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Heat Transfer Augmentation Surfaces Using Modified
Dimples/Protrusions

ABSTRACT
Mohammad A. Elyyan

This work presents direct and large eddy simulations ofidee range of heat
augmentation surfaces roughened by modified dimples/prongisi The dissertation is
composed of two main parts: Part | (Chapters 2-4)dompact heat exchangers and Part
Il (Chapter 5) for internal cooling of rotating turbine bladeBart | consists of three
phases: Phase | (Chapter 2) investigates flow struahgténeat transfer distribution in a
channel with dimples/protrusions; Phase Il (Chapter 3) sttiokeapplication of dimples
as surface roughness on plain fins; and Phase Ill (Chéptamsiders a new fin shape,
the split-dimple fin, that is based on modifying theantional dimple shape.

Chapter 2 presents direct and large eddy simulations ctewlof a fin bank over
a wide range of Reynolds numbers,R200-15,000, covering the laminar to fully
turbulent flow regimes and using two channel height geometikile the smaller fin
pitch channel has better performance in the low to umedeynolds number range, both
channel heights show similar trends in the fully turbutegime. Moreover, analysis of
the results shows that vortices generated in the ldiroavity and at the dimple rim
contribute substantially to heat transfer from thenmled surface, whereas flow
impingement and acceleration between protrusions catgrilsubstantially on the
protrusion side.

Chapter 3 considers applying dimples as surface roughnedaiorfip surfaces
to further enhance heat transfer from the fin. THiregeometries that consider dimple
imprint diameter effect and perforation effect arensidered. The dimple imprint
diameter has a minimal effect on the flow and heatdfer of the fin. However, the
introduction of perforation in the dimple significantliganges the flow structure and heat
transfer on the dimple side of the fin by eliminatingir@ulation regions in the dimple
and generating higher intensity vortical structures.

Chapter 4 presents a novel fin shape, the split-dimplevinich consists of half a
dimple and half a protrusion with an opening between th&ime split dimple provides
an additional mechanism for augmenting heat transf@ehkyrbing continuous boundary
layer formation on the fin surface and generating energdtear layers. While the
protruding geometry of the split dimple augments heatstest profoundly, it also
increase pressure drop. The split dimple fin result®at bonductance that is 60 175%
higher than a plain fin, but at a cost of 4 8 times thetional losses.

Chapter 5 studies the employment of dimples/protrusionspposite sides for
internal cooling of rotating turbine blades. Two geometnéhk two dimple/protrusion
depths are investigated over a wide range of rotation nemisag=-0.77 to 1.10.
Results show that the dimple side is more sensttivéhe destabilizing forces on the
trailing surface, while both react similarly to thelsliaing effect on the leading side. It
is concluded that placing the protrusion on the trailing $mtelow rotation number,
|R@,|<0.2, provides better performance, while it is more beia¢fio place the dimple
side on the trailing side for higher rotation numbers.
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Chapter 1: Introduction

The science and engineering of air-side heat transégss @ critical role in the
design of compact heat exchangers. Typically, die-shermal resistance constitutes
about 80% of the total thermal resistance to heat fl@@mmonly, densely packed fins
are used to increase the air-side surface area and ajstheldual role of increasing the
heat transfer coefficient. This is accomplished by usar@us topologies such that the
thermal boundary layer is constantly regenerated eltlgeinterrupted surfaces and/or
inducing self sustained flow oscillations. Fins can badkocategorized into continuous
surfaces, e.g. wavy fins and ribbed channels, and interrupted€ig. strip fins and
louvered fins. An additional aspect which any designtbid® sensitive to is the friction
penalty of achieving enhanced heat transfer. Hence, sudpo®gies which maximize
heat transfer augmentation with minimal friction gy are sought.

This research investigates new fin topologies with treasfer characteristics that
will surpass conventional fin, where the main goalstariecrease the heat transfer rate
of the fin surface while keeping an acceptable pressure mkpalty. Boundary layer
regeneration and enhanced flow mixing are the main techmittueugh which fins
increase the overall Nusselt number of the surfasgfa& roughness is usually applied
to smooth surfaces to promote flow mixing and initiateéuience in the flow.

Since spherical indentations or dimples have shown goeat lransfer
characteristics when used as surface roughness, in tiik the employment and
modification of dimples/protrusions shape for differeeathenhancement applications
will be investigated. This dissertation is composed of &tandalone papers, three of
which have already been published (Chapters 2-4) and tinéh fm be submitted to the
International Journal of heat and Fluid flow.

Overall, this dissertation can be divided into two giarPart | which focuses on
new fin shapes for compact heat exchangers and Relnidih focuses on internal cooling
of rotating turbine blades. Part | consists of threesphidChapters 2-4): Phase | which
focuses on dimpled channels, Phase Il which investigateaed plate fin, and Phase
[l which investigates-split dimple fins. On the othend, Part Il of the dissertation



focuses on applying dimples and protrusions for internalirpadf rotating turbine
blades.

All the simulations conducted in this work are performechgigbenIDLEST
(Generalized Incompressible Direct and Large Eddy Sitimrls of Turbulence), which
an in-house code developed by Professor Danesh K. Talffiere the transient
generalized continuity, momentum, and energy equationsaved on a non-staggered
grid topology, uses second order accurate central diffeigricr spatial discretization,
and a semi-implicit predictor-corrector scheme foretimtegration. Sub-grid scale
turbulence is modeled using the dynamic Smagorinsky model.

The first chapter of this work investigates the applicabf continuous surfaces
with dimples and protrusions on opposite sides for heat antgtien. High fidelity
time-dependent calculations are applied to perform an irkdepéstigation of the flow
structure and heat transfer distribution on a channgl dimples and protrusions on
opposite sides. In order to investigate the fin pitckatfon heat transfer and pressure
drop of the channel, two channel geometries are teGsk 1 and Case 2, with the fin
pitch of Case 2 half that of Case 1. Detailed investigaif the instantaneous and mean
flow structures, turbulent kinetic energy, and heat feandistribution is provided in
chapter 1. This chapter is a paper titled “InvestigatioDimpled Fins for Heat Transfer
Enhancement in Compact Heat Exchangers,” by Elyyan, ,MRazati, A., and Tatfti,
D.K., published in the International Journal of Heat ares8/Transfer, volume 51, pp.
2950-2966, 2008.

Chapter three of this research investigates the apphcafiaimples as surface
roughness elements on plain fin surfaces. Three eliffedtimple geometries are tested,
Case 1, 2 and 3, where Cases 1 and 2 vary in the dimplenird@meter, and Case 3
study the effect of adding a perforation in the dimp&vity. Time dependent
calculations covered the laminar to early turbulent flegime and detailed analysis of
the flow structure and heat transfer distribution isfqyared. This chapter is a paper
titled “Flow and Heat Transfer Characteristics of pied Multilouvered Fins,” by
Elyyan, M.A. and Tatfti, D.K., published in the Journal Bihanced Heat Transfer,
volume 16, number 1, pp. 43-60, 2009.



Chapter four introduces a new fin geometry, the split-timin, where a
modified dimple shape is used as a surface roughness iarfiplaurfaces. Additional
boundary layer regeneration, enhanced flow mixing, and redue@rculation are the
main objectives of the split-dimple fin. Detailed bs& of the performance of the split-
dimple fin is conducted over a wide range of Reynoldsh®rngovering the laminar to
fully turbulent flow regime. An in-depth investigation thfe flow structure, turbulent
statistics, and heat transfer distribution is perfearm this study. This chapter is a paper
titled “A Novel Split-dimple Interrupted Fin Configuratio for Heat Transfer
Augmentation,” by Elyyan, M.A. and Tafti, D.K., which $xabeen accepted for
publication in the International Journal of Heat and Masansfer.

Moving from compact heat exchanger applications, thergb@art of this
research is concerned with internal cooling of turbinddda Turbine blades are exposed
to increasingly high combustion gas temperatures whichegkthe melting point of the
blade material. Effective cooling of blades is requiredr&intain an acceptable life
span, where relatively cooler bleed air is extractesnfthe compressor and passed
through serpentine passages inside the blade and therdepabbethe blade surface to
form a protective layer known as film cooling. Althoughrent surface roughness
elements used to enhance heat transfer from inteh@inels, e.g. ribs and pin fins,
provide reasonable heat augmentation levels, the presp@enalty can be substantial.
In this part, the application of dimpled surfaces faathenhancement of internal cooling
passages in rotating turbine blades is investigated. Siomdatovered a wide range of
rotation numbers. Coriolis forces effect on the fl@tructure and heat transfer
distribution in the channel is investigated and recomméntat on using
dimple/protrusion surfaces for heat enhancement in ngtdilades are provided. The
results of this part will be submitted for publication e tinternational Journal of Heat
and Fluid Flow.



Chapter 2: Investigation of Dimpled Fins for Heat Transfer

Enhancement in Compact Heat Exchangers

2.1 Abstract

Direct and Large-Eddy simulations are conducted in adimklwith dimples and
protrusions over a Reynolds number range of Re200 to 15000, encompassing
laminar, transitional and fully turbulent regimes. Tdimple-protrusion geometries are
studied in which the same imprint pattern is investigatetivordifferent channel heights
or fin pitches, Case 1 with twice the fin pitch of €a8. The smaller fin pitch
configuration (Case 2) develops flow instabilities a0, whereas Case 1 undergoes
transition at Rg=900. Case 2, exhibits higher Nusselt numbers and frictioricdeats
in the low Reynolds number regime before Case 1 tiansito turbulence, after which,
the differences between the two decreases consideiralthe fully turbulent regime.
Vorticity generated within the dimple cavity and at t@nple rim contribute
substantially to heat transfer augmentation on theldiside, whereas flow impingement
and acceleration between protrusions contribute subsbantia the protrusion side.
While friction drag dominates losses in Case 1 at low BRlegnnumbers, both form and
friction drag contributed equally in Case 2. As the Reymolumber increases to fully
turbulent flow, form drag dominates in both cases, douiing about 80% to the total
losses. While both geometries are viable and competwitle other augmentation
surfaces in the turbulent regime, Case 2 with largatufe sizes with respect to the fin
pitch is more appropriate in the low Reynolds numbemedRe;<2000, which makes
up most of the operating range of typical compact hedtangers.

Keywords: Dimples, compact heat exchangers, LES.

1 This chapter is reprinted from the Int. J. HeatsMdransfer, Vol. 51, “Investigation of Dimpled Eifor Heat Transfer
Enhancement in Compact Heat Exchangers,” Elyyad. MRozati, A., and Tafti, D.K., pp. 2950-2966, B)Qvith permission from
Elsevier.
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Nomenclature

Time

Q

Dimple imprint diameter

Fanning friction coefficient

non-dimensional frequency based on mean velocity arpitéh
Contravariant metric tensor

Thermal conductivity

Stream-wise pitch

Span-wise pitch

Channel Height or fin pitch (characteristic lengthlst
Periodic length

Surface normal vector

Nusselt number

Fluctuating, modified or homogenized pressure
Prandtl number

Constant heat flux on channel walls

Reynolds number based on friction velocity) (
Reynolds number based on mean flow velocity
Flow rate in the streamwise direction
Non-dimensional time based apandH
Non-dimensional time based opandH
Cartesian velocity vector
Friction velocity (characteristic velocity)
Mean flow velocity
Physical coordinates
Mean pressure gradient
Dimple depth
Mean temperature gradient
Fluctuating, modified or homogenized temperature
Heat transfer surface area
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X Computational coordinates

Subscripts
b bulk
Dn based on the hydraulic diameter of the channel
H based on channel height
smooth channel
t turbulent parameters
values based on friction velocity
Superscripts

+ wall coordinates

* dimensional quantities

2.2 Introduction

The science and engineering of air-side heat trapsfeancement plays a critical
role in the design of compact heat exchangers. TNpicair-side resistance to heat
transfer contributes between 80 to 90 percent of the tetastance to heat flow.
Commonly, densely packed fins are used to increase th&aisgrface area and also
play the dual role of increasing the heat transfer aoeffi. This is accomplished by
using various topologies such that the thermal bouni@ger is constantly regenerated
either by interrupted surfaces and/or inducing self sustdioe oscillations. Wavy fins,
offset strip fins, and louvered fins are common examplda additional aspect which
any design has to be sensitive to is the friction penafitachieving enhanced heat
transfer. Hence, surface topologies which maximizat heansfer augmentation with
minimal friction penalty are sought.

Recently surfaces imprinted with dimples or concave itaedems have been
researched extensively. One of the early investigatmeess conducted by Afansayev
al. [1], who investigated the effect of applying shallow dirsp{@D =0.067) on flat
plates on the overall heat transfer and pressure draprfaulent flow. Significant heat
transfer augmentation (30-40%) at negligible pressure dropemigtion was reported.

Since then a number of experimental investigations keen conducted for different
6



dimple geometries yielding heat transfer augmentatiotofeof about 2-2.5 with low
frictional losses compared to other surfaces with tienulators [2].

Most experimental studies were conducted in the fullgulent flow regime; the
few low Reynolds number studies conducted were mainly ezoed with flow
visualization, which showed periodic and continuous simeddf a primary vortex pair
from the central portion of the dimple, in additionasecondary vortex pair shed from
the span-wise edges of the dimple (Mahmeoadl. [3], Ligrani et al. [4] and Ligraniet
al. [5]). Heat transfer distribution and local Nussalimier variation on the dimpled
surface showed the existence of a low heat transfgom in the upstream half of the
dimple cavity followed by a high heat transfer reginmthe downstream half. Additional
regions of high heat transfer were identified at thevrtkiream rim of the dimple. A
number of studies have reported significant heat tramgfgmentation at low pressure
drop penalty (Mahmooet al. [3], Ligrani et al [5], Chyu et al. [6], Moon et al. [7],
Burgess and Ligrani [8] and Ekkad and Nasir [9]).

Study of the different geometrical factors resulted hie tonclusion that the
channel height to dimple imprint diameter ratio (H/Df @he dimple depth to dimple
imprint diameter ratiod/D) play a significant role in the heat transfer alogvfstructure
inside the domain. Ligrargt al. [4] reported that as H/D decreased the secondary flow
structures and flow mixing intensified. Nevertheless, Mebal. [7] obtained almost a
constant heat augmentation ratio of 2.1 for a dimpledagaswith H/D = 0.37, 0.74, 1.11
and 1.49, but their experiments were conducted in the fullipulent flow regime
(Re~12000-60000). Burgess and Ligrani [8] reported that both Nusseber and
friction augmentation increased akl¥) increased.

The use of two dimpled surfaces on opposite walls wasestiny Borisovet al
[10], where highest heat transfer enhancement was egpatt Re2500. The use of
dimples on rotating channel surfaces has been studied tighGet al.[11] who reported
a heat transfer augmentation of 2.0. The effect obuspherical dimples and protrusions
on opposite walls of the channel was studied by Ligearil. [12] and Mahmoockt al.
[13], where only the dimpled side of the channel wasdteatntensified secondary flow
structures, flow unsteadiness and heat transfer augtitantvere reported. Mooet al.

[14] studied the effect of gap clearance in a channel wdtrysions only on one side of
7



the channel, where heat distribution showed high heasfier augmentation at the front
of the protrusion and in the passage between protrusions.

Numerical study of the problem of dimpled channel flowsveanducted by a
number of researchers. Wang et al. [15], using lamileav S§imulation, identified a
symmetric 3D horseshoe vortex inside a single dimplan et al [16], Isaev and
Leont’ev [17], Parket al [18], Won and Ligrani [19] and Park and Ligrani [20] used
steady state Reynolds Averaged Navier Stokes (RANS) Ingde study flow and heat
transfer in dimpled channel in the turbulent regimdl oAthe RANS calculations were
done in the fully turbulent flow regime. Patrick ahdfti [21] used Direct Numerical
Simulations (DNS) and Large-Eddy Simulations (LES)ptedict the heat transfer and
friction coefficient augmentation in a channel witheotimpled wall at low Reynolds
numbers Re; = 50 to 2000). Elyyaet al. [22] used LES to predict heat transfer and
flow structure in a channel with dimples and protrusionsopposite sides for a fully
turbulent flow of Rg = 15000. Recently, Wangt al.[23] used DNS to study turbulent
flows over dimpled surfaces in a channel for differdimple depths, diameter and
densities. They used a mesh density of 128esolving 4-16 dimples in a channel.

The objective of this paper is to investigate the lowmtmlerate Reynolds number
flow regime typical of compact heat exchangers and lebyoto the fully turbulent
regime. Most of the experimental work available ishie fully turbulent regime at very
high Reynolds numbers. The flow regime in the currepepapans laminar steady,
transitional, and turbulent flow. The geometry otneist is a channel with dimples and
protrusions on opposite walls which is a realistic regamegtion of dimpled fins in a heat
exchanger. The calculations presented here are uniguenuimaer of respects: in
extending the state-of-the-art in the application difS5and LES to complex geometries;
in investigating the transitional and low to moderate R&sinumber turbulence regime
which has not been studied before for this geometryfiaatly leading to an enhanced
understanding of heat transfer augmentation over dimptedpaotruding surfaces by

identifying the spatio-temporal evolution of flow variabéesl structures.



2.3 Governing Equations and Computational Model

The computational model assumes fully-developed floo heat transfer and
simulates a periodically repeating spatial unit. Botlanclel walls are heated by
imposing a constant heat flug'( ) boundary condition. The governing flow and energy
equations are non-dimensionalized by a characteristigtHescale which is chosen to be

the height of the channel or fin pitchl), a characteristic velocity scale given by the

friction veloutyut = DP /r and a characteristic temperature scale given by /k.

The assumed periodicity of the domain in the streamassedirection requires that the
mean gradients of pressure and temperature be isolatedthe fluctuating periodic
components as follows:

P (x)=P -b'x +p (xt)

T (xt) =T +gx +q (xt)
On substitution into the Navier-Stokes and energy equatitlenon-dimensionatime-
dependent equations in transformed coordinates(x) take the following conservative
form®:

Continuity:

g /3 )=0

Momentum:
T dou )+ (ou'u)=- 1 Jaaly
fit x; TX; i

i L2 \@gjkﬂi +/gbd.
|

) Re
Tix; t Rett ™,

1

1 Henceforth, all usage is in terms of non-dimenali@ed values.
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Energy:

%( 9q)+— (\/Eujq)= ﬂj L \/EgjkﬂﬂTi - Vagu,

Tx i PrRe, Pr Ret[

where a'are the contravariant basis veclors/gis the Jacobian of the
transformation, g'are the elements of the contravariant metric tensor
\/an = \/a (a'),u;is the contravariant flux vector; is the Cartesian velocity vector,
and ¢ is the modified temperature. The non-dimensioredn pressure gradieftis
assumed to be unity, wheregsis calculated from a global energy balance as:
0=q9"W/ Reg PrQ,L,. More details about the modified fully-developed tmesatt can
be found in Zhangt al [24].

Re, is the inverse of the non-dimensional turbulent eddy-viscosityisamdodeled by the

Smagorinsky model as

=

R

where Is the magnitude of the resolved strain rate tensorngivwe

The Smagorinsky constant is obtained via the dynamic subgrid stress
model [25]. The turbulent Prandtl number is assumed ve haconstant value of 0.5
[26].

The governing equations for momentum and energy are trstewith a
conservative finite-volume formulation using a second-+omdatral difference scheme
on a non-staggered grid topology. The Cartesian vedscpiressure, and temperature are
calculated and stored at the cell center, whereasahgavariant fluxes are stored and
calculated at the cell faces. A projection methodssedufor time integration. The

temporal advancement is performed in two steps, a poediteép, which calculates an

1The notatiodal ), is used to denote tteth component of vectog ! . (&), =x: /1%
k j k
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intermediate velocity field, and a corrector step,ohhsalculates the updated velocity at
the new time step by satisfying discrete continuity.

The computer program GenIDLEST (Generalized Incompriesdilirect and
Large-Eddy Simulations of Turbulence) used for thasaulations has been applied
extensively to study air-side heat transfer augmentati@ompact heat exchangers, e.g.
Cui and Tafti [27], and in stationary and rotating interdatts used for cooling gas
turbine blades, e.g. Sewalt al. [28], and other heat transfer augmentation geometries
with very close matches with experiments in theditere. Details about the algorithm,
functionality, and capabilities can be found in Tafti [29]

2.4 Calculation of Friction and Heat Transfer Coefficients

Typically the calculations are initiated with someialiguess of the velocity and
temperature field under the imposed pressure gradient agtated in time till the flow
and heat transfer adjust to the new conditions and r@atbady state. In the unsteady
regime the velocity and temperature fields are integraiether to obtain statistical
means. Typical sampling times are 5 to 15 non-dimensionalunits. The mean fields
are then used to present time-averaged data. All semdtnon-dimensionalized by the
mean flow velocityu, and fin pitchH.

