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Introduction augmentation toward the trailing surface. This rotationally in-

As the world becomes exceedingly industrialized, there deveqlJ Cﬁg é?}ﬁ;?]té%%gfmtg? hceoac;l(t-:‘r;r?gfr:r g?ﬁéirs;ﬁ msjt:‘g caed\t/)irtlti?i s
ops an ever-increasing demand for energy. Extensive researchggfc-i)ca" balanced by the disadvantageous reduc?ion in he.’at trans-
forts have recently focused on methods for reducing the consunﬁ y Y 9

tion of energy. One area focused on improvements in efficiency r from the leading surface. As with most temperature sensitive

the turbomachinery industry. There is a constant drive to decrerf?énponems’ thermal failure in an isolated region is oftentimes

the cost associated with repairing a gas turbine as well as incre%f%t ‘f"ns; pg?tgﬁtmtitlgnzsl fag%ioljégf t?gﬂgﬁeiomg?lg?;ﬁ IJ?IISS(I':‘S ‘r’:@at
ing the fuel efficiency. With the wide spread application of turlt 'S IMp yz P 9
segment along the length of the blade.

bines from power generation to aircraft propulsion, the cost savilt?é' : .
can be enormous. One method of increasing the efficiency of aTh‘:;‘f asipefct rtattlp of It;]e phar];mel atlLso hz_ads e;]prgf?u?r(]j |rtnp_?ct on
turbine as well as the thrust of an aero-turbine is by increasing t etiect of rotation. Moving from theé mid-chord to the traiing
combustion temperature. This poses a major problem in the h§§9¢ of the blade, the.channels must begome more rectangular.as
tened degradation of temperature sensitive components of the £ plade becom_es thinner. T_he orientation of a A."l aspect ratio
oling channel in a gas turbine blade is shown in Fig. 1. This

bine, principally the turbine blades. To counter the high turbing =" .
inlet temperature$1600—1800 K, the physics of turbulent heat thinning of the channel changes the effective secondary flow pat-

transfer are investigated in a cooling model. Turbine blades incd®™ from that of a square duct. For this reason, one cannot simply
porate internal cooling passages to extract the thermal energy §BP!Y the knowledge of the rotationally induced flow patterns in a
sorbed from the hot combustion gases. This prolongs the life $fUare channel to that of a rectangular channel. Therefore, an

the blade as well as allowing for increased combustion tempefgvestigation of the rectangular channel is necessary to further
tures, which ultimately increases performance of the turbine. understand the heat transfer characteristics of the internal cooling

A small amount of pressurized air is extracted from the conf2nnels in a gas turbine blade. _ _
pressor and injected into the turbine blades via the cooling ajr 1O Promote heat transfer in the internal cooling passage, vari-

bypass. This relatively low enthalpy gas is forced through tH&HS types of turbulators are used to trip the boundary layer. The
internal cooling passages of the turbine blades, convectively ¢¥iSet of turbulence results in higher heat transfer by promoting
tracting heat from the internal walls. For further thermal protedliXing of the cooler core jet gases with the hot boundary layer at
tion of the blade, a portion of the internal cooling air is ejected’® walls. The Most commaon and "effectlve_type of turbulator is
through tiny holes in the walls and tip of the blade, creating a cobff€"red to as the “rib” or “trip-strip.” These ribs appear as small
film thermal boundary. rectangular surface protrusions, and are typically oriented at 45
When considering the effects of rotation, certain flow phenont!€d o the direction of flow on the internal leading and trailing
ena are exhibited that are not observable in the stationary refg!faces of the blade. When combining the effects of tripping the
ence frame. Forces are generated under a rotational referefendary layexribbed-turbulatorand rotational force¢Coriolis
frame, principally the Coriolis and buoyancy forces. These forc@9d buoyancy entirely different turbulence and flow phenom-
generate secondary flows in the plane orthogonal to the mean figji@n are achieved. Combining into this equation the various
direction. For radial outward flow, the Coriolis and buoyanc hapes and sizes of internal cooling channels, it is clear that there
forces combine to shift the velocity profile toward the trailin% no one single solution that can be applied universally in the

surface. The coolant flow migrates along with the heat transfigld Of turbine heat transfer. For this reason, an experimental
investigation into each combination of the previously mentioned

Contributed by the Heat Transfer Division for publication in tr@UBNAL OF parameters is necessary. Until now, published literature concern-
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Fig. 1 Sketch illustrating orientation of a 4:1 aspect ratio
channel in a gas turbine blade
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There are numerous past studies on turbulent flow and heat
transfer in the cooling channels of a gas turbine blade. Han and
Park[1] published experimental investigations of the heat transfer

