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Älvkarleby, Sweden 2001, in order to determine the
state of the art techniques in draft tube flow simulation.
Results from these workshops show that CFD
simulations done by groups world wide, with the same
mesh, inlet- and outlet boundary conditions, and
turbulence models generally give similar main flow
patterns, although differences are observed while
using different turbulence models when a detailed flow
field analysis is made. However, for engineering
quantities, such as the pressure recovery factor, no
distinct improvement could be noticed when using
different codes or turbulence models. It was also
observed that the flow field prediction was very
sensitive to the inlet boundary condition and grid
quality. In this third Turbine-99 workshop, one of the
main purposes is to continue the evaluation of
numerical flow prediction capabilities in hydraulic
turbine draft tubes. The focus is set on three cases,
representing steady calculation (Case 1), unsteady
calculation (Case 2) and an optimization of the draft
tube performance (Case 3). The draft tube geometry
is a 1:11 model of Hölleforsens Kaplan turbine draft
tube, built in 1941. Measurements performed by
Andersson [2] are used to determine boundary
conditions and to validate the numerical results. For
more details about the workshop, see the Turbine-99
web page [1], and for other relevant works in this area,
see Avellan [3] and Scottas [4].
In this paper we intend to study only the first two
cases (Case 1 & Case 2) using the two CFD codes
CFX-5 and Loci-STREAM. The turbulence is modeled
and compared by applying three RANS-based models
(standard k-ε, BSL k-ω and SST k-ω) for Case 1, and
with one hybrid RANS LES model (the SST based
DES turbulence model) for Case 2. In addition the
reliability of the inlet boundary conditions will be
investigated. Details of the computation, result and
discussion can be found in the next three sections.

ABSTRACT
The numerical prediction of the flow field in a hydraulic
turbine draft tube is very challenging due to its
complex flow properties and has already been studied
in detail in two former ERCOFTAC Turbine-99
workshops. In this third workshop yet another step to
determine the state of the art techniques in draft tube
flow simulation are taken. Three cases were
suggested in the workshop, wherein we have
contributed to the first two cases (Case 1 respectively
Case 2) in this paper using the CFD codes CFX-5 and
Loci-STREAM. For the first case (steady calculation),
the turbulence is modeled with the standard k-ε model
and Menter’s BSL and SST k-ω models, whereas for
the second case (unsteady calculation), we use the
SST based DES turbulence model. Results from
these simulations show that both codes predict about
the same main flow structures although significant
differences in detailed flow fields are noticed between
the two codes and between applied turbulence
models.

INTRODUCTION
The efficiency of a hydraulic reaction turbine is
significantly affected by the performance of the draft
tube. Its main purpose is to utilize the kinetic energy
leaving the turbine runner by converting it into
pressure energy and thereby create an additional
head. The design of the draft tube is, however, not so
straight forward since the flow is very complex and
includes many flow features such as unsteadiness,
turbulence, swirl, vortex rope, adverse pressure
gradients, separation and secondary flows. All these
phenomena interact and make the numerical flow
prediction very difficult to achieve. In this context, two
ERCOFTAC Turbine-99 Workshops [1] have
previously been held in Porjus, Sweden 1999 and in
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COMPUTATIONAL APPROACH

Uj

The draft tube geometry and the definition of the
verification and validation sections (six cross-sections,
three pressure monitor points and upper- and lower
centerlines) are defined in Fig. 1. Two types of inlet
boundary conditions (angular averaged or angular
resolved data) were provided by the organizers, both
of which correspond to the best operating point of the
turbine, but will be applied individually depending on
case studied. In this work, the supplied 1 million
hexahedral node grids with a y+ resolution of 1 and 50
were used for all cases due to time limitations. These
two grids have a minimum face angle of 20.8º, a
maximum edge length ratio of 132 or 4585, and a
maximum volume ratio of 8.9 or 10.5 depending on
the y+ resolution. The simulations performed are
summarized in Table 1.
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In Menters BSL (Baseline) k-ω model the eddy
viscosity is estimated as:

νT =

k

(4)

