Heat Transfer in Rotating
Rectangular Cooling Channels
(AR=4) With Dimples

Todd S. Griffith As the world of research seeks ways of improving the efficiency of turbomachinery, atten-
tion has recently focused on a relatively new type of internal cooling channel geometry,
Luai Al-Hadhrami the dimple. Preliminary investigations have shown that the dimple enhances heat transfer
with minimal pressure loss. An investigation into determining the effect of rotation on heat
Je-Chin Han transfer in a rectangular channel (aspegitio=4:1) with dimples is detailed in this
paper. The range of flow parameters includes Reynolds nuriRer=5000-40000),
Turbine Heat Transfer Laboratory, rotation number (Ro=0.04-0.3) and inlet coolant-to-wall density ratio(Ap/p
Department of Mechanical Engineering, =0.122). Two different surface configurations are explored, including a smooth duct and
Texas A&M University, dimpled duct with dimple depth-to-print diamet@#/D,,) ratio of 0.3. A dimple surface
College Station, TX 77843-3123 density of 10.9 dimplesfinwas used for each of the principal surfaces (leading and

trailing) with a total of 131 equally spaced hemispherical dimples per surface; the side
surfaces are smooth. Two channel orientation®ef90 and 135 deg with respect to the
plane of rotation are explored to determine channel orientation effect. Results show a
definite channel orientation effect, with the trailing-edge channel enhancing heat transfer
more than the orthogonal channel. Also, the dimpled channel behaves somewhat like a 45
deg angled rib channel, but with less spanwise variations in heat transfer.
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Introduction outward flow, the Coriolis and buoyancy forces combine to shift

. tthe velocity profile toward the trailing surface. The coolant flow
Extensive research efforts have recently focused on methods for . f
migrates along with the heat transfer augmentation toward the

reducing the consumption of non-fenewable energy resourC{er%"ing surface. This rotationally induced migration of the cooler

The turbomachinery industry is one industry committed to im-

roving the efficiency of its equipment. Gas furbines are used f32"€ flow results in the advantageous enhancement of heat transfer
proving the y OT IS equip - . al the trailing surface, but it is typically balanced by the disadvan-
a wide variety of applications including power generation, g

. ; ; e . aE‘tgeous reduction in heat transfer from the leading surface. As
gompressmg,ban_d et pr_opulhsmn. TEe e_fﬂuency of a turbn&e Cth most temperature sensitive components, thermal failure in an
be increased by increasing the combustion temperature or eCreiated region is oftentimes just as problematic as failure of the
ing the amount Of. compressor dilution ar used to C0.0| the S¥ntire component. This is why it is important to analyze the heat
tremely hot gas exiting the combustor. This poses a major probl§ nsfer phenomenon segment by segment along the length of the
in the hastened degradation of temperature sensitive compon
of the turbine, principally the turbine blades and vanes. To counter.l.he' aspect ratio of the channel also has a profound impact on
the high turbine inlet temperatur€5600-1800 K, the physics of .the effect of rotation. Moving from the midchord to the trailing

turbulent heat transfer under rotation are investigated in a coollggge of the blade, the channels must become more rectangular as
model. Turbine blades incorporate internal cooling passagestg~| '

extract the thermal energy absorbed from the hot combustlg% blade becomes thinner. The orientation of a 4:1 aspect ratio

Thi | the life of the blad I lowing f 80Iing channel in a gas turbine blade is shown in Fig. 1. This
gases. 1his prolongs the fite of Ihe blade as well as allowing %inning of the channel changes the effective secondary flow pat-
increased combustion temperatures, which ultimately increa:

performance of the turbine Y6 from that of a square duct. For this reason, one cannot simply
A small amount of pressurized air is extracted from the co apply the knowledge of the rotationally induced flow patterns in a

ressor and iniected into the turbine blades via the coolin rT%:Iguare channel to that of a rectangular channel. Therefore, an
P / 9 vestigation of the rectangular channel is necessary to further

_bypass. Th's. relatively low enthalpy_gas Is forced thrOL.]gh tr].ﬁwderstand the heat transfer characteristics of the internal cooling
internal cooling passages of the turbine blades, convectively &fannels in a gas turbine blade

tracting heat from the internal walls. For further thermal protec- To promote heat transfer in the internal cooling passages, vari-

tion of the blade, a portion of the internal cooling air is ejecte ; .
t_hrough tiny holes in the walls and tip of the blade, creating a cog Suttr)ilg_e;ri%;,t.u;%ﬂa;?r:?ﬁﬁrse #;\?éj :L)Oeél;llp ggﬁwr?w%%?f ztr;/elgyiir. ggi)s
film thermal b_oun_dary. . . turbines over the past decade. The dimple is a relatively new
When con§|fier|ng the effects of rotation, certain ﬂO\.N phenon&- proach, investigated first by Schukin et[&]. When combining
ena are exhibited that are not observable in the stationary refgly offects of tripping the boundary layéusing ribs, pins, or
ence frame. Forces are generated under rotation, principally ﬁ]ples and rotational force¢Coriolis and buoyanc))} entirély
Coriolis and buoyancy forces. These forces generate a seconq@irant turbulence and flow phenomenon are achieved. Combin-
flow in the plane orthogonal to the mean flow direction. For radi g into this equation the various shapes and sizes of internal
cooling channels, it is clear that there is no one single solution that