1- Variable Speed Electric Motor 6- Rotating Arm
2- Hollow Rotating Shaft 7- Test Section
3- Belt-Driven Gear System 8- Compressor Air

. . . 4- Bearing Support System 9- Rotary Seal
phenomenon in a stationary rib roughened rectangular channel. 5- Steel Work Table 10-Siip Ring
Han et al.[2] performed a study of the effect of the rib angle on Assembly

heat transfer distributions and pressure drop in a stationary square
channel with two opposite in-line ribbed walls. These studies
showed that the 60 deg and 45 deg V-shaped rib performs better
than the 60 deg and 45 deg parallel rib. It was also concluded that
the V-shaped rib out-performs 60 deg and 45 deg crossed ribs adVillett and Bergleq 11] performed a detailed investigation of
well as the 90 deg rib. Wagner et 4B,4] conducted detailed the heat transfer in a narrow, 10:1 smooth rectangular channel
experimental investigation to determine the effects of rotation, oriented at 60 deg to the z plane. Most of their focus dealt with
more specifically the effects of Coriolis and buoyancy forces cexploring the contribution of buoyancy forces under rotation.
the regionally averaged heat transfer distribution of a serpentilaey found that the duct orientation induced a significant varia-
square channel with smooth walls. This study determined thattion in the heat transfer coefficient in the spanwise direction. It
the first pass, the effect of rotation created a thinner boundamas also found that the normalized Nusselt number at the far-aft-
layer on the trailing surface and a thicker boundary layer on tlemd of the trailing sidgor the trailing-outer equivalent in this
leading surface. papej is a strong function of rotation number and buoyancy num-

Parsons et al.5] and Johnson et aJ6] studied the effects of ber. However, they did not perform tests at an angle normal to the
channel orientation and wall heating condition on the regionallylane of rotation in order to determine how changing the duct
averaged heat transfer coefficients in a rotating two-pass squarintation affects the heat transfer distribution within the rectan-
channel with ribbed walls. Parsons et @] discovered that the gular channel, nor did they consider the effect of varying the
heat transfer enhancement for the constant wall heat flux bousdiface configuration, such as the common ribbed surface. Also,
ary condition was more pronounced when the duct is twisted 4Bost of their study presented data in streamwise averaged format,
deg to the plane of rotation when compared to a channel oriente¢ken though the data was taken at localized points. For a more
orthogonal to the plane of rotation. Johnson ef@).determined comprehensive compilation of turbine heat transfer research,
that the model orientation with respect to the rotation planglease see the book by Han et [dl2], the review paper by Han
greatly affected the heat transfer distribution. and Dutta[13], and the review paper by Dutta and Hd].

Dutta and Han[7] investigated the regionally averaged heat Therefore, it is of interest to experimentally investigate the re-
transfer coefficients in a rotating two-pass square channel wiionally averaged heat transfer distribution in a rotating, rectan-
three different model orientations. They found that the orientatigqular channel of aspect ratio 4:1. The fact that no such literature
of the channel with respect to the plane of rotation affected tlexists today on this subject raises the following questions:
heat transfer distribution. More specifically, they determined that
orienting the channel at an angle with respect to the plane of™
rotation reduced the effect of rotation when compared to the or-
thogonal channel orientation.

Until recently, most of the experimental studies have explored
only square ducts. However, it is quite common to find rectangular
cooling passages, particularly toward the trailing edge of a gas
turbine blade. Since the profile of a turbine blade is curved, the
exclusive use of square channels is not practical. Past research:
focused mainly on the square channel; therefore, published data
for a rectangular cooling channel is rare. Al-Qahtani et{&l.
published a numerical prediction Of the ﬂOW behaViOr and heﬁtnswers to these questions are pursued in this paper.
transfer in a rib-roughened, rotating, two pass rectangular channel
of aspect ratio 2:1. An interesting description of the flow physiﬁé . | Eacili
associated with rib flow is included in their investigation. Tasli xperimental Facility
et al. [9,10] investigated the heat transfer distribution in square The experimental test rig previously used by Dutta and FH4n
and rectangular rib-roughened channels under rotation. They &putilized in this investigatiorisee Fig. 2 A variable frequency
plied the liquid crystal technique to study the effect of rotation omotor is connected via a gear-and-belt mesh to a hollow, rotating
wall heat transfer. It was discovered that the effects of rotatiahaft. This shaft runs from the base of the test rig to the work
were more apparent in rib-roughened channels with a larger chamtform and is attached orthogonal to the hollow, rotating arm.
nel aspect ratio and a lower rib blockage ratio. This investigatiorhe test section is inserted inside the hollow rotating arm, which
studied only the heat transfer distribution in an orthogonal rotatingtates in a plane orthogonal to the rotating shaft. A hand held
channel. optical tachometer is used to determine the rotational velocity of

