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Chapter I

TECHNICAL AND HYDRAULIC PREMISES OF USE
AND DESIGN OF EJECTION

1. PRELIMINARY NOTES

A rige in the level of an HPP tailrace during high water causes a drop
in the available head. A drop of the head H below the value corresponding
to optimum operating conditions leads to a decrease of the discharge Q
through the turbine and toadrop inits efficiency n. The power ¥ = 9,81 Qfy kw
of medium- and low-head HPPs may become zero when the head drops to
Y, of its rated value (Figure 1).

The head, and hence the power of the HFP, can be restored by lowering
the tailrace level: this is done by ejection, in which part of the excess
discharge is carried either through the turbine
bays or in their immediate vicinity.

*[%ay ¥ The idea of employing ejection in HPPs is
- not new. First experiments were made already
15 in 1805, Although employed in geveral instal-

lations,* this method has not been widely used
because of the concomitant difficulties in
design and its negligible effect on the power
and efficiency of existing installations, [n
fact, with proper design, ejection may con-
siderably affect the power delivered. [n some
cases, use of ejection has led to an inerease in
annual output by several percents in a year of

& f
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'FJ 67 ] i) 4 average water level, Thus, laboratory tests

showed that in a large HPP at high water of 1 %
FIGURE 1. Turbine power, discharge, probability, the power was restored from 73 %
and efficiency as functions of head. of the installed capacity to 87 % by ejection; at
high water of 0,1 % probability, the corresponding
figures were 50 % and 72 0,
Efficient utilization of ejection reguires correct design. However,
existing poseibilities have not yet been fully exploited,
Study of the ejection process and development of methods for computing
ite effect, accompanied by experiments permit near-optimum aclutiona to
be obtained at the design stage. Protracted and costly laboratory investi=-
gations may thus be reduced or even dispensed with altogether,
The advantages of combined HPPs have not so far been fully exploited
outside the Soviet Union. The ejection effect was nat used in the Kembs HPP

* The historical evolution has been given in derail by Perfil®ev /15/and Egorov /4/. In this book the prezent
stare fs discuseed briefly in § 4.



{1932), the Rostin HPP (1936), and the HPPs on the Lech and Iller rivers
{1838). Where ejection iz used, on the other hand, as in the Mitchell HPP
({the number of guch HPFs is very small, their total power being only
slightly above B0,000kw), the discharge is carried through the turbine bays
inerderto restore the power, and not to shorten the spillway.

Soviet hydro-power engineers, who had to find meansg for tapping the
energy of large lowland rivers, have found a new solution to this problem,
Utilization by ejection of the energy of the spillway discharge in these
rivers is not anaim in iteelf, but a consequence of exploiting the peculiarities
of combined HPPs: both a shortening of the apillway front and arestoration
of the power during high water are achieved,

A high discharge capacity of the turbine bays is easily obtained in
combined HPFPs if the water is carried to the tailrace through overflows or
spillways, bypassing the draft tubes, whose dimensions and configuration
are not affected. We are therefore mainly interested in tailrace ejection,
with either overflow or apillway discharge., WNevertheless, carrying the
discharge through a draft tube in order to reatore the power is also of
interest, and may coffer so far unexpleited possibilities.

The selution of the structural and hydraulic problems of ejection in a
draft tube {for regtoration of power), and the development of designs f[or
ajection turbines are therefore topical questions.

This is accentuated by the desire to achieve in large HPPs ejection
dischargea of 100 to 200% or more of the turbine discharges, so as to use
the draft tubes as spillways.

2, THE EJECTION PROCESS AND ITS EFFECT

Ejection is understood in engineering to be the process of interaction of
two streams of liguid, one of which, the ejecting stream, sucks off the
other, ejected stream.

As applicable to HPPs this term can be used whenever the excess
digscharge creates an additional pressure drop in the draft tube and sucks
off the turbine diacharges. The pressure drop in the draft tube, referred
to the pressure existing without ejection, and the reaulting head increage
{at constant turbine discharge) are determined by the difference hatween
the piezometric heads, with and without ejection, beneath the runner or
at the outlet of the draft tube* (Figure 2}, Ejection in HPPs can therefore
be considered as additional pressure drop in the draft tube when the excess
digcharge is carried through the structure or in its vicinity.

This difference between the piszometric heads beneath the runner is
sometimes called "ejection-action effect’ {Perfil'ev f15/], or "ejection
effect” (Kumin f&/).

In other works the same terms denote the difference between the tail-
water level at & certain distance from the HPP and the piezometric-head
plane (the level of the free surface in a piezometric tube) at the draft-
tube outlet {(Egorov /4f, Kachanovskii 7/}, Such a difference exists even
without ejection (or with ejection, but without turbine discharge); this

* At the ouelet of the deaft tube only in the case of tailrace ejeccion,




" definition of the gain in head through tailrace ejection is therefore erroneous:
firstly, with the turbine in operation the "ejection effect,” defined

as the difference of these two levels, slightly exceeds the actual gain in
head; secondly, at zero turbine discharge the magnitude of the ejection
effect, considered as useful gain in head, becomes meaningless.

Gain in head (ejection effect
on

Fiezomeirlc effect
of ejection

Fi
e
P ot 5 55 S
R Bl v
z| g g| &
5|8 ¥ 3
1

FIGURE 2., Head increase by ejection,

The difference between the tailrace level and the free-surface level in
the piezometric tube at the outlet of the draft tube iz sometimes called
the "geometric ejection effect.” This is not suitable, since the term
"geometric" might be incorrectly interpreted as an inerease in the
dimensions of the structure. We ghall replace this term by the expression
"piezometric ejection effect,” which reflects better the physical meaning
of the magnitude discussed. In addition, we shall use the following termas:
head effect of ejection, discharge effect of ejection, power effect of
ejection, output effect of ejection,

A pressure drop is observed in the suction chamber of a jet apparatus
working on the ejection principle when flow takes place, irrespective of the
presence of an ejected stream, This is also true for HPPs: the pressure
in the draft tube drops during spillway discharge, irrespective of the
presence of a turbine discharge. The pattern of pressure varistion in the
draft tube, as function of the spillway discharge and other factors
{dimensions of structure, tailrace level and depth, difference between
headwater and tailwater levels) remains basically the same as with a turbine
discharge. This has been verified by many experiments.

The phenomenon of pressure drop in the draft tube, due to spillway
discharge at zero turbine discharge, does not correspond to the above
definition of ejection, since in this case no interacting streams exist, The
pressure drop in the draft tube becomes meaninglese from the viewpoint
of power ag a gain in head. The magnitude of the pressure drop i, how-
ever, in this case practically equal to the piezometric ejection effect*
observed at a turbine discharge approximating zero,

* This fact was wed by the author in the hydranlie analysis of 2 mixed HPP. Several variants were com-
pared for zero tubine discharge: anly the selected optimum variant was analyzed in detail, asdmiog
4 trbine diecharge,



3. HYDRAULIC SCHEMES OF HPFs WITH EJECTION

We distinguish two basic schemes (Figure 3): ejection into the tailrace,
and ejection in the draft tube.

In the case of ejection into the tailrace, the water from the headrace by-
passes the draft tube, The ejection effect on the turbine discharge takes
place outside the draft tube, either over dams (overflow ejection) or through
conduits.

Ejection into tailtace

Overflow ejection:
above draft tube ik i by jump displaced downsueam
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FIGURE 3. Hydraulic schemes of HPPs with ejection.
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In the case of ejection in the draft tube the ejecting stream bypasses
the runner, The interaction of the streams takes place directly in the
draft tube,

n the case of overflow ejection the ejecting siream can be discharged
into the tailrace either above the draft tube (Figure 3,a-d) or at its
sides {Figure 3,e). In the case of ejection through conduits, water
may also be discharged beneath the draft tube (Figure 3,j) (bottom
dizcharge).

A particular type of overflow ejection is ejection by a hydraulic jump
displaced downstream (Figures 3,d; 4,f; 6); in this case the overflow and
turbine discharges mix at depths less than critical. The tailwater depth
at the outlet openings of the conduit is in all other cases of ejection into
the tailrace larger than the critical depth,

Ag will be shown later, the method of ejection analysis depends on
whether the depth of the ejecting stream at the outlet of the draft tube ig
to be determined, or whether it is given, In the case of overflow ejection
this depth may be either less than critical {with round crest and ejection
by jump displaced downstream), or near it (dam with broad crest,
(Figure 3,b), In the case of ejection through conduits the depth of
the nappe at the outlet opening of the conduit is equal te the height
of this opening.

FIGURE 6. Ejection inte draft tube in an 8,000 kw
HFP with 12.6m head.

We distinguish between ejection by a conduit beneath the scroll casing
{sometimes called hottom discharge) (Figure 3,h), and by a conduit above
the scroll casing (through a siphon) (Figure 3,i). Ejection through a
bottom discharge beneath the draft tube (Figure 2,j} is suitable for rivers
carrying congiderable bed loads.

Ejection in the draft tube may take place in the elbow [Figure 3,1) or
in the diffuser {Figure 3,0). Ejection in the draft tube also accurs with
ejection turbines (Figure 3,m,n) which are specifically designed for this.
The streams mix direetly behind the runner. The ejecting stream enters
either in the elbow of the draft tube (m) or along the circumference of
the runner (n).



Ejection conduits installed until now in large draft tubes are intended
to shorten the spillway front by increasing the discharge capacity. An
example of this is the conduit inserted in a draft tube with rotatable walls
{Figure 4,h),

Ejection through the draft-tube chamber (Figure 3.f.k} is employed
only in small HPPs (5/. Ejection through the flume (Figure 3,¢g) can be
used in small and large HPPs (Figure 4,d).

Various combinations of overflow ejection, ejection through conduits,
and ejection in the draft tube are possible { Figure 3,p).

Ejection along the HFF front (Figure 3,q) (which has a negligible ejection
effect) can be possible by a suitable design of the HPP, and causes the spillway
discharge to lower the tailrace level along the HPP front. An example of
this was proposed by Prof, Aleksandrov (Figure 4,i), The water, which
reaches the tailrace by chutes and flows along the HPP front, has an
ejection effect on the turbine discharge. An increase in the head, due
to the discharge through the sluice gates adjoining the powerhouse, isaccord-
ingto Lecturer D,0,Seifulla, observed inthe Dnepr HPP imeni Lenin, A
similar effect of the spillway discharge was observed atthe Shevrskii HPP 4/,

4. PRACTICAL UTILIZATION AND DEVELOPMENT
OF EJECTION

There haa been no report on the building of any new HPP with ejection
since Perfil'ev's survey was published in 1932,
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FIGURE & HPP with ejection by
jump displaced dewnstream.,

The data on existing HFPs with ejection, givenby Perfil'ev f15f, canbe
gupplemented only by obsolete information (1927) /1%/ ontwo HPPs. Two
8,000 kw units were installed in the firgt(Figure 4,a); three ejection conduits



lead into the draft tube of each unit. Two 4,000 kw units were installed
in the second HPP; the ejection conduits leading into the draft tubes were
closed by gates {Figure 5)

Including these two HFFe, the total capacity of existing HFFs using
gjection is only BE,000kw, that of the largest being 17,700 kw,*

In pre-revolutionary Russia the development of hydropower was in an
embryonic stage, and no attempts were made to utilize ejection. However,
even 'then the artificial increase of the head in turbine installations during
high water was considered by Russian engineers. An analysis of ejection
with jump displaced downstream was published in 1811%* {Figure 6. The
caleulation showed that in one particular case the head can be increased to
2,=23,68m at & difference of levele 2 = 2m.

Ejection by the scheme shown in Figure 6 is feasible even today for
small HPPs installed in the dam plers and supplying local needs.

‘Ejection has been widely applied in hydroengineering construction only
in the USSRE, mainly recently. The Kuibyshev HPF, now being built, far
exceeds in capacity the sum total of all other existing HPPs with ejection,

Much development in this direction is due to the Soviet hydro-power
engineers V. V.Gavrilov, A.M.Morozov, A, Z,Nemchenko, Master of
Technical Seiences V, A. Kutsenov, Prof. B. K. Aleksandrov, Doctor of
Technical Sciences and Stalin Prize Laureate P.F.Laupman, Master of
Technical Sciences 3, V. Luzan, N, A, Malyshev, A.I Baumgol'ts, I.G.
Fetrov, N.M.lvantsov, Doctor of Technical Sciences 5. &. Egorov {small
HPPs), and many others, Thus, all schemes of ejection in the tailrace,
shown in Figure 3(exceptschemed} repreaent designat of Soviet engineers,
mainly those mentioned.

Figures 3 and 4 do not include all possible designs of combined HPPs,
which may vary greafly, depending on the capacity and hydraulic parameters,
the power equipment used, and local conditions. We ghall congider some
arrangements of HPPs with overflow ejection above the draft tube, Thege
arrangements differ, depending on the dam height which iz determined by
the hydraulic scheme as a whale {Figure 7),

Figure 4,b ahows a combined HPP with siphon spillway., Previous doubts
concerning the operating reliability of siphon gpillways in combined HPPs
have been removed by the results of studies of spillways of different shapes
and dimensions, conducted at the Moscow Institute of Hydraulic Engineering
imeni V.R.Williamg at the reguest of the Moscow branch of VNIIG imeni B.E,
Vedeneev. No instability of flow or whirlpool zones were chserved in siphon
spillwaye. The following recommendations concerning the croaa-sectional
areas of the spillways are based on these studies. When the head is less
than 7 m, the cross-sectional area may increase by up to 30 % from the
crown section to the outlet; when the head is between 7 and 10m, the cross-
sectional area should be kept constant; when the head exceeds 10m, the
cross-sectional area should decrease by 15 to 20% .1

* Perfil’ev includes the 5,000 kv Black River HEP amnongst the intallations [n which ejection iz nsed,
Acmally, bowever, sjection i used only in two of it units {3,000 lw cach) out of six.
** [zvestiya SPE Folitekbnicheskogo Instituta, Vol 15, Me.l1=—2, 1911,
T or also Uspenskii, B, 5. Gidmelelricheskie stantsli bol'sboi roshehnosti (High-capacicy HEPed, —
Elshtrichesve, 1852, Mao.l.
Y+ Kovalenko, 1.1, Mapernye vodosbrosy, smwmeshchennye s turblonymi blokami gidroelekrrostanteii
{5pillways Combined with Tuebloe Bays of HPP.—Ph, D, thesis, Moskva, 1852,



Designers are, however, cautious in the use of siphon spillways with
cross sections constant or increasing toward the gutlet, despite the favorable
results of model tests, Intricate shapes of spillways may cause zaones of
negative pressure, not evident from model tests.

Py~

FIGURE 7. Ovedllow HPPs.

a—built-fn machige hall; b—built=in gencrator wom; ©—machine hall
above weir,

Conduits passing under the scroll casings (Figures 3,h and 73), whose
ontlets are usvally below the tailrace level, are hetter., MNegative presgures
are lezs likely to appear in them, provided their cutlines are sufficiently
smooth, Many combined HFPs with heads exceeding 10 m have conduits
with constant cross section.

Figure 4,c shows an HPP with overflow ejection, Steady flow inthe semi-
closed spillways is not guaranteed, 2o that this design will hardly ever be
carried out, Figure 4,d shows an ingenious design of a "tower-type"' HEP
without scroll casing., Owverflow ejection ie possible here with a suitable
configuration of the weir,




Figure 4,e shows an overflow HPP with tubular turbines, The installed
capacity of each unit is 1,600kw, the head is §.5m, and the runner diameter
iz Z2m.

The overflow HPF proposed by Stalin Frize Laureate 5. N. Kritskii,
Doctor of Technical Sciences, is shown in Figure 4,f. The depth at
the draft tube outlet is less than critical (jump displaced downstream),
This provides for restoration of the head during high water. The efficacy
of this design was verified by engineer N, V. Ehalturin witha 1:50 model
without turbine {Figure 8). The head effect of the ejection was 2.8 m at a dif-
ference of 4,5 m between head and tailrace levels, anoverflow discharge of
400 m?¥ sec, and s turbine discharge of 40 m¥/ sec, The tailrace levelatthe
draft-tube outlet was lowered by 4 m. The head loss at the draft-tube
outlet waa thus 25 to 35 % of the value of 2 (cf. Figure 8).

— A= bei = (REFETHE Fe3d
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FIGURE B. Model of HFP with overflow ejection; @, = 400m?/sec, &y =
= & m‘jicc; Z=d Dm.

The output curve in Figure 9 shows that at a difference of 4.5m between
the head- and tailrace levels ejection causes the HFP output to be mare
than doubled.

Prof. Milovich propased in 1041 a more effective ejection method by
discharge through slots along the circumference of the draft tube
{Figure 4,g}. Itwas found inthe laboratory that for equal discharges this
method ig only slightly more effective.

An interesting design of an HPP with

1::;: '\‘ ﬂ?ﬂﬁ:}éﬂ%&iﬂis:::&!: ejection in the draft tube (Figure 4,h)
wrs %-é:.—?_i ml_"' wad propoged by Stalin Prize Laureate
% Cutput in- engineer N.A.Malyghev, In this case
Lk i o e the conduit is arranged in the draft
ol = =N tube mainly in order to shorten the
p gpillway front and to carry the con-
sty — struction discharges through the HPP,
= This is achieved through the large dis-
iy ¥ =i X charge capacity of the ejection conduits.
The draft tube has its normal shape
Ef e Catput Timit—"] when the rotating pates of the conduit
of generaror outlets are closed. It wag found in the
SE# laboratory that the output effect of ejection
e is 13 to 14 5% with equal excess and
turbine discharges.
erlag id A very unusual HPP design is shown
i {0 AR BN in FMipure 4,i. Discharge of flood water
FIGURE 5. Output ewrve of HPP with weir through the spans adjoining the HPP
ejecior, permite ejection aleng the HPP front.
10




An B,000kw HPP in operation [18/ is shown in plan in Figure 4,j. Three
turbine bays forming piers are located along the dam. This makes
possible ejection by flood water at the sides of the draft tubes,

Cutput restoration by ejection® forms part of existing designs of tidal
HFEPs.

One desgign for a Soviet tidal HPP, shown in Figure 10, provides for
ejection in the draft tube. Tentative caleulation gave the head effect of
ejection ag 0.18 m at a difference of 0.5m between head- and tailrace
levels,

A tidal HPFP with ejection in the draft tube has also been desighed
for a bay on the Atlantic coast [Figure 11},

FIGURE 10, Deaign el Sovier tidal HPP FIGURE 1b, Dresign of tidal HPP with
with ejection In draft tube, ejection in draft fube,

5. WAVE PATTERN BEHIND HFPF WITH EJECTION
INTO TAILRACE, INFLUENCE OF FPRESSURE AT
DRAFT-TUBE QUTLET ON WAVE PATTERN

Prof, Egorov and others showed that with overflow ejection the turbine
discharge entering the tailrace does not affect the wave pattern behind the
HPP, established by Prof.A. A.Sabaneey 16/, Prof.1.1.Levi {13/, and
later by D, I. Kumin [ 8/,

The following flow regimes are observed when the tailrace level®® riges
(Figure 12).

A. Bottom flow with jump displaced downstream. This flow can exist
whatever the height of the end gill, but is acceptable only with gjection
by a jump displaced downstream, as at the Mitehell HPP [Figure 3,d).

B. Bottom flow with submerged jump. Thig is a pogsible and at
timeg unavoidable operating condition of an overflow HPF. Thus, if no
ordinary spillway dam is provided, or when the spillway-dam apron is
located at a high level onthe floodplain, this flow regime is sometimes
unavoidable at the beginning of flood-water discharge. A characteristic
feature of this flow regime is the surface roller, which ordinarily stops
floating bodies entering from the headrace, An alr pocket may form
beneath the nappe if air has free accesas.

Bottom flow with submerged jump ig in this book called simply
bottom flow,

* &lwski, 5.M, Soveemennoe sostovanie problemy ispol'zowaniya prilivae=otlivooi encigil okeanov (

merei § Present State of Utilizaton of Tidal Power af Oceans and feEas), — ‘TrLlll_:lr MEI, No, &, 1980,
** When ihe tallrace level drops, the sequence of flow regimes L5 lnverse.
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When the end sill is low, bottom flow is maintained until the end asill
is submerged. No gradual change of flow regime with rise of failrace
level iz observed, Kumin [8f ealls this case an anomaly in the change
of flow regimes.

FIGURE 12, Varlation with wilrace level of wave parterns behind
an overflow HPP.

The first critical regime is generally unstable. A gradual transition
from the bottom flow (B) te surface flow(C) and vice versa, accompanied
by large fluctuations of the tailrace level, is usually cbeerved.

If the tailrace is much wider than the length of the spillway front, ne
instability is obgerved during transition from bottom flow to surface flow
and vice verga, The first critical regime does not appear in this case.

C. PFlow with surface jump is characterized by the absence of surface
rollers: floating bodies entering from the headrace are carried away by
the stream without being stopped. Thia flow regime will be called sur-
face flow,

The gecond critical regime does not exist by itself, but corresponds to
the instant of transition from surface flow [C) to surface flow with suhb-
merged jump {D). '

12



D. Surface flow with submerged jump is characterized by the presence
of surface aad bottom rollers, This flow regime is undesirable when
ejection ig used, since it reduces its effect.

Kumin /9/ showed that, in addition to the pure "classic'" wave patterns
{hottarn and surface flows), there also exist mixed forms; surface flow
with several surface rollers, surface and bottom flow {C') {which appears
when the surface flow regime approaches the second critical regime), and
finally, surface and bottom flow with submerged jump (D'}, Mixed flow
regimes have not yet been sufficiently investigated; the conditions under
which they appear and change have not been determined. These flow
regimes are not characteristic of the ejection procezs, Surface flow with
several rollera as well as surface and bottom flow can be considered as
surface flow, while surface and bottom flow with submerged jump can be
considered as surface flow with submerged jump.

The following flow regimes are thus of interest in studying the ejection
process: 1) bottom flow; 2} the firat critical regime; 3} surface flow;
4) surface flow with submerged jump. It is also important to know the
instant at which the second critical regime appears.

We shall examine now the connection between the type of flow regime
and the pressure beneath the nappe.

Prof, A. A, Sabaneev f18f found that for a given discharge the pressure
beneath the nappe is a function of the tailrace level.

According to him, the flow regime depends on the sign of the magnitude

V(A — A1)y

where A is the piezometric head beneath the nappe, measured from the toe
level: & is the depth of the nappe at the end sill,

When k&, — &0 the nappe iz def leeted upward and gurface flow ococours;
when f;— f;<70 the nappe is deflected downward, and bottom flow ensues.

D, I, Kumin observed the curvature of the free nappe surface and dis-
covered a certain discrepancy between A, A, Sabaneev's hypothesis and
reality 79/,

Thug, acecording to A, A, Sabaneev, the first critical regime corresponds
to flow of the nappe from the end sill along the tangent to its surface (n=0),%*
while, according to Kumin "the position of the
boundary considered (l.e., of the firstcritical
regime — 5.5.) in the region %<0 is an un-
guestionable experimental fact" {(Kumin, D.I.,
fal, p. 37

The correctiess of Kumin's assertion has
been verified experimentally by the author who
found that at the transition from surface flow
to bottom flow the plezemetriec head hy beneath
the nappe ie always lega than the nappe depth at the
FIGURE 18. Connection between toe, i.e., fs< h, or %< 0, Furthermore, when
nappe curvasurs and plezometrls the discharge over the dam is smalla negative

d bepeath crdin ;
EL;E:“':?W (peomding to value t of ky may correspond to the first critical
regime,

* The flow reglmes not mentioned, whichappear with further ciseof the tallrace level, aredlscussed in N, N,
RBelyashevskii's paper "B raschetu sopryazheniya b*efov za nizhonapornymi plotinami® { Analysis of Wave
parwern Behind Low= head Dama).= fzvestiya instituea gidrologli [ gldrovelshndki AW Oke, S8R, Vol 8. 1951,

** Here 4 is the nappe curvature; for 4.<70 the nappe is convex upward.
¥ Experimental data by the authos, verifying this assertlon, are given in & 18,
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The piezometric height fiy, which determines the pressure below the jet,
is thus always less than the jet depth at the toe during bottom flow, the
first eritical regime, and surface flow approximating bottom flow, The
jet is convex upward when it descends from the batter. The pressure below
the jet rises with the tailrace level; the piezometric head becomes larger
than the jet depth; the jet assumes a direction tangential to the toe, and
then becomes concave upward.

Bottam flow

FIGURE 14, Sequence of flow regimes in three-dimensional madels of combined HPPs,

a = spillway HPF; b — HPF with pressure conduits,

The sequence of flow regimes hehind a combined HPP with pressure
conduits is the same as that behind an overflow,

This sequence of flow regimes is altered under three-dimensional
conditions, i.e., when the total width of the spillway bays (excluding the
plers) is considerably less than the tailrace width, In plane flow a rige
of the tailrace level causes the jet to bend inereasingly upward until the
gurface jets turn back toward the toe, A surface roller is found which
submerges the jet. Under three-dimensional conditions the jet is
submerged by water coming from the whirlpool zones behind the piers or
from adjacent bays which carry no discharge. An increase in tailrace
depth is accompanied by a rise of the free surface immediately behind
the HPP. An inverse slope is formed which at first becomes steeper
rapidly. When the toe or spillway openings are flooded, the slope
decreages until the free surface of the tailrace becomes almost horizontal.
Figure 14 shows the flow regimes obgerved in the hydraulie lahoratery of
MEI imeni V. M. Molotov with models of combined HPPa under three-
dimensional conditions., No second critical regime appeared: the surface
jump was submerged by water coming from the whirlpool zones behind
the piers.



The ratio of the width of the dam openings to the tailrace width was
0.40 in the model of an overflow HPP (Figure 14,a), while the [correspond-
ing] ratic was 0,57 in the model of an HPP with conduits [Figure 14,b}
Transition from surface flow to bottom flew under three-dimensional
conditions (Figures 14,a) is peculiar, The surface roller characteristic
of battom flow is, in contrast to plane flow, formed near the end sill,
This is also due to the influx of water from the whirlpool zones behind
the piers.
The direction of the turbine discharge leaving the draft tube should
be noted in Figure 14; this flow is deflected sharply upward in all cases.

