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ABSTRACT

The hub to tip diameter ratio (HTR) is one of the important factors that affects the performance of a bulb turbine. However,

studies on this parameter are limited. Understanding the influence of the parameter on the performance of a bulb turbine

can provide designers with useful information to improve turbine performance. Therefore, this study investigates the effect

of HTR on the performance of a bulb hydro turbine model using CFD analysis. The performance characteristics of the bulb

turbine model demonstrated that the turbine discharge decreased by 1.86%, the turbine hydraulic power decreased by 1.3%,

and turbine efficiency maintained at the local maximum efficiency point condition when the HTR increased from Case 1

to Case 2. The results of loss analysis indicated that only different hydraulic loss between Case 1 and Case 2 came from

the change in the HTR. An analysis on internal parameters, namely, cross-sectional area, axial velocity, change in the

circumferential velocity through the runner domain, and hydraulic loss in the runner domain of both cases was performed

to understand the turbine performance with varying HTR.

1. Introduction

Bulb turbines have been widely used for low—head
hydropower stations, A bulb turbine unit is characterized
by axial flow passage, large discharge, high specific speed
and compact structure, Many studies in the past have
been conducted on design and investigation of flow
characteristics of bulb turbines (176), Li F, et al, o designed
runner blades and guide vanes of a bulb turbine by
theoretical method, Yang W, et al, @ optimized runner
blades in a bulb turbine based on numerical simulation,
Zhu L, et al, ® designed and experimentally tested a

low—head bulb turbine, Sing P, et al, o compared the

untwisted blade and twisted blade according to
performance of a low—head axial turbine, In another study,

Sing P, et al, an

investigated experimentally effect of
exit blade geometry to performance of a small propeller
turbine, The study analyzed the relationship between
changes of blade geometry to internal flows of the turbine,
which influences to turbine performance, For design of
a horizontal bulb turbine, the hub to tip diameter ratio
(HTR) is one of the important factors which could affect
to turbine performance, However, the studies on this
parameter have not been enough, The goal of the design
is to maintain the turbine efficiency while changing the

HTR, With this purpose, an investigation on the effect
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Fig. 1 The fluid domains of the bulb hydro turbine model

Fig. 2 The runner blade dimensions: hub diameter (d)
and blade tip diameter (D)

Table 1 The runner specific parameters

Case d (mm) D (mm) HTR-d/D
Case 1 138.7 364.6 0.380
Case 2 155.8 364.6 0.427

of the hub to tip diameter ratio to the performance and
internal flow characteristics of a bulb hydro turbine model
is conducted by Computational Fluid Dynamics (CFD)

analysis,

2. Runner model and numerical method
2.1. Runner model

The bulb hydro turbine model is represented in Fig,
1, Dimensions of the runner model are introduced in Fig,
2. The four adjustable runner blades are mounted on the
runner hub, Two bulb turbine models investigated in this
study are only different from the HTR, which are
indicated in Table 1, The class 115kW bulb turbine model
operates under the design condition as effective pressure
head of water across the turbine A = 12 5m, flow rate

@ = 1.074 m®/s, and rotational speed n = 1800 min ",
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Fig. 3 Comparison of the turbine performance decay
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Fig. 4 Mesh of one pitch of runner blade and guide

vane of Case 1 by the chosen grid

2.2. Numerical method

Nowaday, CFD analysis is an efficient method for
investigating performance characteristics of a hydro
turbine, The present study used a commercial CFD code
of ANSYS CFX 18.1 “? to solve the Reynolds— averaged
Navier—Stokes equations, The mesh of whole fluid domains
were generated using ANSYS 18,1 ICEM 42 A grid test
was carried out according to different number of nodes
as indicated in Fig, 3, which represents the relationship
between the mesh grids, the normalized efficiency
(n/ N (finemesn))> and hydraulic power 04 Pfinemesn)) by those
of a fine mesh of the turbine model Case 1, A grid contained
6.5 million nodes is used for numerical calculation in the
present study since the turbine performance has no change
over this grid, The mesh of one pitch of the guide vane,
runner blade (Case 1) and hub walls are constructed with
the refined mesh in respect of the near wall treatment
y+ value, The minimum y+ value in vicinity of the runner
hub, leading, and trailing edges of the runner blade is
16.5 in the selected grid, As a turbulence model, the Shear
Stress Transport (SST) turbulence model is used for all

steady calculations in this study, since the SST turbulence

S=RAMD AR =28 M22d, MI3E, 2019
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Table 2 Boundary conditions for the whole calculation domain

