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Abstract

The buoyancy and rotation influence on the devel-
opment of a pressure-driven air flow in a circular-sec-
tioned coolant channel is presented in this paper.
The channel is rotating about an axis perpendicular
to its own centerline with an eccentric orientation like
in turbine blade cooling. The two basic cases of ra-
dially inward and outward directed flow have been
investigated. The flow field of the duct is investigated
by means of experiments and numerical calculations
to demonstrate rotation effects under both isothermal
and heated flow conditions. Coriolis forces generate
two counter-rotating vortices in the flow. Distortion of
velocity distribution and turbulence intensity arises
with increasing rotation. The kidney-shaped dis-
placement of fluid with higher velocity from the core
towards the pressure side of the duct leads to drasti-
cally diminished shear stresses at the suction while
on the remaining of the duct the gradients are en-
hanced above the nonrotating values. In the pres-
ence of density variations across the channel in-
duced by thermal fluxes, buoyancy forces arise sig-
nificantly influencing the velocity wall gradients and
the turbulence levels. Flow visualizations by the oil
flow technique and a newly developed camera
monitoring of the secondary flow structure were con-
ducted within the rotating channel. Nonintrusive flow
measurements were performed with an advanced
Laser-2-Focus velocimeter (L2F). Numerical flow
simulations were done with a 3D Navier-Stokes flow
solver. The experimental data help to understand the
Coriolis and buoyancy force affected flow phenom-
ena and provide test data for the validation of nu-
merical flow predictions.

Introduction

The requirements for high-performance and high-
efficiency turbomachines demand the optimization of
all turbomachinery components 1o cope with the in-
crease in heat and pressure load as well as to meet
the obligatory safety requirements. In the case of
turbine blade cooling, it is known that strong centrifu-
gal forces (up to 50,000 g) and Coriolis forces cause
a compiex flow structure in the coolant flow. Rotation,
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through Coriolis interaction, generates a symmetric
pair of secondary vortices that are streamwise ori-
ented. The change in friction caused by the secon-
dary motion influences heat transfer and pressure
drop. Detailed knowledge of the rotational effects on
fluid motion as well as local information about heat
transfer rate in this situation will help to achieve pre-
cise predictions during the design phase that are
essential for the development of more sophisticated
blade cooling arrangements. A typical view of a
cooled turbine blade and a sketch of the flow pattern
inside an idealized duct of one of the internal pas-
sages is shown in Fig. 1. Several publications ('
describe the effect of rotation on heat transfer in
cooling channels of different shapes, but regarding
experiments on the flow field in rotating passages
only a few investigations 19 can be found due to the
difficulty of measurements. The work of Moore
shows the secondary flow velocities measured by a
hot wire probe in a rectangular duct, but at a low
rotational speed. However, all investigations are lim-
ited to isothermal flows without the added complexity
of buoyancy.

Without any heat input from the wall only pure Corio-
lis influence is prevailing because no density and
centrifugal force variations arise in that case. To
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Figure 1: Typical View of a cooled turbine blade and
flow pattern in a cross-section of a cooling channel
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study the fundamental flow phenomena in more de-
tail, especially in the vicinity of the wall, for the first
time nonintrusive flow measurements in a narrow
rotating duct were done providing information about
the turbulence intensities and the velocity field, also
with buoyancy imposed.

A numerical method has been developed to calculate
the flow and heat transfer in rotating cooling channels
of turbine blades """'3. To verify the predicted data,
experiments on flow visualization and detailed flow
field measurements, presented hereafter, were con-
ducted at DLR (1+19),

Test facility

A large-scale coolant duct with a circular cross-
section rotating spanwise was chosen for the ex-
periments to ease the experimental work. Air is
supplied in the rig through a rotary sealing assembly,
a second one is used for venting after the air has
passed through the test section. Both are mounted to
the end of the double hollow shaft. A schematic of
the test rig is given in Fig. 2.
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Figure 2: Schematics of the test rig

The pipe diameter d of the test duct is 16 mm with a
length-to-diameter ratio //d of 20. The dimensionless
eccentricity at mid span E=e/d is about 20. It should
be noted, however, that eccentricity and flow direc-
tion are irrelevant for isothermal flow because Corio-
lis forces depend only on angular and throughflow
velocity. Flow rate, spin rate, and pressure level can
be individually adjusted.