Fig. 2 Schematic of experimental rotating test rig

How does the spanwise heat transfer distribution vary within
a smooth and ribbed rectangular channel, and is it significant
enough to require consideration when designing the cooling
channels of a turbine blade?

2. Does the surface configuration and orientation of the rotat-
ing rectangular channel significantly affect the heat transfer
distribution?

Do the narrow aspect ratio ducts exhibit different heat trans-
fer distributions when compared to the square and rectangu-
lar channels of lower aspect ratio?
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__—Teflon Insulation (temperaturgratio (Ap/p); of 0.122 for every test. Thermal con-
 — Side Surfaces ducting paste is applied between the heater and copper plates to
e promote heat transfer from the heater to the plate. Each 1/8 in.

Direction of rotation Aluminium (0.318 cm thick plate has a 1/16 if0.159 cm deep blind hole
Casing drilled in the backside in which a copper-constantan thermocouple
e Bulk Outlet is installed 1/16 in(0.159 cm from the plate surface with thermal
|~ ~Thermocouples conducting glue.
/ ] . Two different surface configuratioismooth and 45 deg rips
[ Teflon Strip are studied as well as two different channel orientations with re-

N
N,

T 45 deg. Angled

Rib

Thermocouples

spect to the direction of rotatiof8=90 deg and 135 degFigure

3 shows the ribbed surface configuration. The channel is rib-
roughened on two opposite walls with 45 deg in-line ribs. The
parallel rib configuration was chosen due to the widespread use of
45 deg parallel ribs in turbine blade cooling channels. The ribs are
made of brass and are glued to the leading and trailing surfaces of
the channel, resulting in a rib height-to-hydraulic diameter ratio
(e/D) of 0.078 and a pitch-to-rib heighP(e) ratio of 10. The rib

[ Copper Piate flow-attack angle, defined as the angle between the mean flow
direction and the rib angle orientatida), is maintained at 45 deg.
Bulk Inlet The experiments were conducted for Reynolds numbers of 5000,
Thermocouple 10,000, 20,000 and 40,000. The test section rotates at a speed of

NNNNNN
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550 rpm, resulting in a range of rotation numk&o) from ap-
proximately 0.04-0.3.

\

Data Reduction

This investigation focuses on detailing the regionally averaged
heat transfer coefficient at various locations within the internal
cooling channel. This heat transfer coefficient is determined by
the net heat flux from the heated plate to the cooling air, the
surface area of the platé\f), the regionally averaged tempera-

) ture of the plate, and the local bulk mean air temperature by the
the arm. Thermocouple and heater wires are connected to a 1fffowing:

channel slip-ring assembly mounted to the rotating shaft. The out-
put of the thermocouples is transferred to a data logger. Fuse- h=dned (Tw—Tpx) (1)
protected power input to the heaters from the variac transformers ) )

is also transmitted through the slip ring assembly. Cooling air i€ net heat flux is calculated using the measured voltage and
pumped from a steady flow compressor, through an ASME orifi€irrent supplied to the heater multiplied by the area fraction ex-
flow meter, then through the hollow rotating shaft, turning 90 delgesed to the respective plate minus the previously determined

and passing into the rotating arm, then through the test section @¥gount of heat losses due to external conduction, convection, and
is finally expelled into the atmosphere. radiation energy escaping from the test section. This heat loss

The test section is a 0.5 in. by 2 in. by 6 in. long (27,08 calibration is performed for both stationary and rotation experi-

