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ABSTRACT

The CFD++ code has been used to simulate the flow through a rotating U−bend, representing a
single cooling passage within a turbine blade. Previous work in this area has been restricted to
an orthogonal−mode rotation of the cooling passages, corresponding to a fixed, zero−degree
stagger angle. This paper considers the effects of varying stagger angle on the global and local
heat−transfer characteristics of the flow within the U−bend. Simulations show that as the stagger
angle increases, the cross−flow pattern within the passage rotates accordingly, both in the case of
the symmetric secondary motions in the inflow pipe and the asymmetric cross−flow in the return
pipe (an asymmetry which, curiously, exists even in the case of orthogonal−mode rotation). The
variation in the cross−flow pattern is primarily due to Coriolis forces, which accelerate fluid
toward either the leading or trailing walls, according to the orientation of the local flow vector
with respect to the acceleration vector. The generated secondary motions preferentially elevate
the heat transfer on the surface toward which the Coriolis force acts, whilst diminishing heat
transfer on the opposing  surface of the bend.

NOMENCLATURE
cp − specific heat of air, J/(kg.K)
D − hydraulic diameter, m
E − total energy per unit mass, J/kg
K − turbulent kinetic energy, m2/s2

Nu − Nusselt number = αD/λwall

q − heat−flux vector, W/m2

Pk − turbulence production, m2/s3

Re − Reynolds number = µρ /DVb

Ro − rotation number = bVD /Ω
r − radius, m
S − mean−strain tensor
T − temperature, K
t − time, s
U − mean velocity, m/s
u − velocity fluctuation, m/s
Vb − bulk (inlet) velocity, m/s
W − mean−vorticity tensor
X I − vector to axis of rotation
x − length coordinate, m
α − heat transfer coefficient 

= qwall/(Tinlet−Twall), W/(m2K)
ε − turbulence dissipation rate, m2/s3

εi jk − third−order alternating tensor
φ − stagger angle
λ − heat con. coefficient, W/(m.K)
µ − dynamic viscosity coeff., kg/(m.s)

µt − turb. eddy viscosity , kg/(m.s)
ρ − density, kg/m3

τ − shear stress, N/m2

ω − angular velocity, rad/s

)( − time−averaged quantities

INTRODUCTION
Design requirements for modern jet engines
with large thrust−to−weight ratios usually
result in high temperatures in the vicinity of
the rotating turbine components. One of the
most critical of these components is the
turbine blade, within which, internal cooling
passages (Fig. 1) are typically employed to
allow safe operational performance at higher
blade−tip speeds and increased mass−flow
rates. The surfaces of these cooling
passages are often intentionally ribbed,
fluted or otherwise roughened with the aim
of promoting turbulence and hence
increasing the transfer of heat away from the
blade material.1,3 Further complexity arises
from the fact that the rapid blade rotation
subjects the internal cooling flow to
centripetal and Coriolis forces. As a result,
only a limited amount of experimental data
is currently available for some simplified
configurations.5,7
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In an earlier paper,6 we presented a study of
the flow through a square cross−sectioned
U−bend passage, for cases in which the
bend was either stationary, or rotating in
orthogonal−mode (rotation about the z−axis,
perpendicular to the plane of the U−bend in
Fig. 2). This configuration was chosen to
match the experimental conditions of Cheah
et al7 − a set of conditions which have also
been studied numerically by the same
research group at UMIST.2,4 This work
represented an important step towards
validating advanced turbulence closures in a
complex flow field with body forces, but
considered only the case in which the
stagger angle, φ, was zero. This paper
specifically examines the effect of varying
stagger angle on the surface heat−transfer
within the U−bend.

NUMERICAL MODELING

The governing equations used for these
simulations consist of the continuity,
momentum and energy equations, with
additional terms accounting for the frame
rotation:
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Turbulence closure is provided by means of
a non−linear eddy−viscosity model, which
is able to give some representation of
normal−stress anisotropy and streamline
curvature effects.8 This model consists of
transport equations for k and ε, in addition

to an expansion for the Reynolds−stress
tensor involving terms linear, quadratic and
cubic in the mean strain and vorticity
tensors:
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Full details of the model, including all
model terms and constants can be found in
Goldberg et al.8,11

Computations are performed using a finite−
volume flow−simulation software package,
CFD++, in which the Reynolds−averaged
Navier−Stokes equations are solved for
low−speed compressible flow using
implicit, pre−conditioned relaxation.9,10 The
grid, whose surface is shown in Fig. 3,
consists of approximately 270,000
hexahedral elements, with a clustering
imposed near all solid surfaces and in the
vicinity of the shoulders of the U−bend.