Flow visualization

To analyze the rotational flow phenomena, several
kinds of flow visualization techniques have been ap-
plied. Using the oil flow visualization method, wall
streamline patterns could be achieved within the ro-
tating duct. The duct wall has been previously
painted with a mixture consisting of oil of appropriate
viscosity, oil acid and as contrast pigment TiOo and
has been then exposed to the rotational flow for a
time that should be long enough to let the oil paint
getting dry. Figure 3 shows the streamline patterns
on the inner duct wall. The duct is dividable in two
halves and is opened after the test run. The vortex

affected streamlines run from the pressure side (top
and bottom) to the suction side (center) and show
clearly the inclination of the boundary layer flow di-
rection against the pipe axis of about 8°. The pattern
in Fig. 3 is formed at a Reynolds number of 45,000
and a rotation number of 0.05 with the flow direction
to the right.

e

Figure 3: Oil flow visualized wall streamline pattern
of a rotating duct (Re=45000, Ro=0.05)

To obtain more information of the vortex behaviour
within the cross-section, a co-rotating video system
has been installed downstream, viewing inside the
duct. A perspex ring allowed the lighting of a cross-
section by a laser light sheet. The laser light is
guided into the rotating system via the same optical
unit used for the laser flow measurements. In order
to visualize the vortex flow structures, seeding of the
boundary layer with oil droplets is provided by a par-
ticle generator. To avoid complete mixing of the oil
fog with the air flow, seeding is done a small distance
of 10 pipe diameters upstream of the observed area
via an extra supply line guided through the shaft. The
set-up of the flow visualization technique is shown in
Fig. 4. The video signal is transferred to a recording
system via normal slip rings. With frame grabbing on
a PC-machine the video pictures can be captured.
The digetized pictures have been improved with re-

Rotating duct

CCD-camera
for observation
of the upstream

light sheet Light sheet

Cylinder lens

Oil fog injection
Mirror

Qil fog

I
R { jooparsis supoty

- Turning axis

ﬁ Air flow

Figure 4: Set-up of vortex flow visualization using a
co-rotating camera system and oil fog seeding
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gard to luminance and brightness. A set of pictures
at different rotation numbers demonstrate clearly the
vortex shapes, driving to the side walls with increas-
ing angular velocity. Although this visualization tech-
nique is restricted to laminar flow situation, the main
effects are also present and can be studied. In Figure
5 are pictures included for a throughflow Reynolds
number of 1500 with the rotation numbers in the 0.06
to 0.6 range. With a higher angular velocity the vor-
tices are suppressed to the side walls and no seeded
boundary layer material is found in the flow core.

f

Figure 5: Secondary vortex structures for laminar
flow at Re=1500 and different rotation numbers
a) Ro=0.06, b) Ro=0.12, c) Ro=0.24,

d) Ro=0.36, e) Ro=0.48, f) Ro=0.6

Optical measurements of flow quantities

For the nonintrusive measurement of flow velocities,
angles and fluctuations inside the rotating duct the
Laser 2 Focus (L2F) technique '""'"® has been ap-
plied using a newly developed optical unit to direct
the two laser beams into the rotating frame of refer-
ence "9 The optical L2F device mounted in front of
the rotor enables the system to stationary non-
triggered signal processing. Figure 6 shows a sche-
matic drawing of the optical set-up used in this kind
of application.

Following the beam path from the laser to the probe
volume, the laser light is emitted by an Art ion laser
of 4 Watt power output which is connected to the
launching unit mounted to the test rig by an optical
fibre for vibration decoupling purpose. In this unit, the
laser beam is split into two beams. The rotation

prism co-rotating with half the speed of the rotor fo-
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Figure 6: Optical set-up of the laser measuring
equipment for the nonintrusive flow measurements

cuses the two beams in the rotating frame of refer-
ence, saving invariable orientation of the light barrier
in relation to the rotating duct. From the turning axis
the beams are guided by several mirrors to the
measuring point inside the duct finally passing a
plane optical window in the duct wall. Adjustment of
the mirrors enables flow measurements at different
circumferential and axial duct locations. The two
beams are highly focused in two foci (measuring
volume) by means of a traversable focus lens
mounted to the rotor. Traversing of the lens, which is
also possible during rotation, moves the probe vol-
ume within the test section along a radius. Measure-
ments were taken on the opposite half of the duct to
avoid influence of the wall shape on the flow near the
window.

