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Numerical analysis of turbulent flow in a rotating U-bend with roughened walls
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A numerical analysis has been performed for a developing turbulent flow in a rotating U-bend of strong curvature
with rib-roughened walls using an anisotropic turbulent model. In this calculation, an algebraic Reynolds stress
model is used to precisely predict Reynolds stresses, and a boundary-fitted coordinate system is introduced as a
method of coordinate transformation to set the exact boundary conditions along the complicated shape of U-bend
with rib-roughened walls. Calculated results for mean velocity and Reynolds stresses are compared to the
experimental data in order to validate the proposed numerical method and the algebraic Reynolds stress model.
Although agreement is certainly not perfect in all details, the present method can predict characteristic velocity
profiles and reproduce the separated flow generated near the outer wall, which is located just downstream of the
curved duct. The Reynolds stresses predicted by the proposed turbulent model agree well with the experimental data,

except in regions of flow separation.

Keywords: numerical analysis; turbulent flow; algebraic Reynolds stress model; rotation; roughened wall; U-bend;

boundary-fitted coordinate system

1. Introduction

Heat transfer augmentation inside internal channels of
an airfoil is an important consideration in the gas
turbine industry. Advanced gas turbine blades have
been designed to operate at high inlet temperatures,
which far exceed the allowable metal temperatures.
Therefore, the turbine blades must be cooled efficiently
in order to maintain the performance of the turbine. In
the case of internal cooling of the blades, cool air
extracted from the compressor stages of the engine is
circulated through internal cooling passages inside the
turbine rotor blades, in order to maintain the operating
temperature of the blades at safe levels. At the same
time, heat transfer augmentation is achieved using
roughened walls as turbulence promoters. The rough-
ened walls have rib positioned at intervals that produce
a complex flow field involving flow separation and
reattachment between the ribs, which produces a high
turbulence level that leads to high-heat transfer
coefficients. The flow development and the heat
transfer characteristics inside these cooling passages
are affected by the presence of sharp U-bends, the
rotation of the blades and the presence of heat transfer
enhancing ribs. Detailed information about the flow
and heat transfer characteristics in a ribbed channel is
important in the design of gas turbine engines.

In the experimental investigation reported in the
literature, the internal cooling passages of the gas

turbine have been modelled as either square or
rectangular ducts having two opposite walls equipped
with cyclic ribs. The effects of geometric parameters
such as relative rib height, relative rib pitch, angle of
attack, duct aspect ratio, rib cross-section geometry
and rib configuration have been investigated exten-
sively. One of the earliest experimental studies was
conducted by Burggraf (1970), who investigated the
turbulent flow in a square duct with two opposite
ribbed walls. Han et al. (1988) reported the mass
transfer distributions around sharp 180° turns in a
two-pass, square, smooth channel and in an identical
channel with two rib-roughened opposite walls ob-
tained using the naphthalene sublimation technique.
Ekkad et al. (2000) reported detailed heat transfer
distributions inside a two-pass coolant channel with
cross-flow induced by swirling and impingement using
liquid crystals. Hsieh et al. (1999) measured an
approximately two-dimensional turbulent flow in a
rotating two-pass channel of square cross-section
without ribs by applying laser-Doppler anemometry.
They reported the measured flow field to be quite
complex, consisting of secondary flow and radical
outward flow due to Coriolis effects and centrifugal
forces. lacovides et al. (1996) reported detailed
measurements of turbulent flows in a square sec-
tioned 180° sharp turn of a coolant passage with and
without rotation obtained by laser-Doppler anemo-
metry, including Reynolds stress distributions. They
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concluded that orthogonal rotation transfers high-
momentum fluid towards the duct pressure side,
augments the pressure-side turbulence levels and
suppresses suction-side turbulence. lacovides et al.
(1999) also examined the effects of the location of the
first outer-wall rib after the bend exit. They presented
detailed near-wall, mean and turbulent flow data,
which provide information on the secondary motion
and the three-dimensionality of the flow.

