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Preface

It is well recognized today that the development of small hydropower resources in rural areas of
less developed countries may be an important contribution to overall development, but also, that
it is often a difficult task, given the many constraints existing. Nepal, on the slopes of the
Himalayan range, has experienced a significant development in this field and the objective of the
series HARNESSING WATER POWER ON A SMALL SCALE is to share this experience, for
the benefit of many regions with undeveloped potential, in a large number of Third World
countries.

Since the publication of the handbook ‘‘Local Experience with Micro-Hydropower Technology ™’
(volume 1) in 1981, there have been substantial further developments in the adaptation and
application of hydropower technology in less developed countries.

There has also been a steady process of development of relevant engineering skills in Nepal, where
the local engineering firm Balaju Yantra Shala (BYS) has built up know-how progressively. In its
history of small water turbine development and micro hydropower implementation, BYS has come
a long way. It started with the production and installation of small turbine-mills of simple design,
and, in along learning process, moved on to design, manufacture and implement schemes for more
complex village electrification projects.

Volume 1 of the series HARNESSING WATER POWER ON A SMALL SCALE, mentioned
above, had the objective of giving an introduction to local micro hydropower technology, and of
showing what was achieved by that time in Nepal. The publication met with profound interest and
we have therefore made an effort in documenting what progress has been made since then. We felt
that in order to do so it is necessary to also deal with the underlying theory as a prerequisite to full
understanding and the transfer of the technology. The present volume 2, entitled HYDRAULICS
ENGINEERING MANUAL, contains this theory and many tools for hydraulics design in the form
of diagrams and nomograms. Among the various turbine types applicable, solely the theory of the
Cross Flow turbine is given in detail, since this is the turbine type on which work of the past years
concentrated. Laboratory testing of small turbines is also treated with material from actual tests
conducted at the Hongkong Polytechnic Institute on machines designed and built in Nepal.

The series Harnessing Water Power on a Small Scale is further to be continued. Volume 3 and 4
shall be devoted to optimized Cross Flow turbine designs, equipment engineering and turbine fab-
rication and Volume 5 shall illustrate village electrification schemes implemented. Volume 6,
which was published in 1983, deals with a mechanical heat generating device and thus represents
a manual on the subject of energy application. Volume 7, being printed at present, is an annotated
bibliography of literature and documents in the specific field of micro hydropower, and finally,
volume 8 is going to be a handbook on governing systems for small scale hydropower.

SKAT, the Swiss Center for Appropriate Technology, is actively engaged in technology dissemi-
nation. Micro hydropower is one of our target areas and in addition to publishing activities, our
information-, documentation- and consulting-services are available to those who plan to, or are
engaged in, developing and implementing this technology with the chief objective of overall rural
development.

St. Gallen, January 1990
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Nomenclature

channel width, velocity of sound, coefficient of linear expansion
cross-sectional flow area, work, substitution used in formulae
inlet width, channel bottom width, crest width of weir
channel width (rectangular channel), substitution used in formulae
absolute velocity, coefficient, distance

absolute velocity component in meridional direction

absolute velocity component in peripheral direction
substitution used in formulae

grain size diameter, distance

diameter of penstock, nominal rotor diameter of turbine
YOUNGS modulus of elasticity

gravitational constant

headloss, water depth, hour, piezometric head

energy head

net head

horse power

friction coefficient (STRICKLER)

empirical coefficient, constant

length, wave length

rotative speed, safety factor, number, side wall slope

specific speed (based on HP)

specific speed (based on kW)

pressure

power, point, weir height

flow rate, discharge

radius, hydraulic radius

revolutions per minute

slope, gradient

full load operating hours, stagnation point

time, running time, pitch, thickness of penstock

torque, time span, duration, period, cost per ton, temperature
peripheral velocity

wetted perimeter

velocity

relative velocity

relative velocity component in peripheral direction

weight

blade number, geodetic head

ALLIEVI pressure rise factor
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Greek symbols

o (alpha) absolute velocity angle

B (beta) relative velocity angle

y (gamma) specific weight of water

A,b (delta ) difference, angle

€ (epsilon) angle

C (zeta) head loss coefficient

1 (eta) efficiency

0 (theta) angle, ALLIEVI valve operation parameter
K (kappa) ratio, substitution used in formulae

A (lambda) ratio, substitution used in formulae

d (ksi) angle

L (mu) discharge coefficient

i (phi) 3.14...

p (rho) density, ALLIEVI penstock parameter

c (sigma) cavitation index, stress

o] (phi) flow factor

O] (omega) angular velocity

Subscripts

ax axial R rotor

b blade r radial

c closing / opening S suction, closing, specific
cr critical sp specific

dyn dynamic st static

e energy syn  synchronous
el electrical T turbine

i input, intermediate value tot total

m mean, average, meridional th theoretical
max maximum w water

min  minimum we wave cycle
net net u peripheral

0 output

opt  optimal 0,1,2... index

P pitch circle 0 channel inlet
P pump 1 cascade inlet, machine inlet
perm permissible 2,4 cascade exit
Q flow, discharge 3 cascade inlet, machine exit
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Chapter 1 : Introduction to Cross Flow turbine theory

1.1 Definitions and fundamental relations

(Illustrations and text arc based on [9])

1.1.1 Steady state flow

Flow is steady or at equilibrium if the relationship
of two different values of velocity observed at
different points remains constantly the same. Thisis
the case if the flow rate of a fluid through both cross-
scctional areas A and B in fig. 1.1 are equal. Flow
through apipe, from an overhead tank with constant
water level to a lower point, is steady. If the cross-
sectional area of the pipe outletis changed, flow will
reach steady state only after reaching anew equilib-
rium.

Fig. 1.1: Steady state flow

1.1.2 The equation of continuity

If Q [m?/s] is the flow rate of a fluid through a cross-
sectional area A [m?], with an equal velocity ¢ [m/
s} at all points, the equation of continuity holds true
for steady state flow:

{1.1} @ =c-A = constang

The observed cross-sectional area A must be per-
pendicular to all stream lines of the flow. For all
practical purposes this is the case if the cross-
sectional area is perpendicular to the axis of the
conduit.

1.1.3 BERNOULLT’s equation

The flow energy in all elements of a flowing fluid is
composed of three components:

a) the potential energy component, which takes the
value; Weh

where W is the weight of the liquid and h is the
perpendicular distance or head above a reference
level.

b) the pressure energy component, which takes the
value of : Wep

Y

where pis the pressure [kg/m?] and y [kg/m?]is the
density of the fluid (e.g. the pressure head p/y), and

¢) the velocity (or kinetic) energy component, which
results from the velocity head :

C2

2g
(according to the law of TORICELLI, ¢ = N2 g h),
where g is the gravitational constant and h is the
head, and the weight W of the fluid, at a value of
W c2
2g

The energy head contained in 1 kg of fluid is
therefore:

{1.2)

p
H,=h+ ~ + [mkg/kg]

2g

For practical purposes of the study of flow, we may
assume that all fluid elements contain equal amounts
of energy at the entry point into the observed
system, so that equation (1.2} is valid for the entire
system. If no energy is fed into the system or
extracted, we have the condition:

C2

p
13} h+ — + —
-3} Y g

= constant

Equation {1.3} is BERNOULLI's cquation, ¢x-
pressing thatnoenergy lossesoccurin asteady state
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flow system with inviscid (free of friction) fluids.
Under the condition of h = constant, and for flow
perpendicular to the cross-scctional arca of refer-

cnce, we have:

= constant

{1.4} P +
’ Y 2¢

It is possible to derive from equation {1.4} that at
points of lower pressure, higher velocitics must
cxist, and vice versa. In a conduit of continuously
decreasing cross-sectional arca, where flow veloc-
ity increases according to cquation { 1.1} in propor-
tion to the decrease of the cross-sectional area,
pressure drops continuously. However, if velocity
increases too much, resulting in excessive pressure
decrease, separation of the fluid may result. In this
situation, vapor bubbles form in the water as soon as
the pressure has decreased to a point below the
vapor pressure of the fluid. This phenomenon is
called cavitation, and is usually accompanied by
sound generated by vapor bubbles collapsing.
Beginning cavitation results in a crackling or light
rustling noise, or noise as if gravel is passing
through the machine. In case of complete flow
separation, noise increases to sounds like machine
gun fire or thunder.

1.1.4 Dynamic pressure and
stagnation point

If flow passes by an imerged object (such as in fig.
1.2), there will be a stream line which is divided at
the leading edge of the object and which unites
again at the downstream edge of the object.

Fig. 1.2: Rounded leading edge of an
object imerged in a flowing fluid.
S = stagnation point

The points at which this happens are named up-
stream and downstream stagnation point, respec-
tively (notation Sin fig. 1.2), because relative to the

object, flow velocity at point S is zero. The
dynamic pressurc hdyn [meters of fluid columnij,

resulting from the stagnated flow is:

hdyn = — fm

{1.5}

The dynamic pressure pdynin pressure units [kg/m?)
takes the value of:

vyt pe ,
{1.6} den: —_— = [kg/m”]
2g 2
where the density is:
_
P= 3

1.1.5 Angular momentum equation

For purely rotational flow, the law of angular
momentum is applied:

{1.7}| r,+c, = r,ec, = r-c = constant

Rotational flow is characterized by {luid elements
moving vortex-like on a plane with a common cen-
ter. We may determine from this equation, which is
the equation of an equal-sided hyperbola, that the
velocity ¢ increases quickly with decreasing
radius r (refer to fig. 1.3)

]

Fig. 1.3: Velocity distribution accord-
ing to the law of angular momentum
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Flow with these characteristics is called rotational
or vortex flow. Velocity decrease towards the pe-
riphery and the related rise in pressure is explained
by the increasing centrifugal forces. Rotational
flow containedinacircularenclosure such as a pipe,
requires in its center a solid core, because theoreti-
cally, an infinitely high velocity and therefore infi-
nitely small pressure exists at the core, which in
reality is a void as may be obscrved in a vortex.

1.1.6 The velocity triangle

An imaginary observer sitting on the blade of a
revolving runner, would observe flow through the
runner as if looking at a stationary rectangular
closed conduit. In contrast to flow through a station-
ary conduit, flow in the observed runner has the
relative velocity w in respect to the runner blade.
However, a stationary observer outside the runner,
observes the absolute velocity c of the moving fluid.
The two velocities described are different by the
peripheral velocity u of the runner, with ¢ taking the
higher value. The absolute velocity c¢is the result of
the geometrical addition of the relative velocity w
and the peripheral velocity u, according to the
formula: c=u + w.

This situationis shown graphicallyin fig. 1.4 where

the relative velocity w, flowing in the dircction of

the blade, and the peripheral velocity uin tangential
direction, form a paralellogram as shown, or, to-
gether with the absolute velocity ¢, arc forming
velocity triangles.

In the velocity triangle shown, vectors u and w
enclose the blade angle B and vectors ¢ and u
enclose the absolute flow angle o.. Therelative path
of a fluid element is detcrmined by the shape of the
blade.

The widely accepted conventions fornotations uscd
in velocity triangles are:

¢ = absolute velocity

w = relative velocity

u = peripheral velocity

o =absolute velocity angle
B =relative velocity angle

index 0 = channel inlet

index 1 = cascade inlet, blade channcl
entrance

index 2 = cascade exit

Fig. 1.4: Velocity triangles in a runner with peripheral blades
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Further, it is essential to know the following terms
shown in fig. 1.5:

Fig. 1.5: Terms used in velocity triangles

¢, =c¢ cos o= absolutc velocily component in

peripheral dircction

w,=w cos 3 = rclative velocity component in
peripheral direction
¢ =c sino= absolute velocity componentin

meridional direction

Note: Itis a general convention to not calculate with
actual velocity values U,W,C, but with dimension-
less expressions u,w,c, which represent the ratio of
actual speed to free jet velocity, thus:

U

2gH

u =

where:g = gravitational constant = 9.81 [m/s?]

H = pressure head [m]

w
W=
V2gH
C
Cc =

N2gH

1.1.7 EULER equation

The precondition for an energy exchange between a
moving fluid and a moving runncr blade of a
hydraulic machine is that the runner blade causcs
the fluid to change its velocity. Inthe case where the
fluid is accelerated by the runner blade, energy is

imparted by the runner blades to the fluid as hap-
pens in pumps. In the opposite case, where the fluid
is retarded by the runner blade, cnergy is imparted
1o the runner of the machine by the moving fluid,
which is the operating principle of all water tur-
bincs.

Speaking in terms of velocity triangles, energy
cxchange between the moving fluid and the blades
of a turbine runncer takes place, if the entrance
velocity triangle is different from the cxit velocity
triangle. Since the cntrance as well as the cxit
velocity triangles are composcd of the three veloc-
ily vectors ¢, u and w, the value of cach term needs
to be compared between entrance and cxit, and the
following cnergy terms arc thus established:

{1.8}
Zg

static pressure difference duc to change of absolute
velocity

{1.9)
2¢g

static pressure difference due to centrifugal forces

{1.10}

dynamic pressure difference due to change of rela-
tive velocity

Based on this, the theoretical energy head H, of a
runner system, transferring flow encrgy without
loss into power, may be written in the form of the
EULER cquation:

{1.11}} H = + -

The law of cosine makes the following expression
implicit:

{1.12} wi= 2+ ¢?-2uccosa

where: o = the angle between the absolute and the
peripheral velocity vectors
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With:

{1.13} ccoso = ¢

where: ¢ = the absolute velocity vector in periph-
eral dircction, w? may bc cxpressed as:

{L14} | w'=u?+c*-2uc,

and therefore:

ul cul B u2 cu2

(1.15) |H, =

where: u = peripheral runner velocity
¢, = thc component of the absolute velocity
acting in peripheral direction.

Equation {1.15} represcents the EULER cquationin
its general form. The theoretically obtainable en-
ergy head H is nothing clse but the algebraic
difference of the inlet moment of momentum and
the exit moment of momentum of the systcm in
question.

