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Abstract

Prediction of three-dimensional flow field and heat transfer in a two pass rib-roughened square internal cooling channel of turbine blades with
rounded staggered ribs rotating at high rotation and density ratios is the main focus of this study. Rotation, buoyancy, ribs, and geometry affect the
flow within these channels. The full two-pass channel with bend and with rounded staggered ribs with fillets (¢/ Dy, = 0.1 and P /e = 10) as tested
by Wagner et al. [J.H. Wagner, B.V. Johnson, R.A. Graziani, F.C. Yeh, Heat transfer in rotating serpentine passages with trips normal to the flow,
ASME J. Turbomach. 114 (1992) 847-857] is investigated. Reynolds stress model (RSM) turbulence model is used for this study. To resolve the
near wall viscosity-affected region, enhanced wall treatment approach is employed. RSM model was validated against available experimental data
(which are primarily at low rotation and buoyancy numbers). The model was then used for cases with higher rotational numbers (0.24, 0.475, 0.74
and 1) and higher density ratios (0.13, 0.23, and 0.3). Particular attention is given to how secondary flow, Reynolds stresses, turbulence intensity,
and heat transfer are affected by Coriolis and buoyancy/centrifugal forces, caused by high levels of rotation and density ratios. A linear correlation

for 4-side-average Nusselt number as a function of rotation number is derived.

© 2007 Elsevier Masson SAS. All rights reserved.

Introduction

Reliability of turbines is critically dependent on the tempera-
ture rise in their individual components while in operation. The
creep life of turbine blades is reduced to half with every 10 to
15 °C rise in metal temperature. Also, fatigue induced failure in
hot components, including blades depends on operational tem-
perature gradients across these components. In other words, hot
components design of turbines must aim to keep their operat-
ing temperatures as well as temperature gradients within some
tolerable limits.

Turbines are cooled with a combination of advanced cool-
ing techniques. However, one common technique is to have a
coolant fluid (pressurized air from compressor) flowing through
internal cooling channels formed within the hot components.
Ribs are introduced on leading and trailing surfaces inside inter-
nal cooling channels to disturb the boundary layer and enhance
the heat transfer by causing flow separation and increasing tur-
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bulence. The effect of rotation in ribbed channels is different
from that in smooth channels since rotational forces are coupled
with local velocity and temperature distributions. Ribs usually
placed with 90 deg, 60 deg or 45 deg angles to the bulk flow.
The flow inside cooling channels, in addition to the temperature
loads is affected by the rotational forces (i.e. Coriolis and cen-
trifugal). These rotational induced forces complicate the flow
structure within the ducts. When performing experiments, it is
very difficult to achieve conditions with high rotational speeds
and density ratios and hence numerical simulations are needed.
For decades researchers have investigated various aspects of in-
ternal cooling channels. Survey on the existing literature on the
subject showed that studies have been performed for rotation
numbers of up to 0.35 and for density ratios of up to 0.23. While
in actual practice, gas turbine operates at much higher values.
Many researchers have studied stationary or low speed ro-
tating rib-roughened channels experimentally: Webb et al. [1]
investigated rib-roughened circular tubes. Han and Glicks-
man [2], Han and Park [3], Han et al. [4,5] and Han and
Zang [6] investigated the effect of different rib cross-sectional
shapes, skewed ribs and channel aspect ratio. Taslim’s group
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Nomenclature
De Dean number
DR density ratio
Dy, hydraulic diameter
h heat transfer coefficient
k thermal conductivity of coolant
Nu local Nusselt number, h Dy, / k
Nu, Nusselt number in fully developed turbulent nonro-
tating duct flow
Nus calculated Nusselt number for Ro =0

Nur calculated Nusselt number for Ro > 0

P pitch (distance between ribs)

Pr Prandtl number

R radius from axis of rotation

N distance in streamwise direction
T local coolant temperature

R distance from axis of rotation to channel inlet
Re Reynolds number, pWoDp, /11
inner radius of bend
r radius from axis of rotation
k thermal conductivity ................... w/m°C
Ro rotation number, £2 Dy, / W,
Ty coolant bulk temperature
Ty coolant temperature at inlet
Ty wall temperature
Wo inlet velocity
o density of air
Ap/p density ratio, (T, — To)/ Ty
7 dynamic viscosity of coolant
2 rotational speed
0 dimensionless temperature, (T — 7o)/ (Ty — To)

Taslim [7], Taslim et al. [8], Taslim and Korotky [9], Taslim
and Lengkong [10] performed heat transfer coefficient mea-
surements on 45-degree round corner staggered ribs. The effect
of a variety of rib configuration on heat transfer could be found
in Taslim [11]. In the following review only rotating experimen-
tal and numerical work will be addressed.