Numerical analyses of turbulent flow in a sharp-
turn channel with roughened walls have also been
performed using various turbulent models. Iacovides
and Raisee (1999) presented computational results for
turbulent flow and heat transfer in a rib-roughened
U-bend without rotation. They compared calculated
mean velocity and temperature distributions to experi-
mental data and concluded that the second moment
closure model must be used in order to correctly
reproduce the flow separation and that low-Reynolds-
number turbulence models are needed for thermal
predictions. Jang et al. (2001) presented calculated
results for the turbulent flow and heat transfer for a
two-pass square channel with and without 60° angled
parallel ribs. They used the finite analytic method,
which solves the Reynolds-averaged Navier—Stokes
equation in conjunction with a near-wall second-order
Reynolds stress closure model, and a two-layer k-¢
isotropic eddy viscosity model. Comparing the second-
moment and two-layer calculations with the experi-
mental data demonstrated that angled rib turbulators
and the 180° sharp turn of the channel produced strong
non-isotropic turbulence, which significantly affected
the flow field and heat transfer coefficients. Sugiyama
and Watanabe (2003) reported calculated results for
turbulent flows in a square-sectioned 180° sharp turn
without rotation, which were measured by lacovides
et al. (1996). Calculated results for mean velocity and
Reynolds stresses are compared to the experimental
data in order to examine the validity of the algebraic
Reynolds stress model. They concluded that the
proposed turbulent model could predict velocity
profiles correctly and could reproduce the separated
flow generated near the outlet cross-section of the
curved duct. Recently, Guleren and Turan (2007)
presented the numerical results of the developing
turbulent flow through stationary and rotating U-
bends with strong curvature using large-eddy simula-
tion. However, the U-duct was composed of smooth
walls without ribs. They reported that the agreement
between the predictions and the experimental data is
quite satisfactory, considering the coarse grid that was
adopted.

Very few computational studies have been per-
formed on rotating sharp-turn channels with rough-
ened walls. Tacovides (1999) calculated the turbulent

flows through stationary and rotating U-bends of
square cross-section, with rib-roughened inner and
outer walls along the straight sections. Comparison of
the calculated results with the experimental data
suggested that a low-Reynolds-number second-mo-
ment closure is necessary in order to reliably predict
the region of flow separation induced by strong
curvature and the presence of ribs. Lin et al. (2001)
predicted the turbulent flow and heat transfer in a
U-bend of square cross-section under rotating and
non-rotating conditions using a low-Reynolds-number
two-equation turbulent model. They reported that the
secondary flows generated by Coriolis force and
centrifugal buoyancy in the upper straight duct can
have a strong effect on the secondary flows induced by
the ribs.

As mentioned above, the turbulent flow and heat
transfer in internal cooling passages inside turbine
rotor blades have been investigated in numerous
experimental and numerical studies. Few numerical
results have been reported for turbulent flows in
rotating sharp-turn channels with roughened walls, as
compared to turbulent flows in stationary sharp-turn
channels. Moreover, there have been few detailed
reports on the distributions of Reynolds stresses in
rotating sharp-turn channels with roughened walls.
Therefore, the goal of the present study is to predict
the turbulent flow in a rotating sharp-turn channel
with roughened walls using an algebraic Reynolds
stress model, which is able to correctly reproduce
anisotropic turbulent flow. In order to confirm the
validity of the proposed method and turbulence model,
the calculated results are compared to the experimental
data reported by lacovides et al. (1996).