5]
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1.2. The concept of the Cross Flow turbine

The initial work of developing Cross Flow turbines
in Nepal was based on the theory of professor Donat
BANKI, who patented this novel concept around
1920. BANKI's papers have remained a very uscful
source of information and the present chapter is
devotedto reproducing a free translation of his work
by C.A. Mockmore and F. Merryficld, which was
published many yecars ago by the Oregon State
Collcge in the U.S.A.

With kind permission of the Orcgon State Univer-
sity, the most important passages of this publica-

tion, containing the full thcory of BANKI, arc re-
produced here in its original, without any changes
of wording ornotation, as a basis for the understand-
ing of subscquent chapters. In chapter 1.3, further
theoretical and design aspects are presented, which
arc not found in the work of BANKI. Since nota-
tions, cquations and figurc numbcring of the present
originial text are not compatible with chapter 1.3.,
no further reference is made later on. Chapter 1.2
stands for itsclf as a fundamental basis.

The
Banki Water Turbine

C.A. MOCKMORE
Professor of Civil Engineering

FRED MERRYFIELD
Professor of Civil Engineering

Bulletin Series
February 1949

Engineering Experiment Station
Oregon State System of Higher Education
Oregon State College
Corvallis

By

and

No.25
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The Banki Water Turbine
By
C.A. MOCKMORE
Professor of Civil Engineering
and
FRED MERRYFIELD
Professor of Civil Engineering

I. INTRODUCTION

1. Introductory statement. The object of this Bulletin is to
present a free translation of Donat Banki's paper "Neue Wasser-
turbine”, and to show the results of a series of tests on a laboratory
turbine built according to the specifications of Banki.

The Banki turbine is an atmospheric radial flow wheel which
derives its power from the kinetic energy of the water jet. The caracte-
ristic speed of the turbine places it between the so-called Pelton tangen-
tial water turbine and the Francis mixed-flow wheel. There are some
unusual characteristics not found in most water wheels, which are
displayed by the Banki turbine and should be of interest to most
engineers, especially those of the Mountain States.

Included in this bulletin are diagrams of two Banki turbine
nozzles as patented and used in Europe.

II. THEORY OF THE BANKI TURBINE

1.Description of turbine. The Banki Turbine consists of two
parts, a nozzle and a turbine runner. The runner is built up of two
parallel circular disks joined together at the rim with a series of curved
blades. The nozzle, whose cross-sectional area is rectangular, dis-
charges the jet the full width of the wheel and enters the wheel at an
angle of 16 degrees to the tangent of the periphery of the wheel. The
shape of the jet is rectangular, wide, and not very deep. The water
strikes the blades on the rim of the wheel (Figure 2), flows over the
blade, leaving it, passing through the empty space beween the inner
rims, enters a blade on the inner side of the rim, and discharges at the
outer rim. The wheel is therefore an inward jet wheel and because the
flow is essentially radial, the diameter of the wheel is practically
independent of the amount of water impact, and the desired wheel
breadth can be given independent of the quantity of water.




Cross Flow Turbine Theory

6 ENGINEERING EXPERIMENT STATION BULLETIN 25

2. Path of jet through turbine. Assuming that the center of the
jet enters the runner at point A (Figure 2) at an angle of a, with the
tangentto the periphery, the velocity of the water before entering would
be

V,=C(QgH)'» (1)
V, = Absolute velocity of water

H = Head at the point

C = Coefficient dependent upon the nozzle

The relative velocity of the water at entrance, v,»canbe foundifu,,
the peripheral velocity of the wheel at that point, is known. f3, would be
the angle between the forward directions of the two latter velocities.

Figure 2. Path of water through turbine
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For maximum efficiency, the angle of the blade should equal {3,. If AB
represents the blade, the relative velocity atexit, v,” , forms ' with the
peripheral velocity of the wheel at that point. The absolute velocity of
the water at exit to the blade, V., can be determined by means of v,', 3,
and u,. The angle between this absolute velocity and the velocity of the
wheel at this point is o,'. The absolute path of the water while flowing
over the blade AB can be determined as well as the actual point at which
the waterleaves the blade. Assuming no changeinabsolute velocity V.,
the point C, where the water again enters the rim, can be found. V' at
this point becomes V', and the absolute path of the water over the blade
CD from point C to point D at discharge can be ascertained.

Accordingly o' =0,
Bll - Bzv
B, =B,

since they are corresponding angles of the same blade.

It is apparent that the whole jet cannot follow these paths, since the
paths of some particles of watertend to cross inside the wheel, as shown
in Figure 3. The deflection angles 6 and 6, will be a maximum at the
outer edge of each jet. Figure 3 shows the approximate condition.

3. Efficiency. The following equation for brake horsepower is
true:

HP = (wQ/g)(V, coso, + V, coso,)u, (2
Part of the formula (2) can be reduced by plotting all the velocity
triangles as shown in Figure 3.

V, cos o, = v, cos B, - u, (3)
Neglecting the increase in velocity of water due to the fall 2, (Figure
2) which is small in most cases,

v, = yv, @
where vy is an empirical coefficient less than unity (about 0.98). From
the velocity diagram Figure 4,

v, = (V, cosa, - u,)/(cosB,) )
Substituting equations (3), (4) and (5) in the horsepower equation (2)

HP |, .= WQu,/g)(V cosa,-u,) .(1+ycosP,/cosp,) (6)
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Figure 4. Velocity diagram

The theoretical horsepower input due to the head H,
HP =wQH/g = wQV *(C?*2g

The efficiency, e , is equal to the ratio of the output and input

horsepower,

)

e =QCu,/V) (1+ycosP,/cosP,)- (cosa, - u,/V,) )

when

B, =B, then efficiency

4

= (2Cu,/V )1 + y)(cosa, - u,/V,)

®)
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Considering all variables as constant except efficiency and u,/V and
differentiating and equating to zero, then

u,/V, = cos o/2 (10)
and for maximum efficiency
€. = 1/2C(1 +y) cos’a, (11)

It is noticeable (see Figure 4) that the direction of V, when
u,=1/2V cosa.,, does not become radial. The outflow would be radial
with
u, =[C/1+y)] (V, cosa) (12)

only when y and C are unity, that is, assuming no loss of head due to
friction in nozzle or on the blades. To obtain the highest mechanical
efficiency, the entrance angle o, should be as small as possible, and an
angle of 16° can be obtained for o, without difficulty. For this value cos
o, = 0.96, cos’a, = 0.92.

Substituting in equation (11), C = 0,98 and y = 0.98, the maxi-
mum efficiency would be 87.8 per cent. Since the efficiency of the

z

DY

<Y

Figure 5. Blade spacing
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nozzle varies as the square of the coefficient, the greatest carc
should be taken to avoid loss here. There are hydraulic losses due to
water striking the outer and inner periphery. The latter loss is small, for
according to computations to be made later, the original thickness of
the jets,, Figure 5,increasesto 1.90, whichmeans thatabout 72 percent
of the whole energy was given up by the water striking the blade from
the outside and 28 per cent was left in the water prior to striking the
inside periphery. If the number of blades is correct and they arc as thin
and smooth as possible the coefficient y may be obtained as high as
0.98.

4. Construction proportions

(A) Blade angle: The blade angle B,, can be determined from o, V,

and u, in Figures 2 and 4. (10)
If u,  =1/2V, cos o, (13)

then tanB, =2 tanq,

assuming a, =16°

then B, =29°50 or 30° approx.

The angle between the blade on the inner periphery and the tangent
to the inner periphery B, can be determined by means of the following
as shown in Figure 6. Draw the two inner velocity triangles together by
moving both blades together so that point C falls on point B and the
tangents coincide. Assuming that the inner absolute exit and entrance
velocities are equal and because 0, = 0" the triangles are congruent and
v," and v,' fall in the same direction.

Assuming no shock loss at entrance at point C then ' = 90°, that
is, the inner tip of the blade must be radial. On account of the difference
in elevation between points B and C (exit and entrance to the inner
periphery) V' might differ from V,’ if there were no losses between
these points. (14)

vV, =[2gh,+ (V,YI'"?

Assuming Bz' = 90° (Figure 7a) v,” would not coincide with the
blade angle and therefore shock loss would be experienced. In order to
avoid this 3, must be grater than 90°. The difference inV, and V'
however is usually small because h, is small, so 8, might be 90° in all
cases.

(B) Radial rim width: Neglecting the blade thickness, the thickness
(s,) Figure 5, of the jet entrance, measured at right angles to the relative
velocity, is given by the blade spacing (#).

s, = tsinf, 15)
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Figure 7. Velocity diagrams

Assuming 3, = 90° the inner exit blade spacing is known for every
rim width, (a),

S, =Hr/r) (16)
Aslong as (a)is small the space between the blades will not be filled
by the jet. As (a) increases s, decreases 5o (a) will be limited by

1

s, = vlsl/v2 (17)
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It is not advisable to increase the rim width (a) over this limit
because the amount of water striking it could not flow through so small
a cross-scction and back pressure would result. Moreover, a rim width
which would be under this limit would be inefficient since separated
jets would flow out of the spacing between the blades at the inner
periphery.

In order to determine the width (a) it is necessary to know the
velocity v,’, which is affected by the centrifugal force (sec Figure 5).

W) -, =) - )y (18)
or W, = (,) - () = (v,
but v, = v,(s,/s,) = v (r/r,) sinf, (19)
and u, =u (r,/r)
calling x=(rjr)?

X, - L= /u) Ix - (v/u,) sin?B =0 20)
If the ideal velocity of the wheel u, = 1/2V coso,
then v,/u, = 1/cosp, 21)
Assuming: o, =16° B, = 30°
then v,/u, = 1/0.866 = 1.15

(v,/u,)* = 1.33, approx.
1-(v/u)=-033;sin’p, = 1/4

Then equation 20 becomes
x,+0.33x-0.332=0

x=0.435
xP=r/r =0.66
2r =D,
Therefore a =0.17 D, = radial rim width. (22)

D, = the outside diameter of the wheel.

This value of (a), the radial rim width, was graphically ascertained from
the intersection of the two curves (Figure 5).

)P = (rfr ) )+ ) - ) (18)
and v,' =V, (r/r,)sinf (19)
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The central angle bOC, Figure 8, can be determined from cquation
(18) and

o' = bOC/2
v, =u/cosB, = u [0.866
rjr, =0.66
v, =u [(0.66)*+1.33-1]"
= 0.875 4, 23)
tana,’ = v,'/u,' (24)
= 0.875 ,/0.66 u,
=1.326
@, =53°

angle bOC = 106° (25)

Figure 8. Path of jet inside wheel
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The thickness of the jet (y) in the inner part of the wheel can be
computed from the continuity cquation of flow (Figure &),
Vs, =V,y (26)
v cosa,” =u, = (r/r)u,
= (r,/r )V /2 coso,

therefore, y = 2c0s ,'s, (r,/r)cosa, Q7
= (3.03) (0.6)s,/0.961
= 1.89s, (28)

The distance between the inside edge of the inside jet as it passcs
through the wheel and the shaft of the wheel, y, (Figure 8),

y, =rsin0-a,)-1.895/2-d./2 (29)
since s, =kD,
then y, =(0.1986 - 0.945 K)D, - d./2 (30)

In a similar manner the distance y,, the distance between the outer cdge
of the jet and the inner periphery, can be determined.

y, =(0.1314-0.945k)D, (1)
For the case where the shaft does not extend through the wheel, the only
limit will be y,.
For most cases k =0.075100.10
then y,+d/2 =0.128D, 100.104 D,

y, =0.0606D to 0.0369D,

(C) Wheel diameter and axial wheel breadth: The wheel diameter can
be determined from the following equation:
u, = 7D N/(12)(60) (32)
(1/2)V cosa, = D N/(12)(60)
(1/2)C(2gH)'?cosa, = 7D N/(60)(12)

D, =360C(2gH)""coso,/nN (33)
Where D, is the diameter of the wheel ininches and o, = 16°, C=0.98
D, =862H'”/N (34)

!
The thickness s, of the jetin the nozzle is dependentupona compromise

of two conditions. A large value for s, would be advantageous because
the loss caused by the filling and emptying of the wheel would be
small. However, it would not be satisfactory because the angle
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of attack of the outer filaments of the jet would vary considerably {from
a,=16°, thereby increasing these losses as the thickness increases. The
thickness should be determined by experiment.
In finding the breadth of the wheel (L), the following equations are truc:
Q = (Cs,LI144)2gH)"™ (35)
= C(kD L/144)(2gH)'"
D, =144Q/CkL(2gH)'"
= (862/N)H'” (34)
144Q/CkLQ2gH)'"? = (862/N)H'?
L = 144QN/862H2Ck(2gH)'*
= 0.283 ON//H 10 0.212 ON/H (36)
where k = 0.075 and 0.10 respectively

(D) Curvature of the blade: The curve of the blade can be chosen from
acircle whose center lies at the intersection of two perpendiculars, one
to the direction of relative velocity v, at (4) and the other to the tangent
to the inner periphery intersecting at (B) (Figure 9).
From triangles AOC and BOC, CO is common,
then  (OBY+ (BC) = (AOY + (AC)? - 240 AC cos B,
but E =r,
OB =r,
AC =BC =p
p =[(r)- (r,))2r, cosB,
When r, =(0.66r); and cosP}, = cos 30° = 0.866,
p =0.326r (37

L]

(E) Central angle:
r/r, = sin (180°-1/28)/sin (90°- (1/25 + 3,))
= sin 1/28/cos(1/26 + B,)
tan1/28 = cosP,/(sinf, + r,/r))
d =73°28
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Figure 9. Curvature of blade
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1.3 The Cross Flow runner and inlet theory

1.3.1 Summary of the runner theory

////ia1

~ A

Q

&€

cl=\J2gH=1; o =16° ——— g'r‘|H=2ulwIcos[3l
u,=u,;u,=u;c,=¢C ¢’
372 T NPT gH=—%
-y ‘R = 2
a3—a2,[34—180°-[31 4y u,
=Y .1
B3=B2=900 n= E_l_._. (COS(X.1 < )
Wy =Wyl w, =W, dn 00 4 = c, cos o
= u 1
t ccoso =u +w, cosf d_c_l_ 2
c,coso, =u,-w,cos (180-B) !
4 4- 4 4 Ps tan B, =2tan o, M e = COS” O,
- c,cos0=u, -w, cosf T
2 2_.2 2 _\/ 2 2 2
VTR T W T WS A T, wihB, =30° © 2 =0666
7 2 o o> _ R1 . 1 Rl !
o - LA SRR Y \"4'2—--W1 'E— smBl
2
w R w
-2 _ 1 ; _ - L
tan o, T ,uz--_If u with B, =30° = tana, = 1,148 T,
- . o )
w1—0,555c1, ul=0,481 ¢ s tanoc2=l,3 =2 a2=53 pc,= o5 O =0,528 ¢,
2
C, sin o C, COSs O
c,= L1 . withu = 1 ® a,=90°;¢,=0276c¢
sin o, 1 2 4 1

Fig. 1.6 : Velocity triangles and related formulae for a Cross Flow turbine
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1.3.2 Development of the absolute
flow path

Bascd on the velocity triangles and the related for-
mulac as described in the forcgoing sections, the
flow path through the runncr can be traced. How-
cver, in this section, the absolute flow path through
the first stage of the runncer shall be discussed in
detail in an explanatory manner, as a basis for
further studies.