To characterize the heat transfer, we define a locesalt number based on
channel height as

Hg"/(T,-T.)
K

where T, and T,

ref

are the dimensional surface temperatures (time mean whe

unsteady flow) and global reference temperature, raspBct In terms of non-

dimensional quantities the above can be re-written as

wheregs is the local modified non-dimensional surface tempeeaandg.s is the

reference modified non-dimensional temperature defised a
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u dA
udA

The surface-averaged Nusselt number is obtained by intagratver the

ref —

protrusion and dimple surface as:
ds
(- ref)dS

Nu =

whereS denotes the heat transfer surface.
The Fanning friction coefficient;@& calculated as:

c. = (Op /L)(Dp)
f- %2
25 Wy,

After substituting the non-dimensional value@g/ L, as unity, the expression

reduces to

Cf =__1
2u§

where Uyis the bulk mean flow velocity obtained from the slation under the

condition of the applied mean pressure gradient of unidy.is the hydraulic diameter
and its usual definition yields©1.8263 for both casts

The heat transfer and friction augmentation ratiescaiculated based on baseline
values. In the present study, the laminar Fanning frictaefficient and Nusselt number
for flow between smooth parallel plates and the PetuldmoivGnielinski correlations for
turbulent flow are used to calculate the baseline Fanniagpfmi coefficient and Nusselt
number, respectively [30]. The choice of correlatioas vinade based on their validity
and accuracy over the range of Reynolds numbers o€stter this study. The friction
coefficient and Nusselt number for these correlatimased on Reare as follows:

lrora plain channel, P2. However, the dimple and protrusion increasentbted perimeter by a factor of 1.095 for bothesas
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C, =——= :Re, <1500

fo Re, &
Cfo =(1.580InRg, - 2.185)'2 ;1500£ Re, £ 2.57 10°
Nu, :hTH =412 ;Rg, <1500

(Cy, / 2)(Re, - 500) Pr

= 1500£ Re, £ 2.5 1¢°
1+127(Cq 1 2)" 2(Pr?/3- 1) H

Although the original forms of the equations are in terof Rey, they are
rewritten here in terms of R@ssuming that for a smooth channgl ©2H'.

2.5 Fin Geometry

The fin geometry consists of two parallel plates wstaggered dimples and
protrusions on opposite walls without any offset with respe each other, as shown in
Figure 2.1-a. Table 2.1 summarizes the two geometriesdtesin Case 1, the non-
dimensional span-wise and stream-wise pitchesPa®=1.62 and the dimple imprint
diameter,D=1.0, with dimple depth,=0.2. In Case 2, all the dimple dimensions are
doubled with respect to the fin pitch or channel heigPhysically, this is representative
of a scenario in which the dimensional fin pitch isrdased by a factor of two while
keeping the physical dimensions of the dimple imprint gdoyrthe same or conversely
keeping the fin pitch the same and increasing the didiiplensions by a factor of two.
Case 2 matches the experimental set up of Mahraball[13].

2.6 Domain size and grid resolution

Under the assumption of fully-developed flow and heat teangfis desirable to
choose the smallest repetitive unit as the computatidoahain to minimize the
computational cost. Moreover, the selected computtidmmain should be capable of
capturing all the relevant physical modes in the solutlbthe imposed periodicity is too
small a spatial domain, the important modes pertinertetgdlution will not be captured.
To investigate the trade-off between computational costaaadracy, an initial study is
conducted to investigate the effect of domain size ondhgien. The smallest periodic
domain which can be constructed is DomainlkR/2xS) as shown in Figure 2.1-b,
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whereas Domain 21&PxS) and Domain 3 {xP/2x2S admit lower wave number
solutions in the stream-wise and span-wise directidrisee domains and grid sizes with
friction and heat transfer augmentation results anensarized in Table 2.2 at Re3,700
for Case 1.

The results in Table 2.2 show a difference of less 88arbetween Domain 1 and
2 and less than 5.6% between domain 1 and 3, in time-avehageseblt number and
friction coefficient augmentations and hence Domainwds deemed adequate to
accurately represent the physics of the flow and haasfer.

A hybrid structured/unstructured multi-block grid is used to rdise the
computational domain with a total mesh resolution of apprateip 933 thousand
computational cells for Case 1 and 1.6 million cellsGase 2. The grid is designed such
that maximum resolution is provided in the dimple (protrusiand in the vicinity of the
top and bottom surfaces. In the wall normal directienfirst grid point is placed &

6.5 x 10" near the two channel walls. Anposteriori calculation of the local friction
velocity for Case 2 at the highest Reynolds numbewstathat the condition™y< 1 is
satisfied throughout on both surfaces [22]. In additgamface averaged values of the

wall parallel distribution isDj, » 15 at the highest Reynolds number simulated.

In the two geometries, the laminar to unsteady lamiegintes are treated in a
direct simulation mode without any subgrid model. The&LMEodel is only activated
after the flow tends towards a chaotic turbulence li&gime which for Case 1 is at
Re;=1000 and for Case 2 at R&00. It is noted that the dynamic model calculates a
physically correct eddy-viscosity based on the grid reselwiod the turbulence length
scales present in the flow. From previous calculatom similar mesh resolutions for a
dimpled channel [31], the subgrid modeling is expected to hanegligible effect on
mean heat transfer and friction at least up tg £000.

2.7 Validation
For the purposes of this study, a calculation was conduoteompare with the
experimental data of Mahmoadt al [13]. The experimental setup was similar to Case 2

with the exception that only the dimpled surface wastdiea To replicate the
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experimental conditions, a constant heat flux boundaogdition is applied to the
dimpled surface and an adiabatic wall boundary condiBoapplied to the protrusion
surface in the calculation. The Reynolds number basethe channel height, Reis
14600. Table 2.3 summarizes the comparisons. While the Nossdber augmentation
shows excellent agreement with experiments, the augurem of G is more than twice
the value reported by Mahmoad al [13]. To further investigate this discrepancy, a
calculation was conducted for a channel with dimplesa side and a smooth wall on
the other at Rg=8160. The Nusselt number augmentation obtained by thelatacu
(NUu/Nuw,=1.69) compared well with the experimental value of (NgAIWB3) reported by
Mahmoodet al. [13] at Rg=10200. The predicted friction coefficient augmentation of
Ci/Cy=2.67, on the other hand, was much higher than the value ofepb@ied in [13].
The good match in Nusselt number augmentation ratiothtlarge irreconcilable
difference in friction augmentation is puzzling. The sameputational techniques have
been used in ribbed duct flows to obtain friction augntemtan very close agreement
with experiments [28]. Additionally, computations in tukdnt channel flow at
Rey;=5600 show excellent agreement with friction and Nussetnber correlations
(within 5-10%) [22].

2.8 Results and Discussion

2.8.1 Laminar Flow and Transition to Turbulence

This section describes the typical mean flow featunethe laminar regime and
the transition to turbulence. For the two geomstierestigated, Case 1 and Case 2,
Figure 2.2 plots 3-D streamlines injected near the diraplk protrusion surfaces at
nominal R@=250. In both cases the flow is laminar at this Reynaolasber. At the
dimpled surface the flow accelerates as it approadiesipgstream edge of the dimple
where it separates forming a recirculating zone in thgplgé. The recirculating zone
extends to the downstream edge of the dimple whersetperated shear layer reattaches.
Upon reattachment, the flow accelerates upward alondawastream rim of the dimple.
Part of the recirculating flow, as it traverses theée of the dimple, decelerates, loses
momentum and is ejected along the side rims. On the sithe of the channel, the flow
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accelerates around and on the protrusion. The flovhemtotrusions accelerates up to
an angle of 70-80 degrees after which it decelerates up to §8fedeat low Reynolds
number no separation in the wake is observed.

To identify the coherent vorticity in the present stutlye vortex eduction
technique proposed by Chorg al. [33]. In this method, in regions dominated by
vortical motion, the velocity gradient tensor exhili® eigen values which are complex
conjugates. The magnitude of the eigenvalue is indicatitbeo$trength of the vortex.
The structures identified by this method are referred técaiserent vorticity” in this
paper, and the magnitude of the eigenvalue as the strentph cdherent vortices.

Figure 2.3 shows isosurfaces of coherent vorticity neadtmple and protrusion
surface as a function of Reynolds number, and theegponding velocity traces near the
surface on the flat landing downstream of the dimpt iarthe wake of the protrusions.
The beginning of transition to turbulence is signaled gy liteak in symmetry of the
three-dimensional vorticity. On the dimple, coherewftticity is generated at the
upstream and downstream rims, which is mostly the aggloimeraf spanwise or z-
directional vorticity. On the protrusion side, the ccddted coherent vorticity is
concentrated between protrusions, and at the leading sttle protrusion in regions of
high flow acceleration. In Case 1, a slight asymynistobserved as early as\R&30 on
the protrusion side of the channel (not shown). Howelerdeveloping instability is not
reflected in the velocity signal in the wake of thetpusion. At Rg@=790, the asymmetry
gets stronger and the velocity in the wake of the protnusnd immediately downstream
of the dimple show a periodic fluctuation. This isspite of the fact that the coherent
vorticity distribution at the dimple shows no visibleyenmetry. Hence it is concluded
that for Case 1, the asymmetry which eventually leadgransition to turbulence
develops in the wake of the protrusions and spreadsetoetst of the domain. By
Rey=990, the asymmetry spreads to the dimples as well antflothes well into the
transitional regime with highly fluctuating and somewinérmittent signal.

For Case 2, the structure of coherent vorticity isceeatibly different in the dimple
(Figure 2.4). In this case, the initial asymmetry inftber appears earlier in the dimple.
This is inferred from the signal downstream of thepleron the flat landing at Re440,
which exhibits a sinusoidal low amplitude variation, althonglvisible asymmetries are
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found in the vorticity distribution on both sides. Bg,=480, the flow on both sides
exhibits a chaotic structure. Hence, Case Il with a fady®mple depth and imprint
diameter transitions much earlier than Case-l. How#we transition to turbulence is

more gradual and is not as sharp as that observed inflCase

2.8.2 Turbulent Flow Regime

In the fully turbulent regime (Re15000), Figure 2.5, the mean flow streamlines
show the existence of two vortical structures, whichetber form the recirculation
region inside the dimple cavity. These recirculatmmmes are symmetrical about the
dimple center-plane and the core of each structuecadd in the upstream half of the
dimple. As the flow Reynolds number increases the siz the recirculation zone
shrinks; this is due to early reattachment of the flowhasseparated shear layer becomes
more turbulent. Between the two cases, Case 2 madi@ably smaller reattachment
length. It is observed that as the flow ejects ftberdimple, the rim curvature induces
helicity to the mean streamlines around the downstreamof the dimple, which
manifests instantaneous helical vortices shed fromritine On the protrusion, the flow
accelerates on the leading face and on deceleratids teahree-dimensional separation
with a highly unsteady wake. The boundary layer onptiaé¢rusion separates earlier in
Case-1. Additionally, another small recirculationioagjust upstream of the protrusion
can be identified as the flow slows down before itimgps on the front of the protrusion.

2.8.3 Coherent vorticity structure and magnitude

Coherent vortical structures and dynamics play an irapbrble in heat transfer enhancement [32]. A
single-valued isosurface (value 10) of coherent vorticish®wvn in

Figure 2.6for nominal Rg=1400 on the dimple and protrusion side of the channel.
Comparing the density of the educed structures between CGas 2, it is evident that
Case 2 contains more turbulent eddies than does Casatitularly on the dimple side
of the channel. Although difficult to decipher in thesapshots, vorticity shed from the
separated shear layer in the dimple is ejected out fhenreattachment region in the

dimple cavity. On ejection, the vortices are stiett and tilted in the stream-wise
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direction as they come in contact with the mainstrélam and are transported in the
close vicinity of the flat landing downstream of the dien Additional vorticity is also
generated as the flow ejects out over the side and d@ansrims of the dimple cavity.
On the protrusion side of the channel, vorticity isnmtyashed from the separated shear
layers which form the wake vortices. These obsematmn the flow dynamics in the
dimple cavity generally agree with the flow visualizatiobservations made by We

al. [34].

As the Reynolds number increases and the flow becomesstorbulent, the magnitude of the coherent
vorticity also increases. Since the coherent vitytio the domain is closely linked to the level of hea
transfer enhancement [32], it is useful to find a me&siantifying the variation of the coherent vorticity
with Reynolds number in the calculation domain. This isedoy defining a volume-weighted time-

averaged coherent vorticity { in the domain, which is calculated by finding the timean of the
instantaneous coherent vorticity and then finding theme average of that quantity over the whole
calculation domain. This is plotted in

Figure 2.6-c and shows that the time-mean volume-averaged cdheoeicity
increases with Reynolds number and that it is higherase® than in Case 1 up to a
Reynolds number of 2000, after which both geometries exiglpjt similar magnitudes.
For Case 1, there is a sharp increase in coherent iyordie the flow transitions to
turbulence, whereas Case 2 exhibits higher values fo<IRO0, which increase

gradually as the flow Reynolds number increases.

2.8.4 Turbulent kinetic energy and turbulent statistics

Figure 2.7 shows the Turbulent Kinetic Energy (TKE) ndized by the square
of the mean velocity, at a span-wise plane locaté€d2aD downstream of the edge of the
dimple and a stream-wise plane at the centerlindh@fdimple/protrusion. Regions of
high TKE values are observed:

In the separated shear layer in the dimple where #iestneam flow and
recirculation region interact.

Close to the flat landing downstream of the dimple, uthe reattachment
of the small scale vortices ejected from the dingalety.

In the wake of the protrusion.

While Case 1 exhibits slightly higher levels of TKE I twake of the protrusion
(possibly a result of the smaller wake region in Caseah®) TKE levels on the dimple
side are noticeably higher for Case 2 in the separ&ieal $ayer and at the flat landing
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behind the dimple. This is attributed to the larger dangepth and the more intense
vorticity generated in the dimple cavity.

Figure 2.8 shows the effect of Reynolds number on the PpKiEle at a span-
wise center plane through the dimple located at 0.2 Wndiveam of the edge of the
dimple/protrusion. Two major conclusions can be maale these profiles, which are; i)
There is a large increase in TKE levels near the otispechannel surfaces in the wake
of the protrusion and on the flat landing behind the dingdethe Reynolds number
increases beyond Re 1400. The shift in the location of the peak value of TKElwe
protrusion side is a result of early separation at lownRlels numbers which displaces
the wake away from the surface. Betweep+®00 and 15000, the normalized profiles
of TKE are quite similar indicating no change in the teht structure of the flow. ii)
As observed earlier, the TKE level near the flatliag for Case 2 is substantially higher
than Case 1. However, there is no substantial difterdetween the two cases on the
protrusion side, indicating that the increased depth optbgusion does not have any
effect on the wake structure, whereas the increased déphie dimple produces more

turbulence.

Figure 2.8-c shows the variation of volume averaged TKE Reynolds number much like the volume
averaged coherent vorticity plotted in

Figure 2.6C. It is observed that Case 2 exhibits higher valbas Case 1 over the
full range of Reynolds numbers. However, it is notetwp that while the normalized
TKE asymptotes to a near constant value afte/=R@00 for Case 1 and Re2000 for
Case 2, the normalized coherent vorticity keeps incrgagith Reynolds number, which
as will be shown later correlates much better withNbieselt number variation.

Figure 2.9 shows representative component RMS profilesh@ffluctuating
velocities for Case 2 at the same location as ith&igure 2.8. Near the walls on the
dimple side, the turbulent energy is dominated by thg ¢dmponent, which results from
the streamwise fluctuations produced by the small scateitpejected from the dimple
as well as that produced by the shear layer around theofrithe dimple. On the
protrusion side, turbulent energy is highest in thgsWomponent, which is a result of
the highly unsteady lateral entrainment into the loespure wake behind the protrusion.
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The three components exhibit isotropy in the middle b&lthe channel but strong
anisotropies are present in the distributions neasuhaces.

2.8.5 Friction Characteristics

Both friction drag and form or pressure drag contributeneodverall frictional
losses. Figure 2.10—a shows the contribution of form dndgfraction drag to the total
drag in the channel as a function of Reynolds numbdodth geometries. In the laminar
regime, the pressure differential across the protrugorsmall in the absence of
separation. In the dimple cavity, the pressure dift&aebetween the fore and aft side of
the dimple is also small. Hence, at low Reynoldsmbers the shear or surface friction
dominates the total losses. As the Reynolds numbeeases and flow separation and
wake formation on the protrusion and separation and obatent within the dimple
intensify, form losses start dominating over surfagzién. The trend is present in both
geometries, except that the transition from a friciimminated pressure drop to a form
dominated one occurs much earlier in Case 2¥R@0) than in Case 1 (Re1200) and
seems to be correlated to the onset of unsteadingls two geometries. At Reynolds
numbers above 10000, the percentage form and friction dragpesy to a near 80-20
split.

Figure 2.10-b shows a further breakdown of the percentagebcoioin of form
and friction drag on the dimple and protrusion surfacethitwo cases. The protrusion
surface exhibits a distinct cross-over between forthfention drag at Re =1500-2000
for both cases. The dimple surface, on the othed,ha@haves differently. Whereas
Case 1 shows the crossover alREOO, the crossover for Case 2 occurs at a much
lower Reynolds number. These observations leadetedhclusion that the losses on the
dimpled surface are much more dependent on the onset ehdimgss than the surface
with protrusions. It is also noted that in both cag&sn losses on the dimple surface are
larger than form losses on the surface with protrusiolghile form losses on the
protrusion surface assume fairly constant values beyand3R00, the corresponding
form losses on the dimple side exhibit a steady ineredth Reynolds number. This can

be explained by postulating that the protrusion wake dynafséeded byu?) becomes
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Reynolds number independent much quicker than the dynanficeparation and

reattachment in the dimple, which is the primary couator to form losses in the dimple.
In fact, the asymptotic nature of form drag with Reynomlgnber agrees with the
constancy of drag coefficients for flow over bluff gl While the percentage form
drag on the dimple side is larger in Case 2 than in Cages noteworthy that on the
protrusion side, Case 1 exhibits a higher percentage forimhadion to the total drag, in

spite of a larger protrusion in Case 2. This can béatéd to the formation of a smaller
wake in Case 2 (see Figure 2.5).

Figure 2.10-c shows the variation of the friction dogfht and its augmentation over a smooth plain
channel with Reynolds number. Case 2 exhibits highatidni coefficients at low to moderate Reynolds
numbers in the laminar and early turbulence regimebuhe onset of turbulent flow in Case 1, the two

friction coefficients are comparable to each otherstrking feature of Case 2 is that there is no well
defined transition from laminar to turbulent flow in thietion coefficient, much like the variation in the

time-mean volume averaged coherent vorticity ia

Figure 2.6-c. Rather the friction coefficient behaves much tik&t in a turbulent
flow even at low Reynolds numbers. This behavior is&ent with observations on the
onset of instabilities which occur as early as®l0, but which develop much more
gradually than Case 1. On the other hand Case 1 exhitdassacal shape with a distinct
laminar region followed by transition and a fully turbat region. Up to a Re1000,C;
in Case 1 behaves much like that in a plain channel floth augmentation ratios
ranging from 1 to 1.4, which increases to about 5.5 gt R¥000.

2.8.6 Heat transfer characteristics

Figure 2.11 shows the Nusselt number augmentation distnibon the dimple
and protrusion surfaces for laminar flow at nominaj[#280 and turbulent flow at
nominal Rg@=15000. At Rg=250 on the protrusion side, the heat transfer coefticie
attains a maximum at the apex of the protrusion for Gasehere the flow reaches its
maximum velocity as it accelerates on the front balfhe protrusion. For Case 2, the
region of augmentation spreads to the sides of the pitrukie to the larger flow
acceleration experienced between adjacent protrusionthe Aame time, the flat landing
in the wake of the protrusion exhibits a more pronounced idegBon in the Nusselt
number for Case 2. On the dimple side, Case 2 showerhmyverall heat transfer

augmentation within the dimple cavity, because of thallemrecirculation region.
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Larger augmentation is also noticed on the flat lagndiownstream of the dimple, which
is influenced by the stronger flow ejection out of thepdeeavity.

The augmentation pattern on the dimple side remamsame as the Reynolds
number increases to R€eL5,000; but changes considerably on the protrusion side. The
maximum augmentation shifts to the fore-sides of therysmin as the bulk of the flow
now accelerates around the sides of the protrusions. adtlitional zone of high
augmentation is found in the wake of protrusion wheresdparated shear layer on the
protrusion comes in the proximity of the flat landing. IReg of low heat transfer are
observed on the flat landing in front of the protrusion doethe development of
secondary recirculation regions. Whereas Case 1 haher heat transfer augmentation
on the protrusion side compared to Case 2, the oppositt ig@bserved on the dimple
side. Within the dimple cavity, regions of low heansfer shrink considerably as the
flow becomes turbulent. For Case 2 ayRib,000 a small zone of low heat transfer
appears along the downstream rim of the dimple asudt r@fsthe recirculation region
that forms as the flow ejects out of the dimple gaviThe heat transfer augmentation
reaches another maximum as the flow reattaches tdirtheurface at the flat landing
downstream of the dimple.