2. Numerical method

2.1. Numerical subject and definition of coordinate
system

A schematic diagram of the rotating U-bend with
roughened walls developed by lacovides et al. (1996)
is shown in Figure 1. A rotating U-bend of 0.05-m
square cross-section and with a bend curvature ratio,
Re/D, of 0.65 is mounted on a turntable such that the
curvature axis of the duct is parallel to the axis of
rotation. The inner and outer duct walls of the
upstream and downstream sections are artificially
roughened by the placement of ribs of square cross-
section in a staggered arrangement. The distance
between the inlet cross-section of the upstream
straight duct and the first rib is 3.5 D. These ribs
are oriented normal to the duct axis. The rib-height
to duct diameter ratio, i/D, is 0.1, and the pitch to
height ratio, P/h, is 10. The rest of walls except for
roughened walls of the square duct were smooth
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walls. Tacovides et al. (1996) measured the turbulent
flow in a rotating U-bend in detail using a laser
Doppler anemometer and presented the distributions
of mean velocity and Reynolds stresses. Water was
used as the working fluid. They measured the
turbulent flows for three cases for a flow Reynolds
number of 100,000: stationary U-bend, a U-bend
rotating in the clockwise (positive) direction at
Ro =0.2, and U-bend in the counterclockwise
(negative) direction at Ro = —0.2 as viewed from
above, as shown in Figure 1. In all cases, traverses
were carried out both within the U-bend and within
the upstream and downstream straight ducts. These
traverses enabled measurement of mean velocity
components in the streamwise and cross-duct direc-
tions, measurement of the corresponding turbulent
intensities and shear stresses, and measurement of
the four triple correlations associated with these
directions.

The coordinate system used in the calculation is
also defined in Figure 1. For convenience, rectangular
and cylindrical coordinates are adopted in the straight
and curved ducts, respectively. In the straight duct, the
streamwise flow direction is along the X axis, and the
secondary flow directions are along the X» and X3 axes,

Positive Rotation

X3

Figure 1. Schematic diagram of a rotating U-bend with
roughened walls and definition of coordinate system.

which represent the vertical and horizontal directions
to the roughened walls, respectively. The origin of the
rectangular coordinates is set at the middle of the outer
wall of the inlet cross-section of the curved duct. In
addition, the upstream and downstream straight ducts
are distinguished by the sign of the X; axis, i.e. —X
and X; denote the upstream and downstream straight
ducts, respectively.

The locations of the measurement cross-sections
are shown in Figure 2. The calculated results are
compared to the experimental data for mean velocity
and Reynolds stresses. The locations of the measure-
ment cross-sections are given in terms of X;/D and
bend angle 6.

2.2. Governing transport equation

The transport equation of momentum is expressed
through ensemble averaging in the case of rotating
coordinates, as follows:

D(UY) _ _10P & [ (09U OUY
pr pox, ox;|'\ox, ax;) "

= 25QU; — (XQ — X)), (1)

The third and fourth terms of the right-hand side of
Equation (1) represent the Coriolis and centrifugal
forces induced by rotation, respectively. In this
equation, Q; is the angular velocity of the duct
about the X; axis. The Reynolds stresses u; that
appear in the transport equation must be solved in
order to obtain the velocity fields completely. In
this calculation, we have adopted the transport
equation of Reynolds stresses in order to accurately
predict anisotropic turbulence. The transport equa-
tion of Reynolds stresses is given in the following
form:

0=180° X,/D=6.95
X,/D=0. 45 X,/D=7. 45
X,/D=0. 95 X,/D=17.95
X,/D=1. 45
8, X,/D=1. 95
€N ¢

o=90° (1T []

% ’ )L/OD—OAS

L |

8,

Figure 2. Measurement positions in the U-bend with
roughened walls.
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The fourth term of the right-hand side is the
production term generated by rotation. Since the
above equation cannot be directly solved numerically,
several of the terms of the Reynolds stress equation
must be rewritten by introducing the concept of the
turbulent model. Moreover, with respect to the
numerical analysis, the convection term of the left-
hand side and the diffusion term of right-hand side of
Equation (2) make it difficult to obtain a numerical
solution because these terms require iterative calcula-
tion in order to obtain stable results. In the present
study, these terms are modelled by adopting Rodi’s
(1976) approximation. As a result of this approxima-
tion, these two terms are transformed from difference
form into algebraic form. Therefore, the convection
and diffusion terms in the above equation were
modelled as follows:

Du,u; Du;u;
Dt

l/l,j

lef] (Pk_g) (3)

where Diffj; corresponds to the third term of the right-
hand side of Equation (2), and P and ¢ represent the
production term of the turbulent energy equation and
dissipation, respectively.

