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Abstract: Water passes through the rows of stationary and rotating blades in the turbine space and thus the flow
becomes complex. The application of computational fluid dynamics (CFD) is steadily increasing to improve design of
hydraulic turbines. The numerical flow simulation in the hydraulic turbine space can either be based on potential or
viscous flow theory. In both the approaches, detailed flow behavior in complete turbine space is obtained. The quasi-
3D potential flow approach is quick and simple as compared to full-3D viscous flow methods of analysis but do not take
into account the friction losses, which need to be computed separately. The direct flow analysis has been carried out
in an experimentally tested model of axial flow hydraulic turbine using the two approaches and the comparison of flow
pattern and computed parameters in runner is made in present paper. The computed efficiencies and other performance
parameters have also been compared with experimental values at some critical points for validation.
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Nomenclature

C - absolute velocity (m/s)

C, - meridional velocity (m/s)

C, - whirl velocity (m/s)

D - diameter of turbine runner (m)

g - gravitational acceleration (m/s?)

h - specific pressure energy (m?2/s?)

h, - total specific energy (m?/s?)

Hy - shock loss at inlet of runner in quasi-3D
flow (m)

n - rotational speed of runner (rpm)

Q - discharge through turbine (m3/s)

T - torque on runner blade (N-m)

t - pitch of runner blades (m)

TP, - total pressure at stay vane inlet (Pa)

TP, -total pressure at draft tube outlet (Pa)

u - mean velocity (m/s)

u’ - fluctuating velocity components (m/s)

U - peripheral velocity of runner tip (m/s)

w - relative velocity (m/s)

" - angular velocity of runner (rad/s)

p - mass density of water (kg/ms3)

B - flow angle from tangential direction (°)

Y - specific weight of water (N/ m3)

Subscripts

1 at inlet of runner

2 at outlet of runner

Introduction

he flow in hydraulic reaction turbines is complex
and it varies from hub to tip due to interaction of flow
between blade rows. Further, the flow conditions are also
changed due to opening of guide vanes and geometrical
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configuration of runner blades. Energy is transferred from
water to runner due to provision of varying stagger and
camber at different sections of blades. In axial flow turbine,
water comes out of runner with significant amount of kinetic
energy and it is partially recovered in draft tube. Hence
draft tube also plays important role in the performance of
axial flow turbines (Csanady 1964; Nechleba 1957). In the
analysis of flow through runner blades by direct or indirect
method of runner design, flow is generally taken as steady.
The direct method is generally used for flow analysis in
existing or designed turbines. The comparison of velocity
and pressure distribution for the runner between hub
and tip is obtained by two numerical approaches viz two
dimensional and three-dimensional inviscid flow (Daniel,
Romeo and Sebastian 2003:29-36). In quasi-3D potential
flow analysis, the three-dimensional flow is divided into two
two-dimensional flow problems: meridional flow and blade-
to-blade analysis for blade rows, and it is much simpler and
computationally quicker as compared to full-3D viscid flow
approach. Hence it is proposed to use quasi-3D for initial
design based on indirect method and then to apply full-3D
viscous flow method for final design (Peng, Cao, Ishizuka
and Shinji Hayama 2002:533-54). The three- dimensional
analysis is used for optimum design of hydraulic turbines
(Liplej 2004:43-50; Peng 2005:1183-1190).

As one blade row affects the flow pattern at other blade
row, numerical analysis of individual blade row has the
problem of defining proper boundary condition because
of unknown flow behavior at upstream and downstream
of any particular blade row. With development of high
computational speed and memory, this problem is overcome
by carrying out combined flow analysis through all blade
rows simultaneously.

In the present paper, quasi-3D potential flow and full-3D
viscous flow analyses have been made of axial flow turbine
consisting of stay ring, distributor, runner and draft tube for
three operating regimes by MIXFLO and Ansys CFX10.0
commercial codes. The computed non-dimensional flow
parameters from both approaches are presented in tabular
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and graphical form and critically compared.

