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Nomenclature
streamwise extent of test surface
spanwise extent of test surface
dimple print diameter
channel hydraulic diameter
pin fin diameter
rib turbulator width and height
rib turbulator width in streamwise direction
friction factor
vortex pair shedding frequency
baseline friction factor in a smooth channel
with no augmentation devices

H = channel height

h = rib height

L = upstream (smallest axial) location of axial/radial
measurement or visualization plane in the swirl
chamber, measured from x =0

Nu = local Nusselt number based on channel
hydraulic diameter

Nuy = baseline, constant property Nusselt number in a smooth
channel with no augmentation devices

P = static pressure

p = streamwise pitch spacing of rib turbulators,

or streamwise spacing of pin fin centers
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p = streamwise spacing between adjacent pin fins

Re = Reynolds number based on swirl chamber inlet duct
hydraulic diameter, inlet duct time-averaged flow
velocity, and inlet duct flow characteristics

Rep, = Reynolds number based on hydraulic diameter
and mean velocity at test section inlet

Re; = Reynolds number based on pin fin diameter and mean
velocity at minimum flow area

Reyp = Reynolds number based on channel height and mean
velocity at test section inlet

r = radial distance measured from swirl chamber centerline

ro = radius of the large cylinder comprising

the swirl chamber

spanwise spacing of pin fin centers

spanwise spacing between adjacent pin fins

local static temperature

streamwise bulk velocity averaged over the channel

cross section

= spatially averaged streamwise velocity

streamwise velocity

local time-averaged streamwise velocity

local streamwise velocity fluctuation

local time-averaged normal velocity

local normal velocity fluctuation

local time-averaged spanwise velocity

streamwise coordinate measured from the test section

inlet, or axial distance measured from swirl chamber

end face

normal coordinate measured from the test surface

spanwise coordinate measured from the test

surface centerline

= dimple depth

density

= circumferential angle measured from swirl chamber
vertical plane

W, = streamwise vorticity
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Subscripts

= ambient value, or value at test facility inlet
local wall value

baseline value, or stagnation value

= total or stagnation value at the test section inlet

a
w
0
0i
Superscripts

— time-averaged value
== = globally averaged value

Introduction

VARIETY of techniques are used for enhancing convective

heat transfer rates in gas turbine engine passages used for in-
ternal cooling of turbine airfoils. These include rib turbulators, pin
fins, dimpled surfaces, surfaces with arrays of protrusions, swirl
chambers, and surface roughness. All of these devices act to in-
crease secondary flows and turbulence levels to enhance mixing, in
some cases, to form coherent fluid motions in the form of stream-
wise oriented vortices. Such vortices and secondary flows not only
act to increase secondary advection of heat away from surfaces, but
alsotoincreasethree-dimensionalturbulence productionby increas-
ing shear and creating gradients of velocity over significant flow
volumes. These then give larger magnitudes of turbulence trans-
port over larger portions of the flowfields. All of the devices men-
tioned also provide some heat transfer augmentation by increasing
surface areas for convective heat transfer. The overall objective of
each device is then significant enhancement of turbulence transport
and convective heat transfer coefficients, with minimal increasesin
streamwise pressure drop penalties and skin-friction coefficients.
Such heat transfer enhancements are needed for efficient heat load
management, so that internal cooling air can remove the heat loads
from turbineairfoil components. The bestschemes give highcooling
effectiveness with minimal coolant mass flow rates.

Turbulence

promoters Suction surface

Shaped internal channel
Film &
cooling g

Trailing edge
ejection

|

| M

XTI I I T I I TT
o

r o s

0T T

Z

TG

O rrrrrrrlrry

2z

P o o > o o
va

Z

Impingement
cooling

e Turbulence

o promoters
oe

0o |
Qo

Pin fins

I
|

LT L]

va

L

2IRTL
z

ZIITTTITY
=z

\

AT AL

z

.

TILZLL
ve

LY
LTI A I T I T T X I I

&

Couoling air

AN, //////.////ﬁz”

Fig. 1 Typical internal cooling arrangement for a multipass turbine
blade; from Han et al.!:2

Figure 1 shows a typical internal cooling arrangement for a multi-
pass turbine blade from Han et al.!? The cooling air enters the airfoil
through the blade root and then passes through one of several inter-
nal passages. In the high-pressureportion of the turbine, this cooling
air generally originates at the compressorexit. Because of the blade
shape, the cooling passages at many locations are generally con-
fined and are, therefore, difficult to cool. These cooling passages
also generally have complex cross-sectional shapes because they
must be compatible with the external contours of the turbine air-
foils. Features that provide the highest heat transfer coefficients for
a given flow rate are required in the leading- and trailing-edgecavi-
ties of airfoils that may or may notbe film cooled. The leading-edge
geometry is characterized by a small coolant metal area to hot gas
metal arearatio, whereas a thin trailing edge creates geometric con-
straints on passage sizes and accessibility for cooling air. For this
reason, impingement cooling and swirl chambers are typically em-
ployed near the leading edge of the airfoil, either together or indi-
vidually, and pin fins and exotic rib turbulator shapes are typically
found near the trailing-edgeregions of the airfoil. Rib tubulators, or
turbulencepromoters,are also locatedin passages near the midchord
parts of the airfoil. Dimples and/or shaped roughness elements are
also sometimes employed in all interior parts of airfoils, either by
themselves or in conjunction with other devices. After passing over
or through these devices, the cooling air then either exits through
film cooling holes, or though exit passages that lead to another part
of the airfoil.

In many cases, turbine airfoil cooling requires an effective com-
bination of film cooling and internal cooling features that varies as
the gas temperature is reduced through the turbine stages. Internal
cooling is used by itself only when the mainstream temperature is
low enough so that the heat load can be reduced and the leading
and trailing edges can be cooled completely using internal convec-
tion alone. Inlet pressures in airfoil cooling passages are generally
limited by the proximity of the coolant source and complexity of
the ducting required to supply the coolant (along with associated
weight and cost penalty). On the other hand, the use of coolant from
a lower pressure source sometimes improves the thermal efficiency
of the enginebecauseless expensiveair is used for cooling and more
expensiveair can then be used to do useful work through the turbine.
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The present paper provides comparisons of heat transfer aug-
mentations, friction factor augmentations,and thermal performance
parametersprovided by differentdevicesusedforinternal coolingof
turbine airfoils, includingrib turbulators, pin fins, dimpled surfaces,
surfaces with arrays of protrusions, swirl chambers, and surface
roughness. To characterize the heat transfer augmentations, the ra-
tio of the Nusselt number of the channel with augmentersdivided by
the Nusselt number of a similar smooth channel (at the same exper-
imental conditions), Nu/Nu,, is employed. Likewise, the increase
in pressure losses is represented by the ratio of the friction factor
measured in a channel with the augmenters divided by the friction
factor of a similar smooth channel at the same experimental condi-
tions, f/f,. Such Nusselt number and friction factor ratios provide
means to compare different techniques, as well as the performance
of a given technique at different experimental conditions.

The present review paper also describes the flow characteristics
and mechanisms responsible for the heat transfer augmentations
provided by different devices used for internal cooling of turbine
airfoils. Also included are discussions of the results presented in
recent publicationsin this area. This approach is taken because very
little information is available on flow characteristics and mecha-
nisms, even though the literature contains abundant information on
the heat transfer behavior of such internal cooling devices. For ad-
ditional information on the heat transfer characteristics of internal
cooling schemes, the reader is referred to another recent review
paper by Lau.?

The fluid mechanics mechanisms responsible for the heat trans-
fer augmentations are needed so that turbulence models can be de-
veloped that accurately represent the flow and to provide physical
understanding so that additional improvements to internal cooling
schemes are possible. Details of the flowfield structure, thus, aid
the development of numerical models and prediction schemes and
provide important insightinto the flow structural characteristicsre-
sponsible for local heat transfer coefficient augmentations. Internal
cooling schemes for turbine airfoils are also chosen for discussion
because this is a rapidly evolving area of research, with many new
developments from many institutionslocated throughoutthe world.
In spite of the amount of information in these areas, there is still
much room for improvement. Better and improved cooling config-
urations will lead to overall improvements in overall gas turbine
engine efficiency, reliability, and durability. In addition, the area is
important because schemes for internal cooling of turbine airfoils
can also be used in other devices, such as combustion chambers,
air conditioners, radiators, microscale heat exchangers, macroscale
heat exchangers, devices for electronics cooling, and biomedical
devices, to name only a few.

Pin-Fin Arrays

When employed for internal cooling, pin fins or pedestals are
generally arranged into arrays and extend between two opposite
walls of an internal cooling passage. Figures 2 and 3 show typical
arrangements (all dimensions in millimeters), from Brigham and
Van Fossen* and Ligrani and Mahmood,’ respectively. Pin fins are
generally used in the parts of turbine airfoils where higher levels
of heat transfer augmentation are required and where high-pressure
drops are tolerated and in many cases even desired. Trailing edges
of airfoils fall into this category. High coolant Reynolds numbers,
associated with high coolantpressure, are desirable for heat transfer.

Fig. 2 Schematic diagram of typical pin-fin array employed in a
channel, where d = 0.318 cm; from Brigham and Van Fossen.*
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Fig.3 Schematic diagram of the pin-fin test section from Ligrani and
Mahmood,’ including coordinate system and dimensions, which are
given in millimeters: s = 102.7, s’ =51.4, p=102.7, p’ =51.4, and flow
direction left to right.

However, by the time the coolant reaches the trailing edge, it has
often acquired a significant amount of heat, and the process of ex-
tracting heat from the cooling air is more challenging compared to
other parts of the airfoil. At the same time, manufacturing limita-
tions on the width of trailing-edge slots prevent adequate restriction
for the coolant, thus requiring that the flow be metered upstream.
Pin fins or pedestals are effective for allowing the pressure through-
out most of the cooling circuit to remain high, while providing the
necessary restriction near the trailing edge, to limit the coolantcon-
sumption to the desired level.

The large majority of existing pin fin investigations only focus
on heat or mass transfer. Considered are the influences of pin ge-
ometry, pin materials, pin fin array configuration, channel geome-
try, different Reynolds numbers, and other parameters. Only a few
recent studies examine fluid flow characteristics through passages
with pin fins. Of the earlier heat transferinvestigations, Zukauskas
Sparrow et al.,” Metzger and Haley,® and Metzger et al.’ report
Nusselt numbers on flat surfaces as well as on pin surfaces and
indicate the presence of large overall heat transfer augmentations
for certain flow conditions and pin-fin array arrangements. Van
Fossen!'® presents heat transfer coefficients measured on circular
pin fins made of different materials, which are placed in rectangular
cross-sectionalchannels. Different endwall plate-to-airtemperature
differencesare employed. The Reynolds number dependence of the
results is described, along with comparisons with available corre-
lations for constant property conditions. Brigham and Van Fossen*
report large overall heat transfer and mass transfer augmentations
for circular pin fins arranged in in-line and staggered arrays. In an-
other study, Simoneau and Van Fossen!! measure pin surface heat
transfercoefficients and streamwise turbulenceintensities as the test
section gas temperature varies between 260 and 290 K. The authors
describe the effects of changing the number of pin rows.

Later investigations by Lau et al.!?> and McMillin and Lau'?
consider the effects of bleed ejection on heat and mass trans-
fer distributions and on streamwise pressure variations in a chan-
nel with circular pin fins. Chyu," Chyu and Goldstein,'> and
Chyu et al.'® measure surface mass transfer coefficients using
naphthalene-sublimation measurement techniques. Local and spa-
tially averaged mass transfer coefficients are reported for different
pin-fin arrays, which provide evidence of large overall mass trans-
fer augmentations for certain in-line and staggered circular arrays.
Grannis and Sparrow!” numerically simulate the two-dimensional
flow and pressure fields around diamond-shaped pin fins. Olson'®
describes the behavior of helium flowing through a channel with
pins at different wall-to-fluid temperature differences. Normalized
pressuredrop and wall Nusselt number data are presented as depen-
dent on Reynolds number and wall heat flux magnitude. The inves-
tigators employ a temperature ratio/power law scheme to account
for variations of thermophysical properties on measured Nusselt
numbers. Chyu,'* Grannis and Sparrow,!” Chyu and Natarajan,'
Chyu et al.,”’ Hwang and Lu,?! Uzol and Camci,?*?* Ligrani and
Mahmood,” and Mahmood et al.>* consider the effects of different
pin-fin shapes on heat transfer and flow in internal passages. A va-
riety of pin-fin shapes are considered, including circular’-'4-19-24
pins with endwall fillets,'* diamond,!”"!°~2! three-dimensionalpro-
truding elements,'® cubic,'”* and elliptical?*?* Of these studies,
the one described by Hwang and Lu?! is especially unique because
three pin-fin configurations, each arranged in a staggered array, are
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considered in a trapezoidal duct, both with and without lateral flow
ejection. A more recent investigation by Ligrani and Mahmood®
considers the effects of variable properties on endwall heat transfer
in a channel with a pin-fin array. Such variable property effects are
present when absolute viscosity, molecular thermal conductivity,
specific heat, or static density change with channel location because
of variations of the local static temperature. The study shows that
local and spatially averaged Nusselt numbers increase significantly
as ratio of inlet stagnation temperature to local surface temperature
Tyi/ T, decreases.