An early experiment by Rothe and Johnson [12] showed the
effect of rotation on the location of flow reattachment after a
backward facing step. Wagner et al. [13] investigated orthogo-
nal rounded-ribbed channel, with fillets in staggered arrange-
ment. In the trailing surface of the first pass increasing Ro
causes local increase in Nusselt number by 75% compared to
stationary case. For high pressure surface of the first pass the
heat transfer increases rapidly with increasing either the rota-
tion number or density ratio. On the second pass leading surface
the heat transfer increases by 30 to 35%. On the low pressure
surfaces the heat transfer from leading first pass decreases for
Ro < 0.25 and then, depending on density ratio, increases with
increasing rotation number for larger values of density ratio.
The heat transfer from the first pass trailing surface increases
with density ratio. In the second pass trailing, the effects of
density ratio are larger than in the first pass leading, which was
attributed to uneven heat transfer coefficient distribution on the
low pressure surfaces due to the combined effect of buoyancy
forces and the stabilization of the near wall flow for low rotation
numbers, the Coriolis-driven secondary flow, and the increases
in flow reattachment lengths downstream of ribs for higher ro-
tation numbers.

Using laser Doppler anemometry and wall pressure mea-
surements, lacovides et al. [14] compared the results of square
U-bend staggered ribbed channel with smooth channel results
for Ro = 0.2. They showed that the separation bubble after the
turn is smaller in the ribbed channel than in the smooth one
and found higher overall turbulence level and formation of a
large separation bubble a long the outer wall as the flow en-
counters the first outer-wall rib, after the bend exit. For the
low rotation number considered in that study, the turn effect

was stronger than the rotational effects, which resulted in mi-
nor influence of the rotational effects immediately downstream
of the turn. In more recent experimental work, Liou et al. [15]
performed LDV and transient thermochromic liquid measure-
ments on square channel with U-turn and with in line square
90-deg ribs arranged on leading and trailing surfaces. Ro was
varied from 0 to 0.2 with Re fixed at 10000. Their results
showed that the rotation increased the streamwise velocity and
the turbulence intensities, which leads to heat transfer enhance-
ment. They also derived simple linear correlations between re-
gional average Nusselt number and rotation number. Johnson
et al. [16] performed heat transfer measurements on four-pass
square channel with two U-turns and with 45 deg circular
staggered ribs. The results showed enhancement of heat trans-
fer rate when compared to orthogonal ribs. Rathjen et al. [17]
performed experimental and numerical heat/mass transfer in-
vestigations in rotating (Ro = 0 and 0.1) two-pass channel with
staggered 45 deg ribs.