ω

and the turbulence transport equation for the turbulent
kinetic energy k and the turbulent frequency ω are
modeled as a blending between Wilcox k-ω model
near the surface and the transformed standard k-ε
model (into a k-ω formulation) in the outer region are
as follows:
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where F1 is the blending factor and the model
constants are defined as: σ=F1σ k-ω+(1-F2)σ k-ε.
Menter’s BSL k-ω model takes the advantage over
Wilcox k-ω model and the k-ε model, but still poorly
predicts separation under adverse pressure gradients
due to an over prediction of the eddy viscosity. This
problem is solved in Menter’s SST (Shear Stress
Transport) k-ω model by introducing a limiter to the
Menter’s BSL k-ω formulation of the eddy viscosity
(Eq. 4), i.e.:

Figure 1 - Sketch of Hölleforsen draft tube model and its
verification and validation sections.
Table 1. Performed cases.
Case Model
Grid
1
k-ε
1m_yp50
1
BSL
1m_yp50
1
SST
1m_yp50
1

SST

1m_yp1

2
2

DES
DES

1m_yp1
1m_yp1

Code
CFX
STREAM
CFX
STREAM
CFX
STREAM
CFX
CFX

Inlet Boundary
Averaged
Averaged
Averaged
Averaged
Averaged
Averaged
Averaged
Resolved
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and the turbulent transport equations for the turbulent
kinetic energy k and the turbulent dissipation rate ε are
defined as:
∂U i
∂
∂k
−ε +
= −u j u i
∂x j
∂x j
∂x j

⎛⎛
⎜ ⎜ν + ν T
⎜⎜
σε
⎝⎝

⎞ ∂ε
⎟
⎟ ∂x
⎠ j

⎞
⎟
⎟
⎠

(7)

where F2 is another blending factor and Ω is the
invariant measure of the strain rate.
The DES (Detached Eddy Simulation) model is
finally based on Menter’s SST k-ω model, and
switched from an SST RANS model to an LES (Large
Eddy Simulation) model in regions where the RANS
prediction of the turbulent length scale LT is larger
than the local grid spacing Δ. In this case the
dissipation rate ε in Eq. (5) is calculated from the local
grid spacing Δ instead of the turbulent length scale
LT=√k/(β*ω), i.e.:

Governing Equations
The governing equations are closured using different
turbulence models. In the two-equation RANS models
(k-ε and k-ω based models), the Reynolds stresses
are related to the mean velocity gradients and the
eddy viscosity via the constitutive equation. The
difference between these models is the way the eddy
viscosity is modeled and how the turbulent transport
equations are formulated. In the standard k-ε model
the eddy viscosity νT is approximated as:
k2
,
(1)
ν T = Cμ

Uj

α1k
,
max(α 1ω ; ΩF2 )

(8)

where Δ=max(Δi) and F2 is the SST blend factor
introduced to protect against grid-induced separation.
For more details about the turbulence models and
the definition of the blending factors and the model
constants please see Menter [5-6].

(2)
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Numerical Methods
CFX-5 version 10 from ANSYS [7] and LociSTREAM [8] were used to solve the 3D flow in the
draft tube for the cases presented in Table 1.

Boundary Conditions
The inlet boundary conditions for the axial Ua and
tangential Ut velocity components were interpolated
from the provided measurements (linearly for the
angular averaged data and distanced weighted
average for the angular resolved data). The radial
velocity component, Ur, was estimated according to
the workshop guidelines so it would be attached to the
walls accordingly to:

CFX-5
The CFX-5 solver solves the governing equations
with a finite element based finite volume method,
applied on an unstructured grid. The discretization of
the pressure gradient term and the diffusion term are
obtained with shape functions, while the discretization
of the advection term is usually specified with a blend
factor β (Numerical Advection Correction Scheme), or
an automatic local evaluation of the blend factor β
close to 1 without violating the boundedness principle
(High Resolution Scheme). The blend factor β
determines the level of correction for the upwind
difference scheme, with β=0 corresponding to a first
order upwind difference scheme and β=1 to a second
order accurate scheme. Here a blend factor of β=1
was used for the momentum and continuity equations
whereas the high resolution scheme was applied to
the turbulent equations for all RANS turbulence
models except for the SST turbulence model on the
1m_yp1 grid, for which the high resolution scheme
had to be specified for all equations in order to
achieve a well converged solution. For the simulation
with the DES turbulence model, the central difference
scheme was applied to the LES equations and the
high resolution scheme internally to the RANS
equations. The near wall treatment is a scalable
implementation of the standard wall functions for the
standard k-ε model, and an automatic switch from wall
functions to low-Re formulation as the grid is refined
for the k-ω based models.
Loci-STREAM
The Loci-STREAM code [8] is a new CFD solver for
generalized grids implemented in a novel rule-based
programming framework called Loci [9], which allows
seamless integration of multidisciplinary physics in a
unified manner and automatic handling of massive
parallel computing. The flow solver is based on the
SIMPLE algorithm. It uses a control volume
approach with a collocated arrangement for the
velocity components and scalar variables like
pressure. Pressure-velocity decoupling is prevented
by
employing
the
Rhie-Chow
momentum
interpolation approach; this involves adding a fourthorder pressure dissipation term while estimating the
mass flux at the control volume interfaces. The
velocity components are computed from the
respective momentum equations. The velocity and
the pressure fields are corrected using a pressure
correction equation. The correction procedure leads
to a continuity-satisfying velocity field. The whole
process is repeated until the desired convergence is
reached. Details of the basic algorithm can be found
in [8]. The convection terms are discretized using a
second-order upwind scheme with an option of using
limiters. Turbulence closure is achieved via k-ω
based BSL and SST models, with the option of
invoking wall functions near solid boundaries.