Contributed by the International Gas Turbine Institute and presented at the Intats f . . . .
national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, ;%%I’I be applied universally in the field of turbine heat transfer. For

Netherlands, June 3-6, 2002. Manuscript received by the IGTI January 18, 20891S reason, an experimental investigatio.n into each combination
Paper No. 2002-GT-30220. Review Chair: E. Benvenuti. of the previously mentioned parameters is necessary.
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Fig. 1 Sketch illustrating orientation of a 4:1 aspect ratio =] 4 T
channel in a gas turbine blade 8 9 4 I
Numerous studies on turbulent flow and heat transfer in the 1- Variable Speed Electric Motor 6- Rotating Am
cooling channels of a gas turbine blade have been performed in 2- Hollow Rotating Shatt 7- Test Section
. . . . . 3- Belt-Driven Gear System 8- Compressor Air
the past. Han and PafR] published experimental investigations 4- Bearing Support System 8- Rotary Seal
of the heat transfer phenomenon in a stationary rib roughened 5- Steel Work Table 10-&9#:;2?
y

rectangular channel. Wagner et f8,4] conducted detailed ex-
perimental investigation to determine the effects of rotation, or
more specifically the effects of Coriolis and buoyancy forces on  Fig. 2 Schematic of experimental rotating test rig
the regionally averaged heat transfer distribution of a serpentine
square channel with smooth walls. This study determined that in
the first pass, the effect of rotation created a thinner boundafiso used other geometries such as square, rectangular, diamond,
layer on the trailing surface and a thicker boundary layer on thgd elliptic shape of dimples. Azad et Fl1] Investigated a chan-
leading surface. nel with cylindrical dimples on the target walls of impingement
Parsons et a[5] studied the effects of channel orientation andooling, instead of the concayhemisphericaldimples as in the
wall heating condition on the regionally averaged heat transfeurrent study.
coefficients in a rotating two-pass square channel with ribbedChyu et al.[12] investigated hemispheric and teardrop shaped
walls. They discovered that the heat transfer enhancement for amcavities in a stationary channel using a liquid crystal tech-
constant wall heat flux boundary condition was more pronounceghue. They found that the overall performance was nearly equal
if the duct is twisted 45 deg to the plane of rotation when confor the geometries, showing enhancement of approximately 2.5
pared to a channel oriented orthogonal to the plane of rotatiaimes that of a smooth duct for the stationary case. Moon et al.
Johnson et al[6] determined that the model orientation with[13] analyzed a stationary dimpled channel using a liquid crystal
respect to the rotation plane greatly affected the heat transfechnique. They found that the heat transfer enhancement occurs
distribution. mostly outside of dimples. They also found that the enhancement
Dutta and Han[7] investigated the regionally averaged heajs reduced in the upstream portion of dimple and the enhancement
transfer coefficients in a rotating two-pass square channel withincreased in the downstream portigim) of dimple. In addi-
three different model orientations. They found that the orientatiafon, they determined that enhancement not a function of Rey-
of the channel with respect to the plane of rotation affected th@lds number, and is typically constant at around 2.1. Mahmood
heat transfer distribution. More specifically, they determined that al.[14] investigated a stationary dimpled channel using infrared
orienting the channel at an angle with respect to the plane fermography and smoke-stream flow visualization. They found
rotation reduced the effect of rotation when compared to the afat a large upwash region occurs in the center of the dimple, and
thogonal channel orientation. pairs of vortices are shed at the dimple diagonals. They also de-
Until recently, most of the experimental studies have exploradrmined that the enhancement principally occurs on the plateau
only square ducts. However, it is quite common to find rectangulesr flat) surface. Zhou et a[15] used the concave dimples on the
cooling passages, particularly toward the trailing edge of a grsding and trailing surfaces of a rotating square channel.
turbine blade. Since the profile of a turbine blade is curved, the For a more comprehensive compilation of turbine heat transfer
exclusive use of square channels is not practical. Past reseakgdearch, please see the book by Han dtl#l]. and review paper
focused mainly on the square channel; therefore, published de{aHan and Duttd17].
for a rectangular cooling channel is rare. Considering that the effect of rotation has shown to signifi-
Willett and Bergleg8] performed a detailed investigation of thecantly influence the heat transfer enhancement of a cooling chan-
heat transfer in a narrow, 10:1 smooth rectangular channel ofiel, it is of interest to explore the rotational effects on the heat
ented at 60 deg to thez plane. Most of their focus dealt with transfer in a dimpled channel. The following questions arise:
exploring the contribution of buoyancy forces under rotation. . o -
They found that the duct orientation induced a significant heat1- How does the spanwise heat transfer distribution vary within
transfer gradient in the spanwise direction. It was also found that_ @ dimpled, rotating, rectangular channel?
the normalized Nusselt number at the far-aft-end of the trailing 2- How does the dimpled channel compare to a smooth and
side (or the trailing-outer equivalent in this papes a strong ribbed channel? _ i )
function of rotation number and buoyancy number. 3. What is the ef‘fec; of the channel orientation with respect to
Griffith et al.[9] studied the effects of rotation on a AR} :1 the plane of rotation? o ,
rectangular channel witl8=90 and 135 deg. They determined 4. How do rotational forces quantitatively influence the heat
that the rib induced secondary flow dominated the rotation- transfer enhancement in a dimpled rectangular channel?