X 15.24 cm) one-pass rectangular channel of aspect ratio 4:1 wi¢nts with a piece of insulation inserted inside the test section to
a hydraulic diameter 0D=0.81in. The ratio of mean rotating inhibit natural convection. For this calibration, by knowing the
radius to hydraulic diameter B/D = 33. The direction of airflow amount of power supplied to the heater and measuring the tem-
is radially outward from the axis of rotation. Two rows of coppePerature of the plate, it is possible to determine how much the heat
plates are installed on both the leading and trailing surface ¥ Peing lost into the environment using the conservation of en-
provide a grid for analysis of the spanwise variation in the regiofgy principle. Equatior(1) is used throughout the experiment,
ally averaged heat transfer coefficient. neglecting the change of area effect with the addition of ribs. That
Figure 3 shows a detailed top view of the test section. The td&t the heat transfer coefficient is calculated based on the projected
section is divided into six cross-sections, each with six copp@Fea, neglecting the 28 percent increase in area due to the addition
plates: two for the leading, two for the trailing, one for the outepf ribs. )
and one for the inner surface. Moving along the direction of the The regionally averaged wall temperaturg,} is measured
flow (radially outward, there are six streamwise segments for directly by the thermocouple installed in the blind hole on the
total of 36 copper plates in the entire test section. The chanm#ck of each plate. The local bulk mean air temperatligg ) is
length-to-hydraulic diameter ratioL(D) is 7.5 with a ratio of determined by a linear interpolation between the measured bulk
1.25 for each of the six cross-section segments. Each plate@isinlet and the average of two outlet temperatuezeh installed
separated by a 0.0626 if0.159 cm thin strip of nylon to prevent at the midpoint of the two spanwise sectipdse to the applicable
heat conduction between plates. This is important since the objéenstant heat flux assumption. Another method used to check the
tive is to study the spatial distribution of heat transfer. interpolation values is by performing an energy balance. It is re-
The copper plates are mounted in a nylon substrate, which cof#suring to note that performing an energy balance to calculate the
prises the bulk of the test section. Pre-fabricated flexible heat&¥pected outlet temperature resulted in a close match to that of the
are installed beneath the leading and trailing surfaces, two to ed@grage measured exit temperature value, typically to within 5
surface. The outer and inner Wa(m’ side Wa||$ are each heated percent. Therefore th.e linear mtel’p(_)latlon method is validated an.d
by a wire-wound resistance heater, which is also installed benedifhe method used in the calculation of the results presented in
the copper plates. All heaters supply steady, uniform heat flux s paper. The energy balance equation is:
the copper plates. Sufficient power is supplied in order to maintain
a maximum wall temperature of nearly 340 K for the correspond-
ing section. This corresponds to an inlet coolant-to-wall density
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Fig. 3 Schematic of 4:1 test section
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. ing duct. The smooth duct seen in Figad(shows how the rota-
Downstream| ’ tional forces(dotted ling induce a migration of the cooler core

§  |Rib-nalf flow toward the trailing surface in radially outward flow with the
channel oriented g8 =90 deg to the plane of rotation. This results
in an increase of the heat transfer from the trailing surface, al-
though it typically results in a decrease in heat transfer at the
leading surface.
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7L Tilting the smooth duct tog=135 deg causes the Coriolis
f =90 deg.n g =90 deg.fi forces to shift the secondary flow pattern from the caseBof
——— - e e =90 deg. Now the secondary flow due to rotation travels along
T L }f_“ T the line from the leading most corner of the duct to the trailing
most corner of the duct. This results in a significant increase in
B =135 deg. B =135 deg. heat transfer at the outer surface as well as a moderate increase for

the entire leading and trailing surfaces. When ribs are installed as
seen in Fig. 49), the combination of secondary flows produces a
flow behavior that is entirely different from the smooth surface.
o The ribs induce a flow pattern parallel to the ribs at the wall,
- ’rg:“ii‘r“c;‘:’uce ) traveling from the upstream rib-half surfacieom the outer sur-
""" face in this caseto the downstream rib-half surfaceoward the
inner surface in this cageThis rib configuration was chosen be-

Fig. 4 Outward flow rectangular test section with: - (&) smooth  cayse when the channel is tilted =135 deg, the rib-induced
walls; and (b) 45 deg parallel ribs on leading and trailing sur- secondary flow constructively combines with the rotation induced
faces. . S .

secondary flows. Past literature has paid little attention to the con-

structive and destructive combinations of rib and rotation-induced

secondary flows. A3=90 deg, the rib-induced secondary flow
To provide a common reference for each analysis, a correlatiorcignstructively combines with the rotation-induced secondary
used comparing the Nusselt number for the specific duct casefiis at the leading-outer and trailing-inner surfaces, while the
that of fully developed flow through a smooth stationary circulaivo secondary flows destructively combine at the trailing-outer
pipe at the same Reynolds number. For this investigation, thd leading-inner surfaces. It is impossible to achieve completely

