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2. OLD LAXAPANA POWER STATION CAPACITY 

IMPROVEMENT THROUGH A NEW GENERATOR DESIGN 

The arrangement of the OLPS consists of Stage I and Stage II, such as the Stage I 

had three 8.33 MW generators and the Stage II has two 12.5 MW generators. 

Altogether, 50 MW is contributed by five units. However, recently, the Old 

Laxapana Stage I generators were replaced by the Old Laxapana Rehabilitation 

Project, and the 8.33 MW generators were upgraded to a rating of 9.3 MW by 

improving efficiency. The 50 MW-arrangement of the OLPS is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Existing Penstock-generator arrangement of the OLPS 

Reduced penstock length is shown 
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However, the Old Laxapana Stage II generators were not replaced by the Old 

Laxapana Rehabilitation Project. Nevertheless, they too, have a lower efficiency, 

especially in the turbine. The efficiency of the turbine in one of the Stage II-

generators is shown in Figure 3. 

 

Figure 3: Turbine efficiency of Unit No 4 generator of the OLPS 

Source: Report of “The follow up study on the rehabilitation of hydropower stations in the Kelani 

river basin for hydropower optimisation in Sri Lanka” conducted by JICA in 2005 [1] 

From Figure 3, it is clear that the maximum efficiency of the turbine is around 84%, 

and the full load efficiency is around 78%. However, in modern generators, the 

maximum efficiency of the Pelton turbines goes up to 95%. Hence, by modifying 

them, considerable improvement can be made. A higher efficiency can also be 

achieved from generators with higher capacity than small-sized generators. This is 

because in bigger generators the losses are lower than in the smaller ones. 

However, in addition to the above efficiency lag, there are other disadvantages of 

having the existing arrangement of the OLPS. 
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Since the OLPS has five generators, there are several issues that have to be faced as 

described below: 

1. When having a higher number of generators, penstocks and valves to generate 50 

MW, the losses in each component is higher. Hence, the efficiency is lower. 

2. The cost of keeping and storing spare parts for each generator is higher. 

3. Due to the high possibility of forced outages of two or more generators 

simultaneously, the maintenance staff kept on standby is larger. 

4. Due to the higher number of components to be maintained, number of staff 

required is higher. Ultimately, the cost of generation will be higher. 

As a solution for the above issues, a new design to the OLPS is suggested. It is either 

to install one-generator or two-generator design. When considering the one-generator 

design, the efficiency will be higher compared to two-generator design. However, the 

probability of loss of load becomes an issue. Thus, the two-generator design is 

proposed. 

It is proposed that one generator is for the Stage I and the other generator is for the 

Stage II. Since the Stage I generators are currently being replaced, if the proposed 

design is viable, it can be applied later. However, the proposed design can be 

immediately applied to the Stage II generators to get an optimum output. 

In the two-generator design, each generator will have a higher capacity than 25 MW, 

and it should be more than that of the rated capable capacity of Old Laxapana Stage 

1 new generators being installed. In order for the design to be effective, the 

penstocks have to be changed and replacing of other components is considered 

whenever necessary. Then, the new rated generating capacity should be decided and 

the viability of modification is to be calculated in terms of cost components. The 

detailed design is described from section 2.1. 
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2.1. Two-Generator Design for the Old Laxapana Power Station 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Two-generator design for the OLPS 

 

This new design should have only two penstocks. The existing penstock arrangement 

should be altered or the penstocks should be replaced. However, in order to get an 

optimum efficiency, it is worth replacing them. In the new penstock, the average 

diameter will be larger and the loss of the water head in the penstocks will be much 

lower. Hence, new penstocks are proposed. 
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2.2. Two-Penstock Design 

 

 

 

 

 

 

 

 

 

 

Figure 5: Arrangement of new penstocks for the two-generator design 

As shown in Figure 5, the existing penstocks are replaced by two numbers of the new 

penstocks with larger diameter and the same length as before. 

Hence, the geographical positions of existing penstocks are used to place the new 

penstocks. Existing elevations of the penstocks are shown in Figure 6 and in Table 1. 
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Figure 6: Existing penstock profile in the OLPS 

Table 1: Parameters of the existing penstocks of the OLPS  

Sections Length(m) Height(m) Diameter(m) Velocity(m/s) *Angle(deg) 

SC to A 58.72 0.51 1.78 1.42 0.5 

A to B 71.46 0.25 1.38 2.36 0.2 

B to C 196.57 70.44 1.26 2.85 21.0 

C to D 142.85 39.38 1.26 2.85 16.0 

D to E 212.5 76.15 1.24 2.95 21.0 

E to F 159.68 46.69 1.17 3.30 17.0 

F to G 144.76 22.65 1.17 3.30 9.0 

G to H 138.39 57.39 1.14 3.44 24.5 

H to I 156.97 36.64 1.09 3.78 13.5 

I A to JA 63.73 32.82 1.09 3.78 31.0 

J A to KA 72.01 25.80 1.06 4.04 21.0 

K A to L YA 96.92 45.50 0.98 4.71 28.0 

LYA to MIV 20.59 8.72 0.77 7.51 31.0 

Total/Avg. 1535.14 462.94 1.18 3.22   

 

Source: Laxapana PS data collected from mechanical section 

*All the angles are taken with respect to the horizontal level. 

Through each of the new penstocks, it is expected to flow 250 cusecs (cubic feet per 

second) rated flow at full load of each generator. Based on the rated flow, penstock 

parameters of new penstocks are to be decided. For the calculations and costing, two 

identical penstocks are assumed, and calculations are done for one penstock. For the 

new penstocks, the use of larger diameter will lead to reduced fluid losses. 
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However, the diameter is again a factor that increases cost. Therefore, an economical 

diameter should be selected. 

2.3. Calculation of the New Penstock Parameters 

In this section, diameters and the wall thicknesses of each penstock pipe are 

calculated. 

2.3.1. Penstock diameter (Dp) calculation 

Practically, penstock pipes with different diameters are connected together as the 

penstock-line goes down to the Main Inlet Valve (MIV). At higher elevation levels, 

the penstock diameter is larger and the flow velocity is smaller. As water goes to 

lower levels, the diameter of the penstock chosen to be is lower, and the velocity will 

be higher. This will help when the penstocks are transported. For a detailed design, 

diameter should be calculated for each section along the penstock profile as 

mentioned above.  

