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ABSTRACT 

Intakes for bulb or rim generator turbines are very 
large in relation to the runner diameter. Because the 
velocity is low in the intake area, the l osses are also 
low. This report describes research on the effect of 
simp li fying intake design ?n energy losses and flow 
distribution. Using straight surfaces in pl ace of 
curved be llmouth entrances and shortening the length of 
the intake could significantly reduce construction 
costs. In addition, reducing the intake size would 
reduce the size of the trashracks, gates, and associated 
operating equipment. 
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flow area at the runner= 0.6535(01)2 
pressure drop coefficient 
reference length 
relative depth in intake 
runner diameter 
Euler number 
gross he ad 
acceleration of gravity 
flow rate or discharge 
Reynolds number 
ve l ocity 
average intake ve l ocity in the axial 

direction 
average runner ve l ocity in the axial 

direction= Q/Ar 
average velocity 
re l ative loss 
pressure drop 
wicket gate angle 
kinematic viscosity 
density 
specific force= Pg 
specific force of air 

INTRODUCTION 

The main obstacle in the development of small 
hydropower has been economics. In most cases, the cost 
per installed kW (kilowatt) is still higher than for 
fossil fuel pl ants. For low-head hydroelectric instal
l at i ons, head less than 20 m, the major cost is the 
initial investment in the civil works structure and the 
fluid machinery. If the cost of the structure can be 
reduced without introducing additional losse s , more 
small hydroelectric installation s would be feasible. 

Intakes for bulb or rim generator turbines are very 
large in relation to the runner diameter. Because the 
velocity is small in the intake section, the lo sses are 
also small. It was conc luded in an ear l ier literature 
review (1) that savings cou l d be achieved by replacing 
curved surfaces with straight surfaces and shortening 
the length of the intake. Reducing the intake size 
wou l d also result in additional savings in trashracks, 
entrance gates, and associated operating equipment. 
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Another small hydropower reference (2) stated that 
"Irregularities of flow as well as flow separations in 
the intake section have an unfavorable effect on the 
turbine's hydraulic behavior, and an optimum design for 
the intake portion is therefore essential for smooth 
undisturbed turbine performance." However, the data 
presented here in demonstrate that simplifications in the 
intake section do not adversely affect the flow field 
leading to the guide vanes and runners. 

SCOPE OF STUDY 

A model of a typical bulb turbine was built as a 
basis for comparison with other intake s (fig 1). The 
model dimensions basically correspond to standard flow 
passage dim ens ion s used by a major manufacturer. The 
intake section of the model was removable. 

Dl • l55 mm 
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Fig. 1 Bulb turbine model. 

After testing the original intake, three other 
intake s of various shapes and sizes were tested and the 
results compared (fig 2). Dimensions are given in terms 
of runner diameter (Dl). 



Extensive testing was done on the original intake 
to determine the effect of a bulkhead slot, a pier in 
the intake, a draft tube, and various approach channel 
configurations. 

MODEL DESIGN AND SIMILARITY 

An air model was used to study flow in the intake 
section. There are several reasons for using an air 
model instead of a water model, including (a) flexible, 
easy model construction; (b) little problem of leakage; 
and (c) quick model measurements and changes. The 
disadvantages are (a) small levels of pressure differ
ences requiring delicate measuring apparatus and (b) 
inability to simulate a free surface. Air models can be 
used to study hydraulic problems in which the flow is 
governed by inertia and viscosity effects. (3) Condi
tions of fl ow at an entry and flow through pressurized 
conduits fall within this category. The criterion of 
s imi l ari ty for this type of fl ow and for transferring 
results to prototype conditions is well known to be the 
Reynolds model law (equation 1). 

Reynold s number = R = .Y.Q. 
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Fig. 2 The four intakes tested. 

Most prototype hydraulic structures have Reynolds 
numbers of the order of magnitude of 106 to 108. 
The achievement of these Reynolds numbers under labora
tory conditions would require blowers with enormous 
capacity. It is possible, however , to attain approxi
mate similarity at Reynolds numbers of about 104 to 
105 At these Reynolds numbers viscosity has little 
effect. It is also necessary to build the model large 
enough to avoid undesirable compressibility effects. In 

general, the air velocity should not exceed 50 m/s. The 
model was designed to keep the Reynolds number as high 
as possible while keeping the air velocity less than 
50 m/s. 

The Euler number is a dimensionless ratio which 
relates inertia forces to pressure forces (equation 2). 