Pin-Fin Array Flow Structure

Even though these studies provide much information on surface
heat transfer and surface mass transfer distributions, very little infor-
mation is available on flow structure and flow behavior in passages
with arrays of pin fins. The few available, existing studies describe
a complex array of flow features, all of which have different in-
fluences on turbulent transport and on local and spatially averaged
surface heat transfer distributions.

Chyu and Natarajan'® presentmass transfer distributionsand sur-
face flow streakline patterns (obtained using an oil-graphite tech-
nique) around several differentshapes of single protruding elements
placedon anendwall,includinga cylinder,a cube,a diamond,a pyra-
mid, and a hemisphere. Surface visualizations around the cylinder
are shown in Fig. 4 for a freestream velocity of about 20 m/s and a
Reynolds number based on obstacle height of 1.7 x 10*. Here, flow
is approachingthe cylinder from the upper right-hand corner of the
photograph. The cylinder mimics the behavior of a single pin fin,
with height equal to cylinder diameter. Traces of the primary and
secondaryhorseshoe vortices wrapping around the base of the cylin-
der are evident. The primary vortex initiates at the upstream most
boundary of the domain influenced by the cylinder. A dark line just
ahead of the cylindermarks the boundary-layerseparationline signi-
fying the formation of the secondary vortex. Note that this is located
as much as one cylinder diameter upstream of the cylinder. The low
pressure in the near-wake region behind the cylinder entrains both
horseshoe vortices toward the centerline, Z/D;, = 0. According to
the authors,' also seen in this region are the two lobular structures,
observed as two spots of dark (graphite) flow accumulation. These
lobes are characterized by vigorous motion and rotate in opposite
directions with respect to one another. According to these inves-
tigators, such flow structures are sometimes called arch-shaped or
inverted “U” vortices.

Farther downstream, turbulent mixing in the wake is stronger
along the spanwise direction than in the streamwise direction. Over-
all, Fig. 4 shows that a necklace-shaped flow pattern is present
downstream of the cylinder. The shear layers that develop along
the endwall near this location produce regions of high mixing and
high turbulent transport. As shear layers advect downstream of the
recirculation zone, part of the flow is diverted backward toward the
cylinder while the remaining fluid proceeds downstream. Accord-
ing to these investigators,” the levels of such disturbancesbecome

Fig.4 Oil-graphiteendwall visualizationsfrom Chyu and Natarajan'®
for a cylinder placed on an endwall for a Reynolds number based on
obstacle height of 1.7 x 10%.
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Fig. 5 Measurement using particle image velocimetry by Uzol and
Camci,”® downstream of a one circular pin fin making up part of an
array of pin fins arranged in two staggered rows for a Reynolds number
based on cylinder diameter of 1 x 10°%.

lower as the boundary layer, which approaches the cylinder, be-
comes thicker.

The vortices and mixing present just downstream of pin fins are
further elucidated by results presented by Uzol and Camci.?® These
investigatorsgive flow structural characteristicsmeasuredusing par-
ticle image velocimetry downstream of individual pin fins making
up partof an array of pins arrangedin two staggeredrows. Cylindri-
cal pin fins and pin fins with two different types of elliptical shapes
are considered.Examples of results are shown in Fig. 5, which gives
instantaneousvelocity vectors and instantaneousstreamlines down-
stream of a circular pin fin for a Reynolds numberbased on cylinder
diameter of 1 x 10%. The flow direction in Figs. 5a and 5b is from
right to left in the direction of decreasing x coordinate. According
to these authors,? early separation from the cylinder is apparentin
these data plots. A shear layer is then apparent as the flow advects
downstream. The velocity vectors within this shear layer, evidentin
Fig. 5b, show a distinct and irregular boundary between the high-
speed flow outside of the wake and the low-speed flow within the
wake. Embedded vortical structures are present within the shear
layer near the edge of the wake, which are clearly evident in the
secondary flow vectors in Fig. 5a and the streamlines in Fig. 5b.
Notice that the axis of the largest vortex is parallel to the axis of the
cylinder, which indicates that these structures are part of the arch-
shaped or inverted U vortices, mentioned earlier. Because of this
orientation and the direction of rotation of the vortices, the velocity
vectorsaround the pin fin in Fig. 5b are directed away from the body
of the pin fin. The resulting streamline arrangement then also has a
pronounced effect on the separation location.

Figure 6 shows an instantaneous flow visualization image mea-
sured over a spanwise-normal plane (or flow cross-sectional plane)
that is illuminated about four pin-fin diameters downstream of the
last row of pin fins shown in Fig. 3 from Mahmood et al.** The
image in Fig. 6 extends in the vertical direction from the bottom to
the top of the channel and in the horizontal direction over a distance
of about three channel heights. The spanwise center of the image
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Fig. 6 Instantaneous flow visualization image illuminated over a
spanwise-normal light plane located about four pin fin diameters
downstream of the pin fin array shown in Fig. 2 for Rey = 430; from
Mahmood et al.?*

is located at the spanwise center of the test section at Z/D;, =0.
Bulk flow motion in the streamwise direction is out of the plane of
this image. This resultis obtained for Rey; =430 because diffusion
and increased unsteadiness at higher Reynolds numbers result in
smeared and unrecognizable flow patterns.

The most important features in Fig. 6 are two large vortex pairs
(indicated by mushroom-shaped smoke patterns). One of these is
on the right side of each image, and one is on the left side. The one
on the right has an upwash region directed downward from the top
wall, and the one on the left has an upwash region directed upward
with respect to the bottom wall. These vortex pairs are formed by
the effects of the pin fins, and the secondary flows within and around
these vortices are especially intense because of the blockage effects
produced by the pin fins. Note that a pin fin is located just upstream
of the central part of the image shown in Fig. 6. The primary vortex
pairs in Fig. 6 are the remnants (or downstream manifestations) of
the two legs of the horseshoe vortices, described earlier. These legs
are rearranged and reorganized by the arch-shaped or inverted U
vortices that form just downstream of each pin fin. Patterns such as
the one shown in Fig. 6 are, thus, produced by complex, unsteady
secondary flows, which also rearrange distributions of streamwise
velocity over a range of different length scales. As a result, shear
gradients and mixing are spread over the entire channel cross sec-
tion. With this in mind, the vortices and other secondary flows in the
channel aid convective processes for heat transfer augmentation by
1) increasing secondary advection of fluid between the central parts
of the channel and regions near the wall and 2) producing regions
with high, three-dimensional shear and high magnitudes of turbu-
lence production over much of the channel cross section, thereby
substantially increasing turbulence transport levels in all three co-
ordinate directions.

The secondary flows shown in Fig. 6 are consistentwith the distri-
bution of time-averaged streamwise vorticity presented in Fig. 7d,
which is from Ref. 24. Also presented in Figs. 7a—7c are time-
averaged surveys of streamwise velocity, total pressure, and static
pressure. These are measured in a spanwise-normal plane located
0.5 pin-fin diameters downstreamof the pin-fin array shownin Fig. 3
at a Reynolds number Re; =8 x 10%. Each of these surveys ex-
tends about one channel height in the vertical direction and about
3.5 channel heights in the horizontal direction. The primary vortex
pairs, shown in Fig. 6, are responsible for the vorticity variations
in Fig. 7d, where regions of positive and negative vorticity are po-
sitioned both near the top wall and near the bottom wall of the
channel. Smaller vorticity signatures from other secondary vortices
and vortex pairs are also apparent in Fig. 7. Each primary vortex
pair is located near the edges of time-averaged shear layers evident
in the surveys of local streamwise velocity and local total pressure
in Figs. 7a and 7b, respectively. These time-averaged shear layers
form at the edge of the wakes that develop behind the farthestdown-
stream row of pin fins. The static pressure survey in Fig. 7c shows
differentvariations, which are mostly a result of the curvature of the
streamlines that develop downstream of the pin-fin array.

A schematic diagram of the flow features, deduced from these
studies,'®?*?* is presented in Fig. 8, for the pin-fin arrangement
shown in Fig. 3. For this test section,’ the channel aspect ratio is 8,
and the short cylindrical pin fins extended from the channel bottom
wall to the top wall. A total of 42 pins, each with uniform diameter
and diameter to height ratio of 1 are used. The pins are placed in
12 rows in the streamwise direction, with 3 to 4 pins in each row.

a)

Pa-Po

e
= 0.4 .
b) L e
Pa-P 55 54 53 52
(Pa) = - D

0.8 e b 2

T
S04

c) 0
wox (1/s)

0.8
T ,
5 0.4

-2 -15 -1 -05 0 05 1 15
d) ZH

Fig.7 Time-averaged surveys measured in a spanwise-normal plane

located 0.5 pin-fin diameters downstream of the pin-fin array shown in

Fig. 2 for Rey = 8000; from Mahmood et al.2%: a) streamwise velocity,
b) total pressure, c) static pressure, and d) streamwise vorticity.

The spacing between adjacent pins, in both directions, equals the
channel height. The centerline pin spacing (in both the streamwise
and spanwise directions) is equal to twice the pin diameter and to
1.12 times the channelhydraulic diameter. The pin-fin test sectionis
preceded by an inlet duct, with the same cross-sectionaldimensions
and a length of 13.3 hydraulic diameters.

Figure 8 shows the different flow structuresthatdevelop near one
endwall junction of one pin fin. Similar phenomenaare present near
both endwall junctionsof each and every pin fin. In the wake, which
forms behind each pin fin, mixing is enhanced, and local velocities
are relatively low, especially just downstream of each pin fin be-
cause of a flow recirculation zone. Farther downstream, local flow
velocities increase, and large-scale unsteadiness forms with length
scales approximately equal to the pin-fin diameter. At the edges of
the wakes, shear layers are present where the low speed wake flow
interfaces with higher speed flow away from the pin fins. These em-
anate in the streamwise flow direction from the spanwise edges of
each pin. Here, turbulence production and transport are enhanced
because of locally high levels of turbulent shear stress. Other key
features of the flow are the primary and secondary horseshoe vor-
tices that form upstream of each pin fin at the junction between the
pin and the endwall. Here, strong secondary flows and secondary
advection are provided by these vortices, as they advect away from
the stagnation line located on the upstream pin-fin edge. Each leg
of the primary horseshow vortex then advects within the shear layer
that forms on either side of, and then, downstream of each pin fin.
Arch shaped vortices are also shown in Fig. 8. The stagnation line
on the upstream edge of each pin fin extends along the length of
each pin fin. This is the initiation location for the thin boundary lay-
ers that begin to develop just downstream and then continue around
each pin-fin cylinder. Eventually, the streamlines in each of these
boundary layers separate from the cylinder at the locations where
the downstream wake begins to form. The wakes, shear layers, and
vortices, which form near the pin fins, increase mixing and turbu-
lent transport as they are advected in the vicinity of pin fins located
farther downstream.

Example of Spatially Resolved Surface Nusselt Number Distribution
A typical surface Nusselt number ratio distribution, produced on

the endwall by the flow structures just described, is shown in Fig. 9.

Here, spatially resolved Nusselt number ratios Nu/Nu, are given,
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Fig.9 Time-averaged local Nusselt number ratio Nu/Nu, distribution
along the bottom pin-fin test surface for the arrangementshownin Fig. 2,
from Ligrani and Mahmood,’ for Rey; = 1.83 x 10* and Ty;/T,, = 0.93.

0.4

which are measured by Ligrani and Mahmood® on one endwall test
surface over about one period of pin-fin surface pattern. The white
circularregions encircled by the dotted lines represent the locations
of the pin bases. The results are given for Re, = 1.83 x 10* and
Toi/ T, =0.93 and are obtained over a measurement area near the
downstream portion of the test surface, which extends over X /D,
from 11.7 to 13.3. This is in the vicinity of pins in the 11th and
12th rows for the pin arrangementshown in Fig. 3. In Fig. 9, flow is

directed from bottom to top in the increasing X /D), direction. The
data in Fig. 9 are time averaged using 25 instantaneous data sets
acquired over a period of 25 s.