Figure 2.12 plots the variation of area-weighted timeay@d Nusselt number
with Reynolds number. Case 2 clearly shows highet traasfer coefficients up to
Rey=1000. The higher Nusselt numbers is a result of tHeeeanset of unsteadiness in
Case 2 combined with the more intense flow impingemedt aoteleration on the
protrusion. In this range, Case 1 shows little or no angation till the flow develops
instabilities and transitions to turbulence. It is clieam these results that between the
two geometries, Case 2 is more viable for heat traasfgmentation in the low Reynolds
number range less than RR000. The augmentation ratio peaks at 3.5 atE=R200-
1500 for Case 2 and at 2.8 for Case 1 after which it desredte the use of turbulent
baseline values for normalization. As the flow rescla fully turbulent state both
geometries exhibit similar Nusselt number values (augrtienteatios between 2.3-2.5).
This agrees with the experimental results reported bgridb al. [7], where the Nusselt
number augmentation exhibited a near constant value o¥érH/D 1.49 in the fully
turbulent regime.
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A clear correlation exists between the time-mean velaneraged coherent vorticty plotted in

Figure 2.6 and the overall Nusselt number, Figure 2.12. At lowng&ls numbers
before transition, Case 1 exhibits a near constamgnitede of normalized vorticity
which correlates with the near constant Nusselt numbrethis range both vorticity and
Nusselt number are higher in Case 2 than in Case 1. AReaymolds number increases
into the turbulent regime, the Nusselt numbers amg@mnt vorticity approach each other
for the two cases but increase with Reynolds numkar.the other hand, as mentioned
earlier, normalized TKE not only approaches a neartaonhs/alue in the turbulent
regime but also remains higher in Case 2, unlike the trehiisselt number. This leads
to the conclusion that trends in coherent vortiomggnitude is a better indicator of trends
in heat transfer augmentation than turbulent kineticggne

2.9 Summary and Conclusions

Direct and Large-Eddy Simulations are conducted in a chavitteldimples and
protrusions which is a realistic representation of finnethpact heat exchangers. The
Reynolds number range covers laminar, transitiondl fatly turbulent regimes. The
same imprint pattern is investigated for two differentgitthes, Case 1 with twice the
fin pitch of Case 2.

It is established that Case 1 provides little or no augatien in the steady
laminar flow regime up to a Re900 before the flow transitions to turbulence. Case 2
on the other hand, provides some augmentation in thedarsteady regime which lasts
up to a Rg=450. As a consequence in the low Reynolds number rdg@el 000, Case
2 exhibits superior augmentation properties. However, thedow becomes turbulent
in Case 1, there is no substantial difference betweeimio geometries after Re3000.
Investigating the dynamics of heat transfer augmentatiaas found that augmentation
on the dimpled surface was chiefly brought about by vomegingement in the
reattachment region of the cavity. The ejection amlireetion of these vortices and
additional vortex shedding at the rim of the dimple wasponsible for the high
augmentation on the flat landing. On the protrusion sftbey impingement and
acceleration between protrusions played an importdatinoaugmenting heat transfer.
Based on the variation of coherent vorticity withyRelds number, it was concluded that

23



the magnitude of volume weighted time-averaged cohererticity correlated better
with Nusselt number than did the volume averaged tunbldeetic energy.

At low Reynolds number, Case 2 exhibited much highetidridosses than Case
1, but the difference decreased considerably in the tlutlyulent regime. While friction
drag dominated losses in Case 1 at low Reynolds numbets, fioowh and friction
contributed equally in Case 2. As the Reynolds numberagsetkto fully turbulent flow,
form drag dominated in both cases contributing about 80% ¢o tohal losses.
Unexpectedly, in Case 2, the dimple surface contribubedita70% of the total form
drag.

In conclusion, the dimple/protrusion combination as @ hensfer enhancement
surface produced mixed results. While both geometries aoée\aad competitive with
other augmentation surfaces such as ribs in the turbulgmeeCase 2 with the smaller
fin pitch is more appropriate in the low Reynolds numbegime Rg<2000, which
makes up most of the operating range of typical compattdxehangers.
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Table 2.1: Non-dimensional Geometry Specifications

H=H*H* | D=D*/H* | d=C /H | P=P*/H* | S=S*/H*
Case 1 1.0 1.0 0.2 1.62 1.62
Case 2 1.0 2.0 0.4 3.24 3.24
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Table 2.2: Effect of domain size on solution

Domain 1 2 3
Dimensions 1xP/2xS IxXPxS | 1xP/2x2S
# of cells 933,888 | 1,867,776 1,867,77
Rey 3735 3714 3826
Nu/Nug 2.72 2.67 2.57
%Difference | Reference 1.5 5.55
Ci/Cto 4.87 4.94 4.70
%Difference | Reference 1.5 3.5
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Table 2.3: Comparison between numerical and experimestdtse
Rey | Nu/Nug | Ci/Cx,

Present study 14600 | 2.31 6.36
Experimental [13] | 15000| 2.23 3.08
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Figure 2.1: a) Dimpled channel Geometry; b) Difféereomputational domain sizes: domain 1, 2 and 3
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Figure 2.5: Mean flow structures in turbulent flat,nominal Rg = 15000, for protrusion (left) and dimple
(right) for: a) Case 1; b) Case 2
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Chapter 3: Flow and Heat Transfer Characteristics of

Dimpled Multilouvered Fins:

3.1 Abstract:

A new fin geometry approximating a dimpled louver in a tiawver
configuration under a fully-developed flow assumption is stigated. The calculations
are conducted on three fin configurations. Case 1 and 8tigate the effect of imprint
diameter, whereas Case 3 investigates the effecttadduncing a perforation in the
dimple imprint. It is established that the dimple impdiameter has a minimal effect on
the flow and heat transfer. However, the introductd the perforation in the dimple
changes the flow and heat transfer profoundly on thplai side of the fin by eliminating
any recirculation regions in the dimple and generatingdnigitensity vortical structures.
The introduction of the perforation increases the heatsfer coefficient between 12-
50% with a corresponding increase of 15-60% in the frictmetficient.

Keywords: Dimples, Fins, Heat Transfer Enhancement, Large Edduli&iion.

Nomenclature:

D Dimple imprint diameter
Dn Hydraulic diameter

G Fanning friction coefficient
Fo Fin pitch

k thermal conductivity

S Stream-wise pitch

P Span-wise pitch

H Fin pitch

Lx Periodic length

Lp Louver pitch

1 This chapter is reprinted from Journal of Enhandedt Transfer, Vol. 16, Elyyan, M.A. and Tafti,KD,. “Flow and Heat
Transfer Characteristics of Dimpled Multilouvereid$;” pp. 43-60, 2009, with permission from Bed#tluse, Inc.
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Nu Nusselt number

Pr Prandtl number

q' Constant heat flux on channel walls

Re Reynolds number

u friction velocity

vt distance of first point from fin surface in wall cdarates
Dimple depth

Subscripts

o] Smooth channel

H Fin pitch

Superscripts

" Wall units

* Dimensional quantities

3.2 Introduction:

Heat transfer enhancement is an important factornareasing the overall
efficiency of heat exchangers. Airside thermal rasist typically accounts for more
than 80% of the total resistance to heat transfer ancehie of considerable importance.
Heat transfer resistance can be decreased by increasisgrtace area and/or increasing
the heat transfer coefficient. One widely adopted rtecte is the use of extended
surfaces or fins, which are used either as interruptedrdmuous surfaces.

Interrupted surfaces work well at low Reynolds numbgpgally encountered in
compact heat exchangers. Different fin shapes have tested for maximum heat
transfer augmentation; e.g. offset strip fins, and low/éres. Louvered fin is one of the
most popular fin shapes used for heat transfer augmentatibe automobile and HVAC
industries due to its effectiveness and economical maiowédwlity. Extensive research
on louvered fins has been carried out both in industry and gitiesr

Webb and Trauger [1991] experimentally studied heat transéeflaw structure
in louvered heat exchangers for Reynolds number {R&00-4000). The flow
efficiency, which is a measure of flow between louyverss defined by Webb and
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Trauger [1991] as the ratio of the distance the flowelsain the transverse direction to
the ideal transverse distance it can travel. The @ffwiency was found to increase with
increasing louver angle, and reduced louver to fin pitclo.ratA critical Reynolds
number, after which the flow efficiency is independerit the louver angle, was
identified.

Tafti et al. [1999] used unsteady calculations to cover the lamingnatwitional
range for two cases; a fully developed periodic floauad a louver, and a developing
flow in louvered fins. Duct-directed flow was obsenadlow Reynolds number; as
Reynolds number increased the flow became louvertdiec The local heat transfer
from the fin surface was found to be strongly affectedhsylarge scale vortices shed
from the louver.

Tafti and Zhang [2001] numerically studied the effect nfditch, louver angle,
fin thickness and flow depth on the onset, propagatios,characteristic frequencies of
instabilities in multilouvered fins. Instabilities wefeund to occur earlier at larger
angles and thicker fins. The internal instabilitiegha louver bank were shown to be
completely independent of the wake instability in trekevof louvered fin.

Zhang and Tafti [2001] studied the effect of thermal wakemohilouvered fins
numerically. They showed that neglecting the théweake effects at low Reynolds
numbers resulted in errors as high as 100% in calculatengpeht transfer coefficients.
The errors were considerably less for louver diredtes &t higher Reynolds numbers.

Lymanet al.[2002] experimentally studied the effect of louver angie e ratio
of fin pitch to louver pitch on the heat exchanger perfoigea The adiabatic wall
temperature was used for heat transfer coefficientsdar to distinguish the thermal and
flow field effects on louver performance. Larger finches and louver angles were
reported to provide better performance at low Reynolds nufidves.

DeJdong and Jacobi [2003] studied the flow efficiency, presduop and heat
transfer behavior in louvered fin arrays. Low heanhsfer coefficients were reported at
the turnaround louver due to its larger length and slower ¥elocity than other louvers.
DeJdong and Jacobi [2003] also reported that, unlike offgpt{fsts, vortex shedding
from louvers did not have a significant effect ontteansfer.
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In contrast to the interrupted surfaces of louvered fingtinuous fins, e.g. wavy
fins and dimpled surfaces, have proven to provide good hexafér augmentation at
lower pressure drop penalty than interrupted surfaces. Thefudimpled surfaces for
heat transfer augmentation has received much attelatiely due to their good heat
transfer characteristics. Afansayev al. [1993] studied the application of shallow
dimples (/D =0.067) on flat plates on pressure drop and heat traosfarrbulent flow.
They reported a 30-40% increase in heat transfer withgilglgl increase in pressure
drop.

Experimental studies of the flow structure in dimpledfaces showed the
existence of flow recirculation zone in the upstrelaaf of the dimple, with primary
vortex shedding from the center of the downstream podidhe dimple and shedding of
secondary vortex pair from the span-wise edges ofithpld (Mahmoodet al. [2000],
Ligrani et al. [2001] and Ligraniet al. [2005]). A region of low heat transfer was
observed in the upstream half of the dimple cavity Wedld by a high heat transfer region
in the flow reattachment region in the downstream Halfi® dimple and the flat landing
downstream of dimple (Mahmoaat al. [2000], Ligraniet al.[2005], Chyuet al.[1997],
Moon et al.[2000], Burgess and Ligrani [2004], and Ekkad and Nasir [2003]).

Most of the numerical studies reported on the dimpleginnel geometry were
conducted in the fully turbulent flow regime and usedadyestate RANS modeling
Wanget al.[2003], Linet al [1999], Isaev and Leont’ev [2003], Pakal [2004], Won
and Ligrani [2004] and Park and Ligrani [2005]). Patrick andiT2804] predicted heat
transfer and pressure drop augmentation in a channel matkide dimpled in the low to
medium Reynolds number flow (Re 50 — 2000) using DNS and LES. Elyyanal.
[2006] predicted the flow structure and heat transfer distobuin a channel with
dimples and protrusion on opposite walls at fully devedogpebulent flow (Rg = 15000)
using LES.

In an effort to disrupt the boundary layer in continudns, fperforated fins have
also been studied where a pattern of spaced holesraredan the fin material before the
fin is folded into a U-shaped flow channel (Webb and Kim [2005]he perforated fins
produce little heat enhancement in the laminar flow reqam& a moderate one in the
turbulent regime (Webb and Kim [2005]). Fuwgi al. [1988] studied a new type of
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perforated fin, where the heat exchanger is constructbdswfaces using enlargements
and contractions forming a trapezoidal shape. Fujiale[1988] covered Reynolds
number flows less than 3000. They reported that the heanesmment from the fin
surface is due to the secondary flow induced by the suctidnirgection through the
perforations, and due to the frequent boundary layer inténgtat each contraction
part.

3.3 Objective:

The objective of this paper is to investigate a new finnggoy based on a
dimpled louver fin in an attempt to combine the advantagdseanterrupted surfaces of
a louvered fin, the surface roughness of dimples, andrfaler scale discontinuities
introduced by perforations. In the new fin geometry sphémdentations in the form of
dimples are placed on the flat louvered fin surfacehaws in Figure 3.1.

Three louver geometries are studied in this paper. effeet of dimple diameter
is studied in cases 1 and 2. Whereas Case 3 investigaeftettieof a perforation in the
dimple on the overall flow structure and heat trandfem the louver. The paper
presents details of the instantaneous and mean flowwstuand detailed heat transfer

distribution on the fin surface.

3.4 Fin Geometry

Flow through a louvered fin array can be classified as-divetted or louver-
directed flow (Figure 3.1-a). The duct-directed flow occairdow Reynolds numbers
(Dedong and Jacobi [2003]) between two adjacent fins. @©rotier hand, louvered
directed flow occurs at higher Reynolds numbers, large fopiteh (L,) and small fin
pitch () (Zhang and Tafti [2001]). For example, Zhang and T&@0[] reported a
flow efficiency (flow angle/louver angle) of 0.94 fdins with fin pitch to louver pitch
ratio (R/Lp) of 1.0 and louver angle of 3@t Reynolds number (Rg 1000); a flow
efficiency of 0.88 was reported for louver angle of 26the same Reynolds number.

In the present work, to simplify the geometry and ensuieghngeneration, we
assumed that the flow is louver directed and that lthevered geometry can be

approximated by a flat plate fin oriented parallel to tlevflFigure 3.1-b, with the fin
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spacing in the streamwise and pitchwise directions derfvem a typical louvered
geometry rotated by an angle equal to the louver angle.

This modification combined with a fully-developed flow airmat transfer
assumption, allows us to consider a single dimplec giatfor computational purposes,
but which is representative of an infinite array oft@léins which approximates an
infinite array of louvers with louver directed flowl he ensuing fin geometry is shown in
Figure 3.1-b with details of the plate fin in Figure 3.2.

Table 3.1 and Table 3.2 present the dimensions for the ttases non-
dimensionalized with the fin pitch (H*). In all cas#® fin length to fin pitch ratio is
(L*/H* = 1.0), fin thickness ratio (b*/H* = 0.1), dimple depthtio @d*/H* = 0.1). Cases
1 and 2 use a plain dimple, whereas Case 3 uses a dintpla perforation with size
ratio (d*/H*=0.2). Case 1 and Case 3 have dimple diamat@&s (D*/H*=0.4), while
the ratio for Case 2 is 0.3. Hence, Case 1 and Caseegtigate the effect of dimple
diameter, whereas Case 1 and Case 3 investigate thé¢ efffdee perforation in the

dimple cavity.

3.5 Computational Model, Governing Equations, and Numerical Method

The incompressible time-dependent Navier-Stokes and energyioeguare
solved in a generalized coordinate system. Fully-developeddyuormic and thermal
conditions are assumed. Constant heat flux boundargitmm (") and no-slip
boundary conditions are applied at the fin surface. Theate®ns are non-
dimensionalized by the fin pitchH{) as the characteristic length scale, friction velocit
(u’) as the characteristic velocity scale, ancdH*/k™ as the characteristic temperature
scale. To facilitate the application of periodicity the streamwise direction, both
pressure and temperature are decomposed into mean and ifhgctc@mponents to
modify the momentum and energy equations, for furth&@rination see Zhangt al.
[1997]. Subgrid turbulence is modeled with the Smagorinsky Mivdevhich the
turbulent viscosity is calculated dynamically, for mam@®rmation about the dynamic
Smagorinsky model see Germaebal. [1991]. A constant Prandtl number Pr=0.7 is
assumed for air, while the turbulent Prandtl numbesssiaed to be 0.5, see Maihal.

[1991]. The model is activated only when the flow showezhaotic turbulence like
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behavior, which for Case 1 was atRe 1080, at Rg= 930 for Case 2 and at ire 850
for Case 3.

The modified non-dimensional time dependent Navier-Stoked energy
equations are discretized with a conservative finiteswe formulation using a second-
order central difference scheme on a non-staggered gpdlogy. The Cartesian
velocities, pressure, and temperature are calculatediared st the cell center, whereas
the contravariant fluxes are stored and calculateceatet faces. A projection method is
used for time integration. The temporal advancememgerormed in two steps, a
predictor step, which calculates an intermediate wgldield, and a corrector step, which
calculates the updated velocity at the new time steatigfygng discrete continuity. The
computer program GenIDLEST (Generalized IncompressiblecDiand Large-Eddy
Simulations of Turbulence) used for these simulaticas lbeen applied extensively to
study flow and heat transfer in stationary and rotatitgymal ducts used for cooling gas
turbine blades, e.g. Sewal al. [2006] and other heat transfer augmentation geometries,
e.g. Cui and Tafti [2002]. Details about the algorithmgfiomality, and capabilities can
be found in Tafti [2001].

3.6 Baseline Nuand ¢

The baseline laminar Fanning friction coefficient and Nuasseinber for flow
between parallel smooth plates and the Petukhov anditshkietorrelations for a smooth
channel, Incropera and Dewitt [1996], are used to normdhee Fanning friction
coefficient and Nusselt number of the domain. Theseelations were chosen due to
their validity and accuracy over the range of Reynoldshaimof interest in this study.
Friction coefficient and Nusselt number for theser@ations based on the Rare as

follows
o =12 'Re, <1500
0 qu
C;, =(1.58InRg,- 2.185) ;1500£ Re, £25 10° O
Ny, =4.12 :Re, <1500

(C1, /2)(Rg- 500 Pr
1+127(C 1 2)Y AP 3 1)

150& Re, £25° 10
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where for smooth parallel plates, the hydraulic diam@dg) is twice the channel
height (H), i.e. Re==2Re;.

3.7 Grid Resolution:

A hybrid structured/unstructured multi-block grid is used foeshng the
computational domain. Case 1 and Case 2 were meshed usingid@logks with a
total of 1.77 million cells; while Case 3 mesh consisted@ blocks with 1.88 million
cells.

The mesh was designed to have a finer grid spacing in thatyiof the fin
surface, where the first grid point was place®at4.0 x 10° from the fin surface. The
overall grid structure and spacing was extrapolated from previovestigations in
similar geometries, see Elyyanal.[2006].

Due to the high computational cost of conducting a grid indégreay study in
unsteady calculations such as thesea-osterioritest, at the highest Reynolds number
for Case 3, was conducted to check the sufficiency ogtlaedistribution near the fin
surface. Figure 3.3 shows the distribution ¢f gn the top and bottom fin surface for
Case 3 at Re=1770, the highest Reynolds number investigated in this stutlye
condition of y"<1.0 based on local shear stress was satisfied througiusitof the fin
surface with a maximum value of '¥1.5 obtained at the leading edge. Based on the gird
spacing normal to the wall, 5- 6 grid points existed betwkersurface and"y¢10. The
surface averaged values of the wall parallel distribugivas a maximum value &', =
8 at the highest Reynolds number simulated. Thus, tHe@golution used was deemed
sufficient for the LES calculations conducted in the@otr work.

3.8 Results and Discussion:

3.8.1 Instantaneous Flow structure

The presence of large scale flow structures or vortinitthe presence of a heat
transfer surface is a good comparative indicator of tla¢ thansfer augmentation. This
section describes the instantaneous flow structureseidomain for the three cases at
low and medium Reynolds number flows. The instantandtowg structures are
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described with the aid of coherent vorticity. The eehevorticity is identified using the
vortex eduction technique proposed by Chong and Perry [1990].

As a result of the vortex shedding from the leading ealgthe fin, the flow
exhibits unsteady behavior at Reynolds number as loRes200. Figure 3.4 and
Figure 3.5 show the iso-surfaces of the coherent vgrcitthe top and bottom sides of
the fin at a single-valued iso-surface level of 10 at R€00. The iso-surfaces for Case
1 and 2 show vortex shedding and shear layer instabilioes fhe fin leading edge on
both sides of the fin. While shear layer formatiod aggeneration at the upstream and
downstream dimple rims is obvious for Case 1, no such bah&vnoticed for Case 2;
this is a result of the smaller dimple imprint diaeretf Case 2.

The bottom side of the fin shows the existence of i@tiestructures at the top of
the protrusion for Case 1 and 2 as a result of flow impnege and acceleration. Case 3
shows a much different distribution which is charazest by: 1) richer coherent
structures present on the fin leading edge of the fin snghd the dimple rim, ii) vortex
shedding from the protrusion at the bottom side of thewimch is due to the flow
redirection from the top to bottom of the fin througle gherforation, iii) shear layer
formation and regeneration at the sides of the pdrdoras the flow passes from the top
to bottom side of the fin.