Research relevant to predicting heat transfer in internal cool-
ing channels is not as extensive as the experimental research.
Dunn [18] gave a brief review of experimental and predicting
capability work. Han et al. [19] provided both experimental
and numerical review. Shih and Sultanian [20], gave a review
on computations of internal and film cooling in gas turbines.
Rigby [21] used k—omega turbulence model with concentration
on grid structure to describe heat transfer in a ribbed channel
with 180 deg bend and showed reasonable agreement with ex-
perimental results of Park et al. [22]. Prakash and Zerkle [23]
performed a computation of rib-roughened rotating duct ne-
glecting buoyancy-centrifugal effect. They used k—e model
with either wall function or a zonal approach for wall treatment.
They suggested that a low-Re RSM model is necessary to cap-
ture anisotropy turbulence effect. lacovides [24] and Tacovides
et al. [14] studied velocity and heat transfer in rotating channels
with orthogonal staggered ribs using low-Re Differential stress
model (DSM) and effective viscosity model (EVM) with DSM
performed better. Liou et al. [15] performed flow and heat trans-
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fer numerical simulations using RSM turbulence model that
performed reasonably well. Iacovides and Raisee [25] applied
number of turbulence models, EVM and second moment type
to predict the flow and heat transfer through staggered ribbed—
roughened passages with U-turn. They concluded that second
moment closures are necessary in order to correctly repro-
duce the regions of flow separation, low-Re turbulent models
are necessary for heat transfer computations and that a low-
Re differential stress closure yields better thermal predictions
than low-Re EVM model. Using RSM with standard wall func-
tions, Bonhoff et al. [26] predicted the heat transfer for both
experimental cases of Wagner et al. [27] for smooth channel
and Johnson et al. [16] for 45 deg rib-roughened channel using
FLUENT CFD Code. The general trends of the heat transfer
coefficient were predicted correctly. However, for the ribbed
case, Nusselt number was overpredicted in the first pass and
underpredicted in the second pass of the leading surface, the
opposite for the trailing surface, and overpredicted in the inner
and outer surfaces. The reason, in addition to measurements
uncertainties, may be the use of wall functions approach for
the near wall treatment. Murata and Mochizuki [28] studied
the effect of centrifugal buoyancy on turbulent heat transfer us-
ing LES in rotating square duct with 90 and 60 deg ribs. Their
results show that in the 60 deg rib case the friction factor de-
creased by increasing Gr, which was opposite to the results of
the 90 deg case. The buoyancy-induced aiding flow enhanced
and suppressed the Coriolis induced secondary flow in the radi-
ally outward and inward flow configurations, respectively. The
predictions by Rathjen et al. [17] using k—e model with wall
function and a 2-layer approach shows significant discrepan-
cies compared to their heat/mass transfer experimental results.
Jang et al. [29] used RSM to predict flow and heat transfer for
the experimental case studied by Johnson et al. [16] using one
pass with Ro up to 0.24. They concluded that a second-moment
closure is necessary to predict the high anisotropy produced by
secondary flows induced by the angle ribs, rotating buoyancy
and Coriolis forces. Using RSM with both standard wall func-
tions and with enhanced wall treatment, the authors in Sleiti and
Kapat [30-36] investigated the flow and heat transfer for differ-
ent configurations: smooth channels with curvature at high Ro
and DR, ribbed-roughened channels, parallel mode rotation and
compared RSM to two-equation models. The results showed the
advantages of using RSM with enhanced wall treatment in pre-
dicting the high anisotropy, additional secondary flows caused
by high level of rotation and density ratios and the changes in
Nusselt’s number.

Literature review clearly reveals the need for studying the ef-
fect of high Ro and density ratios. The objective of this study is
to perform numerical heat transfer and flow field simulation of
a rib-roughened internal cooling channel of turbine blades ro-
tating at high rotation numbers and density ratios not studied
before for rib-roughened internal cooling channels configura-
tion. Results from this study for Nu and pressure drop are to
be compared with those for smooth channel. Particular atten-
tion would be given to how secondary flow, Reynolds stresses,
turbulence intensity, and heat transfer are affected by Coriolis
and buoyancy/centrifugal forces caused by high rotation (up to

Ro = 1) and high-density ratios (up to 0.3). The results obtained
are explained in view of physical interpretation of Coriolis and
centrifugal forces. Reynolds stress turbulence model and en-
hanced near wall treatment are employed. FLUENT CFD Code,
The FLUENT User’s Guide [37] is used for this simulation.

Governing equations

The continuity, momentum and energy equations for a New-
tonian incompressible fluid are given as:

a apU;
S (1)
ot 0x;
apU; 0pU;U; P 0
=pgi+F——+ —QuS;; 2
a 9x; pgi + ki ax; + 3)6,'( uSij) (2
B,OEO 8,0UiEo aq,- d
=pU;F; — —+ —U;T;; 3
e e = Ui = S i) )

where F; are the additional body-forces that can affect the fluid
motion such as rotation, magnetic or electric field etc., and s;;
is the strain rate tensor, T;; are the surface forces similar to
the viscous and pressure terms in the momentum equations and
E, is the total internal. Assuming constant rotation velocity the
extra terms due to rotation (body-force modification to the N-S
equations) are

aice = & jkEkim$2j§21x,m and aiw =2¢;j182; Uy 4)

Computational approach

Reynolds Stress Model (RSM) Gibson and Launder [38],
Launder [39,40], solves the Reynolds stresses, 7;; = uéu’j, us-
ing individual transport equations. The exact transport equa-
tions for the transport of the Reynolds stresses, may be written
as follows:

Dl','j 3DT’,‘]' aDL,l-j
Dr = ox + o +Pj+Gij+dij—eij+ Fij+S
(5)
where DD—T;j = %(pugu’j) +Cjj and %(pugu’j) is the local time

derivative, C;; the convection term, D7 ;; the turbulent diffu-
sion term, Dy ;; the molecular (viscous) diffusion term, P;;
the stress production term, G;; the buoyancy production term,
¢;j the pressure strain term, ¢;; the dissipation term, F;; the
production term by system rotation, and S the source term.
Of the various terms in these exact equations, C;j, Dy ;j, Pij,
and F;; do not require any modeling. However, turbulent diffu-
sion (Dr ;;), buoyancy production (G;;), pressure strain (¢;;),
and dissipation (&;;) need to be modeled to close the equations.
These terms are given as:

0

Cij = 3—)%(,0141{14;14'/)
D 8 o0, 8 ! 5 /
T,ij = _E[Iouiujuk + p(Bkju; + zk”j)]
a 9 —
Dy.ij= @[Ma(uiu;)il
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The code provides a variety of options with regard to the turbu-
lence modeling of theses terms. The pressure-strain term, ¢;;,
is modeled according to the proposals by Gibson and Laun-
der [38] and Fu et al. [41]. Turbulent Diffusive Transport term,
D7 ; ; is modeled by the generalized gradient-diffusion model
of Daly and Harlow [42]. The Fluent manual (The FLUENT
User’s Guide [37]) provides more details on the code and on
modeling other terms.

The results for four-leg square channel with rib-roughened
walls tested by Wagner et al. [13] were used in this study for
comparison using two of the four legs with one U-turn. En-
hanced wall treatment is used for the near wall treatment of
the flow and heat transfer. For the Pressure Interpolation at the
faces, the PRESTO scheme was chosen, which showed better
results for cases where the pressure profile has a high gradient
at the cell face.

Fig. 1 shows the duct geometry and the numerical grid gener-
ated using GAMBIT grid generator for this study. For enhanced
near wall treatment, y™* for the first cell next to a wall is taken

of order unity. To resolve the near wall viscous region 17 grid
points were placed in the boundary layer near all walls. The
shape of each rib needs 14 grid points to be resolved. The con-
vergence criteria for all quantities error were 10E-5 and 10E-7
for the energy equation. Unlike the experiments, uniform veloc-
ity profile was used at the entrance of the channel. At the exit,
a zero normal gradient exit boundary condition is set. The den-
sity of the fluid is approximated by p = poT,/ T to account for
density variations caused by the temperature differences, while
piecewise linear functions of temperature were used to account
for the viscosity, thermal conductivity and specific heat proper-
ties variations.

A grid-refinement study on leading and trailing surfaces
was performed using three different grid distributions of 44 x
44 x 880, 64 x 64 x 1650 and 82 x 82 x 2200. A compari-
son between calculated and measured values of Nusselt num-
ber ratio on the leading surface (for Re = 25000, Ro = 0.238,
Ap/p =0.13) showed 6.5% maximum change in Nusselt num-
ber between 44 x 44 x 880 and 64 x 64 x 1650 grid distribution.
Table 1 gives the grid refinement study on the trailing surface
for Re = 25000, Ro = 0.238 and DR = 0.13. A maximum Nu
enhancement of less than 1% could be achieved by increasing
the grid distribution from 64 x 64 x 1650 to 82 x 82 x 2200.
Thus it is concluded that 64 x 64 x 1650 grid distribution is
adequate, which resulted in 6 758 400 grid points. As a com-
parison, Jang et al. [29] performed a grid refinement study for
the case with one pass and with 45 deg angled ribs using sec-
ond moment closure. They concluded that 41 x 41 x 570 grid
points are adequate to resolve the whole channel.