6. PIEZOMETRIC EFFECT OF EJECTION, HEAD
EFFECT OF EJECTION, AND ACTUAL HEAD
WITH EJECTION INTO TAILRACE

The hydraulic aspect of computing the ejection effect consists in
determining the piezometric effect fo; and the head effect AH of ejection.
The piezometric effect of ejection is determined by the distance be-
tween the tailrace level 57 TR({at a distance from the HPP) and the plane
of the piezometric head Y4, at the draft-tube outlet {Figure 15,b).
In the case of overflow ejection the plane of the piezometric head at
the draft-tube outlet does not coincide with the free surface of the tailrace
in gection 1-1, since the head % beneath the nappe may be either larger
or smaller than the nappe depth 4 at the toe. In thias case the piezometric
effact of ejection is

Rk, =V TR— ko (1)
Vh=V (toe}) +#-

where

With spillway ejection, #.;is also determined by the distance between
TR and Th, when the spillway openings are not flooded,

When the spillway openings are flooded (Figure 35), the pressure at
the draft-tube outlet corresponds to the level “7hy in section I-I. In
this case

ko = TR—Th {1')

where My is the tailrace depth in section I-1.

The gain in head is not solely determined by the piezometric effect of
ejection, since a pressure drop at the draft-tube outlet (a drop &k in the
level of the free surface of the tailrace in section I-T} occurs also without
ejection, and because additional losses Ay are caused by the spillway
diacharge passing through the receiver ahead of the turbine.

The head effect AH of ejection, which determines the gain in head,* is
therefore

AH=#h  —Ah—AH,, (2)

* The change in the welogity head in the headrace can be neglected.
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FIGURE 15, Hydraulic schemes of overflow HPP.
a—sluice gate of dam lowered — no overflow discharge; b—overilow discharge exist, '’

The additional losses AM, depend on the flow conditions in the re-
ceiver ahead of the turbine and in the scroll casing.

The great variety of possible designs of combined HPPs, the differences
in the ratios of the areas of conduit outlets and scroll casings and in their
relative positions, the variations in receiver length and in the ratio between
excess and tarbine discharges, cause considerable complications. Ina
detailed analysis it is necessary to distinguish: 1) with overflow ejection,
between designs in which the directions of the turbine and overflow dis-
charges in the headrace esgentially coincide (Figure 3,a, b) and designs
in which they are mutually perpendicular (Figure 3,f); 2} with ejection
through conduits, between designs with bottom intake and with surface intake
{Figure 3,h, i}, i.e., with intake below or above the scroll casing.

Experimental data show that the additional energy losses sHw depend
on the effects of the exeess discharge on the magnitude and direction of
the turbine discharge inside the receiver.

When a large contraction of the excess and turbine discharges takes
place in the receiver, as shown in Figure 18, the additional energy losses
AHw are considerable, and their neglection maylead to exaggerated values
of the ejection effect. :

If additional energy losses are small, the head effect of ejection can be

assumed to be
aH =k, —Ah. (3)

The head effect of ejection can be expressed through the levels of the
piezometric-head plane in section I-1 without ejection (%74} and with

cjection “?‘&a};j A
AH=hy— (V) (4)

where

V ko= TR— &,
{v'&ﬁ}cj =vTR_'F‘(_-] ~
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The drop &4 iz caused by the difference between the velocities ih seetions
1-1 and II-1I. The value of 4% in (3) and (4) is determined as for submerged
brogd=crested damas,* using either the momentum equation or Bernoulli's
equation. For instance, we obtain from the difference between the velocity
heads in sections I-I and I[-[I:

M=‘n£'=;;£-. (5]

where % iz a correction coefficient, found by the author to vary between
0.5 and 0.9, [t can be taken as 0.7 on the average.

In 2 combined HPP with ejection into the tailrace the effective head
corresponds at zerco ejection to the head in an ordinary river HPP
(Figure 15,a):

H, :tHn+g‘_ﬁ[n‘"’§- (6}

where M, is the geometrie difference between the headrace and tailrace
vi oo
levels, or the so-called static head; E- and f. are the velocity heads in

sections 0-0 and 1I-1[, respectively; &, is the inlet loss.

When ejection takes place, the effective head can no longer be determined
from (6). Taking into account the head gain due to ejection, i.e., the head
effect & of ejection, we obtain

(M), =H. +aH. (7

7. POWER EFFECT OF EJECTION. ADDITIONAL
ENERGY LOSSES DURING EJECTION

The final aim of the analysis of a combined HPP is to determine the
power effect of the ejection. The question arises whether the head in-
crement, obtained by (2), (3), and (4), eorresponds to the true power
increment {i.e., to the power effect of the ejection).

We shall first examine the experimental data which permit the accuracy
of {3) and (4) to be verified.

As already noted, (3) and {4) are applicable when no large contraction
of the excess and turbine discharge takes place in the receiver, as, for
example, in Figure 3,a.

A model of an overflow HPP (with turbine), corresponding te Figure 3,a,
wag studied by Kh. Sh. Mustafin f14/. The curves obtained by him are
ghown in Figure 16,a. The abscissae represent the head effect AH, of
the ejection,** determined from the readings of piezometric tubes {hence
the subscript pfy), while the ordinates represent the head effect AM,

* Cf., for instance, Berezinskii, A.R. Propusknaya sposobnost’ vedosliva s shirokim porogom (Carrylng
Capacity of a Broad-crested Dam]). — Stroiizdar, 1850,
** Meglecting the additional losses AN,
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of the ejection, referred to the power increment AN caused by ejection®
{hence the subscript N). The experimental points lie on a line making
angles of 45° with the axes when 84, and AH, coincide, Thisagreement
is hest for a horizontal apron and small values of aH, .

a
Horizontal apron Sloping apron

™ @y ’ 3@; g‘
/

SR

{4 ; ‘L’/ ﬁ"ﬂ;

W IF aF @w @ 28 iF 4dm

rammz i
L5 i5
w

v

o) g >
T:?f r% -: uﬁ%

&F o iF Zfm

-]

FIGURE 1E. Comparison of head =ffect AN, of ejection, found from
readings of piezomersic whes, with head effect AR, refemed to power
increment due o cjections

a=nralin's experiments with 1:20 model of overflow HPP; b—Kumin's
and Precbrazhenshii's experiments with 1:50 model with ejection through
condule; ¢ —author's experiments with 1:50 medel with ejection through
condujs,

Kh, Sh. Mustafin, who studied this problem thoroughly, concluded that
piezometric tubes placed at the draft-tube outlet indicate the ejection
effect correctly only when the bottom of the draft tube goes over smoothly
into the apron; when the transition is steep, the ejection effect indicated
by piezometric tubes (including Ak) will be incorrect,

No additional losses were observed by Mustafin during ejection.

According to Prof. 8. A, Egorov, who studied overflow ejection /4f on
a model with a turbine, corresponding to Figure 3,c, full agreement exists
between the turbine power and the head measured by piezometric tubes
placed at the draft-tube outlet and in the seroll casing. The experimental
points N =f{H, } for experiments with and without ejection lie on the same
curve (Figure 17); this is convincing proof that the actual head corresponds
In thiz cage to the head M|, determined from the difference between

* AM,, is obtained from AN by means of the model-mrhine characteristic,



the pressures in the seroll easing and at the draft-tube cutlet, However,
the losses at the entrance to, and inside the scroll casing are not included
in this calculation; thus, such losses, if present, were not detected,

S T T
#« With ejectdon
o Without ejection
25008
2000
[igiod .
&
g :
£ 10
=
xogg
500 o N N 7]

Turbine head, m

FIGURE 17, Power as function of head with and with-
out cjection, according to 5.A Egerov,

P, M. Slisskii studied 2 model without turbine, similar to that tested by
5.A.Eporov. He found that when the sluice-gate opening is small, the
pressure in the inlet section of the scroll casingis practically determined
by the headrace level, At large openings of the sluice gate the pressure
drop in the inlet section of the scroll casing {at the same turhine discharge)
becomes considerable. The decrease in energy, determined by this
pressure drop, is probably due both to the lowering of the free stream
surface above the seroll casing and tolosses during deflection in the scroll
casing. In the case studied by P. M. Slisskil these additional losses 4w
{referred to full scale) were 10em, or about 1 % of the actual head.

The ratic between the excess and turbine discharges in the experiments
of 5. &, Egorov and P. M. Slisskii did not exceed 5:1. At these discharge
ratics the additional losses in such designs are apparently small and may
be neglected.

The magnitudes &K, and 4K, (Figure 16,b) were also comparedbyD. [.
Kumin and ™. A. Preobrazhenskii, who used an HFF model with conduits
above the scroll casing. The results are basically similar to those of Kh.5h.
Mustafin,

This same problem was studied in detail by the author at the MEI
laboratory imeni V.M. Molotov on a model corresponding to Figure 18,b.
The magnitude AH, was always larger than 4H,, when the additional
losges AH,, were neglected [Figure 16,c); the difference between aHM and
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A, increased with the discharge through the receiver, This indicates that
the difference between AN, and A4, is mainly due to the additional losses
aH,, which are equivalent to the lost power,* i.e,,

ﬁH.r=ﬂH#T'—ﬂHx
The power effect AN of ejection may thus be determined from the head
effect AH of ejection, provided that the additional losses AHg, which

depend on the HPP design and on the discharge carried through the re-
ceiver, have been correctly eatimated.

Conduit

= = o Without ejectlon
= [uring ejection

FIGURE 18, Flow direction in HPP receiver,

The loss AH in a design according to Figure 18,b, is represented in
Figure 10 as function of the turbine and excess diacharges for a ratio of
3:1 between the inlet sectiona of the scroll casing and the conduit; the
curves have been plotted from experimental results obtained with & model.
The abscissae represent the excess dlacharge Q. while the ordinates
repredent the additional lossges AH; the curves are plotted for different
values of the turbine discharge @:. The data of Figure 18,a correponds
to a scroll-casing inlet section area of 280 m?2,

Thus, AH, is 0.55m at an excesadischarge of 800 m?/ sec and a turbine
diacharge of 580m3/aec. These losses are due to the contraction of the
turbine stream in the receiver during ejection, They may also be due to
flow perturbations at the scroll-casing inlet, and should be reduced to a
minimum by experimental determination of the optimum shape and dimen-
slons of the receiver.

In any particular cage AH, can be determined only in the laberatory,
as was done for the design shown in Figure 18,b. For similar designs,
in which the ratic between the areas of the inlet sections of sercll casing
and conduite is approximately 3:1, AH can be estimated from Figure 10,b.
The curves have been referred to a model having a seroll-casing inlet
section area (uw,), of 1m2 When the inlet section area of the scroll casing

is o m?, the scale factor is .1='||.|" EE—=‘P’% 3
The condition of equality of Froude numbers yilelds

tqh}nf:"?:ﬂ;'i [Qt}_M:?itﬁ':

* Mevertheless, the reasons for the differeoce between 87, and AHy; in Kh. 5h. Mostafln's experiments
with asloping apronremain unclear.  Muwstafin himself suggested thac chis wae due to the effece of
the steep slope of the apron on the readings of the piezometrlc tubes, The difference AN, — Ay,
rmight therefore not be entirely due to the additienal losses, especially ip the cage of flow pertucha-
tions at the drale-tobe cutlet.




the additional losses are AH,=1-(4Hy), . where (4,

Figure 18,b.

L found from

An example of the use of this diagram is fiven in § 29.
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FIGURE 19. Additional losses during ejectlon as function of
excess and mwrbine discharges (HPP design according to
Figure 18,b).

a—referred 1o full scale; area of scroll-casing inler section=
= 290t b—meodel; area of semll-casing inler section =
= 1m".

8. CONTEMPORBARY STATE OF THE THEORY
OF EJECTION IN HFPs

The impulse effect of the mixing of two streams, utilized for the first
time in 1852 in the water=-jet pump, is today exploited in jet dewvices of
different functions and designs.

The many theoretical studies of the mixing of streams in jet devices,
the first of which appeared in 1863, can be divided into two groups.

The first and larger group deals with the mechanical and energetical
8. Their purposze is to determine the connection

aspects of the proces
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between the pressures and velocities on surfaces and in sections forming
the flow boundaries, by selving simultaneously the equations of momentum,
kinetic energy, and continuity, The equation of the kinetic-enerpy theorem
is generally used in the form given by D. Bernoulli,

The gecond group deala with the internal structure of the mixing zone,
and the mechanism of flow interaction., This direction was taken by N.A.
Rzhanitsin,* who used the results obtained by Prof. A, Ya, Milavich,
Prof. V.G, Zamarin, and others on the divergence of jets. The most
recent work on this subject was done by V.G. Ermakov,** who applied
to the ejection process the theory of a free turbulent jet, developed in
TsAGI by G. N. Abramovich,

As regards HPPs, irrespective of their design, research has until now
only been directed toward establishing a connection between the Pressures
and the velocities by applying the theorems of mechanics to an lsolated
mass of water. ;

The final equations obtained in the varicus papers on ejection depend
on the assumptions made in their derivation, on the methods of estimating
the losses (if these are taken into account), and on the mathematical devel-
opment of the relationships found.

The first analysis of ejection into the tailrace wascarriedout in Russia
in 1911 for a particular case (ejection by a jump displaced downstream).

In 1917, Prof.A.A.Sabaneev gave a schematic analysis of ejection in the
draft tube. Krel proposed in 1820 s method for analyzing ejection when
the ejecting stream ig discharged at the sides of the draft tube. Alfors
published a paper in 1824 in which he analyzed the case of a double-runner
horizontal ejection turbine with open flume {15, The subsequent develop-
ment of the theory of ejection in HPPs is due exclusively ta Soviet
sclentists.

Recent papers on ejection into the tailrace were published by 5. A,
Egorov 4/, B.D.Kachanovskil /7/, I.1.Veits /3/, Kh,Sh, Mustafin [14/.
Ejection in the draft tube wag considered by D,I. Kumin {10/,

Ejection into the tailrace was also considered by A, K. Ananyan {2/ in
connection with the design of double-level conduits, This paper ig,
however, not directly concerned with ejection in HPPs. Ananyan con-
Bidered the increase in carrying capacity of bottom culverts of scours, due
to ejection above the culverts; his analysis is based on the premises made
by others in earlier papers, and on the same basic eguations of mechanics,

We mention the achematic analysis of ejection in the draft tube, made
by Prof. P. N. Kamenev in 1838 during his work on a Soviet tidal power plant
in the Barents Sea. The paper of Prof.I. 1. Levi on overflow ajection will
be discussed below.

Ejection into the tailrace takes place when a free surface exists in the
mixing zone. [ts analysis, in particular in the case of overflow eiection,
is based on papers by A, A, Ssbaneev f16f and I.I, Levi [13/ on the wave
pattern behid a dam during the surface flow. The methed by which the
pressure beneath the nappe lg determined in these papers makes it
pessible to apply the theorem of momentum to the analysis of over-
flow ejection and of most caser of ejection through conduits.

* Rehanitein, M. A, Vedostulnye nasosy (Wator-jer Pumpeh,— Moskva-Leoingrad., 1938,
** EBrmakov, ¥.G. Primenenie rearil serud b caschew protseisa ezhehisil (Application of the Jer Theory
to the Analysiz of the Ejection Process),— Trudy TaKTI Vol, 12, Moshva-Leningrad. 1848,
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Since the analysiz of ejection into the tailrace lg based on the same
premizes as that of the wave pattern behind a weir during surface flow, the
game formulas may be uged when the turbine discharge is negligibly small.

5.A.Egorov's study, devoted mainly tooverflow ejection, was accompanied
by experiments with a large-scale model with a turbine, Comparing the
theoretical and experimental results, he determined the extent to which the
theoretical relationships correspond to reality; it thus became possible
to use the relationghips proposed by him in design practice. A similar
comparison was made by B, D.Kachanovskii, who proposed his own
formulas for analyzing ejection inte the tailrace through a eonduit beneath
the draft tube.

With ejection in the draft tube there is no free surface in the mixing
zone, This causes some differences between the methods of analyzing
ejection in the draft tube and ejection into the tailrace, The former
process is very similar to the mixing process in gjectors. Although very
accurate methods of analyzing ejectors exist, their application to HPFa
is complicated by the peculiar geometry of draft tubes. This is why the
ejector theory cannot be fully applied to ejection in the draft tube,

Comparing the most accurate methods of analyzing ejection into the
tailrace and in the draft tube, taking into account the extent to which
they have been verified experimentally, it can be concluded that while the
analysis of ejection into the tailrace provides sufficlent accuracy in many
cases, the methods of analyzing ejection in the draft tube require further
development and experimental verification even for the simplest cases,
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Chapter II
ANALYSIS OF OVERFLOW EJECTION

8. ASSUMPTIONS MADE AND THEIR
EXPERIMENTAL VERIFICATION

The analysis of ejection is always based on the equations of momentum
and energy,

The momentum equation, established for sections [-1 and II-II of the
tailrace of a combined HPP (Figures 15,b and 27), in particular of an
overflow HPP, is

-IT‘-|a,{Q‘+Qt}V,—a,QwF.cusa—a,qt V, cos 0] & =TPA, (8)

where @, and Q. are the overflowand turbine discharges respectively: Vy, V)
and Vi are the flow velocities in sections I, I, and at the outlet of the
draft tube; a, § are the angles between the vectors of the average
velocities and the horizontal; a;, & and &, are coefficients by which the
nonuniformity of the velocity distributions are taken into account; 7 is the
apecific weight of water; g is the gravitational acceleration; M is an
element of time.

The left-hand side of {8) represents the change in momentum of the
mass of water enclosed between sections [-I and I[-II, while the right-hand
side represents the total impulse due to the forces acting on this masa.

The energy equation is applied to sections 0-0 in the headrace and I-1
in the tailrace in the form given by D. Bernculli.

In considering overflow ejection, we make the following assumptions:

1, The pressure distribution in the overflowing nappe is linear in the
zone of the end sill during surface flow; the gage pressure varies from
zero at the surface to 18, beneath the nappe (Figure 20,a).

2. During bottem flow, irrespective of the pressure beneath the over-
flowing nappe, the pressure diagram for section I-1, which [in fact] ia
parabolic (see below), is assumed to form a triangle with base equal to the
nappe depth &, and height equal to Y% k{Figure 20,b)

3. The pressure in the nappe flowing over a nonflooded broad-crested
dam [Figure 20,c) {where the depth is nearly critical) varies according to
the hydrostatic law p=syh and is independent of the tailrace level.

4. The pressure beneath the nappe in the zone of the end sill (including
the draft tube outlet), varies according to the hydrostatic law.

5. The pressure atthe pier ends in the whirlpool zones is determined by the
piezometric head beneath the nappe in the toe plane of the end sill and varies
also according to the hydrostatic law (Figure 21). Withejectionatthe sidesof
the draft tube (Figure 28), the free zurface level and the pressure in
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section I-I of the middle span are determined by the piezometrie head
beneath the nappes from the adjacent spans,

A2

FIGURE 20. Pressire in end-sill zone,

a—surface flow; b—bottom flow; c—bread-crested dam,

6. The pressure distribution over the sloping part of the apron depends
on the flow regime in the tailrace and on the peint where the nappe impinges
on the apron; it is assumed to be as shown in Figure 22.

T. The kinetic energy and the momentum can be calculated with
sufficient accuracy from the mean flow velocity, i.e., the correction
factors g, by which the nonuniformity of the velocity distributions is taken
into account, are assumed to equal unity,

8. Frietion on the channel bottom of the tailrace is negligibly small.

Assumptions 7 and 8 are generally made when problems similar to the
one discussed are being solved. In the case of ejection, the deviation of
the averaged locai velocities from the mean velocity is negligible both
in the nappe on the dam and in the tailrace. These deviations may be
considerable at the draft-tube outlet; this is, however, unimportant
gince the velocities there are small, It can therefore be assumed that
a, =1. }
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Assumptions 1, 3, 4, and, in part, 5 were made earlier by other authors
derlving the relationships given in Chapter 1V. Nevertheless, they were
verified experimentally by us. Assumptions 2, 5, and 6 are new, and are
formulated and used for the first time in this book, With the aid of these
assumptions we were able to refine the ealeulations and obtain relationships
giving more reliable results.

We shall first consider assumptions 1 and 2.

The assumption that the pressure distribution in the overflowing nappe
(in the zone of the end sill) is linear was made by Prof.A.A, Sabaneev
{16/, and later by Prof.1.I. Levi }13/. This assumption was then extended
by many authors to any flow regime behind a dam;: this is arbitrary in the
general case, as indicated in some contemporary papers.* To determine
the actual pressure distribution in the nappe we shall consider the pressure
diagrams obtained by us for the zone of the the end sill,

The experiments were conducted on two plane 1:52 and 1:80 models of
an overflow HPP, The velocities were measured in both cases by Pitot
tubes. The pressures and velocities (Table 1 gives data on the correspond-

ing flow regimes) are represented in Figure 23 in the form -glﬂ= _f{-—fl-) and

T
U is the local velocity in the nappe, V is the mean velocity.

The following conclusions can be drawn from these pressure diagrams;

a) the pressure inside the nappe (at the overflow edge of the toe) is
always positive irrespective of the pressure beneath the nappe; only at the
lower nappe boundary may the pressure be below atmospheric:

b} in bottom flow, when the pressure beneath the nappe is less than
the hydroatatic pressure, the pressure diagram for the nappe ig parabolic,
its area being assumed equal to that of a triangle;

c) the pressure distribution is approximately linear only in surface flow.

Our third assumption states that the pressure in the water flowing over a
broad-crested dam is p=yk. The flow may in this case be considered to
vary slowly and have a hydrostatic pressure distribution,** as assumaed
by us. Seme authors also assume a hydrostatic pressure distribution in
the nappe above the batter of a round-crested dam, considering a section
1.5 to 2 nappe thicknesses ! upstream of the end sill, No experimental dats
verifying a hydrostatic pressure distribution have been published for thie
case. Our experiments have shown that the pressure distribution up-
stream of the end pill depends not only on the distance between the section
considered and the end sill, but also on the distance of this gection from the
peint where the sloping part of the dam goes over into the straight part
forming the end sill. Prof. M. D, Chertousov assumes that when the section
considered is located at the end =ill far from the batter, the momentum
equation cannot be applied. #t

The hydrostatic pressure distribution in the end-gill zone (assumption 4)
has been repeatedly verified experimentally. A deviation from the hydro-
static distribution can be expected at the draft-tube outlet as a result

&
%=f(-;r) , where £ is the piezometric head in units of the depth &,
4

* Cf.Kumin, D.1. f18f, p.13.
** Cf., for instamce, Sukhomel, G.I., L L.Rozovakii. and others. Vodostiv 5 shirokim porogem (Broad-
crested Damg), = Izd. Akadem il nank Drainskol 558, Kiev, 1949,
T Kumin, D.L /9, p.13
Chertoway. M.D. O raschete sopryazheniya b'clov diya plotin s verrikal'nym ustapom (naskom)
{Flow behind Dams with Vertical Batmers { Toes)).— Gidrotekhnicheshoe stroitel'stve, Mo, 4, 1952,
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of the the nonuniformity of the velocity distribution in the turbine discharge.
It has, however, been proved experimentzlly that even in this case the
mean pressure is ¢loge to the hydrostatic pressure,

A hydrostatic pressure distribution along the circumference of the
draft-tube outlet was observed in a model studied by Kh.5h. Mustafin.

He placed more than 10 piezometric tubes in the dralt-tube cutlet and
found that thelr readings hardly differed.

We finally reach Prof.I.1. Levi's conclusion that "It can be assumed,
inview of the great height of the end sill and the relatively low draft-tube
putlet velocity, that the pressure distribution is almost hydrostatic. This
assumption has been fully confirmed experimentally. .. and ean therefore
be safely made in practice.’

The correctness of assumption 5 about the pressure distribution at
the downstiream pier ends has been confirmed experimentally by the author
during a laboratory investigation of a model of an overflow HPP.=

The piezometric head in the bottom-roller zone {at the draft-tube
outlet) and the level in the whirlpool zone behind the pier were measured

at overilow digcharges of about 20 and

; 401/ sec and at different tailrace
oM lewels, Figure 24 shows that the
piezometric-head levels and the
whirlpool-zone levels, plotted as
functions of the tailrace level, lie
on the aame straight line. This
proves that the variation of the free-
surface level behind the piers
gorresponds to the piezometric head
beneath the nappe. The readings of
the piezometric tubes arranged along
the pier head confirm that the presgure
distribution over the depth of the
whirlpool zones is hydrostatie.

The shape of the pressure diagrams
for the sloping part of the apron
fassumption 6) is determined from the
35 wTH experimental data given in Figures 25

W 57 54 S8 A
The piezometric tubes B0, P1,

55

£

L]

f

s Level of free surface of whitlpsol zonc and P2 were plﬂ.l:E.'d in the bottom-
behind piet roller zone behind the end sill.
# hizadings of piezomenric tube placed at The pressures indicated by them are
drafe-tube outlet =
therefore nearly independent of the
FIGURE 24, Level S7% of fvee surface of whirl= flow regime.
pool zone behind piers, and piezometric-head The readings of the piezometric
level 57k at draft-tube outler, as functions of tubes P3, P4, and PS5 varied with the
level TR of frec tailrace sutface, tailrace flow regime. During bottom

flow the pressure curve for each of
these piezometric tubes has a "peak” caused by the nappe impinging on
the apron at the point where the piezometric tube considered was placed.

* The 1:52 medel & shown in Flgure 29, The dimensions arc glveno in § 12,
** Tle experiments wers performed ar the MEL hydraulic laboratory imeni V. b, Molotoy by Tng,
P. i, Sllsskii.
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When the tailrace level rises and the length of the nappe increases (due to
the inerease of pressure beneath it), the pressure peak is successively
shown by the pierometric tubes P3, P4, and P5, During surface flow the
pressure shown by all five piezometric tubes becomes equal, being uniform
along the entire hottom roller, as indicated already by L. I. Levi f13/.
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Fressure shown by plezametric tubes
FIGURE 28. Pressutes at various point of sloping part of apron {Fig-
ure 28] as funetion of tailrace lavel {converved to full scale; preasures |
and levels in m},

Figure 26 shows the pressures along the apron for three cases: a and
b for bottom flow, and ¢ for surface flow.

We can therefore conclude that the pressure along the sloping part of the
apron depends on the tailrace depth and flaw regime, and on the distance
between the sloping part of the apron and the end =il].