BASELINE CASE −

ZERO STAGGER ANGLE

For completeness, we first summarize the
results of our earlier calculations, which
were restricted to a zero−degree stagger
angle.6 In this, and subsequent cases, the
inlet temperature is 300K, the passage walls
are held at a constant 700K and the bulk
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velocity at the inlet is taken as 35.78m/s in
order to match the Reynolds number
considered by Cheah et al.7 A back pressure
of one atmosphere is imposed at the outlet.
The square passage is of 5cm hydraulic
diameter, with the inner and outer radii of
curvature of the bend being 3.25cm and
0.75cm, respectively, and the distance from
the outer wall to the axis of rotation is
13.25cm. Figs. 4 to 6 show the surface
Nusselt−number distributions for the three
cases of rotation number, Ro =0, −0.2 and
+0.2 (corresponding to 0, −143 and 143
radians/second respectively, with the
positive sense defined as counter−clockwise
about the rotation axis). These figures
illustrate the differences in location and
magnitude of the heat transfer, with the
highest levels occurring in the case of
positive rotation. Plane−restricted stream−
traces shown at y=−2D (−0.1m) in Figs. 7 to
9 offer some explanation for these
differences. These figures show three very
different secondary motions in the return−
flow pipe from the U−bend. Relative to the
stationary case, the turbulent−kinetic energy
levels are suppressed in the case of negative
rotation and enhanced in the case of positive
rotation. The asymmetry in the return pipes
for both rotating cases is rather curious,
considering the symmetry in the equations
about the mid−plane of the U−bend. This
asymmetry is strongest in the case of
positive rotation, where Coriolis forces
accelerate the fluid toward the outer wall of
the U−bend (both the solution shown on the
right of Fig. 9 and its mirror image about
the z=2.5cm mid−plane have been
observed). There is some independent
confirmation of this phenomenon, for
example, Nikas12: "...the flow instabilities
and indeed the lack of flow symmetry
reported by the experimentalists within the
bend needs to be born in mind.". Further
research is, however, needed to verify this
observation, since linear k−ε models (those
which do not account for normal−stress
anisotropy) have been observed to give
symmetric solutions in both inflow and
return pipes.

The forces due to rotational acceleration are
expected to alter the mean flow field

characteristics, both directly, through
influences on the mean momentum, and
indirectly, through influences on the
turbulent velocity fluctuations. The induced
secondary motions might be expected to
have a beneficial effect on heat transfer due
to the increased mixing rate, however,
indications are that the level and location at
which this occurs varies according to the
relative orientation of the flow vector with
respect to the acceleration vector. For
example, both peak and average heat
transfer levels in the case of negative
rotation are less than that in the stationary
case, whereas peak heat transfer in the case
of positive rotation exceeds that of the
stationary case by approximately 25%.

In all cases, the levels of Nusselt number
rise as the flow passes through (and
separates due to) the adverse pressure
gradient in the U−bend. The elevated heat−
transfer levels persist for some distance
downstream, with the turbulent motions
transporting the cooler, high momentum,
fluid to the heated walls. These high levels
of Nusselt number in the bend exit region
are consistent with the strong vortex
observed using LDA in earlier experiments.7

In the following sections, we consider the
additional effect of stagger−angle on the
surface heat transfer.

STAGGER ANGLE WITH POSITIVE
ROTATION

Within a single turbine blade, the stagger of
each internal cooling passage with respect to
the rotation axes can vary significantly due
to blade curvature. For example, in Fig. 1,
the case of a 90−degree U−bend stagger
angle constitutes a more realistic
representation of those cooling passages
nearest the blade leading−edge. The
Coriolis forces here cause an acceleration of
fluid toward the leading side of the pipe in
the inflow section and toward the trailing
side in the return section. Fig. 10 shows
plane−restricted streamtraces in the cut−
plane at y=−2D. Two almost symmetric
recirculation zones are visible either side of
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the diagonal in the inflow pipe and, again,
an asymmetric flow pattern exists in the
return pipe, with a large vortex significantly
augmenting the heat transfer near the
trailing, inside corner (see Fig. 11).