A particularly problematic task is the modelling of
the pressure—strain correlation equation term, which
is also defined as the redistribution term and is shown
as the second term of the right-hand side of Equation
(1). The pressure—strain term is composed of three
parts, which are the interaction of fluctuating
velocities (m;; + mj;1), the interaction of the mean
strain with fluctuating velocities (m;;» + m;;,) and wall
proximity effects (n;;,, + 7;;,,). In the present calcula-
tion, we have adopted Rotta’s linear return to
isotropy mode for the term (m;, + m;,), as shown
in Table 1.

For 75, the correlation is approximated as

AU i
Tj2 = (@) a; (4)

and a?j' is the fourth-order tensor, which should satisfy
the following kinematic constraints:

mi im __ im
ap = day = dy (5)

i OUI
“Vox, =" ©)
aZ" = QU ld; - (7)

The above constraints arise from the symmetry
condition, the mass conservation law and Green’s
theorem, respectively. Although the kinematic con-
straint of Equation (6) differs from the constraint
presented by Launder et al. (1975), we adopted
Equation (6) because m;, is defined as the produc-
tion between the fourth-order tensor and the mean
strain, as shown in Equation (4). Gessner and
Eppich (1981) also reported these constraints and
described them in detail. In terms of the modelling
of (m;» + m;;»), the modelling process is described in
detail in a previous report by Sugiyama and Hitomi
(2005). Finally, the interaction of the mean strain
and fluctuating velocities (m;» + 7;;2) is modelled as
shown in Table 1.

The wall effect term (7, + 7;;y) of the turbulent
stresses is modelled, as shown in Table 1, by varying
the model constants. In Table 1, f{L/X,,) is a function
that is related to the dimensionless distance from the
wall, and C, and « represent the empirical constant
and the von Karman constant, respectively. The
function f{L/X,,) takes unit value near the wall and
approaches zero with increasing distance from the
wall. The symbol X, is the normal distance from the
wall, and L defines the length scale of turbulence.
When f(L/X,) takes zero value, the model yields the
correct Reynolds stress components for the nearly
homogeneous shear flow of Champangne et al. (1970),
whereas f{L/X,) has unit value, and the magnitude of
the stress components agree with the consensus of near

Table 1. Modeling of the pressure-strain correlation term.
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wall turbulence. The model constants used in this
analysis are summarised in Table 2. After setting these
model constants based on the basic experimental data,
these coefficients have never been tuned in any cases of
calculations.

The fourth term of the right-hand side of Equation
(2) is the homogeneous part of the dissipation. The
dissipation rate everywhere in the computed flow was
assumed to be locally isotropic, i.e.

8u,- 614]- 2
=5 8
anan 3 i ( )

84']‘ =2y

The transport equations of turbulent energy and
dissipation are expressed as follows:

Dk 9 (s e fugg) Ok 0U
i ox; \\"H T ) ax ) T R ax T E
9)

De_ 0 [(is 4o Xua) 28
Di ox; |\ e Y ) ox,

& 8U,‘+ c
— — | crelilyy ——— + ¢
k 1 Ian 2

where model constants ¢y, ¢,, ¢;, and ¢,, are 0.22, 0.18,
1.44 and 1.92, respectively.

2.3. Boundary-fitted coordinate system

Calculation requires the boundary condition to be set
precisely along a complicated shape. The boundary-
fitted coordinate system is a kind of coordinate
transformation method. The coordinate in the physical
plane can be transformed into the coordinate in the
calculation plane using the boundary-fitted coordinate
system. Numerical calculation is performed in the
calculation plane because it is easy to set the boundary
condition along a complicated shape in the calculation
plane. In addition, the governing equations are
transformed from the simple equations expressed in
the physical plane into complicated equations, even
though it is easy to set the boundary condition along a
complicated shape.