When the sloping part is located in the bottomn-roller zone, the pressure
in it is determined, irrespective of the flow regime, by the piezometric
head in the roller beneath the nappe {Figure 22,a), in accordance with the lawse
of hydrostatics.

When the sloping part is located at a sufficient distance from the HEF,
outside Lthe bottom-roller zone and the zone of nappe impingement, the pressure
depends on the tailrace level {Figure 22,c).
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FIGURE 26, Actual and assumed pressure distributions along sloping
part of aprom. ;

a and b—nappe Impinges ensloplng part; ¢ —tloping part in zaone of
battom rollec.

When the nappe impinges directly on the sloping part, the pressure
diagram is trapezoldal, with bases equal to the tailrace depth and to the
piezometric head beneath the neppe, measured from the stilling-pool
bottom { Figure 22,b).

A pressure peak can oceur on the sloping part of the apron during
surface flow if a powerful nappe impinges downstream of the bottom
roller. However, even if the nappe is weak, the mathematical model
represented in Figure 22,b may be used when the bottom roller extends
over the sloping part of the apron. The aseumed pressure distribution
along the sloping part is in thi= case close to reality, sinece the diagram
shows the averaged pressures ahead of and behind the sloping part.

10. DETEREMINATION OF THE DEPTH OF THE
OVERFLOWING NAPPE AT THE TOE

Without an accurate analytic expression for the pressures in the
overflowing nappe it is impossible to determine exactly its potential energy

iz




per unit mass., Bernoulli's egquation, written for the entire stream, does

not therefore yield an accurate expression connecting the piezometrie

head ho {measured from the toe level} with the nappe depth A atthe end sill.
We shall apply I.1.Levi's conclusion made in his paper "Theory of

Surface Jumps and of Analysis of Dams with Surface Flow." Levi applies

the energy equation not to the entire stream, but only to the surface and

bottom flow and obtains as a result:

V., =9, 'I-‘ﬂg[?',—k.},
Vi =9 Pﬂg{?';-—h,

where 1'; is the energy per unit mass of the flow, measured from the end
aill.

Levi assumes that g, =g, <l In the case discussed by us it would
have been more correct to set ¢, = 1, irrespective of whether free flow
over the crestorflow under a slulce gate is being considered, [n fact,
the flow conditions of surface currents on a round-crested dam are similar
ta those on athin-walleddam, where the veloeity loss may be neglected;
the velocity coefficient is, according to Bazin, 0.998 for the upper surface
currents and 0,888 for the lower surface currents.®

The author has convincingly proved by experiment that the velocity
coefficient for the surface currents can in practice be taken as unity,

The welocities measured on the model and the computed surface velocities
almost coincide {Figure 23); this result cannot be obtained for g, <

The arithmetic mean of the surface and bottom velocitiea in section I-]
gives the mean flow velocity:

Vi +W du_ Vi +Vp
=i bkoy

V. or == ) '

where g, is the discharge per unit dam length.
Noting that p, =1 and writing ¢ for ¢, we obtain

I VE(VT =0 + oV T,—h), (9)
So AT VT~ +e VT, — o) e
and finally
P ) - (10)

Vi Vi —mtoV ri—h

Relationship (10} is in satisfactory agreement with experimental results.
A different relationship seems indicated for surface flow with submerged
jump {diagram VII, Figure 23); this flow regime is not considered in detail
in this book.

In order to plot a nomogram from {10), we firat convert it to a dimen-
sionlese expressicn, using the formula for the critical depth,

* For the results of Bazin's experiments of., for Instance, Ofiteerov, 4.5, | Proffl’ vodoaslivoykh plotin
{Dam Prafiles), — OGNTI, 1920, !
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Taking inte account that
Fw 'n':r e s Uy
==V =Y Er = Ak,

we divide the left-hand side of {8') by ;—%, and the right-hand side by
&C:rh:-!: :

¥ . 11
1= TE i} H_EJ+Tl' E—E], ( j
where
bl ) et B ol 75 u —
EI—TLJ“"?E'&_TE' A= ‘;,

A nomogram of (11}, which facilitates computation, i giveninappendix].#

11, RELATIONSHIP BETWEEN PHRESSURE EENEATH
NAPPE AND TAILRACE DEPTH

a. Overflow ejection over round-crested dam

Ap stated in §6, it iz necessary to know & (the piezometric head at
the draft-tube outlet) in order to determine ejection effect, since
hej =T TR—h . The value of A depends both on the nappe depth
& atthe end sill and on the depth &, of the tailrace. Hence, inadditionto {10},
which connects & with & , we must also know the relationship between 4,
and the depth & of the tailrace.  The required relationship is obtained
from the momentum equation (8),

Figure 27 shows a mathematical model of an overflow HPF with bottom flow,

The most general case is that of a3 nappe impinging on the sloping part
of the apron (Fipure 22,b), whose superelevation ig 4 in the region of the
dynamic effect of the nappe on the apron, witha step of height £ at a certain
distance dewnstream.

We intraduce the notations

Q qQ +Q b, #
¢, =1 ¢ =5 p=200 gt sy =i

oS o e R SO SH ) Lt ]
kol P =

Wi M1 @l o At og, T A Gy S

The meanings of @, Q,,b &, 2 are evident from Figure 27; ¢ ¢q,, @
are the digcharges per unit width, corresponding to the subscripte w=over-
flow: ! =turhine or draft tube; 2 = tailrace sectinn II-1I.

Substituting theee notationa in{&), we abtain for anend gill whose slope angle
is a:

* The nomograms in appendices I and 11 are due to L. P, Borodulina,




AZmY =12 ['F:V! — Bg, Vicosa— FdIq'l V 4=

_a[d_pieme _pit)

e | e s i ——

W [ 8 cwse  (—ap 3 o ey .
= gH[m,,_n. ®h, F Al = — - AM, (12)
where J‘i:h:.ﬂf: (13)
“_ | S B L
B3 TR e £ (14)
From (12) we obtain AZmV;
___2A%mV ;
A= T (13%)

from which we see that when 1= 1 t/m? and Al=1 sec, 4 is numerically
equal to minus twice the increment of momentum between sections [-1 and
II-11, per unit width of the tailrace.

':E'::—‘r': L ; E.r..r.r FEFEES i’.l'l.l.ﬂ;.i ;-r:;r:{{{ﬁ?ﬂ ‘Wf J éﬁff!
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FIGURE 27, hathematical model of overflow ejection with bottom flow (nappe impinges on sloplog part
of apron).

When the draft tube has the same width as the dam (at the overflow edge
of the end gill), and the slope angle of the end sill is lessthan 10°, i.e,, when

s



&, =# and cosa is almost unity, (14) becomes

M:i["“"——L' ;1] (14')

g | Ay Ay

When there is a pier in the draft tube, which does not protrude from
its outlet, then & =5, and {r- 1.

In forming the expression for the impulse due to the forces acting on
the mass of water considered (Figure 27) we omit the forces given by the
areas e« and w,, since the step e is far from the dam, and the pressure on
it depends on the depth A

The apron behind a combined HPP may have two sloping parts: one of
superelevation ¢ directly behind the draft tube, and the other of super-
elevation d at at certain distance from the HPP (Figure 27,a). The first
sleping part iz always located in the bottem-reller zone, and the pressure
on it depends on the pressure beneath the nappe. Hence, the forces givenby
the areas w, and w, cancel eachotherout, The end-sillheight « inthis case
is measured from the level of the horizontal part of the apron, which lies
behind the first sloping part.

When the areas o, are equal, we obtain the following impulse components:

The impulse due to the forces acting in section [-I oh the end sill
and in the nappe:

T(mh-l- %-{-l:-"—cas u]-b--ﬁl*.

Henceforth, cosg will be assumed to be unity; this has a negligible effeet
on the results when e is not larger than 10 to 15°.
The impulse due tothe forces acting onthe piers inthe whirlpool zones:

r LAY (3 —p).u;

The impulse due to the forces acting on the sloping part of the apron;
petikb—c 55,0
The impulse due to the forces acting in section IT-II;
1@3-#&

Summing the impulses, equating the result to the right-hand side of
(12), and dividing by 7 and Af, we obtain

-£ A:(a.&.,-;- %) b tipp M g ) sthihe—cyp (a—dlp (g

Here (cf. Figure 27):
a is the height of the end sill above the surface of the lowest part of the
apron; # is the width of the dam span; d is the superelevation of the
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sloping part of the apron; e is the height of the raised part of the apron
above the downstream spillway apron; B is the width of the tailrace;

Ay is the piezometric head beneath the nappe, measured from the overflow
edge of the end sill (positive upward, negative downward); & iz the tailrace
depth,

The second term in the right-hand side of {15) represents the pressure
force in the nappe atthe end sill, inaccordance with Figures 20,b and 27, i,e.,
when the nappe is convex upward [(bottom flow or surface flow near transi-
tion to bottom flow). When the nappe is convex downward (Figure 20,a,

Faky

surface flow) the second term becomes e

&, corresponding to a linear

pressure distribution in the nappe.

The fourth term in the right-hand side of {15} represents the horizontal
component of the pressure force acting on the sloping part of the apron,
in accordance with Fipures 22 b and 27,

Multiplying both sides of (15} by %, we obtain

_,4=2(n.+n+%)ﬁ+§—ﬁ+[ﬂ+ﬂu}'{l—ﬁlﬁ

— (@ fo+ by —e) d— (b — &)t (15')

Equation (15") and similar exprecsions for obher cases of nappe im-
pingement on the apron can be solved for & or & . Experience shows that
frequently (cf. § 28) {especially for comparing theoretical and experimental
results) it is best to assign a value to & and determine the corresponding
value of the tailrace depth &. We therefore solve [15') for &:

f—2«
h=—t2 1

!
2 |/ (52 o —et (e—a) d-(1—B Bt Ca—d)hot- g1 A

Only the solution with positive sign before the radicalhas a physical meaning.

We similarly derive the required relationships when the sloping part
of the apron is located in the zone of the bottom roller outside the zone
of action of the nappe. When during bottom flow air has free access under-
neath the nappe, # is the vertical distance of the free surface from the
nappe bottom at the end sill, and is always negative (Figure 21,b)

The relationships derived can be reduced to three formulas: when the
nappe impinges on the sloping part of the apron (Figure 22,b) %

h=— 224V (T e —eHe—adtRa—di AR, (1)

when the sloping part ia far from the dam, outzide the zone of action of
the nappe and outside the bottom-roller zone (Figure 22,c)

hy=—(d—e)t Ve | 2ak, AR, (17}
when the sloping part is in the zone of the bottom reller (Figure 22,a)
hy=e+V{a—dF +2(@—adh+ATR. (18}

Thevalue & in(16), (17), and(18), which depends on the tailrace flow regime
and on whetherairhas access underneath the nappe, is givenin Table 2.

* The downstrearn end of the ground roller during surface flow s assumed to be the point of nappe im-
pingement on the apron (cf. § 9).

37




When the sloping part ig in the zone of the bottom roller

—— g — i — A
="t (18a)

At bottom flow the pressure distribution at the pier ends in the whirl-
pool zones cannot be assumed to equal that in the span in the end=-sill zona,
since this would lead to a considerable difference between theoretical and
experimental resultas. In the case of bottom flow we therefore proceed
from (15') and the analogoue eguations derived by assuming the pressure
distribution behind the piers in the whirlpool zones to be hydrostatic, the
pressure being determined by the pierometric head bensath the nappe.

Solving these equations for &, we obtain formulas for bottom flow without
access of air underneath the nappe.

When the nappe impinges on the sloping part,

e 1nw—u:-+7/ (2t (1) [ (1) = n'n,+'%? —(By—tP+A)

=t - {18h)

When the nappe impinges upatream of the aloping part of the apron,

T
h_—”V“‘“‘” 9+ 5~y —e 4P + 4] (17h)
= T—§ T

When the sloping part is in the bottom -roller zone,

—(ﬂ-—ﬂ‘}+V (a—dpP—(1—f} [{ﬂ—'#}'-l*—'f'-l#a—'? +4]
=F <
Relationships for bottem flow with free access of air underneath the
nappe are obtained similarly.
When the nappe impinges on the sloping part of the apren,

to=—28 1 (B oy a—eyat ity — Bt th—er-  (160)

When the nappe impinges upetream of the sloping part,

{18h)

=—a+|/{a=+¢—e1=—-'T“7—A. {17¢)

When the sloping part is in the bottom -roller zone,

by = —{a—d) +V{&3—e}=—-¥—4. {18¢c)

The derivation of formulas for the plezometric effect of ejection in the
casge of a submerged jump, when the roller ig located near the end aill
is complicated since the additional unknown £, being the roller depth at
the end sill, enters, and since itisdifficultto estimate the flow velocity in
the nappe in section I-I.

However, our experiments showed that the plane of the piezometric
head, which determines the pressure beneath the nappe, ig higher than the
level in section I-I * when the submerged depth of the jump is small.

® The pressure beneath the nappe 15 determioed by the level of whe aweam surface in section 1-1 when the
end elll i flooded to & considerable helght.
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TABLE 2

Flow regime Air access underneath napp! R
a—n B+ 2
Mo
Botwom '*t
Tes '53+ _EL
Surface Mo (=) bf = By

Equations (16}, {17), and (18) remain unaltered when an additional pier,
containing the turbine, is located on the dam since & is the width of the
dam at the overflow edge of the end sili,

When the apron is horizontal and the downstream spillway apron has
no step {@ = 0 and ¢ = 0), we obtain from (17) or (18):

hy =V +2ah, AT R, {18')
where R is given in Table 2.

Having by one of these formulas obtained the depth &, and therefore
the tailrace level corresponding to some piezometric head & at the
draft-tube cutlet, we determine the piezometric effect of ejection as
the difference between the level of the free tailrace surface and the plane
of the piezometric head (cf. § 6).

We shall now determine the piezometric head A, for a given depth &
of the tailrace.

Experimental data show that during surface flow the pressure distribu-
tion at the pier ends in the whirlpool zones is very near to that in the
plane of the end gill. In the case of surface flow we can thus obtain

simpler relationships without significant loss of accuracy (for f.:s-s-
abowve 0.6).

Assuming that during surface flow the pressure distributions at the pler
ends and in the plane of the end sill are identical, we obtain instead
of [15):

B ad & +hytfy—e 0 f
— B A= (ak+5)B U s Skl hi=tg.p Lo,

Solving this equation for &, we obtain a formula for the piezometric
head beneath the nappe in surface flow when the nappe impinges on the
sloping part of the apron:

— g} f—at o .
.ﬁ.={' fnd hi‘ﬁi';’(h m-Aa . [16a)

Similarly, in surface flow with the nappe impinging upstream of the
gloping part,

e d—ep—ai—A
="t e oA, (17a)



degpite the presence of a surface roller, evenat the end sill. Furthermore,
the velocity diagram for this section remains bagically similar in pattern and
areatothat corresponding toa surface jump displaced downstream, This

is confirmed by diagram V in Figure 23, which shows thatbeneath the nappe

-.;L}:— , while 1}, is near to the theoretical velocity.
]

We can therefore use in this case the same relationships as for a surface
jump, i.2., {1{}}, {]6}, (17}, and {lﬂ}, with R given in Table 2,

The limits of applicability of the formulas proposed above for computing
the sjection effect when the submerged depth of the jurnp is small, can he
determined only by further laboratory tests and experimental results. The
theoretical value of the ejection effect, obtained from (10), (16}, (17), and
(13} for this case is sufficiently near to the experimental value {cf. §12)

Ak ";ﬂ.ﬂm [, (19}
where Af, is the helght above the end-sill level of the free surface of the tail-
rage in section [[-II, m; gy is the discharge per unit dam length at the
overflow edge of the end sill, m?/sec.

The position of the sloping part of the apron has a negligible influence on
the ejection effect when the submerged depth of the jump is small. When
this part is short and located immediately behind the dam we may use {(18)
to (18e). If it is long and begins immediately behind the dam, {16} to (16c)
should be preferred. When the =loping part is far downstream from the
dam, [17) to 17c) should be used.

b. Owverflow ejection at the =ides of the draft tube
{discharge over dam having spillways)

We shall consider an overflow HPP with ejection at the sides of the draft
tube. Two out of three, or every other sluice are open (Figure 28).

We assume, in accordance with § 8, that, where the sluices are closed,
the free surface level in the end-sill zone (draft-tube outlet) and in
the whirlpool zones behind the piers corresponds to the piezometric head
heneath the nappe.

The author tested a model of an overflow HPF having three bays. When
only the lateral sluices were open, the piezometric head at the outlet of
the central draft tube was approximately the same as beneath the nappes.
At bottom flow this is true only when the nappes do not extend beyond the piers
protruding into the tailrace, so that equalization of the pressure beneath
the nappes and in the draft-tube ocutlet is not hindered by them.

We agsume the discharges through the different sluices to be equal,
and the draft-tube width &, to differ from the width # of each span.

Lel (Figure 28) Il*zi'ﬂ—ﬂnd E:-%b-, Here, Lh=2F in Fipure 28,a and
Lhmp in Figure 28,b., Furthermore

o=, g =L, =200 4

oy
40"

where I, isthetoral discharge through the sluices atthe sides of the draft
tube,




FIGURE 28, Ejection at the sldes of the draft tube,

a=—rwo eut of three slulces open; b—every ciher slulce open.

The coefficients g, by which allowanre is made in the expression for
the momentum increment for the nonuniformity of the veloeity distribution
over the sections, are again assumed to equal unity,

We then obtain as in {12),

a 2 Fod
dEmV=3'E£[%— Musgts. 2o le.,

TR T
ke Bhass B eoze (I —M B —_1
e AW”T_WF]“‘—_TM'

where A= pg’M;

T[] =iy oog a
M= w5
i.e., as for overflow ejection above the draft tube,

In forming the expression for the sum of the impulses we assume that
the pressure on the sloping part of the apron ig determined over the entire
width B by the same laws as for overflow ejection above the draft tube,
The actual pressure diagram for the part of the apron over which the
turbine discharge flows will differ from that behind the gluices,*

We abtain for bottom flow, when the nappe irnpinges on the sloping part
of the apron, the following expressions for the impulses due to forces
acting on the mass of water considered:

In section [-T at the end sill and in the nappes:

r(a&n—|~§-+-ﬁicosa) Bh-At **

* Nevertheless, the assumption of a uniform pressare distribucion over the entire apron width 8 yields re-
lationships piving aceeptable results,
** We shall henceforth assume, a6 before, that cosa= 1, since this has 8 negligible effect on the results.
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In section I-I of the center span and at the piers in the whirlpool zones:

o
T (nﬁﬂ-%-f—Tlmﬁ o ) Ih-Ade,
if '
Over the sloping part of the apron;

7 ENE (5 np) be

In gection II-II:
1 B.A

Summing the impulses, and equating them to the momentum increment,
we obtain instead of (15);

— 3 A=(att i‘;-)rb+%in+

+!"H#{B—ﬂij _(ﬂ'i'kn‘;h:—'l)d_n_, lﬂl;ﬂ B

or

[
— a=a(abot $)o+F 1+
(@b R =P — (@ byt by —e)-d— (g —e'

This expression coincides with (15'), which was derived for overflow
ejection above the draft tube, The relationships obtained for ejection
above the draft tube and at its sides are also identical for other wave
patterns in the tailrace and for other cases of nappe impingement on the
apron,

Thus, in the case of a round-crested dam, the formulas for overflow
gjection at the sides of the draft tube coincide fully with{16}, {17), and {18},
The depth #; at the toe is also determined by the same formulae as

above.

Relationships like (16), {17}, and (18) are alsc applicable when the
turbine discharge ig uniform over the HPP {ront, and every other, or two
put of three sluices are open, In fact, the expression for the impulses isthe
game, whether the discharge is uniform along the front or whether every
other, or two out of three sluices are open, The expression for the

momentum increment is reduced to (14) by writing E’=--5£—t and ﬁ=7ﬂ.

These formulas are applicable to bottom flow only if the nappe extends
beyond the piers protruding into the tailrace.
c. Ejection over broad-crested dam*

When congidering a broad-crested dam we move section I'-I' upsgtrearnn,
as done by I.1.Veitz{cf.below). Inthe case of free flow over the weir &

* The amumptions made and relationships abtained have not been rested experimentally for this-case,
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approximates the eritical depth, while for discharge under a sluice gate
it can be found from handbooks of hydraulies.* When the sluice gate is
located at the upstream end of the dam, # is determined from the egquation

Tk +§%

or from the nomogram in appendix [, setting & =E&;.

When the sluice gate is located near the overflow edge (Figure B5) we
can assume that R is approximately equal to the sluice-gate opening &;.

The pressure distribution in section I'-I' on the weir iz hydrostatie,
being independent of the pressure beneath the nappe at the overflow edge
{Figure 20,b).

Differences in the tailrace flow regime, due to the presence of a sloping
part of the apron, or to free access of air underneath the nappe, will affect
the relationships obtained similarly as in the preceding cases,

The only difference between the relationships for broad-crested and
for round-crested dams consists®* in the term determining the pregsure
distribution in the nappe in section ['-I'. For a broad-crested dam the
pressure force in the nappe in this section is independent of the flow

3
regime and is -_?t'., while for a round-crested dam it is 1‘-;'-“’11‘.11

hottom flow and 1—?5" with surface flow. Using again (16), (17}, and (18],t

the differences in flow regime are taken into account through the term R,
which is given in Table 3 for ejection over a broad-crested dam,

TABLE 3

Flow regims Acceds of air underneath nappe R

Bottomn or surface No (=0 A7 - ol

Bartom Yes kg + “}

With free access of air underneath the nappe, the value of & is equal
to the height of the free surface above the end sill, and is negative ag shown
in Figure 21,b.

12. COMPARISON OF THEORETICAL AND
EXPERIMENTAL RESULTS

The author compared the results of caleulations by these formulas with
experimental data obtained with HPF models differing in scale and design.

* Pavloushii, N.M. Gidravlicheskii spravochnik {Handbook of Hydraulies), p. 721, 1937,
= Cf, alsa § 14,a. .

T we can ales uea {16,b, €} 1 (18b, ¢}, replacing !-;-_’ by A}
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Satisfactory agreement between theoretical and experimental results
wag obtained in all cases. Some results are given in this section in the
form of ejection characteristics, i.e., curves of the piezometric effect by
of ejection {or the head effect 8 of ejection) as functian of the level of the
free tailrace surface., Each curve is plotted for a constant ejection

discharge.
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FIGURE 9. Comparison of theoretical and experimental ejection char-
acteristics of an overflow HPP.
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1=calculation by formulas valid when slaping part of apron Is located in
bottom-roller zone (bottom flow):  2—calculation by formulas valid when
sloping part of apron @5 located in zone of dynamic action of nappe;

K& =First critical regime,

The experimental and theoretical ejection characteristics given in
Figure 28 refer to a 1:52 model without turbine. The model is shown
schematically in the same figure. The full-seale dimenzions were;
b=12.35m, B=16.0m, % = 6.40m, c= 0.45m, d=2.7Tm, e=1.0Tm.
The height of the end sill was a ~12.90m in Figure 24 (level 82.90 m), and
10.77 m in Figure 25 (level 80.77m). The level of the crest was 85,35 m,
and of the apron in section II-II, 73.22m. The headrace level was
in all cases close to 100.0m. At a discharge of 770m?/ sec the sluice gate
wae fully opened, while at 620 and 388 m3/ sec discharge took place under
the sluice gate. The turbine gate had a constant opening, so that the
discharge @, varied with the head #, in accordance with curve 1 of
Figure 30. The head #; represents the difference betweesn the levele of the




free headrace surface and the free surface in the piezometreie tube located
at the draft-tube outlet. The ejection characteriatic in Figure 28.a shows
that, at a= 12.00m and constant ejection discharge, a lowering of the
free tailrace surface causes at first an increase in the piezometric effoct
of the ejection, which then decreases at bottom flow, At = 10,77m
(Figure 28,b) the piezometric effect of ejection does nat decrease at bottom
flow. Better agreement between theoretical and experimental results is
obtained at surface flow near the first critical regime; this is because
the mathematical model used by us in this case was more accurate, The
theoretical value of the ejection effect at bottom flow was either larger
or smaller than the experimental value, depending on whether the formulas
used were thoge for a nappe impinging onthe sloping part of the apron({curves 2),
or for the latter being located in the bottom-roller zone (curves 1) The true
pressure distribution over the sloping part of the apron apparently differs
from that assumed.

Curves f-K in Figure 28,8 and b, which separate the surface and bottom
flow regimes, define the first critical regime, The methods of analyzing
the latter are described in §18,

: /
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FIGURE 30. Turbine discharge (full scale) as funetion of head.

1=with reference to Flgure 25; 2—with reference to Flgure 33; 3— with ref-
erefice to Flgure 34, The head My represent the differsnce berween the levels
of the free headrace surface and the free surface n the plesemetrle be
located in the drafe-tube outlet.

Figure 31 gives the experimental results obtained with the same model,
but with a horizental apron {at level 74.29m) and one central pier instead
of twa half=piers at the sides. The pier had vertical channels, permitting
access of air underneath the nappe at bottom flow; the ejection effect thuas in-
¢reased with the drop in tailrace level,* The overflow discharge was 388 m¥sec.

* The influence of the toe level and of free access of alr underoeath the nappe on the ejectlon effect i
discuseed in Chapter V. L
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The simplicity of the mathematical meodel for a horizental apron ensures

high accuracy in the caleulations.