During the time needed by a fluid element to travel
along the turbine blade from the entrance cdge to the
exit edge, the runner itself rotates. To locate the
cxact exit point of an absolute stream line, it is
therefore of interest to calculate the angle of rotation
of the runner during the passing time of a fluid
clement through the first stage of the runner. The
task at hand is to determine intermediate velocity
triangles between the entrance and the exit point of
the runner blade. The entrance velocity is defined as
follows:

c, =1
a, =16°
c, €os o
u1 opt = ——2—‘— = 0.48063
B, =30°
c, cos o, u,
Wion = = = 0.55498
cos B, cos P |

The outer runner radius shall be denoted as R, the
inner runner radius as R, and any radius in between
as R; therefore, the peripheral velocity at the outer
runner radius is u,, the peripheral velocity at the
inner runner radius is u, and any peripheral velocity
in between is u..

The relative velocity component at any point be-
tween the outer and the inner radius can be ex-
pressed as:

{1.16}[ w =N w’uleuf ] ~

and with the substitution:

(LIT} w2 u? =

=V K+ui2

with: u,  =0.48063

w, =0ssi8 | X =00770

The relative velocity angle B at any point between
the outer and the inner runner radius can be ¢x-
pressed as:

sin 3, ul2

2

.,
i

{1.18} B, =arcsin

and with the substitution:

{(1.19} | sinB,u? =i > sinp =

=30°

=0.480063

with: By } a=0.1155
u

The absolute velocity component in meridional
direction at any point between the outer and the
inner runner radius is the product of the relative
velocity component and the sinus of the relative
velocity angle at that point:

(120) | ¢, =wsinB, ¢ =)

The mean absolute velocity component in meridi-
onal direction between the outer runncr radius and
the inner runner radius and any other radius in be-
tween the two, corresponds to the integral of the ab-
solute velocity component in meridional dircction.
along the two radii:

{1.21}

i

uy \/
/ A X+ ui d
Uy
u?
u, 1
1

The angle of rotation of the runncr during the travel
of a fluid element from the outer runner radius to the
inner runner radius, or to any radius in between the
two, is:

u, 360°

{1.22} °

2

where: v [°] = the anglc of rotation of the runncr in
degrees.
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The calcualtion of the mean absolute velocity com-
ponentin meridional direction Ty, requires the ap-
plication of a numerical integration method. 1t is
rccommended (o use the SIMPSON formula below
{1.23}.

Example:
The mean absolute velocity component in meridi-

onal dircctionT "~ isto be calculated along R to R
1 . . .

as well as the angle of rotation of the runner ¥,

The following valucs arc given:

= 100 [mm]

= §8.88 [mm]
u, = 0.48063
= 0.0770

= (.1155

= 4

5 >R T IR
I

Step 1: calculationof a=u:

R, 88.88
u,=u, ——= 048063 ——— = 0.42723
R, 100

Step 2: dividing the intervall of u, to u, into n = 4
scctions:

U, = Uy= 0.42723

U, = 0.44058

U, = 0.45393

U, = 0.46728

u = u = 0.48063
¥b

Step 3: calculating the valuc y for cach value of u

y, withu =0.44058 > 0.30982
y, P =0.29822
Y, =0.28747
Y, =c_ =027748

Step 4: numecrical integration with the SIMPSON
rule:

b .
/ y dx= b-a
3n

48063 - 0.42723
_ Y ’3 y (0.32237 + 4-0.30982 +

+ 2:0.29822 +4-0.28747 + 0.27748

(y, +4y, + 2y, + 4y, +y)
ad

= 0.01596

Step 5: caleulation of ¢
u

i
1
1 A VK +u?
C = [ T d
2 u .
. u !
1 iU 1

1

= - 0.01596 = 0.29888
0.48063 - 0.42723

Step 6: calculation of the angle of rotationy,, of the
runncr:

[1 - (__giT )] u, + 360°

yI°] =

c 2T
AN k+ uyza mi
ya:Cmi: 2 88.88
. [1-Gip0)] 0.4s063-360°
= =10.24°
_ 0.1155 NV 0.077 + 0.42723? = (0.32237 (0.208882 1
0.42723?
The SIMPSON formula :
b
{1.23} / ydx= —— (ya+4yl+2y2+4y3+2y4+...+2yn_2+4yn_1+yb)
3n

(n=2k;k € N)

where: a = u,
b =u,
n =number of valucs
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Fig. 1.7 shows the absolute flow path of a single | shown, correspond to the calculations described in
stream line through the first stage of a Cross Flow | the foregoing scction.
runncr. The values given, and the velocity triangles

B,

< W Y B; i lu Cn, 'y

Rl = 100 [mm] 1.00000 |0.55498 0.48063 30° 0.27748 0 - 0

Ri1 = 88,88[mm] 0.88269 [0.50944 (0.42723 39.25°1 0.32237 | 0.015960.29888 | 10.24°
Ri2 = 77.777[mm] 0.74325 |0.46555 10.37382 55.74°1 0.38479 | 0.03474|0.32523 | 18.82°
R2 = 66.66[mm] 0.53423 10.42400 {0.32500 50° 0.42400 | 0.05758]0.35937 | 25.54°

Fig. 1.8: Table of values calculated for the absolute flow path
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1.3.3 Blade geometry

In order 1o be able to design a correet Cross Flow
runncr, it is indispensable (0 determine the blade
geometry, and in doing this, it is assumcd that the
following paramcters have been chosen based on
hydraulic considerations and the desired velocity
trianglcs:

R the outer radius of the runner

R the inner radius of the runner, locus of the
end of the skeleton lines of the blades

B, the outer blade angle

B,  theinnerblade angle

It is further assumed, that the skeleton line of the
blade is the scgment of a circle, as is normally the
casc in Cross Flow turbines. Other geometrical
paramcters of interest are:

r the curvature radius of the blade
r the pitch circle radius

6 the segment angle of the blade

To cxpress the gecometrical relationship among the
paramctersR , R, B, B, and r,, r, and 9, a number
of additional paramcters nced to be introduced as
shownin fig. 1.9:¢,&, 0, ¢, d

By

Fig. 1.9 : Construction of blade geometry
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Fig. 1.9 also represents the graphical solution o the \ Example:

problem: the angle (B, + By, is drawn from the
center of the runner, so that one vector intersceets the
radius R, and the other vector intersects the radius
R,. The connecting line from the intersection point
on R, tothe interscetion point on R, represents €.
The line ¢ intersects the circle of radius R, at a
distance of 2d from the intersection point on the
circle with radius R,. Errccting the mcan perpen-
dicular on 2d, we find the linc on which the center
of the radius of curvature r, of the blade is situated.
Drawing a linc at an angle of B1 from the intcrsee-
tion point of the circle with radius R,, we find an
interscction with the previously errccted mean per-
pendicular which is the center of the radius of
curvature 1 of the runner blade, at a distancc of the
pitch circle radius r_{rom the center of the runner.
Tracing the radius of curvaturc r, upto the intersce-
tion with the inner circle of the radius R, and
connecting the found interscction point with the
center of radius r, we establish the angle 6. Con-
necting the intersection point of the circle with r,
and the circle withR, with the center of the runner,
we determine the angle ¢, thereby also cstablishing
other rcmaining angles as shown.

The following formulac are listed in the requirced
order for calculating the parameters O, r, and I
based on the known parameters R, R, Bl and Bz'
The graphical construction of the blade gecometry
may be used to verify the calculated values.

f )
{1.24} ¢ = \Glz +R2-2R R, cos B, +B)

R, sin (Bl +B 2)

a—

(126} £ = 180°- (B, +B, +©)

{125} &= arcsin [

(127} ¢ = B, +B, - (180°-28)

R, sin ¢
(1.28) d = 1
2 sin (180° - &)
(129} & = 180°-2 B, + €)
d
{1.30} r, =

cos (B, +¢)

2 2 .
G.Sl} r \/7rb +R* - 2r R cosf,

Given: R1 =200 {mm], R2 = 136 mm}, Bl = 3()°,
Bz =9()°
1o be solved for: 8, R

Step 1: caleulation of ¢

¢ =N200% + 1362 - 2+ 200 =136 *cos (30° + 90°)

=29274 [mm]

Step 2: calculation of €

136 « sin (30° + 90°)
( ] =23,72°

€ = arc sin
292.74
Step 3: calculation of &:

£ =180° - (30° + 90° + 23.72%) = 36.28°

Step 4: calculation of ¢:

& = 30° +90° - (180° - 2+36.28°) = 12.55°

Step 5: calculation of d:

e 200 +sin 12.55 = 36.73 {mm]

2 sin (180° - 36.28°)

Step 6: calculation of the scgment angle o of the
blade:

& = 180° - 2 (30° + 23.72°) = 72.55°

Step 7: calculation of the curvature radius r, of the
blade:

3673
b cos (30° + 23.72°)

= 62.08 [mm]

Step 8: calculation of the pitch circle radius T

r= N 62.08% + 200% - 2+ 62.08 + 200 * cos 30°

= 149.5 {mm]
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1.3.4 The inlet curve

The water conveyed to the turbine passes through
the penstock with a circular cross-section and then
cnters the adapter, where the cross section is trans-
formed from circular to the rectangular cross-scc-
tionofthe turbine inlet housing. Before reaching the
runner, flow has to be transformed once more, in
order that ideally each stream line should fulfil the
specific entrance conditions to the runner, such as:

the correct absolute velocity ¢,
the correct absolute entrance angle o,

Fig. 1.10 shows the different cross-sections of the
water flow on its path from the penstock to the
runner of the turbine. The turbine inlet serves the
purpose of transforming the flow at the end of the
rectangular adapter to the optimal flow pattem in
the admission area of the runner.

adapter

Fig. 1.10: Cross-sections of flow at the inlet of
Cross Flow turbines

Fig. 1.11illustrates the desired flow pattern, where
all stream lines have the correct velocity and angle
of admission at any radius r, so that the following
condition is valid:

r ‘Cu = constant

Assuming this condition s fulfilled, all stream lines

will enter the runner at R, having equal velocity |

Fig. 1.11: Ideal flow conditions in the inlet

components in peripheral direction ¢ . If it is fur-
ther assumed that the entire pressurc encrgy has
already been converted into kinetic energy at the
end of the inlet, the absolute velocity ¢ of cach
stream line approaching R, corresponds to the free
jet velocity

¢, proportional to N2 g H

If ¢, and ¢ have constant values along the entrance
arc on R,, the absolute velocity angle o at the
entrance to the runner is constant as well. The inlet
curve therefore is ideally a line forming a constant
angle between the tangent of a point on the inlet
curve and its radius vector to the origin of the inlct
curve, as shown in fig. 1.12.

K=x
CO/’S[.

Fig. 1.12: Constant angle of the ideal
inlet curve

S



Cross Flow Turbine Theory

The only curve in which the feature of forming a
constant angle betweeniits tangent and the line o its
origin is inherent, is the logarithmical spiral.

The logarithmical spiral is expressed by the for-
mula:

= ek(b

(1.32) o
k =cotx

k>0)

where:

, = the distance of a point on the angle from the
origin

¢ = the natural logarithm = 2.7183

k = cot x = cotangent of the angle between the

tangent to the logarithmical spiral and its
radius vector to the origin of the spiral =
tan o, (fig. 1.13)

¢ = the angle cxpressed in radians between two
points on the spiral and the originof the spiral

0=0°

~<

Fig. 1.13: Design of the logarithmical inlet spiral
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Example:

The intet curve of a Cross Flow turbine is to be
drawn with the following given parameters:

R1 =100 [mm], the outer runner radius
o, = 16° [deg], the absolute entrance angle
& = 90° [deg], the admission arc for which the

spiral is to be designed

Theradius r, shall be calculated forevery step of 5°
between ¢ = 0° and ¢ = 90°.