Table 2. Model constants of the pressure-strain correlation
term.

c G ¢ el C, ¢ C, K
14 044 016 035 012 0.1 009 042

The transformation from the physical plane to the
calculation plane is performed using the following
mathematics theorem:

0 0o o oo
OX, X, 0t " ox,on T ox ot (1)

where &, { and 5 represent the coordinates of the
calculation plane and correspond to the streamwise
flow and the cross-sectional directions along the
computational grid.

2.4. Numerical analysis

Calculation has been performed for all regions of the
rotating U-bend, as shown in Figure 3, which shows
the computational grid layout of the U-bend from
above. The number of computational grid points over
the entire cross-section is 21 x 21, and 446 grid
points are set along the streamwise direction. There-
fore, the total number of computational grids is
196,686. In the curved duct, the grids are arranged at
5° intervals.

The inlet conditions of turbulent energy and
dissipation were assumed to be k = U,> x 107> and
¢ = k*?/D, respectively, because the inlet condition
was uncertain even in the experiment. Since the present
model can be classified as a high-Reynolds-number
turbulent model, the wall function method is used to
obtain the boundary condition for turbulent energy
and dissipation at the wall. Although it has been
reported that the wall function method is not suitable
for separated turbulent flows, it is also true that the
wall function method is an effective way to reduce the
calculation time and easily set the boundary condi-
tions. The Neumann condition is set as the outlet
boundary condition. The governing equations were
discretised by the differencing scheme, and QUICK
(quadratic interpolation for convective kinematics)
was used for the convection term. The Reynolds
number is 10,000, based on the hydraulic radius and
the bulk velocity.

In this numerical analysis, it is very difficult to
predict well the separated turbulent flow because the

Figure 3. Computational grid.
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Figure 4. Streamwise velocity for positive and negative rotations.

turbulent flow is strongly influenced by not only
centrifugal force but also Coriolis force induced by
rotation. At the same time, it is also an important
factor to predict precisely the reattachment point of
the separated flow. As a preliminary calculation,
Sugiyama et al. (2008) had predicted the separated
turbulent flow in rectangular duct with a sharp 180°
turn without rotation to confirm the validation of the
proposed method. The calculated results of the
separated turbulent flow including reattachment point
show a reasonable agreement with the experiment.
This calculated result suggests that the proposed
method has potentiality to reproduce separated
turbulent flow.

2.5. Boundary condition for roughened wall

It is important factor how to set boundary condition
along the rib-roughened wall. There is no need to
set boundary conditions of Reynolds stresses be-

cause the transport equations of Reynolds stresses Figure 5.

04 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Xo/D Inner Outer X/D Inner
Ui/Us, Ug/Up

Negative Rotation

Exp. by lacovides et al.
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Velocity vectors along the flow direction.
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Figure 6. Calculated results of secondary flow vectors for positive and negative rotations.

are converted from differencing form into algebraic
form. Therefore, special attention is paid for
boundary conditions of turbulent energy and dis-
sipation. In this numerical analysis, the wall func-
tion method was applied to not only separated
turbulent flow but also region of roughened wall,
which means all walls are covered with the wall
function method. According to this method, friction
velocity U, is required in order to estimate turbulent
energy and dissipation at the first grid point along
the roughened wall and friction velocity is obtained
from log-law velocity profile. However, the universal
constant of the log-law velocity profile depends on

the situation of the roughened wall. If the universal
constant has been measured in advance, the calcula-
tion is able to produce more accurate results in the
turbulent flow with the roughened wall because the
wall function method is derived from assuming
the log-law velocity profile and local equilibrium
concept which means the production of turbulent
energy almost balances with that of dissipation near
the wall. For example, Sugiyama et al. (2002) had
predicted reasonably anisotropic turbulent flow in a
square duct with one roughened wall by making use
of the measured universal constant. In the case of
this calculation, the universal constant of the log-law
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Figure 7. Streamwise normal stress ug for positive and negative rotations.

velocity profile near the roughened wall has not
been measured experimentally and so the conven-
tional form of the log-law wvelocity is used in
calculation; i.e.