U r = U t ⋅ tan (θ )

(9)

with a linear variation of θ:

θ = θ cone +

θ wall − θ cone
R wall − R cone

⋅ (r − R cone ) ,

(10)

where Rcone≤r≤ Rwall, Rcone=98.1 mm, Rwall=236.5 mm,
θ cone=-12.8º and θ wall=2.8º. The turbulence kinetic
energy k and turbulent dissipation ε were also
interpolated from the provided RMS measurements
accordingly, as shown below:
k=

)

(

1 2
u a + u t2 + u r2 ,
2

ε = Cμ

(11)

k 3/ 2
,
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where the Reynolds stresses u a2 , u t2 and u r2 were
estimated based on the RMS measurements and by
using the relation u r2 = u t2 . The turbulent dissipation
length scale was estimated to be Ld=0.05 and Cμ was
set to 0.09. To achieve the correct flow rate of
Q=0.522 m3/s all the measured quantities were also
scaled with a scale factor of 1.07 in the CFX
calculation, but not in the Loci-STREAM calculations.
At the outlet boundary a zero pressure condition was
applied that also allowed recirculation flow at the
outlet. The wall velocity at the runner was set based
on runner speed, N=595 rpm, with all walls considered
rough in the CFX calculation and smooth in the LociSTREAM calculations. The roughness factor was set
to 0.01 mm in CFX.
Engineering quantities
The engineering quantities investigated in this work,
which was suggested by the organizers, are as
follows:
The pressure recovery factor, Cpr:
C pr =

p Out:Wall − p In:Wall
1 ⎛ Qin
ρ⎜
2 ⎜⎝ Ain

⎞
⎟
⎟
⎠

2

,

The mean pressure recovery factor, Cprm:
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The energy loss coefficient, ζ:
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(a) SST yp50 CFX

.

(d) SST yp50 STREAM

Figure 2 – Calculated streamlines from the runner and
velocity contours for the steady RANS calculations.
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In addition, the pressure is represented using the
pressure coefficient cp, defined as:
cp =

p − p In:Wall
1 ⎛ Qin
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(a) k-ε yp50 CFX

(b) BSL yp50 STREAM

is the outlet

5

averaged static wall pressure at C.S IVb, p In:Wall is the

4

inlet averaged static wall pressure at C.S Ia, ρ is the
density, Q is the flow rate, Ain is the area of C.S Ia and
Aout refers to the C.S IVb.

3

where p is the pressure,

p Out :Wall

2

RESULTS AND DISCUSSION

1

In this section we present the main results of our
CFD simulations using different turbulence models
and grids. In addition, a closer comparison between
the CFX and the STREAM codes will be evaluated
together with an analysis of an estimation of the
boundary layer in the angular averaged inlet boundary
data.
Steady State RANS Calculations
In general, both CFX and STREAM predicted the
same main flow structures and agreed well with
experimental results for both grids (1m_yp1 and
1m_yp50) when second order accurate schemes
were used for the turbulence equations. The two
codes captured, among other things, regions with
separated flow near the runner hub and in the elbow
corner, secondary flow with two main vortices and a
vortex core located at the right side seen upstream
(see Fig. 2). The velocity magnitude contours at midplane were, regardless of the code used, in good
agreement for different turbulence models, as shown
in Fig. 3. Some differences were however observed
for the axial and tangential velocity at C.S Ib, and for
the axial velocity contours at C.S II and C.S III
between the two codes (see Fig. 4-6). The contour
levels at C.S II and C.S III are however in comparable
range and the velocity vectors have better agreement
between the two codes, as shown in Fig 5-6.