Leading Leading
()uterD Inner D()uler
Trailing  Trailing
S/Dh=16.75
S/Dh=14 -=— E 1= $/Dh=19.5
S/Dh=10.5 — = S/Dh=23

== S/Dh=26.5

S$/Dh=3.5 S/Dh=30

Fig. 1. Numerical grid and Geometry for two pass square channel with staggered ribs.
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Table 1

Nu/Nuy on trailing surface using different grids

Grid S/Dy, Diff S/Dy, Diff S/Dy, %
12 % 16 % 24

44 x 44 x 880 3.48 8.5 2.55 12 1.88 10

64 x 64 x 1650 3.57 6 2.71 55 1.81 4.5

82 x 82 x 2200 3.58 5.8 2.69 53 1.8 4.2

Wagner et al. [13] 3.8 0.0 2.9 0 1.7 0

Results and discussion

The geometry of the two-pass channel is shown in Fig. 1.
The four walls of the square duct are denoted as the leading,
trailing, inner and outer sides. All walls are heated to a con-
stant temperature. Eleven rounded ribs with fillet were placed
on leading and trailing surfaces of every passage in a staggered
arrangement with ribs on the leading surface offset upstream
from those on the trailing surface by a half pitch (P). The length
of every passage is 14 x Dy, the U-turn inner diameter (2 x r) is
2.5 % Dy, and the distance from axis of rotation to channel in-
let (R) is 44 %« Dy, duct. The distance from the duct inlet to the
first rib and from the duct outlet to last rib is 3.5 % Dy,. The rib
height-to-hydraulic diameter (blockage ratio) is 0.1 and the rib
pitch-to-height ratio is 10. In this study, rotation numbers con-
sidered are 0.0, 0.238, 0.475, 0.74 and 1. Density ratios of 0.13,
0.229, and 0.3 which correspond to wall temperature of 344,
389, and 428 K, respectively with Reynolds number fixed to
25000 and operating pressure to 10 atm. Nusselt numbers were
normalized with a smooth tube correlation (Kays and Craw-
ford [43]) for fully developed, nonrotating, turbulent flow:

Niug = 0.0176Re%8 (7

The coolant temperature is T, (i.e.,0 = (T —T,)/ Ty — T,) =0)
at the duct entrance and the wall temperature was kept constant
at T =T, (0 = 1) for all sidewalls. A comparison between the
calculated and measured Nusselt number ratio was performed
for rotation number of 0.0, 0.238 and 0.35 at coolant-to-wall
density ratio (Ap/p) of 0.13 and is given in Fig. 2. The pre-
dicted Nusselt number using RSM with enhanced near wall
treatment are in good agreement with measured data to within
10%. At the entrance, the predictions for all cases are less than

2.8
26
2.4 4
2.2 1
20

1.8 4
16 A

Nu/Nuo

—4—Exp.-Ro=0 |
~———Exp.-Ro=0.238 | __|
—&—Exp.-R0o=0.35
1.4 4 - = Q- - :RSM-Ro=0 —
. — 13— -RSM-Ro=0.238 | |
1.2 g — -& —RSM-Ro=0.35
1.0 T T T T

0 4 8 12 16 20 24 28 32 36
S/Dh

Fig. 2. Predicted and measured, Wagner et al. [13] Nusselt number ratios on
leading surface; Re = 25000, DR =0.13.

the measured. This may attributed to the difference between the
experimental and numerical inlet boundary conditions.