Calculation type Steady state

Turbulence model Shear Stress Transport

Runner domain Rotating
Inlet Total pressure
Outlet Static pressure
Walls No-slip

Residual target 10

Water at 25°C

Working fluid

mode is well known that it takes advantage of accuracy
of k—® model in the near wall regions and avoids the
freestream sensitivity of the ® equation by replacing it

with the € equation in the farfield 3,14

. Moreover, as
a reference, the other three kinds of different turbulence
models were adopted to examine the turbine efficiency
at the design point and the results were shown relatively
good agreement each other, regardless of the turbulence
models as shown in Fig, 3, Table 2 presents numerical

method for performance prediction of the turbine models,

3. Internal parameters analysis

In order to evaluate turbines performance char—
acteristics of two turbine models, the internal parameters
analysis is conducted at the LMEP condition by CFD

analysis,
3.1. Turbine discharge

The turbine discharge is calculated by Equation (1),
Here, A and V), are cross—sectional area in the runner
domain and axial velocity through the runner domain,
respectively, The equation demonstrated the change in
turbine discharge which depends on the change of

individual value A4 or V, or both of the values.

Q=AV, = ”fz {17(%)2].1/ 1)

3.2. Hydraulic power

The hydraulic power (P) is a function of the theoretical
Euler head (g#,;,), flow rate (@), and fluid density (o)

s=RMD AR =28 H22d, 3=, 2019

as indicated in Equation (2), Where, u is the peripheral
velocity, and AV, =V, —V,

u

5 is the change of circum—
ferential velocity from inlet (indicator “1”) to outlet
(indicator “2”) at the middle span of the runner blade
of the flow through runner domain, The peripheral velocity
is calculated at the same radius at inlet and outlet of
the runner, thus u; =u, =u. The change of hydraulic
power depends on changing of flow rate and change of

circumferential velocity under constant rotational speed

as indicated in Equation (2),

P=pgQH,, = pQ(AV,u) @

3.3. Hydraulic loss and efficiency

Equation (3) evaluates the total head (gZ) by
combination of the theoretical Euler head and hydraulic
loss (A5 in a turbine, The hydraulic loss consists of
losses of all fluid domains as inlet (/Z), guide vane (GV),
runner (ZN), draft tube (D7), and outlet domains (OL),
The efficiency of a turbine is calculated as Equation (4)

with consideration of the hydraulic loss,

gH: A I/u'u + hlass (3)
AV, u @
O A I/u'u + hloss

4. Results and discussion

4.1. Performance curves

A comparison of performance characteristics of the
bulb turbine models at various discharge conditions under
design rotational speed is represented in Fig, 5, It
obviously shown that, the turbine efficiency is main—
taining at various discharge while changing the HTR,
Hydraulic power and turbine discharge produced by Case
2 are lower than that of Case 1, An percentage analysis
of major turbine parameters for two cases under constant
design head at the LMEP condition is illustrated in Table
3. The turbine efficiency did not change despite of HTR's
changing at the LMEP condition, Thus, the internal flow
analysis will be examined to understand the effect of

HTR to the turbine performance,
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Fig. 5 Comparison of performance characteristics of the
bulb hydro turbine model between Case 1 and Case 2

Table 3 Percentage analysis of major turbine parameters for
two cases with constant head at the LMEP condition

Q AQ P AP n An,
Case | g % kW % % %
Case 1| 1.0076 1225 89.92
-1.86 13 +0.37
Case 2 | 0.9889 1209 90.29

4.2, Loss analysis

To figure out distributions of hydraulic loss in each
fluid domain, the loss analysis of the two models are
investigated by adopting Equations (5) and (6) on all

fluid components,

Ap

h’wmponent*loss = 9,07{>< 100% (5)
Ap_ T
Pioss—rv = THQX 100% (6)

Where Ap is the different pressure in the analyzed
domain, 7 and @ is torque and angular velocity of the
runner, Equations (5) and (6) are applied to calculate
loss of static domains, and the rotating domain,
respectively, The losses of fluid domains for two cases
are indicated in Figs, 6(a) and (b). The Fig. 6(a)
showed no different losses between Case 1 and Case 2
in all components at the LMEP condition, The only
different loss between Case 1 and Case 2 came from
the runner domain in Fig, 6(b) at the LMEP, bounded
by dashed black lines, The bigger HTR, Case 2, had

lower flow rate passing the turbine runner at the same
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Fig. 6 Hydraulic loss on (a) static components and (b) runner
domain of the bulb turbine model at various discharges

operating condition, As a result, the hydraulic loss in
the RN— Case 2 is lower than that of RN— Case 1 as
illustrated in the Fig, 6 (b).