(c) SST yp50 CFX

(d) SST yp50 STREAM

(e) SST yp1 CFX

(f) SST yp1 STREAM

Figure 3 – Velocity magnitude contours at mid-plane for the
steady RANS calculations.
When comparing the engineering quantities, it was
observed that the STREAM code with the SST
turbulence model was closest to the experimental
value of the pressure recovery factor, Cpr, as shown in
Table 2. Also, the STREAM code performed slightly
better at the elbow compared to CFX when using the
SST turbulence model and the 1m_yp1 grid while
comparing the pressure coefficient, cp, at the central
lines to experimental values (see Fig. 7). The scatter
in the engineering quantities for the SST turbulence
model between 1m_yp50 and 1m_yp1 was however
larger for the STREAM code and almost negligible for
the CFX code. This is also the case for the pressure
coefficient along the central lines and the velocity
profiles at different cross-sections, as shown in Table
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2 and Figs. 4-7. The most likely reason for this scatter
is that there are some differences in the wall function
implementation between the two codes.
0.5
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KE yp50 CFX
SST yp50 CFX

0

(a) k-ε yp50 CFX

(b) BSL yp50 STREAM
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SST yp1 STREA M
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(c) SST yp50 CFX

(d) SST yp50 STREAM

(e) SST yp1 CFX

(f) SST yp1 STREAM
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Figure 6 – Axial velocity contours and velocity vectors at C.S
III for the steady RANS calculations.

(a) Axial velocity Ua

Table 2. Engineering quantities
calculations.
Case Model
Code
k-ε
1
CFX
yp50
BSL
1
STREAM
yp50
SST
CFX
1
yp50
STREAM
SST
CFX
1
yp1
STREAM
Experiments

0.2
KE yp50 CFX
SST yp50 CFX

0

SST yp1 CFX

-0.2

BSL yp50 STREA M

Ut [m/s]

-0.4

SST yp50 STREA M
SST yp1 STREA M

-0.6
-0.8
-1

for the steady RANS
Cpr

Cprm

ζ

1.391

0.892

0.165

1.451

1.032

0.150

1.219
1.174
1.218
1.113
1.120

0.884
0.934
0.885
0.873
-

0.176
0.237
0.175
0.207
-

-1.2

1.2
0

0.05

0.1

0.15
r [m]

0.2

0.25

0.3

1
0.8
0.6
cp

(b) Tangential velocity Ut

Figure 4 – Axial and tangential velocity at C.S Ib for the
steady RANS calculations.

KE yp50 CFX
SST yp50 CFX

0.4

SST yp1 CFX
BSL yp50 STREA M

0.2

SST yp50 STREA M
0
-0.2

SST yp1 STREA M
Experiments

elbow
0

1

1.5

2
A bscissa [m]
(a) Upper wall

3

4

1.2

(a) k-ε yp50 CFX

(b) BSL yp50 STREAM

1
1

0.8
0.6

corner

(d) SST yp50 STREAM
cp

(c) SST yp50 CFX

0.5

0.4

KE yp50 CFX
SST yp50 CFX
SST yp1 CFX
BSL yp50 STREA M

0.2

SST yp50 STREA M

(e) SST yp1 CFX

0

(f) SST yp1 STREAM

Figure 5 – Axial velocity contours and velocity vectors at C.S
II for the steady RANS calculations.

-0.2

elbow
0
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1

SST yp1 STREA M
Experiments

2
3
A bscissa [m]
(b) Lower wall

4

5

Figure 7 – Pressure coefficient cp along the centerline for the
steady RANS calculations (cp=1 at outlet).