• Qp = AV  = π.
��

�

�

. V(A= effective cross sectional area of penstock) 

• Maximum flow in the penstock (Qp)   = 250 cusecs or 7.079 m
3
 s

-1
  

• Dp  = �� ����

πv
� 

• V (water velocity )   = 1.4 - 2.8 m s
-1
 taken (typical value) 

• Dp min  =�� ���.���
πx2.8

� = 1.79 m (lowest penstock diameter)  

• Dp max =�� ���.���
πx1.4

� = 2.54 m (largest penstock diameter)  
 

Typically, the flow velocities in the penstocks used for high head projects, are taken 

from the range of 1.4 m s
-1 
to 2.8 m s

-1 
in order to minimize losses. Therefore, to 

meet the requirement, new penstock diameter should be between 1.8 m to 2.5 m. 

Then, assume that penstock pipes with different diameters are installed in each 

section mentioned in Table 1.  
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For each section, a particular diameter within the optimum range is estimated. 

Diameters of each penstock pipe and flow velocities are shown in Table 2. This 

rough estimation is done mainly for costing purposes. 

Table 2: Parameters of the proposed penstocks for the OLPS  

Sections 

Length 

(m) 

Diameter   

(m) 

Height     

(m) 

Velocity  

(m/s) 

Angle 

(degrees) 

SC to A 58.72 2.50 0.51 1.44 0.50 

A to B 71.46 2.44 0.25 1.51 0.20 

B to C 196.57 2.38 70.44 1.59 21.0 

C to D 142.85 2.33 39.38 1.67 16.0 

D to E 212.50 2.27 76.15 1.75 21.0 

E to F 159.68 2.21 46.69 1.85 17.0 

F to G 144.76 2.15 22.65 1.95 9.0 

G to H 138.39 2.09 57.39 2.06 24.5 

H to I 156.97 2.03 36.64 2.18 13.5 

I A to JA 63.73 1.98 32.82 2.31 31.0 

J A to KA 72.01 1.92 25.8 2.45 21.0 

K A to L YA 96.92 1.86 45.50 2.61 28.0 

LYA to MIV 20.59 1.80 8.72 2.78 31.0 

Total/Avg 1535.14 2.15 462.94 2.01 

 

In Table 2, the diameter is calculated as the diameter varying equally from 1.8 m to 

2.5 m. It will keep the flow velocity in the acceptable range as mentioned above. 

However, it is further required to estimate the thickness of the penstocks in order to 

determine the volume of steel required to make all the penstock pipes. 

2.3.2. Penstock wall thickness calculation 

Wall thickness is calculated considering both the static pressure of the penstock and 

the dynamic pressure applied in a sudden closing of the MIV of the generator. Wall 

thickness is calculated using the equation below based on the recursive method [2].  

a (Wave velocity in penstock)  =
�

��ρ (�
�
��

��
)�
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Where,  

D - Diameter of the penstock pipe 

t – Wall thickness 

E- Young’s modulus of elasticity (2.1 x 10
8 
kPa) 

K – Bulk modulus of water (k = 2.1 x 10
6 
kPa) 

ρ– Density of water (1000 kg /m
3
) 

Since the diameter of penstock pipes will vary from a higher elevation to lower 

elevation, the wave velocity is also changed. 

However, for initial calculation, the diameter of the bottom pipe is taken as it is the 

minimum diameter (the pipe of LYA to MIV). Hence, 1.8 m is taken as the initial 

diameter. The maximum pressure will apply to that penstock pipe in an emergency 

case. 

Substituting the given values for E, K and ρ, the equation can be deduced as follows. 

• Wave velocity in the penstock (a) = ��.�×���  
×�

������
 

Initially, estimate t = 25 mm, then, 

• Wave velocity in the penstock (a)   =   ��.�×���  
×��×����  

���×��×����  ��.�
 

• Wave velocity in the penstock (a)   =    1104.957 m s
-1
 

For the moment, assume this wave velocity applies equally on the entire penstock. 

However, this high wave velocity will exist for a minor period and then diminish.  

This time duration is given by Penstock Critical Time, (Tc) =
�	



 

Where L = length of the pipe (1535.8 m) 

Therefore, Tc = 2.78 s 
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However, for a typical MIV of a generator of 30 MW, it takes around 40 seconds to 

complete the closing the MIV. That is, the closing time is higher than Tc. Then, 

consider a moment that the flow is stopped. Assume the flow is suddenly stopped to 

zero velocity as a worst case. Then, pressure will be applied to the entire penstock 

until it diminishes at the surge chamber. In a situation like close time > Tc, the peak 

pressure developed in the penstock is given by the following equation: 

• Peak/Surge Pressure = 
�×��

�.��
 (m) 

Then, the entire length of that penstock pipe will experience this surge pressure.  

Let ∆V = Vmax  where, Vmax is the maximum velocity that can occur in a particular 

pipe. Assuming the worst case, ∆V is taken as 2.8 m s
-1

 since the maximum rated 

flow in that section of the penstock is 2.8 m s
-1

. 

• Hence, Peak Pressure (hs) = 
����.��� ×�.�

�.��
 = 315.38 m 

Then, again, the thickness can be calculated using equation [2] below.  

• ���� =

ρ������
����

	

  where, 

���    - Ultimate Tensile Strength of steel (410 x 10
6 

Pa) 

S        - Safety factor (2.5 is taken) 

D       - Internal diameter (1.8 m is taken) 

hmax    - Maximum pressure head (static + dynamic) 

Static pressure will be changed according to the static water head. 

• hmax    =  463 m + 315.38 m = 778.38 m 

• tmin       =  
����∗�.��∗���.	�∗�.�

�∗���
���/�.�
 = 41.90 mm 

 

Since tmin ≠ t (estimated), initially assumed t was incorrect. Therefore, from several 

estimations, actual t should be found such as tmin = t (estimated). The summary of the 

calculation is shown in the Table 3. 
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Table 3: Estimation of the penstock thickness 

D(m) t(mm) a(m s
-1
) TC(s) hs(m) hg(m) tmin(mm) 

1.80 45.00 1224.74 2.51 349.57 462.94 43.74 

1.80 40.00 1203.44 2.55 343.49 462.94 43.41 

1.80 30.00 1145.64 2.68 326.99 462.94 42.53 

1.80 25.00 1104.96 2.78 315.38 462.94 41.90 

1.80 43.66 1219.41 2.52 348.05 462.94 43.66 

 

According to Table 3, the correct thickness is estimated as 43.66 mm, and for 

corrosion, keeping 2.5 mm, the actual thickness can be estimated as follows. 