Step 1: calculation of k:

kK =90°-a, @k = tan o, = 0.287

0

Step 2: converting ¢ every 5° from 0° to 90° into
radians

360°22 1
Step 3: calculation of r o

= o0 ® [rad ]
I"D c

Step 4: calculation of R o

R¢ = rq) . R1
360°22n |y =0t R
deg. ¢ rad. rdp R¢

0 1.000 100.0

5 | 0.087 1.025 102.5
10 | 0.175 1.051 105.1
15 | 0.262 1.078 107.8
20 | 0.349 1.105 110.5
25 | 0.436 1.133 113.3
30 | 0.524 1.162 116.2
35 | 0611 1.191 119.1
40 | 0.698 1.222 122.2
45 v 1.253 125.3
50 | 0.873 1.284 128.4
55 | 0.960 1.317 131.7
60 | 1.047 1.350 135.0
65 | 1.134 1.384 138.4
70 | 1.222 1.420 142.0
75 1.309 1.455 145.5
80 | 1.396 1.492 149.2
85 1.484 1.530 153.0
90 | 5 1,569 156.9

1.3.5 The runner diameter and inlet
width

The flow admission area is the product of the inlet
width b, and the length L of the admission arc, as
shownin fig. 1.14

{1.33} A=b - L

where the length of the admission arc L is deter-
mined by the admission arc angle ¢[°], and the
runner diameter D = 2 °R1

2-R, « 7 +0°
{1.34} L= —L
360°

The required flow admission area depends on the
desired flow through the turbine under specific hcad
conditions, according to equation {1.35}:

{1.35} Q=A-v

where:

Q discharge through the turbine [m?/s]

A flow admission area [m?]

v the flow velocity in perpendicular dircction
to the flow admission area [m/s}

i

The velocity component perpendicular 1o the flow
admission areais equivalent to the absolute velocity
component in meridional direction ¢_, and there-
fore:

{1.36} Q=A-c_

The absolute velocity component in meridional
directionc  may also be expressed by the relation:

C =¢C-*sino
m

{1.37}
where: o = absolute velocity angle
¢ = absolute velocity
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Flow admission
area

Fig. 1.14: Flow admission area of a Cross Flow turbine

If we substitute the absolute velocity component
with the corresponding free jet velocity, neglecting
any head losses duc to friction of flow, ¢ may be
expressed as:

{138} C c=V2gH J

where: g
H

gravitational constant
net head

il

therefore, the discharge through the turbine may be
written in different ways, using the above substitu-
tions:

Q=A-c_
Q=b,"L-c

by 2R, *T* 0%t C,

360°

by" 2R -1 9% C sin o,

Q:

300°

{1.39}] Q =

b, 2R, =© ¢° \2gH sina
360°

Equation {1.39} contains all relevant paramelers

influencing the discharge through the turbing, namely:

- b, the inlet width

- R, the radius or diameter D=2R | of the runncr

- ¢°  the admission arc angle

- ~NH the square root of the net head

- sin o the sinus of the absolute velocity angle at
the entrance to the runner

Further, it becomes evident, that the inlet width by,
and the runner radius R, have an equal and lincar
influence on the discharge capacity of a Cross Flow
turbine. Put in other words, a turbine with an inlet
width of b0= 300 [mm] and with a runner diameter
of D =400 [mmj, would have the same discharge
capacity as a turbine with an inlet width b, = 400
(mm] and diameter of the runncr of D =300 [mm},
provided both machines work under the same nct
head and have an cqual absolute velocity angle o, as
well as equal admission arc angles $°. Speed of the
two machines on the other hand, would be different,
due to cqual peripheral velocities but difterent di-
ameters of the respective runner.
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Chapter 2 : Selected nomograms and diagrams

2.1. Why nomograms and diagrams?

In the past, nomograms were widely used by engi-
ncers as a graphical calculation aid for solving
repeatedly occuring engineering problems. Little
imagination is needed to understand the popularity
of nomograms at the time electronic calculators and
PCs were not yet available, but why should we be
using nomograms and diagrams today?

There are some very good reasons:

The unique advantage of nomograms is its visualiz-
ing of the relationship of involved parameters. This
offers the possibility of playing around with new
values and different assumptions and of optimizing
solutions in an iterative process in line with actual
requirements. A further advantage of nomograms s
that it doesn’t matter which parameter is unknown.
A solution may therefore be found from different
angles.

Using the same nomogram for a specific type of
problem again and again allows you to develop 2
feeling for the optimal solution.

Furthermore, nomograms prevent you from calcula-
tion mistakes, but require careful scale reading.

Similarly, diagrams have the advantage of showing
a specific point and its relation to other possible
solutions.

Diagrams as well as nomograms define the range of
application and therefore provide guidelines as to
the validity of assumptions made.

However, nomograms should not be used blindly,
under no circumstances it exempts you to under-
stand what you are doing.

2.2. Some useful nomograms and diagrams

for micro hydro engineers

The discharge nomogram of STRICKLER in its
general form as presented under 2.2.1 allows in
many cases a first approximation of the available
discharge in a river.

The nomogram under 2.2.2 deals with the dimen-
sioning of rectangular canals, as the nomograms
under 2.2.3 and 2.2.4 do for trapezoidal canal cross
sections.

Further, the nomogram for discharge measurement
with weirs under 2.2.5 is meant as an aid when

effectively conducting discharge measurements.

When dimensioning a penstock, several or all of the

following nomograms/diagrams may be needed:
The nomogram for head losses in penstocks under
2.2.6, the diagram for the pre-selection of the eco-
nomically optimal penstock diameter under 2.2.7,
the nomogram for the pre-selection of the minimal
required wall thickness of the penstock pipe under
2.2.8 and the ALLIEVI-chart for the examination of
water hammer effects under 2.2.9.

The diagram for the pre-selection of the turbine type
under 2.2.10 clarifies the question of which type of
turbine is to be chosen under specific conditions of
head and flow, as well as for a preferred turbine
speed.
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2.2.1 Discharge Nomogram of STRICKLER

This nomogram scrves to estimate the discharge in a river or a canal.
The nomogram is based on the formula:

where: = friction cocfficient [ - |
. A3 s =slope | -1 .
{2.1} Q=ks A = welled, cross scetional arca [ m 7|

U = wetted perimeter [ m |
Q = river discharge [ m 3

STRICKLER also cstablished a formula for the determination of the friction cocfficient k :

where: d = size of gravel or boulders [ m ]

{2.2} k = —N—

For valucs of k refer to the table in Figure 2.1:

k (friction coefficient )
0 5 10 15 20 25 30 35 40 45 50 585 60 65 70

Very weedy and sluggish

Sluggish, weedy or with deep pools

Winding, some pools and shoals
lower stages, stony sections
with weeds and stones
clean but at lower stage
clean

Straight bank, full stage, no pools
with some weeds and stones
clean

Brick work canal lined with
cement mortar

Fig. 2.1: Friction coefficients k of STRICKLER

Example of how to use the nomogram

A sluggish, weedy river bed with a few stony scctions and a slope of 1 /00 shows a wetted cross scctional
arca of 125 m? and a wetted perimeter of 64 m.

k=30
A=125m )
U=64m

IMustration from: Inversin [3]

page 13
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The STRICKLER nomogram is of a complex naturc. Because there are 5 variables, two reference lines (nH
and (2) arc required. Reference line (1) s to be used in combination with the A-scale and the U-scale to the
right hand sidc of thc nomogram, while reference line (2) is to be used in combination with the Q-scale and
the k-scale, and finally, both reference lines (1) and (2) arc to be used in combination with the s-scale. For
the example given, in the following way:

- Find 64 m on the U-scalc and 125 m? on the A-scale and draw a line through the points found upto the
interscction with reference line (1).

- Continue by drawing a linc from the interscction point on reference line (1) to the value 1%o00 on the
s-scale, thereby determining an intersection point on reference line (2).

- From the valuc 60 on the k-scale, draw a linc through the intersection point on reference line (2) upto the
Q-scale, thereby finding the valuc of 370 m?/s. Be awarc that scales are logarithmic as in most nomograms
and avoid scalc-rcading crrors.

- If other values arc given than in the example shown, usc the nomogram likewise, kecping in mind the
rclationship of scales and reference lines.

Q [m¥sec] (1) A[m3]
12 1200 9
8
10 % 1000 ,
8 800 6
0 (2) 3
[ %o] ¢ Eeo
I
100 s 2500
80
60 4 400 3
40
3 F300
2
7
20 . Ve
rd
7 200 S
10 =~ ~ )
o~ k(]
~
~ |~ 1
6 K — 20 09
2 - 08
4 1 100 e = ’
s e 07
e N .
08 £ 80 = 6
’ e ; 05
- 06 360 40
E 04
1 50
08 =
06 % E 40 =% 03
£ 10
04 E- 80
i—é— 90 02
£ 100
02 —
2x2 SE)
02
008 o
006 099
008
006 01 £ 10 007
008E 6 006
0p2 001 E 7 005
006F 6
006
0055

Figure 2.2: STRICKLER Nomogram




Nomograms and Diagrams

2.2.2 Flow in rectangular canal cross-sections

Channels with rectangular cross-scctions, which implics vertical side walls, are commonly used where 1t
is for some reason not convenient to build channels with a hydraulically better trapezoidal cross-section.
The main advantage of rectangular canals is relative case of construction and a smaller width required for
the same flow as compared 1o trapezoidal canals. Disadvantages chicfly arc higher structural stress due 1o
pressure on the side walls and a higher risk of caving in if used in unlined carth construction.

There are four parameters which influence {low in rectangular cross-sections, identical to the relation of
STRICKLER {2.1} valid for any cross-scction:

where: k friction coefficient of STRICKLER |[-]
AS3 (refer to the note at the top of page 33)

i

{2.1} Q=k s 12 v [m3/s] s = the slope or gradient of the channel [-]
U A = cross-scctional arca [m?]
U = wetted perimeter [m]

For the special case of rectangular cross-scctions, A and U may be expressed by the relation of the channcl
width B [m] and the water depth h:

{2.3} A =Bh [m?]

{2.4} U = B+2h [m]

N y

resulting in cquation {2.5}:

The nomogram in fig. 2.3 contains the flow Q and the four paramelcrs s, k, B, and the relation h/B. If any
four of the five are known, it is possible to find the solution 1o the missing parametcr, as shown in the
cxample.

Example:
find the water depth h if Q = 0.22 [m?s], k = 70, s = 10%00 and B = 0.5 [m].

S()luli()n: trace a linc from the value 0.22 on the Q-scale to 70 on the k-scale, thereby cstablishing an

1nlcrsccti.0n point on reference line (2). Trace a line from the value of 10 on the s-scalc through the

intersection point previously found, upto reference line (1). Complete the task by tracing a linc from the

interscetion point on reference line (1) through the value of 0.5 on the B-scale and upto the scale h/B. The

Z()lulion foundis h/B = 0.50, and multiplying this valuc by B =0.5, gives h=0.25 [m] for the resulting water
cpth,
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Note: the friction cocfficient k of STRICKLER is not to be confused with roughness cocflicients used in
otherequations by other authors. Throughout this manual, STRICK LER s frictioncocfficientis used, which
has proven to be adequate and simple to apply. For in depth study of fluid friction under various flow
conditions, many speccialised books cxist, such as for instance [2] by Hunter ROUSE and [5] by
D.S.MILLER.
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Fig. 2.3 : Flow in rectangular canal cross sections
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2.2.3 Hydraulically well designed shapes for trapezoidal canal cross sections

What means hydraulically well designed ?
Definition: Among all possible channel cross sections having an equal cross-scctional arca, the same
surface roughness and the same channel slope, the one having the highest water discharge

per unit of time is hydraulically the best.

This means when choosing a suitable channel cross section that we are aiming at a maximum flow vclocity.
This is the case, if the wetted perimeter is a minimum.

The flow velocity can be expressed by the formula :

A 23 v = flow velocity [m/s]
(2.6} v=ks!? —: s = slope [ - 1
U A= cross sectional arca [mz]

U= wetted perimeter [m ]

Among all curves, the circle encloses the biggest area for a given perimeter. Therefore the circle is the
hydraulically best shape for closed conduits, the semi-circle the best for open channels.

As rectangular and trapezoidal channel cross sections are common, it is of interest to know the optimal
dimensions for such channel cross sections. For rectangular cross sections, the optimal width and depth are
found if the following relation is observed:

b = channel bottom width [m]
{2.7} bopt =2h h = channel depth [m]

For trapezoidal cross sections, the optimal relation of channel width and side wall slope to channel depth
is somewhat more complex and needs to satisfy the formula:

. b 1 h = water depth [ m ]
2.8} h =\ / Asina D b = canal bottom width [ m ]
2-cos0 1 :n = tan o = tangent of side wall slope

\V 1+cot? o - coto
(cota=n)

Example

The slope of the channel side wall has been chosentobe 1: 2, wichmeansn =2 and therefore o the slope
angle = 26,56° (arc tan 0,5). The water depth shall be 3 m (h=3m).

What is the optimal channel bottom width (b=?),in order to obtain the hydraulically best possible channcl
cross section ?

Solution :

Use the nomogram in fig. 2.4 and connect the point 3 [ m ] on the h-scale with the point 2 on the n-scale
and rcad the value of the intersection point on the b-scale : &> b=1,42m
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2.2.4 Nomogram for trapezoidal channel cross-sections

This nomogram is very versatile. It shows the relationship of discharge, flow velocity and the geometrical
shape of trapczoidal channcl cross-scctions. It is preferrably used in conjunction with the discharge
nomogram of STRICKLER inscction 2.2.1, which is for the pre-selection of the slope of a channel in ordcr
{0 obtain a certain discharge with a given cross-scctional arca, or vice versa. When using the nomogram,
reference should also be made to the nomogram for hydraulically well designed shapes for trapczoidal
channels, in scction 2.2.3. The nomogram in fig. 2.6 is bascd on the following [omulac:

2.9} Q=veA where: Q = discharge [m?/s],
v = {low vclocity [m/s},
A = ¢cross-scctional arca [m?]
) where: b = channcl bottom width [m],
{2.10} A =bh + h®n h = water depth  [m],
n = cotangent of the side wall
slope [-]

2 b
o [ ANE T T

Example:

The task is to design a trapezoidal channel having the following propertics:
- design discharge Q = 1.335 [m?%/s],
- flow velocity in the channel v = 1.5 [m/s]
- cotangent « of the side wall slope n =2 [-]
- friction coefficient k = 30 [-]

Solution:

Step 1: find the cross-sectional area A {m?] in the nomogram in fig. 2.6: trace a linc from the %—scale
at the value of 13—35 = (.668, to the value of 1.5 [m/s] on the v-scale and cxtending the line upto

the % _scale. The result reads 0.445, andasn=2 © A=2.0.445=0.890 [m?].

Step 2: find the optimal water depth h [m] for hydraulically well designed shapes of trapezoidal channels:
since the bottom width bis not known for the moment, none of the nomograms can be used directly.
The depth h must be calculated by the formula:

A sin
{2.12} h =
2 . cOS O where: o is the side wall angle of the channel and
as the cotangent o = 2, D angle o= 26.565°

ne A/ 089 sin26.565

=0.6 [m]
2 - cos 26.565
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Step 3: find the canal bottom width b [m]: by using the nomogram in (ig. 2.6, tracc a line starting on the

=|o 3>

-scale at the value of 0.445, intersecting the h-scale at the value of 0.6 and extending upto the

-scale, where the valuc of 0.1415 is found. Sincen=2 > b=0.1415-2=0.283 [m].