P v2 
Euler number= E = ~

tip 
(2) 

In incompressible fluids and in the absence of 
other forces (such as viscosity and gravity), the Euler 
number is exclusively a function of the geometry of the 
flow boundaries . (3) At Reynolds numbers high enough to 
attain similarity, the Euler number is constant. 
Therefore, the Euler number wi 11 be the same for any 
prototype size as it is in the model if the geometry is 
similar. For this reason, the Euler number is also 
referred to as the geometrical flow number. 

The first set of tests was conducted to determine 
the minimum discharge to obtain similarity. Tests were 
run at different discharges for the same model config
uration. At Reynolds number s greater than 105 the 
Euler number is approximately constant (fig 3). There
fore, all of the tests were conducted at Reynolds 
numbers greater than 105. The Euler number is then 
used to scale results from the model to prototype 
conditions. 
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Fig. 3 Euler number vs Reynolds number. 

THE MODEL 

Figure 4 is a schematic diagram of the testing 
apparatus. Air is supplied from a blower through a 
supply line and orifice plate into a stilling chamber 
(plenum). The pressure in the plenum forces the air 
through the model. 

Fig. 4 
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The intake sections were made of sheet metal. 
Pi ezometer taps were included along the top, bottom, and 
sides of each intake to measure the pressure drop along 
the surfaces (fig 2). A pressure tap was also included 
in the plenum to measure the total pressure required to 
produce a given flow through the model. 

The main part of the model and the draft tube were 
made from transparent Plexiglas. The wicket gates and 
bulb were formed from wood and the bulb supporting piers 
were made of high density polyurethane. Figure 5 is an 
overall photograph of the testing apparatus and figure 6 

Fig. 5 Overall photo9raph of testing apparatus. 

shows a closeup photograph of intake 1 . The wicket 
gates were operated simultaneously with a control ring. 
Figure 1 contains a definition sketch for the wicket 
gate opening angle ( e). e was adjustab le from O to 
60 deg, with O deg being full open. Runner blades were 
not included in the model because the focus of the study 
was the effect of changes in the intake flow passage 
geometry. Th e changes in Euler numbers due to changes 
in flow passage geometry are not affected by the runner 
blades. 

Fig. 6 Photograph of intake 1 with center 
pier, approach channel with bottom, no sides 
(looking downstream from inside plenum). 

TEST PROCEDURES AND INSTRUMENTATION 

Data co llected during the te sts inc luded (a) total 
discharge through the model; (b) velocity profiles just 
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upstream from the bulb (at the bulkhead s lot in fig 1); 
(c) pressures along the top, bottom, and sides of the 
intake being tested; and (d) plenum and atmospheric 
pressures. 

Discharge Measurement 

The rate of flow or discharge was measured with a 
concentric, thin plate orifice located in the supply 
line (fig 4). Flange taps just upstream and downstream 
from the orifice pl ate were used to obtain the pressure 
differential across the plate. Working equations for 
computing actual rates of flow through an orifice plate 
are found in "Fluid Meters - Their Theory and Appl ica
tion." (i) 

Velocity Measurement 

Velocity measurements were made for each intake at 
various wicket gate openings at the bulkhead slot 
location just upstream from the bulb (fig 1). 

A hot wire, constant temperature anemometer was 
used to measure air velocity. Velocity was measured at 
117 points in a 9 by ' 13 grid using a telescoping probe 
attached to the self-contained instrument. The readings 
were recorded manually. The hot wire anemometer read
ings were checked by measuring known velocities through 
an orifice in the side of the stilling chamber. 

Pressure Measurement 

The pressure differences in an air model are sma ll . 
Therefore, sensitive and accurate instruments are needed 
to collect acceptable data. 

Pressure taps from the orifice plat~ in the intak~ 
and in the plenum were connected to a single scanning
type pres s ure sampling valve for measuring multiple 
pressures. Using thi s system one pressure transducer 
was used to measure a ll the pres s ures. A manually 
operated step drive was used to connect each pressure 
line sequentia ll y to the center port of the valve. The 
center port was connected to a +6.895-kPa differential 
pres s ure transducer. The transducer has a total error 
of 0.06 percent (combined linearity and hysteresis}. 

The transducer excitation was 12 V d c, the output 
was amplified by 1,000 times with a high gain data 
amplifier. The amplified output wa s in the range of -5 
to +8 volts. The opposing side of the differential 
transducer was open to atmospheric pressure. The output 
voltages were read with a high speed (DVM} digital 
voltmeter. The data were co 11 ected an d stored using a 
data acquisition system. A microproces so r (fig 5) was 
programmed to read average and fluctuating vo ltages from 
the DVM. The voltages were converted to pressures, and 
when the test was complete, the data were transferred 
from memory to cassette tape for later printing, plot
ting, and ana lys is. Atmospheric pressure was recorded 
before and after each test to ensure that the reference 
did not vary substantial ly during the test. 

