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Introduction tion changes from the 90 to 135-deg orientation. Recently, Azad
Modern gas turbine blades are designed to operate at incre%%sala[s] Sff’l(;(rjrl]e?hteh?jirey(ignogzhreofag&r:gsl twé?ngiﬁ:cignar:ﬁar
ingly higher inlet temperatures to improve thermal efficiency. T%I%anne?s for both smooth and 45-deg ribbed vx?alls For thegsmooth
maintain acceptable blade life, sophisticated cooling techniqu all case, they found that the Nusselt number ratios for the first

such as film cooling, impingement cooling and convective intern ss trailing and second pass leading surfaces @35 de
cooling are essential. Rotation of turbine blade cooling passa e‘}e lower tt?an those Witﬁ£90 de W%ereas theﬂNh Eulsselt ngm-
gives rise to Coriolis and buoyancy forces that can significant 9. '

. ) r ratios in the first pass leading and second pass trailing are
alter the local heat transfer in the internal coolant passages du%lé)her compared to those with 90 deg. However, for the ribbed

the development of cross stred@oriolis) as well as radialbuoy- - . o
P 4 ) albuoy wall case, the channel orientation effect was less sensitive com-

anj secondary flows. Moreover, the h_eat transfer augmentation 3red to the smooth wall case. Their study provided a data basis
usually achieved by using repeated ribs as turbulence promotd{3§.the present work '
J .

;rgfhgseilir\;\?geog:zteigﬁ rlrlgzittlaegr?r?]etgtgjr::jhgéccc;)nrgglrexflg\?v\,\tl):tal/ The earlier computational studies on internal coolant passages
P ' Y %\'{H ribs have mostly been restricted to two-dimensional flows

the ribs, which produces a high turbulence level that leads to h% ou et al.[10]). In recent years, a number of researchers have

heat transfer Coefficientg. The complex _coupling of the Corio_l ported three-dimensional studies. Stephens ¢LHland Rigby
and buoyancy forces with flow separation/reattachment by ri %al.[lz], using a low-Reynolds numbéte turbulence model,

has prompted many investigators to study the flow and tempe esented the numerical simulations for flow and heat transfer in a

ture fields gene_rated in_ heated, rotating ribbed wall passages. 6'nrotating straight duct with normal 90-deg ribs. Stephens et al.
perimental studies on rib-roughened channels have been quite §4) i estigated flow and heat transfer characteristics in a straight
tensive (see Han and Parll]; Ekkad and Han[2] (for non- non-rotating duct with angled, rounded ribs on two opposite walls
rotating channes and Wagner et al3]; Johr_lson et al[4,5] and provided important characteristics on the angled rib ducts
Parsons et a[6]; and Zhang et al.7], (for rotating square chan- ., tyrhulence modgl Stephens and ShifL4] and Shih et al.
nels with normal and angled ribsDutta and Haii8] investigated 15 jnvestigated the effect of angled ribs on the heat transfer
the local heat transfer coefficients in rotating smooth and ribbe@ctficients in a rotating two-passage duct using a low-Re number
two-pass square channels with three channel orientations. They iurbulence model. They studied the effects of Reynolds num-
found that a change in th_e channel orientation about the rotatiBgrs, rotation numbers, and buoyancy parameters. Their compari-
frame causes a change in the secondary flow structure and 48 \ith Johnson’s et aj4] data revealed that the heat transfer
associated flow and turbulence distribution. Consequently, tfgefficient was underpredicted for the stationary case. However,
heat transfer coefficient from the individual surfaces changes. Pa{a results for the rotating case were not clearly verified.

son et al.[6] studied the effects of the model orientation on the prakash and Zerklg16], employing a high Reynolds number
local heat transfer coefficients in a rotating two-pass square chgfl: tyrpulence model with wall function, performed a numerical
nel with ribbed walls. They found that the effect of the Corioligyregiction of flow and heat transfer in a ribbed rectangular duct
force and cross-stream flow were reduced as the channel orientRy geq rihy with and without rotation. However, their calculations
used periodicity and neglected buoyancy effects. They suggested