Note: Further explanations regarding the use of nomograms 2.2 and 2.4 in combination with this cxercise
arc given on page 38 .
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Fig. 2.6: Nomogram for trapezoidal channel cross sections
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As an altemative (o using nomogram 2.6 to find the optimal channel bottom width b, nomogram 2.4
(page 35) may also be uscd: by connecting the valuc of 0.6 on the h-scale with the valuc of 2 onthe n-scale,
b may be read from the b-scale, showing a value of 0.283 [m].

It is also possible to calculate the value of b with the cquation:

{2.13} b = 2h (V 1+ cot?> - cotﬂ

b=2+06(N1+22-2) = 0283[m].

To also find the required gradient of the channel in order to achicve a flow velocity of v= 1.5 [m/s] as given
for the example, two further steps are required.

Step 4: calculate the wetted perimeter U of the canal cross-section:

h

N’

{2.14} U=b+2 ( -
Sin &

0.6
U= 0283+2 ( =2.966 [m] = 3.0 [m]

sin 26.565 )

Step 5: find the required channel gradient s, by means of the nomogram in fig. 2.2 on page 31 :

a) determine the intersection point on reference line (1) by connecting the value of 3 onthe U-scale
with the value of 0.89 on the A-scale.

b) determine the intersection point on reference line (2) by connecting the value of 1.335 on the
Q-scale with the value of 30 on the k-scale:

¢) find the value of s by tracing a line from the intersection point on reference line (1), through the
intersection point on reference line (2), to the s-scale; we find 12.45, which is the solution, and
means that the channel drops 12.45 meters per 1000 m of length.
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2.2.5 Nomogram for discharge measurement with weirs

The type of weir uscd in this nomogram is the so called rectangular thin-plate weir. Itis a (low mcasuring
mecthod utilising an antificial control scction with defined geometrical dimensions. The application of a
discharge formula and the mcasurement of the water Ievel permit 1o determine the discharge without the
nced for prior calibration.

For correct results, it is important that the plate is smooth and planc and perpendicular to the main axis of
the channcl. The structure must be scated properly to ensurc that the entirc amount of water passcs the weir
notch. The upstrcam cdges of the weir notch must be sharp and the downstream edges chamfered under at
lIcast 45° if the plate is thicker than 3 mm, which is likely as the plate has to withstand the water pressurc
resulting from the level difference of water on the upstream and the dowstream side. The discharge nappe
must be fully ventilated and must not be submerged, in order to achicve free fall of water. In case of a full-
width weir, where the length of the crestis equal o the width of the channel, this requires special provision
for ventilation of the nappe, such as a ventilation pipe on cach side of the channel.

The recommended location for the head measurement is upstream of the weir at a distance cqual to three
to four times the maximum hcad to be measured.

The nomogram is based on the discharge formula :

where: Q =discharge {m?%/s],

2 b =crest width {m]
2.1 = — y
{2.15) Q 3 W b h 2¢gh ) h =piczometric head of the upstream
waltcr surface above crest level [m]

g = gravitational constant = 9.81 [m/s?]
y = discharge cocfficient {m]

For the case of a full-width weir where B = b, BUNTSCHU has given a value of approximation for the
discharge cocfficient p as:

{2.16} n=Af % = 0.577

The nomogram in fig. 2.8 is valid for weirs of b= 1.0 [m], either full-width with the value of L as in cquation
{2.16} or with diffcrent values of p for partially contracted weirs. The latter arc recommended for accurate
mcasurcments and g must be calculated with cquation {2.17}, which has been specified by the Swiss
Association of Standards:

b 2
2 0.00365 - 0.0030 = )

217y |p= {0.578+0.037 (%) 4

L +0.5(~§)4( - )}

h + 0.0016
where: b = crest width [m] and the following limitations arc strictly observed:
B = channel width fm] - h/p shall not exceed 1.0
h = piczometric hcad [m] - the head h shall exceed 0.025 - b/B [m], but shall be
P = weir height [m)] less than 0.8 [m]according to fig. 2.7

- b/B shall not be less than 0.3
- the weir height P shall be at lcast 0.3 {m!
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Example on how to use the nomogram in fig. 2.8:

Given data: w=0577[-]
h =0.06 [m]
b =1.0 [m]
Result:

Q =25 (1/s], since b is 1 [m] in the nomogram. For other widths b of weir, Qs a proportional multiple or
fraction of b. for example, if the nomogram is to be used for a weir width of 2.0 [m], the value for Q recad
from the nomogram must be multiplicd by a factor of 2. Be awarc that the limitations mentioned at the
bottom of page 39 are still valid.

Enlarged view of crest and side
of rectangular notch, showing
chamfer on downstream edge
of notch

Direction
of flow

must be
ventilated
)
4
/
’
’
TITTTTTTTT 777777 7T TV

Fig. 2.7: Details & notations
on rectangular weirs
(Illustrations from WAO 110])
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2.2.6 Head losses in penstocks and related other losses

2.2.6.1 Nomogram for head losses in penstocks

For successful micro hydropower projects, it is essential 1o know head losses AH duc 1o friction in the
penstock as well aselsewhere in the walerway atan carly stage because the actual turbine workinghcad H_
is a key paramecter in turbine sclection and design, affecting the operating speed, discharge through the
turbinc and power output.

The actual working head or net head H | may be calculated by substracting total head losses AH = from
the geodetic head H, where AH  consists of total losses due to frictionin the penstock plus all other losses

applying.

{2.18} H =H-AH_ [m]
net

tot

Hcad losses in the penstock H may be calculated by equation {2. 19} :

where: m= 3.141593

Q = discharge through the penstock [m3/s]
straight length of the penstock [m]
the inside diameter of the penstock [m]
the fricition coefficient used [-],
according to STRICKLER

103 QL
{2.19} AH = 4 (m]

2
T K2 L6

L
D
k

i

For convenience, the formula may also be written as:

2
L
(220} | AH = 10.294 QL
k2 D5.33

In order to be able to deduct head losses from gross head as a basis for further calculations, units shown arc

usually in meters. This, however is not strictly correct. Proper units are mkg/s?, which arc energy units,

which head losses actually represent. The following facts become apparent whenlooking at equation {2.20}

- The influence of penstock length L is directly proportional to head losses.

- The influence of discharge Q is proportional to the sccond power of Q, i.c. doubling the discharge results
in a four-fold increase of head losses.

- The influence of friction k is reciprocally proportional to the second power of k, i.¢. double the k-number
results in head losses of 25% of the original value.

- The influence of diameter D is reciprocally proportional to the power of 5.33 of the diameter, i.c. doubling
the diameter results in head losses of 1/2°* = 2.5% of the original value. Reducing the diameter to half,
increases head losses about fourty times.

The nomogram in fig. 2.9 may convenicntly be used to find one of the head loss related values, if the three
other parameters are given.

Example:

Find the head loss AH for a penstock in the following situation:

Discharge Q=0.3 [m?¥s], matcrial of penstock: welded steel, diameter D of penstock = 0.3[m}andthclength
of the penstock L =15 [m].



Hydraulics Engineering Manual

Solution:

As a first step, the friction cocfficient k for the material used must be determined.

We usc k = 80 from the table in fig. 2.10.

Using the nomogram: by tracing a line from the valuc of 80 on the k-scale to the value of 300 (= 0.3 m?/
s) on the Q-scale, we determine an intersection point on the reference line. By subscquently tracing a line
from the value of 0.3 on the D-scale, through the intersection point on the reference line and upto the AH-
scale, we determine the head loss in meters per onc meter length of penstock AH = 0.089. Multiplicd by

the penstock length L = 15 [m], we get:

AH = 0.089 15 =1.335 [m].
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70 80 90 100 110 120 130 140

concrete pipe
riveted steel
cast iron, tar coated l+

welded steel S ]

asbestos cement

plastic

Fig. 2.10 : Friction coefficients k for penstock materials according to STRICKLER
(note that higher k-numbers mean lower losses)
2.2.6.2 Related other head losses

Minorlosses occur at the penstock entrance and due to penstock joints and bends. To account forsuchlosscs
for the calculation of the net head, it is convenient to introduce the coefficient of resistence G, according Lo

formula 2.21:
v2
{2.21} Ah= ( [m]
2y
Where: Ah = head loss [m]
{ = the coefficient of resistance applicable
v =the exit velocity at the cross sectional area under consideration [m/s]

The values of the coefficient of resistance have been empirically established for many situations. A fcw
relevant cases are shown in figure 2.11:

] ' .

| £=01-02 E x 05 E=08-10

Fig. 2.11: Entrance loss resistance coefficients
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3 15° | 22.5° 30° | 45° | 60° 90°
Number of
joints 1 1 2 2 3 3
L 0.08| 0.10 { 0.12|0.18 | 0.25; 0.31

Fig. 2.12: Resistance coefficients at bends

2.2.6.3 Several penstocks in parallel

Depending on circumstances, one may also consider to design two ormore penstocks in parallel of a smaller
diameter, instead of one large-diameter penstock. To investigate such alternatives, it is useful to know the
basic hydraulic relationship for the comparison of a single penstock and several (n) penstocks in parallel

for a given discharge. For this purpose, the table in figure 2.13 shows the hydraulic rclations for the three
different cases of interest:

case a: a single penstock
casc b: n-number of penstocks for the same flow or velocity as in casc a
case ¢: n-number of penstocks for the same head loss as in case a

case a %/ //%
discharge per penstock Q —(j—- —S—
intemal penstock diameter d d d

flow velocity in the pipe ?\;;—'
head loss per meter length of pipe //////%//% n-h %/////%
wetted perimeter of all penstocks 8) n.U W e

penstock wall thickness t . :

Vn 2
Vn-w

£

total weight of all penstocks per meter length w

Fig. 2.13: Hydraulic comparison of different penstock arrangements
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2.2.7 Diagram for the pre-selection of the economically optimal
penstock diameter

For a given discharge, penstocks with a large diameter have lower flow velocitics and conscquently alow
head loss duc to friction, as compared to smaller diameters where the head loss is higher. On the other hand,
large diamecters incur higher costs than small diameters.

Friction losscs in the penstock reduce the potential energy production of the plant during its working lifc.
Since head losses increase with smaller penstocks, the potential energy production loss increascs. Sclecting
the cconomically optimal penstock diameter is therefore an optimization process, where the initial
investment cost and resulting operating costare to be considered versus the polential energy productionloss
and the resulting reduction of total income from the salc of cnergy.

In gencral terms, a penstock is cconomically optimal, if the sum of yecarly operating costs of the penstock,
including maintecnance, interest payable for the investment and depreciation plus the price of yearly cnergy
production losscs, is a minimum.

In the planning process of micro hydropower stations, the cconomical diameter of the penstock, including
possibly sections of diffcrent material thickness, may be calculated, once the size and situation of the power
plant and its opcrating mode and the profile of the penstock, are cstablished. Static pressurc in the penstock
is given for each point of the penstock by its geodetic head with reference to the lowest point. In order to
calculate the required thickness of the penstock, dynamic pressure resulting from various opcrating
conditions, including possible water-hammer cffects, must be added to arrive at the total pressure p for
which the penstock must be safe. Refertosection 2.2.9 for resolving the question of the maximum pressurc.
Economic paramecters shall be discussed here in detail.

The cnergy losscs consist chicfly of the friction losscs incurred duc to water flowing through the penstock,
and arc expressed in the corresponding loss of head AH [m], according to cquation {2.22}, per meter of
penstock length:

. where:
(2.22) v2 k = friction .cocfﬁcwr‘lt according
AH = ——— [m] to the pipe material used [-]
k D 2¢g D = the inside diamcter of the penstock [m]
v = the flow velocity in the penstock [m/s]

g = the gravitational constant = 9.81 [m/s?]

by substituting:

4Q where:
{2.23} v= ; [m/s] Q = the discharge at full load [m?%/s]
nD n =3.14159...

we get the value of the loss of head reciprocally proportional to the fifth power of the diameter:

8(Q?
{2.24} AH= ——— [m]
gk D
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Bascd on this, the resulting cnergy loss is also reciprocally proportional to the fifth power of the diamcter,
and is cqual to:

nQAH where: AP = cnergy loss of the plant (kW]
{2.25} AP = ————— (kW] 7 = the overall plant efficiency (-]
102 AH= hcad loss according to
equation {2.24}) [m]

If we further introduce yearly full load operating hours calculated by dividing kW-hours producced by in-
stalled capacity = S [h), and an average cnergy price per kWh a, the cost of cnergy lost is:

{2.26} | Costofenergylost= S -a -AP

The capital invested, on the other hand, is proportional to the weight of the penstock. By using the hoop stress
formula (page 50{2.32}) for the calculation of the required penstock thickness t [m], the weight W [kg] per
meter of penstock length is established according to equation {2.27}:

where: W = the weight [kg], per meter length

pr sz p p = »the operatir}g pressure [kgf/cmf]
(2.27} W= —+ [kg] D =the mean diameter of the pgnstock
2 Cperm = inside diameter D + wall thickness t

O = the permissible stress [kgf/cm?]
p = the density of material used [kg/m”]

In addition to the penstock material, costs of flanges, anchors and supports as far as related to the diamcter,
are taken care of by a factor of n > 1. The capital invested in the penstock is then calculated by taking the
price per ton T, ex-works, plus freight, assembly at site and corrosion protection. The yearly costs for
interest, depreciation, maintenance, and other costs are represented by a factor b as a percentage of the
capital invested. Since yearly costs are thus proportional to the weight and the weight is proportional to D?,
yearly costs b are also proportional to D?, it is eventually possible to solve the entire equation for D with
formula {2.28}:

*

' "In G porm 2 Qs
{2.28} | D =0.77 ———— [m]
kpnThb

*The above equation and its derivation is based on chapter 1.4 of the book ‘‘Druckrohrleitungen
neuzeitlicher Wasserkraftwerke’’ [6]

Based on expericnce, the following ranges of values are thereby appropriate:
= overall plant efficiency = 0.6 ... 0.7
= friction coefficient = 80 ... 100 (according to fig. 2.10, on page 44)
... = permissible hoop stress at operating pressure = 1000 ... 2000 [kgf/cm?]
= price of energy generated = 0.05 ... 0.15 [U.S.$/kWh]
= price per tonne of penstock, assembled = 1200 ... 2’000 [U.S.$/ton]
= yearly cost factor of the capital invested = 0.08 ... 0.15 [-]
= factor for additional costs of accessories = 1.05 ... 1.1
= opcrating pressure, which is always > net head H, and is expressed in [kgf/cm?]

aQ ~ 3

P!

o Do g
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o facilitate using the cquation, it may also be written as:

{229}[ = (077 \/ kp;rme ) \/—‘ N T [m]j

and il we substitute A for the first term, B for the second term and C for the third term of the equation, we
get:

where: A = {(K),

no_ . as
{2.31} k= — = D>A=077x

{2.30} D=A -B:C knTb

B = f(Q) —_ Q().4286
C= f(p) =p 0.1429

The diagram in fig. 2.14 shows curves and the values of A, B and C on the vertical scale, in relation to
Q and p respectively. For each situation, p and Q are determined clsewhere in the design process and
calculation work here is reduced to calculating appropriate values. The optimal diameter may then be
calculated by multiplying the graphically obtained valucs of A, B, and C according to formula {2.30}.