Figure 9 shows that local Nusselt number ratios Nu/Nu, are rel-
atively low beneath the pin-fin wake (especiallyjust downstream of
each pin fin) because of a flow recirculationzone and relatively low
velocities. Farther downstream, local Nusselt number ratios Nu /Nu
values increase to become greater than 2.2 as local flow velocities
increase, and large-scale unsteadiness forms. These high Nusselt
number ratio Nu/Nu, regions are evident in Fig. 9 at Z/D,, values
less than —0.3, at Z/D,, values greater than +0.3, and at X/D,
values from 12.3 to 12.7. At the edges of the wakes, the shear layer
enhances local surface Nusselt numbers along vertical strips over
X /D, from 11.8 to 12.7, which emanate from the spanwise edges
of the pins near Z /D), of —0.25 and +0.25. The most important
mechanism for local heat transfer enhancementis the primary and
secondary horseshoe vortices that form upstream of each pin fin at
the pin—wall junction. The enhancementis a result of the secondary
advection provided by these vortices as they advect away from the
stagnation line located on the upstream pin-fin edge. The secondary
advectionrearrangescooler fluid, originally located from away from
the test surface, so that it is in close proximity with the heated test
surface. The resulting Nusselt number ratios Nu/Nu, augmentation
is evident in Fig. 9 at Z/D;, from —0.3 to +0.3 and at X /D), from
12.6t0 12.8.

Comparisons of Pin-Fin Heat Transfer and Friction Factor Data

In Fig. 10, results from different pin-fin investigations are com-
pared in Nusselt number ratios Nu/Nuy vs Reynolds number Re, co-
ordinates. This Reynolds number is based on pin-fin diameter d and
the maximum velocity that exists at the location in the pin-fin array
with the greatestblockage, where the cross-sectionalarea of the flow
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is minimum, as suggested by Chyu.!* The Nusselt number data in
Fig. 10 are plotted as dependenton this parameter because data from
Chyu,'* Uzol and Camci,? and Ligrani and Mahmood® (for varying
Reynolds number Re,) for circular-staggeredpin fins collectin one
continuousdistribution. This not only illustrates the agreement and
consistencyof these three differentsets of heat transferdata, butalso
indicatesthe usefulness of this parameterin correlatingheat transfer
data from channels with pin fins. The circular-staggeredpin-fin data
from these differentsources are then in approximateagreement with
values from Chyu'* for circular-in-line, fillet-cylinder-in-line, and
fillet-cylinder-staggeredtypes of pin fins, but are higher than ellip-
tic pin-fin data (N fin and SEF) from Uzol and Camci.*> Figure 10
also shows Nusselt number ratio Nu/Nu, data from Ligrani and
Mahmood,’ which increase from 2.2 to 3.0 as the temperature ratio
Tyi/ T, decreases from 0.93 to 0.68. Because of the effects of vari-
able properties, these data are located above the circular-staggered
pin-fin data obtained at different Reynolds numbers (and 7y; /T,
near 1.0).

Figure 11 compares globally averaged Nusselt number ratios and
friction factor ratios from different pin-fin investigations 342021
The highest heat transfer and friction factor augmentations are pro-
duced by arrays of staggered cube pin fins?® and staggered diamond
pin fins.2’ Notice that these results are positioned near the top of
a continuous band of data comprising results from Chyu,'* Chyu
et al.,”® Hwang and Lu,?!' and Ligrani and Mahmood.® Differences
between these different data sets are mostly a result of different
Reynolds numbers, different arrangements of pin fins, and different
pin-fin shapes. For example, the data obtained at lower Reynolds

numbers'+202! generally show decreasing Nusselt number ratios as
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Fig. 10 Comparison of globally averaged Nusselt number ratios Nu/
Nuy as dependent on Reynolds number Re; from different pin-fin
investigation§’l4’22: o, circular, in-line!; A, circular, staggered“;
0, fillet-cylinder, in-line'4; ©, fillet-cylinder, staggered“; X, circular,
staggered??; -, elliptic SEF, staggered®?; +, elliptic N fin, staggered®?;
®, circular, staggered, varying T;/T,, (Ref. 5); and A, circular, stag-
gered, varying Reynolds number Re; (Ref. 5).

the friction factor ratio increases. This trend is especially apparent
for the circular-in-line and circular-staggered configurations from
Chyu.'* The data set obtained at higher Reynolds number from
Ligrani and Mahmood® shows a different trend.

Different thermal boundary conditions and differences in mea-
surement approach may also account for relatively small varia-
tions between different data sets in Fig. 11. For example, Chyu'*
and Chyu et al.?° employ the naphthalene-sublimaton technique to
measure mass transfer on pins and on endwalls, whereas the other
investigations®2!?2 measure Nusseltnumbers only on endwalls. Ex-
cept for the first one or two rows, Chyu et al.'® indicate that heat
transfer coefficients on circular pin surfaces are consistently higher
than values on the endwall by 10-20%. Van Fossen' reportsa 35%
differential, whereas Al Dabagh and Andrews? report pin surface
heat transfer coefficients that are 15-35% lower than endwall val-
ues. Chyu et al.' further indicate that array-averagedresults, such
as the ones shown in Fig. 11, are “virtually equal to corresponding
endwall averages” largely because the endwall often accounts for
the majority of the total wetted area.

Dimpled Surfaces

Dimples are arrays of indentations along surfaces. These are of-
ten spherical in shape, although a variety of other shapes have also
been employed, ranging from triangular to tear drop. These are an
attractive method for internal cooling because they produce mul-
tiple vortex pairs that augment local Nusselt number distributions
as they advect downstream. They are notable for the low-pressure
drop penalties that they produce, which is because they do not pro-
trude into the flow to produce significant amounts of form drag.
With this benefit, dimples offer advantages for cooling later turbine
stages where lower pressure cooling air is employed. They are also
advantageous because the pressure drop that they produce through
an airfoil passage is relatively low, which allows favorable pressure
margins to be maintained in other parts of the airfoil interior.

The first known published studies of the effects of hemispheri-
cal dimples on the flow structure and heat transfer characteristics
are of Russian origin. Of these, Murzin et al.?® describe the flow
over and within shallow spherical depressions and conclude that
this flow is mostly symmetric and consists of a stable recirculatory
flow inside of the depression. Streamlines were observed to wind
around a horseshoe-shaped vortex line and to form a helical pat-
tern. In addition, “the pressure gradient due to rotation creates an
outflow along the rotation axis and an inflow of liquid toward it in
the boundarylayer.”*® Gromov et al.?’ describe symmetric and non-
symmetric streamlines and flow patterns producedby hemispherical
cavities with a variety of sizes. Cells of fluid motion are described
in the form of tightening spirals, helical streamlines,and horseshoe-
shaped vortices. Kesarev and Kozlov?® present distributionsof local
heat transfer coefficients inside of a single hemispherical cavity and
indicate that the convective heat transfer from the cavity is higher,
especiallyon the downstreamportion, than that from the surface of a
planecircle of the same diameter as the cavity diameter. The authors
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also describe the effects of turbulence intensity of the incident flow
on the local heat flux and on the local shear stress on the cavity
surface. According to the authors, the heat transfer from the hemi-
spherical cavity is enhanced as the turbulence intensity increases.

Afanasyev et al.?? describe the heat transfer enhancement mech-
anism for flows over walls indented with regular arrays of spherical
pits with several different shapes. The dynamic and thermal prop-
erties of the boundary layer on the smooth surface between the pits
is considered. Enhancements of 30-40%, with pressure losses that
are not increased appreciably relative to a smooth surface, are re-
ported. The authors also indicate that cavity shape does not have
a significant effect on local flow hydrodynamics. Belen’kiy et al.*
describeheat transferintensification from a tube surface fitted with a
staggeredarray of concave dimples on surfaces annularinternal pas-
sages. Results, applicable to shell-and-tube heat exchangers, show
maximum relative increases in overall heat transfer for deep cav-
ities of about 2.5 and for shallow cavities of about 2.0, compared
with smooth annularinternal passages.In some cases, high-pressure
losses are reported; however, in others, heat transfer enhancements
are accompanied by decreases in pressure loss.

Terekhov et al.>' present experimental measurements of flow
structure, pressure fields, and heat transfer in a channel with a sin-
gle dimple on one surface. Different magnitudes and frequencies of
flow oscillations are described, along with heat transfer and pres-
sure loss dependenceon dimple geometry. According to the authors,
“auto oscillations” of the flow arise in the cavity for all experimental
conditions tested. Pressure losses increase (compared to a smooth
wall) with an increase of cavity depth and decrease as the Reynolds
number increases.Cavity heat transferenhancementsare also noted,
especially for shallow holes, mainly as a resultof an increase in heat
transfer area and the changes to flow structure produced by the dim-
ple. From flow visualizations, Zhak>? describes a variety of vortex
structures in different shaped rectangular cavities. Schukin et al.*
presentresults that are directly applicableto gas turbine cooling. Av-
erage heat transfer coefficients are reported from the measurements
on a heated plate downstream of a single hemispherical cavity in a
diffuser channel and in a convergent channel. The study provides
data on the influences of the mainstream turbulence intensity level
and the angles of divergence and convergenceon heat transfer aug-
mentation. The authors conclude that heat transfer is augmented
using a cavity in flows with either positive or negative pressure gra-
dients. The authors also observe that the heat transfer from the inner
surface of a cavity depends on the mainstream turbulence level.

In the early 1990s, several dimple investigations are reported,
which originate from sources outside of Russia. One of the earli-
est of these is described by Bearman and Harvey,** who investigate
crossflows over cylindrical surfaces with an array of dimples. The
geometry of the dimples corresponds to the optimum concavity
depth found by Kimura and Tsutahara® for minimum drag on cylin-
ders. At high Reynolds numbers, significantly lower drag coeffi-
cients are present with arrays of dimples compared to smooth sur-
faces. Kithcart and Klett*® compare heat transfer and skin friction
of flows over surfaces on one wall of a rectangular channel with
hemispherical dimples, hemispherical protrusions, and rectangular
protrusions. The authors conclude that all three geometries produce
similar levels of heat transfer augmentation. However, the level of
skin friction varies considerably with geometry, since “hemispheri-
cal dimples significantly augment heat transfer with a lower penalty
in increased skin friction relative to protrusion roughness.’3®

More recently, Chyu et al.>” present data showing the effects of
Reynolds number on local heat transfer coefficient distributions on
surfaces imprinted with staggered arrays of two different shapes
of concavities: spherical and tear drop. Their measurements, for
ratios of channel height to dimple print diameter of 0.5, 1.5, and
3.0, show distributions of heat transfer coefficients everywhere on
surfaces that are significantly higher than values in channels with
smooth surfaces. Over a range of Reynolds numbers, enhancement
of the overall heat transfer rate is about 2.5 times smooth surface
values, and friction factors are about half the values produced by
conventional rib turbulators. Of the two dimple shapes considered,
the tear drop generally induces somewhat higher surface heat trans-
fer, especially when applied to opposite walls of the rectangular

channel. Lin et al.3® present computational simulation results of the
flow structure and resulting heat transfer distributions for the same
surface geometries and flow conditions. Flow streamlines and tem-
peraturedistributionsare presented that provideinsightinto the flow
structural characteristicsproduced by the dimples. According to the
authors, two vortical structures form as the flow enters each dimple.
In addition, surface heat transfer rates generally increase when dim-
ples are placed symmetrically on two opposite walls and the walls
are brought closer together. Another study, described by Gortyshov
etal.,’® employs spherically shaped dimples, called spherical inten-
sifiers, placed at different relative positions on the opposite sides
of a narrow channel. The investigators observe that an increase in
relative dimple depth produces increases in surface heat transfer
rates, as well as increases in streamwise pressure penalties. When
dimples are used on two sides of channel, flow structures produced
by each side interact with each other in a nonlinear fashion, with
net behavior that cannot be determined using superposition. Moon
et al.** give heat transfer and friction factor data, for ratios of chan-
nel height to dimple print diameter from 0.37 to 1.49, that illustrate
the effects of channel height on a surface with a staggered pattern
of dimples. According to these investigators,improvements in heat
transferintensification and pressure losses remain at approximately
constant levels over the ranges of Reynolds number and channel
height investigated.

Another recent study by Syred et al.*! considers a single dim-
ple on the concave or convex surface of a rectangular cross section
channel. The dimple geometry and passage heightare held constant,
as the Reynolds number and amount of curvature are varied. Ac-
cording to the authors, the turbulent fluctuations in the dimple on
the concave surface exceed those in a dimple placed on a convex
surface.Inaddition,surface heat transferratesin the dimple increase
when the dimple is located on a concave surface and decrease when
placed on a convex surface, relative to values measured on smooth
surfaces. Chen et al.*? employ hemispherical protrusions on the in-
sides of tubes to augment surface heat transfer rates. Six different
protrusion arrangements are employed, which increase surface heat
transferrates abovethose presentin smooth tubes by 25-137% when
compared at the same Reynolds number. With such improvements,
the authors* indicate that the size and weight of coaxial-pipe heat
exchangers can be reduced “by a factor of almost 2.”

