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This is an O
Abstract. The energy market imposes new requirements in hydraulic turbines operation. Usually, the old
hydraulic turbines are not designed to meet these new requirements. Therefore, the refurbished solutions for
hydraulic turbines are expected to be robust and flexible in operation in order to regulate the grid. Amethodology
is developed for a hydropower plant equipped with Francis turbines. Firstly, the solution available in the
hydropower plant is examined. Secondly, two new solutions are designed for the hydraulic passage available in
situ. Next, several scenarios from peak load operation to wide range operation are investigated in order to asses
the performance of each technical solution. Consequently, the performances are compared proving the best
solution for hydropower plant refurbishment.
1 Introduction

Hydropower is the largest source of renewable energy.
Modern hydraulic turbines are required to operate over a
significantly wider range of regimes, extending quite far from
the best efficiency point in order to meet the demand on
the energy market. It is the most efficient way to generate
electricity and/or to regulate grid. Therefore, the technical
solutions in order to refurbish the old hydropower plants are
challenging task [1–6]. The main constrains are revealed in
limitations of the hydropower plant operation [7,8].

In particular, for low-medium head Francis hydraulic
turbines the shape of the efficiency hill chart is practically
given by the steep increase in the draft tube losses at off-
design operating points [9]. The main reason why the
efficiency of a turbine significantly drops when operating far
from the best operating regime is that the inherent residual
swirl at runner outlet [10] leads to large draft tube losses
[11]. Although this phenomenon cannot be avoided, one can
adjust the runner geometry such that a weighted-average
hydraulic efficiency becomes as high as possible over a
certain range of operating points.

When refurbishing a hydraulic turbine the draft tube
remains unmodified due to economical reasons. As a result,
the new runner should be the best match for the existing
draft tube within a wide operating range. The refurbished
solution has to meet the requirements imposed by the
electrical grid together with technical constrains associated
to each hydropower plant [12].
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The paper presents a methodology for refurbishment
of the hydropower plant. An old solution available in a
hydropower plant equipped with Francis turbine is
investigated in Section 2. Two new runners are designed
taking into account the hydraulic passage available in the
hydropower plant and the technical constrains imposed in
service. A synopsis view on the new solutions against old
one is presented. Section 3 compares the performance of the
new solutions against old one taking into account several
scenarios. The scenarios include a distribution of the
operating regimes from peak load to wide range quantifying
the gain. The conclusions are drawn in Section 4.

2 The old and new solutions for a Francis
runner

Five control regimes denoted from R1 to R5 are selected on
a wide discharge range together with its weighted values
based on Francis turbine operation during one decade
(1999–2009), Figure 1. The red dots on the hill chart
correspond to operating points recorded in situ from 1999 to
2009. Then, five control regimes are selected to collect these
operating points. The first control regime (R1) collects the
operating points with discharge values lower than 35 m3/s,
the second one (R2) from 35 m3/s to 40 m3/s, the third one
(R3) from 40 m3/s to 45 m3/s, the forth regime (R4) from
45 m3/s to 47.5 m3/s and last regime (R5) with discharge
values larger than 47.5 m3/s.

Figure 2 presents number of hours in service on each
Francis turbine unit installed in the power plant during
1999–2009. As a result, total number of hours in service
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Fig. 1. Francis turbine hill chart together with five control regimes selected based on one decade operation (1999–2009) of both units
available in the hydropower plant.

Fig. 2. Number of hours in service of the old Francis turbines units: U1 (red) and U2 (blue).
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of 18,092 is counted for unit U1 while 23,798 h for unit U2,
respectively. A weighted value is computed for each control
regime as a ratio between cumulated number of hours in
service associated to it and total number of hours. The
weighted values are marked with black circles in Figure 1.
The center of each black circle corresponds to the weighted
average values of discharge and head computed using the
operating points included in each control regime while it
radius is proportional with the weight. One can see that
around 76.8% of operating regimes (R2, R3 and R4) are
clustered near to the best efficiency point revealing a peak
operation. As a result, a synopsis view based on one decade
operation of the existing Francis turbine is considered as
reference value.

Two new Francis runners are designed for an existing
hydraulic passage available in the hydropower plant,
Figure 3. The new runner named V1 is designed together
with Prof. Eberhard Göde using platform developed
at Stuttgart University [13]. The second runner labeled
V2 is developed starting from the previous one. The
existing Francis runner available in the hydropower
plant has 14 blades (denoted CHE with red) and new
runners (V1 with blue and V2 with green) are designed
with 17 blades. All solutions are investigated using
three-dimensional fluid flow simulation [14] in seven
operating points (from 0.7 to 1.2 of best efficiency point
discharge) [15].