1429

Example:
Find the optimal penstock diameter for a plant with a static hcad H of 40 [m] and an operating pressure

calculated atp=5.2 [kgf/cm?], adischarge of Q= 0.26 [m?/s], where the following other factors arc assumed:

- overall efficiencyn=0.6[ - ]

- permissible material stress ¢ perm = =1100 [kgf/cmz]

- average price of encrgy gcncratcd a=0.08 [U.S.$/kWh]
- unit cost of penstock T = 1800 [U.S.$/ton]

- yearly full load operating hours S = 2000 [hrs/year]

- capital cost factor; interest, depr, O+M b= 0.12 { - |

- factor for accessory costsn= 1.1 [ -]

- welded steel penstock: friction coefficient k = 80

Solution:
As a first step, the factor k must be calculated using equation {2.31}, we find:

MNGC,maS  0.6.1100-0.08 *2000
= - =555
knTb 80 +1.1 +1800 +0.12

Then, by using the diagram in fig. 2.14, find the values of A, B and C on the vertical scale:
© A =0.984; intersection of k = 5.55 onthe curve A =f(x)
= B = 0.56 ;intersection of Q = 0.26 on the curve B =1{(Q)
L) C=0.79 ;intersectionof p =5.2 onthe curve C =1(p)

With formula {2.30}, the optimal diameter D may now be calculated:

D= A B C = 0.984- 0.56 0.79 =043 [m] ,representing the optimal diameter for
the parameters assumed
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Fig. 2.14: Diagram for the pre-selection of the economically optimal penstock diameter
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ERRATA page 47 to 49

f In formula {2.28) and {2.29}. an error has been introduced
i because it was wrongly assumed, that the friction coefficient of
1,22 STRICKLER k = 1I/A , where A is the friction/roughness
coefficient of the MOODY diagram. In fact, the relationship
1.21 between k and A is more complex.

1,20 The diagram in fig. 2.14 incorporates this error and its magnitude

\ depends on the penstock diameter D and the STRICKLER
coefficient k used. The result found must therefore be multiplied
\ by the correction factor f of the diagram provided here, which is
1.18 \ \ found using the obtained value of D and the value of k applied.

1,19

\ \ The correct diameter D is:

D=ABCTf

\\ where A, B and C are from formula {2.30} on page 48 inthe hand-

book, and f is the factor obtained from the diagram provided on

\ \ this errata sheet.

For the diameter of 0.43 m found in the example in the handbook

and withk =80, the correction factor foundis 1.11 and the correct
\ diameter therefore is 11% larger: 0.43 x 1.11 =0.48 m.

\\
\\\ NS
\

\ N

1,08 \\ \ \\ \\ \\

N < <]
1,07 \ \ N\\ \\ \\ ™ k=70
Lo N N \\ ~ ™
105 \\\\\ \ ™ k=80
1,04 - \\ \\\
. N | ™~ k=90
1.02 \\ \\ \\
' \\ k=100
1,01 \

| T k=110
1.00 <
0.99 [ k=120
0.98 -

0 01 02 03 04 05 06 07 08 09 10 11 12 13 D[m]
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2.2.8 Nomogram for the pre-selection of the minimal required
wall thickness for a penstock pipe.

The wall thickness sclected for a penstock pipe mainly depends on the following parameters:

- the material selected for the penstock

- the diameter of the pipe

- the operating pressure
When selecting the material for a penstock, it is of interest to know the permissible hoop stress, the ultimate
tensile bending stress and stresses due to thermal expansion. To calculate the latter, we need to know
YOUNGSs Modulus of Elasticity, and of interest is also the question of corrosion and weldability of the
material used..

The selection of the pipe diameter depends primarily on the design discharge, the length of the penstock
and the acceptable head losses as well as economical considerations.

The operating pressure depends not only on the static head of the installation, but also on transient surge
pressure effects. It is understood, that the penstock must withstand the maximum operating pressure
occuring.

Each term, the pressure p, the permissible stress ¢ and the penstock diameter D need to be carcfully
evaluated before using these data for the determination of the wall thickness t. Further, after having
determined the wall thickness, the result needs to be reviewed by incorporating a reasonable safety-factor.

The nomogram in figure 2.16 provides minimum values for the wall thickness, not including safety and
corrosion allowances. It is based on the hoop-stress formula:

pD
{2.32} t= — [cm]
20
perm
where: t = wall tmcmess of p;nstock pipe izn cm 1 kgfficm?® = 10 m of
p = operating pressure in kgf per cm water column
D = interr}alidiameter qf penstock inzcm 1 kgf =981 Newton
©____=permissible stress in kgf per cm
perm
Example:

required minimum w«all thickness= 10 mm,

. 3500 _
with a safety factor of 1200 = 2.9

permissible stress: 1200 kgf / cm?

operating pressure: 16 kgf / cm? }
intemal penstock diamter: 150 cm

The table below lists properties of materials used in the manufacture of penstock pipes

YOUNGs modulus ~ Coefficient of Ultimate
of elasticity linear expansion  tensile strengtth Density
Material E (kgf/ cm?) a (m/m °C) (kgf / cm?) (kgf/m*)
Steel 21 108 12 10°¢ 3500 7900
Polyvinyle chloride (PVC) 0.28 10° 54 10° 280 * 1400
Polyethylene 0.02-0.08 10° 140 10° 60 -90 * 940
Concrete 2 108 10 10°¢ 1800-2500
Asbestos cement 8.1 10° '1600-2100
Cast iron 8 10° 10 10 1400 7200
Ductile iron 17 108 11 10°¢ 3500 7300

Fig.: 2.15: Properties of penstock materials (source: Inversin, [3], p.126) * Hydrostatic design basis



Solution:

-Conncct valucs on the D-scale and on the p-scale to find the intersection point on the reference line.
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-Conncct the value on the g-scale with the intersection point and extend the tine up to the t-scale.
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Fig.: 2.16: Nomogram for minimal penstock thickness
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2.2.9 ALLIEVI chart for the examination of the water-hammer effect

Whenever the discharge rate through a penstock is varied, for instance by changing the gate opening at the
end of the penstock, the mean flow velocity of the water changes, resulting in fluctuations of pressure.

In case of sudden gate closure at the end of a penstock, the pressure may rise to a significantly higher valuc.
This effcct is called water-hammer. Similarly, in case of sudden valve opening, the pressure may drop. The
water-hammer cffect is related to the conversion of the kinetic energy of the flowing watcr in the penstock
to the work absorbed in stretching the penstock wall and compressing the water column. The theory behind
the watcr-hammer effect is very complex and not casily understood.

Rather than trying to explain the phcnomena of positive and negative pressure waves travelling up and down
the penstock at the propagation speed of sound, an attempt is made here to provide a tool for the preliminary
assessment of the water-hammereffect. Refer to RICH [11] for further reading. Charts 2.17 - 2.20 from [11].

Such a tool are the ALLIEVI charts, named after Lorenzo ALLIEVI, the great Italian pioncer in water-
hammer investigation. These charts are based on the assumption that the closing motion of the gatc is
uniform, that the diameter of the penstock is equal along its total Iength, and that frictionlosses are not taken
into account. These simplifications are acceptable as long as the use of the charts is for preliminary studics.

The coordinate axes of the ALLIEVI chart are:

the p axis which stands for the penstock parameter p [-] and
the 8 axis which stands for the valve operation parameter 6 [-]

The penstock parameter p ist expressed by the formula:

where: a = wave velocity [ m/s ]

av, v, = flow velocity in the penstock [ m/s]
2.33} p= _— — oravitati 2
{ 2o H g = gravitational constant, 9.81 [ m/s” ]
&M H_ = steady state head [m ]

The valve operation parameter 0 is expressed by the formula:

where: a = wave velocity [ m/s ]
(2.34) at, t_ = closing or opening time of the valve [ s |
’ 0= L =length of the penstock [ m ]
2L

The wave velocity a which needs to be known for the calculation of p as well as of 8 is expressed by
the formula:

where: E_ = modulus of elasticity of

oz 1425 water = 2030 [ N/ mm? }
{2.35} E D D =intemal diameter of penstock [ m ]
: 1 + w E = YOUNG's modulus of elasticity of
E t the penstock material [ N/ mm? |

t = wall thickness of penstock pipe [ m ]
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The value Z2, which stands for the pressure rise factor, may be read from the ALLIEVI chartonce values
for p and 0 arc determined.
The pressure rise factor is expressed by the formula :

u where: H = pressure head [ m ]

H = steady state pressure [ m ]
2.36 o 0
{2.36} Z (net head)

H,

The following four examples demonstrate the practical use of the ALLIEVI chart.

Example 1

The following data of a typical micro hydro site are given:

- net head of the installation Hy=10 [m]
- length of the penstock L =30 [m]
- internal diameter of penstock pipe D =03 [m]
- wall thickness of penstock pipe t =0.004 [m]
- flow velocity in the penstock Vo = 2.8 [m/s]
- penstock material: mild steel with a
YOUNG's modulus of elasticity E =210000[ N/mmz]

If the closing time of the inlet valve in case of an emergency shutdownistobet =2.1[s]

What is the maximum pressure head H_ . due to water-hammer ?

Step 1: calculation of the wave velocity a [ m/s ] (propagation speed of sound in water)

3 1425
a= =D where: E, = modulus of elasticity of
1+ w water = 2030 [ N/mm? ]
E t
a= 142 = 1085 [ m/s ]

\/ 1 2030+0.3
¥ 210000-0.004

Step 2: calculation of penstock parameter p [ - ]

av

p= -0 where: g = gravitational constant = 9.81 [m/sz]
2gH,
1085-2.8

p= — =155([-]

2-9.81-10
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Step 3: calculation of the valve operation parameter 6 (-]

at
c

2 L

0= 1085-2.1 ~381-]
2+30

Step 4: determination of the pressure rise factor Z? (ratio H/H,) [ - ] by means of the ALLIEVI chart.

©
|

=155 figure 2.17:ALLIEVI Chart (large p and 6 ) > 72 = 1.48 [ -]
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N
N
N

N
N

N

Pl A

19

R
N
NN
N
N\

N\

a0

\\\
N

k\

<

N

\

e R
L~ 1 6.0

N
NAN
\
R
\
A
i
Vi
AN

A

AN
AN
WA
AWV

8.0
=1 10.0

= e 15.0
e 1 L1 zo.g

— 1 30.
40.9
== e e T 60.0

T ! 2 2800
RS B - A Il DI I 2 1

12 14 16 18 20 22 24 26 28 30 32 34 36 38 40

155 paxs

\

Q\
\\\\ \
\
i\
\ins

\
\
|

Z S s B U W s

ELRICAVEY
{1 B

f\

Fig.: 2.17:ALLIEVI chart: pressure rise for uniform gate closure and
simple conduits ( large p and 0)

Step 5: calculation of the maximum pressure head Hmax [ m ] due to water-hammer

VAL R— where : H = total head (water-hammer plus steady state head) [ m ]

therefore : H =H_ .Z?
max (4]
=10-1.48 =14.8 [m]

which means the pressure rise due to water-hammer is nearly 50 % of the steady state head.
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Example 2

Itis planned to use HD polycthylene pipes for a penstock. The permissible pressure for these pipes is not
to exceed 10 bar ( 100 m water column). What is the shortest permissible closing time of the valve at the
end of the penstock with the following data:

Step 1:

Step 2:

Step 3:

Step 4:

- net head of the installation H, =67 [m]
- length of penstock L =200 [m]
- internal diameter of penstock pipe D =0,1 {[m]
- wall thickness of penstock pipe t =0,01 {m]
- flow velocity in the penstock Vo =25 [m/s]
- maximum permissible pressure head Hmax =100 [{m]
- penstock material; HD polyethylene
YOUNG's modulus of elasticity E = 1500 [ N/mm2 }
calculation of pressure rise factor 72 [-]
72 _ Hm“ — _199__ =1.49
H, 67
calculation of wave propagation velocity a [ m/s ]
1425 . 2
a= — 05 where: EW = modulus of elasticity of water = 2030 [ N/mm~ ]
\/ 1+ E 1
1425
a= =374 [m/s ]

2030-0.1
1+ ———/—
1500-0.01

calculation of penstock parameter p [ - ]

av
p= 9 where : g = gravitational constant = 9.81 [ m/s? ]
2gH,
374-2.5
p= — =0.71[-]
2-9.81- 67

determination of the valve operation parameter 0 [ - ] by means of the ALLIEVI chart:

z? =149 }

i — 071 = figure 2.18 ;ALLIEVI chart (smallpand 6) > =22

=)
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Fig. 2.18 :ALLIEVI chart: pressure rise for uniform gate closure and
simple conduits ( small p and 0)

Step 5: calculation of shortest permissible closing timet_[ s ]

02L 2.2+2 200
t, = = — =235(s]
a 374

To keep the pressure rise within the limitof H_ =100 [m ], the closing time of the gate is not
to be less than 2.35 seconds.

