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Nomograms and Diagrams

Discharge Nomogram of STRICKLER

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

where: k = friction coefficient | -]

A s =slope [-]

A = wetted, cross sectional area [ m 2 ]
U = wetted perimeter [ m ]

Q =river discharge [m%/s]

2.1 =ks!?
{ } Q=ks o

STRICKLER also established a formula for the determination of the friction coefficient k :

where: d =size of gravel or boulders [ m ]
21.1

{22} k = v

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

k (friction coefTicient )
0 5 10 15 20 25 30 35 40 45 50 55 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 h
.
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 sections and a slope of 1 %o shows a wetted cross sectional
area of 125 m? and a wetted perimeter of 64 m.

k=30
s= 1 %0 } o =185 m3/s
A =125m? Q

U=64m
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1: Discharge Nomogram of STRICKLER
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Nomograms and Diagrams

2.

[

A= CTONN-NCCHORAD diCd (11

wetted perimeter [m

,..
I

ay be expressed by the relation of the channel

[mY/s)

resultine in cauation 12 54

I~
th
-

arameters s, k, B, and the reladon /B I any
M Lo the missing puimnwlcr, as shown in the

I PIRRG LG Wit

and B = 0.5 [m].

0 70 on the k-scale, therehy establishing an
the value of 10 on e s-scald oneh

Complete the task by tracing a line from the
0.5 onthe B-scale and upto the scale h/B The

= 0.5, civesh=0.25 Lm | {or the resulting water

hrough the™

FNTIVE e tian

Nomogram for flow in rectangular canal cross sections

Channcls with rectangular cross-sections, which implies vertcal side walls, are commonly used where it
is fOr SOME reason not convenient to build channels with a hydraulically beter 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 to trapezoidal canals. Disadvantages chiclly are higher structural stress due 1o
pressure on the side walls and a higher risk of caving in il used inunlined carth construction

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

k= {riction coclhicient ol STRICKLER [-]
(reler to the note at the top of page 33)
§ = the stope or gradient of the channel [-]

A = cross-scetional arca [m?)

wetted nerimeter [md

) J

For the special casc of rectangular cross-sections, A and U

I3 A~k fenll

N

U = B +2h [m]

resutting 1in cquation {2.5):

r

)

[m¥/s)

, (B n)y°
(2.5} Q - ks'?

(B +2h)y?

The nomogram contains the flow Q and the four
four of the five are known, it is possible o find the soluti
cxampic. :

find

the water depth hit Q = 022 fmYs) k = 700 s = 10%00

Solution: trace a line from the value 022 on the Q-scale
Tersection point on referendd hine (21 Trace a line fron
mtersecnon point previously found. upto reference line (1)
mntersection pointon reference line ¢ 1 through the value of
solution foundis h/B = 050, and muluplving thisvalue by B3
depth :
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3.

Definition:

What means hydraulically well designed ?

The flow velocity can be expressed by the formula :

{2.6} v=ks?

U?JS

] width and side wall slope to channel depth
’ |

- water depth { m ]

a L I T
n = tan o = tangent of side wall slope
ta=n)

T Z

1 » — v
,wicnmeansn = 2 aha tnererof€ & ne §fdpe ™ A7 Y

h=3m).
obtain the hydraulically best possible channel

PET-TS Fups WPSURS UYL ISV ST DR R |

|

TN PN

12 m

1 he water denth chall he 4 m /

Nomogram for optimal channel sections

Among all possible channel cross sections having an equal cross-sectional area, 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 amaximum flow velocity.
This is the case, if the wetted perimeter is a minimum.

v = flow velocity [m/s]

s =slope [- ]

A= cross sectional area [m?]
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]

D1l = tan o = langent ol Jrlgjfg‘iilaxi‘sxopé‘ . 1

h — 3 )

' inesIope 01 LNE CNANnei s1ae Wall nas been cnosen o be 1 : 2

For trapezoidal cross sections, the optimal relation of channe

o anmrwrhat mnars camnlay and noanAde ta aaticfu the farmnla
§

N -
iy A = | .-
k V2-cosax 2 \/1+cot2(x -cot(d 1:

(co

Example

angle = 26,56° (arc tan 0,5). The water depth shall be 3 m
What is the optimal channel bottom width (b=1?), in order to
cross section ?

