid-3 respectively. The parameters used to
check the grid independency are axia velocity, temperature, and Nusselt number.
Comparisons of the various parameters are shown in Figure 4.1 through Figure 4.3 and
values of average Nusselt number are tabulated in Table 4.1. It can be seen from Figure
4.1a and Figure 4.2a that the velocity profile obtained from the all the grids are
overlapping, and in Figure 4.1b, Figure 4.1b the temperature profile obtained from Grid-2
and Grid-3 are amost same, and span wise averaged Nusselt number ratio obtained from
above grids are shown in Figure 4.3. Table 4.1 depicts the percentage changes in the
average Nusselt number on both leading and trailing wall for different grids. Percentage
difference in averaged Nusselt number on leading wall is about 0.16 % from Grid-2 to
Grid-3 and on trailing wall it is about 0.725 % from Grid-2 to Grid-3 at Rotation number,

Ro = 0.056 and density ratio, Ap/p of 0.07.
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From the above set of observations, it is concluded that the accuracy of the solution on
Grid-2 (41x61x88) is deemed to be satisfactory for the sake of presentation and better
visualization of the flow parameters. To check the Grid sensitivity in stream wise
direction, 16 nodes were increased in z-direction, and simulation was performed, but no
appreciable difference in Nusselt number was found. The corresponding Cpu time on
Zeon 3.06 Ghz/2Gb ram computer is about 16 hours for convergence, and typically it
takes 1508 iterations to reach convergence. Detailed information about computations
time, memory used and iteration for each grid is shown in Table 4.2. Because of

limitation in computing facility, grid independency test is not performed for pin-fin case.
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Re = 30000

1 2 3

(b) Y/D

Figure 4.1: Comparison of dimensionless velocity [w/W,] for different grids at Z/Dy, =
22. Ro =0.056 and Ap/p = 0.07: (8) X/Dy, = 0.56; (b) Y/Dy, = 5.56.
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20

3
(b) Y/D

Figure 4.2: Comparison of dimensionless temperature [0 = (T-Ti)/(¢/ (p Cp uf))] for
different grids at Z/Dy, = 22. Ro = 0.056 and Ap/p = 0.07: (a) X/Dy = 0.56; (b") Y/Dy, =
5.56.
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.75 Trailing Wall 1

(b) SD,

Figure 4.3: Span wise averaged Nusselt number for different grids, Ro = 0.056, Re =
30000 and Ap/p = 0.07: (a) leading wall; (b) trailing wall.
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Table4.1:

Grid independency test, Re = 30000, Ro = 0.056 and Ap/p = 0.07

Global Averaged Nusselt | Percentage
Grid number error
Leadingwall | Trailing wall
Grid-1 1.156 12181 0.725 %
Grid-2 1.162 1.225 0.16 %
Grid-3 1.165 1.227 | -

Table 4.2: CPU time for different grids, Re = 30000, Ro = 0.056 and Ap/p = 0.07

Grid-1 Grid-2 Grid-3
CPU time (Hours) 10 16 22
Memory used (Mb) 252.108 350.108 674
Iteration to converge 729 1508 2542
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4.7. Validation
4.7.1. Normalizing the temperature field
This section highlights some of critical problem faced during the process of solving the
mentioned cases in the Table 5.1. Results and discussions are presented in brief and based
on these results suitable changes were brought in this research. Computational cases are
summarized in Table 5.1. Reynolds number based on channel hydraulic diameter is kept
constant, and equals 30000. Rotation number, Ro, and density ratio, Ap/p, in computation
were varied from 0 to 0.25 and 0.1 to 0.4 respectively, for two channel orientation of § =
90° and 120°. All computations presented here were obtained by starting with the
stationary case and then gradually increasing the rotation speed. The effect of rotation,
Ro, density ratio, Ap/p, and channel orientation on flow field is discussed first, followed
by heat transfer result. Flow field is represented in the form of relative velocity vectors.
When constant surface temperature is the boundary condition in internal flow problems,
temperature fields are normalized using the reference temperature, as the following,
0= (T-TreD) (TurTres) (4.39)
where T, is the wall temperature and it is a constant. T is chosen to be the inlet
temperature T;, and when constant surface heat flux is the boundary condition the
normalized temperature takes the following form,

TT

= (4.3b)
a/(pCyur)

where ¢, p ,Cp, and s are the constant surface heat flux, density, specific heat and

friction velocity, respectively.

38



Nusselt number is normalized using Nusselt number for fully developed turbulent flow

in smooth circular tube correlated by Dittus and Boelter/M cAdams as mentioned in [11].

Nu, = 0.023Re*® Pr®* (4.4)

4.7.2. Selection of near wall treatment

Grid independency analysis was carried out using two-layer model as near wall treatment
to the computational domain, but one would like to optimize the computing resources by
choosing wall function as near wall treatment to compute the solution. To justify the use
of two-layer model as near wall treatment, simulations were carried out on stationary (Ro
= 0.0 and Ap/p = 0.07) and rotating channel (Ro = 0.056 and Ap/p = 0.07) applying both
wall-function and two-layer model, and results are compared for each case.

To apply wall function and two-layer model as near wall treatment, two computational
domains were created. First computational domain was meshed such that the first grid
point lies well above the viscous and buffer layer, which corresponds to y+ of 30. While
second computational domain mesh isrefined to alevel of y+ of 1, which is close enough
to wall to predict the near wall region. Both computational domain has equal number of
nodes, i.e., number of grid pointsin x, y and z direction is fixed to 41x61x88, which was

obtained from the grid independency test.

Since the problem is symmetric about the x-axis, results are presented for top-half cross
section of the channel, and the results presented here are viewed from the upstream of the
flow. Figure 4.4 shows the non-rotating secondary flow at a distance of 12 hydraulic
diameters from the inlet of channel for wall function and two-layer model. It can be seen
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in figure 4.4a, that the secondary flow is well established with four vertices close to the
corners of the channel, and it represents a typical secondary flow pattern for stationary
channel. In figure 4.4b similarly secondary flow pattern is observed but the strength of
the secondary flow is less when compared with the secondary flow obtained using two-

layer model (Figure 4.4Q).

Now, consider figure 4.5, which shows calculated secondary flow and dimensionless
temperature contours for the top half of the rotating channel at Z/Dy, = 22. It is evident
from the figure 4.5a that, a well established vortex pushes the cold fluid from the core
region to trailing wall side, and to the top wall and then to leading wall and back to core
region of the channel. Thisis due to Coriolis force that is acting on the system because of
system rotation. Coriolis force being one of the forces that tends the flow and heat
transfer characters in rotating channel to be very different from the one in stationary
channel. This phenomenon of mixing is not seen in figure 4.5b. Since the flow and heat
transfer are coupled and most of the turbulent activities occurs close to the wall, it is
obvious that, better the approximation of the flow variables in the near wall region,
higher is the solution accuracy. To qualify the above discussions consider the
corresponding dimensionless temperature plots in figure 4.4a and figure 4.4b. From these
figuresit is apparent that there is an appreciable difference in temperature field. Resulting
Nusselt numbers profiles by using wall function and two-layer model for the stationary
(Ro = 0.0) and rotating (Ro = 0.056) channel is shown in Figure 4.6 and Figure 4.7,
respectively. It is seen in literature [12-25] that for stationary channel the Nusselt number
ratio in fully developed region is higher than unity. The Nusselt number ratio obtained by

two-layer model is seen to have value of 1.1 in fully developed region. Again for rotating
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channel the Nusselt number ratio obtained by the two-layer model are seem to be
reasonabl e accurate, showing Nusselt number ratio higher than unity for both leading and
trailing wall. While Nusselt number ratio obtained using wall-function approach for both
stationary (Ro = 0.0) and rotating (Ro = 0.056) channel is very low, which isincorrect. It
is evident from the above set of observation that the wall-function approach is much less
accurate compared to the two-layer approach. It can be concluded that use of wall
function to would lead to under prediction of heat transfer in stationary as well as rotating
channel. Hence two-layer model is used as near wall treatment to predict heat transfer for

various cases mention in Table 5.1.