Example 3

In a scheme with the data given below, the closing time shall be chosen in such a way that the pressure rise
does not exceed 20% of the steady state head. Further, it is of interest to find the time after which the wave
cycles create the maximum water-hammer.,

- net head of installation Ho =639 [m]
- length of penstock L =450 [m]
- internal diameter of penstock pipe D =03 [m]
- wall thickness of penstock t =001 [m]

- flow velocity in the penstock vy =2 [m/s]
- penstock material: mild steel

with a YOUNG's modulus of elasticity E  =2100000 [ N/mm?2 ]
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Stepl: calculation of the wave velocity a [ m/s ]

1425
a= where: EW = modulus of elasticity of water = 2030 [ N/mm2]
E D
1+ X
E t
1425
a= =1255{m/s ]

\/ |, 2030-03
, 203003
210°000+0.01

Step 2: calculation of penstock parameter p [ - ]

av
p= —2 where: g = gravitational constant = 9.81 [ m/s? ]
2gH,
1255-2
p= ————— =2 (-]
2:9.81-63.9

Step 3: calculation of pressure rise factor Z2[ -]: pressurerise =20 % = 72=12 [-]

Step 4: determination of the valve operation parameter 6 [ - ] by means of the ALLIEVI chart.

%2 :%2 } > figure 2.19:ALLIEVI chart ( medium p and 6) = 6=11[-]
20 - : ~ \? ,\? - \?’
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Fig. 2.19: ALLIEVI chart: pressure rise (medium p and 6 )
and wave cycle curves
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Step S: calculation of gate closing time tc [ § ]

62L «De
{ = _ 11-2-450 =79(s]

a 1255

With a gate closing time of 7.9 seconds the pressurce rise remains within the limit of 20% of head.
Step 6: determination of the time required by the wave cycles to reach maximum water-hammer.

from the ALLIEVI chart (fig. 2.19) we scc that the maximum pressure risc is reached after six wave
cycles ( Ss) .

The time for one wave cycle through the entire penstock length is:

-4
| t = b = APV s
a 1255

As six cycles occur to reach maximum water-hammer, the total time required is:

!

[101 = S6 t

= 6:143 = 86[s]

tot

After 8.6 seconds the peak pressure is reached.

Example 4

In the same way that closing a gate at the end of a penstock initiates a presssure rise, so does opening a gate
create a pressure drop. Itis therefore of interest to calculate the permissible opening time of a gate fora given
pressure drop limit under specific conditions.

-net head of the installation H, =44 [m]
-length of the penstock L =380 [m]
-internal diameter of pipe D =11 [m]

-wall thickness of penstock pipe t =0.005{m]

-flow velocity in the penstock Vo =15 [m/s]
-penstock material: mild steel

YOUNG's modulus of elasticity E = 210'000 { N/mm?]
-permissible minimum pressure Hmin =22 [m]

Step 1: calculation of pressure drop factor 2P -]

Zz_ Hmin
Ho
2.2
VA R— =0.5
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Step 2: calculation of wave velocity a [ m/s |

1425
as where E - = modulus of clasticity of water
- E, d = 2030 [ N/mm?2 ]
E s
1425
a= = 806 [ m/s ]

1+ 2030-1.1
210'000+0.005

Step 3: calculation of penstock parameter p [ - ]

av
p= 0 where: g = gravitational constant = 9.81 [ m/s?]
2gH,
806-1.5
e —— =14
P 2:9.81-44

Step 4: determination of the valve operation parameter 6 [ - ] by means of the ALLIEVI chart, fig. 2.20

Z2? =05
- © ALLIEVIchart == 06=40
p =14
g >
':fj g : : Qb o-‘ o> Q“Q 07",
>0 R IREY| Wi / Y T
46 I[ i // // _ AN o
Ry i i / /. ! %
40 ] [ [ / =
38 / 7 % A T /I/‘ o\
T A RN
Y e’ s AR P
§30 ]I / / Vi i y /’/ Pl T % T o0
© 28 [I yANV4 4 | I AT 1 = =
22 l i { P - L~
/ / L~ | 0.0%
18 /14 Pl - | ]
/ A L] 1 T
14 / ! ] T T |
IATAVAVIS AT LT - —] 0.02
VoA LA = = =
VY A | | et | [t | 72 =0.0t
Y 2t a B C e
" EEEE
0 2 4 6 8 10 (2 14 16 18 20 22 24 286 28 30 32 34 36 38 40
P AXIS

Fig. 2.20: ALLIEVI chart : pressure drop

Step 5: calculation of shortest permissible opening time t.[s]

02L 4042 +380
t = = — =377[s]
a 806

If the pressure is not to drop below 2.2 [ m ] the opening time of the gate is to be at least 37.7 seconds.
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Illustration of the
water-hammer effect

Fig. 2.22

photographs by W. Roth Fig. 2.23

The above photographs drastically illustrate the fatal consequences of the water-hammer effect: The entire
penstock of a powerstation was totally destroyed due to a malfunctioning inlet valve.
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2.2.10 Diagram for the pre-selection of the turbine type

In most cases the expression of the specific speed n_helps to make a sensible choice among different types
of turbines such as Pclton, Francis, Propeller or Cross Flow.

The specific speed n_is a term used to classify turbines on the basis of their performance and dimensional
proportions, regardless of their actual size or the speed at which they operate. The specific speed is the speed
cxpressed in revolutions per minute (rpm) of an imaginary turbine, gcometrically similar in cvery respect

to the actual turbine under consideration, and capable of lifting 75 kg of water per sccond to a height of

1 m (cffective output 1 metric HP). The mathematical formula for calculating the specific speed reads:

{2.38} n =3.65 n

where Q ist to be inserted in m>/s and H in m and n (turbine speed) in rpm .

The same formula may be written as:

nvPpP

{2.39} n-= —
H54

QH

where P is the theoretical turbine outputin HP (P = 5 )

Note:  Above formulae for n_are classical and still widely in use, however as: they base on metric Horse
Power, they do not comply with the SI-units.
If SI-units are applied, the conversion factor of 1.36 ( HP/kW) is to bes considered as otherwise
the obtained n_-value would be 14 % smaller. Hence, for calculating m_based on HP but using
power in kW, the following formula is derived:

n =nHY (136P )" = 1.166nH*p 2

(kW] kW]

True metric specific speed is denoted N_and is getting more and more;jpopular. However, diagram
2.24 is based on HP-related n_.

For a specific application where operating head, flow and a preferred speed of the turbine are known, the
specific speed may be found in diagram in figure 2.24 . For a given task the specific speed of a turbine can
easily be determined in the same diagram,

The turbine type may then be found by using diagram in figure 2.25, using the :specific speed and the actu-
working head.

o]
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Example:

There is a sitc with a discharge of 100 1/s and a head of 30 m. The turbinc speed is preferably 750 rpm .
Which turbine type is appropriate ?

Step 1:

Step 2:

determine n_either by using above formula or the diagramm for the data:
Q=100Vs;
H = 30m ; } © n =675
n=750rpm
Speed in rpm
(] o 00 OO0 o g9 o (@] (o]
Q (=] Q0O OO0 GG o o ~r o
o ~ O ww~N ™M &3] <« -
m o~N ~ A
750
300 \\ \\ - \\\ \’\/‘ \/‘ g
200 NS, S A DI P I Zd:
28 DV A < N
SRR N
N N P RN Nz n
100 ne BRI D SIS N
NG
0 80 <5 & ~ R - P i w
C S0 Y N K<
T 60 2 % S H S8 TS
€ €0 N A q N LTNANT %
c e 1 (00 7 2a < ~J Y\/\
-4 PNSS%e 2SS R IRI ST IR T <
T =30 %o LB % RN :N
j: P ans @QQ N ST N ENPZaNE w
A K RPN DI T PHOIIN 8
o 20— S, N RTINR0
T Qo RO K
5 2 XN O PN N 50
2 e ERCE RN > N 52 <
N Nt ) N
o 10 ] ™ <8 = o< <] %
2 - SR o 7>
= 5' < 2 N
8 ] L ] N L1 < < N 7
5 o // Pl >4 \./)\ ( GO
v > - < % 1 90
4 pd - LT N AN L SR Q
3 ] \[( X 7? A |
14 30 S0 80 140 300 600 1000 2000
10 20 40 80 100 200 400 800 1400 3000 1l/s
Discharge in litres per second

Fig. 2.24: Specifie speeds

In the diagram, find the intersection point of H and Q and from the point found, move along the
nearest reference line towards the upper right or the lower left upto the intersection with the selected
speed.

Read/interpolate n_= 68

determine the turbine type by using the diagram 2.25 on the opposite page for the data:

n = 68 o ¢ q .
H=30m } v Cross {low turbine
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Fig. 2.25: Turbine application ranges
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n: 270 .... 1000
N;:230... 860

n: 60
NS:S()

sure 390
... 300

LA B0
e 146

Fig. 2.29: Pelton Runner

N =0.86-n
s s
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Chapter 3 : Performance tests on Cross Flow turbines

3.1

Why performance tests

In general, performance tests serve the purposc (o
verify predicted data. Obtained test data tell you the
actual performance characteristics of the investi-
gated machine, and also permit to cvaluate the
accuracy of a prediction made. Both is cqually
important. At the time of working out a quotation,
the turbine manufacturer normally specifics maxi-
mum output and discharge through the turbine
undcr a given head. A reputed supplier may guaran-
tee data such as part load efficiency and runaway
speed. Inorderto reliably provide such data, itisin-
dispensable to perform tests to establish the per-
formance characteristics of a similar machine in
advance. The art of turbine manufacturing is to
know the behaviour of the turbine before having
built it. The tool to master this art, is performance
testing.

Furthermore, it is evident that any design modifica-
tions necd a measuring stick, allowing to judge
whether progress has been made ornot. Such inves-
tigations also require performance tests.

Another aspect of performance tests is its signifi-
cance conceming the reputation of the turbine
manufacturer. If the customer knows that the tur-
bine offered is based on a tested design, his confi-
dence for having made the right choicc is under-
standably higher. The risk of facing a calamity the
day the turbine gocs in operation, is recasonably
small if the machine is based on a testcd design.

3.1.1 Possible consequences of un-
known turbine characteristics

If the turbine performance characteristics is un-
known, the ultimate plant performance becomes a
lucky draw. Concurrence of actual plant perform-
ance with predicitions made, may be achieved by
chance. More common is the following case: the
responsible person for the size sclection of the
turbine knows that the performance of the turbine is
unknown.

He may conceal this fact and have a natural ten-
dency tomake assumptions onthe safe side. To give

an ¢xample: if the customer insists on a maximum
output of 100 kW under nominal head, and the
stated turbine efficiency of 82% 1s questioned by the
manufacturer to be unrealistic, a machine may bc
specificd absorbing a higher discharge to produce
110 kW in order to rcach the guarantecd output,
evenif the efficiency should be 75 % only. In other
words, the machine is intentionally being oversized
in order to compensate {or a possibly lower cffi-
ciency and/or inaccurate assessment of the dis-
charge through the machine.

There are basically two possible problems with
unknown turbine characteristics:

casea: the turbine size istoo small, the turbineis not
absorbing the design discharge undernominal head.

consequences: the planned plant output will never
be reached, as the turbine even at full opening can
not take the required amount of water. The turbine
needs to be replaced, or else the plant maximum
output is lower than intended.

case b: the turbine size is too large, resulting in
turbine operation at part load when absorbing the
design discharge under nominal head.

consequences: the turbine will produce the cx-
pected output but will require a greater amount of
water compared to a properly sized machine. Duc Lo
the increased discharge through the turbinc and
through the penstock, head losses in the penstock
are increased, resulting in a reduction of the work-
ing head of the turbine. As the optimal speed of the
turbine is a function of the square root of head, it is
evident that a reduced working head means operat-
ing the machine at a higher than optimal spced.
However, as long as there is sufficient water avail-
able, the turbine will produce the expected output
but at at an unexpected low efficicncy.

The case becomes critical if the amount of water
available is limited, whichis very common (c.g. in
the yearly dry scason).
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The following diagrams visualize the situation when
oversizing the turbine.

uk} curve a 1M = cfficiency
Q=discharge

1
|
|
!
b

Fig. 3.1 1 Q

turbinc characteristics of a properly sized machine
for a maximum dischargc ol Q = 1.

curve b
- i

Fig.3.2 1.5 0
turbinc characteristics of a properly sized machine
for a maximum dischargcof Q=1.5.
Except for the size, the two machinces arc identical
and therefore show the same cfficiency curve. The
machinc having thc characteristic as perskctch ais
as good as the turbine having the characteristics as
per sketch b for the respective maximum discharge
of Q=1and Q= 1.5. Curve a and curve b in the
diagrams abovc are the same, but the scales on the
axis showingthe discharge Qarcdifferentby aratio
of1:15

In a next step, curve b is plotted again, using the
samc scalc for the discharge axis as in diagram a.
Evcry pointon curve bis shifted along the horizon-
tal axis by a factor of 1.5, without altering its
vertical position.
curve b (with the same
ni scalc for Q as curve a)

|
|
|
l
|
|

1,5Q

As now the two curves a and b have the same scales,
we may incorporte bothinto one diagram which will
permit a dircct comparison.

curve b

|
N
curve a

—-— — e

Fig. 3.4

Itisnow cvident, that curve b represents the turbine
characteristics of a 50% oversized machine as com-
parcd to curve a. Which machinc is the better choice
only depends on the available discharge Q.

n | ) curve b

curvce a <\

e

Q-range where a
is better
Fig. 3.5

The following cxample shows dry scason condi-
tions where only a limited amount ol water is
available. In such a case, the cfficiency drop of an
oversized machince as comparced o a properly sized
onc may be significant and may possibly mcan a
temporary shut down of the entire plant.