Ul_ 1 Ufy
E0.421n< - )+5.5. (12)

Symbol y represents distance between the first grid
point and wall.

3. Results and discussion
3.1. Mean velocity

The calculated results for the streamwise flow velocities
are compared to the experimental data at symmetric
plane X3/D = 0, as shown in Figure 4. The two left-
most columns of Figure 4 show the streamwise velocity
for the positive direction, and the two right-most
columns of Figure 4 show the streamwise velocity for
the negative rotation. The X, axis represents the
distance between the inner wall and measurement

point, and the positive direction of the X, axis is
defined as the direction from the inner wall towards the
outer wall. The cross-section of X;/D = —0.45 is
equivalent to the outer wall rib installed slightly
upstream from the inlet of the curved duct. On the
other hand, the cross-section of X;/D = 0.45 is
equivalent to the inner wall rib located downstream
of the outlet of the curved duct. Therefore, X/
D =0.95, 1.45 and 1.95 correspond to the second,
third and fourth ribs, respectively, in order as
numbered from the outlet of the curved duct. In
Figure 4, Uy, U, and U, indicate the mean velocity in
the 6 and r directions in the curved duct and the bulk
velocity, respectively.

Based on experimental data, lacovides er al.
(1996) reported, as characteristic features, that the
streamwise velocity has a uniform profile in the case
of positive rotation, whereas in the case of negative
rotation, a high streamwise velocity is generated near
the inner wall. These characteristic features are
caused by Coriolis effects, i.e. the Coriolis force
acts from the inner wall towards the outer wall in
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Figure 8. Shear stress wpu, for positive and negative rotations.

positive rotation and from the outer wall towards
the inner wall in the case of negative rotation. When
the calculated velocity profile in positive rotation is
compared to that in negative rotation at X/
D = —0.45, the maximum velocity is generated
closer to the inner wall in negative rotation than in
positive rotation. In addition, these features are also
characteristic of the velocity profile of the inlet cross-
section 6 = 0° of the U-bend. Here, a separated flow
region is generated near the outer wall only in the
case of negative rotation. The absence of the
separated flow region in positive rotation is a result
of the Coriolis force, which induces a high transport
velocity towards the outer wall. In positive rotation,
the Coriolis force acts from the inner wall towards
the outer wall. The calculation shows better agree-
ment with the experimental data in negative rotation,
as compared to positive rotation. On the other hand,
the calculation fails to predict the experimental
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velocity profile in the separated flow region gener-
ated just downstream of the curved duct.

The calculated streamwise velocity vectors in the
X1 — X, plane at X3/D = 0 and the experimental data,
including the separated region are shown in Figure 5.
In positive rotation, the calculation predicts large
separated flow regions along both the inner and outer
walls just downstream of the curved duct. This
tendency also occurs in negative rotation. Near the
inner wall, similar to the experimental result, the
calculation predicts well the large separated region.
Tacovides (1999) reported calculated results obtained
using a differential second-moment closer model
without omitting the convection term of the Reynolds
stress transport equation. His results indicate a small
separated flow region along the outer wall in the
vicinity of the inlet cross-section of the U-duct,
regardless of rotation. However, such a small
separated flow is not observed in the experimental
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Figure 9. Streamwise normal stress u% in a straight duct.

data. In this respect, the proposed method can
reproduce the experimental results more exactly in
the case of positive rotation. These results suggest
that the algebraic stress model may reasonably
predict complicated turbulent flows. However, a
detailed analysis of factors that affect calculation
accuracy is necessary because there are several
differences, such as the inlet length, the inlet condi-
tion, the number of grids and the differencing scheme
for the convection term, between the method of
Tacovides and the proposed method.