Dittus-Boelter correlation for heatingr(,>Ty,,) is used: constructive rib- and rotation-induced secondary flows in a chan-
Nu hD 1 nel of =90 deg when using continuous ribs. If the ribs had been
NG~ % (0023 RE%PH (3) oriented with the upstream rib-half attached from the inner surface
NU, kg (0.023 REPE) and the downstream rib-half following toward the outer surface,

All air properties are taken based on the mean bulk air tempetB€n a completely destructive combination of the rib and rotation-
ture with a Prandtl numbeiPr) for air as 0.71. induced secondary flows would have resulted across the entire
Overall uncertainty for the regionally averaged heat transfer lgading and trailing surfaces at tjfe= 135 deg orientation. While
predominantly dependent upon the difference between the wilwould be interesting to investigate such behavior, this analysis
temperature and the bulk air temperature, the net heat flux inpé@s limited to only the smooth and 45 deg rib orientation that
and the ability to maintain a steady mass flow rate. As with moBtoduces constructive combinations of secondary flow.
experiments, the uncertainty for this investigation decreases WithS
the increasing magnitude of input parameters. For higher Rey-
nolds numbers, the uncertainty has been determined to be neafF/t tion with 8= nd rotation witig= 1 Each
percent. However, for lower Reynolds numbers £%€00), the _é su%divideﬁ ig%d?gu? gx:eﬁn?ents:g& Rgigggo, ?o(; gzse
uncertainty could be as much as _20 percent. The uncertaln:)iOOOQ €) Re=20000, and §) Re=40000. The corresponding
analygs was pgrformed using the Kline and McClintpt&] un- rotation numbers for these cases are 0.305, 0.151, 0.075, and
certainty analysis procedure. 0.038, respectively. Please reference Figure 1 for the data legend
and surface locations within the channel. Figure 5 contains data
Results And Discussion for the stationary cases. The higher than asymptotic values in the

Before any discussion of the physics associated with the t,_ﬁgrmalized Nusselt number plots are attributable to the entrance

mooth Channel Results. Figures 5—7 contain the smooth
t data for three different channel configurations: stationary,

rectangular duct proceeds, it is important to set up a labelifdfect in thermally developing flow. The plots all approach a hori-
scheme for the various surfaces in the duct. This labeling scherfi ntal asymptote as the flow approached the thermally fully de-

PR ; : ; loped state.
seen in Fig. 1, will be used throughout this paper. The inner aNg© .
outer surface side walls are named according to their location jn"19ure 6 shows the results for the rotation cases where the duct

the turbine blade. That is, the inner surface is closer to the mitj-°fented aig=90 deg, that is, orthogonal to the plane of rota-
chord position of the bladé relatively internal position and the UON- As was expected, the trailing surfaces exhibit higher heat
outer surface is closer to the trailing edge of the blade, and thud"@nsfer enhancement than the leading surfaces due to the migra-
closer to an external surface of the blade. The leading and trailifjg’ ©f the colder core fluid toward the trailing surface caused by
surfaces of the blade follow the conventional definitions of thed8¢ Coriolis rotational forces. At a duct angle Bf=90 deg, the
surfaces, however each surface is subdivided into two surface<fipnnel can be assumed to hold symmetry about the plane of
order to investigate the span-wise distribution of heat transféftation. This means that both of the leading surfageading-

along the major surfaceteading and trailing Therefore we have OUter and leading-inneshould have identical Nu plots, the trail-
a total of six surfaces: leading-outer, leading-inner, trailing-outdPd_Surfaces should exhibit identical behavior, and the two side

trailing-inner, outer, and inner. Because of the many intrinsic diis_Urfaces should be equal. This is validated relatively well as seen

ferences between square and rectangular ducts, a brief discus&igi€ figures, with a slight bias between the two trailing surfaces.
increase in the Reynolds number tends to suppress the effect
0

on the secondary flow patterns generated by rotation and the ri . . - . o
rotation. All six surfaces show very little streamwise variation

in a thin rectangular duct follows. h ; )
9 in the Nu number plots. Both of the side surfa¢ieser and outer
Secondary Flow Behavior. Figure 4 shows a conceptualiza-have a heat transfer enhancement nearly equal to the value of the
tion of the secondary flow patterns of a smooth and ribbed rotavo trailing surfaces.
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Fig. 5 Nusselt number ratio for stationary smooth case