41



v g
@ Symmetry Line (b) Symmetry Line
Figure 4.4: Secondary velocity vectors and dimensional temperature [0 = (T-Ti)/ (o/ (p

Cp uf))] contours of top half cross-section at Z/Dy, = 22. Ro = 0.0, Re = 30000 and Ap/p =
0.07: (a) Two-layer; (b) Wall function.
IF{otation Direction ———— =

Top Wal B=90°|

<
\

i
e
il i,

N

R Zi
eI,

LI

Leading Wall
Trailing Wall

@ Symm\etry Line (b)

Figure 4.5: Secondary velocity vectors and dimensional temperature [6 = (T-T;)/(o/ (p Cp

Ur))] contours of top half cross-section at Z/Dy, = 22. Ro = 0.056, Re = 30000 and Ap/p =
0.07: (a) Two-layer; (b) Wall function.
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Figure 4.6: Spanwise averaged Nusselt number aong the duct length. Re 30000, Ro = 0.0
and Ap/p =0.07.
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Figure 4.7: Spanwise averaged Nusselt number along the duct length. Re 30000, Ro =
0.056 and Ap/p = 0.07: (a) Leading wall; (b) Trailing wall.



4.7.3. A first validation of the computational model

Before smulating the actual cases, smulation were carried out on few cases (Ro = 0.14
and 0.28) of Al-Qahtani et a. [27], to validate the results of two-layer model. In Al-
Qahtani et a. [27], solution was obtained for various rotation numbers, Ro, and density
ratios, Ap/p, and fixing Reynolds number to 10000. The problem was solved by
employing chimeras Reynolds averaged Navier-Stokes turbulent method of Chen et al.
Figure 4.8 compares the calculated secondary velocity and temperature contours obtained
by Al-Qahtani et al. [27] with corresponding results of present study, for various for
above mentioned cases at location of Z/Dp = 16.24. It is seen that the calculated
secondary flow and dimensionless temperature field for low rotation number, Ro and
density ratio, Ap/p, are closely matching with corresponding results in the Al-Qahtani et
a. [27], And dight difference in calculated secondary flow and dimensionless
temperature contours is observed for high rotation number, Ro, and density ratio, Ap/p.
This difference can be attributed to two facts (1) that in the Al-Qahtani et a. [27], the
density was held constant, except in the centrifugal buoyancy term where density was
modeled using Bossinesq approximation. (2) The exit boundary condition in Al-Qahtani

et a. [27] was set to zero gradient, while in the present study it is pressure outlet.

Local Nusselt number distribution on leading wall for rotation number, Ro = 0.14 and
density ratio, Ap/p = 0.12 is shown in Figure 4.9. Again here we can see that the local
Nusselt number distribution is almost similar in pattern, but the magnitude of Nusselt
number is higher at the entrance region when compared with the corresponding result

obtained by Al-Qahtani et a. [27].
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Figure 4.10a and Figure 4.10b, show the calculated span wise averaged Nusselt for
rotating channel. It can be seen that the Nusselt number is higher on trailing wall and
lower on leading wall for any given set of rotation number, Ro, and density ratio, Ap/p.
As the density ratio, Ap/p is increased from 0.12 to 0.2, the Nusselt number on trailing
wall increases almost asymptotically, while on the leading wall, Nusselt number
decreases in the region close to inlet region and increases in the down stream of the

channel. Thiskind of behavior can also be observed in Al-Qahtani et al. [27] (Figure 5.7).
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Figure 4.8: Secondary velocity vectors and dimensionless temperature [0 = (T-T;)/ (Tw-
T:)] for p = 135% (1) Ro = 0.14, Ap/p = 0.12 and (I1) Ro = 0.28, Ap/p = 0.12.
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4.7.4. Nusselt number definition for high rotation number and density ratio
This section highlights the non-physical behavior for Nusselt number in the case of high

rotation number, Ro, and high density ratio, Ap/p for constant heat flux boundary

condition. Figure 4.11 shows the Nusselt number ratio on leading and trailing wall
respectively, for three density ratio, Ap/p = 0.1, 0.2 and 0.3, and rotation number,
R0=0.125. Nusselt number profile obtained for density ratio, Ap/p = 0.1 and 0.2 are
decreasing asymptotically downstream which represents typical Nusselt number profile
for similar problem. When density ratio, Ap/p isincreased to 0.3, while keeping the same
rotation number, Ro, Nusselt number increases dramatically on both leading and trailing
wall. And when rotation number, RO, is increased to 0.25, even for low density ratio, the
fluctuations in Nusselt number is observed on both the leading and trailing wall, which
can be seen in Figure 4.12. These fluctuations in Nusselt number seem to increase with
increase in density ratio, Ap/p. The above fluctuations in Nusselt number could be due to
following possible reasons:

e Coarsegridintheinterior regions of the heated walls.

e Over Relaxation.

e Nussealt number definition.

Considering the first possible reason, the computational domain is refined in the
interior regions of heated walls and this resulted in grid size of 41x61x105 in x, y and z
direction respectively. Without making any rush to obtain the solution for high rotation
number, computation is started with low rotational speed and then rotation speed is
increased gradually to reach the required high rotation number. Figure 4.13 shows the

Nusselt number on leading and trailing wall for refined computational domain. It is
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apparent from the figure that there is still fluctuation in Nusselt number, even at rotation

number, Ro= 0.15 and density ratio, Ap/p = 0.15. Therefore, one can conclude that these

fluctuations are not due to coarse grid.

To check whether, this problem of fluctuations is due to over relaxing the solution
parameters, computation were carried out reducing relaxation factors gradually to the

lowest possible. It was found that the fluctuation still persists.

Next, the boundary condition was changed from constant heat flux to constant
surface temperature. Computations were performed for high rotation number, Ro = 0.25
and various density ratios, Ap/p = 0.1, 0.2 and 0.4 and results are shown in Figure 4.14.
One can observe in this figure that the Nusselt number profiles are smooth for both
leading and trailing walls. Therefore, we concluded that these fluctuations are only due to
nature of thermal boundary condition. This can be explained as follows. Since wall

temperature is constant (in the Figure 4.14) and the fluid temperature in the channdl is

adways less than the wall temperature, the denominator in equation (4.5) is aways

For the case of constant surface heat flux, the problem seems to be in the definition of

Nusselt number. The present definition of Nusselt number is given below.

D oT
Nu=—n 90 4.5
’ (Tw _Tb) ox x=0 ( )

where Ty, isthe bulk temperature.