Figure 3.6 and Figure 3.7 show the coherent structure isaesgrht Re~ 500
with a single valued iso-surface of 18. Roller vortexdslmey from the leading edge of
the fin is more pronounced for this Reynolds number faseCl and 2. There is no
vortex shedding from the first row of dimples, whiabsliwithin the recirculation zone of
the leading edge separated shear layer. Weak vortex sheddaiinghe downstream
dimples is noticed for Case 1 and 2. The bottom sidbeofin of Case 1 and 2 shows
similar behavior to that at Re= 200, but with coherent structures at the leading edge of
the fin and top of the protrusion. The coherent strestim Case 3 once again show a
behavior distinct from the other cases. The roletiges shed from the leading edge are
not present and two vortex tube like structures are sbedthe upstream dimple. The
bottom of the fin shows structures that are simdaihat at low Reynolds number.

Overall, the addition of the perforation at the cewtfethe dimple alters the flow
structure significantly. The alteration is a resultle difference in pressure inside the
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dimple cavity and the protrusion side, which induces flomwnfthe top to the bottom of
the fin. The induced flow results in boundary layer negation not only at the rim of the
dimple but also at the edges of the perforation.

3.8.2 Mean Flow

In this section we consider the mean flow structurdhéndomain with the aid of
mean velocity streamlines at a stream-wise planesadize centerline of the domain
(Z=0). Figure 3.8 and Figure 3.9 show the mean velocityarmsiiees at stream-wise
plane at Z=0 at Re= 200 and Re~ 900, respectively, for the three cases.

The mean flow structure at Re 200 is shown in Figure 3.8. Case 1 and 2 show
similar flow structure, where a separated shear layend at the leading edge of the fin
and reattaches within the dimple. The flow on thedmtside of the fin impinges at the
front of the protrusion and accelerates till the ceonfdhe protrusion, after which flow
decelerates but remains attached to the protrusion surfaceo flow separation region
is observed at the back of the protrusion. No flowrcatation is observed for Case 3;
rather the flow is redirected between the top andobotsides of the fin through the
perforation placed at the center of the dimple.

Figure 3.9 shows the mean flow structure at a higher Régnulmber (Re ~
900) for the three cases. The mean flow for Case 2 @dimilar to that observed at the
lower Reynolds number. The most significant changédoin §tructure at this Reynolds
number is the flow separation in the wake of the prairysand the vortex shedding in
the wake of the fin. Case 3 shows the existence wof $lgparation and recirculation in
the dimple cavity which leads to partial closing of theropg between the two sides of
the fin.

3.8.3 Fin Surface Heat Transfer Distribution

Figure 3.10 and Figure 3.11 show the Nusselt number augmerdatiabution
on the top and bottom fin surface, respectively, at R800 for Case 1 and 3. The heat
transfer distribution for Case 2 is very similar tas€ 1 and is not shown. Both Case 1
and 3 show high heat transfer augmentation at the leadog of the fin due to boundary
layer regeneration. In Case 1, a low heat transfgiomeis observed in the flow

recirculation zone in the upstream half of the dimpldotved by an increase in the
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reattachment zone and downstream of the dimple orathkimding. The bottom side of
the fin exhibits high heat transfer augmentation inréggon of flow impingement at the
front of the protrusion and low heat transfer in thkavdue to flow separation at the
back of the protrusion.

Case 3, on the other hand, shows a different heatféradistribution. Much
higher heat transfer augmentation is observed in theleliogvity and downstream of the
dimple. This is a result of flow being drawn into tthenple, eliminating most of the
recirculation observed in Case 1, followed by much stroffiggv ejection from the
dimple cavity which promotes higher velocities and largerticity magnitude in the
vicinity of the surface. On the protrusion side, becaig@e flow redirection from the
top of the fin, mixing in the wake of the protrusion is @mted significantly, which

increases heat augmentation in the wake of the protrusion

3.8.4 Friction Coefficient and Nusselt Number Augmentations

Figure 3.12 shows the variation of the friction coeffitiand its augmentation
with Reynolds number for the three fin cases andtaplate fin with no dimples. The
friction coefficient profiles indicates that the eiof the imprint diameter did not
significantly affect the friction characteristics tfie flow, which agrees with the
observations made from the flow field structure explairmties. Case 3, on the other
hand, shows a friction coefficient that is on aver&§% higher than that of Case 1 and 2.
The increase in friction coefficient is a result ofreased surface shear induced by the
flow redirection in the dimple and a probable incremséorm losses. Note that the
friction coefficient for the flat plate fin is loweathan that of the different dimpled fin
cases; the largest difference was for Case 3 with a&@t increase of drom that of
the flat plate fin. The friction coefficient augmatibn, Figure 3.12-b, peaks for Case 3
at Rgy = 1350 with a value of 6.12.

Figure 3.13 shows the Nusselt number variation and its autghite over a plain
channel for the three dimpled fin cases and the flaeda. Similar to the friction
coefficient, the size of the dimple imprint diametkd not have a large effect on the
Nusselt number, although Case 1 has slightly higher vallies.Nusselt number in Case
3 exhibits values which are between 20-50% higher than thoSasaf 1 and 2. Case 1

53



and Case 2 resulted in lower Nusselt than the flat filateCase 3 on the other hand
showed about 10% increase over the flat plat fin.eGashows a peak Nusselt number
augmentation of 5.6 at Re1100 based on a turbulent baseline value.

Case 1 and 2 show very similar friction and Nusseatler values indicating that
the dimple imprint diameter does not have a largeceéia the overall flow structure and
heat transfer characteristics of the fin. Modifythg fin geometry by adding the dimple
on the fin surface results in larger heat transfer avbare the increase is about 11% for
the three fin cases from that of the flat plate fidote that adding the perforation to the
fin surface reduces the area by 15%; although this redustisslanced by the additional
area of the side walls of the perforation.

To further quantify the effect of modifying the fin gedmyeon the heat transfer
characteristics of the fin, the variation of the (dpnple) and bottom (protrusion) Nusselt
number with Reynolds number is shown in Figure 3.14. Tl transfer from the
protrusion surface is quite insensitive to the change imgay as seen in Figure 3.14-a.
Flow impingement and acceleration at the front of tlwgrpsion is what drives heat out
of the fin surface. Although some of the heat transfeough impingement and
acceleration at the top of the protrusion is lost iBeC3, it is compensated by the fact that
less flow separation and recirculation is associatéutis case.

The Nusselt number profile on the dimple side of time dhows that all the
improvement in overall heat transfer in Case 3 cofr@ms the dimple side of the fin.
The better performance of Case 3 is due the effectieeofathe perforation in reducing
flow recirculation inside the dimple cavity, increasigwt redirection between the fin
sides and enhancing vortex ejection from the dimplote that the Nusselt number
values for Case 1 and 2 deviate at high Reynolds numbes, flB@>900, where the
Nusselt number of Case 1 levels off at a value of ab?@nd Case 2 keeps increasing at

a lower rate.

3.9 Summary and Conclusions
A new fin geometry which combines the heat transfer esdraant properties of

interrupted surfaces with surface roughness has been invegtigang Direct and Large

54



Eddy Simulations. The fin geometry approximates a dimfgeader in a multilouver
configuration under a fully-developed assumption.

The calculations are conducted on three fin configuratiofase 1 and 2 have
identical fin shapes except a larger dimple imprint di@man Case 1, whereas Case 3
introduces an opening or perforation in the dimple. lesgablished that the dimple
imprint diameter has a minimal effect on the flovd deat transfer. On the other hand,
the introduction of the perforation in the dimple chesi\ghe flow and heat transfer
profoundly, mainly on the dimple side of the fin. Bgirecting flow from the dimple to
the protrusion side of the fin, the recirculation regionthe dimple is eliminated or
reduced. In addition, more flow is drawn into the dimgdeity, resulting in enhanced
vorticity production and ejection onto the flat landingwastream of the dimple.
Further, the edges of the perforation also act as boyrdger regenerators and are
regions of high heat transfer. The redirected floactpg out on the protrusion side
enhances mixing, and enhances heat transfer in the wake pfotrusion. While the
favorable effect of the perforation on the protrusioskey is offset by a reduction in
impinging flow area on the protrusion face, the preseridbeoperforation has a large
favorable effect on heat transfer on the dimple side.

The introduction of the perforation increases the heasfiea coefficient between
12-50% but also increases friction up to 60%.

3.10 Acknowledgements

This work is a result of support provided by the US Army RIOBM, Fort
Belvoir, VA and Modine Manufacturing Co., Passengeerifal Management, Racine
WI for air-side heat transfer enhancement in next @gioer compact heat exchangers.
The support is gratefully acknowledged. The calculatiwese performed on Virginia
Tech’s Terascale computing facility, System-X. Theoadtion grant and support
provided by the staff is also gratefully acknowledged.

55



3.11 Reference

Afanasyev, V.N., Chudnovsky, Ya.P., Leontiev, A.l.,daRRoganov, P.S. (1993)
Turbulent Flow Friction and Heat Transfer Charactiessfor Spherical Cavities on a
Flat Plate, Experimental Thermal and Fluid Science, Wpp 1-8.

Burgess, N. K., and Ligrani, P. M. (2004) Effects of Dimpkpth on Nusselt Numbers
and Friction Factors for Internal Cooling Chanr#ipc. of ASME Turbo Expo 2004,
Paper No. GT2004-54232.

Chong, M., Perry, A., and Cantwell, B.J. (1990) A Gehétassification of Three-
Dimensional Flow Fields, Physics of Fluids A, Vol. 2, pp 765:-777

Chyu, M.K., Yu, Y., Ding, H., Downs, J.P., and SoechtifgD. (1997) Concavity
Enhanced Heat Transfer in an Internal Cooling Passage, RSME Turbo Expo
1997, Paper No. 97-GT-437.

Cui, J., and Tatfti, D. K. (2002) Computations of Flow aneatHTransfer in a Three-
Dimensional Multilouvered Fin Geometint'l Journal Heat Mass Transfer, Vol. 45,
pp. 5007-5023.

DeJong, N. C., and Jacobi, A. M. (2003) Localized Flow aedtHransfer Interactions
in Louvered-Fin Arrays, Int'l Journal of Heat and Mass Tiamns/ol. 46, pp. 443-
455.

Ekkad, S., and Nasir, H. (2003) Dimple Enhanced Heat Tramsfidigh Aspect Ratio
Channels, Journal of Enhanced Heat Transfer, Vol. 10, Nap 395-405.

Elyyan, M., Rozati, A., and Tafti, D. (2006) Study of FI@tructures and Heat Transfer
in Parallel Fins with Dimples and Protrusions UsinggeaEddy Simulation, Proc.
ASME Joint US-European Fluids Eng Summer Meeting, PalgerFEDSM2006-
98113.

Fujii, M., Sehimo, Y., and Yamanak, G. (1988) Heat Transfed Pressure Drop of
Perforated Surface Heat Exchanger with Passage Enlang@me Contraction, Int'l
Journal of Heat and Mass Transfer, Vol. 31, No. 1, pp. 135-142.

Germano, M., Piomelli, U., Moin, P., and Cabot, W(EHR91) A Dynamic Subgrid-Scale
Eddy Viscosity ModelPhys. Fluids, Vol. 3, pp. 1760-1765.

Incropera, F., and DeWitt 1996. Fundamentals of Heat argb Neansfer. 4 Edition,
John Wiley, New York.

56



Isaev, S.A., and Leont’ev, A.l. (2003) Numerical Simiolatof Vortex Enhancement of
Heat Transfer under Conditions of Turbulent Flow RaSpherical Dimple on The
Wall of a Narrow Channel, High Temperature, Vol. 4b, B, pp 655-679.

Ligrani, P., Burgess, N. and Won, S. (2005) Nusselt Numbet$=bpw Structure on and
Above a Shallow Dimpled Surface Within a Channel Includiiffects of Inlet
Turbulence Intensity Level, Journal of Turbomachin¥igl, 127, pp 321-330.

Ligrani, P.M., Harrison, J.L., Mahmood, G.I., and HW,L. (2001) Flow Structure Due
To Dimple Depressions on a Channel Surface, Physitigid$, Vol. 13, No. 11, pp
3442-3451.

Lin, Y.L., Shih, T.I-P., and Chyu, M.K. (1999) Computatiofig=ow and Heat Transfer
in a Channel with Rows of Hemispherical Cavities, PASME Turbo Expo 1999,
Paper No. 99-GT-263.

Lyman, A. C., Stephen, R. A., Thole, K. A., Zhang,W., and Memory, S. B. (2002)
Scaling of Heat Transfer Coefficients Along Louvered Fisgperimental Thermal
and Fluid Sciences, Vol. 26, pp. 547-563.

Mahmood, G.I., Hill, M.L., Nelson, D.L., and Ligrani,N?. (2000) Local Heat Transfer
and Flow Structure on and Above a Dimpled Surface in a @&haRnoc. ASME
Turbo Expo 2000, Paper No. 2000-GT-230.

Moin, P. Squires, K., Cabot, W., and Lee, S. (1991) Addyic Sub-Grid-Scale Model
for Compressible Turbulence and Scalar Transport, PhygisFA, Vol. 3, No. 11,
pp. 2746- 2757.

Moon, H.K., O'Connell, T.O., and Glezer, B. (2000) Chandelght Effect on Heat
Transfer and Friction in a Dimpled Passage, Journ&ngineering for Gas Turbine
and Power, Vol. 122, pp 307-313.

Park, J., and Ligrani, P. M. (2005) Numerical Predictioh$ieat Transfer and Fluid
Flow Characteristics for Seven Different Dimpled Scefain a Channel, Numerical
Heat Transfer A, Vol. 47, pp 209-232.

Park, J., Desam, P.R., and Ligrani, P.M. (2004) Numerieali€ions of Flow Structure
Above a Dimpled Surface in a Channel, Numerical Heah3fer A, No. 45, pp 1-20.

57



Patrick, W.V., and Tafti, D.K. (2004) Computations of Fldstructures and Heat
Transfer in a Dimpled Channel at Low to Moderate R&g®umber, Proc. 2004
ASME Heat Trans/Fluids Eng Summer Conf., Paper No. HDZX004-56171.

Sewall, E.A., Tafti, D.K., Graham, A.B., Thole, K,A2006. Experimental validation of
large eddy simulation of flow and heat transfer intatienary ribbed duct, Int'l
Journal Heat and Fluid Flow, No. 27, pp 243-258.

Tafti, D. K., and Zhang, X. (2001) Geometry effects lowftransition in multilouvered
fins — onset, propagation, and characteristic frequenta¢s,Journal of Heat and
Mass Transfer, Vol. 44, pp. 4195-4210.

Tafti, D. K., Zhang, L. W., and Wang, G. (1999) Time Depen@aiculation Procedure
for Fully Developed and Developing Flow and Heat TransferLouvered Fin
Geometries, Numerical Heat Transfer A, Vol. 35, pp. 225-249.

Tafti, D.K. (2001) GenIDLEST — A Scalable Parallel Compuotatl Tool for Simulating
Complex Turbulent Flows, Proc. ASME Fluids Engineeribgvision, FED
publication Vol. 256, pp. 347-356.

Wang, Z., Yeo, K.S., and Khoo, B.C. (2003) Numerical Situtaof Laminar Channel
Flow over Dimpled Surface, Proc. AIAA Conference, Payer AIAA 2003-3964.

Webb, R. L., and Kim, N. (2005) Principles of Enhanced Heainsfer, New York:
Taylor & Francis, p. 118-122.

Webb, R. L., and Trauger, P. (1991) Flow Structure in thevered Fin Heat Exchanger
Geometery, Experimental Thermal and Fluid Science, 4/qdp. 205-217.

Won, S., and Ligrani, P. (2004) Numerical Predictions lfnvFStructure and Local
Nusselt Number Ratios Along and Above Dimpled Surfacils @ifferent Dimple
Depths in a Channel, Numerical Heat Transfer A, Nopp649-570.

Zhang, L. W., Tatfti, D. K., Najjar, F. M., and Balastdar, S. (1997) Compuatations of
Fiwo and Heat Transfer in Parallel-plate Fin Heatdaxiygers on the CM-5: Effects
of Flow Unsteadiness and three-dimensionality, Intlirdal of Heat and Mass
Transfer, Vol. 40, No. 6, pp. 1325-1341.

Zhang, X., and Tatfti, D. K. (2001) Classification and Efffeof Thermal Wakes on Heat
Transfer in Multilouvered Fins, Int'l Journal of Heatldviass Transfer, Vol. 44, pp.
2461-2473.

58



Table 3.1: Dimpled fin geometry: Fin dimensions

Case Fin Pitch | Fin Length Fin Stream-wisg No. of Cells
H*/H* L*/H* Thickness Pitch (10°)
b*/H* P*/H*
1 1.0 1.0 0.1 2.0 1.77
2 1.0 1.0 0.1 2.0 1.77
3 1.0 1.0 0.1 2.0 1.88
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Table 3.2:

Dimpled fin geometry: Dimple dimensions

Case Dimple Dimple Hole Size
depth diameter d*/H*
a*/H* D*/H*
1 0.1 0.4 0
2 0.1 0.3 0
3 0.1 0.4 0.2
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Figure 3.1: Dimpled louvered fin geometry: a) Loteckfin; b) Dimpled-louvered fin combination.
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Figure 3.2: Periodic dimpled fin geometry dimensions.
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Figure 3.3: y" distribution on the fin surface for Case 3 at; Rel770; a) Top surface; b) Bottom surface.

63



Case 2
Re, =200

(©)
Figure 3.4: Iso-surfaces of the coherent vorticitylantop side of the dimpled fin with isosurface level =
10 at Rg = 200; a) Case 1; b) Case 2; c) Case 3
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Case 1

(c)
Figure 3.5: Iso-surfaces of the coherent vorticitylantiottom side of the dimpled fin with isosurface level
=10 at Rg = 200; a) Case 1; b) Case 2; c) Case 3.
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Case 1
Re, = 650

(b)
Case 3

(©)
Figure 3.6: Iso-surfaces of the coherent vorticitylantop side of the dimpled fin with isosurface level =
18 at Rg ~ 500; a) Case 1; b) Case 2; c) Case 3.
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Case1

Case 2

(c)
Figure 3.7: Iso-surfaces of the coherent vorticitylantiottom side of the dimpled fin with isosurface level
=18 at Rg ~ 500; a) Case 1; b) Case 2; c) Case 3.
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(a)

(b)

(c)
Figure 3.8: Mean velocity streamlines at stream-wlaae across centerline of domain (Z=0) at R&00
for: a) Case 1; b) Case 2; c) Case 3. (Streameigeity contours).



(c)
Figure 3.9: Mean velocity streamlines at stream-wiaae across centerline of domain (Z=0) of fin a} Re
~ 900 for: a) Case 1; b) Case 2; c) Case 3. (Streammwelocity contours).
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Case1

(b)
Figure 3.10: Nusselt number augmentaiton distribution orothért surface at Re~ 900 for: a) Casel; b)
Case 3.
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(b)
Figure 3.11: Nusselt number augmentation distributiorherbottom fin surface at Re- 900 for: a)
Casel; b) Case 3.
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Chapter 4: A Novel Split-dimple Interrupted Fin

Configuration for Heat Transfer Augmentation:

4.1 Abstract

The use of an interrupted plate-fin with surface roughneska form of split-
dimples is investigated. High-fidelity time-dependentgktions are performed for a
wide range of Reynolds number ranging fromy&&10 to 4000, covering the laminar to
fully turbulent flow regimes. The split-dimples prdei an additional mechanism for
augmenting heat transfer by perturbing continuous boundgey farmation on the fin
surface and generating energetic shear layers. Highrhaeater regions are observed at
the fin and split-dimple leading edges as a result of bayridger restarts, in regions of
flow acceleration between protrusions, and flow imping&nes the protrusion surface.
While the protruding geometry of the split-dimple alsosaidl augmenting heat transfer
from the fin surface by generating unsteady or turbukees, it also increases pressure
losses. The split-dimple fin results in a heat coreha that is 60%-175% higher than a
plain interrupted plate-fin, but at a cost of 4-8 timessftictional losses.

Keywords: Heat enhancement, fin, split-dimple, compact heahaxgers, LES.