Results of calculations by the relationships proposed are compared in
Figure 32 with the experimental results obtained by Egorov I{H}', p. 93,
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FIGURE 31. Comparison of theoretical and
experimental resulis for ejection in a model
wilh horizontal apron, Pier with an aie-in-
take channel; A=K —fist critical regime.
Toe level =B2,890m,

discharge wasg, a5 for the models shown in Figures 29 and 31,
from the head My, in accordance with curve 2 in Figure 30,
0.40) permitted free access of air under-

in the tailrace of this model (B =

Table 8),
factory.
The accuracy is less when the
water passages are of intricate con-
figuration. A comparison of theoreti-
cal and experimental results for such
a model having two bays is given in
Figure 33. The dimensions of the
1:100 model {without turbine) are:
width of one bay at the overflow edge
of the end sill, &=11.6m, widthof
the draft-tube outlet, &¢ = 17.40m,
width of tailrace corresponding
to one bay, B= 28,00, k= 8.43m,
¢ =18.3Tm, d=4.3Tm. Theend-zill
level was 25.00m, that of the apron,
10.20m. The mean overflow dis-
charge per bay was 465m?/sec at a
headrace level of 46.0m, The turbine
determined
The wide piers

The agreement is satis-

neath the nappe at bottom flow; this increased the ejection effect,
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FIGURE 32. Compartson of theoretical results for overflow cjectlon with
Egorov's experimental results (1:17.:3 model with wrebine),

Theoretical and experimental values of the piezometric effect of over-
flow ejection above the draft tube are also compared in § 21, Figure 54,
Ejection at the sides of the draft tube was investigated ona 1:156

model having three bays (Figure 34},
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FIGURE 34. Comparison ol theoretical and experimental results for overdlow ejection
ar the sides of the drafe tube (156 model withour wbine): K-K—Fimt critical regime,
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The dimensiong of each bay of the model were the same as for the model
on which Figure 29 is based, but the dam width was 12.00m. When the
headrace level was about 100.0m the discharge through the outermost
spans was 380 to 400 m?¥/f sec (flow under the sluice gates], The experimen-
tal points in Figure 34 for surface flow were abtained with discharge
through the turbine passage of the central bay. The discharge can be
estimated from curve 3, Figure 30. With bottom flow there was no dis-
charge through the turbine passage.

The scatter of the experimental points is mainly due to the small scale
of the model, as follows from an estimate of the experimental errors.

Comparison of the theoretical ejection effect with experimental data
enables us to establish a criterion for determining the limits of applicability
af the formulas proposed in the case of a submerged jump.

We shall do this by considering the ratio of the kinetic energy of the
nappe at the toe to the potential energy of the tailrace water in
section [I-II above the toe,

The depth A& at the toe, corresponding to this criterion, can be expressed
through the height 4% above the toe of the tailrace level in section [I-1I
(Figure 45), i.e., & =saAk, where s is an empirical coefficient. The velocity
at the end =ill is then

V|=%.

and the ratio of double the kinetic energy at the end sill to the potential energy
congidered gives the (dimensionless) Froude number Fr

_v_ & sk b gl
Fr_m-_n*_ﬁ_ﬂ or Fr"_ﬂFr—;@.

We determine the numerical value of Fr, which represents our criterion,
by using the experimental and computed data given in Figures 29,b, 32, 38,
and 34, It is seen that computation of the piezometric effect of ejection
yields satisfactory results under the following conditions (Table 4):

TABLE 4
Discharge per unit | Height of tail- ]
Rt dam length, race level above ”"_#“I
m¥/sec end gill,m i
29,k 29.6 T.47 0,215
a2 474 ° 9,18 0,287
Lk} 40,0 9,00 0,225
34 3.0 B.93 0156

When Fr'is larger than, or equal to the values given in the table, the
computed value of the piezometric effect of ejection is always close to the
experimental value., Thus, in order to obtain sufficiently reliable results
by the formulas proposed for the case of a submerged jump, it must be
shown that Fr' exceeds the average value 0,220 obtained by us in the cases
considered:

Tﬁ,—; 0.22,
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Chapter III

EJECTION THROUGH CONDUITS

13, INITIAL ASSUMPTIONS

In the case of ejection through conduits we have, instead of the depth
A at the end sill with overflow ejection, the height of the conduit outlet which
will also be denoted by A, Its magnitude is determined by the HEP and
conduit design, and is here assumed to be known; this is the principal
difference between overflow ejection and ejection through conduits,

The assumptions made for the mathematical models of the two types of
ejection differ only as regards the pressure distribution in the nappe, All
other agsumptions remain valid [ef, §D, assumptions 4 to a),

The pressure distribution on the sloping part of the apron in the case
of a submerged nappe and with ejection through a bottom eonduit will be
considered separately,

A conduit usually has a platform at the level of the outlet bottom,
intended for supporting the shield and stoplogs (Figure 35). This is
therefore the interesting ease in
determining the effect of ejection
above. the draft tube. When the con-
duit is located below the draft tube,
the condult apron fulfills the function
of this platform. The prescnce of
such a platform simplifies the mathe-
matical model, since in this case the
pressure distribution in the plane of the
outlets can be considered to be hydro-
Btatic for any tailrace level.

Thus, the following assumptions
are made in the ease of ejection through
conduits for determining the pressures
at the conduit and draft-tube outlets,
and on the sloping part of the apron:

1. When the conduit outlets are not
flooded, the pressure distribution in
section I-1 is hydrostatic {Figure 35,a),
and is independent of the tailrace level

FIGURE 35, Assumed pressure discributian

{i.e., of the pressure beneath the tappel.
al conduit and deafe-tube owtlets,

2. When the conduit outlets are
flocded, the pressure distribution in
gection I-[ is hydroatatic (Figure 35,h).

a=conduit outlen net floeded; b—rcan-
dult eutlets flooded,
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3. The pressure at the pier ends in the whirlpool zones depends on the
piezometric head beneath the nappe, in accordance with § 8, assumption 3,
when the outlets are not flooded.

4. ‘When the outlets are Mooded, the pressure on the sloping part of an
apron located sufficiently near to the HPP is determined either by the
levels of the free tailrace surface in sectiong I=1 and II-II, or (when the
tailrace iz very deep) by the level in section II-1I [Figure 36),

5. When the conduit ouilets ars not flooded, the pressure on the
sloping part of the apron depends on its location, in accordance with the
mathematical model established for overflow ejection (§9)

§. When the sloping part of the apron is located far downstream of the
HPP, or when the conduits are located below the draft tube, the
pressure on the sloping part of the apron is determined by the tailrace
depth in section II-II.

7. Flooding of the conduit outlets (i.e,, when the failrace level rises
above their upper edges) begins when the piezometric head Ao (measured
from the overflow edge of the outlets) becomes larger than the outlet
height #:

fo=iy or Vh >3 (a4h),
where W7k, is the tailrace level at the conduit outlets; W (s+4) is the

level of the upper outlet edge [or of the lower edge of the gate under which
the water flowa).

FIGUERE 3¢, Assumed pressure dlstribution along slopiog
part of apeen behind HPP with conduits haviog floaded
ot less.

The first two assumptions listed above were tested by us on a model of
a combined HPP with conduits, We found the pressure distribution to be
hydrostatic in section I-I. Assumptions 5 and 6 were tested during gtudies
of averflow ejection, When

M LB E p=h=atk m=h
LB E n=hid n=h

The fact that the pressure on the sloping part of an apron located near
the HPP must be determined from the tailrace level either in sections I-1
and II-II or in section II-1I, was established by comparing theoretical

il




results (obtained by the formulas derived below) with the experimental
data. When the tailrace was deep, the agreement was better whenthe pressure
on the sloping part of the apron was determined from the tailrace depth

in section II-II.

On the other hand, when the tailrace was shallow better

agreement was obtained when the pressure was determined from the deptha

in sections I-1 and [I-II.

We shall now derive a criterion determining by

which of these two methods the pressure on the sloping part is to be found.
Coneider the ratio of the kinetic energy of the excess discharge in
gection II-1I (Figure 37) to its potential energy in the same section. The
tailrace depth iz assumed to be that at which transition from one method
to the other gives the best agreement between theoretical and experimental

results. This ratio, Fr% is given in Table 5 for two models; its value

]
was obtained from the initial data (Figure 3B) corresponding to transition
from one method of computing the pressure on the sloping part of the apron

to the other,
TABLE &
Tailrace level
Excess discharge | cormesponding to X
Flgure 38 e MO/ 5€C per rian- change in com- T-it|l'i-l;l=r:f-pth LT Fra —.-q%.
ming meter of dam | puting method, "y
m
a &0.8 27.0 17.0 0,0742
b E3.0 0.0 20 .4 0.0505
Taking the average value of Fr to be 0.0623, we obtain
2
hy=2.53 'g‘ Ay
£
or
h;=1.1B ﬁ'q"i _[m] fED}

Thus, when Fky<21.18 ]5 ?w » the pressure on the sloping part of anapron
beginning immediately behind the HPP is determined by the tailrace depths

in sections I-1I and II-I[. When .I;}l.lﬁ]?’;f the pressure is determined

from the depth in section II-1I,

It remnaing to establish the criterion which determines whether the
conduit outletz are flooded or not (assumption 7)., This criterion ke = &)
was adopted on the basis of observations of the changes in flow regime in
the tailraces of models of combined HPPs with conduits, It was found
(cf. §§5 and 19 for more details) that under three-dimensional conditions
intense flow from the whirlpool zones behind the piers begins when h; =4,
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submerging the nappe and then the outlets * (Figure 49). We can, therefore,
establish the pattern of outflow from the conduits by determining /A,

With overflow ejection the derivation of the formulas for surface flow
with submerged jump and flooded end sill is complicated by the difficulty of
determining the flow velocity and depth at the end sill. This is not so with
gjection from econduits when the outlets of the latter are flooded, sinece
their height k& is given. We found that in this case the pressure beneath
the nappe depends on the level of the free surface in section I-I, which has
to be determined.

14, RELATIONSHIPS BETWEEN PIEZOMETRIC HEAD
AT DRAFT-TURE OUTLET (BENEATH NAPPE)
AND TAILRACE DEPTH

a. Ejection from conduits above the draft tube or
at ite sides, conduit outlets not flooded (Aony)

The piezometric effect of ejection is by =FTRE—Uk. We therefore
require a relationship determining &,.

With ejection from conduits the expressions for the increment in
moementum of the water mass between sections I-1, II-1I {Figure 37), has
the same form as with overflow ejection ((12)), where as before, according
to (13) and {13'),

A=pgM=—200 .

With ejection from conduits above the draft tube or at its sides, M is
given by (14) or (14'); with ejection at the sides ofthe draft tube, M isalso
givenby{14), when there is noturbine discharge in the bays carrying the
excess discharge (Figure 28}

where w is the free area of the section corresponding to the subseript.
When the conduit outlets are not flooded the mathematical model is
similar to that for a broad-crested dam. In both cases i s independent
of the tailrace level, so that the relationships for a broad-crested dam
are applicable here without change.
When the conduit outlets are not flooded we obtain (as in the cage of
a broad-crested dam) the following expression ingtead of (15), when the
nappe impinges on the sloping part of the apron (Figure 37%) (except for

* The amount by which Ay exceeds &y at the instant when the cutlets are ficoded depends mainly on the

b
ratin f=F and on the length of the piers protruding into the tajlrace.
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large tailrace depths, el below})

= “h+§)b+f§?‘*+%{ﬂ—ﬂu‘u—ﬁ—+”‘t =t 4.5 le=ei g
(22)

Since # is given, we need not selve a system of two equations, as for
overflow ejection. A more convenient relationship is obtained by solving
the general equation for #,, the piezometric head beneath the nappa,
measured from the bottom of the conduit cutlet:

—(2a—d)} 4}/ Qa=dp—d(1—p)la*—la—e) d — dby P —(By—eP 1 A
fy = HAT=F N

where [ =§ (Figure 37); A is given by (13) or (21).

{23

The other magnitudes entering in (23) are shown in Figure 37.
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FIGURE 37. Mathematical model for ejection in combined HPP with
conduits (bottom flow). Mappe impinges an sloplog part of apran,

The relationships for other ways of nappe impingement on the apiron
are derived in the same way: :

when the sloping part of the apron is located far downstream, cutside
the zone of action of the nappe and the bottom reller, or when the sloping
partbegins immediately behind the HPP but the tailrace depth exceeds

=118 ]5"2 where g, is the excess discharge per unit dam length:

h_v-n-l-].f"_ﬂ‘——t'—-l:-h‘-l- B} — (g — e+ dP 4= A] (24)
r— -I_' _-'.




when the sloping part is beneath the bottom roller,

&.:—ta—-ﬂ+1f tc—ﬁ—tl—:ig-'—mm!—iﬁaf"‘*"? ; (25)

With bottom flow and access of air beneath the nappe only the expression
for the impulse due to the forces acting in section [-1 is altered in the
momentum equation. The first three terms of the right-hand side of (22}
are then replaced by

C Ay
exnrpy o
Here h, isthe height, above the free surface of the water beneath the
nappe, of the overflow edge of the conduit platform; A iz in this case
always negative.
We then obtain, when the nappe impinges on the sloping part of the
apron;

hy=— 224 +,/ (55 —at+(a—e) a4 dhy— A +(ha—ef—A. (26)

Equation (26) differs from (23} in that the factor (I—p) has disappeared
from both numerator and denominator,

When the sloping part is located far downstream or in the zone of the
bottom roller, the equations for the case of free access of air be-
neath the nappe are obtained from (24) and (25) by omitting the factor
{1 — f) in them.

When the apron has a sloping part immediately downstream of the
draft tube {similar to the overflow HPP shown in Figure 27,a), the
height a of the end sill is measured from the top of the horizontal part of
the apron, which lies behind the sloping part.

Equations (23), (24), and (25) may be simplified by assumingthe pressure
distributions at the pier ends and in the plane of the end sill to be identical.
Since, however, J is usually small for bays with conduits this simplifica-
tion reduces the accuracy.

b. Flooded conduit cutlets {98 > Via4mil

When the conduit cutlets are flooded, the pressure distribution in
section I-1 iz hydrostatic (§13, assumption 2} and is assumed to correspond
to the level of the free tailrace surface at the conduit cutlets.

The piezometric effect of ejection is, In accordance with §6 and the
assumption made, ke =VTR—h,. where \Vh is the level of the free
tailrace surface in section [-I: A =—a-4&,.

Coneider the case when the pressure on the sloping part of the apron
is determined by the tailrace level in section I-[ and II-II (Figure 36),*

*+ This mathematical model is valid both when the nappe imploges on the sleping patt of the apron, and

when the latter s zufficiently long, in which case the pressure at any point of the apron ia determined
by its depth beneath the sudface.
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i.e., when the tailrace depth is £, <7118 f"q_f After dividing by §and a
the momentum equation then becomes:

B B Audm— {hy = et
—gA=pf th=c 4p Wod g {27)

The pressure force on the step {2} between the apron and the downstream
spillway apron is represented by the area w), and is equilibrated by the
pressure force corresponding to the area o, (Figure 37),

Dividing {27} hy% and solving for &, the depth in section I-1, we obtain

k=5 +]/(3) +@—20h+h—d—ee—a. (28)

In (26} and (27), A =Pg3 M, where M is piven by (14] or {14'}), The
value of 4 can be found, as before, from (21),
When the sloping part of the apron is far downstream from the HFF,

and alse when the tailrace depth &, > 1.18 ].7" g5, irrespective of the

position of the gloping part (i.e., when the pregsure on it is determined by
the tailrace level) we have instead of [27):

__%,4= Bi:n._@“_?'.ﬂs
and finally

b =)/ B d=oF=2 (29)

When the sloping part is very short and is located immediately behind
the HPP, the pressure on it can be determined from the depth in sectionI-I-

hy=d+) e —A. (30)

¢. Ejection through a bottom eonduit beneath the
draft tube

For the sake of uniformity we represent the relationshipe for ejection
beneath the draft tube in the same form and with the same notations as
hefore. .

In the case of ejection through conduits with flooded outlets the form of the
momentum equation is independent of the height of the outlets above the
ARpTGN.

The most suitable mathematical model is that in which the Pregsure on
the sloping part of the apron is determined by the tailrace level, although
the surface level above the sloping part is actually alightly lawer. The
errvor thus introduced is compensated to a certain extent by neglecting the
dynamic effect of the battom nappe on the apron, The expression obtained

* Prof. Kachanavskli was the First 1o we the mamentum equation in computing ejection theough & bortom
conduit beoeath the draft whe (Chapter IV),

56




for the impulses is the same as in the case of conduits above the draft
tube. Thus, (28} may be used in the case now considered, #&, being again the
tailrace depth in section [-1, since the conduit outlet is flooded.

15. EXPERIMENTAL VERIFICATION
OF RELATIONEHIFE FOR EJECTION
THROUGH CONDUITS

Theoretical and experimental results for ejection through conduits are
eompared in Figure 38, Figure 38,a refers to a 1:80 model without turbine,
Tweo conduits of different configuration are arranged beneath the scroll
caging. The position of the conduit outlets and their dimensionsz are
shown in Figure 30.%
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Plezometrle effect of ejection

FIGURE 38. Theoretical (brokenline) and experimental effect of ejec-
tlon through cooduaits,

a—conduits beneath seroll casing; b— conduits above scroll casing,

* The atithmetic mean aof the heights of both conduit outlets (2,30 m) was wed in the celculations,
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FIGURE 8§, Toul discharge capacity of conduis of models
shown In Figure 38 (dimensions converted 2 full geale),

1—refers to Flguare 38,2; 2=—refers w Figure 36,

The width of the draft tube was &; = 21,80 m, and the height 4;=10.00m
The computed width of the tailrace was B = 28,80 m. The superelevation
of the sloping part was 4= 8.4Tm {the apron and the tailrace flow regimoes
ohserved on this model are shown in Figure 14,b), The level of the ralsed
part of the apron was 10,00m (in Figure 14,b it is Zero).

The discharge through the conduit was determined from curve 1in
Figure 39, obtained experimentally. The turbine discharge was 600m?#fsec
at tailrace levels of 21 .0m and above, being zero at lower tailrace levela.

For ﬁ,}l.la]}/?.: we used (20), for smaller values of 4, {28).

Figure 38,b shows experimental and theoretical results obtained with
a 1:50 model with turbine. The dimengions of the conduit cutlets and their
location above the scroll casing are shown in Figure 39, The level of the
raised part of the apron was 10.00m; 4; = 10.00m, &, = 19.00m, 8=29.00m,
d=12,80m. The excess discharge is given by eurve 2 in Figure 38 as a
function of the tailraece level, The turbine discharge was 462m?*/sec ata
tailrace level of 36.1 m, and increased to 618 m¥ sec with decreasing
tailrace level, We used (28) and (29) for the caleulations.

in conclusion, Figure 40 gives a comparison of the theoretical results
with &, M, Chistyakov's experimental data, obtained at the YNIIG laboratory
iment B, E, Vedeneev with a 1:44 model with turbine,

The reliability of the theoretical relationships for ejection through a
conduit beneath the draft tube was tested at the laboratory for dams
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and HPPs of VNIIG imeni B, E. Vedeneev /7). The caleulations were

performed by relationships proposed by B. D. Kachanowvskii, which differ
only superficially from ocurs.
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FIGURE 40, Theoretical and expecimental ejection effect For 1144 model of
combined HPP with eondults and wrbine,

It was found that in general these relationships describe the phenomena
quite accurately. At conasiderable tailrace deptha, however, the cbeerved
ejection effeet was much less than as predicted by theory,
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Chapter IV

METHODS FOR ANALYZING EJECTION INTO THE
TAILRACE, PROPOSED BY OTHER AUTHORS

16. OVERFLOW EJECTION

a. Ejection by a jump displaced downstream

Ejection by a jump digplaced downstream Wwas the first type of ejection
in HPPs to be studied theoretically.

In the case represented in Figure 6 the turbine discharge was negligible
as compared with the overflow discharge. The drop in the tailrace level
at the draft-tube outlet, given by the usual equation for the jump is
apparently close to its real value, Lahoratory tests of one design of
ejection by a jump displaced downstream showed, however (Figure 8),
that the drop in the tailrace level at the draft-tube outlet does not by
itself determine the gain in head, since part of the head is necded by the
turbine discharge to overcome the resistance at the draft-tube outlet.
This loss may represent about 1/3 of the tailrace-level drop achieved
by ejection, 3

If the turbine discharge is of the same order of magnitude as the over-
flow discharge, the usual equations of nonuniform flow become inapplicable.

In this case (e.g., fordimensioning the ejection outlets (Figures 8and 1,
we may proceed by establishing the energy balance for the different sec-
tions. Thi=method was infactused for the dam shown in Figure 8.
Subsequent tests by N. V. Khalturin at the Gidroproekt laboratory confirmed
the accuracy of the calculations.

No other methods for analyzing ejection by a jump displaced downstrearm
have been developed so far. Some relevant suggestions have been made
by I.I. Veits {3/.

b, Ejection analysis according to 3. A, Egorov

S.A.Egorov [4/ was the first to investigate contemporary methods of
ejection into the tailrace experimentally and theoretically.®* All subsequent
works, including this book, are gither based on S.A,.Egorov's wark or
duplicate it to a certain extent.

Most of his theoretical and experimental investigations deal with over-
flow ejection above the draft tube. The relationships propused by him

* Egorov, S5.4. Vosuanovienie napora gidrostantsii v pavodok cigonom pryzbka (Head Retiozation of
HPRs during High Water by a Jump Displaced Downstreart),— Elekiricheskie stantsii. Mo 6. 1042,
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for the layout shown in Figure 41 in both two-dimensional and three-
dimensional cases, and valid for bottom or surface flow, can be reduced
to the following:

2 Q!
%[E‘E‘l‘-——i—':-cnsn—;:-] —%:
= hofty + (8 A, ) -+ 28 (8 Ay ) — (Ao P, (1)
Qw='rb#.‘ﬁ?]/ T+;j ﬂ(#. +=+%+%'%)- (1)

At bottom flow these relationships were derived for the case when there
i= no access of air beneath the nappe, even when by < h (partial vacuum
beneath nappe),

Considering ejection with submerged jump, he introduced the magnitude
A, , being the depth of the nappe at the overflow edge in the plane of the end
gill, He discussed separately
gejection intoatrapezoidal tailrace,

We found that with increasing
curvature of the nappe, i.e., with
increasing difference between hy
and h,, the discrepancy between
theoretical and experimental
values of the ejection effect
obtained byhim inecreased, attaining
40 % according to himself. This
ig due to insufficient correspondence
between the mathematical model
and the actual conditions, Three
of his agsumptions are erronecus,

1. Computation of the pressure
force in the nappe at any flow
regime ig based on the assumption
of a linear pressure distribution in
the nappe. 2. The pressure on the sloping part of the apron is determined
in all cases by the hydrostatic law, on the basis of the tailrace level,

3. The pressure at the pier ends in the whirlpool zotes is determined by
the same law a6 in the section considered, which lies in the plane of the end aill.

As was shown in § 9 of thie book, these assumptions lead to an inaccurate
determination of the forces acting on the water masas between sections I-I
and II-II, They correspond to reality only in particular cases, 5, A,
Egorov's first assumption causes an error in determining the potential
energy z-4-L in the nappe at the toe, which reduces the accuracy of (II)

The mathematical model used by 5, A, Egorov differs considerably from
reality at bottem flow, as can be seen by comparing the results of caleula-
tiens by (I} and {II) with the experimental results,* Better agreement
between theoretical and experimental results can be achieved by correctly
taking into account all relevant factors.

FIGURE 41. Ejection into talltace, as comsidered by
5. i Egorov,

* Izbash, 5. ¥. Gidravlicheskaya laboratoriya Moctkovikoge ordena Lenina energeticheskogo (nstituta
imeni V, M, Molotova [The Hydraulic Laboratory of the Moscow V.M. hiclotov Power Instltuce),—
Gldroteldinicheskoe etraitel"stwa, No, 11, 1960,

Sliaskii, 5. nM. Rascher vodoslivool ezhelsil (Computation of Overdlow Ejection). — Gidrotekhnlcheshor

stroitel'stve, Moo 6. 1851,
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e. Analysis of overflow ejection according to I.1. Levi

I.I.Levi introduces {12/ in the momentum equation for the mass of
water in the tailrace the friction force F as a function of the momenturn:

(),

and determines the reaction of the piers as a function of the water level in

the whirlpool zones, assuming this level to correspond to a depth a-- Ay, *
Introducing the dimensionless number M', which depends on the discharge

perunit length of the dam, the velocity at the end sill, and the end-sill height

— ¥
o ia
and which characterizes the dynamic flow conditions, [.1.Levi obtaing

the following expression for the piezometric head at the draft-tube
outlet:

' ; +
#;_.:n.-l—zq.u[. L8 kl'_.__%_ ]+54.§,M. (1)

where

Er iz a coefficient by which allowance is made for the friction force.

The same author also proposes relationships for ejection computations
in the case of free access of air beneath the nappe.

Levi does not saay how the depth at the end gill and the friction coefficient
are to be determined, Refraining from issuing recommendations on the
use of his formulas in design practice, he gives diagrams which are in fact
ugad in some design organizations for ejection computations. These
diagrames relate the piezometrie effect of ejection to the tailrace level for
different values of M. This coefficient does not, however, take into account
the ratios between the overflow and turbine discharges and between the
width of the span and the theoretical width of the tailrace, The diagrams
can therefore be used only under conditions corresponding to the experiment,
i,e,, for

=075—080, k= %’- 1—3, h;=22—08—18

d. Solution of the problem, suggested by I. L. Veits

I.I.Veits /3] gives a solution for the two-dimensional problem, con-
sidering turbulent flow, turbulent and emooth flow, and =mooth flow, hoth
with and without free access of air beneath the nappe.

Those of the mathematical models considered by him which correspond
to HPPs with ejection are shown in Figure 42,

* In develaping the initial relationships 1L Levi makes a simplification equivalens to the asumption that
the pressure distribution at the piers is similar to chat at the end =il
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FIGURE 42. Mathemadeel medels for election iot tailrace, accord=
Ing to L L, Velts,

Isolating the tailrace, Veits moves section [-I toward the headrace and
agsumes that the pressure distribution in the nappe is hydrostatic, ir-
respective of the tailrace level. Thus, the plezometric head. 4, beneath
the nappe dees not affect the nappe depth &, This simplifies the re-
lationships.#%

The following formula is obtained for mathematical models a and b:

St (= f)atom=eu, 42,
where
9[-&:]=i‘%+§'

* The same procedure 1s also fellowed by other authors, c.g., D. L Komio /9, 10/ and Kh, Sk, Mustafio /14,
&5 well ag by us in discussing a combined HPP with a broad-crested dam.
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and

8 (k) =-E 0 1

Solving (IV) for 4, (the piezometric head at the draft-tube outlet,
measured from the bottom) yields the following relationship:

t=-+|ew—em— 2| ++. (V)

Knowing a, &,, ¢y, ¢, » and &, we can find the piezometric head 4
from (V), and thence the piezometrie effect of ejection:

Rey =Hy—h,.