The L2F method is based on time of flight measure-
ments of co-flowing particles. Small oil droplets with
a size less than 0.5um were added to the flow before
entering the shaft. The flow-following behaviour of
these particles even at high accelerations has been
successfully demonstrated and thereby a correlation
between particle and flow velocity is assured. The
passing of a particle conveyed by the flow through
the light barrier (i.e. the 2 foci) produces two con-
secutive light pulses. The time interval between the
signals and the known distance of the foci give the
flow velocity. The light pulses received by the same
optic in the outer area - the inner part is used for
launching the beams - are imaged at two photo mul-
tipliers each assigned to a beam in the probe vol-
ume.

The flow angle is detected by changing the orienta-
tion of the light barrier. Due to the 2D-technique and
the radial adjustment of the beams, only circumfer-
ential flow angle can be measured. In the plane nor-
mal to the direction of rotation, where secondary flow
is almost parallel to the wall, angle determination
produces true flow angle, while in the plane of rota-
tion from suction to pressure side secondary flow is
directed normal to the wall. No deviation from the
throughflow direction measured in this case confirms
the expected line of symmetry in the vortex pattern.
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For both velocity as well as angle determination,
some thousands of time of flight measurements are
recorded. The measured data result in frequency
distributions from which a statistical mean velocity,
degree of turbulence, and flow direction are evalu-
ated. The closest distance to the wall achieved was
0.1 mm.

Figure 7 shows the test pipe with an inlet settling
chamber containing flow straighteners such as im-
pingement plate, honeycombs, and several meshes
which should mainly break up incoming vorticity from
the upstream conduit where flow is already exposed
to rotational forces.
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Figure 7:Test duct for flow measurements

The experimental uncertainty inherent in the L2F-
measurement technique was investigated in detail by
Schodl ©2. Among other things it depends on the
particle concentration in the measuring volume. In
the boundary layer flow the signal rate slows down
increasing the signal to noise ratio. Therefore the
uncertainties in the velocity and turbulence evaluation
are in-between < +0.5 % in the core flow and +
3.0 % close to the wall. Angle determination uncer-
tainty ranges between * 0.2° and +1.0°, respectively.
Mass flow rate, heat flux, temperatures, pressures
and speed have been measured with an accuracy of
+1%.

The measuring geometry in relation to the direction
of rotation, both radially inward as outward, within the
cross-section of the duct is described by Fig. 8 where
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Figure 8:Measuring plane across the duct with
circumferential angle definition

the circumferential angle ¢ of the duct is defined with
¢ = 0° at the suction side (SS) and ¢ = 180° at the
pressure side (PS). In the following figures radial

traversing is done along a line coinciding with the
direction of rotation ¢ = 0° and 180° and normal to
that ¢ = 90°.

Results and Discussion

Coriolis influence on isothermal flow

The tests under isothermal conditions disclose the
Coriolis induced rotational effects. For different rota-
tion numbers the flow is analyzed in the following
figures with the non rotating case for comparison
purpose. After passing the plenum with an area con-
traction of 10 and rounded entry, the flow is develop-
ing downstream in the test duct. L2F measurements
were conducted after a duct length x/d of 20 at an
actual eccentricity E of 10. Velocity is related to the
bulk mean velocity evaluated via integration of field
data, otherwise obtained from mass flow and actual
pressure.

Rotational parameters appear as additional source
terms in the momentum equations. For instance, one
eguation in dimensionless form for the x-direction
(throughflow direction) is given below showing the
Coriolis and buoyancy terms beside the ordinary
convection, pressure, and diffusion term for rotating
duct flow:

U§E+V§E+W§E =
oX aY 0Z

Convection

oP . 1[azu o°U azu]

"X T Reloaxd TovE T az2

[— N

Pressure Diffusion

Gr

-2.Ro-V -E-R0®* --——0
e

[ ——

Coriolis Centrifugal Buoyancy

The basic dimensioniess fiuid governing parameters
appear in this equation as the Reynolds number, Re,
the rotation number, Ro, and the buoyancy parame-
ter, Gr/Re2which can be expressed as:

Gr/Re?= (Ap/p) E Ro?,

and the eccentricity ratio E. Secondary motion de-
pends on the ratio of Coriolis forces to viscous forces
which can be seen by an analysis of dimensions
which exhibits that Coriolis effects would be best
correlated by the rotational Reynolds number Reyt.
The rotational Reynolds number is dependant only
on the angular velocity Q as primary variable rather
than flow velocity u (Reyqt= Ao Re).