To support this fact, consider Figure 4.15 and Figure 4.16, showing the temperature on

leading wall and bulk temperature in the heated section of the channel for rotation
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number, Ro = 0.25 and density ratio, Ap/p = 0.2, respectively. When we closely look at
the wall temperature of the section highlighted in Figure 4.15, and bulk temperature in
corresponding region of Figure 4.16. We see that the wall temperature is lower (or closer
in value) than the bulk temperature. Due to this, the Nusselt number seems to have either
high value when Ty, and T,, are very close to each other or has negative value when Ty, is
greater than the wall temperature. In experiments, these phenomena cannot be observed,

because there is always span-wise heat transfer conduction taking place in the heaters.

The solution to this problem is to change the definition of the Nusselt number by

replacing bulk temperature with inlet temperature.

D oT
Nu = h__— 4.6
- (Tw _Ti ) oX x=0 ( )

where T; istheinlet temperature.
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Figure 4.11: Trails for spanwise averaged Nusselt number. Re = 30000, Ro = 0.125, B =
120% (a) leading wall; (b) trailing wall.
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Figure 4.12: Trails for spanwise averaged Nusselt number. Re = 30000, Ro = 0.25, B =
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critical region

Figure 4.15: Temperature field on leading wall. Re = 30000, Ro = 0.25 and Ap/p = 0.1.
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CHAPTER 5

CONSTANT HEAT FLUX BOUNDARY CONDITION

5.1. Introduction

This chapter presents results and discussion for smooth channels with leading and trailing
walls being held at constant surface heat flux while the top and bottom walls are kept
adiabatic. Computational cases are summarized in Table 5.1. Reynolds number based on
channel hydraulic diameter is kept constant, and equals 30000. Rotation number, Ro, and
density ratio, Ap/p, in computation were varied from 0 to 0.125 and 0.1 to 0.2
respectively, for two channel orientations of B = 90° and 120°. All computations
presented here were obtained by starting with the stationary case and then gradually

increasing the rotation speed.

The effect of rotation, Ro, density ratio Ap/p, and channel orientation on flow field is
discussed first, followed by heat transfer results. Flow field is represented in the form of
relative velocity vectors. Dimensionless temperature is defined as in equation (4.3b), and
Nusselt number is defined as in equation (4.5). Nusselt nhumber is normalized using

equation (4.4).

5.2. Conceptual view
Figure 5.1 shows a conceptual view of the secondary flow induced by channel rotation.
For the 90 ° channel orientation, the Coriolis force produces two counter-rotating vortices

that push the cooler fluid from the core region to the trailing wall. When the domain is
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tilted to 120° from the direction of rotation, the Coriolis force produces two long
vortices parallel to leading and trailing wall, and third vertex is set at the top corner of the

trailing wall.
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Figure 5.1: Conceptual view of the secondary flow induced by rotation: (a) B = 90°
(b) B =120°.
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Table 5.1: Computational cases for constant heat flux boundary condition

Case Rotation Density Ratio, B
Number, Ro Ap/p

1 0.0 0.1 --
2 0.125 0.1 90°
3 0.125 0.2 90°
4 0.125 04 a0°
5 0.125 0.1 120°
6 0.125 0.2 120°
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5.3. Velocity and temperature fields
It is worth to mention in the beginning of the discussion that the results presented at axial
locations are viewed from upstream of the channel. Since the channel has high aspect
ratio, some plots are magnified at critical regions to have better visualization. Calculated
secondary flow vectors and dimensionless temperature contours at two axia locations
(Z/Dy, = 12 and 22) for all the cases mentioned in Table 5.1 are presented in Figure 5.2
though Figure 5.7. Calculated secondary flow vectors and dimensionless temperature
contours for stationary case (case 1) is shown in Figure 5.2. Four vortices at the corners
are formed due to anisotropy in Reynolds stresses. From the corresponding dimensionless
temperature contours it seen that cold fluid islocated at core region of the channel. Aswe
move on to downstream of the channel (Figure 5.2b), the secondary flow pattern is same

but, the fluid is heated more in the core region of the channel.

Figure 5.3 shows computational secondary flow vectors and dimensionless temperature
contours for the case 2. Coriolis force which arises due to system rotation, that pushes
cold fluid from the core towards the trailing wall and then to top wall and bottom wall
and then brings along leading wall back to core. This |leads to formation of vortices in the
regions close to top and bottom wall of the channel. The transport of relatively cooler,
and hence heavier, fluid from the core region to the trailing wall results in steep
temperature gradient (hence higher heat transfer) on the trailing wall. And fluid after
receiving considerable amount of heat from the trailing wall sweeps along the leading
wall and small temperature gradient (relatively low heat transfer) on leading wall, which
can be seen in corresponding dimensionless temperature contours of Figure 5.3. It is

worth noticing that the temperature gradient at the leading corners is high when
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compared with temperature gradient at trailing corners, thisis due to the fact that the top
and bottom wall are unheated and some portion of cold fluid from core region is directly
pushed to top and bottom wall and then to leading corners and hence high temperature
gradient occur at these locations. Figure 5.4 and 5.5, shows the computed secondary
flow-vectors and dimensionless temperature contours for case 3 and 4. It is seen that as
the density ratio, Ap/p, is increased to 0.2 and 0.4 while fixing rotation number, Ro to
0.125. The secondary flow pattern seems to remain same. The dimensionless temperature

contours remain almost unchanged.

Figure 5.6 shows the computed secondary flow vectors and dimensionless temperature
contours for case 5. In this case the channel orientation angle, f equals 120°. One can
notice from figure 5.6, that Coriolis-induced secondary flow pushes the cold fluid away
from the top leading corner to core region and then to bottom wall then it sweeps
upwards along the leading and trailing walls. This action of Coriolis force sets two
elongated counter rotating vortices near the leading and trailing wall. As mentioned
before, that the cooler fluid sweeps along and upwards of the leading and trailing walls,
and so it is expected that the velocity and thermal boundary layer is thin in lower portion
of leading and trailing wall, and hence high temperature gradients occur, thisisillustrated
in corresponding dimensionless temperature contours of Figure 5.6. As density ratio,
Ap/p is increased to 0.2, the calculated secondary flow patterns at two axial locations
remain unchanged (Figure 5.7), but the strength of secondary flow increases, especially
in the core region of the channel, and aso it is seen that the dimensionless temperature

contour pattern remains same.
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Now focus is turned on to stream wise flow and dimensionless temperature field for two
cases, Figure 5.8 shows combined velocity vectors and dimensionless temperature
contours midway between leading and trailing wall for the cases 5 and 6. In the above
figure the unheated section is omitted to focus on heated section of the channel. The main
intention to illustrate these plots is to highlight the effect of buoyancy on the flow field
and hence heat transfer. Figure 5.8a shows calculated velocity vectors and dimensionless
temperature contours for case of stationary channel (Ro = 0.125, § = 120° and Ap/p =
0.1), the velocity vectors are thick at the bottom wall and thin at the top wall. This is
because the relatively cold and heavier fluid at the bottom wall experience high buoyancy
forces than the warm fluid at the top wall. As the density ratio, Ap/p, isincreased to 0.2,
while fixing the rotation number, Ro to 0.125, the buoyancy force is seem to increase the
fluid velocity at the bottom wall in the downstream of the channel dramatically, and in
order maintain continuity in the flow, hot and lighter fluid at the top wall decelerates and