The normalized discharge and the dimensionless flux of
moment of momentum quantities are defined [16] according
to equation (1):

Q
∗ ¼ Q

Qref

; m2≡
M2

rV 3
refpR

2
ref

; ð1Þ

where Q is the turbine discharge, Qref= 42.5 m3/s the
discharge value corresponding to the best efficiency point,
M2 the flux of moment of momentum at the runner outlet,
Rref= 1.1375 m the runner outlet radius and the transport
velocity Vref=VRref= 44.67 m/s.

The dimensionless flux of moment of momentum at the
runner outlet is computed based on numerical simulation
flow and it is plotted in Figure 4a for each solution. One can
observe smaller values for new runners than old one
providing a lower level of the residual swirl that is ingested
by the draft tube. The hydraulic efficiency over an extended
operating range is shown in Figure 4b for each solution
computing the runner flow together with draft tube
available in the hydropower plant [17–19].



Fig. 3. New runner geometries with 17 blades against old runner geometry with 14 blades available in the hydropower plant (red):
(a) V1 (blue) and (b) V2 (green).

Fig. 4. (a) The dimensionless flux of moment of momentum (m2) versus the normalized discharge (Q*). (b) The hydraulic efficiency
(h∗h) versus the normalized discharge (Q*).
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A polynomial cubic fitting is applied to hydraulic
efficiency (h∗h) for each solution against normalized
discharge (Q*). The fitting parameters are included in
Table 1. The main constrain corresponds to the maximum
normalized discharge of Q* = 1.223 due to the capacity of
the tailrace tunnel. As a result, both new solutions are
designed with best efficiency point location at lower
discharge values than existing one.
Table 1. The hydraulic efficiency (h∗h) versus normalized
discharge (Q*) for each solution.

Polynomial cubic fitting equations

CHE h
∗
h ¼ 1:73821Q

∗ � 0:69318Q
∗2 � 0:0725609Q

∗3

V1 h
∗
h ¼ 2:68918Q

∗ � 2:33751Q
∗2 þ 0:619441Q

∗3

V2 h
∗
h ¼ 2:32431Q

∗ � 1:74060Q
∗2 þ 0:389499Q

∗3
The dimensional and dimensionless forms of the swirl-
free velocity are defined in equation (2).

V z

VR� V u
¼ tan b2 ¼

V sf

VR
⇒V sf ¼ VRV z

VR� V u
;

vsf ¼ rvz
r� vu

: ð2Þ

The swirl-free velocity expresses the relative flow
direction b2 at the runner outlet, Figure 5a. It is a fictitious
quantity associatedwith the velocityfield. Locally,where the
meridian velocity matches the swirl-free velocity the
circumferential velocity vanishes. The swirl-free velocity
profile practically remains unchanged at all operating points
[16,20] being unique for each runner. One can approximate
the swirl-free velocity with a linear equation vsf= n+mq
where q is the discharge fraction. Them coefficient is named
slope while n is average, respectively. The pair (m= 0,
n= 0.278) is obtained based on numerical simulations for
Francis runner available in the hydropower plant as shown
in Figure 5b. The same values are yielded based on the



Fig. 5. (a) Swirl-free velocity definition. (b) Swirl-free velocity profile for each runner.

Fig. 6. The hydraulic efficiency (h∗h) versus the normalized discharge (Q*) and the weights associated to two scenarios: (a) scenario
No. 1 (S1) and (b) scenario No. 2 (S2).
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experimental data of the GAMM Francis model [20]. A
constant swirl-free velocity profile corresponds to the
classical design of the runner blades.

Both new runners are yielded with negative slope
values (m< 0). As a result, both maxima of the hydraulic
efficiency curves associated to the new runners are shifted
toward lower discharge values than the solution available in
the power plant, Figure 5b. This aspect was planned in the
design stage due to the maximum discharge value imposed
by the capacity of the tailrace tunnel.

3 Scenarios for refurbishment of a Francis
turbine

Theweightedefficiency is definedaccording to equation (3) in
order to quantify the solution efficiency over a wide range [9].

h
∗ ¼

XR5

i¼R1

wiðh∗hÞi ½��; ð3Þ
where w is the weights associated to each operating regime
and h

∗
h the hydraulic efficiency, respectively. The efficiency

gain is introduced by equation (4) in order to quantify the
deviation from existing solution. A new solution is better
suited to the conditions than one installed into the
hydropower plant when a positive value is obtained:

Dh
∗
V i

¼ ðh∗V i
� h

∗
CHEÞ

h
∗
CHE

� 100 ½%�; i ¼ 1; 2: ð4Þ

A first scenario labeled S1 is built considering all
technical solutions (old runner and new ones) in peak load
operation, Figure 6a. In this scenario, the weights presented
in Table 2 correspond to the regimes from R1 to R5 as in
Figure 1. The efficiency gain values for both new solutions
are negative meaning a more appropriate operation for
existing solution in these conditions.