Solution :

and rAannact tho nnint 20 el an tha h

_ I f
the value of the intersection point on the b-scale : & b =1,

ITea tha namanram




Nomograms and Diagrams

—
l\ r ’
7 S
2\ ih ~
h m] A l _
20 b
nf]
—0
10
9
8 - 1/5
7 — 14
6 113
5
— 172
4L
— 2/3
|
3 3/4
3 H1
2
% — S/l
% ¢ 312
1
Qg = 714
0 E »
073
hE
: 572
054
3
3
043 .
031
’ E b= 72
» L.g
Q-

3: Nomogram for optimal channel sections




Nomograms and Diagrams

4. Nomogram for trapezoidal channel cross sections

This nomogram is very versatile. It shows the relationship of discharge, flow \/Clocjily and the gcomclrical
shape of trapczoidal channel cross-scctions. It is preferrably used in conjunction with the dlscllargc
nomogram of STRICKLER inscction2.2.1, which is for the pre-selection of the slope ol a channel in order
1o obtain a ccrtain 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 trapezoidal
channcls, in scction 2.2.3. The nomogram in fig. 2.6 is bascd on the following formulac:

2.9} Q=v-A wherc: Q = discharge ‘ [m?/s],
v = flow 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

stope -]

{2.11} h =

N |-
)
N
:Ic'
N
o
+
N
::|;>
'
- |
[

Example:

The task is to design a trapezoidal channcl having the following propertics:
- design discharge Q = 1.335 [(m?¥/s],
- flow vclocity in the channel v = 1.5 [m/s)
- cotangent o of the side wall slope n= 2 [-]
- [riction cocfficient k = 30 (-]

Solution: 0
Step 1t find the cross-scctional area A [m?] in the nomogram in fig. 2.6 trace a line from the F‘sc;xlc
- 1.335 : .
at the value of 5= 0.668, 1o the valuc of 1.5 (m/s] on the v-scale and extending the line upto

the % -scale. The rEsuIL reads 0445, andasn =2 0 A=2.0445=0.890 [m?)

Step 20 find the optimal water depth h [m] for hydraulically well designed shapes of trapezoidal channels:
since the bottom width bis notknown for the moment, none of the nomograms can be used directly.
The depth h must be caleulated by the formula:

(2.12) b Asina

2. cos where: s the side wall angle of the channel and
asthe cotangent o = 20 vangle o = 26.565°

[ (089 <in 26,565

2-cos 26.565

h= ={.6 [m]

Step 30 hind the canal bottom width b m: by using the nomogram, trace a line starting on the
A Leale at the value of 0,445, intersecting the h-scale atthe value of 0.6 and extending upto the
1

h

= oxcaleswhere the value of O0THIS 1s found Sincen =2 b =0.1415 -2 = 0283 [m]
n L
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10

Nomogram for discharge measurement with weirs

The nomogram is based on the discharge formula

where: Q =discharge [m?/s],
- 2 L b = crest width [m)
(2.15) Q= 3 woboh \[Zgh h = piczometnc head of the upstream
water surface above crest level [m)
g = gravitatonal constant = 9.81 [m/s?|
p = discharge cocfficient [m]

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

{2.16)

The nomogram isvalid forweirs of'b = 1.0 [m], cither full-width with the value of fLas in cquation
{2.16) or with diffcrent valucs of p for partially contracted weirs. The Tatter are recommended for accurate
mecasurcments and g must be caleulated with equation {2.17}, which has been specified by the Swiss
Association of Standards:

) oomm-onmo( ) s W

b
2.17 t = {() 578+0.037 } { 1+ 0. }
{ ) ' > ( ) h +0.0016 + \(B)( h +l) J

where: b = crest width [m} and the following himitatons are stncdy observed
B = channcl width Imj - h/p shall not exceed 1.0
h = piczometric head  [m) - the head h shall exeeed 0.025 - b/B {m. but ~hall be
P = wcir height fm] less than 0.8 [mjaccording to fig. 27

- b/B shall not be fess than 0.3
- the werr herghe Poshatl be avleast 0 3 jm
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Nomogram for head losses in penstock

For successful micro hydropower projects, it is essential o know head losses AH duc 10 friction in the
penstock as well asclsewhere in the waterway at ancarly stage because the actual turbine working head H
is a key parameter in turbine sclection and design, affecting the operating speed, discharge through the
turbine and power output.

The actual working head or nethcad H | may be calculated by substracting total head losses AH from
the geodetic head H, where AH_ consists of total losses duc 0 friction in the penstock plus all other losses
applying.