hence low velocity.
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Figure 5.2: Secondary flow vectors and dimensionless temperature [0 = (T-Ti)/ (o/ (p Cp
ur))]. Re=30000, Ro = 0.0, and Ap/p = 0.1: (a) Z/Dy, = 12; (b) Z/Dy = 22.
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Figure 5.3: Secondary flow vectors and dimensionless temperature [0 = (T-T;)/ (o/ (p Cp
ur))]. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.1: (a) Z/Dy = 12; (b) Z/Dy, = 22.
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Figure 5.4: Secondary flow vectors and dimensionless temperature [0 = (T-T;)/ (o/ (p Cp
ur))]. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.2: (a) Z/Dy = 12; (b) Z/Dy, = 22.
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Figure 5.5: Secondary flow vectors and dimensionless temperature [0 = (T-T;)/ (o/ (p Cp
ur))]. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.4: (a) Z/Dy, = 12; (b) Z/Dy, = 22.
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Figure 5.6: Secondary flow vectors and dimensionless temperature [0 = (T-T;)/ (o/ (p Cp
ur))]. Re = 30000, Ro = 0.125, p = 120° and Ap/p = 0.1: (a) Z/Dy, = 12; (b) Z/Dy, = 22.

65



Rotation Direction| \.
-

AN
N

(b)

N\
o™

Figure 5.7: Secondary flow vectors and dimensionless temperature [0 = (T-T;)/ (o/ (p Cp
ur))]. Re = 30000, Ro = 0.125, p = 120° and Ap/p = 0.2: (a) Z/Dy, = 12; (b) Z/Dy, = 22.
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contours midway between leading and trailing wall. Re = 30000: (a) Ro = 0.125, g = 120°
and Ap/p = 0.1; (b) Ro=0.125, B = 120° and Ap/p = 0.2.
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5.4. Local heat transfer-coefficient
The effect of the Coriolis, buoyancy, and centripetal forces exerts strong influence on the
heat transfer characteristic in rotating channels. Results of heat transfer for various
rotation number, Ro, and density ratio, Ap/p for leading and trailing wall are presented in
this section. Heat transfer result of stationary case will be used to compare with other

cases.

Effect of increasing the rotation number, Ro, on leading wall

Calculated Nusselt number ratios contours on leading wall for stationary case are shown
in Figure 5.9a. It can be seen that high Nusselt number ratios contours exist near the
beginning of leading wall due to thinner boundary layers. It can be seen also in region
next to the top and bottom walls that Nusselt number ratios is quite high when compared
to core region. Thisis because of high temperature gradient that resulted due to nature of
boundary condition (top and bottom wall are adiabatic). For the case of rotation number,
Ro = 0.125, B =120° and density ratio, Ap/p = 0.1, the Nusselt number ratios pattern
changes dramatically with high and low Nusselt number ratios contours being next to
bottom and top walls, respectively (Figure 5.9¢), which is due to action of coriolis force
that sweeps cold fluid from the bottom wall to top wall via leading wall, and hence high
heat transfer at the bottom portion of the leading wall. The Nusselt number ratios next to

bottom portion in this case is 15 percent higher that of stationary case.
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Effect of increasing density ratio, Ap/p on leading wall

To portray the effect of increasing the density ratio on leading wall, case 4, and 5 are
selected, which have common rotation number of 0.125. Figure 5.9e and Figure 5.9f
shows the calculated Nusselt number ratios contours for above mentioned cases. In
Figure 5.9¢, the Nusselt number ratios range from 3.66 to 0.5 with high value Nusselt
number ratios contour at the inlet and bottom portion. Increase in density ratio, Ap/p
seems to have appreciable effect on Nusselt number ratios distribution and magnitude on
leading wall, which is depicted in Figure 5.9f. Low Nusselt number ratios are found next
to top wall in the downstream region. This is due to the rotation induced secondary flow,

which pushes cold fluid from the top wall to the bottom wall.

Effect of increasing rotation number on the trailing wall

To show the effect of rotation on heat transfer characteristics on the trailing wall,
calculated Nusselt number ratios for higher rotation number is compared with Nusselt
number ratios obtained for stationary channel. So, again we refer back to Figure 5.10a for
calculated Nusselt number ratios contours on trailing wall for stationary case. This is
because; in stationary channel the heat transfer characteristic is same on both leading and
trailing wall. The calculated Nusselt number ratios contours Ro = 0.125 and density ratio,
Ap/p = 0.1, is shown in Figure 5.10d. In this figure, pattern of the Nusselt number ratios
contours is remarkably different from the stationary channel. High Nusselt number ratios
contours next to the bottom wall occur all the way to the end of the channel. Again herea
low Nusselt number ratios contour starts appearing in the top and outlet portion of the

trailing wall.
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Effect of increasing density ratio on trailing wall

In Figure 5.10d, the rotation number, Ro, is kept at 0.125 and density ratio is increased to
0.1. Here the Nusselt number ratios contour next to bottom wall attains to a value of
1.89.and again it is seen that the low Nusselt number ratios contours stretch towards the
upstream. In Figure 5.10e, the density ratio, Ap/p, is increased further to 0.2 while
keeping the rotation number, Ro, to 0.125. Nusselt number ratios next to bottom surface
attains a value as high as 2.22 times the corresponding Nusselt number ratios in the
stationary case, and a Nusselt number ratios contour valued 0.95 appear on top surface

showing location of hot fluid close to the top surface.

Effect of channel orientation on the leading and trailing wall

Figure 5.9c and Figure 5.9f, shows the leading wall Nusselt number ratios contours for
same rotation number, Ro = 0.125 and density ratio, Ap/p = 0., but with orientation 3 =
90° and 120°, respectively. Figure 5.10b and Figure 5.10e, shows the trailing wall Nusselt
number ratios contours for same rotation number, Ro = 0.125, but with orientation § =
90° and 120°, respectively. Nusselt number ratios contour pattern on leading wall for
orthogonal orientation, are quite different form the p = 120°, with high Nusselt number
ratios contours on top and bottom region. After comparing with stationary case, it is
found the Nusselt number ratios obtained in the later case is higher. When trailing wall
Nusselt number ratios for case 7 (which is shown in Figure 5.10e), is compared with

stationary case, it is found that the Nusselt number ratios for case 7 is 10% higher.
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5.5. Spanwise averaged heat transfer coefficients
There are four figures presenting the Spanwise averaged Nusselt number ratios on
leading and trailing wall for all the cases mentioned in Table 5.1. Figure 5.11aand Figure
5.11b, shows the Spanwise averaged Nusselt number ratios for leading and trailing wall,
respectively for case 1, 2, 3, and 4. In these figuresit is seen that the Spanwise averaged
Nusselt number ratios decreases at the entry region, with increase in density ratio, Ap/p.
However, downstream and beyond the middle of the leading wall, the spanwise averaged
Nusselt number ratios begin to increase slightly with increase in density ratio, Ap/p.
While on trailing wall the spanwise averaged Nusselt number ratios seem to decrease
with increase in density ratio, Ap/p. Figure 5.11a and Figure 5.11b presents the spanwise
averaged Nusselt number ratios on leading and trailing wall for the case 6 and 7, in which
the channel makes an angle of 120° from the rotation direction. Again it is seen that the
spanwise average Nusselt number ratios on leading and trailing wall decreases in the
entry region with increase in density ratio, Ap/p. but it is seen to increase from middie
and downstream of the heated sections. It is seen from these figures that the spanwise
Nusselt number ratios increase with increase in rotation number, Ro, for both leading and

trailing wall.