Other three scenarios are investigated for all threeFrancis
runners considering different operating conditions from
peak load to wide range. The hydropower plant operating



Table 2. The hydraulic efficiency for each solution and the efficiency gain with respect to the existing one in scenario
No. 1 (S1).

Scenario No. 1 (S1) Weight wi [%] CHE V1 V2

Regime 1 (R1) 4.2 0.880 0.962 0.926
Regime 2 (R2) 10.8 0.942 0.978 0.962
Regime 3 (R3) 14.5 0.970 0.973 0.973
Regime 4 (R4) 51.5 0.977 0.959 0.971
Regime 5 (R5) 19.0 0.973 0.946 0.965
h* [–] 0.968 0.961 0.967
Dh* [%] �0.71 �0.03

Table 3. The weighted hydraulic efficiency for each
solution and the efficiency gain with respect to the existing
one in scenario No. 2 (S2).

Scenario No. 2 (S2) CHE V1 V2

h* [–] 0.966 0.961 0.967
Dh* [%] �0.52 0.06

S. Muntean et al.: Renew. Energy Environ. Sustain. 1, 30 (2016) 5
conditions are modified based on distribution of weighted
values associated to control operating regimes denoted Ri,
i= 1, 2, . . . 5. As a result, the second scenario S2 keeps the
same weights for regimes R1 and R2 as in scenario S1 while
the weights from regime R4 to regimes R3 and R5 are
balanced as in Figure 6b. One can observe a redistribution of
the weights as follow: wR3 =wR5= 25% and wR4= 35%,
respectively. The scenario S2 corresponds to a peak load
operation,too.However,theefficiencygainforsecondsolution
V2 becomes positive (Dh*=+0.06%) leading to the conclu-
sion that V2 solution is an option for existing one (Tab. 3).

The weights in scenario No. 3 (S3) are redistributed
between all regimes (wR1 = 14%, wR2 = 17%, wR3 =wR5 =
22%, wR4 = 25%), Figure 7a. In this scenario, the operation
Fig. 7. The hydraulic efficiency (h∗h) versus the normalized dischar
No. 3 (S3) and (b) scenario No. 4 (S4).
time of the Francis turbine at part load conditions (wR1 +
wR2 = 31%) is larger than twice with respect to the scenario
S1 (wR1 +wR2 = 15%). Both new solutions (V1 and V2) lead
to positive values of efficiency gain being more appropriate
to be selected for these operating conditions (Tab. 4).

The last scenario (S4) takes into account a hypothetic
case with equal weights for all regimes (wi= 20% with
i=R1 . . . R5), Figure 7b. This scenario corresponds to an
operation of the Francis turbine on an extended range.
Clearly, both new solutions are more appropriate to be
implemented for wide range operation than the existing one
in the hydropower plant. However, the solution V1 fulfills
better the operating conditions associated to an extended
operating range (Tab. 5).

4 Conclusions
The paper presents a methodology for computing several
scenarios to operate the Francis turbines. Firstly, the
solution available in the hydropower plant is investigated
together with in situ operating conditions. Five control
regimes were defined based on hydraulic turbines opera-
tion during ten years. Secondly, two new Francis runners
ge (Q*) and the weights associated to two scenarios: (a) scenario



Table 4. The weighted hydraulic efficiency for each
solution and the efficiency gain with respect to the existing
one in scenario No. 3 (S3).

Scenario No. 3 (S3) CHE V1 V2

h* [–] 0.955 0.963 0.962
Dh* [%] 0.82 0.75

Table 5. The weighted hydraulic efficiency for each
solution and the efficiency gain with respect to the existing
one in scenario No. 4 (S4).

Scenario No. 4 (S4) CHE V1 V2

h* [–] 0.948 0.964 0.959
Dh* [%] 1.61 1.16
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were designed taking into account the geometric and
hydraulic constrains associated to the hydropower plant.
Next, the hydraulic efficiency curves are numerically
computed for all solutions coupling the runners with the
draft tube. The new runners investigated in the paper can
be characterized as: (i) the best efficiency point is located
at lower discharge values than existing one as it is planned
in the design stage due to the limited capacity of the
tailrace tunnel; (ii) the dimensionless flux of moment of
momentum is smaller than the existing one. As a result,
the new solutions deliver a lower level of the residual swirl
at the draft tube inlet than the old runner; (iii) the
dimensionless swirl-free profile reveals negative slope with
respect to the constant profile obtained for old runner; and
(iv) the hydraulic efficiency shows a flatness curve for each
new runner than existing one. Consequently, the new
solutions are better suited to operate on wide range than
existing one due to the efficiency gain values are positive
for scenarios S3 and S4.
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