induced vortices, particularly at lower rotation numbers. They alsghswers to these questions are pursued in this paper.
found that significant spanwise heat transfer gradients exist for
both channel orientations. . -

Dimpled channel literature has surface quite recently. Ekk%xperlmental Facility
et al.[10] used cylindrical dimples with several different depths to The experimental test rig previously used by Dutta and Han
simulate the TBC spallation for flow over a flat plate. The papés utilized in this investigatiorisee Fig. 2 A variable frequency
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Fig. 3 Schematic of 4:1 dimpled test

motor is connected via a gear-and-belt mesh to a hollow, rotatidgcting paste is applied between the heater and copper plates to
shaft. This shaft runs from the base of the test rig to the wogromote heat transfer from the heater to the plate. Each 1/8-in.
platform and is attached orthogonal to the hollow, rotating arnt0.318-cm thick plate has a 1/16-in0.159-cm deep blind hole
The test section is inserted inside the hollow rotating arm, whidhilled in the backside in which a copper-constantan thermocouple
rotates in a plane orthogonal to the rotating shaft. A hand heklinstalled 1/16 in(0.159 cm from the plate surface with thermal
optical tachometer is used to determine the rotational velocity obnducting glue.
the arm. Thermocouple and heater wires are connected to a 100Fwo different surface configurationgsmooth and dimpled
channel slip-ring assembly mounted to the rotating shaft. The o@D ,=0.3) are studied as well as two different channel orienta-
put of the thermocouples is transferred to a data logger. Fusens with respect to the direction of rotatioB€90 and 135
protected power input to the heaters from the variac transformelsg. For the dimpled experiments, only the leading and trailing
is also transmitted through the slip ring assembly. Cooling air &uirfaces are dimpled with the side surfaces kept smooth. The
pumped from a steady flow compressor, through an ASME orificemples are machined using hemispherical end-mills. The experi-
flow meter, then through the hollow rotating shaft, turning 90 degents were conducted for Reynolds numbers of 5000, 10000,
and passing into the rotating arm, then through the test section &0000, and 40000. The test section rotates at a constant speed of
is finally expelled into the atmosphere. 550 rpm resulting in a range of rotation numb&,) from ap-
The test section is a 0.5-in. by 2-in. by 6-in.-long (1X%5.08 proximately 0.04-0.3.
X 15.24 cm) one-pass rectangular channel of aspect ratio 4:1 with
a hydraulic diameter of B 0.8 in. Preceding the test section is a ;
8-in.-long(20.3-cm smooth, unheated entrance lengthme rect- Data Reduction
angular cross-sectignsufficiently long enough to provide hydro-  This investigation focuses on detailing the regionally averaged
dynamically fully developed flow at the entrance to the test seBeat transfer coefficient at various locations within the internal
tion. The ratio of mean rotating radius to hydraulic diameter i&00ling channel. This heat transfer coefficient is determined by
R/D=33. The direction of airflow is radially outward from thethe net heat flux from the heated plate to the cooling air, the
axis of rotation. Two rows of copper plates are installed on boflegionally averaged temperature of the plate, and the local bulk
the leading and trailing surface to provide a grid for analysis dfean air temperature by the following:
E:r;eeﬁsigar;]vt\{lse variation in the regionally averaged heat transfer h=0le/ (Tw—To.) 1)
Figure 3 shows a detailed top view of the test section. The testThe net heat flux is calculated using the measured voltage and
section is divided into six cross-sections, each with six coppeurrent supplied to the heater multiplied by the area fraction ex-
plates: two for the leading, two for the trailing, one for the outeposed to the respective plate minus the previously determined
and one for the inner surface. Moving along the direction of themount of heat losses due to external conduction, convection, and
flow (radially outward, there are six streamwise segments for eadiation energy escaping from the test section. This heat loss
total of 36 copper plates in the entire test section. The chanmalibration is performed for both stationary and rotation experi-
length-to-hydraulic diameter ratioL(D) is 7.5 with a ratio of ments with a piece of insulation inserted inside the test section to
1.25 for each of the six cross section segments. Each plateinkibit natural convection. For this calibration, by knowing the
separated by a 0.0626-i(@.159-cm) thin strip of nylon to prevent amount of power supplied to the heater and measuring the tem-
heat conduction between plates. This is important since the objgerature of the plate, it is possible to determine how much the heat
tive is to study the spatial distribution of heat transfer. is being lost into the environment using the conservation of en-
The copper plates are mounted in a nylon substrate, which coetgy principle. Equation 1 is used throughout the experiment, ne-
prises the bulk of the test section. Prefabricated flexible heateflecting the change of area effect with the addition of dimples.
are installed beneath the leading and trailing surfaces, two to eddiat is, the heat transfer coefficient is calculated based on the
surface. The outer and inner wallsr side wall$ are each heated projected area, neglecting the 19.3% increase in area due to the
by a wire-wound resistance heater, which is also installed beneatidition of dimples.
the copper plates. All heaters supply steady, uniform heat flux toThe regionally averaged wall temperaturg,j is measured
the copper plates. Sufficient power is supplied in order to maintadtirectly by the thermocouple installed in the back of each plate.
a maximum wall temperature of nearly 340 K for the correspond-he local bulk mean air temperatur&(,) is determined by a
ing section. This corresponds to an inlet coolant-to-wall densitinear interpolation between the measured bulk air inlet and the
(temperaturgratio (Ap/p); of 0.122 for every test. Thermal con-average of two outlet temperatur@sach installed at the midpoint
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Fig. 4 Dimple induced secondary flow  (conceptualization )