Mathematical model ¢ corresponds to free accegs of air beneath the
nappe., WVelts propcoges the following equation for this case:

e ok [ it cosa =gt 4 .

where &, is the flow depth of the turbine discharge beneath the nappe,
Using the same symbols ag in (IV), and writing

2
Eq]ll:'l"':ki:; =B({4,).
he obtains finally:
& (8,)4-8 (k) cosa =0 (k;). (vi}

Veita aleo proposes a method for ealeulating the optimum height of the
end sill, Nocomparison was made between theoretical and experimental
results; there is, however, no reason to doubt the accuracy of hia formulas,

The advantage of this method is the absence of involved calculations,*

Its application {8, however, restricted by the arbitrariness of the asaump-
tions {two-dimensicnal problem, horizontal apron, end sill of considerable
length); this does not, however, prevent use of these relationships for the
layout shown in Figure 3,b, and in tentative calculations,

e. Kh, 8h, Mustafin's formulas for overflow ajection

Kh.Sh, Mustafin {14/ considers the simplest mathematical meodel with
horizontal apron at the level of the draft-tube bottom and dam with long
horizontal end sill which prevents the tailrace level from affecting the
depth in the contracted section at the batter; a hydrostatic pressure
digtribution in the nappe at the end sill is assumed by the author in all cazes;
the pressure at the piers in the whirlpool zones is determined by the
piezometric head bheneath the nappe.

Using the symbols

=0t k=f'_"rr-¢- P=

* The values of @ {4} are obrained from & Domogram,
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in the momentumn equation, Mustafin obtains the following expression for
the head effect of ejection:

AH—}—p
where X is the piezometric head at the draft-tube outlet without ejection,

measgured from the apron level; & is the same with ejection.
In the absence of air beneath the nappe,

_ YV =015 =20K — ) +bat —pa (v
= =3 4
When an air pocket at atmospheric pressure exists beneath the nappe,

h=) B;—20K —pX. (VIII)

K=f(g+2tm ),

&
In (VII} and (VII),

gy i3 the coefficient of velocity nonuniformity in the draft-tube outlet
section,
The piezometric head at the draft-tube outlet iz without ejection

et

This formula was also obtained from the momentum equation applied
to the mazss of water between two sections of the tailrace.

Mustafin claims that his relationships give satisfactory results for
engineering purposes,

17. METHODS OF COMPUTING EJECTION
THROUGH CONDUITS

a. Computation of ejection at the sides of the draft
tube with floocded conduit outlets, according to Krei

Krei also proceeds from the momentum equation established for two
sections of the tailrace, assuming a uniform tailrace depth over the entire
width in section I-I [Figure 43), and neglecting friction at the bottom
between sections I-I and II-II.

He finally obtaing:

by — =2 (1% -+ g v ).

Neglection nf% and g-‘i- V: yields the following expression for the

piezometric effect of ejection:

L =%‘[ﬂ(l—g}) = V,],



s led

FIGURE 43. Mathematical medel for ejection
through botem conduits at the sides of the drafe
twbe, according to Krel

The velocity Vyin Krei's formula is obtained fram Bernoulli's egquation:

V=19 sz(ﬁst +%+ hu])'

Experimental verification of these formulas /4/, carried out in 1828 and
1829, showed that the theoretical piezometric effect of ejection is 20 to 30

less than the experimental result (for o =1.5 to 4). For %%r Tto 16

the aceuracy is 10 to 1 %, A coefficient m= 0.70 to 0.99 should be introduced
in the formula

*
i

By =m££![vl(1—"q;)—vz]. (X)

b. Application of 5. A, Egorov's relationships to
ejection through conduits

S.A.Egorov proposes to use the relationships derived for overflow
ejection also for ejection through conduits, The inaccuracies mentioned
above are, of course, retained.

Some additional observations on the pressure distribution at the conduit
autlets should be made. Considering (f4/, pp. 78, 79} one case with plat-
form at the condult outlets, and another case without platform, Egorov
assumes a hydrostatic pressure distribution at the conduit outlets in both
cases, irrespective of the tailrace level. This assumption iz, in fact,
only true for a conduit outlet with a platform behind it; when no platform
exists the pressure distribution in the gutlet section is parabolic at tailrace
levels corresponding to bottom flow.* Since Egorov ignores this fact, his

s f., fos inseance, Fakierovieh, M. E. Gideavlika sopryazheniya s nizhnim beforn potoka, vykhndyashchege
iz napornykh vodovodoy (Hydraubics of the Flow inte the Tailrace of the Discharge from Conduits).—
Izvestiya VNG, Vol 34, 1947,
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relationships are correct when there is a platform behind the conduit:
when no platform is arranged, the mathematical model corresponds to
surface flow.

c. Computation of effect of ejection through bottom
conduite (beneath draft tube), according to
B. D. Kachanovgkii

For HFPs with bottom conduits {(Figure 44) B.D.Kachanovskii
establishes the momentum equation by assuming a uniform presgure
distribution over the width of section I-I, and a hydrostatic pressure
distribution (according to the tailrace level) on the sloping part of the
apron, located far downstream from the HPP 7/,

FIGURE 44. Scheme of the combined HEP
considered by Kachanovakii,

The discharges through the turbine and the bottom conduits are
respectively

Q =p,u, ¥ EE{Z"I'He] h
Q=npV 2g(z+4;),

where z is the difference between the headrace and tailrace levels; p, and
tw 8re the discharge coefficients of turbine passage and bottom conduit,
respectively; o, and o, are the areas of the outlet sections of draft
tube and bottom conduit, respectively,

Writing

= A
*—f_l‘t “
Kachanovskii obtains the following relationship:

o Koy — 2kt +2¢ (z+k ;) =0. (X1)

oz [ia-(1 3]
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The mathematical model for ejection through a bottom conduit beneath
the draft-tube, used by us in deriving (28), does not differ from that
used by Kachanovskii. Caleculations by {28) and by (XI) lead to identical
results.

18, SOME CONCLUSIONS CONCERNING THE
METHODS CONSIDERED FOR COMPUTATION
OF EJECTION

The reliability of the calculations by any formula depends on the extent
to which the mathematical medel, on which this formula is based,
corresponds to reality. From this viewpoint, the methods described in
this chapter may be used in the following cases:

The relationships considered are most accurate in the case of ahorizontal
apron. They may be used unconditionally if the apron has a sloping part
located in the zone of the bottom roller; otherwise the results will differ
considerably from reality. When the sloping part of the apron is located
in the bottom-roller zone, the mathematical model is reduced to the case
of a horizontal apron.

A second requirement, whose fulfilment increases the accuracy of the
results, is the application of the relationships to surface flow with jump.
The aceuracy is small in the case of a submerged jump and bottom flow.,

The applicability of these relationships depends on whether the problem
is three-dimensional, I.I.Veits's method may be used in the two-dimen-
gional ease only, while the methods of 5. A. Egorov and Kh. Sh. Mustafin

are applicable in the three-dimensional case. With decreasing E:i the

inaeccuracy increases more with Egorov's than with Mustafin's methods,
Computation of ejection through conduits by Egorov's method is subject to
all the ohservations made on the computation of overflow ejection by his method.
Inthe cage of ejection through conduits his relationships are, however,
applicable also for a submerged surface jump {i.e., whenthe discharge outlets
are flooded).
The methods proposed in this book have the following advantages over
earlier ones: 1 They are more accurate in the case of bottom flow.
2. They permit a satisfactory accuracy in the case of an apron with

sloping part, as well as when = -E is small, which is characteristic of
ejection at the sides of the draft tube. It iz true that the accuracy
decreases when the apron has a sloping part and B=—;— ig small, but this

decrease is less than when the relationships of the other authors are used.
The simplest relationships are those of Veits {in the two-dimensional
case), particularly because the nomogram proposed by him can be usad,
Computation by Mustafin's formulas is slightly more complicated and that
by Egorov's formulas, far more. Computation by the relationships
proposed byus is, of course, more involved, sincewe consider a mathematical
model having an apron with sloping part, and a step between it and the
downstream spillway apron. In addition, the form of the relationship
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changes with the flow regime behind the dam. Considering the fermulas
proposed by us for the case of a horizontal apron, the only complication
remaining, in comparison with the relationships of Egorov or Mustafin,
is that different formulas exist for surface and bottom flow., This increases
the accuracy, but cannot complicate the calculations, since the method
proposed in this book for determining the type of flow regime is simple.
In conclusion we note that Egorov's formulas for small HFPs [5f have
not been discussed here.
Neither have we considered A, K, Ananyan's work /2/ concerning the
carrying capacity of two-level conduits, since it has no direct bearing
an the hydraulies of ejection in HPPs.



Chapler ¥V

HYDRAULICS OF THE TAILRACES OF
COMBINED HFPPsz

19, CRITICAL FLOW REGIMES BEHIND THE DAM

Application of the relationships of Chapter Il requires in every case
knowledge of the flow regime behind the dam, on which the value of the
term R entering in these formulas depends. This informaticn is also
necessary in order to estimate the forces acting on the structure,

The tailrace depth corresponding to transition from bottom to surface
flow differs from the depth at which the inverse transition takes place,
These two depths form the limits of the first eritical regime, within which
there is contimuous transition from surface to bottom flow and vice versa,
It is called by us zohe of instability.

A detailed discussion of instability phenomena will be given in the next
gection. Here we shall only congider the extent to which the relationghips
concerning ejection are applicable to eritical regimes.

All existing methods of analyzing the first critical regime, proposed
by the different authors (except 5. A, Egorov's method), are strictly
applicable only to a single nappe. Egorov's formulas, which are based on
the assumption that in the first critical regime the nappe leaves the end sill
along the tangent to its flat, lead to results differing considerably from
reality.

The presence of a turbine discharge has no qualitative effect on the
variations of the flow regime, but has a guantitative influence. The
turbine discharge reduces the instability and causes the first eritical
regime to corregspond to lower tailrace levels.

All the formulas, proposed by the different authors far analyzing the
firat critical regime, relate the tailrace depth to the discharge. In this
book we present, for the first critical regime, empirical relationships
between the piczometrie effect &gjof ejection (Figure 45) and the height

i#, of the free eurface of the tallrace above the averflow edge of the end sill.

These relationships were obtained by processing the results of tests of
the first critical regime, performed on models of overflow HPPs at MEIL,
VNIIG, and VIGM. Altogether 181 observations were considered, of which
128 were without, and 53 with turbine discharge; 78 chegervations cor-
responded to flow under a sluice gate; in 128 cases the apron had a sloping
part immediately behind the HPP, while in the other cases the apron was
horizontal along its entire length. The model scales were 1:56 (model with
three bays), 1:80 (plane model), 1:52 (plane and semispatial models),

1:20 and 1:17.2 {=emispatial models with turbines),
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FIGURE 46. Mathematical model of the flrsr erigleal
regime.

The principal [variable] dimensions were the height &’ of the averflow
edge of the end sill above the raised part of the apron, and the height g of the
dam ecrest above the raised part of the apron.

Converted to full scale, the teats corresponded to

.48 m=g'=16.60m, |5.0m= p=23.05 m,
with

1.33< 522,50, 0,13 -.-:;_"-: 0.75,

074 ph <140, 0.25 <p<l,

where M is the head on the dam.

The relationship between Aejand 44, for the models studied ie shown in
Figure 48, Despite the fairly wide range of variation of the absolute and
relative HPFP dimensiona, the relation between k. and ak; is relatively
close at the first critical regime. The designe studied can therefore be
considered as eimilar, The ratio

can be adopted as parameter averaging similar designs, where ¥ is the
head on the dam at free overflow,

The curves in Figure 46, which average the sxperimental points for
Bimilar degigns, represent the following equations used later in the

computations.
Without turbine discharge

Ak, = KN [m], {31)

with turbine discharge
Aby=K_ i [m].
'&2 H‘."‘lﬁe][m] {32}
In these equations K and K;are parameters having the dimension rlﬁ‘
1
K=040=,

Ky=0282,

We ghall now determine how K and Xp vary with the abselute dimensions

of the HPP. Consider a series of similar HPP madele. If the absolute
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values of the principal dimensions of any model are i times the average
values for the series, then 4f, and k,iin (31) and (32) must be multiplied

by &, and the parameters K and K by —i

m| 2k L
2 . -/‘
g =
a L - -
£ surface flow ¥ L.
b = ]
# =
o L
2 Bottom flow
e H=gil
- =T+ *  End sill
ﬂ'f—- i o E
-z i I III!'lej ;
f g ] Jm
Mezometric effect of ejecdon
m| dd, L'Iﬁ,'&
§—t g4
P Sorface flow
a 4 =
2 = 0"#
” -0
i [...---"'""’f—:.na slil ;
=7 1 i '#':j i
r Z 5 # Jm

Fiezometric effect of efection

FIGURE 46. Relationship, at first ericical regime, between height above tee of free tafl-
rpce surface and piezometTic effect of ejection,

The average values are p= 17,20m, a'= 9.98m for the the model
series considered., The parameter defining the model series is thus

1720
HFa='

while the discharge over unit length of the dam is
g =m}/ 2gH":,
where m= 0,40 for the selected dam profile.
We now determine the parameter ;f—ﬂ-é for different values of & and

: , 17.20 3
g, The relationship cbtained, ‘i'w=f{ﬁ".-|'-ﬁ) corregponds to K= 0,40 -

1
and K= 0.283.

T2




7. T ] AREEETE |
P e v U e R AIAR i Ay,
% ?cnﬁ el %_ ' FiL— %;KF % -F:: — 1

--.1‘-5 B WS FAEAY AL\
W= '\.\\\'\\ . }; &g "\ \\\ "\.\
b b, [ \.
&0 \“‘:QE‘:\ . 24 NN NN
M ] ™ b
_H'::;‘ g SN
P . I Arg' g rAeg’
as A7 Ly a5 I L5

FIGURE 47, Curves of coefficiens X and Kp in formulas for analyzing fisst critical regime.

Multiplying p and a'by 1, and again assuming different values of &,
3 . 17.20} .
we obtaina new relationship between Hro.08 and g=m} 2g{iH)"s, which new

corresponds to H=(—:'Iv:£ and K,-=c-r'¥-. Having thus plotted the family of

curves g,=y FE—‘E’) (Figure 47), we obtain diagrams for determining the

numerical values of K and Krin (31) and (32). These formulas can now he
applied to HPPs having different absolute dimensions, provided that the
characteristic parameters lie within the range in which the first critical
regime was investigated,

Figure 46 shows that at Q,= 0 the relation between the experimental
values of A#, and 4, is fairly close for the model series studied, despite
some differences in the absolute and relative dimensions. When G # 0
(Figure 46) a considerable scatter accurs, due to the influence of the
turbine discharge which amounts to between 0,47 and 0,86 of the total
discharge. However, the variation of the turbine discharge is not taken
into account in (32}, This is a shortcoming of the formula, which is
accurate for discharge ratios and characteristic design parameters (given
at the beginning of this section) near to the average values. This also
applies ta (31). When the parameters are within the ranges indicated, 24,
is obtained at an accuracy of about £10% from (31) and about £+30 %
from (32); this has been found by comparing computed and experimental
regults.

In the analysis we use first (32), since the piezaometric effect of ejection
interests us only in the presence of a turbine discharge. Of course, this
procedure is far from perfect, but it is justified by our purpase, which is
to delimit the regions of bottom and surface flow, in order to determine
the term R entering in the relationships of Chapter II.

Formula (31) may be used to plot the ejection characteristic for de-
termining the first eritical regime when @, approaches zero.

This method is also applicable to a discharge through conduits. Inthis case
the conduit{ Figure 48,a) must be converted to an "equivalent"” dam (Figure 48,b)
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in which the mean flow velocity /) at the end sill is equal to the mean flow
velocity V, in the conduit outlet:

V=V, =V 2g(T,— k), {33)

where, in the case of & dam, 4, is the flow depth at the end gill, while in
the case of a conduit it is the height of the outlet.

%
e b
]
T

Dss
D7)

FIGURE 48. Replacing conduit by equivalent dam for computation of suface
flow regime behind HPP,

Using this formula, we shall determine the dimensions a'and g, and the
head A of the equivalent dam (Figure 48),
%

Replacing V, by %+ and solving (33) for T,, we obtain

To=mzwr| 2]+ (34)

F
while the condition THR4- ;‘E =7 {outlet bottom) + T;

qwmﬁ- E‘II'-!I
yields the head on, and the height of the equivalent dam:
B [
=[]
p=NHR—H, —V (apron). (35}

We then use (31) and (32), in which Kand K; are determined from the
values obtained for a', p, and H.

For the dam profiles for which the empirical relationships were
determined, 9= 0,80 to 0.95, m= 0.40,

At the first critical regime the conduit is not flooded. This is important
fordetermining the excess discharge; the computed head is determined from
the difference in height between the headrace level and the upper edge of
the conduit outlets,

When the characteristic parameters of the HPP lie outside the range
investigated, the analysis is carried out without allowing for the turbine
discharge, for instance according to A.A.Sabaneev's condition (cf. § 28,
point 1}  The computed level corresponding to the first critical regime
will then be higher than the actual one,

The second critical regime is analyzed under three-dimensional
caonditions, i.e., when the jump iz submerged by the water coming from
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the whirlpool zones behind the piers (Figure 48) (or from the whirlpool
zones at the sides of the conduit outlets), by the relationships proposed
for computing the ejection effect. We
first determine the piezometric head &,
[T beneath the nappe, measured from the
overflow edge of the end =ill {or of the con-
duit), and then obtain the level who—

k 7 v (overilow edge)--fy, i.e., the level of
the piezometric plane corresponding to
r,it!@.\ S hg 1 the pressure beneath the napp-:. Compar-
"'3"-’ Q_";'r b ing this value with the level of the nappe sur-
Ovetllow face at the end gill or with the level of the
g~ Watet from whitlpool upper edge of the conduit outleta, we de-
rones termine the type of taflrace regime: the
FIGURE 49, Submerging of a jump jumpwill be submergedif 7k, exceeds the
displaced downstream, by water from level of the nappe surface at the end gillor
whirlpool zones behind piers, of the upper edge of the conduit cutlets.

When piers protrude into the tailrace
the calculation yields results closeto

reality onlyif F=-§— is small{submerging of a jump by water from the whirl-
pool zones was obgserved byus on a model for which f= 0.58). When § ig of the
order of 0.8, sufficiently accurate results are obtained when the piers
protrude intothe tailrace negligibly beyond the plane of the end sill,

The only method, known to the author, for analyzing the second
eritical regime with two streams flowing into the tailrace under three-
dimensional conditions is that proposed in this book. Under conditions
close to plane flow, we must use the relationships derived by I. 1. Levi,
D.I[.Kumin, and M. D. Chertousov for the case when only the overflow discharge
enters the tailrace. The computed level corresponding to the second
critical regime will differ from the actual one, since the turbine discharge
iz being neglected. The simplest of these formulas is Chertousov's*:

fa= 11960 + 0101 — BH2—]-(g— 0.455—1.30)+ .90 H0.40,
Y A A

a—/_

The magnitudes [, a', T3, and p are shown in Figure 48,b. Chertousav's
formulas were derived from experiments with a model with plane apron.
They are, however, sufficiently accurate alsofor an apronwith stilling pool
provided that &, To, ks, and p are measured from the raised part of the
apron, as done in this book.

Chertousov's formula for the second (and alse for the first) critical
regime is inapplicable to discharge beneath a sluice gate, The dam with
sluice gate must in this case be replaced** by an equivalent overflow dam,
as was done in the analysis of the first critical regime for a combined HFPF
with conduit.

* Chertowsov, M.D. Spetsial’nyi bucs gidravliki {A Special Course in Hydraulles),— Gosenerglzdar, 1949,
* Slishii, 5.M. Raschet sopryazheniya b'efov poverkhnostnym rezhimom prl istechenii iz-pod shehita

{Analysis of Surface Flow behind a HPP with Discharge beneath a Sluice Gare). — Gidrotekhnicheskoe
stroitelstve, Bo.4, 1952,
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In conclusion, we shall prove that the piezometric head beneath the
nappe (measured from the level of the overflow edge of the end aill) maybe
negative at the first critical regime. In fact, Figure 46 shows that for
fgy < 1.8m, Ak, <h;. But A, =&y — By, 50 that &,=dky— ;.

In the case considered Ahy=<Ch,;, and therefore &<0, The existence,
in some cases, of the first critical regime, when 44,<0, i.e., when the
level of the free tailrace surface is lower than the level of the overflow
edge of the endgill, alsoproves that a change of flow regimes may take place
when fp<Z0 .

20, INSTABLE FLOW REGIMES IN THE TAILRACE

The instable flow regimes observed in the tailraces of models of
combined HPPs* are due either to transition from surface to bottom flow
(or vice versa), or to periodic breakthroughs of air underneath the nappe
(at bottom flow)

The author observed the following three typical cases of instability
during the change of flow regimes in modaels:

1. Periodic horizontal displacements of the roller under conditions of
bottom flow at depths close to the lower limit of the first critical regime
{Figure 50,a),

2, Bimilar displacements of the surface roller under conditions of
surface flow at depths elose to the upper limit of the first critical regime
{Figure 50,b).

3. Considerable periodic fluctuations of the tailrace level in the
instability zone {Figure 50,c}). In this case a surface roller is formed at
a certain distance from the structure, and increases in magnitude as it
travels upstream. The roller sometimes reaches the end sill and mayeven
flood it if the end sillis low, After the roller submerges the nappe, the latter
begine to rise rapidly from the bottom, and the roller becomes spread
out over the surface.

When the end sill hag an inverse slope, tailrace-level fluctuations of emaller
amplitude are observed at a certain distance from the structure, Smaller
fluctuations are observed when the turbine is operating.

The instability due to periodic breakthroughs of air underneath the nappe
manifests itself in fluctuations of the nappe flowing into the tailrace
(Figure 51}). This phenomenon is observed only at low levels and a definite
ratio between the lengths of the end sill and the piers protruding into the tail-
race. If this ratio is such that the piers prevent access of air underneath
the nappe, the pressure reduction beneath the latter causes it to be forced
toward the batter, but if air penetrates underneath the nappe, the latter
is returned to its previous position. A large instability of this type,
accompanied by a ""snoring" sound of air being sucked underneath the nappe,
was observed at an end sill with forward slope,

Converted to full scale, the tailrace level fluctuations obeserved by the
author during flow-regime changes in models of overflow HPPs, had
amplitudes reaching 8 to 9m.

* Cf. Veits, 1.I. Komplehsnoe socruzhenie GES — vodosbros — sudokhodnyi shlyuz® (The Complex
Strucwre ~HPP — Conduit—Navigation Lock™).— lzvestiya VHNIIG, Vol.31. 1946.
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FIGURE &0, Typical cares of instability observed during changes of flow
cegime.

The guestion arises whether instable flow regimes exist under field
conditions. Since all types of flow regimer and their changes are fully
simulated when the Froude number g main-
tained ecnstant, the instability phenomena are
also simulated. If, howewver, the fluctuation
pericd in a 1:50 maodel is 8 ta 10 8ec, it will

be V50 times larger under field conditions,
i.e., of the arder of 60 to TO sec, BSince
during high water the tailrace leval always
rises or drops, fluctuations of such a periocd
will, of courae, be very rarely chserved.
Practically no inatability exists during
tranaition from bottom to surface flow and

FIGURE 81, Perlodie fluctya- vice versa under three-dimensional conditions
tioms of nappe. caused by when § is of the order of 0.7 to 0.8 or leas,
flow of alt from undecneath Water coming from the side rollers alters
nappe and back, the pattern of flow-regime changes usual

under plane conditions.,

Attempting to reduce the tailrace-level
fluctuations during instable conditions, the author tested end sills having
overflow edges at different levels, The end sills were horizontal, orhad for-
ward orinverse slopes. It was found that the end-sill height does tiot aignifi-
cantly affectthe instability, but only determines the tailrace depth at which
this instability appeare. The same is true for gloping end sills,

The author obgerved a congiderable reduction in the fluctuations during
instable conditions, up to a complete disappearance of the tranaitional
regime, when teeth were arranged on the end sill. The instability in the
tailrace of a plane model with teeth on the end sill is verypeculiar. With
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increasging tailrace level the nappe rises gradually and forces downstream
the surface reller which is characteristic for bottom flow, There is thus
a smooth transition from bottom to surface-bottom flow (Figure 53],

f..if(.{,a/ e,
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FIGURE &2, Flow regimes behind a dam having teeth onthe end sill (plane model),

A—lnath; tooth width = 1.7m, distance between teeth = 1.7 m (full seale).

Instability caused by breakthroughs of air underneath the nappe can he
eliminated by providing for free access of air underneath the nappe.

The question of how tailrace-level fluctuations during instable conditions
affect the pressure distribution at the draft-tube outlet is of importance
in combined HPPs, The author investigated this problem on a model of
an overflow HPP with the aid of an electric pressure gage whose readings
were recorded by an oscillograph.

The oscillograms indicated the presence, at the draft-tube outlet, of
short-period fluctuations of small amplitude, inadditiontothela rge presgure
fluctuations having long periods (corresponding to the instability period),
While the amplitude and frequency of the pressure fluctuations with long
pericds (i.e., those caused by instable conditions in the tailrace) can be
converted to full scale by applying Froude's law, such g conversion
has not yet been achieved for the high-frequency fluctuations; this
problem is being studied at present at several Soviet scientific
establishments,

The amplitude of the long-period fluctuations depends on the amplitude
of the tailrace-level fluctuations in the same zone. When the turbine is
not in operation, the amplitudes of the pressure fluctuations at the draft-
tube outlet during instable conditions are about 50 % of those recorded on
the apron. When the turbine iz in operation, there are almost no pressure
fluctuations at the draft-tube outlet, despite the instable conditions in
the tzailrace,

Teeth on the end sill cause a considerable reduction of the pregsure
fluctuations at the points considered,



21, INFLUENCE OF FREE ACCESS OF AIR
UNDERNEATH THE NAPFE ON THE
EJECTION PROCESS

It has been mentioned in the literature® that free access of air underneath
the nappe reduces the piezometrie effect of ejection. The author found
this assertion to be erronecus. In fact, accezs of air underneath the
nappe inecreases the ejection effect, as can be seen from Figure 33.