A direct comparison between the two codes was
also made using different order of the schemes for the
momentum and turbulence equations using the SST
turbulence model on the 1m_yp50 grid. It was
observed that when first order upwind difference
schemes were used for both equations, the two codes
gave similar flow fields predictions, as shown in Fig. 8
and 9. When applying second-order accurate
schemes (Specific Blend in CFX and second order
upwind difference scheme in STREAM) for either the
momentum equation only or for both equations, the
discrepancies between two codes became more
pronounced. For the engineering quantities, there is,
however, no correlation between the order of the
scheme and the difference between the codes, as
seen in Table 3.
The origin for all these discrepancies between the
two codes can probably be traced to the
implementation and interpolation strategies of the
momentum and turbulence equations, wall treatments
and boundary treatments adopted in the two codes,
together with differences in the post-processing of the
data. Another fact that also must be considered is that
the inlet velocities were adjusted to get the correct
flow rate and that the walls were considered rough in
the CFX calculations but not so in the STREAM
calculations.

1.5

(a) CFX 1ord +1ord

1

(c) CFX 2ord+1ord

(d) STREAM 2ord+1ord
0.5

(e) CFX 2ord +2ord

(f) STREAM 2ord +2ord

Figure 9 – Axial velocity contours and velocity vectors at C.S
II for different discretization schemes, calculated with the
SST model and the 1m_yp50 grid.

Table 3. Engineering quantities for different discretization
schemes, calculated with the SST model and the 1m_yp50
grid.
Code
Mom.
Turb.
Cpr
Cprm
Ζ
CFX-5
1ord
1ord
1.236
0.898
0.160
STREAM
0.957
0.745
0.309
CFX-5
2ord
1ord
1.215
0.881
0.177
STREAM
1.100
0.873
0.408
CFX-5
2ord
2ord
1.219
0.884
0.176
STREAM
1.174
0.934
0.237
Experiment
1.120

CFX 1ord+1ord
CFX 2ord+1ord

0.5

(b) STREAM 1ord +1ord

CFX 2ord+2ord
0

STREA M 1ord+1ord

Influence of the Inlet Boundary Condition profile
New angular averaged inlet boundary condition has
been used in this third Workshop compared to the two
previous ones since the test rig broke down during the
measurements (see Andersson [2]). Even though this
new data set reveals significant differences compared
to the previous data set, one major difference is that
this new data set does not resolve the boundary layer
near the runner hub and cone wall as the old data set
did. Therefore, an attempt to estimate and resolve the
boundary layer for this new data set was done here
according to the same method as for old data set in
Workshop I and II. Assuming that the measuring
points closest to the walls (runner hub and cone wall)
lies in the wake region, the friction velocity u* can be
determined as:

STREA M 2ord+1ord

-0.5
Ua [m/s]

STREA M 2ord+2ord
-1
-1.5
-2
-2.5
-3

0

0.05

0.1

0.15
r [m]

0.2

0.25

0.3

(a) Axial velocity Ua
CFX 1ord+1ord
CFX 2ord+1ord

0.2

CFX 2ord+2ord

0

STREAM 1ord+1ord

-0.2

STREAM 2ord+1ord
STREAM 2ord+2ord

Ut [m/s]

-0.4

u* = K ⋅

-0.6
-0.8
-1
-1.2
0

0.05

0.1

0.15
r [m]

0.2

0.25

0.3

(b) Tangential velocity Ut

Figure 8 – Axial and tangential velocity at C.S Ib for different
discretization schemes, calculations with the SST model and
the 1m_yp50 grid.
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um (ym )
,
25

(14)

where um is the velocity at the measuring point closest
to the wall, ym is the distance to the measuring point
closest to the wall and K is a constant set to 1.4.
Points in the logarithmic region can then be
determined according to the log-law. The difference
between the profiles (new original, new resolved and
old data set) is presented in Fig. 10. Note that largest
difference is near the runner hub and that the change
of sign of the tangential velocity Ua in the old data set
originates from the boundary layer estimation and is
not a measured behavior.

0.5

Results from the calculation with the original and
resolved boundary layer profiles, using CFX with the
SST turbulence model and the 1m_yp1 grid, shows
significant differences in the local flow field. Especially,
the flow field becomes more attached to the runner
hub using the new resolved data set, resulting in a
smaller region of separated flow near the runner, hub
as seen in Fig. 11 and 12. Further downstream, the
differences are still noticeable but in general both
profiles predict the same features of the main flow
field, as can be seen in Fig. 13.