T] 1 b

Q-rangc where
b is better

A e . o O e %
AN ;z : N“ ‘i@?} I

X‘ f ';Y,,

i S

\)
| S
a 0 % Kﬁ% o'o’d'

0% o
;&%{W % XM% l’i’s&% o]
O'notl availablc Q

(no walcer duc to dry scason)

Fig. 3.6

The explanations given also make it clecar why tur-
bine designers try hard to develop machines with a
flat efficiency curve. The object being to achicve a
high cfficieney over a wide range of discharge.
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3.2 Laboratory tests

3.2.1 Turbine test facility

In cstablishing a laboratory test facility, hcadroom
limitations and cost may inhibit the installation of
high head supply tanks and a pump with alow level
sump tank is often adopted for hecad/flow genera-
tion. A variable speed pump is more versatile, with
asump capacity as large as practicable. The turbine
supply pipe should be as long and straight as pos-
siblc and the inclusion of a pressure tank in the
system helps to improve flow steadiness. The tur-
binc discharges directly into the sump and this
acrales the water considerably. Baffles in the sump
tank arc thercfore nccessary to prevent air from
being drawn into the pump.

A typical installation, suitable for testing machines
of a few kilowatts power output and operating under
hcads ofup1o20m, was developed atthe Hong Kong
Polytechnic and is shown in Fig. 3.7.

The test facility shown is relatively unsophisticated
and can be readily constructed inexpensively.

3.2.1.1 Head measurement

The simplest and most fundamental method of meas-
uring pressure heads is by means of a mercury ma-
nometer which is suitable for heads up to 20m of
waler. If the head is above 20m, the manometer
would become too large, and a pressure transducer
would be more appropriate. For more accurate meas-

urement, a four tapping ring arrangement should be
uscd, as shown in Fig. 3.8, which minimiscs crrors
duc to sensing hole burrs and misalignment.

AIR PURGE
WATER —

MERCURY

Fig. 3.8:  Static pressure measurement
in a pipe
A practical arrangement for anindividual tapping is
shown in Fig. 3.9, where it is important to have a
"high quality"” scnsing hole connected to the ma-
nometer through a metal tube insert. Air entrain-
ment in the manometer is very common and it is
convenient 1o have a small purge valve in the linc.
The manometer pressure can then be used to calcu-
late the pipe pressure and the turbine inlet total head
H can be determined from the equation:
2
H= P + Y +z
pg 2g
The velocity v is found from the {low rate and
turbine inlet pipe cross sectional area and Z is the
height difference between the pipe and shaft centre
lines.

TURBINE

N

DYNAMOMETER

_SUMP TANK 4 m’

3

/

MANOMETER
HOLES

HOLES

__PRESFURE__ )
TANK

ORIFICE PLATE

MANOMETER

\

PALC PIPE
7 150

Fig. 3.7: Plan view of turbine test rig layout
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dary flows and swirl effects have beendissipated. In
@8 mM. the test rig in Fig. 3.7 an orifice platc was used,
designed o B.S. 1042 (ISO5167) specification. The
orifice size chosen was as large as permitted in the
standard bul with a significant pressurce head differ-
ence to allow accurate measurement by manometer.
The orifice is casy to manufacture and can be fitted
into a standard PVC pipe/flange arrangement as
shown in Fig. 3.10.

TTR CANBE
SEALANT THREADED

THICK WALL THIN WALL

The above arrangement allows the orifice plate to be
Fig. 3.9 : Single pressure tapping in PVC pipe | cenired accurately. The plate must be made accord-
ing to the standard in regard to size and surface
finish and non-ferrous metals such as brass or
aluminium alloys should preferably be used from a
corrosion resistance viewpoint. Providing the above
conditions are mct, the measurement accuracy can
be confidently cstablished.

3.2.1.2 Flow rate measurement

The accurate determination of flow rate is perhaps
the most difficult paramcter to measure and consid-
crable care and attention o detail is required. There
are many methods of flow measurement including
orifice plates and venturi meters, clectromagnetic
and turbine flow mcters for pipe flows, and notches
and weirs for external flows. In the casc of internal | The shaft rotational speed can be measured by a
flow systems, it is very important to have a long | variety of methods including revolution countcrs,
straight pipe upstrcam, and to alesser extentdown- | mechanical tachometers or tachogencerators. A con-
stream of the flowmeter, in order that the flow is | venient method however, is by means of an optical
hydrodynamically fully developed and that sccon- | tachometer. This type of instrument gives a dircct

3.2.1.3 Speed measurement

) b2
i ],_E
e
—
n
7 N\ PIPE FLANGE
I / SEALANT

A S )
@ | | /
= sy %

1

LIMITING VALUES
ORIFICE PLATE /
N RECESS MACHINED e=Drgy  £=0ry

IN FLANGE 77 fLse
GASKET—

Fig 3.10 : Orifice meter in PVC pipe
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digital rcad out of rotational speed or number of
revolutions. A small picce of reflective tape is fixed
tothe turbine output shaft onto which the instrument
light beam is directed. An optical sensor detects
cach puisc from the reflected beam and displays the
conscquent rotational speed digitally.

3.2.1.4 Torque measurement

The torque produced by the turbine can be measured
by torque meter and brake, hydraulic or clectrical
dynamometer. A brake dynamometer is suitable for
the testing of micropower turbines using brake pads
and drum, as shown in Fig. 3.11 in which water is
used to overcome the frictional heating of the drum.

Toimprove the accuracy, the brake arms, with dead
weight hangers, should be as wide as possible, and
the sensitivity can be increased by having fine and
coarse adjustment of the brake pad tensioning sys-
tem. To equalize loads on the bearings, equal weights
should be used and thin piano wire is suitable for
supporting the hangers. Running-in of the brake
pads is necessary before testing to ensure even
contact which prevents snatching.

3.2.2 Test procedure

The experienced engincer should adopt a skeptical
attitude towards testing, and should calibrate all in-
struments and equipment, and check all rcadings
for repeatability.

3.2.2.1 Calibration

The measurcment of pressure hecad by manometer
1s a fundamental method, however checks should
be made at all connections. Dirty tubes and air
bubbles lead o large errors, and carcful examina-
tion of the transparent tubing must be made after
purging. It is sometimes useful to have an addi-
tional pressure gauge, calibrated with adead weight
tester, as a direct indicator during the pre-test
period.

Once a particular device has been chosen for flow
measurement, itis generally difficult to calibrate in
situ and, if necessary, should be sent to the nearest
standards laboratory for calibration prior to instal-
lation. This is relatively expensive and if a lower
accuracy can be tolerated, then by following the
appropriate standard exactly and checking the in-
stallation carefully, acceptable accuracy can be
achieved.

DYNAMOMETER ARM

BRAKE PAD

BRAKE LOAD

Fig. 3.11: Dynamometer
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The speed measurement device can casily be cali-
brated using a revolution counter and stopwatch or
a mcchanical tachometcr. As many altcrnatives as
arc available should be uscd.

Dynamometer calibration is difficult to achiceve.
One possibility is to usc an clectric motor of known
characteristics to drive the turbine and to compare
the torque input with the dynamomcter torque. Dy-
namomeler accuracy is generally satisfactory, par-
ticularly if the design has incorporated fcatures to
pemit high sensitivity. The zcro balance position
can be cstablished by the use of an appropriate
jockey weight.

Alldimensions shouldbe accurately measured, and
pipe diameters, in particular, should be ckecked in
differcnt directions for non circularity.

3.2.2.2 Testing

To undcrtake reliable testing, adequate manpower
isnecessary, under the direction of the Chicfof Test
who will be responsible for the conduct, coordina-
tion and supervision of the test program. In a non
automated laboratory, it is preferrable to have one
personin charge of each instrument, with the Chief
of Test controlling events and operating the dyna-

momecter brake. A test sheet should be devised in
order that experimental results can be easily tabu-
lated and an cxample of a typical sheet is shown in
Fig. 3.12.

Before switching on the pump to start the tests, the
dynamometer brake pads should be fully tightened
1o prevent any rotation of the turbine. When the
pump has reached its operating speed, the gate valve
can be opencd to allow flow through the system.
The turbine inlet valve is fully opened, and in this
non-rotating condition, all the checks and adjust-
ments can be made to the instruments.

Testing can commence after completing all the
checks, and itis convenicent to release the brake pads
completely and to start testing at the no-load run-
away speed, after allowing a sufficient warm up
time.

A small weight is then added to each of the weight
hangers which unbalances the dynamomcter. By
adjusting the brake pad tensioning, the dynamome-
ter can be brought back to the equilibrium position.
On clear instruction from the Chief of Test, all the
instrument rcadings are recorded simultancously.
Increased weights can be added and the procedure
repeated until a very low speed conditionis reached
whereby the sensitivity is inadequate to achicve an
equilibrium condition.

TEST RECORD SHEET
DATE: 70.3.86 CONFIGURATION: &S (0S5 An VALVE SETTING: U0 %  TEMP: 23 °C PRESSURE: /5.5 mmHg
foul o @) o |20 |30 |40 | 45|50 |60 |70 |80 | 90 | 00
Speed wowX 7473 2227 7732 |7044 | 997 | 949 | 865 | 782 | 705 | 596 |465
Suput W 0 9407 |7308.1|7608.6| 17178 (18278 |1999.2 2168 6 \2172.5|2066 2| 17.91.2
Orifice b | 7450 | 7450 | 1450 | 7450 | 7450 | 7450 | 1450 |71460 |7460 | 7485 | 1465
Mamemster v, | 999510 975 10975 | 0945 0935 |0.925 |0970 |0830 10880 0890 |0.885
ab | 045510475 10475 (0505 10575 10525 0540 {0570 {0580 {0575 10580
Flow Rate — (mSNnn225 100230 100230 100237 00239 00242 00245 100252 |0.0254400253 V00254
e by 17290 71205 [7270 |7265 11260 |71260 1255 {1245 (7245 | 71245 71245
Monometer by 0245 0260 (0265 (0270 10275 0275 (0280 (0290 0290 | 0.29010.290
sw {7045 1075 | 7005 0995 (0.985 |0.975 0975 10.9551095510955 10955
Inlet Head  mH,0) 73 537347 |73.00 |72.87 \12.74 |12.74 \/2.67 |12.35 7235 |72.35 | 72.35
NetHead  (mH,0)\ 73,80 |73 47 (7327 7375 |73.02 {1289 \12.64 |64 (1264 | 12.64 | 12.64
Water Power (W) | 3045013025 7 |2994 1 |3057 3 |3052.7 | 20910 |3098.0 | 3724 .8 |37149 6 |37372 \3149.6
7 overai |0 0377 0437 (0526 |0563 (0591 (0645 |0.69% \0689 | 0659|0569
n, (rpm-kWms () |6 75 (5777 |52 85 (5252 (5788 |5007 | 4832|4360 1359512611
c, (rad)| 2. 88312527 |2.355 2782 |2.082 | 7993|7826 | 7667|1503 | 7277 1099]
Sy () 00376100390 10396 0040600471 0041700424 \0.0440 0044 | 00442 | 004yt

Fig. 3.12: Test record sheet
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The above procedure will give all the required per-
formance data at the fully open inlet valve setting.
Tests should be carried out at other scttings, typi-
cally in 5% or 10% decrements until the half open
sctting is rcached. This range should cnable suf-
ficent data to be obtained to give the full perform-
ance characteristics over the useful operating range.

3.2.2.3 Data reduction

It is preferrable to use a computer to convert the
measured data into turbine performance parame-
ters, and a small personal computeris quite suitable
for this purpose. Hand calculations can be under-
taken, however alot of datais generated by the tests
and is therefore very time consuming. The follow-
ing quantitics are to be determined from the test
data.

611put power P [waus] )
Input power Pi {waltts]
Efficiency n [-]

Specific speed N, [rpm kW!'?m-%]
Speed coefficient ¢, [rads]

Flow coefficient Cq [-]

Spccific speed coefficient Co [rads]

/

The dimensionless quantities are recommended as
confusion over units is avoided.
3.2.3 Data analysis

This scction deals with the accuracy of the data
obtained and the methods of graphical presentation.

3.2.3.1 Error analysis
Each quantity measured is subject to uncertainty

and in very accurate work many readings should be
taken and the standard deviation obtained. In the

testing of small turbines in the manner described, it
may not be fcasible to acquirc multiple data, and
estimates of the individual crrors  Ax of cach
quantity x should be considered. If the quantity xis,
for example, flow rate Q, then the accuracy of this
quantity will depend on the other variables in-
volved in the orifice plate formulation.

Ifx=f (x, X,--- X_). then the propagation of crrors
can be determined by the equation {3.1}, where
Ax,, Ax, ctc. arc the standard deviations or crrors
in the variables.

If the efficiency m is considered as an example
where 1 = To(p g Q H)%, then differentiating the
variables partially, non-dimensionalizing and as-
suming noerrorsindensity and gravity gives equa-
tion {3.2} .

Errors in cach of the above variables can be esti-
mated at the best efficiency condition from the
measurement discrimination and unsteadiness of
the reading. The most significanterrorisin the flow
rate for considerable care and skill is needed to
reduce the uncertainity below 1.5%. However an
overall accuracy in efficiency determination of 2%
is an achievable objective in the system shown in
Fig. 3.7.

3.2.3.2 Graphical presentation

The testdatais best presented graphically in non di-
mensional form. The starting point is usually the
efficiency M against C, plot and several curves can
be shown for different turbine inlet valve settings.
(seefig.3.13). The c . variation with ¢, canthenbe
plotted (see fig. 3. 12) and from the two graphs
isoefficiency curves can be drawn on a scparate ¢

versus ¢ plot as shown in fig. 3.15. ©

Efficiency m against specific speed N (or in dimen-
sionless form ¢ .can be plotted directly from the
calculated data as shown in fig. 3.16 .

3.1 Ox ox Ox
{ } Ax = { (g;; Axl )2 + ( S—XZ AXZ )2 4 veen (6—)(n Axn)Z }1/2
An AT Aw AQ AH
{32} T]— = { (T )2 + ( : )2 + (T)—— )2 . ( F)2 }1/2

7]
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