From work conductedat the University of Utah, Mahmoodeta
describe the mechanisms responsible for local- and spatially aver-
aged heat transfer augmentations on flat channel surfaces with an
array of dimples along one wall. In this study, the ratio of channel
height to dimple print diameter is 0.5. The most important mecha-
nisms are 1) the reattachment of the shear layer that forms across
the top of each dimple, 2) the vortex structures and vortical fluid
shed from each individual dimple indentation, which then advect
over the flat surface just downstream, and 3) the periodic unsteadi-
ness, which is produced as flow is ejected and then inrushes to each
dimple. These different effects result in increased advection due to
secondary fluid motions, as well as increased turbulence transport
levels in the flow near the dimples. The authorsalso indicate that the
effects of the vortex structures are particularly pronounced near the
downstream rims of each dimple. The resulting high local Nusselt
number regions on the flat surface are spread over a region that is
approximately parallel to the downstream edge of each dimple and
along two strips of flat surface located near the spanwise edges of
downstream-diagonaladjoining dimples. These augmented regions
are spread over larger surface areas and become more significant as
the ratio of inlet stagnation temperature to local surface temperature
decreases. In another paper, Mahmood and Ligrani* consider the
effects of the ratio of inlet stagnation temperature to local surface
temperature for ratios of channel height to dimple print diameter
of 0.20, 0.25, 0.50, and 1.00. According to these authors, visual-
ized smoke patterns show that vortex pairs, which are periodically
shed from the dimples, become stronger as the ratio of channel
height to print diameter decreases. However, regardless of the ratio
of channel height to dimple print diameter, local Nusselt numbers
increase substantially as the ratio of inlet stagnation temperature to
local surface temperature decreases. Additional information on the
flow structure due to dimple depressions on a channel surface is

1.43
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provided by Ligrani et al.*> Detailed descriptions of the behavior
of the primary and secondary vortex pairs, which are shed from the
dimples, are described. Most important, the locations of the primary
and secondary vortex pairs coincide closely with locations where
the normalized longitudinal Reynolds normal stress is increased.
Frequent, continuous, unsteady interactions are also described be-
tween the flows in adjacent dimples, where the frequency of the
large-scale unsteadiness scales on time-averaged bulk velocity and
dimple print diameter.

Mahmood et al.*® and Ligrani et al.*’ consider heat transfer and
flow structurein a channel with dimples and protrusionson opposite
walls. Similar arrangements, but only with measurements of fric-
tion factors and some flow structural characteristics, are considered
by Kithcart and Klett. According to Ligrani et al.,*’ instantaneous
flow visualizationimages and surveys of time-averaged flow struc-
ture show that the protrusions result in added vortical, secondary
flow structures and flow mixing. As a result, local friction factors
and local Nusselt numbers are augmented compared to a channel
with no protrusions on the top wall. Mahmood et al.* indicate that
important Nusselt number variations are observed as the array of
protrusionsis changed with respect to the locations of the dimples.
With protrusions, form drag and channel friction are increased. As
aresult, thermal performance parameters are then generally slightly
lower when protrusions and dimples are employed, compared to a
channel with a smooth-dimple arrangement.

Dimple Surface Flow Structure

Figure 12 shows a flow cross section (or spanwise-normal plane)
visualized using smoke generated from multiple smoke wires, at
a Reynolds number based on channel height of 1.25 x 10* from
Ligrani et al.¥ These data are obtained just downstream of a dimple
locatedin the ninthrow of a testsurface,shownin Fig. 13 (all dimen-
sions in centimeters), installed on the bottom surface of a channel.
Note that this flow visualization plane is then located between two
dimpleslocatedin the 10throw. The ratio of channelheightto dimple
print diameter is 0.50, and the ratio of dimple depth to dimple print
diameteris 0.2. The image in Fig. 12 shows a primary vortex pair lo-
cated centrally in the image, which is positioned just downstream of
the central part of the dimple located just upstream in the ninth row.
This primary vortex pair is evidenced by a mushroom-shaped pat-
tern, which is often often symmetric with respect to the centerline-
normal plane and located above an upwash region. Two additional
secondaryvortex pairs and associatedupwashregionsare positioned
on each side of the primary vortex pair (near the left and right span-
wise edges of dimples in the 10th row). These are generally near
diagonal dimple locations, or just downstream of these locations.

The formation and ejection of these vortex pairs occur
periodically!***=%5 During ejections, the flow from the central por-
tion of the dimple moves upward with downward flow on either side
to satisfy continuity. The outward motion from within the dimple
(or upwashregion) s quite strong, and when present at intermittent,
periodic times, is oriented in a streamwise-normal plane roughly
down the centerline of each dimple. The three-dimensional shapes
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vortex pairs | edge

dimple

flat surface
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Fig. 12 Instantaneous flow visualization image for Rey =1.25 x 103,
from Ligrani et al.*>: ratio of channel height to dimple print diameter
is 0.5 and ratio of dimple depth to dimple print diameter is 0.2.
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Fig. 13 Schematic diagrams from Ligrani et al.*> All dimensions are
given in centimeters.

DIRECTION

Fig. 14 Schematic diagram of instantaneous, three-dimensional flow
structure corresponding to flow visualization image shown in Fig. 12;
from Mahmood et al.*3

of these vortex pairs are then illustrated in Fig. 14, which shows
that the primary vortex pair is eventually stretched as it is advected
downstream (by the streamwise bulk flow above the dimple hori-
zon), becoming smaller in cross section and more elongated. The
periodicity associated with shedding of packets of vortical fluid
from individual dimples is, thus, an important feature of the flow
structure produced by the dimpled surface. This occurs such that a
packet of vortical fluid is shed, followed by an inrush of flow into
the dimple, followed by another shedding event, and so on. The in-
ward advection and outward shedding must both take place (either
simultaneously or alternatively) if continuity is to be satisfied for
the flow near the dimpled surface.

The two secondary vortex pairs near dimple diagonals, which are
shown in Figs. 12 and 14, are often in the form of collections of
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vortex pairs, or sometimes, short “braids” of vortical fluid. Because
secondary pair formation is tied to flow behavior near sharp dimple
edges (and because the dimples are placed on the surface in a stag-
gered array), one secondary vortex pair is then in close proximity
to the spanwise edges of many dimples as it advects downstream.
These secondary vortex pairs are then steadier, with less positionand
location timewise variations, compared to the primary vortex pair
shed from each dimple. The secondary flows within these secondary
vortex pair structures often periodicallyimpact on flat surfaces adja-
cent to dimples. These packets of vortical fluid are stretched farther
from the dimple edges (especially in dimple diagonal directions)as
the Reynolds number increases. This causes the braids of vortical
fluid to advect just above and into the dimple volumes that are lo-
cated diagonal and adjacent to the dimple responsible for the initial
upwash of fluid. Such advection of vortical fluid from one dimple
to another then contributes to the dynamic pressure behavior in ad-
jacentdimples, and probably, the triggering of inrushes of fluid into
adjacent dimples. Periodic impacting of such vortical fluid, which
alternates with the periodic influx of bulk fluid, also helps augment
turbulence transport levels in fluid at and near these dimpled sur-
face locations. From the results in Figs. 12 and 14, it is evident that
the axis of each vortex in each pair, after it is formed and advected
some distance, is roughly longitudinal. The axes of rotation, ori-
entations, locations, and structure of these vortices are about the
same during different shedding events at a particular streamwise
location.

From time-varying images, it is apparent that the vortical fluid is
shed simultaneously with fluid shed from other dimples in the same
streamwise row, but out of phase with the packets of fluid shed from
dimples in an adjacent upstream or downstream dimple rows. This
furtherevidencesthe stronglyellipticnature of the flow over the dim-
pled surface. Pressure variationsin one dimple are believed to affect
pressure variations in other, adjacentdimples (especiallyalong dim-
ple diagonals). The periodicity in this unsteadinessis well defined
and does not seem to vary greatlyin its frequencyalong a given dim-
pled surface at a particularflow condition, provided the flow is fully
developedor nearly fully developed. Appropriatescaling parameters
for the shedding frequency of the primary vortex pair seem to be
time-averaged bulk velocity and dimple print diameter, which then
gives 2xfD/U of 1.7-1.8 for hemispherical dimples with a depth
to print diameter ratio of 0.1. Magnitudes of this nondimensional
frequency change with Reynolds number, streamwise location, as
well as with dimple shape, spacing, and depth.

Figure 15 from Isaev et al.*® shows that the flow inside of a
spherical indentation dimple is also quite complex. These results
are obtained from computer visualizationsobtained by numerically
solving the Reynolds equations. Isolines of the transverse flow ve-
locity component are shown within the dimple and in the median
cross section in Figs. 15a and 15b, respectively. Velocity vectors
from the median cross section are shown in Fig. 15c. Even though
the dimple is symmetric, nonsymmetric flow patterns are evident
within the dimple. In the cross-sectionalviews, “two large-scale vor-
tex cells” are evident. According to the investigators;'® “large-scale
vortex rings, inside which particles perform reciprocating motions,
are incorporatedinto the spiral flows outgoing from singularities at
the surface of the well.”

Time-averaged flow structure also provides insight into the be-
havior of flows above dimpled surfaces. Surveys of time-averaged
streamwise vorticity, obtained from measurements made just down-
stream of 13 rows of dimples, are givenin Fig. 16 for aratio of chan-
nel height to dimple print diameter of 0.50 and a Reynolds number
based on channelheight Re; = 9.4 x 10°. The ratio of dimple depth
to dimple print diameter is 0.2. Note that bulk flow direction is into
the plane of the paper of each contour plot, the dimples are located
at the bottom of each plot, and all data are normalized.

In Fig. 16, positive and negative regions of vorticity, associated
with the primary vortex pair and seen earlier in flow visualization
results, are readily apparent. In the time-averaged flowfield, the two
vortices in this pair are located on either side of the upwash region
located near Z/H =0. Four other smaller and weaker regions of
positive and negative vorticity (in two pairs) are also apparent in
Fig. 16 nearby the regions containing the primary vorticity. Two

Fig. 15 Numerically predicted flow characteristics within and near a
symmetric, spherical indentation dimple; from Isaev et al.*8: a) isolines
of transverse flow velocity component within a dimple, b) isolines of
transverse flow velocity component in median cross section of a dimple,
and c) velocity vectors from the median cross section.
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Fig. 16 Survey of nondimensional streamwise vorticity w, H/U mea-
sured just downstream of the test surface shown in Fig. 13 for Rey =
9.4 x 10°.

of these are located near the smooth wall, located opposite to the
dimpled surface, and two are located just to the sides of the primary
vortex pair, but nearer to the dimpled wall at Y /H = 0.2-0.3. These
latter regions are a consequence of the secondary vortex pairs also
observedin flow visualizationimages near dimple edges. Also evi-
dent on the vorticity contours in Fig. 16 are the fairly large regions
of relatively weak positive and negative vorticity that are centered
around Z/H = —2.2. These are located just downstream of dimple
centerlines in the next to last row (or 12th streamwise row). As a
result, these vorticity regions are much weaker than the ones located
immediately downstream of dimples in the 13th streamwise row.
Key flow features responsible for local heat transfer augmenta-
tions include 1) shedding of multiple vortex pairs from dimples,
2) strong secondary fluid motions within these vortex pairs and as-
sociated vortical fluid, 3) shear layer reattachmentwithin each dim-
ple, and 4) periodicity and unsteadiness associated with vortex pair
shedding and the flows within individualdimples. This unsteadiness
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causes the thermal boundary layer that forms downstream of indi-
vidual dimples to be periodically reinitialized and increases flow
mixing over length scales approximately equal to the dimple print
diameter. The effectson thermal transportare especially pronounced
near downstream rims of dimples as well as on flat surfaces down-
stream of and between dimples.

Example of Spatially Resolved Surface Nusselt Number Distribution
Figure 17 presents spatially resolved Nusselt numbers from
Burgess et al.* measured on the dimpled test surface placed on
one wall of a channel with a height to dimple print diameter ratio
of 1.0 and a ratio of dimple depth to dimple print diameter of 0.2.
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Fig.17 Local Nusselt number ratio data from a channel with dimples
and heating on one channel surface for Rey =2.0 x 10%; from Burgess
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Fig. 18 Comparison of globally averaged Nusselt number ratios
Nu/Nuy as dependent on friction factor ratio f/fy from different dim-
pled surface investigations®’»40:43:44:49,50. 4]] data for smooth top wall
and dimpled bottom wall.
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Fig. 19 Comparison of globally averaged Nusselt number ratios Nu/
Nuy as dependent on friction factor ratio f/fy from different in-
vestigations: data for a smooth top wall and a dimpled bottom
wall,37:40:43,44,49,50 g1 dimples on both top and bottom walls,”” and for
dimples on one wall with protrusions on the opposite wall.*6

The opposite channel wall is smooth. Reynolds number based on
channel height for the measurementsis 2 x 10*. Flow direction for
Fig. 17 is from top to bottom in the direction of increasing X/D.
The image shows dimples in the 10th—12th rows from the beginning
of the test surface shown in Fig. 13.