• tactual=  tmin. + tcorrosion 

• tactual = 43.66 mm + 2.5 mm = 46.2 mm 

Similar to the above calculation, the peak pressure in each section of the penstock 

and the thickness can be calculated. The real thickness (tactual) and the steel volume of 

each penstock are calculated and summarized in Table 4. 

Table 4: Estimation of the penstock thickness and the steel volume required 

Section Diameter(m) Length(m) ∆V (m/s) hstatic(m) tactual(mm) Volume(m
3
) 

SC to A 2.50 58.72 1.44 0.51 10.29 4.77 

A to B 2.44 71.46 1.51 0.76 10.73 5.90 

B to C 2.38 196.57 1.59 71.20 18.08 26.77 

C to D 2.33 142.85 1.67 110.58 21.77 22.98 

D to E 2.27 212.50 1.75 186.73 27.94 42.86 

E to F 2.21 159.68 1.85 233.42 31.54 35.47 

F to G 2.15 144.76 1.95 256.07 33.17 32.93 

G to H 2.09 138.39 2.06 313.46 37.11 34.32 

H to I 2.03 156.97 2.18 350.10 39.46 40.27 

I A to JA 1.98 63.73 2.31 382.92 41.64 16.85 

J A to KA 1.92 72.01 2.45 408.72 43.09 19.14 

K A to L YA 1.86 96.92 2.61 454.22 45.70 26.52 

LYA to MIV 1.80 20.59 2.78 462.94 46.02 5.50 

Total/average   1535.14 2.01      314.27 
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According to Table 4, the steel volume required to produce all the penstocks would 

be 314.27 m
3
, and the density of the steel is 7500 kg m

-3
. Hence, the steel weight 

required for production of penstocks is 2357 metric tonnes. 

Usually, manufacturers publish penstock prices according to the steel weight. Hence, 

take 800 USD/tonne as the steel price as per current market rates. 

• Then, cost of one penstock = 800 x 2357= 1.886 million USD 

• Typically, for the accessories such as for anchor blocks, and, for the erection, 

installation and transportation, the cost would be 200% of the penstock cost. 

• Then, the installation and the other cost = 3.771 million USD 

• The total cost for the penstock installation for one generator = 5.658 million USD 

• The total cost for one penstock (in LKR) = 724 million LKR (128 LKR/USD is 

taken) 

• Hence, the  total cost for the two penstocks = 1448 million LKR 

2.3.3. Head-loss calculation  

In the previous section, the cost for the designed penstocks was calculated. However, 

it is a must to calculate the new head-loss in the new penstocks. In a penstock, the 

head-loss is formed not only by the friction between the penstock-wall and the water 

flow, but also by the turbulent flow of water in certain areas such as bends, edges, 

etc. [2] [3] 

• Net Head (Hn) = Gross Head (Hg) - Head-loss (Hl) 

• Head-loss (Hl) = Friction head-loss (hf) + Turbulence Head-loss (ht) 

• Hg = 462.94 m (rest of the head is taken from the tunnel) 

2.3.3.1. Friction head-loss (hf )   

Head-loss is due to surface roughness and is calculated by the following formula: 

• hf = ½. V
2
.L.f / g.D (Darcy’s equation ) [2] 

Where, 

V – Flow velocity (average value: 2.01 m s
-1
) 

 



 

L – Penstock length (1535.8

D - Diameter (average value: 2.15 m)

f - Friction constant (for steel 0.012 is taken)

First, let the average h

• h f = ½ x. 2.0
2 
x 1535.8 x 0.012 / (9.81

• Likewise, detailed

2.3.3.2. Turbulence loss (h

Turbulence loss is defined as the head

it is given by, 

• �� � ∑�
��

��
 

K = turbulence loss coefficient (k

The value of this coefficient will be 

entrance, valve etc. Hence, values are estimated

• Take kvalve = 0.0 (spherical valve) +0.3(butterfly valve in guard valve)

• kentrance = 0.8 is taken 

• kbend: the head-loss

According to Figure 7, k

existing design, r/d coefficient

5, a practical value is taken proportional to the angle difference between the penstock 

pipes.  

 

Penstock length (1535.8 m) 

Diameter (average value: 2.15 m) 

Friction constant (for steel 0.012 is taken) 

First, let the average hf  be found by the average parameters. 

1535.8 x 0.012 / (9.81 x 2.15) = 1.748 m 

Likewise, detailed, section by section,  hf is calculated and presented in Table 5 

Turbulence loss (ht)  

Turbulence loss is defined as the head-loss due to the turbulent flow in penstocks and 

turbulence loss coefficient (kvalve+ kbends+ kcontraction+ kentrance) 

The value of this coefficient will be varied according to the nature of the bend, 

entrance, valve etc. Hence, values are estimated as follows [3]: 

0.0 (spherical valve) +0.3(butterfly valve in guard valve)

taken  

loss in the bending 

Figure 7: Assist to the calculation of kbend 

Figure 7, kbend changes with the ratio r/d and bending angle θ. 

r/d coefficient is a high value. Hence, concerning the figures in r/d = 

5, a practical value is taken proportional to the angle difference between the penstock 

r/d 1 2 3 

θ = 20° 0.36 0.25 0.20 

θ = 45° 0.45 0.38 0.30 

θ = 90° 0.60 0.50 0.40 

17 

is calculated and presented in Table 5  

loss due to the turbulent flow in penstocks and 

 

varied according to the nature of the bend, 

0.0 (spherical valve) +0.3(butterfly valve in guard valve)  

 

 

 

 

bend [3] 

r/d and bending angle θ. In the 

is a high value. Hence, concerning the figures in r/d = 

5, a practical value is taken proportional to the angle difference between the penstock 

 5 

 0.15 

 0.23 

 0.30 
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• kcontraction: head-loss at the points where smaller diameter penstock pipe connected 

to a large diameter pipe.  