Original
0
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0

0.05
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-1

Ua [m/s]

0.15
0.2
r [m]
(a) Axial velocity Ua

0.25

0.3

0.25

0.3

0.2
Original

0

-1.5

Resolved

-0.2

-2

-0.4
Ut [m/s]

-2.5
-3
-3.5

-0.6
-0.8
-1

-4
0.1
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0.14 0.16 0.18
r [m]
(a) Axial velocity Ua

0.2

0.22

0.2

-1.2
0

6
Original
Resolved
Old

5

0.05

0.1

0.15
0.2
r [m]
(b) Tangential velocity Ut

Figure 12 – Axial and tangential velocity at C.S Ib for the
original and resolved angular averaged profiles, calculated
using CFX with the SST model and the 1m_yp1 grid.

4
Ut [m/s]

0.1

3
2

1.8
1.6

1

1.4

0
-1

(a) Original C.S II

(b) Resolved C.S II

1.2
1
0.8

0.1

0.12

0.14 0.16 0.18
r [m]
(b) Tangential velocity Ut

0.2

0.22

0.2

0.6
0.4

(c) Original C.S III

Figure 10 – The angular averaged inlet velocity profiles.

(a) Original

(d) Resolved C.S III

Figure 13 – Axial velocity contours and velocity vectors at
C.S II and C.S III for the original and resolved angular
averaged profiles, calculated using CFX with the SST model
and the 1m_yp1 grid.

Significant differences were also noticed in the
pressure recovery factor, Cpr, while the other
engineering quantities were more consistent (see
Table 4). Specifically, the Cpr value is closer to the
experimental value of 1.12 for the resolved data set
due to a lower drop of the inlet radial pressure
coefficient, cp, near the cone wall (r=0.2365 m) (see
Fig. 14). This drop originates from the second wall
node and is lower for the resolved data set due to the
boundary layer estimation.

(b) Resolved

Figure 11 – Velocity vectors for the original and resolved
angular averaged profiles at the symmetry plane near the
runner hub, calculated using CFX with the SST model and
the 1m_yp1 grid.
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Table 4. Engineering quantities for the original and resolved
angular averaged profiles, calculated using CFX with the
SST model and the 1m_yp1 grid.
Inlet Boundary Condition
Cpr
Cprm
ζ
Original
1.218
0.885
0.175
Resolved
1.096
0.898
0.150
Experiments
1.120

Original

0

(a) Angular Averaged

Resolved

(b) Angular Resolved

Figure 15 – Calculated streamlines from the runner and
elbow corner, velocity contours and the vortex rope (red
isobar surface) for the unsteady DES calculations
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Figure 14 – Inlet radial pressure coefficient cp for the original
and resolved angular averaged profiles (cp=0 at r=0.117m),
calculated using CFX with the SST model and the 1m_yp1
grid.
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Unsteady DES Calculations
The unsteady DES calculation was performed using
CFX on only the 1m_yp1 grid and not on the
2.5m_yp1 grid as suggested by the organizers, due to
time limitations. As inlet boundary condition, both the
angular averaged (used in the steady RANS
calculations) and the angular resolved inlet velocities
were used, to study the differences. The final time
step in the simulation was set to 0.05 s (~1/2
revolution) for the angular averaged data and to 0.001
s (~1/100 revolution) for the angular resolved data.
Notice that even a smaller time step of 0.005 s (~1/20
revolution) was tested for the angular averaged data,
with no noticeable improvement. The mean pressure
recovery factor, Cprm, energy loss coefficient, ζ, and
pressure at 3 points (see Fig. 1 for location) where
monitored at every time step. Unsteady solutions were
written every 0.05 s and averaged during about 1.0 s
after the simulation was converged.
The result of these unsteady simulations shows that
both the angular averaged and angular resolved inlet
velocities capture the same main flow structures.
Figure 15, shows, for example, the calculated
streamlines from the runner and elbow corner, velocity
contours and the vortex rope (red isobar surface).
Differences are seen in the size of the vortex rope and
in velocities at different cross-sections, as shown in
Fig. 15-18. The secondary flow pattern is however
more consistent. Also, the engineering quantities show
some differences, where the simulation with the
angular resolved inlet velocities was closest to the
experimental value of the pressure recovery factor, Cpr
(see Table 5). The pressure coefficient, cp, along the
central-lines also differs slightly, especially at the
elbow, as seen in Fig. 19.