Experimental vectors along the 0 = 90° line are
directed upward towards the left in positive rotation
and approximately upward in negative rotation. The
calculated vectors in positive rotation are in agree-
ment with the experimentally obtained vectors. On
the other hand, in the case of negative rotation, the
direction of the calculated vectors along the 0 = 90°
line changes from upward towards the right to
upward towards the left, which is different from the
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experimental vectors. At the same time, the experi-
mental results suggest that the direction of the
velocity vector changes from approximately upward
to upward towards the left with the change from
negative rotation to positive rotation. Like the
experimentally obtained vectors, the calculated vec-
tors near the outer wall along the 0 = 90° line also
exhibit this characteristic tendency. This characteristic
tendency is attributed to the Coriolis force, which is
closely related to the secondary flow.

The calculated distributions of secondary flow
vectors contribute to clarify the difference of secondary
flow behaviour between positive and negative rota-
tions. Adding to this, since it is very difficult to
measure exactly the secondary flow vectors at cross-
sections of curved duct with rotation, the calculated
results of secondary flow provide useful information to
understand development of secondary flow, which lead
to make the turbulent flow with heat transfer mechan-
ism clear.
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The results for the secondary flow are arranged in
two rows each for positive and negative rotations, as
shown in Figure 6. Since no experimental data are
available for these conditions, only calculated results
are indicated at the identical location of the streamwise
flow velocity as two-dimensional vectors. In the case of
a curved duct, the secondary flow is generated by an
imbalance between centrifugal and pressure-gradient-
driven forces. However, the secondary flow in the
curved duct with rotation shows a more complicated
behaviour than that without rotation. When special
attention is given to the curved duct region, the
secondary flow is found to move uniformly from the
inner wall towards the outer wall in positive rotation.
In contrast, the secondary flow in the case of negative
rotation is generated from the outer wall towards the
inner wall along the line of X3/D = 0.5. This tendency,
which is a result of the Coriolis force, is particularly
noticeable for cross-sections following the 0 = 45°
cross-section. Sugiyama and Watanabe (2003) predicted

Positive Rotation

2

Figure 10. Horizontal normal stress u5 in a straight duct.

Negative Rotation

345

the turbulent flow in the same U-bend without rotation
and reported calculated results of the secondary flow
vectors along the flow direction. Comparison of the
secondary flow without rotation to that with rotation,
as reported by Sugiyama and Watanabe (2003),
confirmed that the secondary flow pattern with negative
rotation is similar to that without rotation. In the case
of the U-bend duct without rotation, the secondary flow
is formed from the outer wall towards the inner wall
because the pressure-driven force is superior to the
centrifugal force. This pressure-driven force is generated
by the sharp turn of the curved duct. In addition, in the
case of the U-bend in negative rotation, the Coriolis
force acts on the fluid flow from the outer wall towards
the inner wall. Therefore, a similar secondary flow
pattern suggests that the acting direction of the Coriolis
force agrees with that of the pressure-driven force. This
indicates that the intensity of the secondary flow in
negative rotation is much grater than that without
rotation, because the Coriolis force is added to the
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Figure 11. Shear stress wu; in a straight duct.

pressure-driven force. These calculated results for the
secondary flow imply that the direction of rotation has a
significant impact on the heat transfer in the rotating
duct with roughened walls.

3.2.  Reynolds stress distributions

The streamwise fluctuating velocity for positive (two
left-most columns) and negative (two right-most
columns) rotations is shown in Figure 7. In Figure 7,
stresses u and uj represent the streamwise fluctuating
velocity in straight and curved ducts, respectively. The
calculated and experimental results are normalised by
the bulk velocity. The experimental and calculated
results at X7/D = —0.45 indicate that the distributions
of the streamwise fluctuating in positive rotation are
different from those in negative rotation. The produc-
tion term of the streamwise fluctuating velocity
induced by rotation, which is the fourth term of
right-hand side of the Reynolds transport equation, i.e.
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Equation (2), is the product of the angular velocity of
the duct and the shear stress —uju;. This means that
the stress —uu; affects the production of the stream-
wise fluctuation.