Temperature and streamwise velocity profiles and secondary
flows

Study was performed for rotation numbers of 0, 0.475 and
1 at 0.13 DR and for Ro =1 at DR =0.13, 0.23 and 0.3. The
Reynolds number and radius ratio R/Dj, were held constant
at 25000 and 44, respectively. Fig. 3 provides the streamwise
velocity vectors and temperature distribution in a vertical cross-
section at the center of the 1st pass, U-turn and 2nd pass, re-
spectively and Fig. 4 shows the secondary flow patterns and
temperature contours, where each figure is viewed from up-
stream. In the first pass, for Ro = 0 (not shown) the Reynolds
stress anisotropy generate secondary flow at the corners. The
outward flow impinges into the ribs which causes a small region
of flow separation in front and after each circular rib on both
leading and trailing surfaces. Increasing Ro to 0.475 caused the
formation of large thin vortices between ribs in the leading sur-
face as a result of the effect of the ribs and the buoyancy force
that decelerate the slow momentum hotter fluid near the leading
surface. The centrifugal force accelerates the colder fluid near
the trailing surface where the small vortices become clearer
and the reattachment length increases. At this level of rotation
(Ro = 0.475) two Coriolis induced vortices and two additional
vortices because of ribs, appear near the trailing surface at lo-
cation S/ Dy, = 8.5. At higher rotation numbers, Ro = 0.74 and
Ro =1, the main flow completely gets separated near the lead-
ing side. Coriolis and buoyancy/centrifugal effects are much
stronger at high Ro, causing the small vortices near the leading
surface to become large vortices in the stream wise direction
and the small vortices at the trailing rib-back to become wider
and those at the trailing rib-front shorter. Increasing DR to 0.23
tends to decrease the size of vortices near the leading side. In the
U-turn the flow separates at Ro = 1 and DR = 0.13 and 0.23.
Two vortices are formed in the U-turn (S/ Dy, = 16.75), as a re-
sults of the combined effect of cross-stream Coriolis forces and
high-pressure gradients. In the second pass, where the Coriolis
is acting toward the leading surface and buoyancy aligned with
streamwise flow, high rotation (at Ro = 1) accelerates the flow
and tends to suppress the vortices in front of the ribs shortly
after the U-turn and then, downstream a flow circulation is ob-
served between ribs on the trailing surface. Increasing DR to
0.23 causes more flow acceleration and tends to suppress the
vortices behind the ribs. Fig. 3 and 4 clearly show that as DR
increases the temperature difference between walls and fluid
becomes more than that of cases with lower DR.

Turbulence anisotropy

The complexity of the flow inside internal cooling channels
(ribs, U-turn, rotation, etc.) generates turbulence anisotropy.
Thus the turbulence model employed to solve such flow phe-
nomena must be capable of capturing anisotropic turbulence
effects. Fig. 5 depicts the ratio of the Reynolds stress normal
components in the first pass, U-turn, and second pass. In the
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Fig. 3. Streamwise velocity vectors (W in the 1st and 2nd pass and U in U-turn) and 6 contours.

first pass, where the Coriolis force is directed toward the trailing
surface such that the streamwise velocity profiles are skewed to-
ward the trailing wall. The rib generated shear layer on the trail-
ing side and the high velocity gradients associated with skewed
velocity profiles caused high turbulence anisotropy, approxi-
mately having values of 0.4-1.9 at Ro = 0.475 and DR = 0.13,
0.3-1.6 for Ro =1 and DR = 0.13 and of 0.32-1.9 for Ro =1

and DR = 0.23 near the leading surface. In the second pass,
the turbulence anisotropy has values of 0.4-1.8 at Ro = 0.475
and DR = 0.13, 0.4-1.8 for Ro = 1 and DR = 0.13 and of
0.27-1.7 for Ro = 1 and DR = 0.23 near the trailing surface.
In the U-turn, the turbulence anisotropy has values of 0.55-1.8
at Ro =0.475, 0.5-1.7 for Ro =1, DR = 0.13 and of 0.4-1.8
for Ro = 1, DR = 0.23 near the trailing surface. As a com-
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Fig. 4. Secondary flow vectors (colored by streamwise velocity, W in the 1st and 2nd pass and U in U-turn) and € contours.
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Fig. 5. Turbulence anisotropy in terms of w’w’/v"v’ contours in the first and second pass and in terms of u’u’ /v'v’ in the U-turn.

parison, Liou et al. [15] in their experimental study of flow
and heat transfer in a rotating two-pass square channel with
90 deg in-line square ribs on leading and trailing surfaces re-
ported turbulence anisotropy, also in terms of the ratio of the

Reynolds stress normal components, of 1.8-2.2, 1.8-2.8 and
1.3-2.4 in the first pass, U-turn, and second pass, respectively
for Ro = 0.2. The results from our study show that high rotation
and density ratios, although suppresses turbulence in general
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trend but it also tend to redistribute these intensities resulting
on large low intensities and small high intensities regions.

The influence of F;j on dynamics

The system rotation at angular velocity £2* is manifested in
the velocity fluctuation equation by the appearance of a Coriolis
force term, —2(£2* x V). The additional forces that are acting
on the flow are:

Coriolis force: f,, = —2p(§£2 x V), which in this case
yields: feo = —2p[j (2w) — k(£2v)]. In the first pass the Cori-
olis force, due to W velocity component acts toward trailing
surface (in second pass vice versa). In the U-turn the Corio-
lis force due to +V and —V velocity components acts towards
outer and inner surfaces, respectively.