{2.18} H =H-AH  [m]

tot

Head losscs in the penstock H may be calculated by equation {2.19} -

where: m= 3.141593

2
(2.19) AH = 41on Q (m] Q = disc»hargc Lhr()ugh the penstock [mYs]
n? K2 Dl L = straight length of the penstock [m]
D = theinside diameter of the penstock {m ]
k = the fricition coefficient used (-1,

according to STRICKLER
For convenicnce, the formula may also be written as:

QL
{2.20} AH = 10.294 = {1} .
k® D>

Inorder 1o be able 10 deduct head Tosses trom gross head as a basis for further calculanons, units shown are

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

which headlosses actually represent. The following facts become apparent when looking atequation { 2,20

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

- The influence of discharge Q 1s proportional to the second power of Q, 1.e. doubling the discharge resulis
in a four-fold increase of head losses

- The influence of fnction k is reciprocally proportional to the second power of k. 1.¢. double the kK-number
results in head losscs of 25% of the oniginal valuc.

- The influence of diameter D is reciprocally proportional to the powerof 5.33 of the diameter. e doubling
the diameter results in head losses of 1727
increases head losses about fourty tmes

= 256G of the orginal value. Reducing the diameter wo halt

The nomogram qay convenenthy be used to find one of the head Toss related values, ifthe thiee
other parameters are given
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Nomogram for minimal penstock thickness

The wall thickness selected for a penstock pipe mainly depends on the following paramelers:

- the material sclected 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 later, we need to know
YOUNGs Modulus of Elasticity, and of interest 1s 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 hcad losses as well as economical considerations.

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

Each term, the pressure p, the permissible stress 6 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 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

[X

rm

where: t = wall Lhickncss of pgnslo;k pipe i2n cm 1 kgl'/cmz - 10 m of
p  =operating pressure in kgf per cm water column
D = mtcm-al.dxamctcr qf pcngock 1[12cm 1 kaf - 981 Newlon
o =permissible stress in kgf per cm . . )
perm
Example: .
1 . v .y . . .
opcrauing pressurc: 16 kgl/cm® required minimum wall thickness = 10 mm,
permissible stress: 1200 kgf / cm~ with a safety factor of 35000 .5y
internal penstock diamter: 150 cm saletyfada 1200 ~ °
The table below lists propertics of materials used in the manufacture of penstock pipes
YOUNGs modulus  Coefficient of Ultimate
of elasticity linear expansion  tensile strength Density
Material E (kgf/ cm?) a (m/m °C) (kgf /cm?) (kgf/m’)
Steel 21 107 12 10¢ 5 7900
Polyvinyle chloride (PVC) 0.28 10° 54 10° R 1400
Polyethylene 0.02-0.08 10° 140 10° 60 - 90 940
Concrete 2.1 10 10° 1800-2500
Asbestos cement g1 10° 1600-2100)
Cast tron g 10° 10 10° 1400 7200
Ductile iron 17 108 110 AR 7300
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8.1  ALLIEVI chart: pressure rise for uniform gate closure and simple conduits:

large p and 6.

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 value.
This effect is called water-hammer. Similarly, in case of sudden valve opening, the pressure may drop. The
water-hammer effect is related to the conversion of the kinetic energy of the flowing water in the penstock
to the work absorbed in stretching the penstock wall and compressing the water column. The theory behind
the water-hammer effect is very complex and not easily understood.

The coordinate axes of the ALLIEVI chart are:

the p axis which stands for the penstock parameter p [-] and
the 6 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, Vo = flow velocity in the penstock { m/s}]
{2.33} p= _— g = gravitational constant, 9.81 | m/s? ]
2gH, H, = steady state head [m ]

The valve operation parameter 8 is expressed by the formula:

where: a = wave velocity [ m/s ]
at 1, = closing or opening time of the valve [ s ]
(2.34) 6= L =length of the penstock [ m ]
2L

The wave velocity a which needs to be known for the calculation of p as well asof 6 is expressed by

the formula:
1425 where: E_ = modulus of elasticity of
water = 2030 [ N/ mm? ]
{2.35} a= __—E—D D =internal 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 ]

The value Z?, which stands for the pressure rise factor, may be read from the ALLIEVI chart once values
for p and 6 are determined.
The pressure rise factor is expressed by the formula :

H where: H = pressure head [ m ]
{2.36) 72 = H, = steady state pressure [ m ]

H, (net head)
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8.2

ALLIEVI chart: pressure rise for uniform gate closure and simple conduits:

small p and 6.
Example

It is planned to use HD polyethylene 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:

- net head of the installation Ho =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 \A =25 [m/s]
- maximum permissible pressure head H =100 [m]
- penstock material: HD polyethylene
YOUNG's modulus of elasticity E = 1500 [ N/mm2 ]
Step 1: calculation of pressure rise factor Z2[-1]
H
Zzz e = & =1.49
H, 67
Step 2: calculation of wave propagation velocity a [ m/s ]
1425
a= — where: E_ = modulus of elasticity of water = 2030 [ N/mm?]
w
\/ 1+ E 1
1425
a= =374 [m/s ]