Definition of geometry

The specification of geometry for complete flow space is
one of theimportant input data for any numerical simulation.
All the three blade rows of the turbine are axi-symmetric.
The axial flow turbine model being analyzed has 12 stay
vanes, 28 guide vanes and four runner blades. The diameter
of turbine model runner is 400mm. The geometry input for
quasi-3D method is much simple as compared to full-3D
analysis. The grid coordinates (x, r) are given within the two-
dimensional meridional space with three blade rows on one
side of the axis of rotation for quasi-3D analysis. The two-
dimensional meridional space with locations of stay vane,
guide vane and runner is shown in figure1. The draft tube
is not considered in this analysis and head recovery in it is
computed using empirical formula obtained by regression.
The space between the hub and casing is divided into 10
sections and blade profile coordinates at all 10 sections of
blade are given for each blade row.

The space from inlet to outlet is divided into 50 cells. The
software can either accept (r, 0, z) coordinates for existing
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Fig 1: Two-dimensional space geometry for quasi-3D analysis

Fig 2: Three-dimensional geometry for full-3D analysis
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blades or blade cascade data for new design. The supplement
programs are developed in FORTRAN to generate data for
different configurations of guide vane and runner blade
profiles.

In case of full-3D viscous flow analysis, 3D geometric
modeling for stay vane, guide vane, runner and draft tube is
carried out separately and then assembled through proper
interfaces to form complete flow domain. A single blade
from each blade row is modeled for numerical simulation,
because of axi-symmetry, by providing the rotational
periodicity for stay vane, guide vane and runner. This has
minimized the total size of mesh elements and nodes. The
draft tube is fully modeled because of no symmetry about
any axis. The assembled three-dimensional geometry is
shown in figure 2. The unstructured tetrahedral mesh has
been used for meshing of flow domain. The summary of
nodes and elements in mesh for each domain is given in
Table 1. The change in guide vane opening is achieved by
modeling this component separately for three openings.
All other components such as stay vanes, runner for the
chosen blade angle and draft tube remain the same and are
assembled with changed guide vanes to develop the complete
three-dimensional model for analysis at different operating
regimes.

Boundary conditions

The results obtained from the numerical simulation in any
flow domain depend on the specified boundary conditions.
In case of quasi-3D potential flow analysis, total flow rate
with flow direction is specified at stay vane inlet as inlet
boundary condition and rotational speed for each blade
row. The assumed flow angles or whirl velocities at outlet of
each blade row are specified as outlet boundary condition.
These get modified during the iteration process between
meridional and blade-to-blade analysis.

In full-3D viscous flow, total mass flow is divided by
number of stay vane passages and the mass flow rate along
with direction through passage between two stay vanes
is specified at stay vane inlet as inlet boundary condition.
The static reference pressure at the outlet of the draft tube
is specified equal to zero as outlet boundary condition. The

Domain No. of nodes No. of elements
Stay vane 24811 126527
Guide vane 15563 71275
Runner 25267 130868
Draft tube 279151 1540907

Table 1: Summery of mesh data

Guide vane opening a=35°| a=40°| a=50°
E;iﬁhaglg)so(;gﬁ/ s) for 0.620 0.570 0.714
E)c;tghilo_ r;]‘)l speed (rpm) 1260 1155 1440
g)gtgggsr;?é%peed (rpm) 1219 1131 1426

Table 2: Input data for numerical simulation
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distribution of mass flow for each blade row is automatically
done at interfaces depending on pitch change between
domains. The stay vane, guide vane and draft tube domains
are set stationary and the rotational speed of runner is
specified. The values of discharge and rotational speed for
different guide vane openings are given in Table 2.

Governing equations and numerical method

The three-dimensional turbulent flow is represented by
Reynolds Averaged Navier Stokes (RANS) equations (Ansys
CFX 2005), consisting of continuity, momentum and energy
equations. These equations are given as:

Continuity o + Vl:(pa) =0 &)
ot

Momentum %+V[{pﬁ®ﬁ) =Vi(t-pu'®u'+S, (2

Energy % +Vi(puh, +pu'h-AV1) = % (3)

These equations are non-linear and their analytical
solution is not possible and hence approximate solution
is obtained by numerical methods. Additional sources
of momentum are required for flow in rotating frame of
reference like runner, to account for the effect of coriolis and
centrifugal forces and are given as

Scor = —2pox U 4)

Scr = —PpoXx(®XT) (5)

and energy equation, total specific energy is modified as

(6)

The numerical solution of RANS equations for steady
state viscous turbulent flow is carried out in hydraulic turbine
with SST k- turbulence model by Ansys CFX10.0 software.
The finite volume method is used for discretization of RANS
equations. The mesh generated in Ansys ICEM CFD10.0 is
checked for mesh quality parameters. The y* varies between
24 t0186 for three blade rows which is the acceptable range
for automatic wall function treatment in boundary layer.
Further modification of mesh near boundaries for decreasing
value of y*is not considered necessary as the objective of
full-3D analysis is to validate results of quasi-3D analysis.