RESULTS 

Velocities 

Velocity distributions were plotted for each intake 
(at e = 30 deg) (fig 7). The average velocity (V) is 
different for each intake; howev er, the flow distribu
tion is not affected by the actual values of velocity if 
the Euler number is constant (see the previous section 
on simi larity) . 

It i s obvious from comparing the velocity contours 
that the intake shape has a significant effect on veloc
ity distribution ( see fig 2 for intake shapes). The 
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Fig 7 Velocity distributions in the intakes ( e = 30°). 

velocity distributions for all four intakes show the 
fl ow stagnating in front of the bulb and flowing around 
it to the sides. 

In intake 1 the velocities are high near the top 
(due to the smooth bel lmouth-type top curve) and low 
near the bottom, with a steep transition from top to 
bottom. 

In intake 2 the velocities are fairly uniform 
throughout; the local velocities do not vary greatly 
from the average velocity. 

Intake 3 does not have intake curves; the corners 
are square. The effect of the square corners is appar
ent in the velocity distributions. Velocities are high 
through the center portion of the profile and very l ow 
at the edges and corners. 

The flow distribution in intake 4 is fairly uni
form. The pattern does not indicate high velocities in 
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the center ( as in intake 3), or a steep gradient from 
top to bottom (as in intake 1). 

The velocity profiles from top to bottom along data 
column 3 in figure 7 are plotted on figure 8. Thi s 
graph illustrates the differences in flow distribution 
between the four intakes in the zone where the majority 
of the flow passes around the bulb. Intak es 2 and 4 
have the most uniform profiles. 

It shou ld be noted that average velocity head 
(v2/2g) in the intake section is usu ally only about 1 
percent of the total prototype head. Therefore, flow 
irregularities in the intake section shou l d have a 
relatively minor effect on losses in the intake sect ion. 
However, a nonuniform flow distribution at the wicket 
gates and runners could have an effect on losses and 
smooth turbine operation. 



Table 1 Pressure drop through model 

Model with draft tube 
Model with draft tube/approach channel bottom - no sides Intal<:e 3 

Wicket gate ntake No approach channel Approach with 
ang le Intake 1 Intake 2 Intake 3 Intake 4 with pier both sides 

(degrees) E Run No. E Run No. E Run No . E Run No. E Run No. E Run No. E Run No. 

0 4.321 149 4.178 166 4.195 186 4.173 
15 3.535 150 3.425 167 3.435 187 3.559 
20 2.360 162 2.349 171 
25 1. 728 163 1. 754 172 
30 1.297 151 1. 322 168 1. 290 188 1. 340 
35 0.925 164 0.967 173 
40 0.683 165 0.709 174 
45 0.499 152 0.500 169 0.506 189 0.491 
60 0 .153 153 0.168 170 0.158 

Intake 1 without draft tube 
Wi cket gate 

ang l e 
(degrees ) 

With both 
sides 

E Run No. 

0 1. 810 120 
15 1.648 121 
20 1. 465 125 
25 1. 210 126 
30 0.984 122 
35 0.768 127 
40 0.567 128 
45 0. 411 123 
60 0. 143 124 

Pressures 

Approach channel 
With both With one With 

s ides (lowered) s ide (no 
E Run No. E Run No. E 

1. 813 129 1.814 134 1. 821 
1. 650 130 1.644 135 1. 650 

0.985 131 0.997 136 0.975 

0.413 132 
0.140 133 

An indication of the accur acy of the Eul er number s 
i s needed in order to determine i f the differences are 
due t o geometry changes or data scatter. Therefore , 
several runs were made f or the same geometry at differ
e nt dis charges in run s 101 through 116. Th e Eul er 
numbers varied by +0.015; ther efore , changes greater 
th an 0.015 are due to geometry effects rather than data 
scatter. 

Press ure drop through the entire mod el as well as 
pressures along the fl ow surfaces in th e int ake sec tion 
we r e meas ur ed for eac h t est run. Tabl e 1 li s ts the 
Euler numbers for the different configur at ions t ested. 
These data can be used to assess the effect of changes 
in geometry on pressure drop (losses) through the model. 
The t able al so defines the model configuration for each 
run number. The reference velocity used in the Euler 
number in t abl e 1 was the aver age axial vel ocity at the 
runner (Vrl. 