TR i
o 2 Yoo ir :ntrl:lductdl
» ':n::m "]’MHSN channel
T 22, nappe Sexzin piet
Short end 5ill, l ?‘ |
no air be- :.’\L‘mﬂ endsill g0 . =
220}= neath nappe 2 £ 2 4
~
Mﬂ I k ‘h II&‘E:I.
Z J T dm
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A N :J:IIII!’J"I!{

FIGURE 51, Influcnce of free access of air underneath nappe (converted w full scale

from 1:52model).

Figure 53,a shows a weir with lengthened toe, which caused the nappe
to extend beyond the piers; this permitted free access of air underneath the
nappe, Figure 53,b represents the case in which air was introduced
underneath the nappe through a channel in the pier,

The experiments were performed on a 1:52 plane madel without turbine,
whose dimensions were:

width of span {chute widthy. . ... .. 0.8 em
Height of crest above blanket ... .. 26.6 em
Height of overflow edge above apron 20,5 cm
Height of crest above overlow edge . 124 cm

Water flowed simultanecusly over the weir and through the turbine
paesage. The total discharge was about 201/sec. The sluice gates were
fully opened.

Thedischarge, the levels of headrace and tailrace (at the end of the down-
stream spillway apron), and the piezometric head at the draft-tube outlet
were measured, The ejection effect was determined as the difference
between the tailrace level at the end of the downstream spillway apron and
the piezometric head at the drafi-tube cutlet.
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The experimental procedure was as follows,

Bottom flow was established; at first, in the absence of air beneath the
nappe, the void at this place became filled with water, After the headrace
and tailrace levels and the piezometric head at the draft-tube outlet had
been measured, a 10mm-diameter glass tube, intended for the introduction
of alr, was inserted into the stream at the chute wall. When the air
entering through this tube had filled the void beneath the nappe, the frees
surface beneath the nappe became stabilized at a constant level, The
corresponding levels and piezometric head were then measured again.

The results are given in Table 6,

TABLE B, Results of experiments with air introduced underneath nappe

Discharges Sratie head
Head o {dilference ba- Electian
: Total, g+ Cver dam, tween head- Introduciion of alr
Mo, W dam, M, eflect,
Vseo Qe L race and tail- undetneath nappe
cm Kaiy Cm
race levels), €l
Hyn ©m
1,4 19 12,84 8,43 .41 .33 ]
1,b 14 12.66 B.36 24,40 3.58 Yes
1,8 18 13,00 B.50 24,50 2,64 Ho
4.a 20.2 14,21 B.95 25,15 2.48 Mo
4,b 20,1 13.8 8.86 25.35 3.48 Yes

The table shows that introduction of air underneath the nappe increased
the ejection effect in one case from 2.33 to 3.58 cm, and in another caze
from 2.48 to 3.48cm, i.e,, by 53.6 and 40.4 % respectively.

The reason for this is easily explained, In the absence of air beneath
the nappea [partial] vacuum is created there; the nappe is digplaced toward
the overflow batter, as in the case of discharge over a thin-walled dam
without access of air underneath the nappe. The nappe thus forces the
turbine discharge upward, reducing the piezometric effect of ejection.
This phenomenon does not occur when free access of air underneath the
nappe is possible,

mi* TR
L1
"o [
-7y § P ]
:ﬁ'ilﬁ:}\n 2
L ] z | Pt

Experimental (with air influx)
= = e Experimental (without afr influx)
= Theoretical

FIGURE 4. Plezometric effect of ejection as function of tailrace level, with and wichout
air underneath nappe (air influx due to lengthening of end sill; surface flow — upper part
af curves).




The conclusion that free access of air underneath the nappe hag a
favorable influence on the ejection effect can also be reached from an
examination of the mathematical model. In the presence of a [partial]
vacuum, the preseures at the end sill are partly negative. The
positive pressure at the drafi-tube outlet must therefore be higher
te preserve the equilibrium of forces,

The positive influence of free acecess of air underneath the nappe is
expresgsed in the relationships proposed in Chapter II, 285 can be seen
from Figure 54.

Our deductions have been confirmed experimentally and theoretically
by Kh.Sh. Mustafin f14],

22, COWVERSION OF LABORATORY DATA
TO FULL 3CALE AND COMPUTATION OF
AMOUNT OF AIR ENTRAINED BY NAPPE

Introduction of air underneath the nappe is necessary for preventing
fluctuations due to periodic breakthroughs of air, and for increasing the
ejection effect during bottom flow.

One possible way of providing for free access of air underneath the
nappe is by channels in the piers. The cross sections of the channels
depend on the amount of air entrained by the nappe, which in important
cases, has to be determined in the laboratory.

For an overflow HPP now being built in the Soviet Union this was done
at the MET imeni V. M. Molotov and at VNIIG imeni B. E. Vedeneew,

Two similar 1:156 and 1:52 models were tested at the MEI laboratory,
and a 1:20 model at VNIIG. The experimental procedure was as follows,

TABLE T,
Time re- Full-gcale air
Pocket width
i - dischar
Heightof |  (berwezn | Volume of | Tlredfor | Alr dis SIATEe
Model 1 : pocket o fchamge for|  converred
ty air pocket | pler center | air pocker
scale P " o become | medel Q| accordiog to
h % A filled with Ifsec Froade's law,
¥, CI 3
Water hgec . misec
1:20 1,790 16 ED 27300 -3 5.46 879
1:52 19,470 4.2 30.8 725 5.2 0.139 2.0
1:156 304,000 1.40 10,25 26.8 8.0 0,003 0.81

* The nappe impinged behind the piers, since the latter formed semicircles [in elevarion] in the tailrace,
the apace beneath the nappe was closed and air had no access. Differences in pocket width {Inside and
outside the piew) were oot taken inte account in the pocker volume. The distance berween the center
lines of the plers was taken as width & this did or affecr the final retnits, since the nappe width was
ale' takten as the distance between the cemer lines of the piers in computing the air discharge per
unit nappe width, Los

The lowest possible tailrace level, at which no spontaneous breakthrough
of air underneath the nappe cccurred, was estahlished at a 10.25 m-head



on the dam and a 418 m3/ sec discharge over the dam [under the sluice I
gate}, Air was then introduced through a glass tube, so that an air pocket
was formed beneath the nappe. After
removal of the tube the air in the pocket
wae gradually entrained by the flow, and the
pocket filled with water. The average air
discharge was determined by measuring the
dimensions of the pocket and the time |
necessary for it to become filled with water
: (Table 7).
The [vertical] distance from the free
FIGURE 6. Computation of amount surface of the water beneath the nappe to
of air entrained by nappe. the overflow edge of the end gill was taken as
height & of the air pocket (Figure 55).
Although the free surface levels of the headrace and the discharges were
in all models in accordance with the similitude conditions, the height &
differed when converted to full secale, Thus, in the models it was 16 cm,
4.2¢em, and 1.40cm, corresponding to 3.2, 2.2, and 2.2m in full scale.
This may be explained both by measurement errors and by some differences
between the models: the 1:20 model had grooves in the piers at the tailrace
side; the 1:156 model consisted of three bays; the apron of the 1:52 model
differed in outline and position from those of the 1:20 and 1:156 models.
The area F of the air-pocket cross section was assumed to equal that
of & parabolic segment:

\\\\\J\§

F=}4s,

where § is the pocket base (Figure 55),
The experiments showed that S=2% Thus, the area of the parabolic
segment is

4
F=zM,

The air-pocket volume is
W=3%#,

where b ia the width of the model between the piers.

The last column of Table 7 shows the air discharge, converted to full
scale according to Froude's law, [t is seen that the phenomenon of
air entrainment does not follow this law.

Conversion of the air discharge in the model to full scale necessitates
finding a parameter characterizing air entrainment. Such a parameter may
be the air-pocket height A, which characterizes the dimensions of air pocket
and maodel, the pressure beneath the nappe, and implicitly, the flow velocity
of the nappe.

Applying the dimensional analysis, we shall express the air discharge
as a function of A.

Assuming that the air discharge @ is a function of the flow velocity V
arpund the air pocket, and of the area F,of the interface between the air
and the moving water,®* we can write

Q=#V"E;,

* The water in the nappe ic not sapurated with aie,  Air it entfained anly at the lower surface of the nappe,
and also along the line of nappe impingement on the tatlrace surface {over the apron width), as shown
by ¥.G, Sakolov, in hic paper "Cb issledavanii aeratsii potaka na medeli vodelivani GES" (Investigatlons
of Flow Aeration on the Model of ap Overflow HPF).— Trudy gidraviicheshoi laboravarii, Mo.3. 152,
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where R is a proportionality factor.
We have V=:- and F,=4#I[, where ! iz the length of the napps, measured

from the overflow edge to its point of impingement an the fres surface of
the tailrace, b is the tailrace width, measured between the piere [and ? ie

the time in sec.]; I=&4 and F=4kd. We obtain V=.il% and Fi= kkak,

where & is another proportlonality factor (i=1,2),
Substituting the expressions obtained for VW and F; in the formula for
the discharge, we obtain
&

al)
Q= () oty = (- k.
The exponents x and ¥ are found from the dimensional equation
(4]=[F1r i =T

which yields 3I=x42y —l=—x, and therefore x=1; y=I,
Thus

"M
Q=k5"_1-
where =1 sec; k& is a dimensionless coefficient; writing ?-—=.t,, we

obtain finally

Q=h. (38)
The experimental resultes wara
Model 1z & 120 1:52 11156
Average alr discharge @, emifsee .. 5480 138 h]
Helght i, €10 W oo wwmsie obinnrs 18 4.2 1.4
ML R wow| 4098 4,09 2,74
=gl a A 1,93 1.68 109

* The experiments were cartled aut at VRIG by the author together with Eh, Sh.
Museafim,

The coefficient & is approximately 1.5 on the average,
A similar result is obtained also by a different procedure, Since the
air discharge depends on the pressure beneath the nappe, we have

QEM 2
lgQ=Igk+nlgh

and

Hence far

1:2=1:20 1gQ=Ig5480=37372, Igh=Igl6=1,2041,
l:i=1:52 IgQ=I1g130=2.1430, Igh=1z4.2=0.6232,
1:4=1:166 lgQ=1g3=047171, Igh=Igl.40=0.1461.
Figure 56 represents lg @ ag a linear function of lg k. At lgd=0 we
have lgQ = 1g &y, where &, = 1,5, We determine r from the data obtained
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for the largest model (1:20);
ST ES T T, T

or about 3.
Thus, k= 1.5 indeed satisfies [3b).
Now, to determine the air discharge, we must first find Qpand &y

experimentally (for the model). From &= % we then obtain the full-

gcale air discharge
Q =k (14, (36'}

In the absence of air channels this is the air discharge averaged over
the pericd during which the pocket fills with water, Of course, initially,
at a low water level in the pocket, the discharge
will be higher than the average, while at the end
v g d it will be less, [ntroduction of air underneath the
/ nappe changes the unsteady process of entrainment
7 7 into a steady one.
/ Additional experimental data indicate that in
2 / the general case it would be better to express the
/ air diacharge as a function of S$A*(Figure 55), which
is also correct dimensionally.
| b We shall now establish a tentative formula for
e —1 = determining in the design stage the air discharge
fordams withhorizontal end sills and ratioa Tk
near tothose congidered, The following assumptions

FIGURE 88. Determinationof

are made;
coefficient & In formula for +
.mghntgfl?tmr‘in‘d by 1. The coefficient & is independent of the air-
nappe. pocket height,

2. The coefficlent ky does not depend on the
averflow digcharge.

3. When the air-pocket dimensions k, b, and [ {Figure 55} are given,
the air discharge depends mainly on the flow velocity around the pocket.

4, The flow welocity around the air pocket depends on the [potential]
energy I* per unit dam length, referredtothe overflow adge of the end sill
=g HR—v [toe),

The first assumption is arbitrary. Since, however, the relationshipa
are considered as tentative, this is acceptable,

The second assumption is based on observations of nappes, which
showed that they are net =saturated with air, irrespective of their depth,
A negligible influence of the overflow discharge on the entrainment of air
by the nappe was observed in V. G. Sokolov's experiments at VODGEQ.

We shall proceed from the data obtained with a 1:20 model, which was
the largest used: dam width &,= 60em, T = §3.5 em (horizontal end sill),

T [1F:< 1]
Tk 7 g

The total and unit {per 1 m dam length) air discharges in the 1:20 model
were respectively

_ hsm
Q=iSH; =",



5,460
hence k= 3%1-—'1;,.,,1 = [.665.

The corresponding values for the HPF being designed are

chmz kﬂscmf&:um' EII4::|rn=ﬂﬁrj“'ﬁt"[m f

where A, S.mare the computed values of the height and length of the
air pocket found by the formulas of Chapters [ and II; 4 is a scale factor,
being the ratio of the linear dimensions of the HPP being designed and of
the model.

Were the HPP being desipned geometrically similar to the model for
which & was determined, the formulas obtained would require no further
transformations. Usually, however, this is not the case, We muat
therefore use as scale factor the ratio of those geometric parameters whose
magnitudes determine the amount of air entrained by the nappe. One of
theze is, in accordance with agsumptione 3 and 4, the height 7 of the
headrace level above the overflow edge of the end aill, l.e.,

1= rﬂl:lm

»

where Tromis the [potentlal] energy per unit dam length, referred to the
overflow edge of the end sill in the HPP being designed; T' is the same for the
model {scale 1:20),

Subetituting the value of i in the expressions for the unit and total
discharges of air in the HPP being designed, we cbtain:

2
= *ﬁapﬂmn ™
Feom & rc'mn
and

HEEPg'm T 0.505:0.8368c orhitom
=4 —_—— e m——
Qo W rcmbmr 0.807, oy Beom:
where #eom is the width of the dam in the HPP being designed,

Introducing a safety factor of about 2, and omitting the subecripte of
&k, T, and b, we obtain finally:

QmFESTMb- 38"}

The average air discharge obtained by this formula corresponds to the
case when the pocket height A varies from its maximum (when a break-
through of air underneath the nappe is imminent if free acceas of air is not
provided for] to zero {when acesa of air ig prevented). Having determined
Ao We do not know by how much the pocket height differa from its
maximum. This does not prevent the use of (36"), aince the height of the
pocket (into which air must be introduced] cannot exceed this maximum,
while with decreasing height the amount of air entrained also decreases,

It could be concluded from an examination of {36") that it is incorrect,
since an increase of T=D,, (which determines the scale factor i) causes
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a reduction of the discharge Q.. However, for agiven overflow discharge,
tailrace depth, and end-=ill height, anincrease of T, and thus of the flow
velocity of the nappe, leads to anincrease of the air-pocket height &, whose
sguare appears in the nomerator, and of the length 3,

For the design studied by V.G, Sckolov (toe with inverse slope which

increases considerably the length of the nappe, % =8, b= 0.26m,
P=0.39m, §=0.42m, &= 0.05m, air discharge Q= 0.0038 m?*/sec], we
have for the actual (nonaveraged) air discharge: &.,25%‘:: 3.5 and

Q= E%’E: & (without safety factor),

The cross section of the air channel is determined in accordance with
the veloeity of the air flowing through it:

= Ap
Y, X 23‘ Tiil"

where Ap is the pressure drop; y,,=1.3 kg/m? is the specific weight of air.

The pressure drop was not measured during the experiments deseribed in
this section, Foratentative design we determine the pressure drop from the
piezometric head A onthe overflow edge of the end 5ill when there is noaccess
of air underneath the nappe: Ap=1yhk,. The pressure drop may also be
determined from the height k of the air pocket: Ap=yh# This gives a amaller
safety margin for the cross-sectional area of the channel. The values of
fy or &k are obtained by the formulas of Chapter 11 or III.

The magnitude Ap determined from bk corresponds to the instant at
which the air pocket becomes completely filled with water, which can happen
only when there is no access of air underneath the nappe. At this instant
the pressure drop exceeds considerably that existing when the pocket begins
to fill with water, since, when access of air is cut off, the pressure beneath
the nappe is practically atmeepheric. When the air channel has a considerable
cross-sectional area, the pressure beneath the nappe is thus practically
atmospheric, With decreasing cross-sectional area the pressure drop
increases, and the level of the free surface in the air pocket rises.

The air velocity determined from the pressure drop th,(and even more,
from y4) is too high, since this pressure drop is impossible when there iz
free access of air underneath the nappe.

Recognizing that (36") is neither rigorously derived nor accurate, it
may nevertheless be used (as for the design studied in § 21) until more
accurate relationships are obtained by subsequent laboratory investigations,

23. LENGTH OF NAPPE

In order to select the formula relating the tailrace depth to the pressure
beneath the nappe, we must know whether the sloping part of the apron lies
inside or outside the zone of dynamic action of the nappe.

* Since |yf] > lpfpl the air velocity comesponding to the pressure drop 1% will be larger than that
corresponding to phy.




When the pressure beneath the nappe is atmospherie, which is possible
only during bottom flow, the answer to this question depends on the nappe

length
XD=“V-};£'_ H

where V), is the average flow velocity at the end sill {or in the outlet
section of the conduit); ¥ is the height of the c.g. of the nappe in sectionl-1
above the point at which the nappe impinges on the apron; g is the gravita-
tional acceleration,

We take, for simplicity, the plane 0-0 {Figure 57) as the apronsurface,
The height, above the plane 0-0, ofthe c.g. of the nappe insectionI-I is

_}r-a’-{-—':u-l-fz'— , while
V1=f EgT,.

where T, is the height of the headrace level above the overflow edge of the
end sill,
Hence

Xo=vV2g1, -/ ZELER (37)

The depth & at the toe can be determined from the formula for the
nappe contraction.

In most cases, however, the pressure beneath the nappe is not atmos-
pheric, being given by the piezometric head §; measured from the overflow
edge of the end sill or the conduit outlet.
When k=0 the effect of the excess
pressure beneath the nappe (Figure 58)
is to increase its length. When Ag<J0,
the pressure beneath the nappe is below
atmospheric aleng the firat part of its
length, which leads to a decrease of
the latter. Knowing the effect of & on
the nappe length, we can determine
approximately whether the nappe will
impinge on the sloping part of the apron.

We assume that when the pressure
beneath the nappe is atmospheric it
impinges on the sloping part of the apron (Figure 59). When fi;=0, the
sloping part is in case & located in the bottom-roller zone, while in case b
it lies in the zone of dynamiec action of the nappe; when f<Z0, the sloping
part is incase a located inthe zone of dynamic actionofthe nappe, andincaseh,
in the bottom-roller zone.

While the sclution thus obtained iz approximate, it usually permite
a correct selection of the formula.

1

FIGURE §7. Determination of nappe length
{atmespheric pressure beneath nappe).

* fy can be determined fram the formuola for the nappe conraction or from the nomogram in Appendix [
for fy= k-
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Fressure beoeath nappe;
higher than pressure| equal 1o pressire
exerted by nappe I cxerted by nappe
|

CEsS pressure
above nappe
Excess presure
beneath nappe

FIGURE 58, Two extreme cates of nappe impingement on apron. Be-
tween these limits the pressures on the sloping part of the apron may be
assumed 1o be as shown in Figure 22,b,
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Chapler VI
DESIGN OF COMBINED HFPFs

24, DESIGN MEASURES PROVIDING FOR FREE
ACCESS OF AIR UNDERNEATH THE NAFPE

When bottom flow is possible behind the dam, it Ls necessary to ensure
atmospheric pressure beneath the nappe, i.e., to provide for free access
of air underneath it, in order to increase the ejection effect and to prevent
ingtahility of the nappe [(cf. §21).

One of the following design measures may be taken for this purpose:

1. Lenpthening and heightening the end sill{or giving it an inverse slope},
g0 as to make the lower surface of the nappe extend beyond the piers
{Figure 54), The downstream noses of the piers must then he rectangular
in plan.* i

2. Arranging air channels in the piers, so that the space betieath the
nappe is in communication with the atmosphere {Figure 53),

3, Arranging grooves in the piers similar to those for stoplogs and
sluice gates, but deeper.

The first measure is the slmplest, but is not always possible, since in
some cases the piers protrude so far into the tailrace (in order to
accommeodate a bridge onthem} that it becomes impoeaible to ensure that
the nappe extends heyond them by heightening or lengthening the end gill. In
addition, heightening the end sill or giving it an inversae slope may reduce the
ejection effect at other flow regimes,

Introduction of air underneath the nappe through channels does not alter
the configuration of the end gill or plers. The upperedges of the air-channel
outlets beneath the nappe must be, as far as possible, at the level of the
overflow edge of the end sill. Climeatic conditions prevailing during the dis-
charge of flood water may require that measures against the blocking of these
outleta by ice be taken,

Introduction of air underneath the nappe through grooves is possible but
inconvenient from the point of desipn. The uge of sluice-gate and stoplog
grooves is made difficult due to water being sucked in through them from the
nappe, as a result of which the supply of the necessary amount of air is not
always guaranteed,

If the plers are moved upstream so that their downstream noses are
located on the streamlined spillweir face (at a certain distance from the
overflow edge of the end sill), the nappes from adjacent bays unite within the

* Wheno the plers form 4 smooth curve in plan, the nappes from adjacent bays onlte behind the phers amd
clase the space beoeath the oappe, thus preventlog access of air undecneath it.
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dam limits¥ and cloge the space beneath the nappes. Although the latter
extend beyond the piers, a free access of air is not ensured when no air
channels are in this case provided in the piers,, The channel outlets should
be located on the end sill,

The width of the conduit outlets in a combined HPP with conduits is
very often smaller than the distance between facing surfaces of the piers
{cf., for instance, Figure 39). In thig case the air flows underneath the
nappe through the space between the latter and the sides of the piera. If
the width of the conduit outlets is egual to the distance between the piers,
air may be introduced underneath the nappe by the same methods as with
overflow ejection,

25, SELECTION OF LEVEL OF END SILL OR CONDUIT-
OUTLET BOTTOM, LENGTH AND SLOPE OF END SILL

a, General congiderations

The following aime may be accomplished by correctly selecting the end-aill
level:

1) A tailrace flow regime promoting discharge of ice,

2} Favorable conditions at the apron and downstream splllway apron,

4) A maximum ejection effect.

The most difficult conditions exist for the discharge of ice when a roller
ias thruat over the end sill; this may occur with a submerged jump and
during bottom flow when the end sill is low.*¥ When the depth of the nappe is
small compared with thatof the roller on the end gill the ice ie in either
case retained in the rcller and strikes the structure,

When the end sill is sufficiently high (cf, below) a roller cannot be thrust
onto it during bottom flow. The author found that in model tests of bottom
flow with surface roller downsgtream of the end sill, floating bodiea
simulating ice struck the apron when the tailrace was shallow, after being
ejected from the roller, and even penetrated into the draft tube when there
was no turbine discharge,

Thus, If severe ice conditions are tobe expectedat an cverflow HPP [or
anoverflow dam with end gill}, the end-gill height should be such that bottom
flow with roller thrust onto the end sill becomes impossible; when the tail-
race is shallow, bottom flow with developed surface roller must also be
prevented by a sufficiently high end sill,

Favorable conditions for the discharge of ice are cgreated by a surface
jump,t which should be aimed at by suitable selection of the end-sill level
of dams subjected to gevere ice conditions.

When the end-zilllevel ig selected 8o as to obtain faverable conditions at
the apron and downstream gpillway apron (at which the flow velocities at the

* Cf, for instance, Sokolov, V.G, Ob isledovanil aerawil potoka na medeli vodoilivnol GES (Investiga-
tion of Flow Actatlon on the Model of an Cverflow HFF),— Trudy gidraviicheskei laboratoril, Me 3. 1952,

** When the toe helght dees not permit transitien from bottom bo'surface Flow.

1t Cfi., for ltance, Grishin, M, M. Gidrorekhnicheekie soomzheniya (Hydraulic Stroctures).— Part 1,
a3, Moskva. 1847; or Levi, [.1. Metodika rascheta manevrirovaniya zatverami na gldrotekhnicheskikh
sooruzheniyakh v trelyakh bor'by s razmyvom dna i razrushendem kreplenil rusla {Computation bethods
for Gate Congeol in Hydraulic Structures in Qrder to Prevent Scouring and Destriction of ‘Stream-bed
Shorings), — Izvestiya VNIIG, Veol. 22, po9d. 1947,
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bottom behind the structure and the direct dynamic effect of the nappe on
the apronare reduced to aminimum), a surface-bottom flow regime is frequently
the most unfavorable, since it is characterized by a jump having a very
high first wave behind which the stream is forced downward; as a result,
typical bottom flow with surface roller iz established at a certain distance
downstream of the structure (Figure 12,C'), with a direct dynamic effect
of the nappe on the apron. This was observed on a model of the Molotav
HFPP, studied at the hydraulic laboratory of MEI[ imeni V. M. Molotov, and
also earlier, during investigations of the structures of the Volpostroi
{¥Yaroslavskii) HPP, the Gor'kovskii HPP, and the Ivan'kovskii HPP (cf.,
for instance, [8]).

Surface-bottorn flow oecurs near the second critical regime. Hence,
in order to avoid lengthening the tailrace shorings, the endsill should be at a
level differing from that at which the second critical regime occurs.

Surface-bottom flow, like the second critical regime with high waves,
occurs only under conditions close to the two-dimensional problem,

when f= —;— #0.7. When § is small, the surface jump is displaced downstream

and submerged by water coming from the whirlpool zonea behind the piers
(Figure 40)* without high waves being formed,

When an end sill is provided, the nappe descends from itduring bottom flow
almost as in a free fall. Energy is digsipated when the nappe descends from
& low dam or buttress, There are examples of a free nappe descending
from arch and buttress dams and from unwatering conduits, However, in
designing combined HPPs it is usual to aim at preventing a free fall of
the nappe({i.e., toavoid an end-aill height at which bottom flow oceurs in the
tailrace}, Unfortunately, it is not always possible to design a HPF so that
bottom flow behind it becomes impossible, It may occur at the beginning
of high water, when the tailrace level is low, In some of the HPPs being
planned this is unaveidable, since no other conduiis are provided than
those of the HPP.

When the end-sill height and the tailrace depth render bottom flow unavoidable
(and alse frequently during surface-bottom flow with jump), the flow
velocities at the bottom at the beginning of the downstream spillway apron
can be reduced by baffles which divert the flow from the bottom to the
surface, Bafflea should be used in HPPs with circumspection, since they
may create a backwater reducing the powar.