Figs. 12 and 13 show the corresponding
results for a positive rotation (rotation
number 0.2), with a 90−degree stagger
angle. In contrast to the zero or 45o stagger−
angle cases, the asymmetric distribution of
the Nusselt number here shows more modest
levels. The turbulent flow beyond the U−
bend in the y=−2D cross section exhibits a
large re−circulating path which traverses
most of the perimeter, preventing cooler
fluid in the core from coming into contact
with the heated tube walls.

STAGGER ANGLE WITH NEGATIVE
ROTATION

In a practical environment, there is likely to
be little flexibility regarding the orientation
of the U−bends or their rotation sense.
However, indications are that the flow
direction in the cooling passages has a
strong effect on the overall heat−transfer
levels. Certain cases of negative rotation
can be considered (from symmetry
arguments − see Fig. 2) as mirror−images of
the previous cases of positive rotation, but
now with the flow direction in the cooling
passages reversed.

Fig. 14 shows the cross−flow stream trace
pattern in the inflow and return pipes at y=−
2D for the case of 45o stagger at negative
rotation. The inflow pattern on the left of
Fig. 14 shows an expected symmetry with
the 45o stagger at positive rotation (left of
Fig. 10). However, there is no
corresponding symmetry exhibited by the
flow pattern in the return pipe (right of Fig.
14), which also indicates lower levels of
turbulence toward the swirling flow near the
outer boundary of the U−bend. This
observation is confirmed in Fig. 15, which
shows, relative to all previous cases,
diminished heat transfer levels.

Although these flows do not always exhibit
the expected symmetries within the bend
mid−plane, Figs. 16 and 17 indicate that the

case of 90o stagger with negative rotation
does indeed mirror−image the 90o stagger,
positive rotation case shown in Figs.12 and
13.

The surface−averaged Nusselt numbers for
all cases are summarized in the table below.

Case Surface−averaged
Nusselt number

φ=0, Ro=0 163.4

φ=0, Ro=+0.2 160.3

φ=0, Ro=−0.2 154.6

φ=45o, Ro=+0.2 160.5

φ=90o, Ro=+0.2 154.5

φ=45o, Ro=−0.2 152.7

φ=90o, Ro=−0.2 154.2
Table 1.  Comparison of averaged Nusselt

numbers for all cases.

The figures above are obtained from an
integral average over the entire surface,
including inner and outer walls. In a
practical configuration, more emphasis
ought to be placed on the heat−transfer
through the outer wall, which is in closer
proximity to the heated surface of the
turbine blade. Nevertheless, these figures
expose a trend which is consistent with the
visualizations of the surface Nusselt−
number distributions, which indicate that
heat transfer is suppressed in the case of
negative rotation and suppressed for any
rotation sense as the stagger angle
approaches 90 degrees. Whilst the stagger
angle may not be easily adjusted, these
results illustrate the strong influence of the
direction of flow within the cooling
passages.

SUMMARY

This paper has considered the effects of
stagger angle on the surface heat transfer
within rotating U−bend passages.
Calculations show that the Coriolis force
establishes re−circulating secondary motions
within the passage, in which the local heat
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transfer is either augmented or diminished
by the acceleration of the fluid toward or
away from the surface, respectively. The
case which maximizes the average heat
transfer across the entire surface of the
passage is that of the stationary U−bend,
however positive rotation at either zero or
45o stagger attains similar levels and
preferentially increases heat transfer on the
outer surface. Negative rotation diminishes
the heat transfer, both globally and, in
particular, on the outer surface. Heat
transfer is further decreased at a 45o stagger
angle. This represents an undesirable design
attribute and highlights the importance of
choosing the correct direction of flow within
the cooling passages.

REFERENCES

1. A. Hoselhaus, D.T. Vogel and H. Krain,
"Coupling of 3D−Navier−Stokes
External Flow Calculations and Internal
3D−Heat Conduction for Cooled
Turbine Blades, AGARD−CP−527,
Proceedings AGARD Conference on
Heat Transfer and Cooling in Gas
Turbines, Antalya, Turkey, 1992.

2. T. Bo, H. Iacovides and B.E. Launder,
"The Prediction of Convective Heat
Transfer in Rotating Square Ducts",
VIII Symposium on Turbulent Shear
Flows, Munich, Germany, Sept. 9−11,
1991.