5.6. Comparison with experiment

To validate the results, we carried out extra simulation for rotation number, Ro, and
density ratio, Ap/p, sSimilar to that of experiments of Willet and Bergles [11], and results
were shown in Figure 5.13. It can be seen that the computed Nusselt number is
overestimated to experiment data of [11]. This difference can be attributed partialy to

uncertainty in experimental data (+ 11 percent) & partialy to numerica errors.
71



(b)

bottom wall

Figure 5.9: Nusselt number distribution on leading wall. Re = 30000: (a) Ro = 0.0 and

Aplp = 0.1; (b) Ro = 0.125, B = 90° and Ap/p = 0.1; (c) Ro = 0.125, B = 90° and Ap/p
=0.2; (d) Ro = 0.125, B = 90°and Ap/p = 0.4; (€) Ro = 0.125, p = 120°and Ap/p = 0.1: (f)
Ro = 0.125, p =120°and Ap/p = 0.2,
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bottom wall

Figure 5.10: Nusselt number distribution on trailing wall. Re = 30000: (a) Ro = 0.125, B
=90° and Ap/p = 0.1; (b) Ro = 0.125, p = 90° and Ap/p = 0.2; (c) Ro = 0.125, p = 90° and
Aplp = 0.4; (d) Ro = 0.125, p = 120° and Ap/p = 0.1; (€) Ro = 0.125, p =120° and Ap/p =
0.2.
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Figure 5.11: Spanwise averaged Nusselt number. Re = 30000, p = 90° (a) leading wall;
(b) Trailing wall.
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Figure 5.12: Spanwise averaged Nusselt number. Re = 30000, Ro = 0.125 & B =120 (a)
Leading wall; (b) Trailing wall.
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CHAPTER 6

CONSTANT TEMPERATURE BOUNDARY CONDITION

6.1. Introduction

This chapter presents results and discussion for smooth channels with leading and trailing
walls being held at constant surface temperature while the top and bottom walls are kept
adiabatic. Computational cases are summarized in Table 6.1. Reynolds number based on
channel hydraulic diameter is kept constant, and equals 30000. Rotation number, Ro, and
density ratio, Ap/p, in computation were varied from 0 to 0.25 and 0.1 to 0.4 respectively,
for two channel orientations of B = 90° and 120°. All computations presented here were
obtained by starting with the stationary case and then gradually increasing the rotation

Speed.

The effect of rotation, Ro, density ratio, Ap/p, and channel orientation on flow field is
discussed first, followed by heat transfer results. Flow field is represented in form of
relative velocity vectors. Dimensionless temperature is defined as in equation (4.3a).
Nusselt number is defined as in equation (4.5), and Nusselt number is normalized using

equation (4.4).
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Table 6.1: Computational cases for constant wall temperature boundary condition

Case Rotation Number, | Density Ratio, 5
Ro Aplp

1 0.0 0.1 --
2 0.125 0.1 90°
3 0.125 0.2 90°
4 0.125 04 90°
5 0.125 0.1 120°
6 0.125 0.2 120°
7 0.125 04 120°
8 0.25 0.1 120°
9 0.25 0.2 120°
10 0.25 04 120°
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6.2. Velocity and temperature field
It is worth to mention in the beginning of the discussion that the results presented at axial
locations are viewed from upstream of the channel. Since the channel has high aspect
ratio, some plots are magnified at critical regions to have better visualization. Secondary
flow is known to affect the heat transfer in rotating turbulent flow, so secondary flow and
dimensionless temperature field are discussed first and then discussion will focus on
streamwise flow and dimensionless temperature field. Calculated secondary flow vectors
and dimensionless temperature contours at two axial locations (Z/Dy, = 12 and 22) for all
the cases mentioned in Table 6.1 are presented in Figure 6.1 through Figure 6.10.
Calculated secondary flow vectors and dimensionless temperature contours for stationary
case (case 1) is shown in Figure 6.1. Four vortices at the corners are formed due to
anisotropy in Reynolds stresses. From the corresponding dimensionless temperature
contours it seen that cold fluid is located at core region of the channel. As we move on
downstream of the channel (Figure 6.1b), the secondary flow pattern is same but, the

fluid is heated more in the core region of the channel.

Figure 6.2 shows secondary flow vectors and dimensionless temperature contours for the
case 2. Coriolis force which arises due to system rotation, that pushes cold fluid from the
core towards the trailing wall and then to top wall and bottom wall and then brings it
back along leading wall to core. This leads to formation of vortices in the regions close to
top and bottom wall of the channel, one of which can be viewed clearly in the magnified
portion of the Figure 6.2a. The transport of relatively cooler, and hence heavier, fluid
from the core region to the trailing wall resultsin high temperature gradient (hence higher

heat transfer) on the trailing wall. After receiving considerable amount of heat from the
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trailing wall, the fluid sweeps to the leading wall along the top and bottom walls creating
low temperature gradient (relatively low heat transfer) on leading wall. This can be seen
in corresponding dimensionless temperature contours of Figure 6.2b. And it is worth
noticing that the temperature gradient at the leading corners is high when compared with
temperature gradient at trailing corners, this is due to the fact that the top and bottom
walls are unheated and some portion of cold fluid from core region is directly pushed to
top and bottom walls and then to leading corners resulting into high temperature gradient.
Figure 6.3 and Figure 6.4, show the computed secondary flow-vectors and dimensionless
temperature contours for case 3 and 4. It is seen that as the density ratio, Ap/p, is
increased to 0.2 and 0.4 while fixing the rotation number, Ro to 0.125, the secondary

flow pattern is seemed to remain unchanged.

Figure 6.5a and Figure 6.5b Show the computed secondary flow vectors and
dimensionless temperature contours for case 5 at Z /D= 12 and 22 respectively. In this
case the channel orientation angle, B equals 120°. One can notice from the figures, that
the Coriolis-induced secondary flow pushes the cold fluid away from the leading corner
of the top wall to the core region and then to bottom wall, thereby causing the fluid
located in vicinity of the bottom wall to sweep upwards along the leading and trailing
wall. This action of Coriolis force sets two elongated counter rotating vortices near the
leading and trailing wall, and a third vortex at the top trailing corner. As mentioned
before, that the cooler fluid sweeps along and upwards of the leading and trailing wall,
and so it is expected that the velocity and thermal boundary layers to be thin in the lower
portion of leading and trailing walls, and hence high temperature gradients, and due to

this secondary flow behavior, cold fluid is located near the bottom portion. This is
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illustrated in corresponding dimensionless temperature contours of Figure 6.5b. As
density ratio, Ap/p is increased to 0.2 (Figure 6.6a and 6.6b), the calculated secondary
flow patterns at two axial locations remain unchanged, but the strength of flow increases,
especialy in the core region of the channel, and also it is seen that the dimensionless

temperature contour pattern remains same.