Nomenclature

D dimple imprint diameter

Dn hydraulic diameter

G Fanning friction coefficient

f non-dimensional frequency based on mean velocity arpitéh

g contravariant metric tensor

1 This chapter is reprinted from the Int. J. HeatsMaransfer, “A Novel Split-dimple Interrupted Fionfiguration for Heat
Transfer Augmentation Investigation,” Elyyan, M.And Tafti, D.K., doi:10.1016/j.ijheatmasstrangf@08.07.046, with permission

from Elsevier.
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Lx

Nu

Time

thermal conductivity

stream-wise pitch

channel Height or fin pitch (characteristic lengthls)
periodic length

surface normal vector

Nusselt number

span-wise pitch

fluctuating, modified, or homogenized pressure
Prandtl number

constant heat flux on channel walls

flow rate in the stream-wise direction

Reynolds number based on friction velocity)
Reynolds number based on mean flow veloaity &ndH
non-dimensional time based opandH
non-dimensional time based onpandH
Cartesian velocity vector

friction velocity (characteristic velocity)

mean flow velocity

physical coordinates

mean pressure gradient

dimple depth

mean temperature gradient

fluctuating, modified, or homogenized temperature
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w heat transfer surface area

X computational coordinates
Subscripts
b bulk

Dn based on the channel's hydraulic diameter

f fin surface

H based on channel height
o] smooth channel

t turbulent parameters

based on friction velocity

Superscripts
+ wall coordinates

* dimensional quantities

4.2 Introduction

Airside thermal resistance constitutes up to 80% of thé tteegemal resistance of
heat exchangers. To improve the heat transfer dgpéns are employed to increase the
surface area as well as to increase the heat tramzséficient. Fins, more often than not,
use enhanced surfaces, which can broadly be classified coitinuous fins with
roughness or surface enhancements (e.g. wavy fins, dimpisdlf 2, 3, 4, 5] or
interrupted surface (e.g. offset strip, louvered, slit)7[68]. Both surfaces are designed
to disrupt the thermal boundary layer and increase mixitigthe gas. At low Reynolds
numbers typical of the laminar regime, surfaces inf#imns are more effective than
surface roughness in augmenting heat transfer.

Figure 4.1 shows the heat transfer augmentation raac2df corrugated louvered
fin (without tube effects) [7, 9] compared to a continuaosstirface with dimples and
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protrusions as roughness elements [10]. Three typicaklog@ometries with varying
louver angles are plotted versus two dimple geometvidsch vary in dimple depth
(characteristic roughness scale). Case 1 has a dimpth dé0.2 times the channel
height and Case 2 with dimple depth of 0.4. It is dkat in the low Reynolds number
regime, louvered fins or more generally interrupted susface far superior to the use of
dimples and protrusions or more generally uninterruptesl With roughness elements.
In the example above, Case 1 with roughness depth leastlieaboundary layer
thickness (half fin pitch for fully developed flow) ®hs no augmentation till the
development of self-sustained flow oscillations atraginately R@=1000. Case 2,
which has a larger dimple depth of the same order addhedary layer thickness,
induces self-sustained oscillations in the flow muchiezaaind as a result is successful in
augmenting the heat transfer coefficient. Howevesgpite of this, the augmentation in
heat transfer coefficient is much lower than thaibunwvered fins. Louvered fins, in spite
of operating in the laminar regime over most of the R&gnumber range in Figure 4.1,
result in high augmentation by constantly regeneratiaghiermal boundary layer at each
louver.

Since interrupted surfaces are superior in augmenting theasfer at low
Reynolds numbers, this paper investigates the use ogbathetical fin geometry which
consists of an interrupted inline fin surface combined wite timple geometry.
However, instead of using conventional dimples and protrusibasjimple is split into
two halves which are punched in opposite directions to peoddmat is called a split-
dimple. The geometry is shown in Figure 4.2. The obheof the paper is twofold:
the first is to investigate the friction and heat $fan characteristics of the augmented
geometry, and the second is to highlight the applicatibhange-Eddy Simulations
(LES) to the complex geometrical configuration.

4.3 Governing Equations and Computational Model

The computational model assumes the flow to be fully Ideee
hydrodynamically and thermally to allow the simulatioh a periodically repeating
spatial unit. Heat is applied to the fin surfaces by usimmprstant heat fluxg(’)
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boundary condition at the fin walls. A charactecid¢éingth taken as the fin pitchl(), a
characteristic velocity taken as the friction vetpci ' ), and a characteristic
temperature given hy H' /k, are used to non-dimensionalize the Navier-Stokes and

energy equations. Periodicity of the domain in theeastrwise X) direction is
accommodated by decomposing the stream-wise flow pressdrgemperature into
mean and fluctuating components. Pressure and temperatoreptesition are given by
P (x)=P -b'x +p (xt)
T (xt) =T +gx +q (x1)

whereb” andg* are the mean gradients of pressure and temperaturectieshe

On substitution into the flow and energy governing eguatithenon-dimensionatime-

dependent equations in transformed coordinatex(x) take the following conservative

form':

Continuity:
ﬂ .
—lJgu'!J]=0
e Wa')

Momentum:

1 1 - 1 -]
0 () N T HO B
it S ! X, '

1 Henceforth, all usage is in terms of non-dimenasli@ed values.
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Energy:

I T ig)= T 1 1 k9
‘ﬂt( gq)+ X (JEU q) x;  PrRe * Pry Rey, Vo Xy \/Egul

where a'are the contravariant basis veclors/gis the Jacobian of the
transformation,g” are the elements of the contravariant metric teng@s,’ = /g(a’ )u; iS
the contravariant flux vecton, is the Cartesian velocity vector, agds the modified

temperature. The non-dimensional mean pressure andregmmeegradients are found

from mean momentum and energy balances, respectasly,

b=

Dh
N
" ReProlL,

More details about the modified fully developedatreent can be found in Zhaegal [[24]).

Re is the inverse of the non-dimensional turbulent eddy-viscaand it is

modeled by the Smagorinsky model as

1 CSZ(\/a)zls‘g‘

RQ{ -

Where|§| is the magnitude of the resolved strain rate tegs@n by‘é‘ =/2S, Sk

The Smagorinsky constanc{) is obtained via the dynamic subgrid stress model

[[25]]. The turbulent Prandtl number is assumetidge a constant value of 0.5 [[26]].

A conservative finite-volume formulation using aced-order central difference
scheme on a non-staggered grid topology is uselistoetize the governing equations.
In this scheme, the flow velocity and scalar vdealare calculated and stored at the cell
center, whereas the contravariant fluxes are ckediland stored at the cell faces.
Temporal advancement is performed using a two-giegection method. An

1The notation(aj)k is used to denote theth component of vectoaj . (aj Kk = ﬂxj /ﬂxk
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intermediate velocity field is calculated at thegtictor step, which is then updated at the
corrector step by satisfying discrete continuity.

The computer program GenIDLEST (Generalized Incesgible Direct and
Large-Eddy Simulations of Turbulence) is used fer turrent study. GenIDLEST has
been applied extensively to air-side heat trarsfiggmentation calculations and validated
with experimental results in the literature, e.gi @nd Tafti [27], Sewalet al. [28] and
Elyyan et al. [10]. Details about the algorithm, functionalitgnd capabilities can be
found in Tafti [29].

4.4 Calculation of Friction and Heat Transfer Coefficients

Low pressure drop and high heat transfer rateteeoals of any new fin shape
design, and in order to quantify these charactesishe Fanning friction coefficient and
Nusselt number are used to evaluate the performahdde split-dimple fin. The
Fanning friction coefficient is calculated as
ti - (Dp, /LDy

C = * * - * *
P22 T 202

where Dy, is the dimensional hydraulic diameter of the fidon-dimensionalizing
with the corresponding characteristic length anlbomy and substituting for the mean
pressure gradient from equation (5) result in
— Dh
T

The fin surface heat transfer is characterized byréace averaged Nusselt number,

Nu, which is calculated as

R dTHW,

Nu: = * *
K* K (Ts - Ty JAW;

where h is the average convective heat transfer coefficidrthe surface, kis
the thermal conductivity, q is the wall heat flux;. is the fin surface temperature, and

T IS a reference temperature, respectively.  Noredsionalizing with the
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corresponding characteristic length and temperasoedes the Nusselt number can be

rewritten as

Wi

z

NUgyg = —7
uavg (QS = Qref )de

whereqs andqys are the local modified non-dimensional fin surfacel reference
temperatures, respectively.  The reference temperais the volume-averaged
temperature of the domain found by integratingttéat flux over the entire volume

lu|qdA, dx
|u|dA dx

qref =

4.5 Baseline Friction and Heat Transfer Coefficients
The performance of the new fin geometry is evaldiecomparing its friction
coefficient and Nusselt number to that of a sm@eattallel-plate channel. The laminar
friction coefficient and Nusselt number for a sntoparallel-plate channel with fin pitch
(H") are given by
“us W& () &'(*
=) &

and for the turbulent regime, the Peutokhov anel@ski correlations for the friction
coefficient and Nusselt number, respectively, aedy[30]]

C, =(1.580In R, - 2.185)"? 1500£ Re, £2.5" 10°

(Cq, / 2)(Rey - 500)Pr
1+127(Cy 1 2)V3(Pr¥3- 1)

Uo :1500£ Re, £2.5° 10°

Note that the hydraulic diameter for a smooth pelrgalate channel is equal to
twice the fin pitch (' = 2H), i.e. (Ren = 2Re;). Thus, the original Peutokhov and
Gnielinski correlations are rewritten here in telwh&ke, rather than Re,.
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4.6 Fin Geometry, Computational Domain, and Grid Independency

The fin geometry is composed of a parallel inlimedrray, which is assumed to
be infinite in the span-wise direction. Two rowssplit-dimples modify the fin surface
as shown in Figure 4.2. Figure 4.2-b shows ths 8mallest repeatable spatial unit that
can be used to represent the fin geometry; thisaspait is used in the current study.
The computational domain is assumed to be perindibhe span-wise, stream-wise, and
transverse directions. Table 4.1 summarizes thapatational domain's geometry
specifications non-dimensionalized by the fin pi(Ep = H).

A grid independency study is conducted for thetspinple fin geometry; where
three grid resolutions have been tested. All o€ thrid cases used 288
structured/unstructured grid blocks to represeatfitlh geometry, Figure 4.2-c. In order
to resolve the near wall turbulence at the finacef a fine mesh resolution is placed in
the vicinity of the surface. The same grid disttibn was used in the direction normal to
the fin surface for all three cases. While thedingrid consisted of 3.6 million cells, the
next level was constructed by coarsening in the@-spae direction to 1.93 million cells,
and the coarsest level of 1.16 million cells wataoted by coarsening both the span-wise
and stream-wise directions. All grid cases aréetbat a nominal Reynolds number of
4000, which is the highest Reynolds number conedién this paper. Calculations are
started with an initial guess for the velocity ameenperature fields in the domain and
allowed to develop in time under the specified gpues drop until the flow is fully
developed and stationary, after which temporal ayieg for mean and turbulent
guantities is initiated.

Table 4.2 summarizes the friction coefficient andface averaged Nusselt
number values for the split-dimple fin for the thrgrids, with Case 3, the finest mesh
case, taken as a reference for comparison. tuad that the difference in the friction
coefficient and Nusselt number for the three gades is less than 1.5%. In spite of this,
due to the complexity of the fin shape and therdesi perform a very accurate analysis
of the flow structures, turbulent statistics, aeathtransfer distribution in the domain, the
finest grid of 3.6 million cells is used for alltalculations.

In addition to the grid independency study, th#igancy of the 3.6 million
resolution was further verified by checking the distribution obtained through aa
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posteriori calculation of the local friction velocity at theighest Reynolds number
simulated in this study (Re4000). Figure 4.3 shows the¢ yistribution of the first grid
point normal to the wall surface at the top anddatsides of the fin. The distribution
shows that the condition of k1 is satisfied for most of the fin surface excptsmall
regions at the bottom where the maximushwalue is 4.9. This guarantees the existence
of at least one point inside the laminar sublaykethe flow. The wall parallel mesh
distribution maintains a maximum value Bf, = 40 at the highest Reynolds number
simulated.

In order to evaluate the performance of the spiitpde fin, numerical simulations
of a smooth plate fin are conducted. The dimerssamd boundary conditions of the
plate fin are selected to match those of the siniitple fin with fin pitch of 1, fin length
of 1.2, fin thickness of 0.1, and domain lengti2ef. Two computational domains are
used in the calculations: (i) a 2D domain const&daising 10 mesh blocks and 46,080
cells used for low Reynolds number flows (R#&400); (i) a 3D domain constructed
with 20 grid blocks and 442,368 cells applied fagher Reynolds number flows
(Re4>1400).

4.7 Results and Discussion

Numerical simulations of the split-dimple fin cogd a wide range of Reynolds
number flows, Reg=2504000, ranging from laminar to fully turbulenflows.
Calculations are initiated with an initial guess fbe velocity and temperature fields in
the domain, and the flow is then allowed to develafh time under the prescribed
pressure gradient. At a stage when the velocitjoar rate exhibits a stationary signal,
which is constant for steady flow or one with a gtant mean value for unsteady flows,
temporal averaging is activated to obtain time-mgaantities for unsteady flows. The
typical averaging time ranges between 2.5 and 6 timts or between 2 and 5 domain
flows through time units. The plate fin calculasocovered a Reynolds number range of
Re4=300 3700.
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4.7.1 Instantaneous Flow Structure

Figure 4.4 shows the time-history of the streamewislocity at Rg=360, 460,
570, and 1100 at three locations: near the priotmust the fin's top surface, inside the
dimple cavity, and near the protrusion's surfac¢hatfin's bottom side. The velocity
signals at Rg=360 show close to steady laminar flow with someyvew amplitude
oscillations for the selected locations. These dowplitude oscillations are suspected to
be remnants from the higher jReun from which the calculation was initiated. Far
practical purposes, the flow at jRe360 is steady. At Re460, the flow shows signs of
unsteady flow with a dominant non-dimensional freqey €Uw/H) of 0.72. As the
Reynolds number increases toyReb70 and 1100, the range of frequencies increase a
secondary instabilities develop and the flow becowigaotic and eventually turbulent.
In comparison, the plate fin shows low amplitudeiqeéc oscillations at Re=330
signifying the developing instability in the leadiedge shear layer at a fundamental non-
dimensional frequency of 0.34. These oscillativ@sp growing till they become chaotic
at Rg;=1330, as seen in Figure 4.5.

Figure 4.6 shows the educed coherent-vorticityet=R100 (level=25) and 4000
(level=50) on the fin's top and bottom sides. Theerent-vorticity is identified by the
vortex-eduction technique proposed by Chenal. [18]. Roller or span-wise aligned
vortices are shed from the fin's leading edge aaddading edge of the protrusion on the
fin's top surface. The shed vortices convect dovwwam, where some of them impinge at
the downstream protrusion's inner surface and ed@ected to the fin's bottom side
through the split-dimple opening. On the fin'stbot surface, once again roller vortices
are shed from the leading edge of the fin. The#errvortices are deformed by the flow
accelerating around the protrusion and form a lstwse like vortex at the leading edge of
the protrusion. There is considerable vorticigcegd out of the split-dimple opening. At
the lower Rg=1100, the ejected vortices take an elongated ihalike shape, which
degenerates to small scale vorticity (turbulent¢&e=4000.
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4.7.2 Mean Flow Structure
Figure 4.7 shows three-dimensional mean flow femtuby injecting mean
velocity streamlines close to the fin's top (left)d bottom (right) surfaces atRe 240,
1100 and 4000, covering laminar to fully turbulesgimes.
Figure 4.8 plots the streamlines in a 2D streanewitane (z = 0). Several
important flow features which influence heat transfre present in the domain.
Large flow recirculation zone in the wake of th@tpusion at the fin's top side.
As the Reynolds number increases, the reattachienagith of the wake decreases
due to higher flow momentum and turbulence.
Recirculation region inside the dimple cavity or ttin's top side as the flow
separates at the upstream edge of the dimple @160 and 4000. As the
Reynolds number increases fromyR&100 4000, the recirculation zone's size
shrinks. A much smaller recirculation zone is otsé for the laminar flow at
Re =240.
Flow impingement at the protrusion's front surfacethe fin's bottom side, and at
the inner protrusion's surface on the fin's tosid
A swirling jet issuing from the split-dimple cavigs seen at the fin's bottom side.
The flow redirection from the fin's top side to litsttom side through the dimple
cavity results from the low pressure in the wakehef protrusion at the bottom.
Swirl is imparted to the flow by the curved edgéshe dimple cavity. Due to the
partial blocking of the dimple cavity by the recifating flow inside it, the
redirected flow through the split-dimple openingeatj in an-almost normal
direction to the main flow. Upon exiting the sglimple opening, the redirected
flow is partially realigned by the mainstream flo®ue to the larger blocking and
faster redirected flow as the Reynolds number ams, flow realignment
becomes weaker.
A horseshoe type vortex is observed at the upstrearof the protrusion on the
bottom side of the fin for R&1100 and 4000. This horseshoe vortex is formed
by the separated shear layer from the fin's leadohge, which accelerates and
elongates around the protrusion's surface. Then@Beshoe vortex is seen in

Figure 4.6 and as a small recirculating regionigufe 4.7.
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Flow acceleration through the narrow passage betwessrusions at the fin's top

and bottom sides.

4.7.3 Turbulent Statistics

Turbulent kinetic energy (TKE) levels give a goodication of the heat transfer
rate from the fin's surface, where high TKE valuebcate strong flow mixing and high
heat transfer, and vice versa. Figure 4.9 showsTE distribution, normalized by the
mean bulk velocity squared, for the fully turbuldltw at Re=4000 at stream-wise
locations starting from the downstream edge ofdimeple cavity, x=-0.15, to the next
dimple cavity's downstream edge, x=0.45. The rsaimrces of turbulent kinetic energy
production are the separated shear layers, which &b the leading ( labeled A in Figure
4.8) and trailing edges of the protrusion (labedon the fin's top and bottom sides,
respectively, and through the shear imparted tojgheéssuing from the dimple cavity
(labeled C). While the TKE produced in A staysseldo the surface of the fin due to
reattachment, the TKE in B and C is transportedyavwaan the fin surface.

Figure 4.10 shows the normalized TKE profile aestdd stream-wise locations
along the fin's centerline (z=0) for the flow at R&100, 2000 and 4000. The TKE
profiles peak at the flow separation from the prsimn's surface on the fin's top surface,
x=-0.15 (A in Figure 4.8). This peak occurs at @imthe same y-location for the three
flows (y=0.3), and the highest value occurs forfthly turbulent flow of Rg=4000. As
the flow moves downstream, the TKE peak diffusesaras the fin surface. Note that
the TKE levels at Re=2000 approach those atR&000 in the flow reattachment region
downstream of the protrusion, (x=0, and 0.15). Weximum TKE ranges between 20
and 30% at Rg=4000.

On the bottom side of the fin, dual peaks appedheatsplit-dimple opening for
the fully turbulent flows at Re=2000 and 4000, while a single rather weak peaktexi
for the flow at Rg=1100. The dual peaks result from the shear iredatd the flow
exiting the split-dimple cavity (C) and the intetian of the outer flow and flow issuing
from the cavity (B). These peaks convect downstre&the split-dimple's opening (x=0,
and 0.3), where they diffuse and move away fronfithe surface.
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4.7.4 Heat Transfer Distribution

Heat transfer augmentation results from the digoapdf the thermal boundary
layer, flow impingement, and flow instabilities durbulence. Boundary layer
regeneration is the dominant mechanism at low Rdgnoumbers, which is augmented
by flow instabilities as the Reynolds number insesa The temperature difference
(0s gre) iIs an indicator of the local variation in heaartsfer coefficient as given by
equation 9, where low values indicate regions ghhineat transfer coefficients, and
larger values occur in regions of low heat transtefficients.

Figure 4.11 and Figure 4.12 show (ref) distribution on the top and bottom fin
surfaces, respectively, for the flow at R240, 1100 and 4000. Regions of high heat
transfer, smallds gref), exist at (i) boundary layer regeneration atléaeling edge of the
fin, leading edge of the protrusion on the top atef and downstream of dimple on the
bottom surface, (ii) velocity acceleration zondha narrow passage between protrusions,
especially at high Reynolds numbers, (iii) flow imgement region at the protrusion's
outer and inner faces, (iv) flow reattachment raegiothe wake of the protrusion on the
top surface, and (v) the junction eddy at the piim'’s leading edge at the fin's bottom
surface for the turbulent flows at iRe1100 and 4000.

Conversely, regions of low heat transfer, large dq.s), exist at (i) flow
recirculation region inside the dimple cavity armwhstream of the protrusion, and (ii) in
the wake of the split-dimple opening at the finigtbm side. Note that the size of the
high @s Oref) zone in the wake of the protrusion shrinks witltreasing Reynolds
number of the flow, and it is almost unnoticeablettee fully turbulent flow case at
Rey;=4000. This agrees with the early flow reattachineserved earlier for the fully
turbulent flows, Figure 4.7-c and Figure 4.8 (R€000). In general, as the Reynolds
number increases, thgs(gre) range becomes smaller and more uniform in digtion,

which indicates strong flow mixing for turbulenos.

4.7.5 Average Friction and Heat transfer Coefficient
Figure 4.13 shows the Nusselt number and its autaten for the split-dimple
and plate fin. Better heat transfer performancebisined with the split-dimple fin over
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the plate fin with 40 120% increase of Nusselt nienb Moreover, the split-dimple fin
has a heat transfer area that is 45% larger tlepléte fin, which results in an additional
increase of split-dimple fin heat conductanbélf. Thus, the conductance is increased
between 60 and 175% over the plate fin.