Coriolis forces  pQu _ pQd® _

= Re
viscous forces pul/d’ W

rot
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Figure 9: Coriolis influence on axial velocity
(SS - PS, Re=45,000)
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Figure 10: Coriolis influence on axial velocity
{¢=90°, Re=45,000)

The distortion of axial velocity (Fig. 9 and 10) in-
creases with increasing rotational Reynolds number.
Secondary vortex generation is caused by the imbal-
ance of pressure forces against Coriolis forces in the
boundary layer where the Coriolis forces (Q-u) dimin-
ish due to the wall gradient of velocity. The core of
the fluid is shifted to the pressure side due to inertial
forces enhancing the velocity gradient there with
regard to the non rotating value. A strong depression
is formed at the opposite surface, the suction side,
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Figure 11: Coriolis influence on turbulence level
(SS - PS, Re=45,000)
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Figure 12: Coriolis influence on turbulence
(v = 90°, Re = 45,000)

becoming deeper with increasing rotation. The Corio-
lis influence on turbulence intensity (Fig. 11 and 12)
reduces turbulence at the pressure side but strongly
enhances it in the region of velocity drop near the
suction side becoming weakest at the highest rota-
tion number. The magnitude of secondary velocity is
measured in this comparison up to 10 percent of
axial flow velocity for Re=45,000 and Ro=0.045 and
0.07, respectively (Fig. 13). The center of the vortex
cell is identified where the curve is crossing zero line.
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Figure 13: Coriolis influence on secondary flow ve-
locity (9=90°, Re=45,000)
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Figure 14: Influence of Reynolds and Rotationnum-
ber on axial velocity at constant speed
(SS - PS, Re=45,000)

Although the streamwise equation of motion shows
the Coriolis term (2 Ro V) as the principle term which
would modify the streamwise velocity distribution, a
variation of the rotation number does not exhibit any
clear Coriolis effect as it can be seen at the following
diagrams. In Fig. 14 the axial velocity ratio is related
to the Reynolds number and the rotation number
which varies from 0.37 to 0.62 because of the Rey-
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Figure 15: Buoyancy influence on axial velocity with
radially inward directed flow
(SS - PS, Re=45,000, Ro=0.08)
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Figure 16: Buoyancy influence on axial velocity with
radially inward directed flow
(¢ = 90°, Re = 45,000, Ro = 0.08)

nolds number change, keeping the same rotational
Reynolds number of 2000, i.e. constant Q.

Buoyancy influence on radially inward directed,
heated flow

Heating of the flow is provided by electrical heater
foils of 0.15 mm thickness attached to the wall over
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Figure 17: Buoyancy influence on turbulence level
with radially inward directed flow
(SS - PS, Re=45,000, Ro=0.08)
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Figure 18: Buoyancy influence on turbulence level
with radially inward directed flow
(¢ = 90°, Re = 45,000, Ro = 0.08)

an upstream heating length I/d of 16. The flow is
directed radially inward, so that buoyancy forces,
always centripetal, act in the flow direction. The flow
in the rotating duct is 'thermally' as well as hydrody-
namically developing and not fully established. The
density ratio was evaluated from temperature meas-
urements with (Ap/p) = (Tyy - Tp) / Tp to 0.31.

Wall temperature is obtained from the temperature
dependency of heater resistance previously cali-
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Figure 19: Buoyancy influence on axial velocity with
radially outward directed flow
(SS - PS, Re=45,000, Ro=0.08)

A Gr/Re? = 0,000 v Gr/Re? = 0.040

R
[~

4 ..() ]

.2

—
N

o

Relative Velocity u/uy
o]
- ——

.0

-1.0 1.0

-5 .0 .5
Relative Radius r/R

Figure 20: Buoyancy influence on axial velocity with
radially outward directed flow
(¢ = 90°, Re = 45,000, Ro = 0.08)

brated. This yields a buoyancy parameter of 0.04 with
a rotation number of 0.08 and a mid span eccentricity
ratio of 20.