Contributed by the International Gas Turbine Institute and presented at the Intgs- ; ;
national Gas Turbine and Aeroengine Congress and Exhibition, New Orleans, Lgﬁ?-at a low Reynolds number model is necessary to simulate real

siana, June 4-7, 2001. Manuscript received by the IGTI, January 19, 2001. Pag@rs turbine engine 90nditi9ns and a Reynolds stress model is re-
No. 2001-GT-187. Review Chair: R. Natole. quired to capture anisotropic effects. Bonhoff et] &F] calculated
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the heat transfer coefficients and flow fields for rotating U-shapt -
coolant channels with angled ril}45 deg. They used a Reynolds

stress turbulence model with wall functions in the FLUENT CFL R/D, =200
code. Their results show that the Nusselt number ratios of t LD, =20.34
rotating first pass leading and trailing surfaces are underpredic /D, =0.375

compared to the experimental data. Using the periodicity of tt
flow, lacovides[18] computed flow and temperature fields in &
rotating straight duct with normal ribs. Two zonal models of tur
bulence were tested:lkaes with a 1-equation model df transport
across the near-wall region and a low-Re differential stress motc
(DSM). He concluded that the DSM thermal computations wetl
clearly superior to those of thiee/1-equation. Rigby et al.19]
presented numerical prediction of flow and heat transfer in a r
tating ribbed(90 deg rih coolant passage with a 180-deg turn
The computation was performed usingkav turbulence model,
and the heat transfer coefficient was overpredicted in the static
ary case and underpredicted in the rotating case compared to
perimental data. lacovides and Raid@@]| explored turbulence
modeling issues related to the computation of flow and heat trar
fer in internal cooling passages of turbine blades with normal rit -
(90 deg. They tested four turbulence models: a zokat, a
low-Rek-¢, a zonal differential stress mod@&SM), and a low-Re
DSM. They found that zonal models underpredicted surface he
transfer coefficients because they ignored the effects of transg
on the near-wall turbulence scale. The low-Re closures we
found to reproduce the correct surface heat transfer coefficients
their results, the low-Re DSM model reproduced the turbulen:
field more reasonably than thes model.

Chen et al.[21,22 studied rotating two-pass square channe
with smooth walls. They used two turbulence models: a two-lay
k-e isotropic eddy viscosity model and a near-wall seconc
moment closure model. The near-wall second-moment clost
model produced accurate predictions in comparison with Wagr
et al.[23] data. Using the same model, Jang e{ 24,25 studied
flow and heat transfer behavior in a non-rotating two-pass squi
channel with 60 deg and 90-deg ribs, respectively. Their resu
were in good agreement with Ekkad and Hal2$ detailed heat
transfer data which validated their code and demonstrated 1
second-moment closure model superiority in predicting flow ar
heat transfer characteristics in the ribbed duct. In a later stuc
Jang et al.[26] predicted flow and heat transfer in a rotating
square channel with 45-deg angled ribs by the same secol
moment closure model. Heat transfer coefficient prediction wi
well matched with Johnson et 4#] data for both stationary and
rotating case. This has affirmed the superiority of the secon
moment closure model compared to simpler isotropic eddy vi

L,/D, = 12.84

B=135

Direction
of rotation

(@

cosity turbulence models. This model solves each individual Re (b)
nolds stress component directly from their respective transport
equation. The primary advantage of this model is that it resolves Fig. 1 (a) Geometry, (b) numerical grid

the near-wall flow all the way to the solid wall rather than using
log-law assumption in the viscous sublayer. With this near-wall

closure, surface data like heat transfer coefficients and fric“%imera RANS method of Chen et 21,22 was employed for
coefficients can be evaluated directly from velocity and temperg;e cajculation of fluid flow and heat transfer in stationary and
ture gradient on the solid wall. In view of the success achieved jg;

; . o X ting ribbed channels. The numerical method and the governing
the earlier studies, it is desirable to extend the present Sec%&ﬁations of the turbulence model were described in detail by

moment RAN_S method to study more sophis_ticqted C(_)oling cha@nen et al[21,22 and will not be repeated here.

nel configurations. Most of the previous studies investigated cool-

ant channels that have square cross sections and are perpendicular . .

to the axis of rotation. However, the orientation of the cooling?€Scription of Problem

channel in the leading and trailing edge regions of the turbine Calculation was performed for the two-pass rectangular channel
blade may be at an angJ@from the direction of rotation and its with 45-deg ribbed walls as tested by Azad et[fl. The geom-
cross section may not be square. It is not well known how thigry and numerical grids around the sharp 180-deg turn are shown
affects the flow field and heat transfer characteristics. In the Fig. 1. The axial stationgat which results are presenjeand
present study, numerical predictions of the three-dimensional flahve way to view them are also shown in Fig. 1. The geometry
and heat transfer are presented for the rotating two-pass rectangpnsists of a U-shaped channel of rectangular cross-section with
lar duct(aspect ratio is 2)lwith 45-deg angled ribs and 180-degchannel aspect ratio of 2:1. The channel is made up of two straight
sharp turn are presented. Meanwhile, this study investigates fiessages and a 180 deg sharp turn. Two of the four side walls, in
effects of the channel orientatig®= 90 and 135 degon the flow the rotational direction, are denoted as the leading and trailing
and heat transfer for the same geometry. In the present study, shefaces, respectively, while the other two side walls are denoted
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as the inner and outer surfaces. The channel hydraulic diameter,
Dy, is 1.69 cm. The distance between the inlet of the duct and the Rotation direction
axis of rotation(Y-axis) is given byR, /D;,=20.0. The length of Outer surface
each of the first and second passages is giveh/Bg,=20.34. g
Each passage consists of unheated smooth section and hegtdd
ribbed section. The length of the unheated smooth section is givén
by L,/Dy=12.84. It extends from the inlet to the first rib in theg

first passage and from the exit to the last rib in the second passa”ge
The arc lengthS is measured from the beginning of the ribbed”