 

 

d1/d2 1 1.5 2.0 2.5 5.0 

kcontraction 0 0.25 0.35 0.40 0.50 

      

Figure 8: kcontraction values with different diameters ratios [3] 

• kcontraction ∝ d1/d2 

The total turbulence head-loss (ht) and total friction loss (hf) calculated is shown in 

Table 5. 

Table 5: Head-loss calculation for the new penstock 

Section D(m) L(m) V(m s-1) hf(m) D1/D2 kcontr.. 
Angle  kbend k ht(m) 

SC to A 2.50 58.72 1.44 0.03   0.00 0.50 0.80 0.80 0.08 

A to B 2.44 71.46 1.51 0.04 1.02 0.05 0.20 0.00 0.05 0.01 

B to C 2.38 196.57 1.59 0.13 1.03 0.05 21.0 0.21 0.26 0.03 

C to D 2.33 142.85 1.66 0.10 1.02 0.05 16.0 0.05 0.10 0.01 

D to E 2.27 212.50 1.75 0.18 1.03 0.05 21.0 0.05 0.10 0.02 

E to F 2.21 159.68 1.85 0.15 1.03 0.05 17.0 0.04 0.09 0.02 

F to G 2.15 144.76 1.95 0.16 1.03 0.05 9.0 0.08 0.13 0.03 

G to H 2.09 138.39 2.06 0.17 1.03 0.05 24.5 0.16 0.21 0.04 

H to I 2.03 156.97 2.19 0.23 1.03 0.05 13.5 0.11 0.16 0.04 

I A to JA 1.98 63.73 2.30 0.10 1.03 0.05 31.0 0.18 0.23 0.06 

J A to KA 1.92 72.01 2.45 0.14 1.03 0.05 21.0 0.10 0.15 0.05 

K A to L YA 1.86 96.92 2.61 0.22 1.03 0.05 28.0 0.07 0.12 0.04 

LYA to MIV 1.80 20.59 2.78 0.05 1.03 0.05 31.0 0.03 0.08 0.03 

At nozzle     2.78     0.25     0.25 0.10 

Total   1535.14   1.69           0.56 

 

• In Table 5, k = kcontr.+ kbend 

• Kcontr. has taken as 0.05 because d1/d2 ≈ 1 

• Total head-loss(Hl)  = 1.69 m + 0.56 m = 2.25 m 

Since this calculation is done based on certain estimations, some errors can happen 

and a margin of 0.25 m is kept to minimize errors. 

d1 d2 



19 

 

• Then, Hl = 2.5 m 

• Net head, Hn = 462.94 - 2.5 = 460.44 m 

• Net head % = (460.44 /462.94) x 100% = 99.46% 

However, for the total head, the water head in the tunnel should be considered. The 

gross water head in the tunnel is 11 m. From a past study, it was found that a 7 m 

head-loss was present in the tunnel at full load at the generators [4]. Then, the 

effective head in the tunnel is 4 m. 

• Effective minimum total head (460.44 +4) = 464.44 m 

• Total gross water head = 473.44 m (462.94 +11) 

• The combined efficiency of penstocks and tunnel, ( 464.44/473.44) = 98.01% 

In the estimations, the water head is calculated when the Norton pond is operating at 

MOL (Minimum Operating Level). However, usually, the Norton pond level would 

be maintained 3 ft higher than MOL. Hence, the effective head would be increased 

by around 0.91 m. Hence, the typical effective minimum total head can be taken as 

465.35 m. 

2.4. Runner Designing 

In this section, certain details of designing a runner (also known as turbine) for the 

two-generator model are discussed [5] [6]. Particularly, the runner diameter, number 

of buckets in the runner and the dimensions of the buckets are decided. Then, it will 

be an aid to decide the dimensions of the generator and on the other hand, it will 

assist in costing.  

From the calculations in Section 2.3.3.2, the gross head, 473.44 m, and the effective 

minimum total head, 464.44 m, is taken. However, in the usual case, the minimum 

head has been estimated to be 3 ft above the MOL of Norton pond. Hence, as usual 

minimum head, 465.35 m is taken. A Pelton wheel runner is chosen due to the high 

water head of the plant. When the runner is designed, in order to get the maximum 

efficiency at full load, the minimum usual operating level of the pond is considered.  
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• From energy conversion rules, Velocity at the nozzles, V1=��2 ∗ � ∗ ���� 

• ���� = 465.35 m 

• V1=��2�9.81�465.35 = 95.55 m s-1 

Figure 9: Design of the Pelton turbine 

Figure 9 shows the basic design of a Pelton runner and the design of a bucket of the 

runner. The parameters to be decided are listed below [5] [6]: 

ds - Maximum diameter of the water jet 

D  -Mean diameter of the runner 

B  -Bucket width 

L - Bucket length 

To have a maximum efficiency at partial loads, four-nozzle design is chosen. 

• Maximum flow in the penstock, Q = A (area) x V (velocity) 

• Q � z�number of nozzles� � ���
�

�
� V��velocity� 

• ds =� ��

���
s =�  ���.
��

����.�
 = 0.15357 m 

• ds =15.357 & 15.4 cm 

For 4 nozzle type turbines B = 3.3ds is taken (typically B = [3ds, 4ds]) 

• B = 50.7 cm 

L = 2.5ds taken (typically L = [2ds, 3ds])  

• L = 38.4 cm 

(a) (b) 



 

As a thumb rule D = 12d

• D = 1.8 m 

Let the velocity of the turbine u

• u = ����2 ∗ � ∗ �

• u= ��V� = 0.48 x 95.55 = 45.86 m s

 

 

 

 

 

 

 

 

• Runner speed is given by; 

• N = 
��.������

π��.��	
 = 475.29 rpm

• However, for 12-pole

Then, diameter is to be recalculated.

• D = 

���

π�
 = 

��.���

π����

• D’(outer diameter) = D

Number of buckets in the runner is

Z= 15 + D/2.ds= 15+1.752/ (2

However, in modern turbines, the 

Complete runner arrangement is shown in Figure 1

 

 

 

12ds taken (typically D = [11ds, 16ds]) 

Let the velocity of the turbine u 

����      ku = speed ratio; lies between 0.43 to 0.48

95.55 = 45.86 m s
-1
 

Figure 10: Parameters of the Pelton turbine 

Runner speed is given by; N = 

���

π�
 rpm [5] [6] 

= 475.29 rpm 

pole generator the speed is 500 rpm 

Then, diameter is to be recalculated. 