The locations of the circular concave depressions of the dimples
correspond to circular Nusselt number ratio Nu/Nu, contours in
Fig. 17. Lower Nusselt number ratios are located over the upstream
halves of the depressions. Local Nusselt number ratios are then
higherin the downstreamhalves. The highest valuesare then located
near the downstream rims of each dimple, both slightly within each
depression, and on the flat surface just downstream of each dimple.
Consistent with the results of Kesarev and Kozlov*® and Schukin
et al.,** most local values in the concave cavities are higher than
values measured a smooth channel at the same Reynolds number
and temperature ratio.

Referring to the area over Z/D from —0.3 to +0.3, and over
X/D from 9.1 to 9.7, the high Nusselt number ratio Nu/Nu, region
is spread over a region that is approximately parallel to the down-
stream edge of the dimple. Two “fingers” from this region then
extend downward in the positive X /D direction, which are located
near the spanwise edges of adjoining dimples. These fingers con-
tinue to extend downward in the +X /D direction until they connect
with high Nusselt number ratio Nu/Nu, regions located on the flat
surfaces just downstream of the adjacent dimples. These fingers are
due to the edge or secondary vortex pairs, which strengthen as they
advect downstream next to the edges of other dimples. This occurs
because of the staggered arrangement of the dimples on the test sur-
face, which causes each “edge” vortex pair to be located first on the
rightedge of a dimple, then on the left edge of anotherdimple, and so
on. The result is interconnected regions of high local Nusselt num-
ber ratios, located to the sides of and diagonally between dimples
in adjacentrows, as shown in Fig. 17.

Comparisons of Dimpled Surface Heat Transfer
and Friction Factor Data

Figures 18 and 19 present data from channels with dimple—
smooth arrangements }740-43.44.49.50 dimple—dimple arrangements,*’
and dimple—protrusion arrangements*®’ (where each of these de-
notes the surface types on opposite sides of a large aspect ratio
channel). All of the data in Figs. 18 and 19 are based on heat fluxes
deduced using flat, projected areas. As mentioned earlier, dimpled
surfaces generally produce lower friction factors compared to the
several other types of heat transfer augmentation devices.

All of the data presented in Fig. 18 are obtained with dimples
on one wall of the channel only, with smooth surfaces on all other
channel walls. Data from Chyu et al.,>” Moon et al.,** Mahmood
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1.,43 1.49

etal.,* Mahmood and Ligrani,* and Burgess et al.*’ collecton one
continuous distribution with Nusselt number ratios Nu/Nu, rang-
ing from 1.8 to 2.8, and f/f, ranging from 1.3 to 2.9. The highest
Nusselt number augmentations are produced by spherical indenta-
tion dimples with §/ D = 0.3 (Ref. 49). Data from Moon and Lau®
coveraboutthe same range of Nusselt numberratios as the otherdata
sets. The baseline Nusseltnumber Nu,, valuesused for normalization
of the Moon and Lau data are based on recommendations made by
these authors>® Friction factor ratios from Moon and Lau® are, in
some cases, higher than values from these other sources 37-40-43:44.49
Note that the Moon and Lau®® results are based on measurements
made only at a few discrete locations on their test surface, whereas
the other studies obtained results from averages made from spa-
tially resolved results, measured over continuous sections of test
surfaces. Other differences between the different data sets are due
to different Reynolds numbers, different dimple spacings, different
channel turbulence intensities, and differences in other parameters
employed.

In Fig. 19, the highest levels of heat transfer augmentation are
obtained using dimples and protrusions, aligned with each other
on opposite sides of the channel *¢ Notice that Nusselt number ratio
Nu/Nuy values for this arrangement increase continuously at one
f/fo value as the ratio inlet stagnation temperature to local wall
temperature decreases.*® The highest friction factors are produced
using a tear-drop-shaped dimple-dimple configuration,’’ that is,
tear-drop-shapeddimples on oppositesides of the channel. Different
dimple—smooth configurations then generally yield comparatively
lower values of heat transfer augmentationand friction factor ratios
in Fig. 19.

Rib Turbulators

Rib turbulatorsare often in the form of rectangularcross-sectional
bars mounted along the surface, which are often angled with respect
to the bulk flow direction. Because they protrude into the flow, they
act to trip the flow, mix the flow, and also generate vorticesand three-
dimensional velocity gradients. Typical arrangements are shown in
Figs. 20, 21c, and 22a. Rib turbulators, or trip strips, are general-
purpose heat transfer augmentors in cooled airfoils. When the main
geometric parameters, trip strip height, channel blockage, orienta-
tion, and spacing, are varied, it is possible to optimize the cooling
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Fig.20 Rib turbulator configurations (top views); from Han et al.5
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Fig.21 Schematic diagrams of flow patterns in ducts with rib turbula-
tors from Cho et al.®!: a) flow recirculation patterns around a single rib,
b) weak secondary flows downstream of the reattachment line induced
by noncircular duct geometry for 90-deg rib turbulators, and c) strong
secondary flows induced by rib turbulators angled at 45 deg.

scheme in such a way that the airfoil midbody is not overcooled,
while providing the necessary exit temperatures at the leading edge
and trailing edge, where film cooling may be required.

A significant number of experimental and numerical studies
address the effects of rib turbulators on heat transfer in internal
channels’!'~7 Considered are single-pass and multipass channels,
square and rectangular channels, channels with and without rota-
tion, and rotating channels with different orientations with respect
to the axis of rotation.

Several of the earliest experimental studies consider single-pass,
stationary channels with no rotation. Of these studies, Han et al.>!
address the effects of rib shape, angle of attack, and pitch to height
ratio. According to these investigators,ribs with 45-deg inclinations
produce better heat transfer performance than ribs with 90-deg ori-
entations,when comparedat the same friction power. Han and Park>?
vary the channel aspectratio and conclude that the best heat transfer
performanceis obtained using a square channel with a rib turbulator
angle of attack from 30 to 45 deg. This range of angles of attack also
yield the best heat transfer performance for rectangular channels.
However, the overall performance of square channels is superior to
rectangular channels. Both Nusselt number ratio Nu/Nu, data and
f/fo data are presented. Han et al. indicate that best heat transfer
enhancements in square channels are produced by V-shaped ribs
with 45- and 60-deg arrangements, followed by 45- and 60-deg par-
allel ribs, which are followed by 45- and 60-deg crossed ribs. Han
et al.>* also provide both Nusselt number ratio Nu/Nu, data and
f/fo data. These individuals investigate wedge-shaped and delta-
shaped turbulence promoters in square channels and compare their
performance with existing data for differenttypes of rib turbulators.
Delta-shaped ribs generally perform better than the wedge-shaped
ribs, especially when the delta-shaped ribs on opposite walls are
aligned and arranged with a backward flow direction. The investi-
gators also indicate that broken configurations of delta-shapedribs
and wedge-shapedribs both give better performancethan full-length
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Fig.22 Rib turbulator flow structure: a) schematic diagram of the rib
turbulator test surfaces with 45-deg rib turbulators, b = 411.0 mm, a =
1232.9 mm, p = 128.4 mm, ¢ = 12.8 mm, and ¢’ = 18.2 mm with flow
direction left to right; b) instantaneous flow visualization image illumi-
nated in a spanwise-normal plane downstream of the rib turbulator test
section at X = 1462 mm for Rey = 430; ¢) time-averaged survey of local
streamwise velocity in a spanwise-normal planelocated just downstream
of the rib turbulator test section at X = 1235 mm for Rey =8 x 103; and
d) time-averaged survey of local total pressure in a spanwise-normal
plane located just downstream of the rib turbulator test section at X =
1235 mm for Rey =8 x 10°.

configurations. Taslim et al.> provide additional evidence that
45-degribs producehigher thermal performancefactors than 90-deg
ribs. The authors also indicate that, of the configurations examined,
the highest heat transfer enhancements and highest friction factors
are produced by low-blockage ratio V-shaped ribs. In a later study,
Taslim et al.>® study 12 different geometries of ribs that are placed
on all 4 walls of channels with both square and trapezoidalcross sec-
tions. Compared to channels with ribs on two walls, heat transfer
coefficients and thermal performance factors are enhanced. More
recently, Casarsa et al.’” characterize the velocity and heat transfer
fields in an internal cooling channel with 90-deg ribs that produce
30% blockage. Included are heat transfer enhancementmagnitudes,
time-averageddistributionsof mean velocity components,and time-
averaged distributions of normalized root-mean-square velocity
fluctuations. Ligrani and Mahmood®® present spatially resolved

Nusselt numbers and friction factors for a stationary channel with
an aspectratio of 4 and angledrib turbulatorsinclined at 45 deg with
perpendicularorientationson two oppositesurfaces. The ratio of rib
height to hydraulic diameter is 0.078, the rib pitch-to-heightratio
is 10, and the blockage provided by the ribs is 25% of the channel
cross-sectional area. According to these authors, spatially resolved
local Nusseltnumbers are higheston tops of the rib turbulators, with
lower magnitudes on flat surfaces between the ribs, where regions
of flow separation and shear layer reattachment have pronounced
influences on local surface heat transfer behavior. Also included are
data corrected to account for three-dimensional conduction within
the ribbed test surface.

Other recent studies of stationary channels with no rotation con-
sider single-pass and multipass channels. Wang et al.” presentheat
transfer results from square ducts with 45-deg ribs. Thurman and
Poinsatte®® measure heat transferand bulk air temperaturein a three-
pass duct with orthogonal ribs and bleed holes both located on one
wall. According to these investigators, changing the locations of
the ribs relative to the holes produces large changes to surface heat
transfer coefficient distributions. Cho et al.! employ continuous
and discrete, parallel and cross arrays of ribs in a single-passsquare
duct. Discrete ribs with gaps in between are found to produce more
uniform heat transfer coefficient distributions than continuousribs.

Other recent experimental studies investigate heat transfer in
channels with rotation and square cross section. Of these stud-
ies, Johnson et al.** and Fan et al.** examine four-pass serpentine
channels and indicate that the best performance is produced by ribs
with 45-deg arrangements. Parsons et al.,% Johnson et al.,*> Zhang
et al., Parsons et al.,*” and Dutta and Han®® consider two-pass
channels with differentrib turbulator configurations. Three of these
studies®67-%% also consider the influences of changing the channel
orientation with respect to the axis of rotation. Heat transfer data
are presented that show that the influences of Coriolis forces and
crossstreamflows decrease as channelorientationchangesfromnor-
mal to angled. Another pair of studies by Park et al.**7® consider
the effects of rib size on local heat transfer coefficients with radially
outward flow and transverse ribs on the trailing and leading walls
of an internal passage.

Experimental heat transfer studies using channels with rotation
and rectangular cross section are less numerous. Of studies in this
area, Taslim et al.”"”? employ single-passchannels with orthogonal
rotation and either staggered transverse ribs’! or 45-deg ribs ar-
ranged with perpendicularorientationson opposite channel walls.”?
In both cases, more pronounced rotation effects are evidenced as
the channel aspect ratio increases, or as the rib blockage ratio de-
creases. Azad etal.”® employ a two-pass channel with rib turbulators
on leading and trailing sides at angles of 45 deg with respect to the
mainstream flow. Rotating rib wall heat transfer coefficients are
two to three times values measured on rotating smooth walls. Heat
transfer coefficients on the first-pass trailing side and second-pass
leading side are enhancedby rotation, whereas the first-passleading
side and second-passtrailing side values are diminished by rotation.
In addition, 45-deg ribs that are parallel on opposite channel walls
produce higher augmentations than 45-deg ribs which are perpen-
dicular on opposite channel walls. Griffith et al.”* examine rotation
effects in a channel with an aspect ratio of 4 and 45-deg angled
ribs placed on two opposite walls. According to these investigators,
higher heat transfer enhancements are present compared to square
channels and channels with an aspect ratio of 2. Nusselt number
augmentations change significantly on the ribbed leading surface
and smooth side surfaces as the duct orientation with respect to
rotation direction is altered. Augmentations on the ribbed trailing
surface and smooth side surfaces exhibit a strong dependence on
rotation number.