2030-0.1
1+ —
1500-0.01

Step 3: calculation of penstock parameter p [ - ]

av
p= 0 where : g = gravitational constant = 9.81 [ m/s?]
2gH,
374:2.5
p= T =071[-1
29.81-67

Step 4: determination of the valve operation parameter 0 [ - ] by means of the ALLIEVI chart:

z2 =149 > ALLIEVI
" o } chart (small p and 8) < 6=2.2
Step S: calculation of shortest permissible closing timet [ s ]

82L 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.
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8.3

ALLIEVI chart: pressure rise (medium p and 6) and wave cycle curves

Example

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 H =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 v, =2 [m/s]
- penstock material: mild steel
with a YOUNG's modulus of elasticity E =210"000 [ N/mm?2 ]

Stepl: calculation of the wave velocity a [ m/s |

1425
= where: Ew = modulus of elasticity of water = 2030 [ N/mm? ]
E D
1+ ¥
E 1t
1425
a= =1255[m/s ]

\/ |, 203003
* 2107000-0.01

Step 2: calculation of penstock parameter p | - |

av
p= — where: g = gravitational constant = 9.81 [ m/s? ]
2gH,;
12552
p= ————— =2 (-]
2+9.81+63.9

Step 3: calculation of pressure rise factor Z2[ - ] : pressurerise=20% < Z?=1.2(-]

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

P2 f%z } = ALLIEVI chart ( medium p and ) © 6=11[-]

Step 5: calculation of gate closing time tc [ s ]

02L e
_1e2ws0 o
a 1255

With a gate closing time of 7.9 seconds the pressure 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.

fromthe ALLIEVIchart (fig. 2.19 ) we see that the maximum pressure rise is reached after six wave
cycles (s ).

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

{2.37}(t“: ‘LL ) - 4450 =143[s]
1255

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

ot = SG t

= 6.143 = 86(s]

I .
ot After 8.6 seconds the peak pressure is reached.
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8.4 ALLIEVI chart: pressure drop
Example
In the same way that closing a gate at the end ot a penstock 1niuates a presssure rise, so does opening a gate

create apressuredrop. 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 v, =15 [m/s]
-penstock material: mild steel
YOUNG's modulus of elasticity E =210'000 [ N/mm?]
-permissible minimum pressure H. =22 [m]
Step 1: calculation of pressure drop factor Z2[ - ]
ZZ_ Hmin
H,
22
7= =05
44 —
Step 2: calculation of wave velocity a [ my/s ]
1425
as — where E, = modulus of elasticity of water
- E_ d =2030 [ N/mm?2 ]
E s
1425
a= = 806
|, _2030-1.1 [mis ] .
210°000+0.005
Step 3: calculation of penstock parameter p [ - |
av
p= 5 0 where: g = gravitational constant = 9.81 [ m/s?]
gHy
p= 806-1.5 14
2+9.81-4.4 -

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

72 =05 }

p =14 ©> ALLIEVIchart > 6=40

Step 5: calculation of shortest permissible opening time tls]

82L 40+2 380
L= = =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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9.

Diagram of specific speeds

In most cases the expression of the specific speed n_helps to make a sensible choice among different types
of turbines such as Pelton, 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
expressed in revolutions per minute (rpm) of an imaginary turbine, geometrically similar in every respect
to the actual turbine under consideration, and capable of lifting 75 kg of water per second to a height of
1 m (effective 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:

nVP

H5/4

{2.39} n =

QH

where P is the theoretical turbine output in 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 be considered as otherwise
the obtained n -value would be 14 % smaller. Hence, for calculating n_based on HP but using
power in kW, the following formula is derived:

— -5/4 12 _ S p 12
n =nH (1.36P[kw]) = 1.166 n H Pl‘kW]

True metric specific speed is denoted N_and is getting more and more popular. However, the
diagram 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 the diagram . 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 the diagram, using the specific specd and the actual working
head.
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9: Diagram of specific speeds
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10.

Diagram of turbine application ranges

The turbine type may be found by using the diagram, using the specific speed and the actual working head.

Fig. 2.26: Kaplan/Propeller Runner

Fig. 2.28: Cross Flow Runner
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Fig. 2.29: Pelton Runner
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10. Diagram of turbine application ranges
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1: The STRICKLER Nomogram
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9.1: ALLIEVI chart: pressure rise for uniform gate closure and simple conduits:
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9.2 :ALLIEVI chart: pressure rise for uniform gate closure and simple conduits:
small p and 6




Nomograms and Diagrams
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9.4.: ALLIEVI chart: pressure drop




Nomograms and Diagrams
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10: Diagram of specific speeds




Nomograms and Diagrams
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11. Diagram of Turbine application ranges