(a) Angular Averaged

Figure 16 –Averaged velocity magnitude contours at midplane for the unsteady DES calculation using CFX and the
1m_yp1 grid
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(b) Tangential velocity Ut

Figure 17 – Average axial and tangential velocities at C.S Ib
for the unsteady DES calculation using CFX and the 1m_yp1
grid.
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1.8

amplitude of the pressure fluctuations was also much
larger for the angular resolved data. Note that all these
averaged quantities could be more accurately
determined by writing unsteady solutions more
frequently and by including more periods in the
averaging process.

1.6
1.4
1.2

(a) Angular Averaged C.S II

(b) Angular Resolved C.S II

1
0.8
0.6
0.4

(c) Angular Averaged C.S III

(d) Angular Resolved C.S III

1500

Figure 18 – Averaged axial velocity contours and velocity
vectors at C.S II and C.S III for the unsteady DES calculation
using CFX and the 1m_yp1 grid.
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Table 5. Engineering quantities for the unsteady DES
calculation using CFX and the 1m_yp1 grid.
Cprm
ζ
Inlet Boundary Condition
Cpr
Angular Averaged
1.236
0.912
0.155
Angular Resolved
1.056
0.910
0.222
Experiments
1.120
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A ngular Resolved

-1500
1.2

0

0.2

0.4
t [s]

0.6

0.8

1

Figure 20 – Pressure fluctuations at monitor point 3 (see Fig.
1 for location) for the unsteady DES calculation using CFX
and the 1m_yp1 grid.
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Figure 21 – Power spectrum at monitor point 3 (see Fig. 1 for
location) for the unsteady DES calculation using CFX and
the 1m_yp1 grid.
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Table 6. Frequency characteristics of pressure fluctuations
at monitor point 3 (see Fig. 1 for location) for the unstedy
DES calculations using CFX and the 1m_yp1 grid.
Inlet Boundary Condition Vortex
Blade
Δp
Rope
Passage
[Hz]r
[Hz]
[Pa]
Angular Averaged
1.8
130
Angular Resolved
1.7
49.6
2600

A ngular Resolved
Experiments

2
3
A bscissa [m]
(b) Lower wall

4

5

Figure 19 – Averaged pressure coefficient cp along the
centerline for the unsteady DEScalculations (cp=1 at outlet).

The numerically calculated pressure fluctuations and
the presence of the vortex rope agreed well in phase
but worse in amplitudes (see Fig. 20 and 21). From
these figures it can be deduced that the vortex rope
frequency is about 1.7-1.8 Hz, independent of the inlet
boundary condition, and that the blade passing
frequency is about 49.6 Hz, as shown in Table 6. The
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In the present paper we have conducted steady and
unsteady simulations for Case 1 and Case 2 of the
Turbine-99 Workshop III using the CFD codes CFX-5
and Loci-STREAM. In general, both codes predict
similar main flow features, although some differences

are observed in the engineering quantities, the
pressure along the central lines and in the velocities at
different cross-sections. These differences are more
pronounced when using different second order
accurate schemes than identical first order schemes.
Different turbulence models also gave generally
similar main flow structures but significant differences
in the engineering quantities and in the local flow field.
An evaluation of the most appropriate turbulence
model is however not done in this paper due to
limitations in the available experimental data.
Simulations show, as in the previously workshops (I
and II), that the final result is highly affected by the
inlet boundary conditions. Specifically, the final result
is dependent on the resolution of the inlet boundary
layer and the usage of angular averaged or angular
resolved inlet data profiles.
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NOMENCLATURE
A
cp
Cpr
Cprm
f
k
Ld
LT
N
p
Q
r
Sij
ui
Ui

area, m2
pressure coefficient
pressure recovery factor
mean pressure recovery factor
frequency, Hz
turbulent kinetic energy, m2/s2
turbulent dissipation length scale, m
turbulent length scale, m
runner rotational speed, rpm
static pressure, Pa
flow rate, m3/s
radius. m
rate of strain tensor
fluctuation velocity, m/s
mean velocity, m/s

ui u j

Reynolds Stresses, m2/s2

Δi
Ωij
β
ε
ζ
θ
μ
μT
ν
νT

local grid spacing, m
rate of rotation invariant tensor
blend factor
turbulent dissipation rate, m2/s3
energy loss coefficient
angle, rad
dynamic viscosity, kg/ms
dynamic eddy viscosity, kg/ms
kinematic viscosity, m2/s
kinematic eddy viscosity, m2/s
density, kg/m3
turbulent frequency, rad/s

ρ

ω
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