_ _ _ Rotation-induced

=90°
B p7 {@@ secondary flow

Rib-induced
secondary flow

section in the first passagehere heating starntgo the end of the % I\ % E INA §
ribbed section in the second passdgénere heating enflsThe E 2 Z 2
radius of curvature of the 180 deg sharp turn is givem;@By, S :§ E; =

= I ](—‘:

=0.375. In the ribbed section, the leading and trailing surfaces for
both the first and second passages are roughened with nine equglly 3
spaced ribs of square cross section. The rib height-to-hydraufc 1
diameter ratio ¢/D,,) is 0.094 and the rib-pitch-to-height ratiog b b
(P/e) is 10. All ribs are inclined at an angle=45 deg with

respect to the flow. Two channel orientations are studjed: 0::&}3; ;ﬁ-s;\:ce
=90 deg corresponding to the mid-portion of a turbine blade and

=135 deg corresponding to the serpentine passages in the trail- (@ (b) )
ing edge region of a blade. In this study, the Reynolds numb
(Re) was fixed at 10,000. The inlet coolant-to-wall density rati
(Aplp) was fixed at 0.115. Three cases were studig¢didhrotat-
ing channel (Re-0.0), 2 rotating channel (Re 0.11) with chan-
nel orientation angleB, of 90 deg and Brotating channel (Ro
=0.11) with channel orientation anglg, of 135 deg.

A uniform velocity profile was used at the inlet of the duét (
=0). The unheated length_{) was long enough for the velocity
profile to be fully developed turbulent profile before the heatin
start-point =L,). The flow was assumed to be parabolic at th
exit of the duct(i.e. zero-gradient boundary conditiorfer mean

Igirg. 2 Conceptual view of the secondary flow induced by
cc)mgled ribs and rotation.

studies were shown to yield nearly grid-independent results. Also,
their results were in close agreement with the experimental data.
Note that the number of grid points used in the present rectangular
onfiguration is comparable to the above mentioned geometries.
addition, the Reynolds number used in the present study (Re
=10,000) is lower than the one used in the previous studies.

duct is air at uniform temperature=T, (i.e., =(T—Ty)/(T,
—T,)=0). The wall temperature of the smooth section is kept
constant af =T, (#=0) while the wall temperature of the ribbedResults

section, including the ribs, is kept constanffat T, (f=1). ~  Thjs section presents the three-dimensional mean flow and tem-
The Nusselt numbers presented here were normalized witth&ature fields for the rotating rectangular duct with 45-deg angled
smooth t.ube correlation by Dlttus-Boelter/McAdar(rfsohsenow ribs. Computations were performed for non-rotating €Rn0)
and_Ch0|[27_]) for the fully developed turbulent flow in a smoothgpq rotating (Re=0.11) cases with two channel orientations of
stationary pipe B=90 and 135 deg at a Reynolds number of 10,000 and an inlet
NU,=0.023 R&8PP4 coolant-to-wall density ratio of 0.115.

] ) ) ) ~ Velocity and Temperature Fields. Before discussing the de-

The present numerical grid was generated using an interactied computed velocity field, a general conceptual view about
gridding code GRIDGEN. It was divided into five-overlappedhe secondary flow patterns induced by angled ribs and rotation is
Chimera grid blocks to facilitate the implementation of the neakymmarized and sketched in Fig. 2. The parallel angled ribs in the
Wa” turbulen(?e model and the SpeCIflcatIOI’l Of boundary Conqﬁ'onrotating duc‘[(case l, F|g @)) produce Symmetric counter
tions. To provide adequate resolutions of the viscous sublayer agghting vortices that impinge on the inner surface in the first
buffer layer adjacent to a solid surface, the minimum grid spacifghssage and on the outer surface in the second passage. The Co-
in the near-wall region is maintained at 10of the hydraulic riolis force in the 90-deg rotating duttase 2, Fig. &)) produces
diameter which corresponds to a wall coordingteof the order two additional counter-rotating vortices that push the cooler fluid
of 0.5. In all calculations, the root-mean-squdres) and the from the core to the trailing surface in the first passage, and to the
maximum absolute errors for both the mean flow and turbulenteading surface in the second passage. For the 135-deg rotating
quantities were monitored for each computational block to ensudect (case 3, Fig. &)), the Coriolis force produces secondary
complete convergence of the numerical solutions. A convergentew that migrates diagonally away from the corner of the inner-
criterion of 10°° was used for the rms error. leading surfaces toward the center of the channel in the first pas-