An experimental and numerical investigation by Dutta et a
examines the effects of rib turbulators on heat transfer behavior in
a rotating, two-pass channel with a triangular cross section. Two
channel orientations with respect to the axis of rotation are con-
sidered, along with the effects of channel orientation on secondary
flows. Liou et al.”® present heat transfer, fluid flow, and pressure
measurements made in a rotating two-pass, square duct with 90-deg
ribs positioned near the leading and trailing surfaces. The ribs are

1.75
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arranged so that they are detached from the leading and trailing
surfaces, which results in more uniform heat transfer distributions
compared to attachedribs. Rib detachmentalso gives enhancedheat
transfer on the leading surfaces of the first outward pass and on the
trailing surface of the secondinward pass, compared to similar chan-
nels with attached ribs. Bunker et al.”” describe experimentalresults
from an investigationof a complex trailing edge passage for a high-
pressure turbine blade. The two-pass serpentine split passage has
an aspect ratio of 14:1, tabulated passages, and a tip turning vane,
all with the inclusion of channel convergence from root to tip, as
well as channel taper toward the trailing edge. Local heat trans-
fer and wall static pressure measurements show variations due to
flow separation, turning flow, locally lower convection speeds, and
impingement effects.

A number of other experimental investigations address flow be-
havior (without heat transfer) in channels with rib turbulators. Of
these, Bonhoffet al.”® and Schabackeret al.” consider nonrotating
channels, and Tse and Steuber®® and Prabhu and Vedula®' consider
rotating channels. In one case, different velocity components are
measured in a serpentine channel with 45-deg ribs2° and in an-
other, surface static pressure variations are measured with different
channel aspectratios and differentrotational speedsin arectangular
channel with tranverse ribs on one wall.8!

Computational studies of flows and heat transfer in ducts with
rib turbulators consider straight single-pass ducts,?>~8 two-pass
ducts,® two-pass ducts with U-shaped channels in between,®~%*
90-deg orthogonal ribs3284-8793 45.deg angled ribs33-88-92.94
45-deg V-shapedribs,*® and rotation 323884 In one case,® the an-
gled ribs placed on two opposite walls of the channel are rounded.
The results from the most notable of these investigations with ro-
tation show that the secondary flows induced by angled ribs, rotat-
ing buoyancy, and Coriolis forces produce important alterations to
surface heat transfer coefficients and to local and global flowfield
structure. This includes the developmentof strong nonisotropictur-
bulence stresses.”!*? Jia et al.3¢ and Watanabe and Takahashi®’ in-
clude experimentally measured friction factors, Nusselt numbers,
and streamwise velocity fluctuations, which are compared to nu-
merically predicted results. Rigby and Bunker® employ a full three-
dimensional Navier-Stokes equation solver to investigate the same
complex trailing-edge passage of a high-pressure turbine blade in-
vestigated experimentally by Bunker et al.”’

Flow Structure in Channels with Rib Turbulators

Figure 21 presents schematic diagrams of flow patterns in ducts
with rib turbulators from Cho et al.*! According to these authors, re-
markable enhancementsof local and spatially averaged surface heat
transfer rates are possible with rib turbulators, in spite of lowered
local Nusselt numbers at certain locations along ribbed surfaces. In
Fig. 21a, flow recirculation patterns around a single rib are shown.
The largest of these zones is positioned just downstream of each rib
and covers a considerable portion of the ribbed wall. Each of these
recirculationzones is often considered to be a potential hot spot be-
causeitisassociatedwith locally lower surface Nusseltnumbers (see
Ref. 58). The resulting nonuniform surface heat transfer variations
can also resultin additional concerns because of the developmentof
significant thermal stresses. Such effects are more pronounced with
angled ribs because lateral gradients in the surface heat transfer
are present that are generally greater than for normal or 90-deg ribs.
Downstream of the flow recirculationzone, downstream of each rib,
is a line across the surface where streamlines reattach. Figure 21b
shows the weak secondary flows that often form downstream of this
reattachmentline for 90-deg rib turbulators®! These are induced by
nonuniform duct geometry as the flow develops in the streamwise
direction.

With angled ribs, additional secondary flows are induced by flow
skewing. Figure 21c¢ presents schematic diagrams of the strong sec-
ondary flows induced by this effect for rib turbulators oriented at
angles from 30 to 60 deg (Ref. 61). For ribs that are parallel to each
otheron oppositesides of the channel, a pair of counter-rotatingflow
cells are present. For ribs that are oriented perpendicular to each
other on opposite channel walls, one cell of rotating flow is present.
Consequently, the strong secondary flows produced by the parallel

arrangementnot only have stronger effects on surface heat transfer
distributions but also produce greater pressure drops. Changes to
the overall nature of these secondary flows are produced by changes
to the relative streamwise locations of the rib arrays on opposite
channel walls, that is, whether the rib arrays on the opposite walls
are in line or staggered with respect to one another.®!

Additional data about the effects of the cross-rib arrangement
on flow structure are presented in Fig. 22. Here, flow structure
measurements are given for the 45-deg rib arrangement shown in
Fig. 22a. In Fig. 22b, an instantaneous flow visualization image
shows weak secondary flows that are generally consistent with the
weak secondary flows shown in Fig. 21b. The Fig. 21b image is
illuminated in a spanwise-normal plane just downstream of the rib
turbulatortest section for Re; = 430. These data are obtained at this
low Reynoldsnumber because diffusion and increased unsteadiness
at higher Reynolds numbers result in smeared and unrecognizable
flow patterns. The image in Fig. 22a extends in the vertical direc-
tion from the bottom to the top of the channel and in the horizontal
direction over a distance of about 2.0 channel heights. The span-
wise center of each image is then located at the spanwise center
of the test section at Z/D;, =0.0. The most important features in
the image are two large vortex pairs (indicatedby mushroom-shaped
smoke patterns) that emanate from the bottom and top channel sur-
faces. These vortex pairs are formed by the effects of theribs as they
force air to and from both of these test surfaces. The vortices and
the accompanyingsecondary flows aid convectiveprocesses for heat
transfer augmentationby 1) increasing secondary advection of fluid
between the central parts of the channel and regions near the wall
and 2) producing regions with high, three-dimensional shear and
high magnitudes of turbulence production over much of the channel
cross section, thereby substantially increasing turbulence transport
levels in all three coordinate directions.

Figures 22c¢ and 22d presents time-averaged surveys of lo-
cal streamwise velocity and local total pressure, measured in a
spanwise-normalplane located just downstreamof the rib turbulator
test section (shown in Fig. 22a) for Rey; = 8 x 10°. The surveys ex-
tend about one channel height in each direction. The total pressure
survey, givenin Fig. 22d, is valuablebecauseit providesinformation
on the losses produced by the ribs. Note that deficits of streamwise
velocity and total pressure are evident in the lower-left and upper-
right regions of Figs. 22c and 22d. These are due to downstream
parts of ribs located just upstream. Evidence of significant mixing
and unsteadiness is also provided by the high degree of spanwise-
uniformity of each quantity shown. This uniformity results because
time averaging “smears” flow structural characteristics (produced
by strong secondary flows) as they change position substantially
with time.

Figure 23 presents secondary flow vectors numerically predicted
in a channel with 90-deg rib turbulators from Jia et al3® for a
Reynolds number based on channel hydraulic diameter of 3 x 10%.
The duct employed has a square cross section with ribs on one wall.
The rib pitch to rib height ratio is 9, and the ratio of rib height to
channel hydraulicdiameteris 0.1. Figures 23a-23c show the vector
distributionsin two different spanwise-normal planes, where one is
between two ribs (plane 1) and one is above a rib (plane 2). Each of
these planes extends from a smooth side wall to a symmetry plane,
thus covers one-half of a flow cross-sectionalplane. In both cases, a
large rotating flow cell is present in each half-cross-sectionalplane
of the one-sided ribbed duct® For the views shown, the cells are
rotating in the counterclockwise direction. Jia et al.3 indicate that
these secondary motions cause the maximum streamwise velocity
to be present not at the spanwise symmetry plane, but “somewhere
closerto the side walls.” This is due to advectionof fluid with higher
streamwise momentum to regions closer to the side walls. Such sec-
ondary flow advection is part of an inflow region that is present
near the corner of the ribbed wall and the smooth side wall. After
leaving this inflow region, Figs. 23a-23c show that the fluid ad-
vects upward along the smooth side walls and then turns toward the
spanwise symmetry plane.

Measured and predicted results from Watanabe and Takahashi®’
are shown in Fig. 24 for a channel with 90-deg rib turbulators
with a Reynolds number based on channel hydraulic diameter
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Fig.23 Secondary flow vectors numerically predicted in a channel with
90-deg rib turbulators,from Jia et al.% for Rep;, =3 x 10*: a) secondary
flow vectors in plane 1, b) secondary flow vectors in plane 2, and ¢)
secondary flow structure conjectured from the numerical predictions.

Smooth side wall

of 1.17 x 10°. Figure 24a gives time-averaged streamwise veloc-
ity variations above and between successive ribs from large-eddy
simulation (LES) numerical simulationsand experimental measure-
ments. The horizontal and vertical axes indicate the flow direc-
tion position and the distance along the test surface, respectively.
Figure 24b shows the normalized streamwise velocity distribution
and velocity vector distribution around a single rib from LES nu-
merical simulations. These data are also time averaged. Features
shown in Fig. 24b include the recirculation zone which forms just
above the rib (denoted A) the recirculation zone that forms near
the corner just upstream of the rib (denoted B) the large recir-
culation zone that is present downstream of the rib (denoted C),
and the spanwise vortex, or second smaller separation zone, that is
present in the vicinity of the downstream bottom corner of the rib
(denoted D).

The same features are evident in experimental results presented
inFig. 25a from Casarsaet al.”” These data are obtainedin a channel
with 90-deg rib turbulators at a Reynolds number based on chan-
nel hydraulic diameter of 4.0 x 10*. Time-averaged distributionsof
flow streamlines are presented in Fig. 25a, as well as (i + v%)!/2,
the combined magnitude of time-averaged streamwise and normal
velocity components. Because of the strong acceleration of flow as
it passes around the rib, high-velocity gradients are present near the
upstreamtop corner of therib. The suddenexpansiondownstreamof
the rib results in the large recirculationzone C. A shear layer forms
between this recirculating flow and the high-speed mainstream bulk
flow, located just above 3-¥7

Figures 24c and 24d show distributions of normalized, time-
averagedlongitudinalvelocity fluctuationsand normal velocity fluc-
tuations, respectively,above and between successiveribs from LES
numerical simulations 8’ In each case, values are largest about one
rib height away from the base wall, where the shear layer produced
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Fig. 24 Results for a channel with 90-deg rib turbulators, from
Watanabe and Takahashi®” for Rep; =1.17 x 105: a) time-averaged
streamwise velocity variations above and between successive ribs from
LES numerical simulations and experimental measurements, b) nor-
malized streamwise velocity distribution and velocity vector distribu-
tion around a single rib from LES numerical simulations, ¢) normalized,
time-averaged longitudinal velocity fluctuationsabove and between suc-
cessive ribs from LES numerical simulations, and d) normalized, time-
averaged normal velocity fluctuations above and between successive ribs
from LES numerical simulations.

by theribis strongest. After this shear layerreattaches,a new bound-
ary layer develops, which is then acceleratedby the mainstream flow
asitapproachesthe nextrib locateddownstream. The vorticityinside
of this boundary layer gives origin to recirculation zone B, which
forms in the corner just upstream of the next downstream rib.37-8
According to Casarsa et al.,’’ the shear layer reattachment line
exhibits a particular shape near the lateral wall because side wall
boundary layers are altered by the presence of the rib. When the



352 LIGRANI, OLIVEIRA, AND BLASKOVICH

(ﬁz +V2) 1/2

[
012343567 891011 (m/s)

D C x/h
a)
Boundary Layer Vorticity
X
b)
T T T O @) (k)
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25 2,50 2.75 3.00 3.25 3.50
S L S
z/h — ! /' Iateralwall ™.
channel %x/h L,
symmetry line
©)

Fig.25 Experimental results obtained in a channel with 90-deg rib turbulators, from Casarsa et al.5 for Rep;, = 4.0 x 10%: a) time-averaged velocity
field measured in a streamwise-normal plane, b) schematic diagram of flow structure near the side walls of a ribbed passage, and c) time-averaged

velocity field measured in a streamwise-spanwise plane.

boundary layer is deviated by the rib, new streamwise vorticity is
generatedinside of it. The flow thenrolls up on itself,’” as shown by
the schematic diagram in Fig. 25b, which is based on experimental
results shown in Fig. 25c. The result is local deformation of the
reattachmentline from a straightline. Presentedin Fig. 25c are time-
averaged flow streamlines, along with distributions of (#> + w?)!/?,
measured in a spanwise-streamwise plane between adjacent ribs.
Here, the reattachment line L, is apparent, including its deviation
from a straight line near the lateral wall. Also apparentin front of
the rib in Fig. 25c¢ is the separation line L, associated with structure
B. Notice that streamlines spiral around sink S,. Similar behavior is
also present just downstream of the rib near structure S;. According
to Casarsa et al.,’” entrained mean flow generally moves toward the
centerlinein the vicinity of the reattachmentline L, and toward the
lateral wall in the vicinity of the rib.