������

���
 = 1.75 m 

D’(outer diameter) = D + L/2 = 1.752+0.384/2 = 1.94 m 

Number of buckets in the runner is given by the following formula.

= 15+1.752/ (2 x 0.154) = 20.6 = 21  

However, in modern turbines, the number of buckets (Z > 17) is

Complete runner arrangement is shown in Figure 11: 

21 

lies between 0.43 to 0.48 

given by the following formula. 

buckets (Z > 17) is chosen as 22 [6]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Turbine water

 

2.4.1. Power to the runner (P

Actual mechanical power transferred to the runner is given by

��  � ��������� Where

��-     Efficiency of the turbine

Q-     Maximum rated flow in the Penstock (7.079 m

�-      Density of flowing water (1000 kg

�-      Acceleration of gravity (9.81 m s

����-Maximumn water head (464.44 m + 2.74 m [9

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

efficiency has been improved up to 9

value of 92% is chosen.

Then, �� � 0.92  7.

Therefore, rated power output at the turbine is around

runaway speed is around 750 rpm.

 

 

 

: Turbine water-jet arrangement for the new generator

Power to the runner (Pt) 

power transferred to the runner is given by the equation below:

Where, 

Efficiency of the turbine 

rated flow in the Penstock (7.079 m
3 
s

-1
) 

Density of flowing water (1000 kg m
-3
) 

Acceleration of gravity (9.81 m s
-1
) 

Maximumn water head (464.44 m + 2.74 m [9 ft above MOL

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

efficiency has been improved up to 94%. However, for this calculation, a mode

value of 92% is chosen. 

.079  467.18  1000  9.81 = 29.85 MW 

rated power output at the turbine is around 30 MW or above, and the 

way speed is around 750 rpm. 
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jet arrangement for the new generator 

the equation below: 

ft above MOL]) = 467.18 m 

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

is calculation, a modest 

 

30 MW or above, and the 
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2.5. Generator Designing 

The plant is driven by hydropower, and hence, as usual a synchronous generator is 

used. From the runner design, the speed is decided as 500 rpm Then, the number of 

pole pairs can be found by the equation: N = 
���

�
  where, 

N - Synchronous speed, f - system frequency and p - number of pole pairs. 

• p  =  
���

�
 = 60x50/500 = 6 

In a typical generator, the efficiency is usually 98%, and the power output from the 

generator is given by Pg= ŋ*Pt 

Pg = power on the generator (MW) 

ŋ = generator efficiency 

Pt = power from the turbine (MW) 

• Pg = 0.98 x 29.849 = 29.25 MW 

Keeping the tolerance of overloading, let the power of the generator be 30 MW. 

• Select the rated power factor as 0.85 

• Then, the generator rating would be 30/0.85 = 35.3 MVA 

• The voltage of the generator is kept 11 kV as in existing ones 

2.6. Turbine and Generator Costing 

For the turbine and generator as specified earlier, the typical costing was considered. 

Modern typical values are around 1 million Euros per MVA for generator, turbine, 

control system and other required auxiliary parts. Hence, the total cost of one 

generator is estimated at 35 million Euros. 

• The total cost of a generator = 5950 million LKR (taking 1 Euro =170 LKR) 

• The cost for two generators = 11900 million LKR   

 

2.7. Generator Sizing And Civil Construction Cost 

For the new generator design, new separate basements should be constructed, and 

new walls should be built. The new civil engineering structure with the basement 

proposed is shown in Figure 12: 
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Figure 12: Dimensions of the generator and proposed positions of the installation 

The area of construction per generator is around 2500 square feet. Most of the 

structures are concrete. Considering the constructing area and the structures to be 

built, the civil construction cost for new basement and for the modifications of one 

generator is estimated as 50 million LKR. Keeping 25 million LKR for additional 

costs of other civil modifications, the total cost estimation for one generator is taken 

as 75 million LKR. Then, the cost for the civil construction of two generators is 150 

million LKR 

2.8. Transformer Replacement 

2.8.1. Stage I transformer  

The capacity of the transformers, currently in operation, is (13.33 x 3) 40 MVA. 

These transformers are to be replaced soon due to the high furan count detected. 

Furan Analysis of transformer oil indicates the degree of degradation of the paper 

insulation of the transformer.  

New transformers have been purchased and imported. These new transformers are 

single phase, and the total apparent power is 33 MVA (11 MVA x 3). Hence, these 

transformers can be used for the new generator proposed with a little lower reactive 

power being delivered. However, the generator can be still loaded to full load of 

29.25 MW with reduced reactive power accordingly. 

 

(a) (b) 
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2.8.2. Stage II transformer 

For the Unit 5 generator, older transformer of 32 MVA is currently operational. For 

the Unit 4 generator, new transformers of 33 MVA (11 MVA x 3) were installed 

recently. However, the Unit 4 and Unit 5 generators have to be combined to the new 

transformer that is already connected to the Unit 4 generator. The total power from 

the Stage II generator will be limited to 33 MVA. Hence, as in the case of Stage I, 

Stage II transformers can be kept untouched for the proposed generator design. 

 

2.9. Cost of the Loss of Generation during the Outage period 

When the proposed modification is started, the generators have to be removed and there will 

be an outage time that generation will be lost to the national grid. Hence, in order to 

minimize the cost of loss of generation, a smart outage plan should be implemented, and it is 

noted below. 

2.9.1. Outage plan for Stage I generator 

• Old Laxapana Stage I disassembling (2 months) 

• Civil structure modification (6 months) 

• New generator installation (2 months) 

• During the Stage I disassembling, the Old Laxapana Stage II can run at full load 

• One of the two penstocks installation (8 months)  

• Outage period to connect new penstock to the valve house (2 months) 

• Commissioning of the Old Laxapana Stage I generator (1 month) 

 

2.9.2. Outage plan for Stage II generator 

• Old Laxapana Stage II disassembling (2 months) 

• Civil structure modification (6 months) 

• New generator installation (2 months) 

• During the Stage II disassembling, the Old Laxapana Stage I can run at full load 

• One of the two penstocks installation (8 months)  

• Outage period to connect new penstock to the valve house (2 months) 

• Commissioning of the Old Laxapana Stage II generator (1 month) 

Project timeline of time-reduced outage plan can be shown in Figure 13. 