of the two spanwise sectiondue to the applicable constant heat
flux assumption. Another method used to check the interpolation
values is by performing an energy balance. It is reassuring to n
that performing an energy balance to calculate the expected ou
temperature resulted in a close match to that of the average mea-
sured exit temperature value, typically to within 5%. Therefore the
linear interpolation method is validated and is the method used.in
the calculation of the results presented in this paper. The eneF
balance equation is

. 5 Rotation-induced (Coriolis force ) vortices in rectangu-
tchannel

of the secondary flow patterns over a dimpled surface. As the
approaches the upstream portion of the dimple, flow separa-
tion occurs, and a recirculation zone appears in the upstream por-
) ] tion of the dimple resulting in mitigation of the heat transfer. As
Tb,i:Tin+Z (d—Qigsg/Mcy,, 1=12...6 (2) the flow reattaches at the downstream half of the dimple, an in-
: crease in the heat transfer enhancement occurs. Continuing in the
To provide a common reference for each analysis, a correlatismeamwise direction, it has been shown that a large upwash re-
is used comparing the Nusselt number for the specific duct casegton is produced by the dimple. This upward directed flow mixes
that of fully developed flow through a smooth stationary pipe @ some degree with the cold core mainstream flow. Finally, pairs
the same Reynolds number. For this investigation, the Dittusf vortices are shed along the dimple diagonals, enhancing the
Boelter correlation for heatingT(,>T,,) is used[18] heat transfer on the flat portion of the surface. Considering the
dimple induced secondary flows and superimposing the rotation
ﬂ: h_D 1 ©) induced secondary flow upon it, it is apparent that there is no
Nu, kg (0.023 RE&EEPPO4

primarily constructive combination of the two, as was shown in
Al air properties are taken based on the mean bulk air tempe@Sa case of a 45 deg angled-rib rotating channel investigated by
ture with the Prandtl numbédPr) for air as 0.71.

riffith et al. [9]. This complex combination of the dimple in-
Overall uncertainty for the regionally averaged heat transfduiced vortices in various directions with the rotation induced sec-
coefficient is predominantly dependent upon the difference b

ndary flow does not generate any vision of a primary coherent
tween the wall temperature and the bulk air temperature, the

forl structure, however the heat transfer enhancement is still in-
heat flux input and the ability to maintain a steady mass flow rafg€2sed at the trailing surface due to the thinning of the boundary
As with most experiments, the uncertainty for this investigatio Y

er under rotation.
decreases with the increasing magnitude of input parameters. For

igure 5 shows a conceptualization of the secondary flow in-
higher Reynolds numbers, the uncertainty has been determined5ed Py rotating a smooth, rectangular channel. The Coriolis
be nearly 7%. However, for lower Reynolds number (R

rce induces two counter rotating vortices, which serve to push
=5000), the uncertainty could be as much as 20%. The unc

e colder fluid closer to the trailing surface. When the channel is
tainty analysis was performed using the Kline and McClintoc isted such thap=135 deg, the linear distance of the Coriolis
[19] uncertainty analysis procedure.