Example of Spatially Resolved Surface Nusselt Number Distribution

Figure 26 presents a local surface Nusselt number ratio dis-
tribution from Ligrani and Mahmood®® for Rey; =4.8 x 10* and
Tyi/ T,, = 0.95.These time-averagedresultsare measured over about
two periods of ribbed pattern on the downstream portion the 45-deg
rib turbulator test section shown in Fig. 22a. In Fig. 26, flow is
directed from bottom to top in the increasing X /D, direction.

The darker diagonal regions in Fig. 26 correspond to Nusselt
number ratio Nu/Nu, values measured on the tops of the ribs. When
compared along the rib tops, values are then highest near the up-
stream and downstream edges. This is partially due to flow recir-
culation zone A shown in Fig. 24b. As one moves from the rib
in the streamwise or +X /D, direction, local Nusselt number ratio
Nu/Nuy values initially decrease and then are low relative to other
locations on the test surface. This is due to the spanwise vortex D

Nu/Nu,

X/Dy,

Z/Dy,

Fig. 26 Surface Nusselt number ratio distribution, from Mahmood
et al.,’® for downstream portion rib turbulator test section shown in
Fig. 22a with 45-deg rib turbulators for Rey =4.8 x 10%.

and recirculating flow region C, both located just downstream of the
rib, as shown in Fig. 24b. For the recirculation zone, flow direction
next to the surface is opposite to the bulk flow direction. The region
with relatively higher values of Nusselt number ratio Nu/Nu, then
follows at slightly higher X/D,, (where Nu/Nu, > 1.5), which is
due to reattachment of the shear layer that initially forms above the
recirculationzone. With an additionalincrease in streamwise devel-
opment, Nusselt number ratio Nu/Nu, values in Fig. 26 decrease
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Fig. 27 Comparison of globally averaged Nusselt number ratios N__u/Nug as dependent on friction factor ratio f/fy from different rib turbulator

investigations.>2—55:61:96.97 The same legend applies to parts b and c.

slightlyonce again (and then sometimesincreaselocally)as a second
45-deg rib is approached. These are due to the smaller region of
recirculating flow (zone B) that forms just upstream of each rib
turbulator, as shown in Fig. 24b. This pattern of flow and surface
Nusselt number variations then repeats itself as additional ribs are
encountered along the test surface. Other factors that affect the heat
transferaugmenationsare the skewing and three-dimensionalnature
of the boundary layer thatdevelops due to the angled orientationsof
the ribs. Increased levels of three-dimensional turbulence produc-
tion, turbulence transport, and the large-scale vortex pairs (shown
in Fig. 22b) also make contributions.

Comparisons of Rib Turbulator Heat Transfer
and Friction Factor Data

Figures 27a, 27b, and 27¢ compare rib turbulator data from dif-
ferent investigations’> %1997 in Nusselt number ratio Nu/Nug vs

friction factorratio f/fy coordinates.Here, values range from 1.6 to
6.0 on the vertical scale and from 2 to 75 on the horizontalscale. The
highest Nusselt number and friction factor augmentations are pro-
ducedby the 45-and 90-deg continuousrib arrangementsemployed
by Taslim and Wadsworth®® and Taslim and Lengkong’” Note that
the magnitudes of such augmentations often change significantly
when a particularrib turbulatorconfigurationis arranged with differ-
ent rib height, differentrib blockage, differentrib pitch, or different
relative spacing on opposite walls.

Swirl Chambers

Swirl chambers are internal flow passages arranged with either
spinning vanes, internal inserts, or inlets and outlets configured to
produce large-scale swirling of the flow (relative to the chamber di-
mensions) generally about the principal chamber axis.”® This large-
scale swirling and the Gortler vortex pairs that are formed enhance
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b) Schematic drawing

Fig.28 Swirl chamber from Ligrani et al.'* and Hedlund et al.!1%120

surface heat transferrates. Because of such unique flow and thermal
characteristics,swirl chambers are applied to a considerable variety
of engineeringsituations. They are used to fractionate solid particu-
lates suspended and transported with liquids and gases, to enhance
mixing processes in combustion chambers, to increase the quality
at which critical heat flux occurs in two-phase flows, and for spray-
drying applications when used with an atomizer. Devices producing
large-scale swirling are also employed to enhance surface heat and
mass transfer levels. As such, swirl chambers are employed in heat
exchangers, automobile engines, furnaces, biomedical devices, and
devices used for heating and cooling of metal ingots. Here, the heat
transfer and fluid mechanics within swirl chambers are described as
they are used to augmentheat transferrates for internal turbine blade
cooling, an application recently introduced by Glezer et al.?**1% A
typical arrangement for this applicationis shown in Fig. 28.

Kreith and Margolis'®! first proposed that swirl induced in tube
flows can augment surface heat transfer rates relative to unswirled
flows. Khalatov and Zagumennov,'®> Glezer et al.,”>!% Ligrani
et al.,'” Moon et al.'% and others later employed tangential jets
from wall slots to induce large-scale swirling in internal tube flows.
Swirling flows are also induced in tubes using twisted tape inserts
to augment measured surface heat transfer rates by a number of
investigators, including Date'®> and Hong and Bergles.!®® Recent
experimental investigations of fluid mechanics in swirl chambers
with single-phase flow, wall injection, and no heat transfer include
Kumar and Conover,'’” Dong and Lilley,'®® Bruun et al.,'* Fitouri
etal.,'"” and Chang and Dhir.!!! Rotating vanes, blades, propellers,
or honeycombs are used near tube entrances by Sampers et al.,''? Li
and Tomita,''3 and Kok et al.!'* to induce swirl in adiabatic flows.
Surveys of swirl flow investigations are presented by Gambil and
Bundy,!'> Bergles,!!® Razgaitis and Holman,''” and Papadopoulos
etal.!8

Hedlund et al.'* and Hedlund and Ligrani'?® show that impor-
tant variations of surface Nusselt numbers and time-averaged flow
characteristics are present due to arrays of Goertler vortex pairs,
especially near the inlets of the swirl chambers, where Nusselt num-
bers are highest. Nusselt numbers then decrease and become more
spatially uniform along the interior surface of the chamber as the
flows advectaway from each inlet. Khalatov et al.'?! suggestthe use
of swirl chambers for heat transfer augmentation for friction factor
ratios f/fo greater than 8.0-9.0 because fairly high heat transfer
augmentation rates are obtained. However, simpler augmentation
technologies are probably more advantageous at lower values of
f/fo, when overall thermal and hydraulic performance are consid-
ered together. The authors conclude that swirl chambers generally
produce nonuniformheat transfer distributionsin both the spanwise
and circumferentialdirections. Hwang and Cheng'?? employ multi-
ple swirling jets to augmentheattransferin a triangularduct. In some

Fig. 29 Instantaneous flow image visualized in the axial/radial plane
located at 1) = 130 deg and L/ry =9.94 for Re =5.44 x 103; from Hedlund
etalll’

cases, the highestlocal heat transfer enhancementsare produced on
a bottom surface by wall jets, whereas in others, the highest local
enhancements are produced on a target wall by impingement jets.
Local and spatially averaged surface Nusselt numbers are given as
they vary with Reynolds number and three different jet inlet angles.

Swirl Chamber Flow Structure

As mentioned, the configurationshown in Fig. 28 models an inter-
nal passageused to cool the leadingedge of a turbineblade. Multiple
inlets are employed at fixed locations to induce swirling,!93-119:120
which makes this swirl chamber geometry different from the ar-
rangements used in many other investigations.

Figure 29 shows an instantaneous flow image visualized in
the axial/radial plane located at ¢ =130 and L/ry=9.94 for
Re=5.44 x 10° (Ref. 119). This location is between the second
inlet and the outlet shown in Fig. 28. The image in Fig. 29 shows
convoluted Gortler vortex pairs in an instantaneous snapshot from
a sequence of time-varying video images. Numerous Gortler vortex
pairs of different size near the concave surface of the chamber are
apparent, where each vortex pairis identified by a mushroom-shaped
smoke pattern. The distortion of the mushroom-shaped smoke pat-
terns evidences flow unsteadiness. Such vortex pairs increase in
size, number, and distortion with streamwise development through
the swirl chamber.!!” A new set of smaller Gortler vortex pairs then
forms near the concave surface just downstream of the second swirl
chamber inlet because of the growth of new shear layers near this
location. As the flow continues to develop downstream, the vor-
tex pairs not only become increasingly distorted because of flow
unsteadiness, but also dramatically increase in size. Much of the
skewness and three dimensionality of the Gortler vortex pairs, such
asthe onesshownin Fig. 29, are due to the axial componentof flow in
the swirl chamber. Also particularly apparentat theselocationsis the
continuousinteractionsand intermingling of different-sized Gortler
vortex pairs with each other. As the Reynolds number increases,



LIGRANI, OLIVEIRA, AND BLASKOVICH 355

" Jet Flow

Fig. 30 Instantaneous flow visualization image, from Hwang and Cheng,
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Fig. 31 Surveys of static pressure (relative to atmospheric inlet pres-
sure), total pressure (relative to atmospheric inlet pressure), circum-
ferential velocity, and circumferential vorticity at 1)=90 deg and
Re=1.8 x 10* for L/rg=7.15-8.15 and r/ry=0.8-1.0, from Hedlund
1.,"" measured just downstream of second inlet of swirl chamber
shown in Fig. 28.

interactions between adjacent vortex pairs generally become more
intense, chaotic, and frequent.!®

Figure 30 presents instantaneous flow visualization images,
from Hwang and Cheng,'?? which show flow behavior in a
triangular swirl chamber. The overall geometry of this chamber is
shown in Fig. 30c. The images in Figs. 30a and 30b are obtained
4.5 injection hole diameters downstream of the inlet for two differ-
entinlet jet angles, 75 and 45 deg. This swirl chamber is a different
arrangement than the one shown in Fig. 28 because none of the
surfaces adjacent to the flow are concave. As a result, no Gortler
vortex pairs develop. Instead, Fig. 30a shows that jet motions and
large-scale motions are present in the triangular-shaped chamber.
According to the authors, the jet produced by the 75-deg arrange-
ment thoroughly washes the bottom wall and then directly impinges
on the target plate. A counter-rotating vortex pair also forms around
the upper portion of the duct. In Fig. 30b, the jets produced with the
45-deg angle lift off of the bottom wall turn into the mainstream and
then produce a swirling motion in the center of the duct. This swirl
in Fig. 30b appears to be larger and stronger than the double swirl
motions shown in Fig. 30a. High surface heat transfer regions then
develop where the swirling jets contact the surfaces of the chamber.

Figure 31 presents surveys of static pressure (relative to atmo-
spheric inlet pressure), total pressure (relative to atmospheric inlet

pressure), circumferential velocity, and circumferential vorticity for
Re =1.8 x 10* from Hedlund et al.'’® These results are measured
just downstream of the second inlet of the swirl chamber shown
in Fig. 28. The measurement location is ¥ =90 deg, r/ry =0.8—
1.0, and x/ry =7.15-8.15. Measurements at these locations pro-
vide data corresponding to initial Gortler vortex pair development.
Distributions of circumferential vorticity in Fig. 31 show regions of
positive and negative time-averaged circumferential vorticity adja-
centto eachothernearthe concavesurfaceatr/ry =0.8—1.0. Each of
these evidencesa pair of counter-rotatingGortler vortices that either
are fairly steady or have preferred positionsif they vary significantly
in time. In Fig. 31, pairs of vorticity concentration of opposite sign
are located at x/ro =7.3-7.6 and x/ry =7.6-7.9. Portions of pairs
of vorticity concentration are evident in Fig. 31 at x /ry < 7.3 and
x/ro>1.9. Deficits of total pressure and circumferential velocity
are present in upwash regions (where secondary flows are directed
away from the concave surface), which are located between two
regions of vorticity concentration of opposite sign in each vortex
pair. These are located at or near x/ry of 7.2, 7.45, 7.75, and 8.0
in Fig. 31. Such results are important because they illustrate time-
averaged Gortler vortex pair structure.

Figure 32 presents a composite schematic diagram of these flow
features near the second inlet of a swirl chamber like the one shown
in Fig. 28. Evident in Fig. 32 are large-scale motions from core
swirling,secondaryflows due to Gortler vortex pairs and shear layers
that form on either side of the fluid that emerges from the inlet duct.