Now, consider Figure 6.7a that shows computed secondary flow vector and
dimensionless contours for the case 7 (Ap/p increased to 0.4) at axia location Z/Dy = 12.
Here the secondary flow pattern resembles to secondary flow pattern of the case 6, but
the magnitude of secondary flow is higher. Further downstream of the channel (Figure
6.7b, Z/Dy, = 22), secondary flow is quite different, with Coriolis force pushing the fluid
from top trailing corner to leading wall (see magnified figure) and then to bottom wall
through core region. The secondary flow vortex on trailing wall stretches from bottom
trailing corner to almost top trailing corner, while the secondary flow vortex on near

leading wall does not.

Figure 6.8 through Figure 6.10 show the calculated secondary flow vectors and
dimensionless temperature contours for the case 8 to 10 which are for the same rotation
number (Ro=0.25). As rotation number is increased to 0.25 the vortex near leading and
trailing wall is pushed towards the bottom wall, and third small vortex appears in the
vicinity of top wall (Figure 6.8a). Downstream of the channel, the third vortex is well
established that pushes warm fluid from leading wall to trailing wall via top wall. And
since Coriolisforceis function of angular velocity and radia distance, it is apparent from

the Figure 6.8Db, that the strength of the secondary flow vectors is higher than the previous
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case. From the corresponding temperature contours at two axial locations, it is seen that
temperature gradient is high (relatively to trailing wall) in the vicinity of top leading
corner and small temperature gradient in the vicinity of to trailing corner and hence high
rate of heat transfer at the top leading corner when compared to top trailing corner of the
channel. As density ratio, Ap/p, is increased to 0.2, the secondary flow vectors at axial
location Z/Dy, equals 12, the third secondary flow vortex grow to considerable size in the
top portion of the channel that pushes fluid from core to leading wall and then on and
aong top wall and then to trailing wall and then lastly to bottom wall via leading wall.
This behavior is illustrated in Figure 6.9a. In corresponding dimensionless temperature
contour plot of Figure 6.9a, the fluid in the core top portion of the channel is uniformly
heated due to mixing action of third secondary flow vortex. At downstream location of
Z/Dy, = 22, for the same case this type of secondary flow behavior is absent (Figure 6.9b).
This is can be accredited to flow reversal in top portion of channel. Phenomena of flow
reversal are explained well in later stage of discussion. Further increase in density ratio,
Aplp, is seen to have no appreciable effect on secondary flow pattern at either axial
location, except increase in mixing action at the bottom wall region of the channel

(Figure 6.10a and Figure 6.10b), and hence increase in heat transfer.

Now focus is turned on to stream wise flow and dimensionless temperature field for
different cases, of which some of the cases depict role of buoyancy and hence effect of
rotation (rotation number, Ro) and density ratio, Ap/p. Figure 6.11 shows combined
velocity vectors and dimensionless temperature contours midway between leading and
trailing wall for the cases 1, 4, 5, 6 7, 8, 9 and 10. In all cases of the above figure the

unheated section is omitted to focus on heated section of the channel. The main intention
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to illustrate these plots is to highlight the effect of buoyancy on the flow field and hence
heat transfer. Figure 6.11a shows calculated velocity vectors and dimensionless
temperature contours for case of stationary channel (Ro = 0.0 and Ap/p = 0.1), which
exhibits a typical channel flow, with velocity and dimensionless temperature being
symmetry about the centerline. Since the top and bottom wall are unheated, the

dimensionless temperature ranges from 0 to 0.5.

Under orthogonal rotation mode (Ro = 0.125) even for high density ratio, Ap/p = 0.4, the
velocity vector throughout the channel still resemble to velocity vectors in stationary case
,and no flow reversal , while fluid being heated more as it passes through the channdl,
thisis simply due to mixing action of Coriolis force that is acting on the system. Thisis
demonstrated in Figure 6.11b. Figure 6.11c shows the calculated velocity vectors and
dimension temperature contours midway between the leading and trailing wall, for case,
5, 6 and 7. For first and second cases the velocity vectors are thick at the bottom wall and
thin at the top wall (Figure 6.11e and Figure 6.11f). This is because the relatively cold
and heavier fluid at the bottom wall experience high buoyancy forces than the warm fluid
a the top wall. As the density ratio, Ap/p, is increased to 0.4, while fixing the rotation
number, Ro to 0.125, the buoyancy force is seem to increase the fluid velocity at the
bottom wall in the downstream of the channel dramatically, and in order maintain
continuity in the flow, hot and lighter fluid at the top wall decelerates. At this rotation
number, Ro and density ratio, Ap/p, the penetration of reverse flow near top wall is
limited to approximately 10 hydraulic diameters from the outlet. And hence high heat
transfer is noticed in this region. As the rotation number, Ro, is increased to 0.25, even

for low density ratio, Ap/p of 0.1, buoyancy force is seem to be dominant with flow
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reversal taking place near top wall and the penetration of reverse flow is amost 80
percent of the heated length and flow reversal thickness in span-wise direction from top
wall is approximately 3 hydraulic diameter. That can be viewed from the Figure 6.1g.
Figure 6.17h, 6.17i and 6.17j show the calculated velocity and dimensionless temperature
contours midway between leading and trailing wall, for the cases 9 and 10. As density
ratio, Ap/p, is increased, while keeping the rotation number, Ro to 0.25, the buoyancy
force further enhances the flow reversal process. It is clearly visible that the reverse flow
reaches the inlet for case 10, and depth and strength of this reverse flow increase with
increase in density ratio, Ap/p, and it is seen from the dimensionless temperature contours
that for al the cases the cold fluid is located at the bottom wall and hence high heat

transfer.

To see the effect of buoyancy on fluid flow near leading and trailing wall, velocity vector
and dimensionless temperature contour are shown on a plane midway between top and
bottom wall, for case 8, 9 and 10. As mentioned before, that the relatively cool and
heavier fluid near the trailing wall experience higher buoyancy force than the hot and
lighter fluid near leading wall. This action sets imbalance in fluid flow, this imbalance
has a tendency to increase the outward velocity near trailing wall and decrease it near
leading wall. And since buoyancy force is function of rotation number, Ro, density ratio,
Aplp, and radia distance, increase in one of this parameter would enhance the effect of
buoyancy force on the fluid flow, and this is evident from Figure 6.12. For the case of
high-density ratio, the depth of flow reversal reached haf way of the channel height.

Same behavior of flow reversal isreported in latest research of Al-Qahtani et al. [27].
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To summarize, flow reversals start appearing in the top leading corner region, at rotation
number, Ro = 0.125 and density ratio, Ap/p = 0.4, and strength and penetration of reverse
flow in both, stream wise and cross stream wise direction increases with further increase

in either rotation number or rotation number.
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Figure 6.1: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.0, and Ap/p = 0.1: (a) Z/Dy, = 12; (b) Z/Dy, = 22.
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Figure 6.2: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-

Ti)] contours. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.1: (a) Z/Dy = 12; (b) Z/Dy, =
22.
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Figure 6.3: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-

Ti)] contours. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.2: (a) Z/Dy, =12; (b) Z/Dy, =
22.
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Figure 6.4: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-