 

Figure 13: Proposed project timeline for the generator

From Figure 13, critical time is 660 days

• Outage period is as follows

Old Laxapana Stage I    = 330 days (11 months)

Old Laxapana Stage II   = 330 days (11 months)

 

2.10. Cost of the Loss of Generation

In order to obtain a predicted cost for loss of generation during

generation data are considered. Hence, the generation statistics of Old Laxapana 

Stage I and Stage II for ea

The data is summarized and shown in the Table 6 and Table 7.

 

 

 

 

 

 

 

: Proposed project timeline for the generator-replacement

, critical time is 660 days 

Outage period is as follows 

Old Laxapana Stage I    = 330 days (11 months) 

II   = 330 days (11 months) 

Cost of the Loss of Generation 

In order to obtain a predicted cost for loss of generation during the

generation data are considered. Hence, the generation statistics of Old Laxapana 

Stage I and Stage II for each month during the years 2010 and 2011

The data is summarized and shown in the Table 6 and Table 7. 
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replacement 

the outage time, past 

generation data are considered. Hence, the generation statistics of Old Laxapana 

the years 2010 and 2011 is considered. 
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Table 6: Monthly energy generation of the OLPS in 2010 

Monthly generation of OL Stage I & Stage II 

    OL Stage I (GWh) OL Stage II(GWh) 

Year Month U1 U2 U3 U4 U5 

2010 Jan 4.59 4.65 2.60 7.90 7.80 

  Feb 3.38 3.46 3.56 6.20 4.80 

  Mar 4.61 4.48 4.68 4.10 6.20 

  Apr 3.20 3.14 3.20 4.40 1.60 

  May 4.80 4.60 5.10 7.60 7.50 

  Jun 5.60 4.80 5.40 8.40 8.44 

  Jul 5.40 5.60 5.70 8.20 8.70 

  Aug 6.00 6.10 5.90 8.10 9.00 

  Sep 5.70 5.30 5.80 7.60 7.60 

  Oct 5.90 5.90 5.90 8.10 8.90 

  Nov 2.80 4.90 5.30 8.40 8.00 

  Dec 5.90 3.20 6.10 8.90 9.10 

  Average 4.82 4.68 4.94 7.33 7.30 

  Average   St.I= 14.44 St.II= 14.63 

Source: Data log book of Laxapana PS 

Table 7: Monthly energy generation of the OLPS in 2011 

    OL Stage I (GWh) OL Stage II (GWh) 

Year Month U1 U2 U3 U4 U5 

2011 Jan 5.80 5.70 5.20 8.50 8.70 

  Feb 5.90 5.40 5.20 7.90 8.20 

  Mar 5.70 5.30 5.80 7.80 8.00 

  Apr 5.70 5.60 5.60 7.50 8.10 

  May 5.30 5.40 5.00 6.80 7.60 

  Jun 3.90 4.00 3.90 4.60 5.20 

  Jul 1.40 1.30 1.40 2.90 1.80 

  Aug 1.20 1.90 1.70 3.00 3.50 

  Sep 4.20 4.00 4.20 6.00 6.20 

  Oct 3.60 3.40 3.70 5.70 5.10 

  Nov 1.20 1.50 1.70 1.50 3.20 

  Dec 0.95 1.10 0.43 0.10 1.90 

  Average 3.74 3.72 3.65 5.19 5.63 

  Average   St.I= 11.11 St.II= 10.82 

2010&2011 Average   St.I= 12.77 St.II= 12.72 

Source: Data log books of Laxapana PS 
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From the data considered, the average monthly generation of the Old Laxapana Stage 

I and Stage II were 12.77 GWh and 12.72 GWh respectively. Hence, for the 

predicted loss of generation during outage time, these average values are taken. 

During the peak hours of the outage period, the loss of generation has to be replaced 

by high cost of thermal generation. During off-peak hours, thermal and other hydro 

generators can be used to fill the loss of generation of the Old Laxapana generators. 

Hence, considering the thermal and hydro cost, an equivalent additional cost for loss 

of generation is taken as 20 LKR /kWh [7]. Then: 

• The cost of loss of generation of Stage I outage for 11 months = 20 x 12.77 x 11 

= 2809.4 million LKR 

• The Cost of loss of generation of Stage II outage for 11 months = 20 x 12.72 x 11 

=2798.4 million LKR 

• Hence, total cost of loss of generation in the outage time = 5607.8 million LKR 

 

2.11. Total Cost of the New Design 

The total cost for modification of new two-generator design is summarized below. 

(All the figures are shown in million Sri Lankan rupees)  

Components                                                               Cost  (million LKR) 

Generator and other electro mechanical cost 11900 

Penstock cost 1448 

Civil construction cost  150 

Cost of loss of generation in outage time 5608 

Total estimated cost 19106 

 

The total cost of the project is 19106 million Sri Lankan rupees. 

If the modification is done for the OL Stage II and Stage I separately, the costs can 

be summarized as below. (All the figures are shown in million Sri Lankan rupees) 
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OLPS Stage II Modification: 

Components      Cost (million LKR) 

Generator and other electro mechanical cost 5950 

Penstock cost 724 

Civil construction cost  75 

Cost of loss of generation in outage time 2798 

Total estimated cost 9547 

The total cost of the Project is 9547 million Sri Lankan rupees. 

OLPS Stage I Modification: 

Components      Cost (million LKR) 

Generator and other electro mechanical cost 5950 

Penstock cost 724 

Civil construction cost  75 

Cost of loss of generation in outage time 2809 

Total estimated cost 9558 

The total cost of the Project is 9558 million Sri Lankan rupees. 

 

2.12. Benefits from the Project 

After the modification is completed, the OLPS can be loaded up to 58.5 (29.25 x2) 

MW and it is about a 5.5 MW increase relative to the current configuration. If the 

modification for the Old Laxapana Stage II is considered, the increase of power is 

around 4.5 MW (currently OLPS Stage II can be loaded up to 24.5 MW). If the 

modification is considered for the Old Laxapana Stage I (after the rehabilitation), the 

improvement will be around 1.3 MW. Hence, first, consider the benefit of the project 

considering the OL Stage II. 

