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Introduction

W E consider the turbulent heat transfer in a rotating
duct, typical of cooling channels in a turbine blade.

Figure 1 shows the geometry of the problem. Howard et al.1

formulated a Coriolis turbulence production term for use in
two-equation turbulence models without heat transfer. The
predictions of Prakash and Zerkle2 and Tekriwal3 without a
Coriolis turbulence production term in a k-e turbulence model
predict Nusselt numbers from trailing and leading surfaces
that compare unevenly with experimental data. Dutta et al.4

improved the predictions with the Coriolis modified turbu-
lence term of Howard et al.1 This Note presents further im-
provement of the work by Dutta et al.4 and uses the published
experimental heat transfer data of Wagner et al.5 as a basis
for comparison. Detailed consideration of the inlet effects,
asymmetric distribution of turbulence due to rotation, and
buoyancy effects are included.

Analysis
This work uses the high Reynolds number k-e model of

Launder and Spalding6 incorporated into the PHOENICS
computer code, and the nonequilibrium wall functions of
Launder and Spalding6 applied to near wall nodes. However,
Coriolis and centrifugal buoyancy terms are added to the base
model. Our modified model includes a Coriolis turbulence
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production, Pc = 9£ljji/'(dvJdx), and a buoyancy generated
turbulence production, Ph = fjL,/Prt-(£l2z)/T- (dT/dz). Typical
governing equations are given in Prakash and Zerkle,2 while
detailed equations are available in Dutta et al.4

Howard et al.1 found that the Coriolis modified turbulence
model increases the flow velocity and turbulence near the
trailing side for radial outward flow in rotation, but reduces
it near the leading side and stabilizes the flow. Their predic-
tions were verified with experimental data in an unheated
duct. We found that besides the Coriolis effect, in a heated
duct rotational buoyancy due to temperature gradients ac-
celerates the cooler fluid near the trailing edge and decelerates
the warmer fluid near the leading surface. In the presence of
a strong buoyancy force, the flow may separate near the lead-
ing side and the velocity and turbulence distribution may be
entirely different from that in an unheated rotating duct.

The experimental setup of Wagner et al.5 had a plenum
chamber at the inlet of the test section. Their nonrotating
flow measurements showed a fully developed turbulent flow
at the inlet of the test section. However, no measurements
with rotation were presented. The hydraulic diameter of the
plenum chamber was larger than the hydraulic diameter of
the actual test section. An increased hydraulic diameter means
a larger cross-sectional flow area. Therefore, the axial flow
velocity through the plenum chamber would be less than the
axial flow velocity through the test section with an increase
of the rotation number (Fig. 1) in the plenum chamber. Pre-
vious numerical predictions did not include the effect of the
plenum chamber at the inlet. Prakash and Zerkle2 and Tekriwal3

started their computation domain from the start of. heating
and used fully developed turbulent profiles as the inlet con-
dition. This approximation at the inlet condition resulted in
a computation of a leading side Nusselt number that was
higher than the trailing side, which is contrary to the exper-
imental data. Rotating ducts are short in length and so inlet
conditions need to be carefully prescribed. This work ex-
tended the computation domain upstream of the heated test
section to allow flow development.

The cross-sectional area of the plenum chamber is 2.5 times
that of the test section. To account for the area increase we
have correspondingly increased the rotation speed by a factor
of 4 along the unheated section of the duct (z() < 0 in Fig. 1)
to maintain the same rotation number as in the plenum. Thus,
we have a reasonable representation of the plenum chamber
prior to the test section that better captures inlet profiles to
the actual test section. This modification of the inlet condition
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Fig. 1 Physical configuration and coordinate system.
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coupled with a Coriolis modification in turbulence gives im-
proved predictions.

Figure 1 shows a schematic of the problem and computa-
tional domain as well as the trailing and leading walls. Inlet
is at the center of rotation (z = 0) and the turbulent rotating
flow develop through an unheated section. Outlet flow con-
ditions are taken as zero gradient and outflow only. Such an
outlet condition near the end of the test section would give
poor results, especially with flow reversal, and so the com-
putational domain was extended five hydraulic diameters be-
yond the experimental domain to ensure that outlet conditions
do not affect the comparison with experimental data. Figure
1 shows the cross-sectional computational grid. Successful grid
independence tests similar to Dutta et al.4 and Tekriwal3 were
performed. The wall function formulation requires that the
near wall nodes be at y+ > 12. Low turbulence in the leading
half restricts the grid compaction towards the wall. The com-
putation takes advantage of the symmetry present in the flow
so that only one-half of the channel is modeled. The heated
walls are at a uniform temperature. The flow and heating
conditions are ReD = 25,000, Ro = 0.24, and DR = 0.22,
also indicated in Fig. 1.

Results
Figure 2 shows the improvements obtained from the mod-

ified model over the standard k-s model. The Nusselt numbers
are normalized by the Nusselt numbers for fully developed
pipe flow and plotted against the distance measured from the
start of heating nondimensionalized by the hydraulic diameter
of the duct. With the improved inlet condition and with the
Coriolis modified turbulence model, the predictions compare
satisfactorily with the experimental results. Turbulence pro-
duction due to the Coriolis term increases turbulence k in the
trailing half and decays turbulence near the leading half. This
Coriolis effect increases the separation of the Nusselt number
profiles between leading and trailing sides and the buoyancy
effect causes an increase of Nusselt number in the latter part
of the channel.

Figure 3 shows the velocity and temperature distributions
in the channel. One-half of the square duct is shown in the
figures because of symmetry. The axial velocity contour of
Fig. 3a shows that the flow near the trailing wall is higher
than the flow near the leading wall. As a consequence, the
increase in temperature of the fluid near the trailing wall is
less compared with that near the leading wall (Fig. 3b). This
asymmetric distribution of temperature coupled with a large
centrifugal force makes the buoyancy effects significant. Fig-
ure 3a shows that flow has separated at the leading wall (neg-
ative velocity contours) due to a strong rotational buoyancy
effect.
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Fig. 2 Surface-averaged local Nusselt number distributions.
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Fig. 3 Velocity and temperature distribution in the rotating square
duct: a) axial velocity/ V contours and secondary flow vectors and b)
(T - rin)/(rwall - Tin) contours.

The standard k-s model includes the Coriolis and rotational
buoyancy effects in the momentum equations, however, there
are no corresponding terms in the k and s transport equations.
Our modified model adds turbulence production and dissi-
pation from the Coriolis and buoyancy effects. The results
show that these modifications are necessary to obtain rea-
sonable predictions of rotational heat transfer effects in the
cooling channels of a turbine blade.
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