Ti)] contours. Re = 30000, Ro = 0.125, p = 90° and Ap/p = 0.4: (a) Z/Dy, = 12;(b) Z/Dy, =
22.
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Figure 6.5: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.125, § = 120°, Ap/p = 0.1: (8) Z/Dy, = 12; (b) Z/Dp, =
22.
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Figure 6.6: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.125, § = 120°, Ap/p = 0.2: (8) Z/Dy, = 12; (b) Z/Dy, =
22.
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Figure 6.7: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.125, § = 120°, Ap/p = 0.4: (a) Z/Dy, = 12; (b) Z/Dy, =
22.
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Figure 6.8: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.25, p = 120°%, Ap/p = 0.1: (a) Z/Dy, = 12; (b) Z/Dy, = 22.
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Figure 6.9: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.25, § = 1200, Ap/p = 0.2: () Z/Dy, = 12; (b) Z/Dy = 22.
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Piation Direction| \

Figure 6.10: Secondary velocity vectors and dimensionless temperature [0 = (T-Ti)/ (Tw-
Ti)] contours. Re = 30000, Ro = 0.25, p = 120°, Ap/p = 0.4: (a) Z/Dy, = 12; (b) Z/Dy, = 22.
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Bottom Wall

Figure 6.11: Velocity vectors and dimensionless temperature [0= (T-T;)/ (Tw-T))]
contours (midway between the leading and trailing wall). Re = 30000: (a) Ro = 0.0 and
Ap/p =0.1; (b) Ro=0.125, B = 90° and Ap/p = 0.1; (c) Ro = 0.125, B = 90° and Ap/p =
0.2; (d) Ro=0.125, B = 90° and Ap/p = 0.4; (€) Ro = 0.125, B = 120° and Ap/p = 0.1; (f)
Ro = 0.125, B = 120° and Ap/p = 0.2; (g) Ro = 0.125, B = 120° and Ap/p = 0.4; (h) Ro =
0.25, B = 120° and Ap/p = 0.1; (i) Ro=0.25, B = 120° and Ap/p = 0.2; (j) Ro=0.25,B =
120° and Ap/p = 0.4.
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Figure 6.12: Velocity vectors and dimensionless temperature [0 = (T-T;)/ (Tw-Ti)]
contours (midway between the top and bottom wall). () Ro = 0.25, B =120° and Ap/p =
0.1; (b) Ro=0.25, p = 120° and Ap/p = 0.2; (c) Ro = 0.25, B =120° and Ap/p = 0.4.
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6.3. Local heat transfer coefficient
The effect of the Coriolis, buoyancy, and centripetal forces exert strong influence on the
heat transfer characteristic in rotating channels. Results of heat transfer for various
rotation number, Ro, and density ratio, Ap/p, for leading and trailing wall are presented in
figure 6.13 through figure 6.18. Heat transfer result of stationary case will be used to

compare with rotating cases.

Effect of increasing the rotation number, Ro, on leading wall

Calculated Nusselt number contours on leading wall for stationary case is shown if figure
6.13a, that shows high valued Nusselt number contours near the beginning of leading
wall and due to thinner boundary layers. It is seen in region next to the top and bottom
wall that Nusselt number is quite high when compared to core of the wall. Thisis because
of high temperature gradient, which resulted due to very nature of boundary condition
(top and bottom wall are adiabatic) and mixing of fluid at corner. for the case of rotation
number, Ro = 0.125, B = 120° and density ratio, Ap/p = 0.1, the Nusselt number pattern
changes dramatically with high and low Nusselt number contours being next to bottom
wall and top wall (Figure 6.13b), respectively, which is due to action of Coriolis force
that sweeps cold fluid from the bottom wall to top wall via leading wall, and hence high
heat transfer at the bottom portion of the leading wall. The Nusselt number next to
bottom portion in this case is 15 percent higher that of stationary case. For the case of
density ratio, Ap/p = 0.1, p = 120° and rotation number, Ro = 0.25, the Nusselt number
contour at the bottom and down stream is seem to have a value of 3.66. It is seen that low
valued Nusselt number contours next to top wall stretched more towards the inlet and to

core. And also Nusselt number contour of value 1.03 is observed next to top wall, which
9



is due to flow reversal. Hence it can be concluded that the Nusselt number pattern and
magnitude on leading wall changes and increases, respectively, with increase in rotation

number, Ro.

Effect of increasing density ratio,Ap/p, on leading wall

To portray the effect of increasing the density ratio on leading wall, case 5, 6 and 7 are
selected, which have common rotation number of 0.25, and figure 6.13i, 6.13j and 6.13k
shows the calculated Nusselt number contours for above mentioned cases. In figure 6.13i,
the Nusselt number ranges from 3.66 to 0.5.with distribution of higher value Nusselt
number contour at the inlet and bottom portion. Increase in density ratio, Ap/p, iS seem to
have appreciable effect on Nusselt number distribution and magnitude on leading wall,
which is depicted in figure 6.13j and 6.13k. The first figure 6.13j is for density ratio,
Ap/p = 0.2 and later is for, Ap/p=0.4. Consider figure 6.13j where in the Nusselt number
ranges from 0.50 to 4.19, with low heat transfer being found next to top wall in the
upstream region. This is because the hot fluid flows back form the outlet to the inlet
sweeping top portion of the leading wall and hence heat transfer in top portion at the
outlet is high, and then decreases towards the inlet. Further increase in density ratio, Ap/p
=0.4, simply leads to increase in heat transfer with no appreciable change in pattern of
Nusselt number contours. Nusselt number attains as high as 5.24 times the corresponding

Nusselt number value in stationary case (Figure 6.13k).

Effect of increasing rotation number on the trailing wall

To show the effect of rotation on heat transfer characteristic on the trailing wall,

calculated Nusselt number for higher rotation number is compared with Nusselt number
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obtain for stationary channel. So, again we refer back to figure 6.13a for calculated
Nusselt number contours on trailing wall for stationary case. This is because; in
stationary channel the heat transfer characteristic is same on both leading and trailing
wall. Rotation number, Ro, isincreased to 0.125 while keeping the density ratio, Ap/p to
0.1, the calculated Nusselt number contours of this corresponding case is shown in figure
6.14d. In this figure 6.14d, pattern of the Nusselt number contours is remarkably
different from the stationary channel, with orientation of high Nusselt number contour at
the beginning and bottom wall of the trailing wall. Again here a low Nusselt number
contour starts appearing in the top and outlet portion of the trailing wall, and Nusselt
number contour is high as 1.27 times the corresponding Nusselt number contours in
stationary case. When rotation number, Ro, is increased to 0.25, while fixing the density
ratio to 0.1(Figure 6.14g, case 8), the Nusselt number attains a value of 3.6 next to the
bottom of the trailing wall, and Nusselt number decreases gradually to a value of 0.4 at
the top. Again thislow rate of heat transfer can be accredited to flow reversal, which was
elaborated in the velocity and temperature section. And also, it can be noticed that
Nusselt number contour equals 1.28, extending from inlet to few hydraulic diameters of
the downstream, without variation in span wise direction, depicting the incurrence of

flow reversal.

Effect of increasing density ratio, Ap/p on trailing wall

In figure 6.14i, the rotation number, Ro, is kept at 0.25 and density ratio is increased to
0.2. Here the Nusselt number contour next to bottom wall attains to a value of 4.36.and
again it is seen that the high and low Nusselt number contours stretched towards the

upstream. In figure 6.14j, the density ratio,Ap/p is increased further to 0.4 while keeping
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the rotation number, Ro, to 0.25. Nusselt number next to bottom wall attains a value as
high as 6.12 times the corresponding Nusselt number in the stationary case, and a Nusselt
number contour valued 0.4 stretches to half way of the height reflecting possible depth of
flow reversal. It is aso noticed from figure 6.14j that a small region of high Nusselt
number arises next to top and downstream of the trailing wall, which again is due to flow

reversal.