Fig. 6 Nusselt number ratio for rotation smooth case with
B=90deg
Figure 7 presents the results of the smooth rotation case with

the channel oriented g&8= 135 deg with respect to the plane of
rotation. Figure 7§) shows that at a low Reynolds numkéigh tion. Both of the trailing surfaces have higher heat transfer coef-
rotation numbey; there are distinguishable differences in the hedicients than the leading surfaces. A new and interesting finding is
transfer trends among the various surfaces. It can be seen thatttieesubstantial difference in the heat transfer coefficient between
trailing-outer and outer surface exhibit the highest heat transfdwe two trailing surfaces. Furthermore, this span-wise difference
enhancement of all of the surfaces in the duct. This is attributeddoes not come into effect until nearly half-way through the chan-
the fact that these two surfaces are the primary recipients of thel for high rotation numbers (Re0.305). It is also shown that
shifting of the cooler core flow under rotation. This phenomenahe leading surface heat transfer increased when compared to the
is illustrated in Fig. 4 of the preceding section. After the floworthogonal channel. The overall increase in heat transfer from
impinges on the trailing-outer and outer surfaces, it passes alamgarly all surfaces can be attributed to the fact that twisting the
the leading and trailing surfaces to the inner surface, where tbieannel greatly increased the linear distance along which the main
heat transfer coefficient is the lowest, and the secondary fld@oriolis force is directedfrom leading most to trailing most cor-
slows down dramatically. Then the flow cycles again, passingern and provides an overall better mixing than e 90 deg. In
from the leading most corner diagonally across the channel titve =90 deg case, the principal Coriolis vector in the core re-
ward the trailing most corner. At a high rotation number, the inngfion of the flow acts across only a short distafite short width
surface heat transfer follows a trend quite similar to the stationao§ the channgland does not serve to mix the flow as well as the
cases. It appears that this inner surface is barely affected by rataisted channel.

Journal of Heat Transfer AUGUST 2002, Vol. 124 / 621

Downloaded From: http://heattransfer.asmedigitalcollection.asme.or g/ on 10/20/2014 Terms of Use: http://asme.org/terms



—fll— Leading-outer = Leading-inner TA ® —l— Leading-outer —#&— Leading-inner m A
e N Y m—
—0O— Trailing-inner  —— Trailing-outer % —L{—Trailing-inner —&—Trailing-outer > o
«Q-~ Outer —@®— Inner oV —O—Outer —&®—Inner
3 7
6t (a) Re=5000, Ro=0
2 St
S5 S a4t
z Z
s Ssf
z
1F 2 E
1t
(a) Re=5000, $=135°, R0o=0.305 0 ) . . ) ‘ ) .
0 L il L I i
3 7
s f (6)Re=10000, Ro=0
5 L
2
g 24} w
Z z
3 ; 3k
Z
1 sk
.h_.____’_.—-—.‘_.___——.
1 -
(b) Re=10000, B=135°, Ro=0.151 o . . l ‘ ‘ . .
0 ‘ . ) . . A
3 7
6 f () Re=20000, Ro=0
2 SE
g Saf
z z
1}
2| p=—g—f—8—0
(c) Re=20000, B=135°, Ro=0.075 1F
0 I ‘ * : : 0 L L l I L
3 7
6k (d) Re=40000, Ro=0
5 -
2 N
s Satf
4 s
S IN : Ssl ety
= Z
1 n
2| g=f————0"0
(d) Re=40000, f=135°, Ro=0.038 1F
0 L L 4 L 4
0 L L 4 1
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8

X/D

Fig. 7 Nusselt number ratio for rotation smooth case with

B=135 deg Fig. 8 Nusselt number ratio for stationary ribbed case

inner surface. The inner surface interfaces with the side surface of

One evident contrast of the results of e 135 deg caséFig. h ; I heref is | likel
7) compared to thgg= 90 deg(Fig. 6) case is apparent in the sidetcoenseilgggzn; gﬂgclg?sﬂ?}zsc?e‘ and therefore is less likely to be