The conditiong at the apron are most favorable when a submerged jump
exists; this requirement frequently determines the end-sill height,

The end-silllevel ensuring e maximum ejection effect depends also on the
end-sill profile (length and slope), the apron profile, and the length and shape
of the pier noses protruding into the tailrace,

Lengthening the straight part of the end sill affects the length of the nappe;
it was shown above that if the apron has a sloping part, the ejection effect
depends on the point at which the nappe impinges on the apron, In addition,
at bettom flow the end-gilllength determines the posgibility of free access of
alr underneath the nappe, which also affects the ejection effect,

Giving the end sill a forward or inverse slope reduces the ejection effect when
the apronis horizontal, as was found both experimentally and from analysis
of the formulas. If the inverse slope of the end =ill is inclined less than 15%,

* This phenomencn depends also on the amount by which the pien protrude into the tailrace,
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this reduction is negligible, but at steep slopes it becomes substantial.
An end sill with forward slope is particularlyundesirable; its influence onthe
ejection effect is illustrated in Figure 60,

a & b H#ﬁ'

m i L #t
o \?\n
S ko
8z 3 z 7 ¥ m

FIGURE €0, Influence of end-5ill shape on ejection effect,

a—end sill with considerable forward slope: b=end sill with horizontal
part,

[f the apron has a sloping part, al0tol5®inverse slope of the end-sill may
have a favorable effect, since, due to the lengthening of the nappe, the
sloping part becomes loeated in the bottom -roller zone and ceases to have
a negative influence on the ejection effect.

Figure 61 illustrates the influence of the end-sill design {height of over-
flow =dge) on the plezometric effect of ejection,

Figure 61,a-d shows how, at given tailrace level, submerging of the
jump, due to lower the end-gill level, reduces the ejection effect.

Leweringthe end-gill level at low tailrace levels leads to transition from
bottom to surface flow. The nappe becomes longer and impinges on the sloping
part of the apron at a smaller angle; this increases the ejection effect
{Figure 61,a' to ¢'). When the end-sill level is lowered further (Figure 61,d')
the nappe becomes shorter, o that ite dynamie effect on the apron in-
creages, This leads to a reduction in the ejection effect.

Only bottom flow was in these cases observed at all tailrace levels and
digcharges of 50 to 55 m?/sec per running meter of the dam ({end-sill levels
of 10.7 and 11.7m).

Experiments carried out at the Gidroproekt laboratory are no less
gignificant {(Figure 62).*¢ End sill(l)and{2) cauze a submerged jump,
reducing the ejection effect, Bottom flow is observed with end sills (7) and
{8), the nappe impinging on the sloping part of the apron; this reduces the
egjection effect. End sills(3) to(6) ensure a flow with surface jump, increasing
the ejection effect.

With bottom flow and a horizcontal apron the end-sill level also influences the
ejection effect, The author found thatlowering the end sill leads to a con-
giderable increase in the ejection effect (provided a surface roller is not
thrugt onto the end gill); the reasonfor this is probably the increase in the
flow wvelocities at the end sill.

* The shetches correspond toa model of an overflow HFF at a discharge overthe dam of 30,8 m*/1ec per mnning
meter, There was no turbine discharge; this does not affeck the variation of the piezometrlc effect of
ejection. {Auther's experiments.)

** The headrace level was 51.00m, the tailrace level 34.3%m, the discharge abour 50 m*/sec per
runniog meter, and the discharge coefficient of the dam 0,44, The crest level was 46.00m,
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FIGURE 1. Influence of end=sill height on piezometric effect of ejection.

All this refers to overflow HPFPs. Ice discharge in HPPs with conduits
is usually impossible, The other considerations regarding the location in
height of the conduit cutlets remain apparently applicable. When the
conduit outlets are flooded, the influence of their vertical location on the
ejection effect is very small, so that the level of the overflow edge can
in this case hardly be determined from power considerations.

FIGURE 62, Infloence of configuration and
level of end slil on efectlon effect.

Piezomeic | IDCIeate in
effect of | turbine dis- = ,
¢jectlon, m chatge, oW neglmes
m/sec
0.45 5.0 Submerged jump,
0,60 50,0 Rollerthrustan
cnd sill
0.67 60.0
107 92.0
0,83 8 5.0} Surface jump
0,80 54.0
0.6 60,0
0.55 54.0 Botrom flow

FIGURE €2, Influence of coofiguracion and level of end sill on ejection effect,

It follows that selection of the vertical lecation of the end sill iz difficult,
gince all reguirements cannot be fulfilled simultanecusly. It must be
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decided in each individual case which reguirement should be satisfied,
In important cases the deaign adopted should be tested in a hydraulic
laboratory,

We ghall how compute the minimum length and height of the end sill,
necessary for obtaining surface flow,

We shall use Pref. 5. V.Izbash's method® for a tentative determination
of the end-gill length enauring surface flow, Inthis method the end-gill lengthis
determined from the dynamic pressure of the nappe on the end sill,

The maximum possible preggure on the end aill, duetothe change indirec-
tien of the nappe, 18 given by the piezometric height

vi
h.?:"-xr?l

where K, is a correction factor for the emoothness {curvature) of the
transition from the downstream face to the end sill; V, is the velocity of the
nappe in section I-1.

Prof.Izbash assumes K, to depend on the ratio of the transition radius
R to the height p+H{Figure 63), where p is the height of the crest
above the apron, It seems, however, more correct to consgider K, as a

function of [pTiFFF ,5-,** i.e., of the height of the free headrace surface
above the end afll.t

ALY,

FIGURE £3. Mathematical medelfor com puting end=sill
leogth ensuclng surface flow, Triangular pressure diagramm
at end siil.

Izbash then replaces the hydrodynamic-pressure diagram by a triangle
whose area reprefents the total hydrodynamic-pressure forece exerted by
the nappe impinging on the curved surface of the endsill atanangle s. The
base of the pressure triangle ls according to him

Ly (38)

The end-silllength Iy, measured from the beginning of the transition from
the downstream face to the end gill, must be leas than [pp.

* Izbash, 5, ¥, Gidravlika v proizvodstve rabot (Hydraulics in Comstructlon Works). — Strollzdat, P14, 1040,
** [Thete geems to be a mixup in the aymbole, According to Figure 82, T"=mp—a and not p-a+«H]
1 Izbash comsidered a dam with a very low eod sill, le,, the cace when p—=T" +a=T.
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Using A.5.0Ofitgerov's data® (& = 58°) and the results of our own ex-
periments (& = 35%, we find

- L Hak: x 1

kil r £ [ace. h:i-m}]
53 0,35 0.7 0.3 TN
] 0,22 0.2 0.7 5.8 &
5 0.90 0.%0 0.28 3,34
35 0,40 0.67 . 0,73 0.5 &y

[zbash recommends anend-silllength, {; whichexceeds by 35 %the com-
putedvalueof /,, f.e./;=1.35(. In the case studied by us the length /,,
which ensured surface flow, corresponded to 1.5 i, . Another important
observation was that in thie case surface flow was maintained even when
the horizontal part (1) was reduced to zero. The following formulas may
therefore be used for tentatively determining the end-gill dimensions:

h=1.38,, 1 =0. (39)

The minimum toe height ensuring transition from bottom to surface
flow {with a horizental apron) is determined from D. 1. Kumin's formuls
{/8f, p.17):

Vo® FE—1, (40)

)
Y= ';'F;' #crz_'/?-f .

Equation {40} can be represented in the following form:
4&1 +'ﬂh' 'ﬁmm {4 o :'

i.e., forsurface flowtooceur, the level at the end 8ill mugt be not lege than the
critical depth.

where

26, SOME OBSERVATIONS ON THE SELECTIONS
OF THE EJECTION METHCD AND THE DESIGN
OF COMBINED HFP=

Generalizing the results obtained by us and other anthers with models
of combined HPPs leads to the following recommendations as regards
selection of the ejection method and design of the HEP,

The ejection effect increases with the excess discharge and, inthe case
of ejection into the tailrace, deecreases with increasing tailrace depth.

Ejection in the draft tube is the most effective methaod, Howevar,

* Offmerov, A.S, Gidraviiks vodosliva {Hydraulics of Drame).— ONTI. 1938,
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especially in the case of large turbine runners, this necessitates ex-
perimental investigation of the influence of the ejection outlets and the
ejecting stream on the efficiency and operating conditions of the turbine
during ejection. Tests carried out in 1952 at LPI imeni M. I. Kalinin
showed that the ejection outlets in the draft-tube bend reduce slightly the
turbine efficiency when there is no ejection discharge.

Investigations carried out by the author at the ME!I imeni V.M. Molctow
on the model of a bay with ejection in the drafl tube, showed that there
is almost no increase in the pressure pulsations in the turbine discharge
at the throat ring (at and above the level of the blades) during ejection,

On the other hand, a considerable increase in the pressure pulsations is
observed below the blades and the hub extension. It is so far unclear
whether this, or the ejection outlet in the draft-tube bend, affect the
operating conditions of the turbine.

Overflow ejection and ejection through conduits have practically the same
effect at the same flow regimes behind the dam and the same excess discharges.
When the conduit cutlets are flooded, their vertical position influences

only negligibly the ejection effect if the apron is horizontal, If the apron
has a very long sloping part, a certain increase in the ejection effect is
abserved when the outlets are lowered; this increase is, however, 20 small
that it was hardly detected experimentally on a model with a 180 mm-
diameter turbine runner.

Variation within very wide limits of the end-sill height has a negligible
influence on the ejection effect. The optimum end-sill height, like the optimum
position of the discharge outlets, must nevertheless be determined by
calculation. The end-gilllevel (and the vertical position of the discharge out-
lets of conduits) must be selected so as to prevent the cccurrence of the first
and second critical regimes in the tailrace. In the first case inatability of
the tailrace level is possible, while in the second case the probability exists
of surface-bottom flow, which may necessitate lengthening the apron
and downetream spillway apron or providing baffles on the former. The
shzervation regarding the second critical regime applies to conditions

close to those of the plane problem, i.e.when 5=—;- 0.8.

Lengthening the horizontal part of the end sill or of the platform at the
conduit outlets may in practice influence the ejection effect only when
the apron has a sloping part or a step. If lengthening of end sill or platform
causes the nappe to impinge behind the sloping part of the apron, the
ejection effect is inc reased. Lengthening the end sill to pe rmit freeaccess
of air underneath the nappe has a similar effect.

The minimum end-sill length and height ensuring surface flow can be
determined tentatively as explained in §§25 and 3l.

An inverse slope of the end sill or of the conduit end gections influences
the ejection effect in the same way as a variation in vertical position when
the apron has a sloping part or step: impingement of the nappe behind the
sloping part of the apron and the free access of air underneath the nappe
increase the ejection effect. The inverse slope of the end sillhasa positive
effect at instable tailrace regimes; it contributes to the elimination of
large tailrace-level fluctuations near the structure, With increasing
steepness of the inverse slope of the end sill or of the conduit end sections
it may became necessary to increase the length of the tailrace bottom shorings.
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A steepening of the forward slope of the end s8ill leads to a considerable
reduction in the ejection effect. !

If the conduit outlets have different heights, their upper edges should |
be at the same level, since this ensures better flow conditions in the
tailrace, If the lower edges are at the same level, but the upper edges
at different levels, there is the danger of the flow being diverted toward
gither bank,

Teeth on the end sill reduce the amplitude of the tailrace - level fluctuations
during instable flow regimes and, by breaking up the nappe, improve
conditions on the apron.* It has been ohserved on models that the ejection
effect ie increased when the tooth profile causes the nappe to become loenger
and therefore to impinge behind the sloping part of the apron.

Location of the sloping part (or step) of the apron in the botiom-roller
zone causes practically no reduction in the ejection effect, but this pact
{or step) must not induce a high bzckwater in the abgence of an excess
discharge. The negative influence, which a sloping part located in the
zone of nappe impingement has on the ejection effect, increases with the
apron slope, which should therefore be as small as possible in this region,
A horizontal apron ensures in all cases a higher ejection effect, and is
accordingly ta be preferred,

Free access of air underneath the nappe during bottom flow increases
the ejection effect and prevents its inatability (fluctuations accompanied by
breakthrough of air underneath the nappe)., When air has no access under-
neath the nappe, the length of the latter becomes reduced, and it induces
a backwater, which reduces the ejection effect, Measures should be taken
during bottom flow fo ensure free access of airunderneath the nappe.

The length of the piers protruding into the tailrace, and the nappe shape
of their downstream noses affect the ejection effect during bottom flow,
Thus, if the piers prevent free access of air underneath the nappe, the
ejection effect decreases slightly with the tailrace level, Such piers must
therefore be designed so as to permit free access of air underneath
the nappe.

A dam profile and a cenduit design for which the discharge coefficients
are maximum ensure a high ejection effect,

The following applies to conduits of complexlayout: ""To ensure smooth
continucus flow all eritical sections should be larger than the exit section
of the water passage; it ig recommended that for siphons, wy = 12a,, , for
bottom conduits {passing beneath the scroll casing. —5.) o) =1.Is

[++-1 :
-]
when the head A >15m, the ratio af should be increased in proportion

®ex

to the head." %=

The cross-sectional areas of conduits of smooth canfiguration, arranged
at conaiderable depths below the tailrace level, may be constant. The inlet
sections of the conduits should be as large as possible in order to increage
the carrying capacity and to reduce additional head losses {cf. below),

Discharge under sluice gates on a broad-crested dam (or of conduits),
located near the overflow edge, induces a higher ejection effect than when
the sluice gates are located near the upstream face of the dam (or con-
duit intakeg).

L]

Teeth have been used behind darns as baifles. Grishin, M. M. Gidrotekhnicheskie tnorezheniya
{Hydraulie Structures),— Patt 1, p. B2, Moukva, 1947,

** Provisional epecifications and design rules for hydraulie structures, HPPs with vertical unite, combined
wilh discharge conduits.,
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Cirooves in plers protruding into the tailrace must not cause flow
perturbations in the nappe, as is observed in meodels with conduits
forming in plan diffusers, or with curved conduits. In this case the width
of the conduit outlets must be smaller than the distance between the lateral
surfaces of thé piers. The piers may be wider in plan in front of the
grooves,* as shown in Figure 64.

FIGURE 64, Pler design{plan) preventing flow
pertutbations in nappe, caused by grooves
(dimensions in meters).

Additional head logses, depending on the dimensions and shape of the
receiver, and the ratio between spilling and turbine discharges in it
{HPP with conduits according to Figure 18), lower the ejection effect.
These additional losses can be reduced by inereasing the inlet sections
of conduits and scroll easing.

The interaction (mutual contraction) of the excess and turbine discharges
in the receiver may considerably reduce the carrying capacity of the
conduits. In the case represented in Figure 18, this reduction amounted
to 5 % during turbine operation (this, and the large additional energy losses
during ejection, necessitated an increase of the cross sections of the
receiver and conduit intakes and the scroll casing).

In selecting the ejection method it should be remembered that ejection
does not always ensure a regain in head.

A combined HPP with both overflow ejection and ejection through con-
duite at the sides of the draft tube, where ejection had a negative effect, is
shown in Figure 65. It had been assumed that the discharge over a broad-
crested dam, together witk that through conduits, would yielda considerable
ejection effect. Caleculations showed, howewver, that in the case considered
there would not be an increase in power, but, on the contrary, a reduction
{Figure 66).

The considerable discharge from the conduit below the nappe induces
backwater; this has a negative influence on the ejection effect. Figure 1]
also shows the positive effect of free access of air underneath the nappe.

* prerro, G.A. Opyt proekritovantya gidroelekirostantsii sovmeshchennogo tpa s donnymi vodosbrotarni
{Design Expetience with Combined HPP with Bottom Conduies). = Gldrotekhnlcheshor stroitel’stvo, 1962,
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Section I-1
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FIGURE 65, HPP with overflow ejection and ejection
through cenduits, yleldinganegative ejection effect,
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FIGURE 00, Varlatien of ejection effect in bay
shown In Figure 85, as function of tailrace level,
with different discharge combinations, Head-
race level = 95.00 m; discharge overdam @, =
= 438 m*fsee.

1—bowtom eonduit closed; 2—bottom conduit
closed, iree access of air undernesth nappe;
d—turbine operating, discharge over dam and
theatgh bottom condulr.

Another example of g negative ejection effect is the combined HPP with
ejection in the diffuser of the draft tube {F1g‘ure B7). Laboratory investiga-
tions by the author showed that ejection in the diffuser of the draft tube



preatly reduces the power of the installation, At an excess discharge about
equal to the turbine discharge, this reduction is 20 to 25 % of the power
delivered in the absence of ejection.

FIGURE €T, HPP with ejection in diffwer of
draft wbe, yielding negative ejectlon effect.



Chapler VII

COMPUTATION PROCEDURE

27.

SELECTION OF DISCHARGE

The final aim of the ejection analysis is to determine the power and
output effect of ejection.

The calculation is in each case based on the results of hydropower

analysis,

The discharges may first be determined tentatively from Table 8,
which gives the average values obtained by Dr. P. P, Laupman from an
analysis of L. M. Kovalev's processing of the runoff data for lowland rivers

in the European part of the UISSE.

TABLE 8. Discharges characteristic for combioed HPPs (according to F. P, Laupman)

Head Dizcharge at hhmm:;'fi-w Characreristic
River* MMucmarient,] which ejection ":"';[g;: in 100 discharge for
m begim yeat perod Ejection
fatio to average discharge

1 2 3 4 ]
large .......... 19—35 2.5—3.5 8 ]
Medinm ...y 10—a0 a—6 15 ]
Emall s on il T—25 4—8 an 12

* Large riven have discharges of 3,000 m¥/sec and above, averaged over the years; small
rivers have discharges of 75 10 400m%/sec,

As was pointed out by Laupman, the ave rage discharge characteristicofa
combined HPP (column 5), is "close to the maximum discharge during
an average flood (over a two-year period) and corresponds to the discharge
of seven days, averaged over a period of many years."

28.

OVERFLOW EJECTION

a, Computation procedure

The ditmensions of the HPP, the headrace level, and the discharge

capacity of the dam are usually given.
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funetion of the total discharge, while the turbine discharge is a known
function of the head on the turbine,

We may use one of the expressions for the tailrace depth i, lLe., (16), (17),
or (18), or for the piezomeiric head h, at the draft-tube outlet ({16a to c),
(17a to c), or (18a to ¢)h

The first procedure is more convenient for plotting the ejection
sharacteristie, which is the family of eurves relating, for different
overflow discharges, the ejection effect to the level of the free tailrace
surface, i.8.,

hey=f(VTR} or 8H={(YTR)

where Y TR is the level of the free tailrace surface; kg i8 the piezo-
metric effect of ejection (ef. Figure 15); AH is the head effect of ejection,
corrected for the regain of head (8H = ke; — A4

This procedure is also advisable for caleulations supplementing laboratary
investigations.

The second procedure {8 more convenient for ejection analysis when the
levels {depth) of the tailrace are given; in this case the calculation may
also be reduced to plotting the ejection characteristic.

We shall first compute the ejection effectby(16), (17}, and {18), determining
the tailrace depth hs far downstream of the HPP. This will be done for a
given overflow discharge. The procedure adopted, also for other magnitudes,
ig as follows:

1. Using (32), we plot in VTR, A; coordinates the curve which de-
termines the first critical regime and separates the characteristic into
regions of surface and bottom flow:

TTR=Y (toe) + 8k, where aky=K; ;.

This empirical formula corresponds to a turbine discharge approximately
equal to 0.6 of the overflow discharge. Atlargerrelative turbine discharges
the curve determining the first eritical regime is displaced in the
direction of lower tailrace levels, The opposite effect is observed when the
relative turbine discharge decreases, When the latter amounts to 0.3 of
the overflow discharge or less, (31) should be used.

The coefficient Kr is found from Figure 47.

When the HPP parameters lie outside the range for which the curves in
Figure 47 are valid, we use A A.Sabaneev's condition k—f 20 (cf. p.13)
for determining the flow regime corresponding to the computed value of
hej. In this case the computed [tailrace] level corresponding to the first
critical regime will be higher than the true value.

2. We assume several values of h,. Using (10), we can then determine
for each value of o the unknown nappe depth ki at the end sill, entering in
{18), {17), and{18). We canalgcdetermine the head onthe turbine, and from
it the turbine discharge Q,, which we require for the following caleculations.

The value of &, is found from the nomogram in AppendixI or from (10},

#=!uﬁ. 1 i
=V VRV n

which should be used enly when the initial data are not represented in the
nomogram in AppendixI. Use of the nomogram isillustratedin Figure 68,
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In the case of a broad-cregted dam & is the
£ IE; eritical depth,
Az 3. We then select a formula for the tailrace
depth k; corresponding to certain values of hy and
fi. This may be [16), (17), or (18) depending on
the location of the sloping part of the apron and the
E\ nappe length (cf. § 23).
When the apron is horizontal (18') is always used.
The term R is found from Table 2 or 3 in accord-
ance with the expected tailrace regime.
FIGURE 3. Use of nomo- 4. Use of (16) to (18') requires the knowledge
gram for detesminingnappe o the ratio k of the overflow discharge to the total

depth at toe.
discharge: k=§—3—%7' The turbine discharge
=

is found frem the turbine characteristic, the head being in a first
approximation

o =VHR— vTR-!-.&Ej

or
M =GHR—Jh=T,—k,
where T, is the height of the free headrace surface above the overflow
edge of the end sill,

The head on the turbine is determined more accurately by allowing for the
regain of head, ¥ i,e., for the difference between ¥V TR and V& when the
overflow discharge is zero. In most cases, however, the accuracy is not
much affected if the regain of head is taken into aceount only during the
final stage of calculation.

Q.

5. Having a number of values of &, and those of K and k= ¥
corresponding to them, we obtain from (16) to (18') the tailrace depth A,
Since A enters in the expression 4 in (16) to (18'), we assume ina
first approximation some value close to the expected depth (for instance,
using the curve relating discharges to levels), Working by the method of
Successive approximations, we determine in each approximation the value

of A from the value of & found in the preceding approximation (two
approximations are usually sufficient). The term M in A4 is determined
from (14) or (14'), or from the nomogram in Appendix II,

During the calculation it is necessary to check whether the computed
points on the ejection characteristic lie in the zone of surface or of
bottom flow, i.e., whether the correct expreseion for Ris being used,

8. Having plotted the curves k. =f(VTR) we introduce in them the
correction for the regain of head. The latter is, in accordance with {5},

Having determined the head effect A=k, —Ak of ejection, we plot the
curves A =f(VTR), using which we can find Hyp=H 4 AH from &4, We then
determine the power and cutput effects of ejection from the turbine
characteristics. The formulas on which the characteristic is based were

® The additional losses AM'g are neglected,
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derived for the case when the bay considered is at the same flow regime
as the adjacent bays; nevertheless, the sjection characteristic permits
approximative calculations also for an arbitrary distribution of the dis-
charges between the spillways and turbine passages, or only between the
latter, ;

The design must ensure free accese of air underneath the nappe, hence,
when &, <0 the expression for § must be that correaponding to free access
af air.

As mentioned before, (18) to (18') pive satiafactory resulte in the cage of
& pubmerged jump only when the height, above the end gsill, of the free
tailrace surface {3 less than

Ak =08 ¥ gl

When (16a) to {16c), {17a) to {17c), or (18a) to {1Bc) are used to
determine the piezometric head & at the draft-tube outlet, the procedure
ig as follows;

1. We assume a certain piezometric effect k. of ejection {for instance,
1,0m), and find the level of the piezometric-head plane at the draft-tube
outlet

v#ﬂ — V’ TR_ A gl *
and the piezometric head. A=k —7 (tos).

2, Using the nomogram in appendix I or (10), we determine the depth
%, at the end sill.
3. Wae find the effective head on the turbine

H, =VHR—VTR+A,,
then the turbine digcharge from the characteristic @, =f(#,;), and finally

RS0
bl ey

4., From the given value of & and thope found for k4 and k, we compute
A by (13}, and then determine & by (18a) to (18¢), (17a) ta (17¢), or (18a}
to {18c).’ When the apron has a sloping part, the formulas to be used are
determined according to the nappe length (§ 23},

5, Having found &, and #, in a first approximation, we determine
the [piezometrie] ejection effect fy =V TE—VA,

6. Uping (32) {§18) or Sabaneev's condition {cf, point 1 at the beginning
of this section}), we check whether the flow regime behind the dam 15 in
fact that for which the formula used is valid.

7. We repeat the procedure in a second approximation, introducing
a correction for the regain of head Ak, and cobtain the head effect AN
of ejection.
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b. Plotting the ejection characteristic for an overflow
HFF. {Example)

(using relationships for the tailrace depth &)

Fipure 68 shows one of ten overflow-and-turbine bays af an HPP.
The initial data are as follows:

8 =16.00m; b="4=12.35m; a=1245m; a' = 9.68m; d=2.7Tm;
A;=640m; p= }E.Tﬂm: e=1.07m; I=25.00m; “HE=100.10m;
Hy =11.10m; Ty=100.10—82.90 =17.20m; 5= 0.90; m = 0,40,

Level of crest = 89.00m: end-sill level = B2.90m; level of raised part
of apron = 73.22m; level of downstream spillway apron = 72.1%m,

ﬁ'h* 3
& ¥m

el
HR_ 488 16 m
T E s
“-‘“I =| g, %L <, 4‘?' 3 'n:‘?
P, Eﬁu t

A7, PV

FIGURE &8, Overflow-and-turbine bay.

Curves of turbine discharge vs, head (Q; =f{H:)) (Figure 70), and of
river discharge vs. tailrace level (EQ=7(7?TR)) (Figure T1) are also
given,

why H,

% wrzw—ﬂg\
2 \
E;H Lid/
iz 7
ES

E s}t
EE 8o L 18/ ",
=3 |+
TL 8Ly

m m _E’ ql

g 153 I mfsec

FIGURE 70, Turbine discharge as funcrion of
head. Headrace level: = 100,10 m.
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The overflow discharges assumed (per bay)are Q.= 400, 600, 800m?/sec;
the first twe are discharges under the sluice gate, while the discharge of
800 m3f sec takes place at fully opened gate (for simplicity only the discharge of
400 m?¥ sec is considered; for the discharge of B00m?® [ sec we shall only
determine the nappe depth & at the end sill), *

N B2 L%} #___,_,_,;"'
£ 0=
LLare -'"'f
2
8 = 3
i o 3 24

) 4 5 & 7 & F10* m?