Figure 4.14 shows the friction coefficient andatggmentation ratio compared to
a plain channel flow for both the split-dimple apthte fins. As expected, the split-
dimple fin produces much larger pressure drop ttlen plate fin; where the extra
protuberances introduced into the flow by the gfilihple fin geometry produce a
significant increase in flow resistance. The spihple fin's friction coefficient is 4 8

times that of the plate fin.

4.8 Summary and Conclusions:

Time-dependent high-fidelity calculations have beenducted for a hypothetical
fin shape, combining an interrupted plate fin watirface roughness in the form of split-
dimples covering a wide range of Reynolds numbees=B50 4000. Detailed
investigation of the transient and fully turbuldloiw structures, turbulent statistics, and
heat transfer distribution showed the following amndjow and thermal features:

The split-dimple geometry augments the overallati¥eness of the interrupted

fin by disrupting the thermal boundary layer whiohms on the fin surface.

Shear layers induced by the split-dimple geomentyaace turbulence levels in

the flow and heat transfer from the fin surfaceKETlevels as high as 30% are

observed in the vicinity of the split-dimple.

The windward surfaces of the split-dimple also obote to heat transfer

augmentation through the mechanism of flow impingetn High heat transfer is

also observed at the flow acceleration zone betyweatnusions.

Flow separation and large wakes are induced byptioéruding split-dimple

geometry, which reduce heat transfer and increassspre losses in the flow.

The fin surface downstream of the protrusion orhisides, and the surface inside

the dimple cavity are examples of these regionss tide Reynolds number

increases, these regions become smaller due toegthanixing.
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Overall, the split-dimple fin has 60% 175% highesdt transfer capacity than the
plate fins, but with 4 8 times the frictional losse
Future work should focus on modifications for reidgahe friction penalty.
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Table 4.1: Split-dimple fin geometry specifications

Fin Geometry Specifications

Fin Pitch Domain Length Fin Length Fin Thickness
H Lx L b
1.0 2.4 1.2 0.1
Split-dimple Specifications
Dimple Dimple Dimple Dimple Dimple
Outer Inner Streamwise Spanwise Depth
Diameter Diameter Pitch Pitch d
do d S P
0.5 0.3 1.2 0.6 0.15
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Table 4.2: Grid independency test results.

No. of Max

Case Cells Re G %Diff NUavg %Diff
1 1.16E+06 4022 0.283 0.55 69.6 1.22
2 1.93E+06 4033 0.281 1.10 70.4 0.1

3 3.58E+06 4011 0.284| Ref. 70.4 Ref.
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Figure 4.1: Nusselt number augmentation for dimpleghnel (Case 1 and Case 2) and typical louvaned f
configuration.
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Figure 4.5: Plate fin's instantaneous streamwikzcitg signals normalized with bulk velocity for
Re,=330, 520, and 1330.
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Re, =1100 Re, = 4000

Figure 4.6: Isosurfaces of coherent vorticity foe split-dimple fin for Rg=1100 (left), isosurface
level=25, and 4000 (right), isosurface level=50ttoe a) Top side; b) Bottom side.
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b) 1100;

Figure 4.7: Mean velocity stream lines at top )laftd bottom (right) sides of fin at Re a) 240;

¢) 4000. (Flow from left to right).
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Figure 4.8: Mean velocity streamlines at a stredsewwlane crossing the center of the domain (Ze0) f
Rey = 240, 1100, and 4000.
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Figure 4.9: Normalized T.K.E. distribution at sééststreamwise locations in the split-dimple fin at
Re=4000.
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Chapter 5:  Effect of Coriolis forces in a rotating channel wih

dimples and protrusions

5.1 Abstract

Large-eddy simulations are used to investigateeffect of Coriolis forces and
dimple depth on heat transfer and friction in ancte with dimples and protrusions on
either side. Two geometries with two different dlezprotrusion depthg}=0.2 and 0.3
of channel height are investigated over a wide easfgrotation numbers, BRe -0.77 to
1.10 based on mean velocity and channel heighis ftund that the dimple side of the
channel is much more sensitive to destabilizingatiobal Coriolis forces than the
protrusion side of the channel, although both despand protrusions react to the
stabilizing effects of Coriolis forces on the leagliside. The dimpled surface on the
trailing side experiences a large increase in heahsfer coefficient from an
augmentation ratio of 1.9 for stationary flow t& &t Re=0.77 ford=0.2, and from 2.3
to a maximum of 3.8 fod=0.3. Placing protrusion on the trailing side, leeer, only
increases the augmentation ratio to between 3.@3ahfrom the stationary values of 3.0
and 3.4 ford=0.2 and 0.3, respectively. The dimpled leadirdg ®8xperiences a large
drop in heat transfer to between augmentationgaifol.1 and 1.4 for the two dimple
depths. The protrusion surface on the leading alde experiences a large drop in
augmentation from 3.0 for a stationary channel.®at R@=0.77 ford=0.2 and from 3.4
to 1.8 at Rg=1.1 for d=0.3. The results lead to the conclusion that @w Fotation
numbers |Rg<0.2, placing protrusions on the trailing sidexdsvantageous, whereas for
|Ra,|>0.2, dimples on the trailing side of the ductegibetter overall performance.
Between the two depths, the deeper dimple/protnugle0.3) gives higher heat transfer
augmentation at the price of more frictional lossegying from 6 to 10 versus 3 to 5 for
depthd=0.2.
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5.2 Introduction

Modern gas turbine blades are exposed to increlgsingher gas temperatures
which exceed the melting point of the blade malterTfdus active cooling plays a critical
role in maintaining the structural integrity of théade. Blades are cooled by extracting
bleed air from the compressor and passing it thrangernal passages inside the airfoil
and then ejecting it through holes on to the bladdace to form a protective layer
between the hot mainstream gases and the blagesurf

In order to enhance internal cooling, differentht@ques that increase the heat
transfer area and promote turbulence inside tharels are applied. The most common
surface enhancements used for heat transfer augtoentf internal cooling are pin fins
and ribs, which produce acceptable levels of heaister augmentation but the pressure
drop penalty can be significant. Friction ratioS/Ci) and Nusselt augmentation
(Nu/Nw,) of 10-20 and 2-5, respectively are common for tultbulators and pin fins,
Ligrani et al. [1].

Flow structure inside rotating channels is quitenptex under the action of the
turbulence promoters and rotational Coriolis forc@se flow structure and heat transfer
distribution inside rotating channels have beendbghly investigated in the past three
decades; where the rotation number, centrifugaléooy, and passage geometry were
found to be the dominant factors affecting the lieatsfer in the channel (Wagner et al.
[2] and Wagner et al. [3]). Under the action ofatmn, heat transfer from trailing
surface increases due to flow destabilization watlation number, and it decreases at the
leading surface due to flow stabilization (Fanmle{4], Johnson et al. [5], EI-Husayni et
al. [6], Parson et al. [7], Dutta et al. [8], Gitffet al. [9], Al-Hadhrami et al. [10], Hseih
and Chin [11], and Sewall and Tafti [12]). El-Hysaet al. [6] and Parson et al. [7]
studied the heating condition effect on the perfomoe of 60 and 90 ribbed square
ducts, respectively. Moreover, the model orieatatvas reported to have an impact on
the performance of the channel, where th& (46 135) orientation of the channel was
found to provide better performance of the chagig) [7], [8], [9], and [10]).

Murata and Mochizuki [13] and Abdel-Wahab and THfti] studied the effect of
Coriolis forces in rotating ribbed duct using LE&ere they reported the heat transfer
levels to decrease and increase on the leadingtraohg sides, respectively. By
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isolating Coriolis forces from centrifugal buoyaneffects, Abdel-Wahab and Tatfti [14]
showed that Coriolis forces had a stronger effecheat transfer from the channel than
centrifugal buoyancy. They reported that centafuguoyancy yielded an increase of
about 10% in the overall augmentation over the d@isrforces alone, which agrees with
the conclusion of Johnson et al. [5] that centafluguoyancy does not have a large
impact in well mixed flows.

In the present study, new surface geometries baselinples and protrusions are
proposed and investigated for internal blade cgolpplications. Heat augmentation
using spherical indentations (dimples) has recewigl@ attention lately due to their good
heat transfer characteristics and low pressure grepalty (Afansyev et al. [15]).
Several researchers have investigated the effetiffefent geometry parameters on heat
transfer characteristics of the channels, wherg teported that the channel height (H/D)
and dimple depthd(D) have the largest impact on the heat charatitarief dimpled
surfaces (Moon et al. [16], Ligrani et al. [17], Maood and Ligrani [18], and Won et al.
[19]).

The use of dimples/protrusions on opposite sidesh&at augmentation in a
channel was investigated by Ligrani et al. [20] Mahmood et al. [21], where they have
reported higher friction and Nusselt number thas dimple/dimple case. Elyyan et al.
[22] wused LES to investigate the flow structured dmeat transfer distribution in a
stationary channel with dimple-protrusion in theniaar to fully turbulent regime; in
addition they also investigated the effect of diengepth with respect to channel height
where they reported a large impact in the low Ré&gaumber regime.

Despite their good heat transfer characteristicgationary channels, the work of
Griffith et al. [23] is the only experimental studythe literature that has investigated the
use of spherical indentations for cooling of ratgtiturbine blades. They studied the
effect of rotation on heat transfer enhancememt dimpled-dimpled channel with aspect
ratio (AR=4) at Reynolds number rangsr=5000-40000 and low rotation number
range Ra,=0.01-0.3), where they have reported a behavioilairnto that of a ribbed
channel. No detailed flow structure, heat trandfstribution, or pressure drop data was

reported.
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Elyyan and Tafti [24] used LES to perform a dethilevestigation of the Coriolis
forces effect on flow structure and heat transistribution in a rotating channel with
dimples on the trailing side and protrusions on lgeding side. They showed the
existence of secondary flow structures induced Hey €oriolis forces acting on the
domain and flow destabilization/stabilization nehe trailing/leading surfaces, which
lead to about 90% increase of heat transfer neatr#iling (dimple) surface and about
50% drop in heat transfer near the leading (pratn)surface.

In this paper, we extend our analysis of the Cwrifirces effect on a rotating
channel with dimples and protrusion to investigeie effect of rotation direction and
dimple depth on flow structure, turbulent statstiand heat transfer distribution on the
channel surfaces. Two dimple (protrusion) deptiisl£0.2 and 0.3) are considered in
the current study. We cover a wide range of rotatiumbers from Rg -0.77-1.1, at a
nominal Reynolds number of 12,000. The paper dessrin detail the mean and
turbulent structure of the flow and the subseqdréction and heat transfer characteristic
over the full range of rotation numbers.

Nomenclature

D dimple imprint diameter
G Fanning friction coefficient
g contravariant metric tensor
k thermal conductivity
H channel Height
Lx periodic length
Nu Nusselt number
span-wise pitch
p fluctuating, modified or homogenized pressure
Pr Prandtl number
q' constant heat flux on channel walls
Qx mass flow rate in the streamwise direction
Re Reynolds number ( /%0)
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Rq, rotation number 1 /% )

Ron rotation number based on hydraulic diametdr £3,% )
stream-wise pitch

cartesian velocity vector

physical coordinates

mean pressure gradient

Q T x = O»

mean temperature gradient

dimple depth

X

computational coordinates

rotation speed of the channel around the z-axis

fluctuating, modified or homogenized temperature

I ° R

heat transfer surface area

Subscripts
bulk

smooth channel

(on

(@)

t turbulent parameters
values based on friction velocity

Superscripts
dimensional quantity

wall units
grid filtered quantity
A test filtered quantity

5.3 Channel Geometry, Computational Domain, and Governing Equations
Figure 5.1 shows the channel geometry used in gtugy which consists of
aligned dimples and protrusions on opposite susfacgince dimple depth was found to
have a strong impact on the flow structure and breaisfer in stationary channels, we
consider two dimple depths: Case 1 witt0.2 and Case 2 witt0.3. Both geometry

cases have a dimple and protrusion stream-wisespad-wise pitch of S=P=1.62, and
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dimple imprint diameter D=1.0. Note that all chahndimensions are non-
dimensionalized by the channel height)(H

The computational domain simulates two paralletgdaroughened by dimples
and protrusions on opposite sides and assumes-dieMgloped hydrodynamic and
thermal flow, Figure 5.1. For stationary ribbedctduit is known that a nominally fully-
developed flow is reached within 3-4 rib pitchesnirthe duct entrance [25]. However,
the developing length is much longer in a rotatiogt and takes up to 8-9 rib pitches for
the Coriolis driven effects to reach a spatialbtisinary state [26]. Hence the assumption
of fully-developed flow and heat transfer may nabaaly represent an actual cooling
passage in a rotating blade. However, the assumpliees not distort the physics of
rotational effects and is a valid assumption inleating different geometries at different
rotation numbers without much loss of generalityextending the conclusions to a
developing flow. Using the fully-developed assumptithe channel is assumed to be
periodic in the stream-wise and span-wise diresti@md rotating at a uniform angular
velocity (W, ) orthogonal to an axis aligned with the z-axisha@nel surfaces exposed to
the flow, i.e. dimple and protrusion surfaces, laeated with a constant heat flL&6().
The channel height/ ()2, friction velocity ( ~, 1 ), and a temperature scale
given by 66/ !8) are used to non-dimensionalize the governing t&mns of the
system as will be shown later.

A special treatment of the pressure and temperatarmbles is required to
accommodate the periodicity boundary conditionhef thannel [27]. In this treatment,
the pressure and temperature variables are deceohpds mean and fluctuating parts as
shown in the following non-dimensional equation

9:5=>?7@9 ,3CD; EF :&=>?2@ G
H:&<>2@H sEl ; EHI:&>2@ (1b)
where the mean pressure and temperature gradienssid g, are found by
performing momentum and energy balances, respéctivée non-dimensional pressure

and temperature gradients are given as

D [ e

1The asterisk (*) is used to denote dimensionahtjties
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N
OpQRFUr (3)

The non-dimensional continuity, momentum and energy equations in
transformed coordinates after incorporating the ifrextlvariables take the form
Continuity:

1 —i\_
s (Vau)=o0
Momentum:

g} g (ooa)=- - (iae) v)

+ 1-[ 1 + 1 \/Egjkﬂ +F|

X, Re Reg Tix,
Energy:
1 _ q — =\_ 1 1 1 ik ﬂa
ALl 1 (/gU 'q)= V99" ¢
o Waa) ﬂXj( gU 'q) fx, PrRe  Pr.Re Vo9 9x,

- \/agljl

where a' are the contravariant vectgrs V is the Jacobian of transformation,
g'are the elements of the contravariant metric tensdW* VXY 5 5 is the
contravariant flux vectorZ is the Cartesian velocity vectqy, is the Reynolds number
based on the friction velocity {4 andq is the modified temperature. The overbar
denotes grid filtered quantities; whdras the implicit top hat filter given by
a_bc) ,AC; ada; ! Kk
) e?f\ghij\
wherea; is the grid spacing[\ | is the inverse of the non-dimensional turbulent

];AC;AA _

eddy-viscosity

1 Henceforth, all usage is in terms of non-dimenai@uantities unless qualified with an asterisk.

2The notation(aj);< is used to denote the k-th component of vealar (aj)k = 'ﬂxj/'ﬂxk
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_ . va@"z

whereZ is the magnitude of the strain rate tensor giverdb ; and

the strain rate tensor is given by

T grep art
_p_ E LS
0 gbsg gby

and the Smagorinsky constanf & calculated using the Dynamic subgrid stress
model [28]. To calculate this constant, a secdtet ftest filter, denoted hy, is applied
to the filtered governing equations with the cheegstic length ofG being larger than
that of the grid filtered,G . The test filtered qtity is obtained from the grid filtered
quantity by a second-order trapezoidal filter whishgiven by% Y, |wZjw,, @in
computational coordinates in one dimension. Theolved turbulent stresses,
representing the energy scales between the testhangrid filters,~»y 24 C X X,
are then related to the subteBky °* , C XX, and subgrid-scale stresseg,

o C Z 27, through the identity,y H AvC &y

The anisotropic subgrid and the subtest-scales&tsesre then formulated in terms

of the Smagorinsky eddy viscosity model as
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Herea is the square of the ratio of the characterigingth scale associated with

the test filter to that of the grid filter and iaken to be, S %‘CE for a three

dimensional test filtering operation (Najjar andftT§29]). Using the least-square
minimization procedure presented by Lilly [30], tthgnamic Smagorinsky constant can
be calculated as:
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Where the local value of is constrained to positive values. The turbulent
Prandtl number is assumed to have a constant vé&l® [31] in equation(6).
The Coriolis forces and mean pressure gradienectefh) are included in the
momentum equation through an external force t&m,
“» VDIt C Ve . oepp
Note that the mean centrifugal buoyancy term idigitfy absorbed into the mean
pressure term in the x-momentum equation. No a&tid constant heat flux boundary
condition are imposed at the domain walls
<= G
—=x Cl¥ b_& ™
and periodic boundary conditions are applied atdfineam-wise and span-wise
edges of the domain

WSExe w §>ws>>Gz2—>Gz2Y G7Z-

5.4 Numerical Method

The non-dimensional generalized Navier-Stokes amigy equations are solved
on a non-staggered grid topology, where the presstemperature and Cartesian
velocities are solved and stored at the cell cerdad the fluxes are calculated at the cell
faces. Conservative finite-volume formulation with second-order accurate central
difference scheme is used to discretize the gowngraguations. A predictor-corrector
scheme is used for time advancement of the solutinere an intermediate velocity is
calculated at the predictor step which is thenemad by satisfying discrete continuity at
the corrector step. Advancement in time for thergy equation is performed using the
predictor step.

Simulations are performed using the computer progéenIDLEST (Generalized
Incompressible Direct and Large Eddy Simulatio ofbulence). GenIDLEST has been
used to study flow structure and heat transferomgact heat exchangers [32] and in
stationary and rotating ribbed ducts ([25] and [B8hd has been validated extensively
with experimental results. Details about the cotepprogram and its capabilities can be
found in Tafti [34].
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5.5 Calculation of Nusselt Number and Friction Coefficient

Pressure drop and heat transfer of the channehalaated by using the friction
coefficient, C;, and Nusselt numbefu, of the domain. The friction coefficient and
Nusselt number are calculated as (the asteriskahes dimensional quantities)

CEDY ©Ly
i %: s.f a f
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t®7®y. " 7" 1 @

«

whereq.s is the mean-mixed temperature of the flow defiasd

+ Porrurhb
i dorr’uTh
The surface-averaged Nusselt number at the twonethamalls is calculated by
integrating over the surface (S)

KL o —’,
1 L7 5 @,

and the overall average Nusselt number of the @ascalculated by taking the mean of
the leading and trailing surface Nusselt numbers.

Nusselt number and friction coefficient of a smoatiannel are used as to
evaluate the augmentation ratios of Nusselt nuraber friction coefficient. Those are
obtained using the Petukhov and Gielinski corretetiforC; andNu [35], respectively:
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Note that the original Petukhov and Gnielinski etations are rewritten here in
terms ofRey rather tharRey,, whereRe)n=2Re, for smooth parallel plates.

5.6 Domain and Grid Independency Studies

A domain independency study is conducted to obtiaén smallest spatial unit
capable of capturing the relevant flow structurésctv impact friction and heat transfer
predictions. Elyyaret al. [22] conducted a domain independency study faagosiary

channel that is identical to CasedE(Q.2) of the current study, where we have consdlere

118



three domain sizes: domain 1 which is the mininravailable spatial unit with domain
size (1xP/2xS), domain 2 (1xPxS) which is twice domil in the span-wise direction,
and domain 3 (1xP/2x2S) which is twice domain thm stream-wise direction, Figure
5.2. The study showed that the maximum differeincéhe friction ratio C#/Cs,) and
Nusselt number augmentatiohu/Nw) from that of Case 1 was 3.5% and 5.55%,
respectively, which proved the sufficiency of domdi (1xP/2xS) for capturing the
relevant flow modes.