surfaces. For the twisted channel, the trend of the outer surface

increases while the inner surface trend decreasesXyith Fur- Ribbed Channel Results. The data plots for the ribbed chan-
thermore, the inner surface decreases in a similar way as seeméhcases are presented in Figs. 8—10. Figure 8 shows the station-
the stationary case. The outer surface, which trails the inner sary ribbed channel data. It can be seen that the thermal entrance
face, experiences a heat transfer enhancement of as much as téffeet (decreasing to horizontal asymptptiat occurred in the
times that of the inner surface for the=135 deg case. This is smooth duct does not apply to the ribbed duct. This is due to the
due to the shift of the primary Coriolis induced flow vector fronfact that the flow is no longer hydrodynamically fully developed
the center of the trailing surface in th@=90 deg case to the immediately after the beginning of the test section, as was the case
trailing most corner in thg3=135 deg case. This trailing mostwith the smooth duct. The ribs at the test section inlet trip the
corner is adjacent to the outer surface, and therefore the outgdrodynamic boundary layer, and the flow is now considered not
surface benefits greatly in heat transfer enhancement due to ¢imdy thermally developing at the inlet, but also hydrodynamically
twisting of the duct. This is desirable since the outer surface of tideveloping at the inlet to the test section. In fact, the data curves
B=135 deg case is closer to the trailing edge of the turbine bladend to increase for the ribbed stationary case, whereas the plots
and thus is likely to experience a higher external heat flux than tdecrease for the smooth stationary case.
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An extremely important observation of this case is to note thatirface, which acts as a stagnation surface. The primary rib-half
the leading-outer and trailing-outer surfaces experience a signgsrface is able to convect more heat as the fluid passes quickly
cantly higher heat transfer enhancement than the leading-inaeross the surface. When the flow slows along the downstream
and trailing-inner surfaces. This is attributable to the orientation ab-half surface, less heat is convected away by the downstream
the ribs. The ribs are attached such that the flow first meets the rilb-half surface. This explains why the leading-outer and trailing-
at the leading-outer and trailing-outer surfaces, which are the “uputer (upstream rib-hajfsurfaces experience higher heat transfer
stream rib-half” surfacegsee Fig. 4. The second half of the rib, than the leading-inner and trailing-innédownstream rib-half
or “downstream rib-half” surface, follows as the rib extends tosurfaces. Also, the outer surface has a higher heat transfer en-
ward the inner surface. Therefore, the ribs can be describedhmscement than the inner surface because it is peripherally af-
running from the outer surface to the inner surface at 45 deg to tleeted by this faster, cooler, upstream rib-half tripped flow. In
main flow. As the flow first meets the rib at the upstream rib-hatfontrast, the inner surface experiences the heat transfer diminish-
surface, the hydrodynamic boundary layer is tripped first at thisg effects of flow stagnation.
point. The fluid at the ribbed wall is then channeled between theThe stationary rib cases show dependence on Reynolds number
two ribs, flowing parallel to the ribs. The rib-induced secondarfor the leading and trailing surfaces, however, the inner and outer
flow is fastest at the upstream rib-half surface, and slowing assitirface exhibit nearly no dependence on Reynolds number. This is
passes along the downstream rib-half surface toward the inm@cause as the Reynolds number increases, the rib is less effective
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at enhancing the heat transfer of the rectangular duct when con —®— Leading-outer —&— Leading-inner
pared with the stationary smooth circular duct correlatipe., O— Trailing-inner A— Trailing-outer
normalized Nu decreasesSince the ribs are attached to the lead- o

. o - —O— Outer —@—Inner

ing and trailing surfaces, they experience much more of the en
hancing effects of the ribs, and conversely, are affected more by
reduced enhancement of heat transfer at higher Reynold
numbers.

Figure 9 shows the data plots for the ribbed duct under rotatior
with an orientation orthogonal to the plane of rotatiog ( %
=90 deg). Looking to Fig. H), we can see that at higher rota- =
tion numbers, there is clearly a higher heat transfer from the
trailing-outer surface, and an increasing trend WtiD. Also, the
trend is similar to that of the stationary case. For this reason, the
rib-induced flow is observed to dominate the rotation induced sec
ondary flow. Another important observation is that the leading-
inner surface exhibits nearly the lowest heat transfer enhancemer 3 r
at the highest rotation number.

Figure 10 presents the plots for the ribb@ds 135 deg twisted |
channel rotation experiments. We immediately can see that b 2
twisting the channel, the leading-outer surface curve rises to mee2 |
the trailing-outer surface curve, with the trailing-outer surfaceg