The present grid uses 3311x804 grid points(804 in the sage, and from the corner of the inner-trailing surfaces towards the
streamwise direction and 3341 in the cross-stream directions center of the channel in the second passage.
with a total number of approximately 1,100,000 points. This For a nonrotating dudicase }, Fig. 3 is a plot of the secondary
choice is based on three systematic grid-refinement studies ffw in the inter-rib regions on a plane parallel to the leading and
formed earlier for the prediction of flow and heat transfer in simirailing surfaces and 1/10 rib height away from any of them. The
lar geometries. The geometry used in the first stiihng et al. 45-deg inclined ribs in the first passa@feig. 3a)) induce fast
[25]) was a 90-deg ribbed two-pass square channel with nine rigscondary flow that moves parallel to the ribs from the inner sur-
and a total grid points of 1,060,000 (R&0,000). In the second face(where it is strongegto the outer surfacesvhere it is weak-
study (Jang et al[24]), a total of 1,020,000 grid points was useces). The situation is reversed in the second pass&ig 3b)).
for a 60-deg ribbed two-pass square channel with nine ribs (Rée ribs induce secondary flow from the outer surfagkere it is
=30,000). The total grid points in the third studyang et al. strongestto the inner surfacéwhere it is weake$t Note that this
[26]) was 1,000,000 for a 45-deg ribbed one-pass square chansetondary flow pattern is the same in all inter-rib areas. The con-
with 13 ribs (Re=25,000). The numerical grids used in thessequence of this fast secondary flow is explained in Fig. 4.
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Flow direction
- ——

—_—
Flow direction

Outer surface

Rib#3

Fig. 3 Velocity vectors 1 /10 rib height from the leading and

trailing surfaces for non-rotating case

tor)

(plotted every other vec-

cussed in Fig. @) moves towards the outer surface and returns
back to the inner surface along the centerline of the inclined cross-
stream plane. In the same figure, one can also notice the early
stages of two symmetric counter-rotating vortices, which shrink in
size on the first riiFig. 4(b)), and by the midsection of ribs 1 and
2 (Fig. 4(c)) become two full symmetric counter-rotating vortices.
Along the streamwise direction, the size of these two vortices
oscillate from the largest in the middle of each inter-rib distance to
the smallest on the rib@ig. 4(d)). This pattern keeps repeating
until rib 8. However, midway between ribs 8 andMg. 4(e)) the
strength of those two vortices shifts towards the inner surface. On
rib 9 (Figure 4f)), the secondary flow becomes a strong fluid
motion from the outer to the inner surface due to the turn effects.
Upon entering the turn, the curvature induced secondary flow
(which pushes fluid from the inner to outer surfaogercomes the
rib induced secondary flow discussed in Figufé)4and the di-
rection of the secondary flow is reversed and becomes from the
inner to outer surface. This happens in less than one hydraulic
diameter after the ninth rib. As the fluid proceeds towards the
center of the turn, we notice the gradual formation of two counter-
rotating vortices that reach their full size by the center of the turn
(Fig. 4(g)). The size of these two vortices begin to decrease gradu-
ally as the fluid approaches the second sharp corner and soon is
mixed with the second passage rib-induced secondary (ffogv
4(h)) resulting in a complex secondary flow. In the second passage

Figure 4 is a plot of the calculated secondary flow vectors ad as discussed in Fig(t8, the rib induced fast flow is reversed
constant temperature contours for the non-rotating case at sevétdflirection due to the opposite rib angle compared to the first

axial stations as shown in Figure 1. Figgajthrough 4f) (first

passage. Here, Fig.(i4 the rib induced secondary flow moves

passageare viewed from upstream of the first passage, whifsom the outer to the inner surfaces and returns back to the outer
Figures 4g) through 41) (middle of the bend and second pasgagesurface along the centerline of the inclined crossstream. As a re-
are viewed from downstream of the second passage. The secdcilt, two symmetric counter-rotating vortices are formed. The size

ary flow field will be discussed first and then its effect on thef these two vortices oscillate in size from the smallest on each rib
temperature field. In the first passage, and as the fluid approacif@§- 4()) to the largest in the midsection between each two ribs

the first rib (Fig. 4(a)), the rib induced fast secondary flow dis-(Fig. 4K)). This pattern keeps repeating until rib 18ig. 4()).

. —“J Inner Surface

Leading Surface

(a)ZD =14.00 ®)yOnrib 1

Leading surface
H

Outer surface Outer surface

Outer surface.