Figure 15 and 16 show slightly accelerated velocity
distributions and Fig. 17 and 18 a significant de-
crease in the turbulence intensities, especially on the
pressure side and in the center-region of the duct,
while the other near wall zones remain unchanged.
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Buoyancy influence on radially outward directed,
heated flow

With turning of the duct and changing the flow direc-
tion through the shaft the opposite case has been
examined. Mean eccentricity is remained nearly un-
changed whereas the actual eccentricity of L2F
measurement is now 28.

Figure 19 and 20 show equally slightly accelerated
velocity distributions but only in the flow core.

Around the wall the allways centripetal buoyant flow
act against the flow and reduces significantly the
velocities close to the wall. Fig. 21 and 22 show now
an increase in the turbulence intensities, in the cen-
ter-region of the duct and especially on the pressure
side. The adverse buoyant flow forces lead to an
overail turbuience level enhancement of about 20%
and a very high local value at the pressure side

Numerical flow prediction

As an analytical tool for the investigation of viscous
rotational flow effects, a 3D Navier-Stokes code de-
veloped by Vogel ("' has been used. The govern-
ing equations (Reynolds-averaged Navier-Stokes,
continuity and energy equations) are numerically
solved using a finite volume technique with a cell-
centered difference approximation of second order
time-accurate explicit three or five step Runge-Kutta
algorithm for the time discretization. More stability is
gained by using a residual averaging method which
can be run either explicit or implicit. The maximal time
steps which lead to steady solution are calcuiated
from the CFL-criteria. Eigenvalue scaled scalar arti-
ficial dissipation with operators of second and fourth
order is added to the numerical scheme to damp out
non-physical wiggles produced by the central differ-
encing scheme and to capture physical discontinui-
ties as schocks or strong free shear layers. For
three-dimensional subsonic and transonic compiex
flows with strong physical viscous damping this
scheme supplies in a 3D multi-block version accept-
able solutions. The rotational fluxes occuring in rotat-
ing passages are solved in conservative form.
Turbulence modelling with a Zero-Equation model
(i.e. Baldwin and Lomax) neglect free stream turbu-
lence because turbuience is modelled only in bound-
ary layers. In the case of rotational duct flow with
strong vortex flows a more complex model is used
for turbulence modelling, the Two-Equation k- model
in low Reynolds form for all y*. The Two-Equation
model is solved using a point implicit solver with first
order upwind spatial differences for the convective
fluxes producing enough damping and a Red-Black
Gauss-Seidel relaxation procedure. Due to the weli-
known difficulties in solving the source term dominant
turbulence equations the scheme is driven up with
increasing turbulence production until the full produc-
tion is reached after several time steps. After this
initialization of k and ¢ the calculation starts with ordi-
nary conditions using the initialized values.
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Figure 21: Buoyancy influence on turbulence level
with radially outward directed flow (S8S - PS,
Re=45,000, Ro=0.08)
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Figure 22: Buoyancy influence on turbuience level
with radially outward directed flow(¢p = 90°, Re =
45,000, Ro = 0.08)

This code was adapted to cope with rotational duct
flow and heat transfer problems. Especially the non-
constant boundary conditions in that case due to
Coriolis and centrifugal force-effected pressure dis-
tributions are to be applied at both sides. The method
of pseudo compressibility is used to manage the
incompressible flow behavior of the coolant flow.
This method using artificial compressibility was pro-
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posed by Chorin @2 1o achieve an efficient computa-
tion compared to the method of solving the poisson’s
equation for pressure. The method of pseudo com-
pressibility is primarily designed to obtain a steady-
state solution of an incompressible flow. The numeri-
cal scheme of the compressible Navier-Stokes equa-
tions can be easily extended to the incompressible
Navier-Stokes equations by adding the time deriva-
tive of the pressure to the continuity equation. By
introducing a pseudo compressibility, 1/c?, into the
unsteady, incompressible viscous flow -equations, a
system of governing equations is formed as follows:

dpdp dpu;, 1 dP dpu,
ok it Ok i Ry St i R ¢
Hop ox ot ox

The equation differs from the continuity equation for
a real compressible flow by the absence of the con-
vective term for the pressure. The absence of this
term in the present formulation is an essential feature
of this method. Starting from an arbitrary initial condi-
tion, the numerical scheme must be chosen such
that the solution of the equation for fixed boundary
conditions converges to a steady state as the compu-
tational progress. When the steady state is ap-
proached the effect of the pseudo compressibility
diminishes resulting in an incompressible solution.
Density change caused by the external heat input is
computed via the temperature field got from the so-
lution of the energy equation from a previous iteration
step and is taken into account in the buoyancy term.