The increase of 4.5 MW can be used to replace the costly thermal power generation 

during the peak and off-peak times. From the past statistics of 2012, the average 

thermal generation cost can be calculated as 20 LKR/kWh [7].  

Then, the annual extra generation by the modification can be calculated from the past 

data taken from Table 6 and Table 7: 
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• Monthly extra generation by increase of 4.5 MW = (4.5/25)x 12.72 = 2.29 GWh 

• Annual extra generation by increase of 4.5 MW   = 27.48 GWh 

• Annual extra savings by increase of 4.5 MW        = 27.48 x 106 
x 20 = 549.6 

million LKR 

Then, considering the cost and the savings, the simple payback period can be 

calculated as below. 

• Simple Payback Period (SPP) for the OL Stage II modification: 

����� ���� �� �	
 ���
��

������ �����

  = 

����

���.� 

  = 17.37 years 

Since the payback period is considerably high, the project is considered not viable if 

the project is done wholly as an efficiency improvement project. If the modification 

is done during rehabilitation when the generator lifetime has expired, the net profit 

will be higher and the project may become viable. Since the Old Laxapana Stage II 

generators were installed in 1958, a requirement for their rehabilitation is near. 

Therefore, consider the cost-benefit analysis considering the project is done with a 

rehabilitation project. 

After the modification, maximum power capacity that can be generated from the 

Stage II generator is 29.25 MW. As previously, the annual generation after the 

modification can be determined by the aid from the past data taken from Table 6 and 

Table 7. 

From the Table 6 and Table 7, the following can be calculated. 

• Monthly generation by Stage II new generator = (29.25/25)x 12.72 = 14.88 GWh 

• Annual generation by Stage II new generator   = 178.59 GWh 

However, then, the income from the unit generation is the average selling cost at 

consumer end. Considering recent CEB (Ceylon Electricity Board) statistics in 2012 

[7], average selling cost is taken as 16 LKR /kWh. However due to transmission and 

distribution losses of 10.5%, and maintenance costs and non-technical losses of 5%, 

the average net-income from the unit generation is taken as 14 LKR. 
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• Annual income by Stage II new generator =178.59x106 
x 14= 2500 million LKR 

For this costing, 59 million LKR (around 1% of the cost of the generator) is added as 

the annual operations and maintenance cost.  

• Hence, new total cost (9547+59) = 9606 million LKR 

• SPP for OL Stage II modification with a rehabilitation = 
����

���� 
 = 3.84 years 

In this case, the SPP has been limited to four years. Therefore, implementing this 

modification in a rehabilitation project is beneficial. However, for the Stage I, the 

modification can be implemented during the next rehabilitation project, and the 

viability is considered below. 

• Monthly generation by new Stage I generator = (29.25/25) x 12. 77 = 14.94 GWh 

• Annual generation by new Stage I generator                                      = 179.3 GWh 

• Annual income by new Stage I generator = 179.3 x 106 
x 14 = 2510 million LKR 

• New total cost with operations and maintenance cost            = 9535 million LKR 

 

• SPP for OL Stage I modification in a rehabilitation = 
���� 

���� 
 = 3.8 years 

Hence, as in the previous case, if the modification is done during a rehabilitation 

project, the project will be viable in financial terms. 

2.13. Cost Minimization Methods for the New Generator Design of OLPS 

2.13.1. Modification of the existing penstocks 

Previously, in section 2.2, new penstock installation is proposed, and the cost is 

calculated. However, as a cost minimizing method, the viability of modifying 

existing penstocks for the new generator design is considered. Especially, if the 

modification is deemed as suitable, the proposal can be immediately implemented to 

OL Stage II modification, as it may have a rehabilitation project soon. 

The proposed new penstock design is shown in Figure 14. 
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Figure 14: Modified penstock arrangement to the OLPS new generator design 

In the design, the older four penstocks are used to feed two generators such as two of 

the four penstocks are dedicated to one turbine. At the end, two penstocks are joined 

and connected to a new penstock that has smaller length. However, the existing 

penstocks should be refurbished. The refurbishment procedure is described in 

Appendix-I. 

A new component that should be added to the current penstocks is shown in Figure 

15. This structure will combine older two penstocks to one penstock pipe that will be 

newly added. 

Modification 

Valve house 

OLPS 

Surge chamber 

Existing four 

Penstocks 

New Penstocks 

Reduced penstock length is  shown 



 

Figure 15: Design of new concrete structure with steel plated inside

 

In Figure15, the meanings of the letters are as follows

A = area,  

D = diameter 

f  = friction coefficient

k  = turbulence loss coefficient

Recently, the OL Stage I penstocks were refurbished. For the refurbishment of one 

penstock, the cost was around 27 million LKR for 

million LKR for the 

refurbished is 74 (37 

pipe should be purchased for each 

The diameter of an existing penstock of the modifying structure is D1, D2

(see Figure 15) 

• At the connecting point, flow should be maint

• Q (constant) = Area (A) x flow velocity (V)

• The velocity also should not be changed

• A3 = A1+ A2 (A1

• D3 = �1√2 = 0.98 x

: Design of new concrete structure with steel plated inside

, the meanings of the letters are as follows 

friction coefficient 

= turbulence loss coefficient 

OL Stage I penstocks were refurbished. For the refurbishment of one 

penstock, the cost was around 27 million LKR for the inner surface and around 10 

the outer surface. Hence, cost for the Stage II penstocks to be 

 x 2) million LKR. However, a length around

pipe should be purchased for each turbine-generator set. 

The diameter of an existing penstock of the modifying structure is D1, D2

At the connecting point, flow should be maintained constant 

Q (constant) = Area (A) x flow velocity (V) 

elocity also should not be changed in the structure  for a stable flow

A2 (A1 = A2) 

0.98 x√2 = 1.386 m  
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: Design of new concrete structure with steel plated inside 

OL Stage I penstocks were refurbished. For the refurbishment of one 

inner surface and around 10 

Stage II penstocks to be 

around 20 m of penstock 

The diameter of an existing penstock of the modifying structure is D1, D2 = 0.98 m 

for a stable flow 
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Therefore, the diameter of the new penstock is 1.386 m and the estimated wall 

thickness of the new penstock pipe is 45 mm (see Table 4). Length of the new 

penstock pipe is 20 m. 