In quasi-3D approach, first grid is generated in two-
dimensional meridional space and its coordinates are given
as geometry input. Stoke’s equation in terms of stream
function for meridional flow and Martensen’s equation for
blade-to-blade flow are given below:

Stokes’ Equation:
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6"’2 _los 692 = —ll,r )
0z~ ror or

Martensens’ equation:
where,

—é‘}'{:im] + ik(s“ L5, s, Mz, +V_(Cosy_Coso, +siny _Sme, )} =0 (8)

(9)

k(s,,s,) =

1 {(ym -¥,)CosB,, —(x,, —x,)Sinp, }
2m X =X)" + (Y = ¥a)

These equations are solved by surface boundary
integral in MIXFLO software (Lewis 1996). This software is
exclusively for analysis of potential flow in turbo-machines.
The numerical solution of governing equations in both
approaches gives values of pressure and velocity at element
nodes. The required parameters are computed from the
above pressure and velocity distribution by developing
program in FORTRAN.

Computation of non-dimensional parameters

The non-dimensional flow parameters are computed using
the following expressions:

Total head for quasi-3D flow

_ 2
H= Cy,U, -C,U, _{_&_'_ H (10)
g 2g
Draft tube recovery coefficient

2gH

Values of K, and K, are computed as (0.75, 0.25), (0.71,
0.20) and (0.65, 0.15) by regression for guide vane opening
50°, 40° and 35° respectively.

Head utilized by runner in quasi-3D flow

HR — CUlUl _CU2U2 +vH (12)
g
Total head in full-3D analysis
H= TPsv; = TPpre (13)
Y
Head utilized by turbine in full-3D analysis
T
R = s (14)
60yQ

Validation of numerical results

The numerical simulation of flow is based on the
approximate solution of governing partial differential
equations and accuracy of solution depends on many factors.
Hence, it is necessary to validate the results from numerical
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Specific meridional velocity

(15)

Specific whirl velocity
Cy
2gH

(16)

Specific relative velocity

we W (17)

\2gH
Degree of reaction
_Wr-we

W/ (18)
2gH

Flow deflection

€= Bl - Bz

Blade circulation coefficient
t (CUI U2 )

 D2eH
Specific energy coefficient
_ gHD*
= Q2
Speed factor
nD

Jen

Discharge factor

(19)

(20)

(21)

SF =

(22)

DF=— 2 _

D*,/gH

Hydraulic efficiency

(23)

Hy
analysis with experimental results. The results from full-3D
analysis are validated for different flow problems including
turbines (Liplej 2004:43-50; Rao and Tripathi 2007:196-
201). In case of turbines, experimental results are available
in terms of global design parameters of turbine i.e variation
of efficiency at different regimes of operation and hence
comparison of computed and experimental results is given
in terms of speed, discharge and efficiency. The quasi-3D
potential and full-3D viscous analyses are carried out at about
maximum efficiency regimes at three guide vane openings.
The values of speed factor and discharge factor at each guide
vane opening are taken from experimental data and kept
the same in both numerical approaches. The comparison
of hydraulic efficiencies from numerical computations and
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experiment is given in Table 3.

Guide vane opening a=50° | a=40° | a=35°
Speed factor 55.51 46.57 | 42.58
Discharge factor 0.430 | 0.359 | 0.327
Experimental efficiency (%) | 90.86 | 92.06 | 91.59
Computed efficiency (%) o1 - 8
from full-3D approach 9019 | 92.24 9:97
Computed efficiency (%)

from quasi-3D approach 92:69 | 94.26 | 93.91

Table 3: Comparison of computed and experimental results

It is observed from Table- 3 that the peak efficiency
regime indicated by computation in both numerical
approaches and by experiment is same. The computed
efficiencies from full-3D analysis at different regimes are
in close agreement with experimental values. The efficiency
obtained by quasi-3D approach is higher than full-3D
approach because of differences in considering losses. The
difference in efficiencies obtained from quasi-3D and full-
3D analysis from experimental values may be ascribed to (i)
differences in discretization of governing equations and flow
domain, (ii) losses not accounted fully and precisely in CFD
analysis and (iii) not considering casing in analysis.