Moreover, the experimental result for the 6 = 0°
cross-section in positive rotation indicates that the
maximum value of the streamwise fluctuating velocity
is generated near the outer wall. This characteristic
feature can be reproduced by the proposed calculation.
In contrast, the experimental data show a peak value in
the vicinity of the inner wall side at the 0 = 90° and
135° cross-sections, whereas this peak value is not
predicted by the calculation. These differences between
calculated and experimental results imply that it is
necessary to correctly predict the separation and
reattachment points of the separated flow.

The results for the shear stress —uju; in positive
and negative rotation are shown in Figure 8. The
experimental data in negative rotation indicate that the
absolute value of the shear stress increases gradually as
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the flow develops. On the other hand, a remarkable
increase in absolute shear stress is not observed in
positive rotation. When the results are compared in
detail, the proposed method tends to underestimate the
experiment in negative rotation. This tendency prob-
ably results from the failure to precisely predict the
streamwise velocity in the separated flow region. In the
turbulent flow with separation, it is important to
predict exactly the separation and reattachment points
of the separated flow because the calculation cannot
correctly reproduce the streamwise velocity profile
after the separated flow unless the predicted reattach-
ment point is in good agreement with the experimen-
tally observed value. This discrepancy with respect to
the reattachment point affects the prediction accuracy
for the shear stress.

The streamwise and horizontal fluctuating veloci-
ties and the shear stress —uju; in a straight duct
located downstream of a curved duct are shown in
Figures 9-11, respectively. All of the cross-sections in
the figures are situated after X;/D = 6.95, which
corresponds to the 14th rib, as counted from the outlet
of the curved duct. Since the effect of the separated
region on flow behaviour decays gradually as the flow
movers downstream of the curved duct, the calculated
results are in good agreement with the experimental
results, as shown in Figures 9-11. At the same time,
these results indicate that the influence of the separated
region disappears after the X;/D = 6.95 cross-section.

4. Conclusions

A numerical analysis has been performed for a three-
dimensional developing turbulent flow in a rotating
U-bend with rib-roughened walls. In this calculation,
an algebraic Reynolds stress model is used to precisely
predict Reynolds stresses, and a boundary-fitted
coordinate system is introduced as a coordinate
transformation method. Calculated results were com-
pared quantitatively to the experimental data reported
by lacovides ef al. (1996) in order to confirm the
validity of the proposed method and to clarify the flow
mechanism theoretically. The numerical analysis re-
vealed the following:

(1) The proposed method can qualitatively predict
the experimental features of streamwise velo-
city in a rotating U-duct with roughened walls.
For example, the proposed method can repro-
duce the uniform streamwise velocity in posi-
tive rotation and the high-velocity profile near
the inner wall in negative rotation due to the
Coriolis force.

(2) The experimental results show that separated
flow is generated near the outer wall just after

the outlet of the curved duct, regardless of the
direction of rotation. The present method also
predicts this separated flow, although the
calculation tends to predict the separated flow
region as being larger than the experimentally
determined separated flow region.

(3) As for the secondary flow, the calculated results
suggest that the secondary flow pattern de-
pends greatly on the direction of rotation and
exhibits complicated flow behaviour as the flow
develops. The secondary flow pattern in nega-
tive rotation is similar to that without rotation,
and the secondary flow direction in negative
rotation is opposite that in negative rotation.

(4) The experimental distribution of the stream-
wise fluctuating velocity exhibits a maximum
peak value near the inner wall, regardless of the
direction of rotation. The calculation cannot
predict this characteristic feature well.

(5) The calculation fails to predict exactly the
distributions of normal and shear stresses in
the flow region just after the outlet cross-
section of the curved duct because the
predicted reattachment point of the separated
flow differs from the experimentally observed
value. However, the calculation predicts well
the normal and shear stresses downstream in
the straight duct because the influence of the
separated flow disappears downstream in the
straight duct.

(6) Although the numerical and experimental
results are not in perfect agreement, the
proposed algebraic Reynolds stress model is
applicable to the complicated turbulent flow in
the rotating U-bend with roughened walls.
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