orce main vector increases from a relatively small distaasein

the case of3=90 deg to a much longer distance. The Coriolis

R its And Di . vector now traverses the diagonal from the leading most corner to
esults An ISCussion the trailing most corner of the twisted channel. This shifting of the
The surface labeling scheme, seen in Fig. 1, will be usedtation induced vortices serves to mix the flow more effectively.

throughout this paper. The inner and outer surface side walls are

named according to their location in the turbine blade. That is, the>M0th Channel Results. Figures 6-8 contain the smooth
inner surface is closer to the mid-chord position of the bléae duct data for three different channel configurations: stationary,

; ; " : tation with 3=90 deg and rotation witlB=135 deg. Each case
relatively internal positioy) and the outer surface is closer to thé® e ; . . .
trailing edge of the blade, and thus is closer to an external surfdge Subdivided into four experimentsta) Re=5000, (b) Re

. o =10000, (c) Re=20000, andd) Re=40000. The corresponding
of the blade. The leading and trailing surfaces of the blade follow: ™
the conventional definitions of these surfaces, however each Siation numbers for these cases are 0.305, 0.151, 0.075 and 0.038

face is subdivided into two surfaces in order to investigate t§ESPECtively. Figure 6 contains data for the stationary cases. The

span-wise distribution of heat transfer along the major surfac@“&l decriase in the no]rcfmallz_ethusse"It rljumbler plotsﬂ IS at_lt_rt:b-
(leading and trailing Therefore we have a total of six surfacesttable to the entrance effect in thermally developing flow. The

leading-outer, leading-inner, trailing-outer, trailing-inner, outeP!°ts all approach a horizontal asymptote as the flow approached

and inner. A brief discussion on the secondary flow pattern i€ thermally fully developed state. .
duced by a dimple is presented in the forthcoming. Figure 7 shows the results for the rotation cases where the duct

is oriented ai3=90 deg, that is, orthogonal to the plane of rota-
Secondary Flow Behavior. Figure 4 shows a conceptualiza-tion. As was expected, the trailing surfaces exhibit higher heat
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. . . Fig. 7 Nusselt number ratio for rotation smooth case with
Fig. 6 Nusselt number ratio for stationary smooth case B=90 deg

transfer enhancement than the leading surfaces due to the migmakancement of all of the surfaces in the duct. This is attributed to
tion of the colder core fluid toward the trailing surface caused lijie fact that these two surfaces are the primary recipients of the
the Coriolis rotational forces. At a duct angle 8£90 deg, the shifting of the cooler core flow under rotation. This phenomenon
channel can be assumed to hold symmetry about the planei®fllustrated in Fig. 5 of the preceding section. After the flow
rotation. This means that both of the leading surfageading- impinges on the trailing-outer and outer surfaces, it passes along
outer and leading-inngshould have identical Nu plots, the trail-the leading and trailing surfaces to the inner surface, where the
ing surfaces should exhibit identical behavior, and the two sideat transfer coefficient is the lowest, and the secondary flow
surfaces should be equal. This is validated relatively well as seglows down dramatically. Then the flow cycles again, passing
in the figures, with a slight bias between the two trailing surfaceom the leading most corner diagonally across the channel to-
An increase in the Reynolds number tends to suppress the effeetrd the trailing most corner. At a high rotation number, the inner
of rotation. All six surfaces show very little streamwise variatiosurface heat transfer follows a trend quite similar to the stationary
in the Nu number plots. Both of the side surfadeser and outer cases. It appears that this inner surface is barely affected by rota-
have a heat transfer enhancement nearly equal to the value oftiba. Both of the trailing surfaces have higher heat transfer coef-
two trailing surfaces. ficients than the leading surfaces. A new and interesting finding is
Figure 8 presents the results of the smooth rotation case witte substantial difference in the heat transfer coefficient between
the channel oriented g8=135 deg with respect to the plane ofthe two trailing surfaces. Furthermore, this span-wise difference
rotation. Figure 8 shows that at a low Reynolds numbgigh does not come into effect until nearly half-way through the chan-
rotation numbey;, there are distinguishable differences in the heatel for high rotation numbersR,=0.305). It is also shown that
transfer trends among the various surfaces. It can be seen thatttieeleading surface heat transfer increased when compared to the
trailing-outer and outer surfaces exhibit the highest heat transfathogonal channel. The overall increase in heat transfer from
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Fig. 9 Nusselt number ratio for stationary dimpled case

nearly all surfaces can be attributed to the fact that twisting the

channel greatly increased the linear distance along which the mgjaqiing of the duct. This is desirable since the outer surface of the
Coriolis force is directedfrom leading most to trailing most Cor- _ 135 geq case is closer to the trailing edge of the turbine blade,
ney arlld Erovldgeos dan overall ﬁe“ef nlelrl]%thaT tBe-90 Qegh and thus is likely to experience a higher external heat flux than the
case. In thes=90 deg case, the principal Coriolis vector in thg, e s\ rface. The inner surface interfaces with the side surface of

core region of the flow acts across only ash_ort distdttue short the adjacent cooling passage, and therefore is less likely to be
width of the channeland does not serve to mix the flow as well a%onsidered a critical surface

the twisted channel.