The data in table 1 can be used to comp are relative 
l osses between different geometries. For examp l e , the 
r el ati ve losses in the four i ntakes can be comp ared . 

v2 From equat ion (2) 6p = 12.f=- and in terms of head, 

6p _ v2 
y - gE 

(3) 

Tak ing the difference of equation (3) fo r two config
ur ations , t he relati ve l osses between two conf igura
tions (6h) are 

__ iz 
6h (4) 

y 

f or equivalent di scharges . 

197 4.121 140 4.137 175 4.227 180 
198 3.549 141 3.709 176 3. 389 181 

2.407 145 
1. 748 146 

199 1. 258 142 1. 384 177 1.278 182 
0.941 147 
0.674 148 

200 0. 499 143 0.519 178 0.551 183 
201 0.161 144 0.163 179 0 .164 184-185 

With bu l khead Intake 4 
bottom slot with draft tube 
s ides) with both s ides No approach channel 
Run No. E Run No. E Run No. 

137 1. 808 101-104 3.915 192 
138 1.662 105-107 3.509 193 

139 1.000 108-110 1. 015 194 

0.399 117-119 0. 380 195 
0.145 115-116 0.178 196 

Equati on 4 shows that the relative losses are 
proportional to velocity head . Therefore, actu al los ses 
will be more for higher di scharges if the Eu ler number 
is the same. 

Example cal culat ion of relative losses . For a hypothet
ical prototype rn sta l lat1on, the following values are 
given: 

The runner diamet er= Dl = 3.51 m 
The area at the runner= Ar= 8. 03 m2 
The prototype head = H = 13.52 m 
The discharge r el at ionship 

at e = O deg, Q = 127 m3/s 
at e = 15 deg, Q = 85 m3/ s 
at e = 30 deg, Q = 43 m3 / s 

Since Vr = Q/Ar , Vr( e = 0 deg) = 15. 82 m/s, 
Vr( e = 15 deg) = 10.58 m/s, and 
Vr( B = 30 deg ) = 5.36 m/s. 

Th e Euler number s in tabl e 1 can be used to compute 
t he re l ative head losses - us ing equation 4. Tabl e 2 
giv es r e l ati ve head l osses for t his exampl e using int ake 
1 as a refer ence . 

Tabl e 2 Comparison of int ake l osses 

e o· e 15° e = 30° 
Ni(m) Ni7R(%) Ni(m) Ni7 R( %) Mi l.m ) 6h7R(% ) 

Intake 2 0. 202 1. 5 0.104 0. 8 -0. 043 -0.3 
Intake 3 0. 178 1. 3 0.094 0.7 0.012 0.1 
Intake 4 0. 210 1. 6 -0.022 -0.2 -0 . 073 -0 . 5 
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Table 2 shows that (for this example) intake 1 has 
about 1.5 percent less loss than the other intakes when 
the wicket gates are full open ( e = 0 deg). However, 
when the gates are partially closed ( e = 15 and 30 deg), 
intake 4 has less loss than intake 1. Intake 2 has less 
loss at e = 30 deg. This is consistent with the veloc
ity comparisons (figs 7 and 8) showing that intakes 2 
and 4 have a more uniform velocity distribution than 
intake 1. 

Pressure drop coefficients. Another form of the Euler 
number is the press~r~ dro~ coefficie~t (Cp). The 
pressure drop coefficient is the ratio of drop in 
pressure head to a referen ce velocity head (equa
tion 5). 

Pressure drop coeffic i ent = C = (
6

~/ Y) 
P (V / 2g } 

(5) 

It can be shown by combining equations 2 and 5 that 
Cp 2/E and equation 4 becomes 

6h = v2; 2g(Cp2 - Cp1) (6) 
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Fig. 9 Pressure drop (Cpl through the model -
comparison of four intakes. Uncerta'inty of Cp is 
.:_0.015. 

Additional testing. Extensi v e testing was done on 
intake 1 to determine the effect of other geometric 
features i nc luding: 

1. A bulkhead slot 
2. A center pier in the intake 
3 . The approach channe l conf igurati on 
4. A draft tube 

Fig. 8 Velocity profiles along data column 3 on figure 7. 