Leading surface

)
Mid of nb 17&18

NECRRTIA
NAEERATD
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'SRRRRETIR
RERRARREIN

<oy Mid of rib 182

o
Mid of rib 1013

Tnner surface

Trailing surface

Trailing surface
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Lending surface

=
S
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)

Fig. 4 Secondary flow and temperature

—T,)] for non-rotating duct, Ro
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=0.0

Trailing surface

Tnner surface

[0=(T_ To)/( Tw

Due to the absence of the ribs, the secondary flow decreases
gradually after rib 18 and vanishes almost completdly, &after
rib 18.

The overall effect of this secondary flow structure on the tem-
perature field will be discussed here, referring to the temperature
contour plots in Fig. 4. In the first passage, the effect of the sec-
ondary flow is convecting the cooler fluid from the inner surface
and along the ribbed surfaces towards the outer surface. It then
moves back to the inner surface which results in steep temperature
gradients and high heat transfer coefficients on both the inner and
ribbed surfaces as seen in the corresponding temperature contours.
In the middle of the turn, the two counter-rotating vortices convect
fluid from the core towards the outer surface, resulting in a steeper
temperature gradient and thus a higher heat transfer coefficients
on the outer surface. In the second passage, the secondary flow
convects the cooler fluid from the outer surface and along the
ribbed surfaces towards the inner surface. It then moves back to
the outer surface resulting in steep temperature gradients and high
heat transfer coefficients on both the outer and ribbed surfaces as
seen in the corresponding temperature contours.

Figure 5 is a plot of the cross-stream velocity vectors and tem-
perature contours for case (Ro=0.11 andB=90deg at the
same planes as in the non-rotating d{azise 1. A few hydraulic
diameters before the first rib, the Coriolis force was found to
produce two counter-rotating vortices that push the cooler fluid at
the core towards the trailing surface and then returns along the
inner and outer surfaces. As the flow approaches the first rib, this
Coriolis force induced secondary flow starts to distort the second-
ary flow started by the inclined ribs. This effect can be clearly
seen by comparing Figs(&® through(f) with Figs. 4c) through
(f). From this comparison, the following conclusions can be
drawn. The magnitude of the Coriolis force induced secondary
flow is weaker than the rib induced secondary flow. In the mid-
sections of each of two ribs, the rib induced vortex near the lead-
ing surface is weakened while the other vortex near the trailing
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Fig. 5 Secondary flow and temperature

Tnner surface.

Inmer surface

Tnner surface

—T,)] for rotating duct, Ro =0.11 and B=90 deg

Fig. 6 Secondary flow and temperature
Ro=0.11 and B=135 deg
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Tnner surface

Trailing surfuce

Trailing surface

Trailing surface

[O0=(T=T)/(Ty

surface is strengthend#ig. 5(c)). This pattern repeats itself until
midway between ribs 8 and (#Fig. 5(€)), where the larger vortex
near the trailing surface grows at the expense of the smaller vortex
near the leading surface, which shrinks in size and moves toward
the inner surface. On the rili&ig. 5(d)), both vortices shrink in
size and get distorted significantly by the Coriolis force induced
secondary flow. This pattern repeats itself until rib 9, where the
turn effect alters significantly the secondary flow structure, as seen
in Fig. 5(f).

The general effect of the Coriolis force induced secondary flow
in the first passage is to distort the rib induced vortices. Conse-
quently, the temperature contours are shifted toward the trailing
surface, which affects the heat transfer coefficients from both the
leading and trailing surfaces as seen from the corresponding tem-
perature contour plot. Notice that, in the tuffig. 5g)), the vor-
tex near the leading surface grew considerably at the expense of
the one next to the trailing surface, which was weakened and split
into two small vortices near the two corners of the trailing surface.
This results in pushing the cold fluid toward the outer and trailing
surfaces as seen in the corresponding contour plot. This effect
dominates until rib 10 which is the first rib in the second passage
(Fig. 5(h)). After rib 11, the Coriolis force induced secondary flow
(which pushes the cold fluid towards the leading surfapeadu-
ally overcomes the turn induced secondary flevhich pushes the
cold fluid toward the trailing surfageThis is shown clearly in the
temperature contour plots of Figsigd through(l).