Centrifugal force: f.. = —p[$2 x (§2 x r)], which yields:
Jee =k(p$2 21). In the first, second passes and in the U-turn the
centrifugal force acts toward positive z direction a way from
axis of rotation.

The derived equation for the production term by system ro-
tation is given by:

With a rotation vector 2* = (—£2i + 0/ + 0k), it follows from
Eq. (8) that the Reynolds stresses equations contain additional
terms as shown in Table 2.

When w'w’ > v'v/, F3> becomes negative, in which case it
acts to add to Reynolds shear stress on the trailing surface where
(w'v" < 0) and decrease it on the leading surface if no density
ratio is involved (flow without heating). Enhanced Reynolds
shear stress may be associated with high turbulence activity. If
the fluid is heated, the buoyancy becomes very important factor
that affects the Reynolds stresses.

Reynolds shear stress components

The shear stresses, v/w’, play a dominant role in the theory
of mean momentum transfer by turbulent motion. They are de-
picted in Fig. 6 (normalized with Wo?) in the first pass, U-turn
and second pass. In the first pass, high rotation (strong Cori-
olis), and buoyancy increased shear stresses near the trailing
surface (with minus sign) and also increase them near the lead-
ing surface (with positive sign) compared to stationary case.
In the U-turn at Ro = 1, two regions are predicted with high
shear stress; 0.05 near the leading and —0.065 near the trailing
surfaces. Increasing density ratio to 0.23 caused an increase of

Fij = —2p8 (u/juﬁnsikm + u;uﬁnsjkm) 8) u'w’ t0 0.085 near leading and —0.12 near trailing, respectively.
Table 2
The influence of F;; on dynamics
1st pass U-turn 2nd pass
i,J Re stress Fij i,J Re stress Fij i,j Re stress Fij
33 ww 4pQ2w'v’ L1 u' 0 33 ww’ 4p2w'V’
2,2 v’ —4p2v'w’ 2,2 v/ —4p2v'w’ 2.2 v’ —4p2v'w’
32 w'v 20202 —w'?) 12 W' —20Q2u'w 32 wv’ 200202 —w'?)
Flow
—  p Rib#lI — > <4+ Rib#11
. e
0.014 0.005
-0.016
-0.014 -0.007 J—
: 016
Ro=0, DR=0.13
0.012 0.014 B o018
-0.025 -0.014 0.013
- » = - el e cwm— - — | —
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1% pass U-turn 2™ pass

Fig. 6. Reynolds shear stresses in terms of v'w’/ Wo? contours in the first and second pass and in terms of u’v’/ Wo? in the U-turn. (values shown are the (+ve and

—ve) maximum).
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In the second pass shear stresses increased near the leading sur-
face as Ro and DR increases. Near the trailing surface, u'w’
first decreases by increasing rotation number to 0.475 then in-
creases as Ro and DR increase. Increasing DR to 0.23 caused
further increase in shear stresses near the leading and more in-
crease near the trailing with minus sign. In summary, the shear
stresses are increasing by increasing both Ro and DR in the first
and second passages and in the U-turn. The effect of this trend
on Nu is to be addressed next.

Nusselt number

Nu distribution in a ribbed-roughened channel is different
from that in smooth walls channel. The local Nu is very high
on top of the ribs and much smaller between the ribs as shown
by Fig. 7. However, in order to study the effect of increasing
rotation number and density ratio on heat transfer distribution,
Nusselt number is calculated at 9 locations on the leading, trail-
ing, inner and outer surfaces for Ro of up to 1 and DR of up
to 0.3. Note that this approach does not represent the actual dis-
tribution of Nu, but rather gives a comparison between different
levels of Ro and DR. Calculation of Nusselt number is based on
the mass weighted average bulk temperature at every section of
the 9 locations. The results are shown in Fig. 8. Note that the
heat transfer coefficients in Wagner et al. [13] were based on the
projected area rather than the actual heat transfer surface area
due to the rib geometry, where the actual heat transfer area is
1.15 times the projected area. On the leading surface, for every
level of rotation, Nu decreases up to S/Dj = 14 then starts to
increase in the U-turn up to S/ Dy, = 15.75. Then Nu decreases
and again increases in the second pass. Increasing DR to 0.23
increased Nur slightly on the first and second pass but decreased
Nur on the U-turn region. Increasing DR to 0.3 did not change
Nur much. On the trailing surface the opposite is observed. Nur
increases rapidly in the first pass as Ro increases and then in-
creasing DR Nur decreases. In the U-turn, Nur increases as Ro
increases and as DR increases. In the second pass, increasing
DR caused a slight decrease in Nur. On the inner surface Nur
increased for every Ro up to S/Dj, = 10 then decreased slightly
then picked up its maximum value on the U-turn region after
which it decreases to its minimum values. Increasing Ro caused