3. W.D. Morris and R. Salemi, "The Effect
of Orthogonal−Mode Rotation on
Forced Convection in a Circular−
Sectioned Tube Fitted with Full
Circumferential Transfer Ribs,
AGARD−CP−527, Proceedings
AGARD Conference on Heat Transfer
and Cooling in Gas Turbines, Antalya,
Turkey,  1992.

4. T. Bo and B.E. Launder, "Turbulent
Flow and Heat Transfer in Idealized
Blade Cooling Passages", AGARD−
CP−527, Proceedings AGARD
Conference on Heat Transfer and
Cooling in Gas Turbines, Antalya,
Turkey, 1992.

5. G. Lodigiani, A. Trovati and L. Paci,
"Cooling Geometry Optimization Using
Liquid Crystal Technique, AGARD−

CP−527, Proceedings AGARD
Conference on Heat Transfer and
Cooling in Gas Turbines, Antalya,
Turkey, 1992.

6. S. Chakravarthy, T.K. Bose, P. Batten,
S. Palaniswamy, U. Goldberg and O.
Peroomian, "Convective Heat Transfer
Inside Rotating Tubes, AIAA 00−3356,
36th AIAA/ASME/SAE/ASEE Joint
Propulsion Conference, Huntsvile, AL,
July 2000.

7. S.C. Cheah, H. Iacovides, D.C. Jackson,
H. Ji and B.E. Launder, "LDA
Investigation of the Flow Development
Through Rotating Ducts, ASME Paper
No. 94−GT−226, 1994.

8. U. Goldberg, P. Batten, S.
Palaniswamy, S. Chakravarthy and O.
Peroomian, "Hypersonic Flow
Predictions Using Linear and Non−
linear Turbulence Closures, Journal of
Aircraft, 37(4), 2000.

9. O. Peroomian and S. Chakravarthy, "A
Grid−Transparent Methodology for
CFD", AIAA Paper 97−0724, Reno/NV,
1997.

10. O. Peroomian, S. Chakravarthy, S.
Palaniswamy and U. Goldberg,
"Convergence Acceleration for Unified−
Grid Formulation Using Pre−
conditioned Implicit Relaxation, AIAA
Paper 98−0116, 1998.

11. U. Goldberg, O. Peroomian and S.
Chakravarthy, "A Wall−Distance−Free
k−e Model with Enhanced Near−Wall
Treatment, ASME JFE, Vol. 120, 1998.

12. K. S. Nikas, Computation of Flow and
Heat Transfer Through Three−
Dimensional Stationary and Rotating
Square−Ended U−Bends, Ph.D. Thesis,
Dept. of Mech. Eng., UMIST, 2000.

5



Fig. 1. Schematic showing typical alignment
of cooling passages in blade cross−section.

Fig. 2. Schematic of the U−bend cooling−
passage geometry.

Fig. 3 Surface grid of U−bend with alternate
lines removed for clarity.

Fig. 4 Nusselt−number distributions for
φ=0, stationary U−bend.

Fig. 5 Nusselt−number distributions for
φ=0, Ro=−0.2.

Fig. 6 Nusselt−number distribution for φ=0,
Ro=+0.2.
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Fig. 7 Cut−plane at y=−2D showing
turbulent kinetic energy and secondary

motion in return pipe for φ=0, stationary U−
bend.

Fig. 8 Cut−plane at y=−2D showing
turbulent kinetic energy and secondary

motion in return pipe for φ=0, Ro=−0.2.

Fig. 9 Cut−plane at y=−2D showing
turbulent kinetic energy and secondary

motion in return pipe for φ=0, Ro=+0.2.

Fig. 10 Streamtraces in cut−plane at y=−2D,
φ=45o, Ro=0.2 − inflow (left) and return

(right).

Fig. 11 Surface Nusselt−number
distributions, φ=45o, Ro=0.2.

Fig. 12 Streamtraces in cut−plane at y=−2D,
φ=90o, Ro=0.2.

Fig. 13 Surface Nusselt−number
distributions, φ=90o, Ro=0.2.
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Fig. 14 Streamtraces in cut−plane at y=−2D,
φ=45o, Ro=−0.2.

Fig. 15 Surface Nusselt−number
distribution, φ=45o, Ro=−0.2.

Fig. 16 Streamtraces in cut−plane at y=−2D,
φ=90o, Ro=−0.2.

Fig. 17 Surface Nusselt−number
distribution, φ=90o, Ro=−0.2.
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