4. 3. Internal parameters analysis

To understand the change of turbine performance and
hydraulic loss in the runner domain, the internal
parameters analysis was conducted at the LMEP
condition, By employing Equations (1) and (2) to analyze
internal parameters for two turbine models, averaged
parameters from span of 0.1 to 0,95 (from hub to blade
tip) of Case 1 and Case 2 are indicated in Table 4, The
HTR increases from Case 1 to Case 2 resulting in
decreasing of cross—sectional area by 4.37% and
increasing of axial velocity by 2,61%, Subsequently, the

discharge reduces approximately 1,86% as seen in Tables

S=RAMD AR =28 M22d, MI3E, 2019
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Table 4 Analysis on internal average parameters for Case 1 and Case 2

C Head n A 6A Vi 6V AV, 6(AVy)
ase m min’ m’ m/s % m/s %
Case 1 12.50 1800 0.0893 9.96 4.355
-4.37 +2.61 +0.59
Case 2 12.50 1800 0.0854 10.22 4.381

3 and 4, The change in circumferential velocity through
the runner is increased by 0.59% as increasing of the
HTR. Decrease of flow rate from 1,0076 m®/s to 0,9889
m®/s and increase of change in circumferential velocity
from 4,355 m/s to 4,381 m/s led to growth of 1.3%
hydraulic power from Case 2 to Case 1 by using Equation

).

PCase] _ pQ(AI/u'u)Casel

= 7
PCase 2 p Q(A I/u'u) Case2 ( )

4.4. Velocity triangle components distribution

The velocity triangles distribution at the entrance and
exit of the blades are important factors for design a

1t is investigated to evaluate the

turbomachinery
influence of the hub to tip ratio to the turbine
performance, Fig, 7 shows the schematic of velocity
triangles at the blade entrance and exit, In the figure,
a is the absolute angle that is between absolute velocity
(v) and rotor tangential velocity (u). [ is the runner blade
angle that is between relative velocity (w) and u,
Indicators 1 and 2 refer to the inlet and outlet of the
runner blade, respectively, For well—-designed runner
blade, the flow angle through guide vane should be as
close as to the inlet angle of runner blade, the
downstream flow of water should not exist swirl flows"?

In both cases, the blade angle and guide vane angles are

adjusted at 20 degrees and 61,5 degrees, respectively,

Direction of blade rotM

w
v, 2

A
Vi u

Fig. 7 Velocity triangle of blade entrance and exit

s=RMD AR =28 H22d, 3=, 2019

Vi u
Fig. 8 Entrance and exit velocity diagrams (upper and bottom

of the figure) for runner blade at relative span of 0.2

Table 5 Flow angles at the runner inlet and outlet of
relative span of 0.2

Case B B a a
Case 1 18.3 18.8 54.6 81.0
Case 2 18.6 19.4 56.2 822

Table 5 indicated flow angles at relative span of 0.2,
Depending on the HTR, the positions of span of 0,2 are
a little different in Cases 1 and 2, The runner inlet and
outlet angles are slightly increase, the absolute angles
at runner inlet and outlet are also close to the ideal

angles (90°) as Case 2.

4.5, Streamline and components velocity
coefficient distribution

The streamline distributions on the pressure side of
the runner blade of two cases at LMEP condition are
shown in Fig, 9. The flow angles at runner blade inlet
and outlet of the span of 0.2 are closer to the runner
blade angle and ideal absolute outlet angle in Case 2
as seen in Table 5, Thus, more uniform streamline is
found at the span of 0.2 and its vicinity area of Case
2. It contributes to reduce the hydraulic loss in the
runner domain of Case 2 as indicated in Fig, 6(b). The
axial velocity and change of circumferential velocity

through the runner blade distribution from hub to
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Fig. 9 Streamline distribution on pressure side (PS) of
the runner blade for two cases at the LMEP condition
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Fig. 10 Axial velocity distribution from hub to blade tip
at the LMEP condition

blade tip are represented in Figs, 10 and 11, From a
comparison of these velocity components between Case
1 and Case 2, it clearly points out that these velocity
component values in Case 2 are higher than that of

Case 1 in vicinity of the hub area,

5. Conclusions

The purpose of the present study is to maintain the
turbine efficiency while changing the HTR at the design
operating condition by CFD analysis, Therefore, two cases
of HTR are investigated on effect of the HTR to the turbine
performance and internal flow characteristics in the bulb
turbine model at the LMEP condition, Based on the CFD
result, the turbine efficiency is similar in both cases.
Due to maintenance in term of turbine efficiency without
change the runner blade angle, thus, the internal flow
analysis has been conducted, The internal parameters

analysis revealed that, increase of the HTR from Case
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Fig. 11 Change in circumferential velocity through the
runner blade (A V) distribution at the LMEP condition

1 to Case 2 resulted to the change of optimal operating
point, The flow angles at runner blade inlet and outlet
are closer to the runner blade angle and ideal absolute
outlet angle in Case 2, Therefore, the streamline
distribution in vicinity of hub area of Case 2 is more uniform

than that of Case 1,
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