2.13.2. Cost of new penstock pipes 

Steel volume required for the penstock is given by; V = π(r2� − r1�)l 

Where, 

r1 (inner radius) = 0.693 m 

r2 (outer radius) = 0.693 m + 45 mm 

I (length) of the pipe = 20 m 

• Steel Volume required = π × �0.738� − 0.693�� × 20 = 4.05 m
3
 

• Steel weight required = 7500 x 4.05 = 30.4 tonnes (steel density 7500 kg/ m3 
is 

taken) 

• Estimated cost for penstock = 30.4 x 800 = 24,320 USD (800 USD /tonne steel is 

taken) 

• Installation and other cost (200% of the cost is taken) = 48,640 USD 

• The total cost for one penstock = 72,960 USD = 9.3 million LKR 

 (128 LKR /USD taken) 

• The total estimated cost of the modification is (74+9.3) = 83.3 million LKR 

• The savings compared to erecting a new penstock          = 639.2 (724 - 84.8) 

million LKR 

However, it is wise to estimate the new head-loss through the penstocks after the 

modification is done. The head-loss calculations are done in accordance to the theory 

described in section 2.3.3. 
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2.13.3. Head-loss Calculation 

New friction head-loss and turbulence head-loss are estimated. After the 

refurbishment, friction loss will be reduced. Hence, new friction constant of 

refurbished penstocks for Darcy’s equation is taken as f = 0.016 and the turbulence 

loss coefficients are estimated as below. 

• Kbends = Proportional value to the angle is taken  

• Kcontraction = D1/D2≈ 1-1.5   Hence, k = 0.05 taken  

• kentrance= 0.8 taken 

• f4 = 0.2 (for the structure) 

Table 8: Head-loss calculation for the modified penstock arrangement 

Section L (m) D(m) V(m s-1) hf(m) D1/D2 kcontr.. Angle(D) kbend k ht(m) 

SC to A 58.72 1.78 1.42 0.05 0.00 0.50 0.80 0.80 0.08 

A to B 71.46 1.38 2.37 0.24 1.29 0.10 0.20 0.00 0.10 0.03 

B to C 196.57 1.26 2.84 1.03 1.10 0.60 21.00 0.21 0.81 0.33 

C to D 142.85 1.26 2.84 0.75 1.00 0.00 16.00 0.05 0.05 0.02 

D to E 212.50 1.24 2.93 1.20 1.02 0.05 21.00 0.05 0.10 0.04 

E to F 159.68 1.17 3.29 1.21 1.06 0.05 17.00 0.04 0.09 0.05 

F to G 144.76 1.17 3.29 1.09 1.00 0.00 9.00 0.08 0.08 0.04 

G to H 138.39 1.14 3.47 1.19 1.03 0.05 24.50 0.16 0.21 0.13 

H to I 156.97 1.09 3.79 1.69 1.05 0.05 13.50 0.11 0.16 0.12 

I A to JA 63.73 1.09 3.79 0.69 1.00 0.00 31.00 0.18 0.18 0.13 

J A to KA 72.01 1.06 4.01 0.89 1.03 0.05 21.00 0.10 0.15 0.12 

K A to n1 96.92 0.98 4.69 1.78 1.08 0.05 28.00 0.07 0.12 0.13 

n1 to n2 1.00 1.18 3.22 0.01 0.83 0.50 30.00 0.02 0.52 0.27 

n2to MIV 20.59 1.39 2.35 0.05 0.85 0.50 31.00 0.01 0.51 0.14 

Total 1535.14 11.85 1.65 

head-loss 13.50 m 

 

By Table 8, the total head-loss is calculated as 13.5 m. It is a considerable increase 

compared to the new penstock installation considered previously. 
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• New net head with the tunnel = 462.94 -13.5 + 4 = 453.44 m 

• Penstock-tunnel efficiency = 453.44 /473.94 = 95.67 % 

• Maximum usual head with 9 ft at intake = 453.44 + 2.74 = 456.18 m 

• New power output of the generator is; 

P � = 0.98 × 0.92 × 7.0793 × 456.18 × 1000 × 9.81 = 28.56 MW 

 

2.13.4. New annual income from one generator 

Monthly generation by the new Stage II generator = (28.56/25) x12. 72 = 14.53 GWh 

Annual generation from new Stage II generator     = 174.4 GWh 

Annual income from the new Stage II generator     = 174.4 x 10
6 
x 14 = 2441.6 

million LKR (14 LKR /kWh is taken) 

2.13.5. Cost-benefit analysis 

Hence, cost-benefit analysis would be as below. 

Costs, components and income are in million Sri Lankan Rupees. 

Generator and other electro mechanical cost 5950.0 
 Penstock cost 84.8 
 Civil construction cost  75.0 
 Cost of loss of generation in outage time 2798.0 
 Operations and Maintenance cost 59.0 
 Total estimated cost 8966.8 
 Annual income 

 

2441.6 

SPP (years) 3.7 
  

According to the analysis, still the modification is viable, however with little lower 

efficiency. In terms of numbers, around 0.69 MW capacity will be lost compared to 

the installation of new penstocks, and the durability of the penstock will be lower 

compared to the new penstocks. However, from the suggestion, around 639.2 million 

LKR can be saved per penstock. 
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Overall, in this chapter, it was tried to present a two-generator design for the OLPS. 

However, since the OLPS Stage I rehabilitation was completed in 2013, the 

modification was mainly focused on the Stage II of the OLPS. In the modification, 

first, it was tried to present a new generator model with the change of all the other 

components such as penstock, turbine, auxiliaries, control system etc. However, even 

though there was a considerable increase of power capacity, the project was not 

viable as the SPP was considerably high. Then the modification was considered to be 

done during a rehabilitation project when the lifetime of the existing generators is 

almost over. Then, the project was viable, and the SPP was almost four years. In 

order to minimize the project cost further, the modification of existing penstocks was 

considered, and it was found to be viable with a little lower efficiency. Thus, as a 

whole, the proposed modification is viable, and the implementation of the new 

design is suggested. 

 

 

 

 

 

 

 

 

 

 

 

 