2t

1

maintaining nearly the same trend as seen in@ke90 deg case. 1

Even the trailing-outer surface trend increases slightly over that o

the =90 deg case. From this behavior, it seems as though thi I (v) Streamwise Averaged, p=135° Smooth
effects of rotation for the twisted channel serve to better mix the 0 lw— ' ' .
flow than the orthogonal channel, and most of the surfaces benef 0 0.1 0.2 0.3
from the entirely constructive combining of rib and rotation- Rotation Number (Ro)

induced secondary flows for th8=135 deg case. That is, all

surfaces benefit except the inner surface, which is the only surfdde 11 Streamwise averaged Nusselt number ratio for smooth

in the twisted channel to exhibit a lower heat transfer when corf?annel

pared with the orthogonal channel. This is expected because the

heat transfer at the inner surface is now mitigated by not only its

position as the leading most surface, but also by being situatedia{a), the trailing surfaces and outer surface show an increasing
the end of the downstream rib-half. Since the inner surface tignd with increasing rotation number. The trailing-outer surface
likely to be the surface exposed to the side wall of an adjacesghibits the greatest dependence on rotation number, which is a
cooling passage, a low heat transfer is not foreseen to be a sigsult of the combination of rib and rotation-induced heat transfer
nificant problem. Therefore, we can say that the attachmesfihancement. The leading surfaces exhibit little dependence on
scheme for continuous ribs chosen in this investigation will likelyotation number. Figure 1B} shows that all surfaces are a func-
provide the most effective heat transfer augmentation at the ngéien of rotation number except the inner surface. Furthermore, the
essary surfaces. twisted channel produces a nearly identical trend for the two up-

Streamwise Averaged Nusselt Number Ratio. An overall
heat transfer coefficient for each surface is determined by averag-

ing the streamwise data and then plotting the data as a function of —8— Leading-outer A Leading-inner
rotation number. Figure 11 shows the streamwise averaged data —O— Trailing-inner —A— Trailing-outer
for the smooth duct. Figure 14 (8=90 deg) shows that the —O—Outer —@—Inner

heat transfer at the trailing surfaces, the inner surface and the
outer surface, is a strong function of rotation number. All four of
these surfaces exhibit an increasing trend with increasing rotation
number. The two leading surfaces show very little dependence on
rotation number. Figure 1bj (B8=135 deg) shows that the trail-

ing surfaces are strongly dependent on rotation number. The inner
surface is the only surface that shows virtually no dependence on
rotation number for this case. A comparison of Figs(alland

11(b) reveals that the two leading surfaces for {fie 135 deg
case are more dependent on rotation number than forgthe
=90 deg case. These results are different than the results of the
square channel of Dutta and Hgfl and the 2:1 rectangular chan-
nel investigated by Azad et dl16]. A comparison of the 4:1 duct
with the square and the 2:1 duct reveals that the aspect ratio sig-
nificantly affects the rotational dependence on heat transfer, par-
ticularly for the leading surface. The square duct shows a decreas-
ing trend, the 2:1 duct approaches a nearly horizontal trend, while
the 4:1 duct shows an increasing trend. Therefore, as the channel

becomes narrower, the heat transfer enhancement at the leading {b) Streamwise Averaged, p=135°, Ribbed
surfaces becomes more positive. It is now conclusive that the 0 ’ :

aspect ratio significantly affects the heat transfer distribution in 0 o1 Rotation Num&f o) 03
the channel.

Figure 12 shows the streamwise averaged heat transfer e 12 Streamwise averaged Nusselt number ratio for ribbed
hancement for the ribbed duct. For the orthogonal channel of Fighannel

624 / Vol. 124, AUGUST 2002 Transactions of the ASME

Downloaded From: http://heattransfer.asmedigitalcollection.asme.or g/ on 10/20/2014 Terms of Use: http://asme.org/terms



stream rib-half surfaceeading-outer and trailing-outerAlso,

the downstream rib-half surfacdsading-inner and trailing-inngr

show very similar trends. A comparison of Figs.(d2and 12b)

shows that the leading surfaces and the inner surface are posi- T,, =
tively affected by the channel orientation. The trailing surfaces
and the outer surface appear to be unaffected by the channel
orientation.

Conclusions
This investigation revealed that spanwise heat transfer diffdp/p)i = coolant-to-wall density ratio at the inlet,

ences of up to 25 percent for the smooth tilted channel and 50—-75

Re = Reynolds numbepVD/u
R, = rotation number(D/V
Tpx = local coolant bulk temperaturg)

wall temperaturgK)

V = bulk velocity in streamwise directiom/s)
B = angle of channel orientation

) = rotational speedrad/9

a = rib angle

p = density of coolant (kg/)

(Pw=pPoi) pw=(Tw=Tp)/ Ty

percent for the ribbed channel exist across the leading and trailing
surfaces. This observation should be addressed when designing
the cooling channels of a gas turbine blade. In addition, the dysSkferences

orientation significantly affects the leading, the inner, and th
outer surfaces, yet does not have much effect on the trailing sutk

e
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