One evident contrast of the results of e 135 deg caséFig. Dimpled Channel Results. The data plots for the dimpled
8) compared to thg8=90 deg(Fig. 7) case is apparent in the sidechannel cases are presented in Figures 9-11. Figure 9 shows the
surfaces. For the twisted channel, the trend of the outer surfastationary dimpled channel results. An enhancement of approxi-
increases while the inner surface trend decreases with X/D. Farately 2.0 is produced by the dimpled surface. This is in close
thermore, the inner surface decreases in a similar way as seemagneement with the results of Moon et ELO]. The smooth side
the stationary case. The outer surface, which trails after the inrsnfacesinner and outerappear to only benefit marginally from
surface, experiences a heat transfer enhancement of as mucthasnixing induced by the dimpled surfaces. It is shown that for
three times that of the inner surface for {Be 135 deg case. This Reynolds numbers 10000, 20000, and 40000, there appears to be
is due to the shift of the primary Coriolis induced flow vectomlmost no dependence upon Reynolds number. This observation
from the center of the trailing surface in tjge=90 deg case to the was also made in the past by Moon et[4D]. However, when the
trailing most corner in the3=135 deg case. This trailing mostdata for Re=5000 is considered, we see the emergence of Rey-
corner is adjacent to the outer surface, and therefore the outetds number dependence, with the enhancement decreasing with
surface benefits greatly in heat transfer enhancement due to deereasing Reynolds number, but only at the lowest Re value.
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Fig. 10 Nusselt number ratio for rotation dimpled case with Fig. 11 Nusselt number ratio for rotation dimpled case with
B=90 deg p=135 deg

Perhaps this is because the Reynolds number is much closer to,
laminar-to-turbulent flow transition region of R&300. Whatever

the reason, such a low Reynolds number is not encountered in
turbines, therefore consideration of this Reynolds number effect
only necessary for those wishing to consider the use of dimpl

tmaeouter half of the channel, as well as the local mixing induced
b% the vortices shed by the dimples. In addition, the trailing-inner
870 leading-outer surfaces are enhan@though to a lesser de-

ree by rotation. This occurs as the Coriolis vortex also serves to

S ) . RBtribute some of the cold fluid in the core of the mainstream
for some other application outside of gas turbine heat transfer.qq, 15 the other surfaces, allowing the smaller scale dimple in-

F|gure 10 presents the data for thg dimpled cha_nnel under Qiced vortices to capture some of this cold fluid and pull it near to
tation, orthogonal to the plane of rotatifi-90 deg. Itis apparent o \yai| The outer surface is enhanced more than the inner sur-
that there is a definite enhancement due to rotation for the traili

metry is achieved relatively well between the two spanwise S€ldas also seen in the smooth duct.

ments of each dimpled surface, and symmetry between the two

side surfaces. Also, the side surfaces experience enhancemeftreamwise Averaged Nusselt Number Ratio. Averaging

equal to the leading surface. This is completely different than thlee streamwise data for each surface provides a method of com-

smooth case, where the side surfaces were more equal to the tygalFing the surfaces and the effect of rotation. Figures 12 and 13

ing surface. presents the streamwise averaged data vs. Rotation number for
Figure 11 shows the results for the dimpled channel under ritve orthogonal and twisted channel. The solid line plots are for

tation, twisted with respect to the plane of rotatigg+=135 deg. the dimpled channel and the dotted line plots are for the smooth

The trailing-outer surface is enhanced more than the other sahannel.

faces, as it benefits from both the shifting of the cold flow toward Figure 12 presents the data for the orthogo(@=90 deg
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Streamwise Averaged, 3=90° Streamwise Averaged, $=90°

dimpled channel
smooth channel

dimpled channel
""""""""" ribbed channel (Griffith et al.)