Figure 6 is a plot of the cross-stream velocity vectors and tem-
perature contours for case (Ro=0.11 andB=135 deg at the
same planes as in the rotating case. The discussion of this figure is
based on comparing Fig. @ase 3: Re-0.11 andB=135 deg
and Fig. 5(case 2: Re-0.11 andB=90 deg. A few hydraulic
diameters before the first rib, the Coriolis force produces second-
ary flow that migrates diagonally away from the corner of the
inner-leading surfaces toward the center of the channel. As the

[0=(T—T,)I(T,—T,)] for rotating duct,
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Fig. 7 Streamwise velocity vector distribution for non-rotating

duct (case 1) at three planes: 0.002 D, below the inner surface,
midway between the inner and outer surfaces and 0.002 D,
above the outer surface

Fig. 8 Temperature contours midway between the inner and
outer surfaces for case 1 (Ro=0.0)

flow approaches the first rib, this Coriolis force induced secondagy,

flow distorts the secondary flow started by the inclined ribs. Thh%i ; P
d ) h - g. 7(@)). The reason is that the rib induced secondary flow near
effect can be clearly seen by comparing Fig)@uith Fig. 5@). e’ jnner surface is much stronger than the one near the outer

However, from rib 1 on, this rotation induced secondary flow ig,itace For the same reason mentioned above; the second passage

dominated by the rib induced secondary flow. A careful compari-.~~i ; ; ;
son between the secondary flow fields of case 3 and cde@2 velocity magnitude near the outer surfd€ég. 7(d)) is larger than

the one near the inner surfa@eig. 7(f)). It should be mentioned
that in this figure the apparent non-symmetric velocity field be-
'fveen the leading and trailing sides is a result of the angled 3-D
h . : Siew. This was confirmed by orthogonal 2-D viewsot shown.
gfrigﬁrlsni;hgi;?rg(p;(;itg? lf'zlr?d BBE 1%%”&%3”\?\,%;?];9??Fs(r)ature Figure 8 shows the temperature contours for the nonrotating
; : ' case midway between the inner and outer surfaces for the whole

=0.11 andB=90 deg, we notice the following. In the first pas- 4, | the first passage, a thin thermal boundary layer forms first

. . o fiear the leading and trailing surfaces. However, the periodic ribs
reducing the steep temperature gradients on the trailing surf

Th d h hn th SUrtafisturb and break the viscous sublayer and create high level of
e temperature contours do not change much in the Béigd 1 jjence in the near-wall region. The steeper temperature gradi-

6(g). In the beginning of the second passafey. 6h), the onig can e seen on the rib tigue to flow impingementand
cooler fluid is pushed back slightly toward the leading surfacgeyyeen the two adjacent rildue to flow reattachmentbut the
while the 'temperaéure field in the rest of the second passage is {36, jer temperature gradients are found right before and after the
same as In case 2. rib (due to a separation bubblé much higher temperature exists

Figure 7 is a plot of the streamwise velocity vector distributiof}, 1o second nassaae due to the thermal boundary laver thicken-
for the nonrotating ducfcase 1 at three planes: 0.008, below ina. P 9 yiay

the inner surface, midway between the inner and outer surfaces,

and 0.00D,, above the outer surface. A detailed investigation of Detailed Local Heat Transfer Coefficient Distribution. Fig-

the streamwise velocity field between the inner and outer surfacge 9a) is a plot of the local Nusselt number ratio contours on
revealed the following. In the first passage and near the inneoth the leading and trailing surfaces for the nonrotating case. The
surface(Fig. 7(a)), fairly large separation bubbles extend about éntrance and exit regions were cut to focus on the ribs and turn
rib heights downstream of the rib followed by a reattachmemwiffects. The highest Nusselt number ratios were obtained on the
region that separates once again about one rib height upstreantopfof the ribs, and the lower Nusselt number ratios were obtained
the next rib. The size of the separation bubble after the rib deght before and after the ribs for the first and second passages,
creases as we move away from the inner surfpegallel to the respectively. Between any two ribs in the first passage, the Nusselt
rib), and no reattachment is found once we reach the mid planember ratios are highest near the inner surface and decrease as
between the inner and outer surfa¢Egy. 7(b)). Moving further we move towards the outer surface. This is due to the rib induced
toward the outer surface, the flow separation resumes occurrggcondary flow moving from the rib leading to the trailing side as
only on top of the rib(Fig. 7(c)). The flow is able to reattach nearshown in Fig. 3a). Moreover, the Nusselt number ratios between
the inner surface because the secondary flow boundary layerthe ribs increased gradually along the first passage until the flow
this region is very thin. As we move toward the outer surface, ttepproaches the seventh rib, where it decreases gradually until the
secondary flow boundary layer gets thicker. Hence, the maininth rib. Nusselt number ratios in the turn are higher in the region
stream flow can not reattach in these regions. In the second pasxt to the divider wall tip while lower at the first corner. In the
sage, the large separation bubbles are formed near the outer sacond passadgbetween any two ribsthe Nusselt number ratios
face (Fig. 7(d)). The separation region extends to about 3.79 riéire higher near the outer surface and decrease as we move toward
heights after the rib, followed by a reattachment region that segae inner surface. Again, this is a result of the rib induced second-
rates again about one rib height before the next rib. Moving tery flow in the second passage shown in Fig)3