Validation and results of the numerical scheme

A comparison of calculated and measured velocity
(Fig. 23) shows reasonable agreement. This calcula-
tion is based on a two-block mesh with 176040

nodes and standard k-e model.
A experiment
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Figure 23: Comparison of measured and calculated
velocity distribution (SS-PS, Re= 60,000, Ro= 0.055)

calculation

Y
(@]

Relative Velocity u/uc

A sketch of the discretized test duct with round entry
and a length to diameter ratio of 20 and a view of a
cross-section is shown in Fig. 24. The mesh consists
of 2 blocks with 176040 nodes.

Figure 24: Mesh of test duct with round and a view
of a cross-section (2 blocks, 176040 nodes)

The kidney-shaped movement of the fast fluid core to
the trailing duct wall is clearly visible by the plotted
isolines of axial velocity in Fig. 26 which are a result
from computations for two different rotation numbers
of 0.4 and 0.8 at a Reynolds number of 45,000. In
Fig. 27 velocity vectors are shown in the upper pic-
ture and a corresponding streamline plot in the lower
for a rotation numbers of 0.4 and a Reynolds num-
ber of 45,000.

PS =

88

PS

Figure 25: Computed wall velocity vectors and a
view of a cross-section (2 blocks, 176040 nodes)
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Figure 26: Computed axial velocity distribution (u/up)
at duct exit for different rotation numbers
(Re= 45,000, Ro=0.04 (above), 0.08 (below))

PS

Conclusions

New experimental data are presented in this paper
concerning the influence of rotation and buoyancy on
the flow in a duct rotating in orthogonal mode with
radially inward and radial outward directed flow. From
the measurements and the numerical analysis the
following phenomena could be stated:

Flow visualizations of the rotational (isothermal)
duct flow verify the presence and magnitude of
secondary flow. With the new camera tech-
nique, it was possible to monitor the vortex be-
haviour under laminar flow regime, driving the
secondary vortices to both side walls with in-
creasing rotation.

Nonintrusive flow measurements give precise
insights into velocity and turbulence distributions
within the developing flow. Distortion of velocity
distribution arises with increasing rotation. The
kidney-shaped displacement of fluid with higher
velocity from the core towards the pressure side
of the duct leads to drastically diminished shear
stresses at the suction side because of the
change of velocity gradients. On the remaining
three quarters of the duct circumference the
gradients are enhanced above the nonrotating
values.

Buoyancy affects mainly the turbulence intensity
in the center region of the duct and the pressure
side with a 30% reduction with radial inward flow
due to the increase of momentum of heated low
density flow mixed to the center by vortex trans-
port mechanisms. However, with radial outward
directed flow the opposite effect is observed.
The adverse buoyant flow forces lead to an
overall turbulence level enhancement of about
20% and a very high local increase at the pres-
sure side.

The numerical scheme is verified by the experi-
ments regarding the flow field prediction and
give detailed insight into the flow development.
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Nomenclature

pseudo sound velocity

Duct diameter, mm

Relative eccentricity, e/d
eccentricity at mid span, mm
Grashof number, Q2edpAp/?
Kinetic energy of turbulence, m?/s?
Duct length, mm



p static pressure
R Duct radius, m
Re Reynolds number, pundm
Rernt - Rotational Reynolds number, pQd2/u
Ro Rotation number, Qd/up,
r Radius, mm
T Temperature, K
Tu Turbulence level, Yu'?/up,
uv,w  Velocity in x, y, z-direction, m/s
X Streamwise coordinate
Greek Symbols
e Dissipation rate of k, m?/s3
o Circumferential angle, deg
" Dynamic viscosity, kg/ms
® Temp. ratio, (T-Th)/(Tw-Th)
P Density, kg/m?3
Q Angular velocity, 571
Subscripts
CL Centerline
PS Pressure side
SS Suction side
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