000 0.10 020 030 0.00 010 020 030
Rotation Number (Ro) Rotation Number (Ro)
Fig. 12 Streamwise averaged Nusselt number ratio for
dimpled and smooth channels with =90 deg Fig. 14 Streamwise averaged Nusselt number ratio for
dimpled and ribbed channels with =90 deg

dimpled and smooth channel. From this plot, it can be seen that

the dimpled trailing surfaces show greater dependence on rotatfnooth surface, the Coriolis vortex passes from the center of the
number than all other surfaces, with nearly 100% improvement @fiannel toward the side surfacesee Fig. 3, where it enhances
enhancement from the stationary to the highest rotation numtige heat transfer from the side surfaces. The secondary flow gen-
case. The dimpled leading surfaces show very little dependerfi@ted by the dimple has no single principal direction, and likely
on rotation number due to the stable, thick boundary layer on tBerves to reduce the intensity of the Coriolis vortices. Because of
leading surface. The slight non-symmetry between the two leadiitjs, the effect of rotation is reduced for the side walls of the
surfaces is due to experimental uncertainty. A most interestif¢mpled channel.

issue arises when comparing the side surfgiceser and outérof Figure 13 shows the streamwise averaged data versus Rotation
the dimpled channel to those of the smooth channel. It can Bember for the twisted3=135 deg dimpled and smooth channel.
shown that while the side surfaces of the dimpled channel initiallyhe dimpled trailing-outer surface shows the strongest depen-
experience a higher enhancement without rotation, the smo@@nce on rotation number and is clearly the primary recipient of
channel side surfaces show greater dependence on rotation t@ahancement for the twisted channel under rotation. In addition,
the dimpled channel side surfaces. This is possibly attributablette dimpled leading-outer and trailing-inner surfaces now show a
the disruption of the Coriolis vortices by the dimples. For th&oderate to high dependence on rotation number. This was also

Streamwise Averaged, 3=135°

%.

Streamwise Averaged, p=135° o G

Z
= 2
=z
1
dimpled channel dimpled channel
~* smooth channel = ribbed channel (Griffith et al.)
0 0 L L
0.00 0.10 0.20 0.30 0.00 0.10 020 0.30
Rotation Number (Ro) Rotation Number (Ro)
Fig. 13 Streamwise averaged Nusselt number ratio for Fig. 15 Streamwise averaged Nusselt number ratio for
dimpled and smooth channels with =135 deg dimpled and ribbed channels with =135 deg
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explained in the discussion of Fig. 11 where it was noted that the D,
smaller scale vortices shed by the dimple are able to capture some L
of the lower enthalpy fluid, which is better distributed by the Nu
Coriolis vortices for the twisted channel. Again, it is noticed that Nu,
the side surfaces of the twisted channel are enhanced less by ro-

dimple print diametefm)

length of duct(m)

regionally averaged Nusselt n&D/k

Nusselt no. in fully developed turbulent nonrotating
smooth tube flow

Prandtl no.

heat transfefW)

mean rotating radiugm)
Reynolds no.pVD/u
R, = rotation no.,QD/V

tation than those of the smooth duct due to the disruption of the Pr
Coriolis vortices by the vortices shed by the dimple. Q

. . . . R
Comparison of Dimpled and Ribbed Channel. Figures 14

and 15 compare the results of this investigation with the ribbed
channel investigated by Griffith et dl9]. We can see that the : ;
dimpled channel behaves similarly to the ribbed channel of the bi :2?;%%%;?ﬁ%ﬂﬁi%ﬁg&r%())

same geometrical and flow parameters. While the behavior under -lPX — wall temperaturdK)

rotation is similar, it is noticed that the ribbed channel induces ) bulk velocity in streamwise directiofm/s)

higher heat transfer enhancement when compared to the dimpled rib height (m)

channel. This is evident even at the lowest rotation number, indi- heat transfer coefficier/m? K)

cating that although the dimpled channel provides less enhance- thermal conductivity of coolarW/mK)

ment at some surfaces, the behavior is very similar to that of the , . >
ribbed channel with increasing rotational effect. Some exceptions Gnet = Net Ihea; ﬂﬁx at \1vall_ based on projected afé4m )
include the absence of spanwise variations for the orthogonal /¢ — g_ngel odc z:]nne orientation

(8=90 deg dimpled channel under rotation. Spanwise variations = dimpie fpt 4/

were quite significant in the case of the ribbed rotating channel gotatlpnafspeel(drak S/)mg,

due to the 45 deg rib-angle effect. Please note that past research /p ; ?nsny OI coo an(llgd ) . . CTOVT

has found that the ribbed channel creates greater pressure dréfp inlet coolant-to-wall density ratio, T, — Tei)/ Tw
(friction penalty than the dimpled channel.
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P. Ligra_ni The authors appreciate Dr. Ligrani’s comment on the paper. The
Convective Heat Transfer Laboratory, discrepancy of heat transfer enhancement on the dimpled surface
Department of Mechanical Engineering, reported by different investigators might be due to the use of
University of Utah, Salt Lake City, UT 84112-9208 different measurement technique for the data taken and reduction.