wards the inner surface, the size of the separation bubble deFigures $b) and(c) show the Nusselt number ratio contours on
creases until no reattachment is found midway between the outlee leading side for case(®o0=0.11 andB=90 deg and case 3

and inner surface@=ig. 7(e)). Separation resumes upon approachiRo=0.11 andB=135 deg, respectively. Comparing these fig-
ing the inner surfacéFig. 7(f)) and occurs only on the rib top. ures with the nonrotating leading sid€ig. 9(a)), we notice that
Moreover, in the first passage, velocity magnitude near the inrtke Nusselt number ratios decrease in the first passage, in both

rface(Fig. 7(a)) is larger than the one near the outer surface
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(d) Trailing surface (case 2: Ro =0.11 and B = 90°)
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Fig. 10 Calculated and measured Nusselt number ratios; Ro

=0.0, Ap/p=0.115

Spanwise-Averaged and Regional-Averaged Heat Transfer
Coefficients and Comparison With Experimental Data.
Comparisons were made with the experimental data of Azad et al.
[9] in order to provide a thorough evaluation of the present second
moment closure model. Figures 10 through 12 are plots of the
spanwise-averaged and regional-averaged Nusselt number ratios
(Nu/Ny,) for each of the three casd®o=0.0, Ro=0.11 (B
=90deg), and Re0.11 (8=135 deg). The Reynolds number
and the inlet coolant-to-wall density ratio were held constant at
values of 10,000, and 0.115, respectively. Note that the experi-
mental regional-averaged Nusselt number in Azad ef%l.is
based on the projected area of each copper plate rather than the
true heat transfer surface area which includes the 45-deg rib-
increased area. However, the predicted regional-averaged Nusselt

(&) Trailing surface (case 3: Ro =0.11 and = 135°) & 9 e 1 9 Traiing
3 ; ‘ ¥ 8L ; ﬁ%?@) regional average 8 :snlﬁce
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Fig. 9 Detailed Nusselt number ratio distribution 2 2& " ﬁ A
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cases, with the decrease in case 3 being higher. In the secorVgE 8f
passage, the Nusselt number ratios in both cases increase With s wm TE furtaee
respect to case 1. 6 - 6F
Figures 9d) and (e) show the Nusselt number ratios contourss'sf- =5
on the trailing surface for case(Ro=0.11 andB=90 deg and é,,, E,,
case JRo=0.11 and8= 135 deg, respectively. Comparing these , 3
figures with the non-rotating trailing sid&ig. 9a)), we notice A, /" ° )
that the Nusselt number ratios increase in the first passage, fo q’\/vvvm/-\
) - . - - 1 1
both cases, with the increase in case 2 being higher. In the second T T . N
passage, the Nusselt number ratios in both cases decrease, wih 2 Bsn;o' 29t %2 6B 10712 14 18

the decrease in case 2 being higher. The Nusselt number in the

bend is much higher for both cases when compared to the n@iy. 11 Calculated and measured Nusselt number ratios; Ro

rotating case.
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9r e 9 — sage when compared to the stationary case. The reason why the
8fl = %2’:*.’.?’@"“""'"“"1 8 surface R 135 s Nusselt number ratios in case B+ 135 deg) decreased more in

7| Leading surface 7t the first pass leading and trailing sides and increased more in the
ok 6 second pass leading and trailing sides compared to case 2 (

;5’ . =90 deg) can be understood in light of the conceptual secondary

£ 5. flow diagram in Fig. 2.

24 ] ] J = J The rotation-induced vortices in the 135-deg configuration
3 ﬁ 8 ‘ ﬁ move along the full face of the leading or trailing surfaces. How-
2 2 : ever, the rotation induced vortices in the 90-deg configuration
1 1 move along only one-half the face of the leading or trailing sur-
Of = e s Qra e b ye iz i ieqe  faces. With this in mind, we notice in Fig. 2 that the two second-
o D o D ary flows produced by rotation and angled ribs for the rotating
ok ok 135-deg duct combine in the first passage to destructiicgpo-