The Eul er numbers in table 1 illustrate that the 
bulkhead slot has essentially no effect on losses and 
the center pier and approach channel hav e littl e e~fect 
o n the losses in intake 1. However, t he approach 
channel did have a s ignificant effect in one case. The 
Eul er numbers for intake 4 without an approach c hannel 
are lower than intake 4 with an approach channel bottom, 
except for e = 60 deg (see table 1, runs No. 192-196 vs 
197-201). Tests on intake 1 did not show a s ignifi cant 
ef!ect _due to the approach c hann e l (run s No. 101-139). 
Thi s difference c _an be ex~la ined by referring to fig
ure 8. The relative velocity at the bottom of intake 1 
is very l ow compared to intake 4. Therefore, the 
approach c hann e l (whi ch guid es the flow into the bottom 
of the intake preventing f l ow separation a l ong t he 
bottom) would be more important in intake 4 than in 
intake 1. 

Plotting Ce al l ows observation of l osses in terms 
of a reference elocity head. Figure 9 is a comparison 
of press ure drop co e fficients for the four intakes. 
About 48 percent of th e velocity head at the runner 
(Cp = 0.48) is required to produce the flow through 
the model (for e = 0 deg). The plot illustrates the 
relative importance of intake los ses to the overa ll 
losses. Intake 3, with no entrance curves has the 
highest. l oss e s. However, even with no attempt to 
s tream line the entrance, the losses in intake 3 are not 
s ignificant ly hi gher than in the other intakes . Intake s 
2 and 4, with simp lifi ed and shortened intakes , show 
lowe r losses for parti a l gate openings than the tradi 
tional bellmouth-type design (intake 1) and have a more 
uniform veloci ty distribution. 
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Although the draft tube does not affect intake 
l osses, tests were run with and without a draft tube to 
determine the relative importance of the draft tube to 
the overa ll l osses. The draft tube recovered about 
60 pe rcent of the runner velo c ity head. Th e l osse s 
through the mode l with the draft tube were less than 
one-half of the losses without the draft tube ( at e = 
0 deg). 
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Pressure drop along the intake surfaces. Pressures were 
measured along the top, bottom, and sides of each intake 
(figs 10 through 13). The reference velocity head in 
Cp for these plot s is the average intake velocity head -
(v12;2g), where v1 = Vr/7 .026. For a typical proto
type s ituation the intake velocity head is about 1 per
cent of the gross head. Intake 3 has the highest local 
pre ssure drops. The reference distance (L/Dl) i s the 
di stance from the front face of the intake to the 
piezometer (fig 2). 

The average pressure at the end of the intake 
sectio n is an indication of the losses to that point. 
The average pressure drop coefficients at the end of the 
int akes were Cpl= 1.216, Cp2 = 1.200, Cp3 = 1.497, 
and Cf4 = 1.183, for intakes 1, 2, 3, and 4 (from 
figs O through 13). After subtracting the velocity 
head from the pressure drops, the energy los ses - in 
terms of intake velocity heads - were 0.216, 0.200, 
0.497, and 0.183 for intakes 1 through 4, respectively. 
Thi s indicates that intake 3 has more than twice as much 
loss as the others and intake 4 has the lowest losses. 

PERCENT GATE OPENING V'S 

100. 00 GATE ANGL E 

(J 90. 00 
z 
H 80. 00 
z 
w 70. 00 
0.. 
0 60. 00 
w 
f--- 50. 00 
<( 
(J 40. 00 

f--- 30. 00 z 
w 

20. 00 u 
Ct'. 
w 10. 00 
0.. 

0. 00 
= Lr> = Lr> = Lr> = Lr> = Lr> = Lr> = Lr> = Lr> 

"" "'-' (Y") (Y") ..,,- ..,,- Lr> Lr> = = r--- r---

WICKET GATE ANGL E 

Fig. 14 Percent gate opening vs wicket gate angle . 

Percent gate opening in terms of percentage of 
wicket gate angle is (1 - 6/75) 100, i.e., for 6 = 
15 deg the gate opening would be 80 percent of the total 
wicket gate operating range. 

reprinted from 

It should be noted that the intake velocity head is 50 
time s l ess than the runner velocity head. This puts the 
intake losses in perspective with the overall losse s 
discu ssed in the previou s section. 

Wicket Gate Angle vs Percent Gate Opening 

Figure 14 is a cross reference for wicket gate 
angle ( 6) vs gate opening, where percent gate opening 
is defined as (open area)/(open area when the gates are 
fully open). This figure shou ld be useful in computing 
losses when the discharge relationship i s given in terms 
of percent gate opening. 

CONCLUSIONS 

Significant simplifications and size reductions can 
be made in the intakes of bulb and rim generator tur
bines without increasing energy lossis or adversely 
affecting flow distribution. 

Comparative energy losses and velocity distributions 
illustrate the advantages of using simplified intake 
design s. 
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