In addition to the aforementioned studies, for example, Zhou and

As additional research efforts are conducted, the advantagesagharya[15] reported that the heat transfer enhancements of the
using arrays of dimples on the surfaces of internal passages @ii®ipled surface for nonrotation could be about 1.5-2 times the
becoming more apparent. In particular, substantial heat transégfiooth channel values for a dimple depth to print diameter ratio
enhancements can be obtained with smaller pressure penalge® 29 by using the naphthalene sublimation mass-transfer tech-
than provided by other heat transfer augmentation devices, sucthifiie. Moon and Lati22] showed that the dimpled surface heat
rib turbulators. As a result, dimpled surfaces for heat transfer augansfer for nonrotation enhanced about 1.6—1.8 times the smooth-
mentation are encountering wider use in different applicationghannel values for the dimple depth to print diameter ratios
The purpose of this comment is to point out additional features gfound 0.2-0.23 by using the standard aluminum plate with heat-
the data presented in Fig. 9, which are obtained using a dimplegs and thermocouples. These heat transfer enhancement ratios are
passage with no rotation. close to the present study’s values for nonrotation by using the

1 Local and spatially-averaged Nusselt numbers increase as $kndard copper plate with heaters and thermocouples. But they
ratio of dimple depthd to dimple print diameteD,, increases, are lower than the aforementioned values reported by Chyu et al.
provided spherical indentation dimples are used and all other é#2] using the transient liquid crystal technique, Moon ef{ 48]
perimental parameters are held cons{@®,21. The 6/D, ratio Using the transient liquid crystal technique, and Burgess ¢24.
of the present study is 0.3. Results from other sources, obtairé&ing the IR camera technique. It is likely that using different
with no rotation, show that spatially averaged Nusselt numbgteasurement technique and data analysis could produce 10-20%
ratios range from 2.53 to 2.6 fa#/D,=0.3[21], 2.41 to 2.47 for different heat transfer enhance_ment values for turbulent channel
8/D,=0.28[12], and 2.08 to 2.25 fos/D,=0.19[13]. In each flow through such a complex dimpled surface. .
case, and in the present study, similar Reynolds numbers are usedne present study used the traditional copper plate with heaters
and the ratio of channel height to dimple print diameter is 1 to 2nd thermocouples technique. The purpose was to obtain the
The spacing and arrangement of dimples on the test surface kg@ionally averaged heat transfer coefficient per copper plate.
the same in the present study as used by Burgess [@1al.and According to Fig. 3 in the paper, each copper plate is 2.54 cm
very similar to the dimple spacings and arrangements used iy 2.54 cm facing to the cooling flow and with 0.3175-cm thick-
Chyu et al.[12], and Moon et al[13]. As the authors point out, Neéss. The estimated maximum Biot number of the copper plate
spatially averaged Nusselt number data, presented as a ratio,i&raround 0.0022 for the highest heat transfer coefficient case
nearly independent of Reynolds number. Nusselt number rafib Re=40,000 of the present study. This means that the tempera-
variations are also quite small at given Reynolds number as thie gradient within the copper plate is small as expected by using
ratio of channel height to dimple print diameter changes from 0.3is kind of standard measurement technique. On the other hand,
to 1.49[13]. in order to produce 20% heat-transfer coefficient's discrepancy in

2 Nusselt number ratios, presented in Fig. 9, for no rotatiof)e copper plate, it requires 7°C of temperature gradient within
are about 2.0 for three of the Reynolds numbers investigated. TRRCh copper plate. This unlikely would happen in the present test
is lower than the expected value of 2.53-2.6 for the sang,. ~condition (Tw=67°C, Tb=32°C). In addition, the high-
This appears to be tied to the limitations imposed by the rotatif@nductivity copper plate with dimples represents the true span-
test rig, and the use of only one thermocouple to measure th¢eraged heat transfer coefficient |n_clud|ng the potential end-wall
“regionally averaged” surface temperature at one point on a sigffect from the channel smooth-side walls. For example, the
face segment with multiple dimple€ig. 3. Large surface Nus- potentlal_ s_mooth-5|de wall e_f'fect on the span_—averaged heat trans-
selt number variations are present on dimpled surfaces in chanrfglscoefficient could not be included by viewing only the central
[12,13,20,21 Accurate spatially averaged Nusselt numbers candimple area using the IR camera technique shown in Fig. 2
only be obtained from spatially-averages of locally measured v&ly Mahmood et al[14]. The central 5-dimple area only might
ues over an area comprised of at least one complete periodPgfentially produce higher heat transfer enhancement than the
dimple surface geometi12,13,14,2]. truly span-averaged values including the potential smooth end-

3 The authors are congratulated for conducting difficult expenvall effect.

ments in stationary and rotating environments where accurate heaf0 solve the issue, the authors plan to further investigate this
transfer data are difficult to obtain. topic. Again, the authors do appreciate Dr. Ligrani’s insightful

comment on the important dimple cooling technology for turbine

blade cooling designs.
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