Effect of channel orientation on the leading and trailing wall

Figure 6.13b and 6.13e, shows the leading wall Nusselt number contours for same
rotation number, Ro=0.125, but with orientation B = 90° and 120°, respectively. Nussalt
number contour pattern on leading wall for orthogonal orientation, are quite different
form the B = 120° with high Nusselt number contours on top and bottom region. And
after comparing with stationary case, it is found the Nusselt number obtained in the later
case is higher. When trailing wall Nusselt number for case 5 (which is shown in figure
6.14d), is compared with stationary case, it is found that the Nusselt number for case 5is

10% higher.

6.4. Spanwise averaged heat transfer coefficients

There are six figures presenting the spanwise averaged Nusselt number on leading and
trailing wall for all the cases mentioned in Table 6.1. Figure 6.15 and figure 6.16, shows
the Spanwise averaged Nusselt number for leading and trailing wall, respectively for case
1, 2, 3 and 4. In this figure it is seen that the Spanwise averaged Nusselt number
decreases at the entry region, with increase in density ration, Ap/p. However, downstream

and beyond the middle of the leading wall, the spanwise averaged Nusselt number begin
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to increase dightly with increase in density ratio, Ap/p. While on trailing wall the
spanwise averaged Nusselt number seem to decrease with increase in density ratio, Ap/p.
Figure 6.17a and 6.17b presents the spanwise averaged Nusselt number on leading and
trailing wall for the case 5, 6 and 7, in which the channel makes an angle of 120° from the
rotation direction. Again it is seen that the spanwise average Nusselt number on leading
and trailing wall decreases in the entry region with increase in density ratio, Ap/p. But it
is seen to increase from middle and downstream of the heated sections. When rotation
number, Ro, is increased to 0.25, the spanwise averaged Nusselt number increases
dramatically on both leading and trailing wall with increase in density ratio, Ap/p, and at
the end of the heated sections, spanwise averaged Nusselt number increases drastically
showing the effect of flow reversal that can be viewed from the Figure 6.17a and 6.17b.
Now, consider Figure 6.18a, which show the spanwise averaged Nusselt number on
leading walls and Figure 6.18b shows spanwise averaged Nusselt number on trailing wall
, for fixed density ratio, Ap/p = 0.1.It is seen from these figures that the spanwise Nusselt
number increases with increase in rotation number, Ro, for both leading and trailing wall.
It can be concluded that the effect of increasing density ratio is greatly felt on high

rotation number than the low rotation number, Ro for channel with g = 120° orientation.

6.5. Comparison with experiment

To validate the results, we carried out extra simulation for rotation number, Ro, and
density ratio, Ap/p, Similar to that of experiments of Willet and Bergles [11], and results
were shown in Figure 6.19. It can be seen that the computed Nusselt number is close to
experiment data of [11] for leading wall and trailing wall. This difference can be

attributed to (1) the uncertainty involved in experimental data (+ 11 percent), (2) constant
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wall-heat-flux boundary condition was applied in experiments of Willet and Bergles
[11]. Whereas, computed Nusselt number is based on constant wall temperature & (3)

numerical errors.
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Figure 6.13: Local Nusselt distribution on leading wall. Re = 30000: (a) Ro = 0.0 and
Ap/p = 0.1; (b) Ro = 0.125, = 90° and Ap/p = 0.1; (c) Ro = 0.125, p = 90°" and Ap/p =
0.2; (d) Ro=0.125, p =90° and Ap/p = 0.4; (€) Ro = 0.125, § = 120° and Ap/p = 0.1; (f)
Ro = 0.125, B = 120° and Ap/p = 0.2; (g) Ro = 0.125, § = 120° and Ap/p = 0.4; (h) Ro =
0.25, B =120° and Ap/p = 0.1; (i) Ro = 0.25, = 120° and Ap/p = 0.2; (j) Ro=0.25, B =
120°and Ap/p = 0.4.
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Figure 6.14: Local Nusselt distribution on trailing wall. Re = 30000: (a) Ro = 0.125, =
90° and Ap/p = 0.1; (b) Ro=0.125, p=90°" and Ap/p = 0.2; (c) Ro = 0.125, p = 90° and
Ap/p = 0.4; (d) Ro = 0.125, B =120° and Ap/p = 0.1; (e) Ro = 0.125, 3=120° and Ap/p =
0.2; (f) Ro=0.125, § = 120° and Ap/p = 0.4; (g) Ro = 0.25, = 120° and Ap/p = 0.1
(h) Ro=0.25, B =120° and Ap/p = 0.2; (i) Ro = 0.25, p = 120°and Ap/p = 0.4.

103



2.5

0.5 n 1 n 1 n 1 n 1

0 5 10 15 20

SD,

Figure 6.15: Span wise averaged Nusselt number on leading and trailing wall.
Re = 30000, Ro = 0.0 and Ap/p = 0.1.
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Figure 6.16: Span wise averaged Nusselt number. Re = 30000, Ro = 0.125, B = 90° (a)
Leading Wall; (b) Trailing Wall.
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Figure 6.17: Span wise averaged Nusselt number. Re = 30000, Ro = 0.125, B = 120° (a)
Leading Wall; (b) Trailing Wall.
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Figure 6.18: Span wise averaged Nusselt number. Re = 30000, Ro = 0.25, B = 120° (a)
Leading Wall; (b) Trailing Wall.
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CHAPTER 7

CONCLUSIONS & RECOMMENDATIONS

7.1. Conclusions

Flow and heat transfer in rotating smooth channel with high aspect ratio (AR = 10) for
various rotation number and inlet coolant-to-wall density ratios is predicted using finite
volume code. Two channel orientations B = 90° and 120°, with two thermal boundary
conditions, namely constant wall-heat flux and constant wall- temperature are studied.
Reynolds stress model in conjunction with two-layer model predicted well, the heat
transfer results. Results are close to experiment data of Willet and Bergles [11]. The main

outcomes of this research are mentioned below.

e Using wall function to approximate flow variable near the wall did not yield
satisfactory results for both stationary and rotating channel case.

e Inp =90°case, Coriolisforceisfrom leading to trailing wall, thus increasing heat
transfer on trailing wall. Nusselt number decreases with increase in density ratio,
for fixed rotation number.

e In B =120° case, Coriolis force is from top leading corner to bottom wall for low
rotation number. For high rotation number and high-density ratio, Coriolisforce if
from trailing to leading in the top portion of the channel, thereby setting a

clockwise rotating vortex.
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e In B = 120° case, Nusselt number increase with increase in rotation number as
well as density ratio. Especialy, for high rotation number, Nusselt number is seen
to increase dramatically with increase in density ratio.

e Inp =120° case, flow reversal takes place at higher rotation number and intensity

and penetration of reverse flow increases with increase in density ratio.

7.2 Recommendations
Thereislarge room for improvement in such a study.
e Improvement of the grid distribution is very essential.
e The effect of channel orientation, B, Reynolds number, Re, Prandtl number, Pr
and the effect of uneven wall heat-flux/temperature would be interesting area of

future research.
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