Example of Spatially Resolved Surface Nusselt Number Distribution

Figure 33 from Hedlund and Ligrani'?® presentsa surfaceinfrared
image and a Nusseltnumber distributionthat show surface variations
due to Gortler vortex pairs for Re =1.215x 10* and 7,,;/ T,, = 0.86
atx/ro=6.8-8.2and y =0-80 deg. These are measured just down-
stream of the secondinletof the swirl chambershown in Fig. 28. The
infrared image in Fig. 33a shows surface variations due to Gortler
vortex pairs in the form of light and dark stripes, which correspond
to vortex pair trajectories along the concave surface of the chamber.
Figure 33ais asrecordeddirectly from aninfrared camera with some
enhancement but no corrections for camera angle and perspective.
Surface temperature increases as image regions in Fig. 33a become
lighter and whiter. Lower surface temperatures then coincide with
higherlocal Nusseltnumbers,and higher temperaturescoincide with
lower local Nusselt numbers.

SpatiallyresolvedNusseltnumbers, determined from this infrared
image, are shown in Fig. 33b. The oval shapedregionatx/ro =7.1—
7.7and ¢ = 0-20deginFig.33bis locatedat the outletof the second
swirl chamber inlet duct. Important Nusselt number variations due
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Fig. 32 Schematic diagram of the instantaneous, three-dimensional flow structure present near one swirl chamber inlet duct.

b) Nusselt number contours

Fig. 33 Surface Nusselt number distribution, which shows surface
variations due to Gortler vortex pairs for Re =1.215 x 10* and Ty;/T,, =
0.86 at x/ry = 6.8-8.2 and ) = 0-80 deg, from Hedlund and Ligrani,'?’
measured just downstream of the second inlet of the swirl chamber
shown in Fig. 28.
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Fig. 34 Comparison of globally averaged Nusselt number ratios Nul
Nu as dependent on friction factor ratio f/fy from different swirl cham-
ber investigations.!19—121

to the Gortler vortex pairs are evidentjust above this location, where
higher and lower local Nusselt numbers correspond to vortex pair
downwash and upwash regions, respectively. Such variations are
consistent with the contours of circumferential vorticity, circumfer-
ential velocity, total pressure,and static pressure shownin Fig. 31 for
¥ =90deg. The high Nusseltnumberregionslocatedatx /ry = 6.8—
7.1 and at x /ry =8.0-8.2 in Fig. 33b are due to the shear layers that
form near the edges of the inlet jet. Because of these character-
istics, Nusselt number gradients are present in both the axial and
circumferential directions, and spatially resolved Nusselt number
distributions, like the one shown in Fig. 33b, are highest near and
just downstream of each swirl chamber inlet. As the flows advect
away from each inlet, Nusselt numbers decrease and become more
spatially uniform along the interior surface of the chamber.!!*-120
Local Nusselt numbers near each swirl chamber inlet are aug-
mented by 1) centrifugal forces that force cool, high-density fluid
near the hot surfaces by increasing amounts as 71y, /T,, decreases;
2) small-scale secondary flows within the arrays of initially devel-
oping Gortler vortex pairs; 3) continuousinteractionsand intermin-
gling of different-sized Gortler vortex pairs with each other, espe-
cially at higher Reynolds numbers and at locations just downstream
of inlet ducts (as shown in Fig. 29); 4) skewness and three dimen-
sionality of Gortler vortex pairs produced by the axial component
of flow in the swirl chamber; and 5) the shear layers that form on
either sides of the jets that emerge from each inlet duct.!!?:12
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Comparison of relative performance of rib turbulators, pin fins, swirl chambers, dimple-smooth arrangements, dimple-protrusion arrange-

ments, dimple-dimple arrangements, surface roughness, and smooth-walled channels.
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Fig.36 Comparison of relative performance of rib turbulators, pin fins, swirl chambers, dimple-smooth arrangements, dimple-protrusion arrange-
ments, dimple-dimple arrangements, surface roughness, and smooth-walled channels.

Comparisons of Swirl Chamber Heat Transfer
and Friction Factor Data

Figure 34 compares swirl chamber data from different
sources''”~'2! in Nusselt number ratio Nu/Nu, vs friction factor
ratio f/fo coordinates. Here, values range from 2.5 to 5.5 on the
vertical scale and from 4 to 26 on the horizontal scale. The exper-
imental setup used by Khalatov et al.!?! consists of three passages
numbered 1-3, where only passages 2 and 3 contain swirl flow. The
experimental setup of Hedlund et al.!'*!?° consists of only one pas-
sage. According to Fig. 34, the results from Hedlund et al.!'*-!? fora
single passage and the data from Khalatov et al.'?! for two passages
yield lower friction factor ratios, whereas the data from Khalatov
etal.'?! for three passages yield greater heat transferaugmentations.

Overall Comparisons

Figures 35 and 36 present comparisons of globally averaged
Nusselt number ratios Nu/Nu, and friction factor ratios f/f; for
rib turbulators, pin fins, swirl chambers, dimple-smooth arrange-
ments, dimple—protrusion arrangements, dimple-dimple arrange-
ments, surface roughness, and smooth-walled channels. The f/f,
abscissa scale in Fig. 36 ranges from O to 20 (compared to from
0 to 80 in Fig. 35) to provide a detailed view of variations over this
friction factor ratio range.

Of the techniques considered, swirl chambers give some of the
highest levels of heat transfer augmentation when compared at the
same value of friction factor ratio. In some cases, several of the rib
turbulator configurations produce comparable Nusselt number ra-

tios. However, pressure losses and friction factor ratios associated
with swirl chambers and rib turbulators are also relatively high.
Many of the rib turbulator configurations produce levels of heat
transfer augmentation that are higher than those produced by the
dimple—protrusion-smooth configurations. However, generally, the
increases in pressure losses due to the rib turbulators are also larger
than those associated with the dimple—protrusion-smooth configu-
rations. There are f/f, magnitudes as high as 71 for channels with
rib turbulators and as high as 25 for swirl chambers, whereas mag-
nitudes for dimple—protrusion-smooth configurations reach only up
to 4.5. Nusselt number ratios in channels with pin fins lie near the
bottom of or below the values for rib turbulators when compared at
the same f/f, value. Pin-fin friction factor ratios are then as high
as 76.

Also included in Figs. 35 and 36 are Nusselt number ratios and
friction factor ratios for a smooth channel and for a channel with
three-dimensional, irregular surface roughness.!**!?* Such surface
roughness augmenters work as microturbulators and microvortex
generators. These act to increase mixing and levels of turbulence
transportlocally near surfaces. With this mechanism, Nu/Nu, range
from 1.06 to 1.53, and f/f, range from 1.18 to 1.75 in Figs. 35 and
36.

The data in Figs. 35 and 36 are presented again in Figs. 37 and
38. In Fig. 37, globally averaged thermal performance parameters
Nu/Nuy/(f/fy)!/? are given as dependent on the friction factor ra-
tio f/fo. The form of this performance parameter is suggested by
Gee and Webb!? to provide a heat transfer augmentation quantity
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Fig. 37 Comparison of thermal performance parameters of rib turbulators, pin fins, swirl chambers, dimple-smooth arrangements, dimple-
protrusion arrangements, dimple-dimple arrangements, surface roughness, and smooth-walled channels.
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Fig. 38 Comparison of thermal performance parameters of rib turbulators, pin fins, swirl chambers, dimple-smooth arrangements, dimple-
protrusion arrangements, dimple-dimple arrangements, surface roughness, and smooth-walled channels.

Nusselt number ratio Nu/Nu, and a friction factor augmentation
quantity (f/fy)"/?, where each is given for the same ratio of mass
flux in an internal passage with augmentationdevices to mass flux in
an internal passage with smooth surfaces. According to Fig. 37, the
highest Nu/Nuy /(f/f,)"/? thermal performance parameters are pro-
duced by swirl chambers and dimple—smooth arrangements, and the
lowest are produced by channels with arrays of pin fins. Results for
rib turbulators,dimple—protrusionarrangements,dimple—dimple ar-
rangements, surface roughness, and smooth-walled channels then
generally lie between these distributions.

The Nu/Nuy/(f/fy) parameter, presentedin Fig. 38, is referred to
as the Reynolds analogy performance parameter. The highest values
of this parameter are produced by dimple-smooth arrangements,
and the lowest are produced by pin fins. Results for rib turbulators,
swirl chambers, dimple—protrusion arrangements, dimple—dimple
arrangements, surface roughness, and smooth-walled channels then
generally lie between these distributions.

Summary

A variety of flow characteristicsand mechanisms are responsible
for the heattransferaugmentationsand frictionfactoraugmentations
produced by pin fins, dimpled surfaces, surfaces with protrusions,
ribbed turbulators, swirl chambers, and surface roughness.

For example, vortical structures and highly vortical fluid are im-
portant in flows over and around every one of these devices. The
vortices take a variety of forms, including primary and secondary

horseshoevortices around pin fins, Gortler vorticesnear swirl cham-
ber surfaces, vortices formed by periodic fluid motioninto and out of
dimples, vortexlike flows that accompany flow recirculation zones
near rib turbulators and pin fins, and the microvortices and vortical
motions formed by three-dimensional,irregular surface roughness.
In some cases, interactions between vortices with different sizes,
which are initiated at different locations, have important effects,
as in flows near swirl chamber surfaces and in flows near dimpled
surfaces.

Highly three-dimensional, skewed boundary layers are also
presentnear all of the augmentationdevices. In some cases, such as
for flows near rib turbulators and near swirl chamber surfaces, such
skewing increases mixing and interactions of fluid packets over a
wide range of length scales. Flow recirculationand shear layer reat-
tachment also play important heat transfer augmentation roles in
flows around rib turbulators, protrusions, and roughness elements,
as well as in flows within dimple cavities. Wakes are important be-
cause of the large-scale mixing that often occurs as they develop
downstream and because of the shear layers that form near their
edges at the interface between high-speed flow away from the wake
and the lower-speed flow within the wake. Such wakes are present
downstream of rib turbulators,roughness elements, and protrusions
but are especially important for arrays of pin fins because wakes
from upstream pins increase mixing as they advect in the vicin-
ity of pins located farther downstream. The stagnation lines along
the upstream edges of pin fins also aid augmentations because of
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the initiation of thermal boundary layers at this location. Thermal
boundary-layer initiation and the high heat transfer rates that ac-
company the presence of extremely thin thermal boundary layers
are also present near the exits of swirl chamber entrance ducts.
Thermal boundary layers are also reinitializedin a periodic fashion,
at locations just downstream of individual dimples.

These same phenomenaare also responsiblefor the differentfric-
tion factor ratios produced by the different devices. For example,
friction factor ratios as high as 71-76 are a result of the wakes,
recirculation flow zones, significant flow blockage, and form drag
producedby pin fins and rib turbulators. As a result, the lowest ther-
mal performance parameters are measured in flows through pas-
sages with pin fins and some types of rib turbulators. The high
mixing produced by other rib arrangements are accompanied by
relatively low friction factor ratios and result in Nu/Nuy/(f/fy)'/?
performance parameters as high as 2.3 and Nu/Nuy/(f/f,) per-
formance parameters as high as 1.1. Relatively low friction fac-
tor ratios are also present in flows over dimpled surfaces because
they do not protrude into the flow and, therefore, produce almost
no form drag. Resulting friction factor ratios are only as high as
4.5, with Nu/Nuy/(f/fy)'? performance parameters up to 2.4 and
Nu/Nuy/(f/fs) performance parameters up to 1.8. The relatively
high thermal performance parameters produced by swirl chambers
are a result of friction factor ratios as high as 25 and mixing that
occurs over a broad range of length scales.

From a practical perspective, the overall objective of each device
examined,and futureheataugmentationdevicesunderdevelopment,
is high-thermal-performarce parameters. This is accomplished by
increasing surface areas for convective heat transfer and by enhanc-
ing convective heat transfer coefficients, with minimal increases in
streamwise pressure drop penalties and skin-friction coefficients.
When the thermal and Reynolds stress transport equations are con-
sidered, heat transfer coefficients are generally augmented by two
mechanisms: 1) increasing secondary advection of heat away from
surfaces and 2) increasing magnitudes of three-dimensional turbu-
lence transportand three-dimensional turbulence production by in-
creasing shear and creating larger gradients of velocity. All of the
devices discussed accomplish these two tasks in one way or an-
other. In some cases, this is done by augmenting secondary flows
and turbulence levels to enhance mixing and in others by forming
coherent fluid motions in the form of streamwise oriented vortices
and/or vortex pairs. Improvements can be made by accomplishing
such tasks not only at specific locations and zones in each flow, but
over larger volumetric portions of the different flowfields.
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