To further investigate the sufficiency of domairfak capturing the additional
flow complexity induced by Coriolis forces (rotagirthannel), we have conducted an
additional domain independency study for the saomains considered earlier, domain
1, 2, and 3, at a nominal rotation numben,=0.64, and a nominal Reynolds number,
Re=11,000. The domain independency test results suiped in Table 5.1 further
confirm the sufficiency of Domain 1 (1xP/2xS) irptaring the relevant flow structures
in the domain, where the time mean Nusselt numbefriction coefficient of Domain 2
are 1.9% and 3.2% different from those of Domaimadg those of Domain 3 have
differences of 2.7% and 1.4% from those of Domain 1

Once a computational domain size was selected (Pob)awe have performed a
grid independency study using four mesh resolutiokesh 1 is the coarsest grid with
466,944 cells, Mesh 2 is finer than Mesh 1 in thess-stream direction with total no. of
cells of 933,888, Mesh 3 is three times finer thash 1 in the cross-stream direction
with 1,400,832 cells, and Mesh 4 is three timesiMEdn the cross-stream direction and
twice as fine in the wall parallel directions wahtotal of 5,603,328 cells. All cases are
constructed using 28 grid blocks with finer mesdotetion placed in the vicinity of solid
surfaces of the channel. Calculations are perfdratea nominal Reynolds number,
Re=11,000, and rotation numbeRq,=0.64. Table 5.2 summarizes the results of the
grid independency test, where the finest mesh @dssh 4) is taken as a reference for
comparison. While the error on the coarsest me€% and 6% in time mean Nusselt
number and friction coefficient, these reduce to & 1% on Mesh 3. Due to the
relatively small gain in accuracy but at a muclgéarcost between Mesh 3 and 4, Mesh 3
is selected for performing the calculations in therent study with a domain size
1xP/2xS.
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Figure 5.3 shows the surface mesh distributioh@trtall and in the cross-stream
direction. Fine grid resolution is placed in thess-stream direction in the vicinity of the
solid walls of the channel with the first grid ppplaced at an average distanceDgf=
4.0x10* from the walls. Ara-posterioricalculation of the friction velocity showed the
grid to be fine enough with the first grid point\di< 0.5 at the dimples and protrusion
surfaces and 5-6 grid points located withinsy10.

5.7 Results and Discussion

Table 5.3 and Table 5.4 summarize the calculattomslucted for Case 1£0.2)
and Case 2dE0.3). The friction Reynolds number (Rs held constant (Re2000 for
d=0.2 and Re=3000 ford =0.3), whereas the rotation number; Rovaried from 4.5 to
+4.5. Based on the balance between friction losseb the applied mean pressure
gradient), a bulk mean flow velocity is obtained from thdcadation. The calculated
mean velocity is then used to defineyReEnd R@ for each calculation, which range
between 10000Re; 14000 and 0.80Ro, 1.10. During positive or counter-clockwise
(CCW) rotation, the dimpled surface of the chans@in the trailing side, whereas during
clockwise (CW) rotation, the protrusion side is the trailing side of the duct. To
maintain uniformity in the interpretation of datdl results are non-dimensionalized by
the calculated mean bulk velocity in the channg).(uNusselt numbers and friction
coefficients are normalized by the baseline vaggiesn by equation (11) and (12) at their
respective Rg While the absolute values of friction coeffidiemd Nusselt numbers are
sensitive to the Reynolds number, the augmentatitos have negligible sensitivity to
the Reynolds number variations in the range betvi®&90 Re,; 14000.

Each calculation is initiated with an initial begtess of velocity and temperature
fields and allowed to develop under the influenéehe prescribed pressure gradient.
When the flow shows a statistically stationaryestéémporal averaging is conducted for
a typical sampling time between 5 to 10 non-dimamei time units.
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5.7.1 Mean flow structure

The relationship between flow structure and surfaeat transfer in a stationary
channel with dimples and protrusions has been iigaed in detail by Elyyan et al. [22].
It was established that heat augmentation on thgpldd surface was chiefly brought
about by separation induced vortex impingementénréeattachment region of the dimple
cavity. The ejection and redirection of these ieed and additional vortex shedding at
the rim of the dimple was responsible for the higiat transfer augmentation on the flat
landing downstream of the dimple. On the otherdham the protrusion side, flow
impingement on protrusions and acceleration betwwetrusions played an important
role in augmenting heat transfer. Wake turbulense playing a role in augmenting heat
transfer on the flat landing downstream of the nqusion.

Coriolis forces modify momentum transfer by addifgyce terms into the
momentum equations. For orthogonal rotation alloeitz-axis, additional term&$ zA
andC &$ z, act as additional force terms in x- and y-momenttansfer, respectively.
For positive or CCW rotation, the first-order etffexan additional net downward force in
the y-momentum equation which tends to push thd flowards the trailing wall of the
channel increasing the flow rate in the bottom.hdarhis first-order effect gives rise to
secondary flow cells within the channel cross-secti The secondary flow increases in
magnitude with rotation number and at high rotatmmbers is found to counter the
first-order effect of Coriolis forces by transpadifluid from the trailing to the leading
side of the duct. An additional effect is the imopaf Coriolis forces on turbulence
production. Although Coriolis forces do not makdii@ct contribution to the production
of turbulent kinetic energy, they do affect its migde indirectly through their action on
normal stress components and the primary sheasst¥€. In turbulent channel flow,
through phenomenological reasoning it can be shthwah on the trailing side of the
channel, terms attributed to Coriolis forces raiodothird quadrant, (A" * ) turbulence
generation mechanisms of bursts and sweeps whiadian opposite effect on the
leading side. These are often referred to asdbstabilizing” and “stabilizing” effects of
Coriolis forces. Whereas the phenomenologicalcesfef Coriolis forces do not change
from one geometry to another, its non-linear intBoas with the base stationary flow
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and resulting impact on heat transfer augmentatwwough flow field modification is
different from one geometry to another.

The effect of rotation on the mean flow is chardaeesl in Figure 5.4, Figure 5.5
and Figure 5.6. Figure 5.4 shows the velocityastines at a stream-wise plane along
the dimple/protrusion centerline at z=-0.81 (segufé 5.3) for the stationary and rotating
cases for Case 1 with dimple depti¥0.2. Figure 5.5 and Figure 5.6 plot the friction
lines (or streamlines very close to the surfacejhendimple and protrusion sides of the
channel, respectively to give an additional perspe®n the mean flow. In a stationary
duct, flow approaching the protrusion impinges andelerates around it producing high
wall shear at the sides and at the end wall betweetnusions (Elyyan et al.[22]). The
shear layer on the protrusion separates as it et@®suan adverse pressure gradient to
form a turbulent wake region behind the protrusishich reattaches on the flat landing
downstream of the protrusion. A small mean retating eddy is also present at the
windward junction of the protrusion with the chahmall. Flow on the dimple side of
the channel is characterized by turbulent shear lagparation at the windward (leading)
rim of the dimple with reattachment in the dimp&vity. As the flow from the dimple
cavity is ejected out along the leeward (trailing) of the dimple, it separates once again
and reattaches on the flat landing.

The action of Corilois forces has the following mesfect on the flow field:

- As the channel is rotated in the counter-clockw(€€W) direction, the
dimpled side is oriented as the trailing edge wilib protrusions on the
leading side of the channel. The action of Casidtirces leads to a more
energetic flow on the trailing side of the chanmébich results in the
progressive shrinking of the recirculation zonethe dimple cavity as the
turbulent separated shear layer reattaches fastéhe structure of the
recirculation region in the dimple cavity changesnf covering most of the
lateral radius of the dimple to an elongated stm&cimostly concentrated in
the center of the dimple cavity. Further, by eaalyd more energetic
reattachment in the dimple cavity, the flow ejentat the leeward rim of the
dimple cavity is strengthened. Conversely, on phetrusion side of the
channel, Coriolis forces make the flow less en&rgetsulting in a gradual
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growth of the wake region as the rotation numbereases. Close inspection
of Figure 5.4 and Figure 5.5 reveals that theranisncrease in the extent of
the wake region up to CCW2 (R®.39) after which the wake shrinks in size.

- For clockwise (CW) rotation, the flow shifts towarthe protrusion side of the

channel which acts as the trailing edge. The adidcCoriolis forces is not as
strongly evident on the flow structure as it isthé dimpled surface for
counter-clockwise rotation (CCW). There is somfeafon the extent of the
protrusion wake which shrinks in size initially ()e0.35, CW2 in Figure
5.6), but which does not change significantly asmtion increases to Re-
0.70 (CW4 in Figure 5.6). An additional visible dification to the flow field
is the disappearance of the junction eddy in frainthe protrusion. On the
leading dimpled surface, the effects of rotatioe emuch more evident. The
attenuation of turbulence leads to a less enerdkete which results in
delayed reattachment of the separated shear laybe idimple cavity and the
recirculation zone extends across the whole dinapl&ka=-0.70 (CW4 in
Figure 5.4). There is also a noticeable weakenine flow ejection out of
the dimple cavity (CW2 and CW4 in Figure 5.5) irated by the absence of
separation and reattachment around the leewarafritine dimple. Rotation
also changes the structure of the recirculatingorem the dimple cavity. As
the rotation number increases, two counter-rotatimex structures become
prominent inside the cavity (CW2 and CW4 in Figbr&) and the structure of
the flow in the dimple cavity approaches that obseérin stationary flows at
lower Reynolds numbers (Ligrani et al. [17] andy@&ly et al. [22]).

In order to indentify the secondary flow structuireduced by the Coriolis forces,
mean cross-sectional streamlines 0.2D downstreamthef dimple/protrusion are
examined in Figure 5.7. For counter-clockwise (QQwtation, two counter-rotating
flow structures appear in the span-wise plane,avwez the dimple and the other above
the flat landing downstream of the dimple. The Benatructure at the rim of the dimple
is a manifestation of the early flow reattachmenthe cavity and the more energetic
flow ejection at the rim of the dimple which imp&#@ rotational component to the shear
layer. Whereas the larger structures which arsgmteabove the dimple and the flat
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landing extend from the trailing wall to midway éligh the channel can be attributed to
Coriolis induced secondary flow. These secondémy Structures gain definition and
magnitude with increasing rotation number. To me\better definition to the secondary
flow structures, Figure 5.8 shows selected plaoegring the dimple-to-dimple stream-
wise pitch at CCW4 (Rg0.77), which shows well-defined secondary flowi<&h the
cross-section over the full stream-wise pitch.islhoted that the flow cells are clearly
biased towards the dimple side of the channel.ti@rother hand, observing Figure 5.7
for clockwise rotation (CW) rotation shows no maghiange in the flow structure in the
channel cross-section. Examination of differemtan-wise planes at CW4 reveals
differences with similar planes in the stationatyarnel, but does not reveal any
differentiating organized secondary flow cells whican be clearly attributed solely to
rotational effects.

Whereas streamlines give a structural view of ttesszstream flow, to obtain
some guantitative measure of the secondary flowitanefffect on the bulk flow, Figure
5.9 shows the stream-wisa) (and cross-streanv)( velocities normalized by the bulk
velocity for the CCW and CW cases at the centejlise downstream of the dimple and
protrusion. It is observed that at low rotatiormmers |Rg<0.2, the first-order effect of
Coriolis forces to push the bulk flow towards thailing wall is evident for both CCW
(dimple side) and CW (protrusion side). Howevarboth cases (CCW and CW) as the
rotation number increases above 0.2, the trenkderutvelocity profiles is reversed as the
bulk flow shifts towards the leading side of thewhel. This is attributed to the stronger
Coriolis induced secondary flows set-up in the sresction — as can be deduced from the
cross-stream velocities in Figure 5.9(b), whichréase with rotation number.

5.7.2 Turbulent Kinetic Energy

Turbulent Kinetic Energy (TKE) levels are of spediaterest, since they are
closely connected to the rate of heat transfer feonfaces. Figure 5.10 shows the TKE
distribution, normalized by the bulk velocity sqgedy at a span-wise plane 0.2D
downstream of the dimple/protrusion at differentation numbers. For the stationary
channel, high TKE levels exist in the separatedashayer inside the dimple cavity
(labeled A), the turbulent wake region downstreanthe protrusion (labeled B), and
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region C, which is the carry-over of wake turbulefiom the upstream protrusion. With
rotation in the positive or counter-clockwise dtien (CCW), the TKE contours show:
i) concentrated high TKE levels in the separategasHayer inside the dimple cavity
(labeled A); i) diminishing TKE levels in the wala the protrusion (labeled B) and in
region C due to the slower flow movement near gwlihg (protrusion) surface; iii)
higher TKE levels in the flow ejection zone at tateral rim of the dimple cavity, which
coincides with the location of the secondary flanusture identified in Figure 5.7 and
Figure 5.8 at the same location. Note that thé RIE levels in region A that represent
the separated shear layer inside the dimple camiiye closer to the dimple surface as
the rotation number increases (CCW1-CCW4), whichrodmrates with the early
reattachment observed in Figure 5.4. Moreover,THKE levels for CCW3 (Rg=0.64)
and CCW4 (Rg=0.77) are lower than those at the lower rotatiomipers. This is due to
the action of the Coriolis induced secondary stimeg which drives the flow away from
the dimple surface and corroborates with the olasenv made for the stream-wise
velocity profile for the CCW cases, in Figure 5.9.

With the protrusion on the trailing side (CW casekg TKE contours show: i)
lower TKE levels that diminish with increasing rada number in the separated shear
layer inside the dimple cavity (region A); ii) a aler concentrated TKE zone in the
wake of the protrusion (B) and a magnification @jion (C); and iii) attenuation of TKE
inside the dimple cavity. Note that, similar t@ t6CW cases, the TKE levels become
weaker as the rotation number increases tg=R®b8 (CW3) and -0.77 (CW4) especially
in the wake of the protrusion. This observatiomr@oorates with the mean velocity
profiles in Figure 5.9, which indicate that as tmta number increases, flow is pushed
away from the trailing towards the leading side¢hef channel.

Figure 5.11 shows the TKE profiles at the centerlaf the dimple (z=0) at a
plane 0.2D downstream of the dimple/protrusion @x2} for the CCW and CW cases.
Two main peaks appear in the TKE profile. Neardimaple wall, the peak in TKE is
representative of the turbulent characteristicdlay ejecting out of the dimple cavity
which after separation at the rim of the dimpl@ttaches in this region, and the peak at
the protrusion side representing the turbulent wakéhe protrusion. As the channel
rotates in the CW direction (protrusion on trailisgle), the maximum value of TKE
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increases in the wake of the protrusion a=R@15 (CW1), but starts decreasing
thereafter on further increase in the rotation nembThe leading side of the channel
(dimples) experience a monotonic decrease in th& palue near the surface as the flow
stabilizes. For counter-clockwise (CCW) rotatitve topposite effects come into play.
There is a steady decrease in TKE in the turbueke of the protrusion, while on the
dimple side, the peak TKE increases initially fa@\W1 but then decreases as the rotation
number increases further.

Figure 5.12 shows the volume averaged TKE valueth®two dimple/protrusion
depths of 0.2 and 0.3. Since the heat transfer isastrongly dependent on the TKE,
volume-averaged TKE provides a concise indicatohedt transfer behavior. As we
would expect, the deeper dimple depth geomedr).3) results in higher TKE values
than the shallower dimple deptll=0.2). What is quite revealing though, are the
predicted trends of TKE. For CCW rotation when plies are on the trailing wall, the
TKE increases up to about R®.6 for d=0.3 and Rg=0.5 for d=0.2, after which it
decreases as rotation number increases furtherth®ather hand, for CW rotation the
volume averaged TKE decreases with rotation numbeéris trend implies that CCW
rotation is much more successful in augmenting ulerce on the dimpled surface
(trailing side) than it is on the protrusion sidetlee channel during CW rotation. It will
be shown later that the averaged heat transfefficieats closely mimic the trends in

volume-averaged TKE.

5.7.3 Heat Transfer Distribution

Figure 5.13 and Figure 5.14 show contours of ithe faveraged Nusselt number
augmentation ratio on the protrusion surface fofd\C&and CW rotation, respectively. In
the stationary channel, regions of high heat teanekist on the windward side of the
protrusion due to flow impingement and acceleratod on the flat wall in the passage
between protrusions. Low heat transfer regionstene@ar the location of separation and
in the wake region. The presence of the junctiddyeat the windward edge of the
protrusion also decreases the heat transfer (Figde With CCW rotation there is a

gradual decrease in the heat transfer distribia®ihe flow slows down and stabilizes
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near the leading-protrusion surface (Figure 5.13)e region of maximum heat transfer
on the protrusions moves from the side of the psxdn to the center and decreases in
magnitude as Roincreases. Similar decreases are observed ondhén the passages
between protrusions and in the wake of the prairusi

With clockwise rotation when the protrusion surfae®n the trailing side more
pronounced heat augmentation is observed on tim dfothe protrusion (stronger flow
impingement and acceleration), in the passage letwarotrusions and at flow
reattachment downstream of the protrusion (Figutd)s Note that these zones of high
heat transfer shrink in size for the highest rotgtwhich is in agreement with the TKE
countours and profiles seen earlier in Figure a0 Figure 5.11. Moreover, the low
heat transfer region at flow separation at the lxdi¢ke protrusion become smaller as the
rotation number increases, which is due to the lsmaibke and earlier flow reattachment
discussed in Figure 5.4.

Figure 5.15 and Figure 5.16 show contours of ithe faveraged Nusselt number
ratio on the dimple surface for the CCW (trailingnd CW (leading) rotation,
respectively. In the stationary channel, high hestsfer regions are mostly observed in
the dimple cavity in the region of shear layer tagtment and acceleration of the flow as
it ejects out of the dimple cavity at the leeward.r This is followed by a region of low
heat transfer immediately downstream of the rimigbery which is caused by shear
layer separation of the ejected flow followed byegion of high heat transfer when the
shear layer reattaches back on the flat landingsaodnsistent with observations made in
Figure 5.5. The region of flow recirculation iretbpstream half of the dimple incurs the
largest heat transfer penalty. On CCW rotatioe, ttost visible effect is the higher heat
transfer in the dimple cavity as the recirculatimmne shrinks in size as seen earlier in
Figure 5.4. A counter-effect is the increase & kbw-heat transfer region surrounding
the leeward rim of the dimple as the rotation numbereases, which is consistent with
the observation of reducing TKE near the surfacehenflat landing in Figure 5.10and
Figure 5.11. When the dimples are placed on thdirkg side in CW rotation (Figure
5.16), there is a steady decrease in heat traaggnentation ratio as the rotation number
increases. The attenuation in heat transfer ideewiover the whole leading surface
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especially in the dimple as the recirculation reggvows to cover the full extent of the
dimple cavity (Figure 5.4 and Figure 5.5).

5.7.4 Average Friction Coefficient and Nusselt Number

Figure 5.17 shows the surface averaged Nusselt @uwvabiation with Regfor the
two dimple-protrusion depths considered, d=0.2 and 0.3, on the leading and trailing
surfaces. The general trends @10.3 follow that ofd=0.2 with some differences which
will be highlighted. When the dimple surface is thwe trailing side for CCW rotation,
there is a sharp increase in the average Nusseibéuas the channel starts rotating at
R0,<0.2 when the augmentation ratio increases frontd 896 ford=0.2 and from 2.3
to 2.9 ford=0.3. After this point, on a further increase atation number to R&0.39,
the shallower dimples witkl=0.2 increase to 3.4 and increase gradually there#d
values in the range of 3.5 at R0.64 and 0.77. On the other hand, the deeperleeamp
exhibit a sharp increase in the augmentation tati®.8 as the rotation number increases
from Rq,=0.19 to 0.57, and decreases thereafter to valose ¢to 3.65 as the rotation
number Rg increases further to 0.9 and 1.1. When the diraptéace is on the leading
side of the channel (CW rotation), there is a stedmp in the average augmentation
ratio for both dimple depths. The augmentatiorordécreases from the stationary values
of 1.8 and 2.3 to 1.1 and 1.4, fd=0.2 and 0.3, respectively at the highest rotation
number tested.

When the protrusion surface is on the trailing sideng CW rotation, one of the
main differences when compared to dimples on thiértg side during CCW rotation is
the fact that the heat transfer augmentation doeseact as strongly to rotation. At low
rotation numbers Rg-0.2, the augmentation ratio increases slightyi3.0 to 3.25 and
3.4 to 3.67 ford=0.2 and 0.3, respectively. On further increaseotation number, the
heat transfer augmentation increases slightly omanes nearly constant. This is in
contrast to when dimples are placed on the trasimgace resulting in a large increase in
the augmentation ratio with rotation. However,tprsions on the leading side during
CCW rotation behave similar to dimples and expeeea large decrease in heat transfer.
At low rotation numbers Rg0.2, there is a sharp drop in augmentation ratonfthe
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stationary value of 3.0 to 2.3 fdr0.2, and from 3.43 to 2.43 fd=0.3. The initial sharp
drop is followed by a more gradual monotonic desega 1.3 at Rg-0.77 and to 1.8 at
Ro,=1.1 ford=0.2 and 0.3, respectively.

In summary, in the stationary channel, the augniemaatio is higher on the
protrusion side than the dimple side of the chanmairing CCW rotation, the dimpled
surface on the trailing side experiences a largeease in heat transfer coefficient
whereas the protrusion surface on the leading ®iggeriences a large drop in
augmentation. During CW rotation, while the dintpleading side experiences a large
drop in heat transfer, the trailing protrusion gides not benefit much from rotation.