Joner Outer site direction reduce heat transfer on both the leading surface
TE sulace fum E sulace 22-percent decrease compared to an 8 percent decreage in
st 8t =90 deg and the trailing surfacéa 3-percent increase compared
18 sp

to a 12 percent increase =90 deg. Moreover, they combine
in the second passage to constructivedgme directionenhance
heat transfer on both the leading surfdeel6-percent increase
compared to a 14-percent increase@ir 90 deg and the trailing
surface(a 7-percent increase compared to a 5-percent decrease in
B=90 deg. On the other hand, the two secondary flows produced
by rotation and angled ribs for the rotating 90-deg duct combine
to (i) constructively(same direction enhance heat transfer for
Fig. 12 Calculated and measured Nusselt number ratios; Ro only one half of each of the leading and trailing surfaces, @nd
=0.11, =135 degAp/p=0.115 destructively(opposite directionreduce heat transfer for the other
half of each of the leading and trailing surfaces. The overall pre-
dicted Nusselt number behavior was relatively close to Azad et al.
number is based on the true heat transfer area for the test surfdogsdata. However, the predicted Nusselt numbers on the outer
with 45-deg ribs which is 1.25 times the projected area. Therefokurface and part of the trailing surface for the second-pass of the
the experimental data were divided by 1.25 to reasonably compaggating case were over-predicted. This may be partly attributed to
with our regional-averaged Nusselt number, except for the inngfe fact that the predicted Nusselt number ratios are based on a
and outer surfaces where there were no ribs. uniform wall temperature boundary condition, while the experi-
In Fig. 10(case }, the spanwise-averaged Nusselt number dignental ones are based on a uniform wall heat flux boundary con-
tributions on the leading and trailing surfaces show periodigition.
spikes. The higher spikes are caused by the flow impingement orThis computational study can be used to visualize the rib-
the ribs, and the lower spikes are caused by the flow reattachmigfuced, turn induced, and rotation induced secondary flows in the
between the ribs. The Nusselt number ratios are lower just ugvo-pass rectangular channels for both 90 and 135-deg orienta-
stream and downstream of the ribs and higher in the regions higns. This will help in designing better coolant passages which
tween the ribs. The Nusselt number ratios increase until about &@ve coolant flow consumption and improve turbine efficiency.
midsection between the seventh and eighth rib, which is similar kgoreover, this study reveals that the 135-deg orientation has a
Jang’s et al[26] 45-deg-rib case in a square channel. This phéewer Nusselt number in the first pass leading and trailing sides
nomenon is caused by the rib-induced secondary flow becomiggmpared to the 90-deg orientation. This should be taken into
stronger along the duct as discussed in Fig. 4 and also mentiorggsideration by the internal cooling designer to prevent excessive

by Han and Parkl]. The Nusselt number distribution on the inneheating should the design is based only on the 90-deg orientation
surface shows thdin the first passagét increases all the way to assumptions.

rib 9 as a result of the secondary flow that pushes the cold fluid
towards the inner surface. As was shown in Fig. 4, the direction g .
the secondary flow in the turn is reversed becoming from inner onclusions
outer surface, which results in sharp decrease of the Nusselt numA validated multi-block RANS method was employed to pre-
ber on the inner wall. In the second passage, the Nusselt numbiet three-dimensional flow and heat transfer in a rotating two-
values at the inner surface are low due to hot fluid coming fropass rectangular channel (AR:1) roughened with 45-deg
the outer and ribbed surfaces. For the same reasons discussggled ribs on both the leading and trailing sides. Two channel
above, the Nusselt number distribution on the outer surface is theentations are studie3=90 and 135-deg. The present near-
opposite of the Nusselt number distribution on the inner surfaceall second-moment closure model results were compared with
Figure 11(case 2: Re-0.11, 3=90 deg shows that the heat the experimental data of Azad et E). It predicted fairly well the
transfer coefficients on the leading surface decreased appraamplex three-dimensional flow and heat transfer characteristics
mately 8 percent in the first passage when compared to the stsulting from the angled ribs, sharp 180-deg turn, rotation, cen-
tionary case, while increased approximately 14 percent in the séifugal buoyancy forces and channel orientation. The inclined ribs
ond passage. The decrease and increase in heat transfart two counter-rotating vortices that oscillate in size along the
coefficients were due to the Coriolis force. On the trailing surfacetreamwise direction. For case 1, the secondary flow results in
the heat transfer increased approximately 12 percent in the fisséep temperature gradients and high heat transfer coefficients on
passage as compared to the stationary case while decreased bgth the inner and ribbed surfacésr the first passageand on
percent in the rest of the second passage. both the outer and ribbed surfadésr the second passagén the
Figure 12(Ro=0.11, =135 deg shows that the heat transferturn, the two counter-rotating vortices convect fluid from the core
coefficients on the leading surface decreased approximately tB®vards the outer surface, resulting in higher heat transfer coeffi-
percent in the first passage when compared to the stationary casents on the outer surface. For case 2=(90 deg, rotation-
while increased approximately 16 percent in the second passagéuced cross-stream secondary flow distorts the rib induced vor-
On the trailing surface, the heat transfer increased approximatébes and consequently, rotation shifts the temperature contours
3 percent(in the first passageand 7 percentin the second pas- and affects the heat transfer coefficients from both the leading and
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