iy
a8
a2

28

=

Fig. 7. Nu/Nu, distribution on rib #6 on the leading surface of the first pass
(Ro=1.0, DR =0.23).
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an increase on Nur while increasing DR decreased Nur for all
location on the inner surface. On the outer surface, increasing
Ro increases Nur in the first pass and in the U-turn, while in the
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Fig. 8. Effect of increasing Ro and DR on local Nu/Nug on all four surfaces.
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Fig. 9. Mass weighted total pressure drop.

second pass, Nur decreases by increasing Ro. Increasing DR
decreases Nur slightly in all locations. The maximum increase
in Nur was found on the first pass and the U-turn region, while
the maximum decrease was found on the second pass. From
these results it has been observed that the 4-side-average Nur
increases linearly with Ro. Thus it is possible to derive correla-
tion for Nur/Nus as a function of rotation number and another
correlation as a function of density ratio for every surface (i.e.
leading, trailing, inner and outer) or for the whole channel. Such
correlation for the whole channel was derived based on Ro of
0.24, 0.35,0.475, 0.74 and 1 and it’s given as:

Nur/Nus =0.613 xRo + 1 )

The variation of Nur with DR is not significant at high rotation
numbers. The decrease in Nur as DR increases is due to the fact
that although the wall heat flux increases, the increase in the
difference between wall and fluid bulk temperature is more. At
low rotation numbers (up to Ro = 0.35), increasing density ra-
tio caused an increase in Nu on the leading and trailing surfaces
at all locations of the channel. This behavior of Nu is confirmed
in the experimental results by Wagner et al. [13] for Ro up to
0.475 and DR up to 0.23. At high Ro, when DR increases the
Reynolds shear stresses increase near both trailing and leading
surfaces, while Nur decreases. The explanation for this behav-
ior of Nur is that by increasing DR the fluid density decreases
significantly such that the increase in Reynolds shear stresses
does not compensate that decrease in density to enhance the
heat transfer.

Total pressure drop

Fig. 9 shows the mass weighted average pressure drop across
the channel. In the first pass the total pressure increases as Ro
increases to reach the maximum value in the U-turn, then starts
to decrease in the second pass. Increasing DR decreases the to-
tal pressure as the density of the fluid is decreasing.

Conclusions

Prediction of heat transfer and flow field of a rib-roughened
internal cooling channel of turbine blades rotating at high ro-
tation numbers (up to 1) and density ratios (up to 0.3) is per-
formed, the results show the following:

RSM turbulence model and enhanced near wall treatment
provided accurate predictions for Nu when compared to exper-
imental data.

At Ro =1 large vortices are formed near the leading surface
in the stream wise direction. Increasing DR to 0.23 tends to
decrease the size of vortices. In the U-turn the flow separates
at Ro=1 and DR = 0.13 and 0.23 and two new vortices are
formed.

The rib generated shear layer on the trailing side and
the high velocity gradients associated with skewed velocity
profiles caused high turbulence anisotropy, having values of
W'W’/ V'V’ from less than 1 to more than 2.

High rotation (strong Coriolis), and buoyancy increase shear
stresses near the trailing and leading surfaces compared to sta-
tionary case. In the U-turn at Ro = 1, two regions are predicted
with high shear stress; near the leading and near the trailing sur-
faces. Increasing density ratio caused an increase near leading
and trailing surfaces.

Increasing rotation number enhances heat transfer, while in-
creasing density ratio to 0.3 at high Ro did not or in some
locations slightly decreases Nur.

4-side-average Nur correlates with Ro linearly, where a lin-
ear correlation for Nur/Nus as a function of rotation num-
ber is derived for the parameters studied, i.e., Re = 25000,
R/ Dy, =44, Ro from 0 to 1, and DR of 0.13.
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