Figure 5.18 shows the average heat transfer augtienteind friction ratio for the
two dimple-protrusion depths over the full range@htion numbers. When protrusions
are placed on the trailing side of the channeluaghd CW rotation, there is a monotonic
decrease in the overall Nusselt number augmentagmotation number increases.
However, when dimples are placed on the trailindesas in CCW rotation, the
augmentation ratio behaves differentlyda0.2 and 0.3. For the shallower depth, there
is a drop in augmentation ratio with rotation, hbé drop is not as steep as when
protrusions are at the trailing side and for a givetation number it would be more
advantageous to have a dimpled surface on théngraéide. For the deeper depth of
d=0.3, the trend is no longer monotonic. There idrap in augmentation ratio at
R0,=0.19, after which the ratio increases sharplyaines above the stationary channel at
R0,=0.59, and then drops gradually as the rotationbminmcreases further. Hence for
the deeper depth, placing the protrusion on thdingaside gives larger overall
augmentation at low rotation numbers,R®.2, whereas for Rg 0.2, dimples on the
trailing side would be more advantageous. In summéor d=0.2, the overall
augmentation ratio ranges between 2.2 and 2.65eabdord=0.3, it ranges from 2.5 to
3.05 over the range of rotation numbers studiea@stli, it is noted that the trends in
overall heat transfer augmentation correlate with trends in volume-averaged TKE
reinforcing the relationship between the turbulehéracteristics of the flow and heat
transfer augmentation.

Friction ratios range from 8.5 to 10 when dimples jplaced on the trailing side

versus 6.2 to 8.5 when protrusions are placed etrgiing side ford=0.3. The increase
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in friction is much lower fod=0.2, with values ranging from 3.5 to 5.7 and fré1a to
5.7, when protrusions or dimples are on the trquside, respectively.

To put the current results in perspective, Figud©Shows a comparison of the
heat augmentation levels of the dimple/protrusieargetry with the experimental results
of El-Husayni et al [6] for 60staggered ribs, Parson et al. [7] fof 9i0s, Griffith et al.

[9] for 45° ribs, and Griffith et al. [23] for dimpled channabtted against the rotation
numbers based on the hydraulic diametej).(0'hese comparisons are not under similar
conditions, Table 5.5, but nevertheless give aommsle assessment of the dimple-
protrusion geometry with respect to some of itgpaethe literature. Heat augmentation
levels on the leading surface, Figure 5.19(a))aser than those of the skewed ribs (45
and 60) but are comparable to those of normal ribs angptiid channel, especially with
the dimple on the leading side. On the other h#mel heat augmentation levels on the
trailing side, Figure 5.19(b), are comparable tosthof ribbed channels, especially for
the deeper dimple deptd<0.3). While no friction data is provided in theperimental
studies, overall it can be concluded that surfagés dimple/protrusion roughness result
in performance comparable to ribbed channels aivarl pressure drop penalty.

5.8 Summary and conclusions
Large-eddy simulations are used to investigateeffect of Coriolis forces and
dimple depth on heat transfer and friction in ancte with dimples and protrusions on
either side. Two geometries with two different gdlen depths,d=0.2 and 0.3 are
investigated for a wide range of rotation numb&wg,= -0.77 to 1.10. During negative
or clockwise (CW) rotation, protrusions are on treeling side of the channel, whereas
during positive or counter-clockwise (CCW) rotati@imples are on the trailing side of
the duct.
Rotational Coriolis forces have the following et®mn the mean flow and
turbulence:
- CCW rotation energizes the flow on the trailing giemwall and induces early
reattachment in the dimple cavity increasing tihengjth of the flow ejection out of
the dimple cavity. On the protrusion side, the lssrgetic flow results in a gradual
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growth of the wake region as the rotation numberdases. In addition, a
secondary flow consisting of two counter-rotatingwf structures appear in the
cross-section, one over the dimple and the otheveathe flat landing downstream
of the dimple. The secondary flow strengthendagdtation number increases and
plays in important role in transporting cross-stneaomentum from the trailing to
the leading side. CCW rotation increases the velaweraged TKE values in the
domain up to a rotation number of approximately @50.6, after which it
decreases.

- The effect of CW rotation on the trailing protrusigurface is not very strong.
There is some effect on the protrusion wake whighnks in size initially but
which does not change significantly as rotatiorreases further. On the leading
dimpled surface, the less energetic flow resultdl@tayed reattachment of the
separated shear layer with the recirculation zoteneling across the whole dimple.
No distinct secondary flow structures could be idiel in this case and unlike
CCW rotation, the volume averaged TKE decreasds ntation number.

The effects on heat transfer are summarized asiell

During CCW rotation, the dimpled surface on thdihg side experiences a large
increase in heat transfer coefficient from an augat®n ratio of 1.9 for stationary flow
to 3.5 at Rg=0.77 for d=0.2, and from 2.3 to a maximum of 3.8 fd*0.3. The
protrusion surface on the leading side also expeeie a large drop in augmentation from
3.0 for a stationary channel to 1.3 at,R&77 ford=0.2 and from 3.4 to 1.8 at Rdl..1
for d=0.3. During CW rotation, the dimpled leading s&dgeriences a large drop in heat
transfer to between augmentation ratios of 1.1 hddfor the two dimple depths, the
trailing protrusion side does not benefit much froatation - only increasing the
augmentation ratio to between 3.25 and 3.7 fronstagonary values of 3.0 and 3.4 for
d=0.2 and 0.3, respectively. These results leathéoconclusion that for low rotation
numbers |Rg<0.2, placing protrusions on the trailing sidexdsvantageous, whereas for
Ro,>0.2, dimples on the trailing side of the duct wgive better overall performance.
Between the two dimple depths, the deeper dimplesgihigher heat transfer
augmentation at the price of more frictional lossegying from 6 to 10 fod=0.3 versus
3 to 5 ford=0.2.
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Table 5.1: Domain independency study for rotatingnmel case.
Domain 1 2 3

Case

Domain Size| 1xP/2xS IxPxS| 1xP/2x285
# of cells 1,400,800 2,802,000 2,802,00

Rey 10,900 11,100 11,000
Ro, 0.641 0.636 0.636
NUieading 39.8 40.6 40.9
NUtrailing 96.3 95.6 94.8
%Max. Diff. Ref. 1.9 2.7

Ci 0.03058 | 0.02961 0.03014
%Diff. Ref. 3.2 1.4
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Table 5.2: Grid independency results for a dimpleannel at Rg=11,000 rotating at Rob=0.64.

Mesh 1 2 3 4

# of cells 466,944| 933,888 1,400,832 5,603,328
Rey 11,346 | 11,069 10,926 10,98(
Ro, 0.62 0.63 0.64 0.64
NUieading 39.5 40.3 39.8 38.6
NUtrailing 102.5 98.1 96.3 93.7
%Max. Diff. 9.4 4.7 3.0 Ref.

Ci 0.02836| 0.02979 0.03058 | 0.03027
%Diff. 6.3 1.6 1.0 Ref.
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Table 5.3: Rotating channel cases conducted foe C4$=0.2)

Case| Cw4| CW3 | CwW2 | CW1 | Stat | CCW1| CCW2| CCW3| CCW4
Ro, | -0.70 | -0.58| -0.35| -0.14 0.0 0.1% 0.3p 0.94 0.7
Roy -4.5 -3.5 -20 | -0.79 0.0 0.75 2.0 3.9 4.5
Rey | 12,900 12,100 11,300 9,700, 9,85p10,200| 10,200| 10,90Q 11,700
Reg | 2,000 | 2,000f 2,00 2,000 2,002,000| 2,000f 2,000 2,000
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Table 5.4: Rotating channel cases conducted foe €4=0.3)

Case| CW3 | CW2 | CW1 | Stat | CCW1| CCW2| CCW3| CCW4| CCW5

Ro, | -0.75 | -0.47| -0.19 0.0 0.20 0.34 0.97 0.89 1.10

Ro | -3.5 -2.0 -0.75 0.0 0.75 1.2% 2.G 3.5 4.6

Rey | 14,000| 12,890| 12,090 11,590| 11,500 11,100{ 10,590| 11,790| 12,370

Reg | 3,000 | 3,000[ 3,000 3,000 3,000 3,000 3,000 3,p00 003}0
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Table 5.5: Experimental heat transfer in rib andgle roughened channels.

Experimental Surface Ro Re Dr/r
work condition

El-Husayni et | Square 0-1.78 5000-23000
al (1994) [6] | channel with

60° staggered

ribs
Parson et al | Square 0-0.35 2,500-25,00( 0.07-0.1
(2995) [7] channel with

90’ ribs
Griffith et al | Rectangular 0-0.3 5,000-40,000 0.122
(2002) [9] channel

(AR=4) with

45’ ribs
Griffith et al | Rectangular 0-0.3 5,000-4,0000 0.122
(2003) [23] channel

(AR=4) with

dimples

140




Figure 5.1: Dimpled channel geometry
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Figure 5.2: Domain independency study domain cas2sand 3.
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Figure 5.3: (a) 2D view of the selected computatiatomain; b) 3D view of the mesh topology in the
domain with a close up view of the grid distribatio the y-direction in the domain very close te th
dimple surface.
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Figure 5.4: Velocity streamlines at a stream-wisa@ (z=-0.81) located at the center of the
dimple/protrusion at different rotation numbersvgtecity contours) for the stationary and rotataages
for dimple depthd=0.2.
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Figure 5.5: Velocity friction lines near the dire@urface for Stat, CCW2, CCW4, CW2, and CW4 cases.
Note that the dimple surface is the leading sid&Cfases CW2 and CW4, and it is the trailing sidecéses
CCW?2 and CCW4. Dimple deptts0.2.
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Figure 5.6: Velocity friction lines near the pration surface for Stat, CCW2, CCW4, CW2, and CW4
cases. Note that the protrusion surface is thingaide for Cases CW2 and CW4, and it is thelileg
side for cases CCW2 and CCWA4. Dimple dept).2.
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Figure 5.7: Secondary flow structure at a span-wpiare located 0.2D downstream of dimple for
stationary and rotating cases @10.2.
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Figure 5.8: Secondary flow structure at selecteshspise planes for CCW4 case ti5+0.2.
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(b)
Figure 5.9: Stream-wise and cross-stream velocitfiles (normalized by mean bulk velocity) for @ifent
rotation numbers at 0.2D downstream of dimple ¢mbn) (x=-0.21) and at centerline between dimples

(z=0.0) ford=0.2.
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Figure 5.10: Normalized T.K.E. distribution at aspwise plane 0.2D downstream of dimple (protrusion
(x=-0.2) for all rotation numbers fak=0.2.
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Figure 5.11: TKE profile at stream-wise plane x210along the centerline of the dimple/protrusiorQjz
for d=0.2.
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Figure 5.12: Volume averaged TKE values normalizgthe bulk velocity squared for all rotation cases

152



Figure 5.13: Mean Nusselt number augmentationibligton on the protrusion (leading) surface for the
CCW rotating channel cases. (Flow from left to tjgh
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Figure 5.14: Mean Nusselt number augmentationibligton on the protrusion (trailing) surface foeth
CW rotating channel cases. (Flow from left to r)ght
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Figure 5.15: Mean Nusselt number augmentationibligton on the dimple surface for the CCW rotating
channel cases. Flow from left to right)
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Figure 5.16: Mean Nusselt number augmentationibligton on the dimple surface for the CW rotating
channel cases. (Flow from left to right).
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(b)
Figure 5.17: Time averaged area weighted Nusseibeu of the: a) dimple side; b) protrusion side for
both dimple depths.
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(@)

(b)

Figure 5.18: Variation of: a) friction coefficierdgtio; and b) averaged Nusselt number augmentation
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(@)

(b)
Figure 5.19: Comparison of Nusselt augmentatioaltesf the present study with experimental redolts
a) leading surface; b) trailing surface.
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Chapter 6: Summary and Conclusions:

High fidelity time dependent calculations were inétl to investigate different
heat augmentation surfaces with modified dimpledfpsions for compact heat
exchangers (Part 1) and rotating turbine coolingliaptions (Part I1l). Part | consisted of
three phases: Phase | considered dimpled contingatfaces, Phase Il considered
dimpled plate fins, and Phase lll investigated @ehén shape, the split-dimple fin.

Phase | considered a channel with aligned dimple$ @rotrusions for heat
augmentation in compact heat exchangers. Two gepiceses were considered to study
the channel height effect. Calculations of the mled channel covered the laminar to
fully turbulent flow regime, Rg=200-15000. Analysis of the flow structure showleat
heat enhancement near the dimple surface is dbyeseparated shear layer reattachment
inside the dimple cavity and vortex shedding outh&f dimple cavity. Whereas flow
impingement, acceleration, and wake reattachmenh@mrotrusion side were the main
heat enhancement mechanism. While the smallgpitith geometry was found to have
better performance in low Reynolds number applbcestj heat transfer and pressure drop
were almost insensitive to fin pitch for the fullyrbulent flow regime.

Phase Il investigated the application of dimplesad$ace roughness on plain fin
surfaces. The dimple imprint diameter and perfonagffect on flow structure and heat
transfer from the surface were tested using themamgtries. While the dimple imprint
diameter did not produce any effect on the flowaatire and heat transfer from the fin,
the dimple perforation had a significant effect thie flow structure and heat transfer
levels of the fin. Perforated dimple resultedflow redirection between the top and
bottom sides of the fin, reduced flow recirculatioside the dimple cavity, and further
increased boundary layer regeneration from thedifiace, which resulted in higher heat
transfer from the fin. Although the heat transfevels of the perforated fin are
comparable to those of the plain fin, it provideti(2b6 increase in the heat transfer area,
which adds to its attractiveness as a viable opifdreat enhancement.

Phase Il investigated a novel fin design, thetspinple fin, over a wide range of
Reynolds number, Re100 to 4,000, covering the laminar to fully turdsod flow regime.
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Superior heat transfer augmentation levels ovectimentional plain fin were produced
with the split-dimple; this was mainly produced Hadditional boundary layer
regeneration at fin and split-dimple edges, sudaefisw redirection between fin sides,
enhanced flow mixing, and additional flow impingerhen the protrusion surface. The
split dimple augmented heat transfer by 60-175% ¢ivat of a plain fin but with 4-8
times the pressure drop penalty.

The second part of this research focused on thdogmpent of dimple/protrusion
surface roughness for internal cooling of rotatingoine blades. Coriolis forces effect
was investigated on the flow structure and heaistea distribution inside the channel for
two dimple depth geometriesi=0.2 and 0.3. Simulations covered a wide range of
rotation numbers, Re-0.77 to 1.1, where the positive rotation (CCWjqgals dimples on
the trailing side and negative rotation (CW) plapestrusions on the trailing side. When
the channel rotates in the CCW direction, Corifdixes energize the flow on the trailing
dimple wall and induce early reattachment in theplé cavity, also increasing the
strength of the flow ejection out of the dimple itav While the protrusion side shows
less energetic flow and results in a gradual gravftthe wake. Negative rotation (CW)
does not show a strong effect of Coriolis forcestlwn flow structure near the trailing
surface—only a small shrinkage in the wake of trarpsion is observed. On the other
hand, the leading (dimple) side shows delayedaelattent in the of the separated shear
layer with the recirculation zone extending acribgswhole dimple. It is concluded that
for low rotation number |R$<0.2, placing protrusions on the trailing side is
advantageous, while for higher rotation numberpy$Rd) placing dimples on trailing
side gives better performance. Moreover, the deéipaple geometry gives higher heat
augmentation at the penalty of higher pressure.drop
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Appendix: Complete Derivation of Rotational Source Terms

In this appendix the complete derivation of the ggoing equations of a channel
rotating about an axis orthogonal to the main fidvection will be giveh Figure A.1
shows the general case of a particle (A) movingpace that has a position vect¥)(
with respect to a reference frameg4 rotating at an angular velocit§t), as shown in
Figure A.1.

The non-inertial reference frameyg is located at a position vectd®) from an
inertial frame (XYZ). The absolute acceleratiortlod particle (A) can be shown to be (*:

denotes dimensional quantities)
2

* , r* , , w* , *
Agps = 2r*+2w* —:T“* +w* (W* r*)+ 11TTt* r* +ag A
dt* i v ’
| Il VI

where: | is the relative acceleration vector of paeticle.
Il is the Coriolis acceleration acting on the judet
[l is the centripetal acceleration
VI is the angular acceleration of the {, 2 reference frame.

V is the transitional acceleration of the ¥, 2 reference frame.

1 This derivation borrows heavily from the text book David Morris entitled “Heat Transfer and Fluklow in Rotating

Coolant Channels,” Research Studies Press, New YOL.
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Figure A. 1: Particle motion about a rotating refece frame

For the special case of a fluid particle movin@istraight channel which rotates,

at a uniform angular velocity¥), about an axis orthogonal to the main flow dicact

Figure A.2, the absolute acceleration of the plar{lequation 13) reduces to:

*

* * * * * ) V * % * .
am 0w e (R o) 10 Wwai ey § g

*

fit Mt
Note how the Coriolis and centripetal acceleraboth have components in the x
and y directions with no z-components for this semase,
Coriolis acceleration = 2w,V i +2w U |

Centripetal acceleration=w2* (R +x )i - wa*y" |
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Figure A. 2: Straight duct rotating around an axthogonal to the flow direction

The effect of rotation can now be incorporated itite Navier-Stokes equations
through the absolute acceleration term. In ordeadmount for the density variation that
might occur in the channel, a density gradient baen incorporated into the x-

momentum equation

U'* * ~ * % * * pP* ~ *
I Lev' Ry - 2wy’ - wi* (R +xX ) :—ﬂ* +mr N2u;

Fovor]
fit 11x;
A-
With the assumption that the density gradient ¢ffeemportant on the Coriolis
and centrifugal buoyancy forces terms only and withple expansion and manipulation

of the different terms, equation A.3 can be reduoced

* * ~ Kk * ~ * * * % * *
o ‘Hu* +v -Nu =- ﬂp* +m N2y +(r0+Dr*X2WZv +W§*(R +X ))
fit ix
- * ~ Kk * ~ * * * % * *
‘Hu* +Vv - Nu :——1@+n* N2u" + 1+ " (ZWZV +W§*(R + X ))
It ro Ix o

A-
The Boussinesq approximation is used to evaluaelénsity gradient in the fluid
in terms of the temperature gradient,
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D* * * *
* r(T ‘Tref) A-

Mo

whereb, is the volume expansion coefficient of the fluidcanstant pressure;
D C ¥¢£A and it is equal to'H., for ideal gasedH; is the dimensional mixed-

S ® UTA

mean reference temperature definedtds —
: T

Substituting back in the x-momentum equation resultthe following modified

X-momentum equation

H+v Nu = 11“3 +n* N2U'
qt r, X

+[1 o (T - T2, Jwv +w2* (R +x))
‘ﬂ_u*+v .Nu =- o iy +n* N2 +2wv-b(T Tref)ZW*Zv*
1 o IX

+W§*(R* £ )- B (T - T W2 (R +x )

Following the same procedure for the y-momentumatqo, the y-momentum

equation becomes

*

* * * L
‘ﬂv* +v' Ry =i£ n* N2y —ZWZU +b ( —Tref)Zqu

It r0 ‘ﬂx

+Wz*(y )- by ( Tref)Wz “(y)
A

It can seen that the Coriolis and centrifugal buncyaappear as source terms in

the Navier-Stokes equations

1. x-momentum:
Be=2"vi -5 {7 Terfai +1"u (R +)- 67 - T (R )
2. y-momentum:

F,=-2r'w,u” +b, (T Tref)Zvv*Zu* +riwE y* -b*r(T* ref)\/\/2*(y )
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Since the radius of rotation of the chanrjel)(is typically much larger than the y-
coordinate of the channek () and assuming that the mean centrifugal buoyaexy ts
combined with the mean pressure gradient, the ibggat buoyancy force in the y-
direction can be neglected. Thus, the source terime y-direction will account for the

Coriolis forces only, i.eF, =-2r"w,u".

Non-dimensionalizing the Navier-Stokes equationth e characteristic length
scale (fin height, B, velocity scale (friction velocity,) and time scale (i w), the x
and y momentum equations reduce to

X-momentum:

fu WPl .

Y Nu:-ﬂ+¥N2u+2qu- th(T—Tref)+ ROZ(R+X) A
y-momentum:

ﬂ_v+v.|§|\,:-ﬂ_p+—1 N?u, - 2Ro,u A-

it Ty Re,

where[e is the rotation number of the channel definefeas Er£ [I is the
P

Richardson number of the flow definedps CD de ;E]|

The above formulation of the governing equationgplies the following
assumptions:

1. The mean centrifugal buoyancy is combined withgressure gradient term.

2. The effect of variable density only appearsm ¢entrifugal buoyancy term.

3. Centrifugal buoyancy contribution is neglectedhe y-direction.

4. The Boussinesqg approximation is valiil (small).

For the special case of a fully developed perimthannel rotating about an axis
orthogonal to the main flow direction (Chapter )¢ mean pressure and temperature
gradients are isolated from the fluctuating pexdatbmponents (Chapter 5) and the x and

y momentum equations take the form

ﬂui +V . Nul - - ﬂ_p+iN2U| + ZROtu'ei3m
t ﬂXi Ret J A-

B Rit(q' Qs i1+bdi1

166



where g is the modified fluctuating non-dimensional tempere. g iS the

volume-weighted average of the modified non-dimemsi temperatureb is the mean

streamwise pressure gradient defined earlier impnd, D Li
M

The above treatment of the periodic rotating chhassumes that the Richardson
number is constant, i.e. represents a fixed rdolcaition, for compatibility with the fully
developed flow assumption, in addition to the agsiions listed above.
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