Results and discussions

The stream-wise location for computation of velocities and
other parameters can be exactly matched with leading edge
(LE) and trailing edge (TE) of runner blades in quasi-3D
method while in case of full-3D approach, it is not possible
to match the stream wise grid line with leading edge LE
and TE of runner. The specific velocities are computed by
normalizing the actual velocity with the spouting velocity
V(2gH). The computed mass averaged values of velocities
and other flow parameters at inlet and outlet of runner are
given in Table 4. It is found that numerical values of different
parameters from both the approaches are in close agreement
and differ slightly due to difference in total head required for
same operating regime.

The pattern of variation of meridional velocities at
different guide vane openings from hub to tip also agreed
reasonably well as shown in figure 3 and figure 4.

The magnitude of these velocities at any point between
hub to tip increases with guide vane opening. It is due to
increase in discharge with increase in guide vane opening.
The meridional velocities at inlet is maximum near mid span
and decreases toward hub and tip while at outlet, it is nearly
constant at all guide vane openings except hub region.

It is observed from figure 5 and figure 6 that the whirl
velocities at inlet of runner decrease from hub and then
slightly increased at tip while at outlet, these are increasing
from hub to tip in both approaches indicating more energy
extraction at hub than at the tip. The whirl velocities at
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inlet decrease with increase in guide
vane opening at any span-wise location
and remain sensibly same at tip. Their
variation from hub to tip at outlet
is nearly independent of guide vane
opening.

The span-wise flow angles variation in
figure 7 and figure 8 depicts that flow
angles decrease from hub to tip at both
inlet and outlet of runner. The flow
angles at inlet are affected by guide vane
opening and they increase with decrease
in guide vane opening. The flow angles
on tip side at inlet and from hub to tip at
outlet are nearly independent of regime
of turbine operation.

Conclusions

The comparison between computed
and experimental efficiencies indicates
that the best efficiency regime indicated
by computation from both the
numerical approaches and experiment
is the same and the value of computed
efficiency from full-3D analysis is in
close agreement with the experimental
value at this regime. The accuracy of
computed results can be improved
by making fine grids. The difference
between computed efficiencies from
both numerical approaches and
experimental values may be ascribed
to (i) differences in discretization of
governing equations and flow domain,
(ii) non-assessment of losses precisely
in CFD analysis and (iii) casing not
considered in analysis.

The full-3D analysis tackles the flow
behavior in better way than quasi-3D
analysis but the geometrical modeling
for this analysis is more complex and
CPU time is much more than that
of quasi-3D analysis. The predicted
pattern of flow behavior from full-3D
and quasi-3D approaches is nearly
the same. Hence, it is concluded that
quasi-3D approach may be used to
study the flow pattern in the turbine
space and to obtain the best design by
different combinations of the design
parameters, turbine space and blade
geometry and then this design can
be analyzed by full-3D approach and
finally assessed through model testing.
This procedure will minimize time and
money spent in development of new
designs of turbines.
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a=50° a=40° a=35°
full-3D quasi-3D | full-3D quasi-3D | full-3D quasi-3D

Cou 0.459 0.452 0.395 0.396 0.343 0.362
Coo 0.461 0.477 0.387 0.411 0.351 0.374
C 0.338 0.329 0.419 0.389 0.475 0.425
C 0.032 0.049 0.070 0.036 0.080 0.038
w, 1.257 1.268 0.935 0.959 0.784 0.820
w, 1.527 1.513 1.238 1.277 1.411 1.162
c, 0.573 0.561 0.584 0.556 0.596 0.559
c, 0.483 0.486 0.422 0.418 0.368 0.382
€ 5-579 4.490 9.640 9.850 15.590 13.940
) 0.752 0.682 0.658 0.632 0.687 0.677
T 0.168 0.158 0.192 0.190 0.217 0.216
p 5.406 5.289 7.753 7.288 9.329 8.740

Table4: Comparison of computed average values of different parameters
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