FIGURE 71. River discharge as functlon of tailrage level,

m|w TR
v
i ta
it = %%_'
o % e
- __?'i]*_ﬁ.%_"% g
= t \:: ~
= Bl \\? b -
l:|. \ \\\ _._,...v"
/ e it
\'\. N ﬂﬂ““‘u
&F — E'}_‘%."-j""'
"_’-“’-‘-‘ l 2o g
ot
) i
End-5ii1 lavel - |87
| | Hej 14K
Jziﬁr Er #.8m

—— Head effect of elaction
=== Flezomectric cifect of ejection

FIGURE 72, Ejectlen characteriszic of an everflow HPP. {The
cueves of the head cffect of ejection A =Ff(7 TRy for
overflow discharges of 500 apd 140 m?/sec were plotted by
interpelation.}

Lid
1. We plot on the ejection characteristic the curve Ad,= Ky hijdetemin-
ing the first critical regime {Figure 72); VTR=(toe) 4 Ak,

The value of Ky is found from Figure 47 after H—_T_:.- and g,  have been

determined. We assume H==H;; in practice this does not affect the results:

* The bheadrace level is that of the reservoir, [o HPPs the headrace level i ceduced by the weleoity head
and the {in practice negligible) bossee inside the reservoir.
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15.78
H+a—11.10F9.68—0-T%

g, =mVIg H¥=0.40-4.43.11.10" =65.6 m?/sec per running meter of the
dam; from Figure 47 we find R==0.30.

For some values of R;we find by {32) ARy and then ¥ TRcorresponding to
the first critical regime:

L AR 0.30RG,, m [PTR=82.90+ 4k, m
Lo 0,30 EE.20
2.0 1.20 B4.10
2,0 2,10 B5.60
a0 4,80 87,70
5.0 .50 0,40

2. We assume some values of My* and determine the corresponding
values of #j. We carry out the calculations for a discharge of 400 m¥ sec
and My=0, 1.0, 1.5, 2,0m, using the nomogram in Appendix I. The
results appear in columns 2 to 7 of Table 9. For a discharge of 800 m3/ sec
and Mp=10, 1.0, 2,0, 3.0m we use (10), since the nomogram ig inapplicable

in this case (the value of ﬂ:hx—n lies outside the nomogram) The results

are given in Table 10.

We now select the formula determining the depth A

Assuming the pressure to be atmospheric beneath the nappe (k =0}, the
nappe length is determined from (37):

.I;‘—I;"'En" d+ k&

For Q.= 400m?fsec k; is approximately 1.95m in accordance with
column 7 of Table Do

X, =090V 19.62:17.20 -'p" ?'ﬁ*ﬁgiérmE:zs.am

Comparing X, with the dimension [ of the apron, we see that for
&y = 0 (atmospheric pressure beneath nappe) the nappe impinges on the
apron as shown in Figure 59,b.

When By >0 the nappe impinges on the sloping part. When M < 0 it
impinges upstream of the sloping part whose superelevation is d.

The sloping part immediately behind the draft tuhe, whose superelevation
is ¢, is always located in the bottom-roller zone; its presence does not
affect the calculation.

In the case considered { ky= 0} we have I<7 X, and must use (16). We
now determine the term R in the formula. The free gurface level of the
tailrace iz sufficiently high for surface flow to be expected, We find

* If the railrace levels and depths are such that surface flow is to be expecred, we must assume Ry 20;
if bottom flow i to be expected, we should first atsume Mp= 13 0; =1; =2m,
i ﬁ\rzrﬂg& of the four values gi_\r:n in column seven,
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from Table 2: R ={1 — ) k3 |- phhy. Substituting in (16) this expression
gnd the numerical values of the magnitudes entering in it, and rearranging,
we obtain :

d—2 =
hy=— T+'|/_I_d—2—2’r+a=—ﬂ+:c—a}d+ma-dm+ A+R=
=—0.31 4 sz.l + 0.23 A% 4 22.13 by +0.77 Ayhy -+ A.

The correctness of selecting (18) will be checked at step 5; if the com-
puted points lie below the curve determining the first critical regime, we
muct take the expression for R corresponding to bottom flow.

The calculation of successive approximations is represented in Table 9.

4, We determine the head on the turbine, column 8 of Table 8, and
find the turbine discharge [column 8) from the turbine-discharge curve in
Figure 70. The regain of head, which must be subtracted from the head
on the turbine, is neglected at this stage, From the turbine discharge we

determine {column 13) k=-a—_ﬁ'q—.
-a- L

5. We now determine the tailrace depth by for the values of iy assumed
initially and the corresponding values of fy,

TABLE 10, Computation of nappe depth at toe, Q= 800 m'/1ec

_aye e ;
MEVE VYV T—m 4 Toh a0

F it approximation: A, =0 | iﬁ:xi&a’:;ng
= ®

a,i ¥, To 3} O] e [
i e | g |00 2 | _EB|SRE || B IR
; =+ =iy E It [ )
4 - | & gl L x L.‘.-"A- E| &£ =
i - 3 4 & L] T B 4 1]
szmm',-':ac 4,047 O | 3.73| 7.88 |0.127| 3.72 |3.57|0.136) 3.96
3.06% (3.6410.136( 3.98
g, =T m'/sec 1.00 | 3.62 | 7.77 |0.128| 3.78 |3.66(0.137| 4.02
To=17.20m 2.00 | 3.51 | 7.66 10.131| 3.84 [3.65(0.140| 4.11
3,00 | 3.39 | 7.54 |0.133] 3.90 [3.64|0.142| 4.1G
4.00 | 3.26 | 7.40 [0.135] 3.05 |3.64|0.145| 4.25

Note: The numbers between parentheses in the headiogs of the columns denste the
numerical values in the respective colomuns.

In computing A the initial value of k& in column 14 is determined from
the tailrace level, using the curve XQ = f(TR)(Figure 71}
Thus, for @, = 400 m3/ sec and Ay= 0, we have;

Q:= 184 m?¥ sec, 0= (400 + 184)-10 = 5,840 m¥/ see;
7 TR = 87.10m, hy=B7,10—72,15 = 14.95m.

Carrying out the operations in columns 10 to 25, we obtain #&; and then
{column 26) the tailrace level:

VTR = (apron) + K.

* From columo 110,

109




From the values in column 27, we plot curves of the plezometric effect
of ejection as function of tailrace level and overflow dizscharpe: & e=[{7TR),

The curves 8, = f[7 TR)corresponding to Q.= 500 and 700 m3f gee
are obtained by interpolation.

6. We must now replot these curves to represent the head effect of
ejecticn. This is done by subtracting from the piezometric effect of
ejection the regain of head: Al =& .; — A4,

The magnitude AA, which represents the influence of the turbine dig-
charge on the piezometric head at the draft-tube cutlet, is determined
[Table 11} for tailrace levels corresponding to overflow discharges per bay
of 400, 800, and 800 m#*/=ec, with Ak assumed aE constant far each value

of Q..

TABLE 11, Computatlon of regain of head

]
3 Ll 5 4 2
o ‘B 0 g &" 1] < E_ "'—-."‘
% 7} B o u L.
%n é B u ™ & 4 B :rgl -] EBL l
g 3 2L |8 3_2 S
i - 4

H g £l : i é ¥ ? -*IH | 4 "'L"'j-'f
5 | & e[ T

g - -g 7|8 g| &= e E | oR& B E“ =

g o R R Lo mef A 'L_# '
g B EV |m23 |88 SN = I'.' = L

1 ] 3 4 ] ] E] & [ 10 11

400 86T | 2,84 18,04 | 1885 485 | 077 | 0027 | 241 | o288 | 0.8
a4 B0 | 3.43 16,23 | 178 16,16 | 0.88 | 0.085 | 242 | 02765 | 017
800 B8,75 | 3.90 14,25 | 183 1780 | o.88 | o007 | zi2 | o228 | aas

The regain of head i3 allowed for at the last stage of the calculation
by a correction in the curves A, =f(V TR) of the ejection characteristic.
The regain of head may also be allowed for in the beginning; this would
¥ield at once a more accurate value of AH and then Q. and therefore a
more exact final repult. In the case considered this is, however, un-
necesgary gince the increasge in the accuracy of AM is measured in cm.

c. Computing the ejection effect for a given tailrace
level. {Example)

{using relationships for the piezometric head &y
beneath the nappe)

We ghall determine for the HPP considered above the ejection effect at
a discharge of 400 m?¥ sec over the dam and a tailrace level of 87.00m
(tajlrace depth ky= 87.00—T72.16 = 14.85m; cf. Figure 88)

1. We agsume arbitrarily that the piezometric effect of ejection is 1.00m.,
The level of the piezometric plane at the draft tube-outlet is then

V= TR — &, =87.00 — .00 =86.00 m,
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and the piezometric head is
k= hy—T (toe)] —86.00 —82.90=3.10 m.
2. We find the depth M from the nomogram in Appendix I. As in the
preceding example (ef, Table 9, columns 2 and 3), 0= #: = 3.62 and

A
quh—“ = i—,lrg = 0,653, The nomogram yields & = 0.4253, and therefore,
(=4 =

By=Eph,, = 0.425-4.75 = 2,02m,
3, The head on the turbine is
H =VHR—TR+h,; =100.10 —87.004-1.00 = 14.10 m.

From the turbine characteristie on Figure 70 we obtain for H = 14,10m,
i,e., for a level of the piezometric plane at the draft-tube outlet

Th=V TR—h  —=87.00—1.00=286.00m,
a turbine discharge Q= 159 m?/sec,
Hence,
Q. 400
R= = —=0.716.
Q, 0, ~Wo+1%

4, We now obtain

ﬂ— = Ll i
i "'iz Ma"'#l]-

2 1 —0.T16 0.77
=0.77.32.4% a7 W{ F 07163 14.85 +TZ] 69.0.

We can algo find 4 from the nomogram in Appendix II: ? 1';‘% = 19.3;
for &= 0.716 and A= 6.40m we obtain M= 0.084, hence A= MﬂM:
= 0,77- 32.4%.0.084 = 89,

Having satisfied ourselves, as explained in step 3 of the preceding
example, that the nappe impinges on the sloping part of the apron, and
agssuming surface flow, we obtain from {16a}:

(a—e)d—attdpt(g—ef—A
ﬂ.. !d_—d-l-ﬂ[

_ (12,45 1.07)-2.77 — 12.450 4. 2.77.14.85 + (14.85 — | 07)t — 69.0
2.12.45 —2.77 + 2.02

= 1.60 m,

5. The level of the piezometric plane at the draft-tube outlet is in a
firet approximation:

Thy="7 (toe) <4 ky=182.90 1.60=84.50m.
The piezometric effect of ejection is in & first approximation
h,; =VTR — W foy = B7.00 — 84.50 = 2.50m,

6. Before determining the ejection effect in a second approximation,
we must check whether the correct formula has been used.
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The height, above the end sill, of the free tailrace surface iz at the first
critical regime

Aly = Kp &2, =0.30.2502 = 1.87 m.

The value of Ky was determined in step 1 of the preceding example.
The level of the free tailrace surface, corresponding to the first
ceritical regime is

VITR=9 (toe) 4 Aky=3582904 LE7T=8477 m.

f The given tailrace level is JYTR= 87.00m; since BT7.00=84.77Tm, surface
flow exigts, The correct formula has been used,
7. We shall now obtain a more accurate value of By by repeating the
procedure,
We substitute in (16a) the values of & and kcorresponding to Ag= 1.60m.

In this case h:;—:"q % = 0.337. The nomogram in Appendix [ yields

gy = 0.414, Hence By=E-A = 0.414-4.75 = 1,96 m,
To determine & we find H, and then @, The head on the turbine is in
a gecond approximation, when no allowance is made for the regain of head,
H, =HR- v (toe) + B =100.10—82.90+1.60=18.80m.
From the curve @ =f{(H, ) we find that the turbine discharge is
182m3/sec. The regain of head is
v
mer—tg=afy :! —W
182t i
=075 | (iz.00-6. 40 — uu.m-u.u&p ]=“-"‘m-

Allowing for this, the head on the turbine is H;= 18.80—=0.18 = 18,62 m,
The turbine discharge at this head is @ ;= 170 m?® /sec, so that

400
400+170
From the nomogram in Appendix Il we obtain for ? = 18,3

k= 0.702.

M=0088 A=|qf,ﬂ=ﬂ..ﬂ-!-2.ﬂ-ﬂ.ﬂﬂﬂ= TL1.
The piezometric head beneath the nappe is in a second approximation

(@—e)d—atdbyt(hy—ef—A_

Ay = 2a—d+ My
(1245 — 1.07)-2.77 — 12458 4 2771485 4 (14.85— 1073 — 7L.1
21245 — 2. =152m,

which differs only by 1.60—1.52 = 0.08m from the valus obtained in the
firet approximation,
The level of the piezometric plane at the draft-tube outlet is

Vhe=T(toe) + M= 82.90 + 1,52 = 84,42 m,
The piezometric effect of ejection is

Ry, =V TR—7 hy=87.00 — 8442 =258 m,
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The head effect of ejection is
Mf"_'*ﬂgj — AR =058 —0,IB=240 m,

We shall now compare the results ohtained by {16) and (16a).

The curve A, =f(v TR) (Figure 72}, plotted from (16), yields for
W TR= 87.00m: &.=2,58m; thus, (18} and (16a) give practically the same
result,

When § is less than 0.6, the results obtained by (16a), {(17a), [18a) will
contain a considerable error (cf. p.38),

28, EJECTION THROUGH CONDUITS

&. Calculation procedure

The HPP dimensicns, headrace and tailrace levels, and turbine discharge
capacity areusually given, Itisnotalways possible todetermine the discharge
through the conduits from their carrying capacity, since it depends on the
tailrace level near the conduit outlets when these are flooded. The tailrace
level has, however, first to be determined.

The nappe depth % depends on the height of the outlets or, in the case of
digcharge under a sluice gate, on the opening of the latter, It is therefore
not necessary to determine & as a function of %, and we use only the
formula relating the tailrace depth to the pregsure at the draft-tube
outlet, For the final selection of the formula we must know the nappe
length {when the apron has a sloping part), and whether the conduit cutlets
are flooded,

The procedure is as fallows:

1, We determine the discharge through the conduits. The effective
head is in a first approximation taken as the static head:

H,=VHR-TTR.
At fully opened sluice gates the discharge through the conduits is
Q=pa} 2gH.

The height & of the opening in the case of discharge under a sluice gate,
required for plotting the ejection characteristic %, =/ (VTR)is approximately

where p is the discharge coefficient of the conduit for flow under the sluice
gate; its value may be taken a8 that corresponding to a fully opened sluice
pate; b, is the total width of the outlets; H is the effective head; when
there ig a platform at the outlets it ie determined as follows: when the
outlets are flooded, from the difference VHR=U4, (where & is the surface
level in the plane of the outleta}; when the upper edges of the outlets are not
flooded, irrespective 'of the tailrace level, from the difference GHE—V(a+4),
where Y7{al#)is the level of the upper edges of the outlets,

The difference between the headrace and tailrace levels ig to be taken
ag effective head when the discharge coefficient is referred to the
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difference YHR— TR {far downstream of the HPP in section II-II), and
the conduit outlets are flooded.

9., We must now decide which formula to use, according to whether
the conduit outlets are flooded, and where the sloping part of the
apron is located, Formulas (23}, (24), (25) are used when the outlets
are not floeded, and formulas {28), (29), (30), when they are, When there
is free access of air underneath the nappe, the term {1—J) in {23} to {25) is
taken as equal to unity,

We determine the nappe length (when the apron has a sloping part) by
the methed desceribed in § 23. When the outlets are flooded we make use

of the criterion A;51.18Y ¢ Chapter II1).
3. We determine the discharge Q. from the turbine characteristic. The
head M, is again taken in a first approximation as the static head (ef. step 1}

From the turbine discharge we obtain k:a%, whence, by (10}
W

T
or from the nomogram in Appendix1l, we determine M and A=fgM. The
value of 4 can also be determined from (21).

4, Having determined &, and then k=5 (platforms at outleta) -k,
or 4 and then Fh =% (apron below end gill) +4&, , we check whether the
correct formulas have beenused. Equations (23) to (25) are applicable when 4,
is less than the level of the upper outlet edges, while (28} to (20) are
applicable when T4, is larger than the level of the upper edges.  When
Vh="k, (23) to (25) and (28) to (30) are equivalent.

There is always a submerged jump in the tailrace when the conduit
outlets are flooded. Surface or bottom flow may exist when the outlets are
not flooded, In the latter case the mathematical medels are the same, and
there ie no need to plot the curve determining the first eritical regime on
the ejection characteristic in order to check whether the correct formula
has been used,

5, Having determined the piezometric effect of ejection for different
excess discharges and tailrace levels:

ko =VTR=Th or h,=VTR—VA,,

we plot curves

for different discharges @, and chtain the ejection characteristic.
We then deduct from the piezometric effect of ejection the regain of
head, and obtain the head effect of ejectiom

M:ﬁd '—m

(13

6. We repeat the calculation, determining Q, and @, from the effective
instead of the static head.

We then plot the head effect of ejection as function of the tailrace level
on the ejection characteristic. =

where, according to (5},
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If the data in § 7 can be used for estimating the additional losses af,,,
the head effect of ejection may be represented in the form

L
ﬁH:#Ej — Ak —AH,.

In a eorrectly designed HPP the additional losses should be minimum,
g0 that 4K =0.

It is convenient to compute the gjection characteristic in tabular form
simultanecusly for several tailrace levels,

As in the case of overflow ejection we must for &<0 use (23), (24) or
(25), in which the free access of air underneath the nappe is taken into
account, (I—§) being taken as unity,

The flow regime behind the dam can be determined more accurately by
plotting the curve determining the first critical regime on the ejection
characteristic; in order to be able to use (31) and {32), the conduits must
be replaced by the equivalent dam (ef, §19). If the parameters of the
equivalent dam lie outside the limits for which the empirieal relationships
{21) and (32) are valid, the tailrace regime has to be determined from the
condition A,—#& 50, considered in §§5 and 28,

b, Ejection in a combined HPP with conduits. (Example)

We shall analyze the ejection through cenduits for the design shown in

Figure 73: B= 25.00m; d— b, = 18.00m; F=%=% =0,72: d=11.75m:

Ay = 2.50m; k= 8.0m.
Area of conduit cutlets w=18.0.2.5 = 45.0m?,

ey

— i —
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FIGURE 73. Combined HPP with conduft.
The discharge coefficient of the conduits, referred to the tailrace level

in the plane of the outlets, is p= 0.85.
The turbine-discharge curve is defined by the equation Q, =86/,
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It is required to determine the ejection effect when VHRE= 65.20m and
YVIR=494%m, i.e., for a static head H ;= 65.20—49.42 = 15,78 m and
a tailrace depth &y =7 TR — %7 (apron) = 49,42 —42,00 = 7,42 m,

1. We first determine the excess discharge. The height of the free
tailrace surface {far downstream of the HPP) above the upper edge of the
cutlet is 48,42 —46,00 = 3.42m. The outlets will apparently be {locded.
Agsuming in a first approximation that the effective head is egual to the
static head,* we hawve:

Q.= |/ 2gH, =0.85.45.0-4.43 VI5.78 = 169.4 V' 15.78 =673 m?/ sec;
qﬂ_gi"—_—ﬁ =374 m?/Bec.

2. We must now select the formula to be used. Since it has been
assumed that the outlets will be flooded, we must apply (28], (29), or (30)
(Formula {30) is obviously inapplicable because the sloping part of the
apron is very longh

For a final selection of the formula we make use of the eriterion

My S LIBY G (of. §13)

In our case
LBV E=1.18V I8 =132m, i=T42< 132,

i.e., we must use (28),
The apron has no step (Figure 37). We therefore take #= 0 in (28).

Hence, o
k. =%+V(EJ il —A=

11,76 lll (11,76

=+ J 4+ 11.75:7424 7429 — A,

3. The turbine discharge is Q, =BEVHT=EEVI§JE = 341.4m? [ sec,
The total discharge is Ch:Q.,—}-Q:- B73 + 341 = 1,014 m? [ Bec,

The coefficient M is found from the nomogram in Appendix II.

We first determine

Q. 673 hy _T.42
k= — = 0.66; = = 1031
Q,+0Q, ~Loi4 p —0.72 =
We then find from the nomogram: M= 0,042, In this case

A=072 ¢ M=0.72.37.42.0.042 = 42.30,

4., BSubstituting 4 in the formula [in step 2], we determine the tallrace
depth in the plane of the draft-tube outlet, and then V#&,:

nl_" L ]/(Eg + 11.75-7.42 4 TAN — 42.30 =587 +

+VIT6.TT— 2. 30 =1746m,
VA, = (4200 — d)4-k, = 3025 4 17.46 = 47.71 m,

* When the outlets are not flooded the head on the conduits is THR —w (upper cutlex edge).
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The level J & of the tailrace surface in the plane of the cutlets is thus
higher than the level of theirupper edges: 47.71>46,00, The outlets are
therefore in fact flooded, and the correct formula has been selected.

5, We now determine the piezometric effect of ejection:

Ry =VIR=Jh =4942 — 4771 =17Im

The regain of head is neglected in a first approximation, and we take
AH =k
6. We proceed to the second approximation.
Allowing for the ejection, the effective head on the conduits is
R=H, +h&,; =15784 L71=1749m;
Q. = 1894 |/ T7.45 = 708 m? sec,

hence,

T08
¢.= g9 =93¢ m2f sec,

When Q, is determined in a second approximation the head on the turbine
must be reduced by the regain of head Ak and the additicnal loases A,
We have

fi 3 Vﬂ Q’ﬂ‘

=g =g | - =

LA | 1
=07 55 [[ 18.0-8.0p — :ﬂﬂn-mn}-] =0.008m,

i,e,, the regain of head is less than 1 em, and can therefore be neglected,
Neglecting at this stage also the additional losses Ay, we find that the
head effect of ejection is equal to the piezometric effect of ejection: AH = 4A,,..

Thus, the head on the turbine in the second approximation remains

H, =H, +8H=1578 4 1.71 = 1749m,

and the discharge
Q, =86)/17.49 = 360 m?¥/ sec.

The total discharge is

=0, 1 Q, =708 360 =1068 m?aec,
Qu 708
*=g. Q. =1oss =0

The value of M. determined from the nomogram in Appendix II, remaing
practically the same, namely 0.042. By (14} M= 0.0431. Hence,
A =072 ¢° M=10.72.30.345.0.0431 = 48,03,
h, =587 + |/ TIT— 06 = 17.21 m,

Tk, =30.2641721 = 4746 m,
#EJ — 4’9. 2""*‘?|ﬁ= llm I,
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A third approximation is unnecessary.

The regain of head remains negligible as before, and if the additional
losses Affy can also be neglected, the head effect of ejection will be equal
to the piezometric effect: AH =# 5.

If (for the same initial data) the design in Figure 18,b is considered |
instead (still assuming the outlets to be flooded)}, the computed effect of
ejection remains unchanged. In this case it is, however, possible to
estimate the additional losses during ejection, in accordance with § 7.

The intake area of the scroll casing is w,= 12.0-18.0 = 216m?.

11}1;05(:&1& factor of a model with (@, )y= 1m? is thus A=) w, =) 216=
= (] .

The excess and turbine discharges of the model are respectively:

Q. 708 Q
(@I =377, =3 150 =022 m%/ sec; (Q, },,:ﬁ:%:ﬂ.u m3/ sec.

According to Figure 19,b, these discharges correspond to logses VM,
of the order of 0.001 m, i.e., 0,001.14.7 = 0.015m in full scale, which
ig practically negligible.

Additional losses of about the same order may be expected in the HPP
for which the ejection effect was determined,

40. SBIMPLIFIED METHOD OF EJECTION ANALYSIS

Accurate results are not required in the initial design stage; involved
relationships should in this case not be used. Tentative relationships for
ejection above the draft tube {Figure 74) can be obtained in a form in-
dependent of the flow regime and the location of the sloping part of the
apron on the basis of the following assumptions, each of which has separately
been made by different authors (Chapter IV).

1. The nappe depth A, at the toe and in the plane of the outlets is independent
of the piezometric head beneath the nappe. The pressure distribution in
the nappe in section I-1 and beneath the nappe is hydrostatic at any flow
regime behind the dam.

2. The preesures and their distribution are the same at the sides of
the piers and at the end =ill between the piers.

3. The pressure on the sloping part of the apron depends on the tail-
race depth in section II-1I, irrespective of the position of the sloping part
and of the flow regime,

The other agsumptions are the same as made in §§ 9 and 13,

When the jump is not submerged (Figure 74,a,b) the momentum equation
has the following form (by analogy with (15) and (22)):

—fa= (o +5) 245 e,

whence

ﬁn=“’+ d"F-E:“-M,—.I (41)
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FIGURE T4, Simplified mathematical models for ejection into the tail-
race,

a=averflow ejection; b—ejection through conduits with nonflooded cutlets
c—ejection through condults with fleeded outlets

When the conduit outlets are flooded we obtain, by analogy with (27):

B, %o (ytde
—EA..T‘E—EI_E_B

k& =Vt d—A, {42)

which is a particular case (e = 0) of {29).

The value of A is determined, as before, from (13) or (21). The
nomogram inAppendixil may also be used,

The depth &, at the toe is determined from the formula for the nappe
contraetion:

and

T=h +ﬁ-

for which nomograms are given in books on hydraulies, The nomogram in
Appendix 1 {setting E —E,) may also be used, In the case of conduita &, is
the height of the outlets {or the opening of the sluice gate).
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In the case of ejection through conduits (41) has to be replaced by (42)
when >k, fe., Th>Vig+h).

Although the calculation is approximative, overestimation of the ejection
effect must be avoided by taking into account the regain of head A using
{5).

Summing up, the head effect of ejection is in the cases represented in
Fipure 7d4,a,b

AH =" TR—Jk—Ak,

and when the conduit outlets are flooded (Figure T4, ¢),
AH="7TR—7h_—A&h,
The discharges may be assumed in accordance with the data given in§ 27.

41. OPTIMUM LEVEL OF CONDUIT OVERFLOW
EDGE FOR EJECTION

The limits within which the end-zill height or the vertical pogition of the
conduit outlets may vary, depend on the HPP design.

The lowest possible position of the end sill or outlets® is determined by
the level of the upper edge of the draft-tube outletand by the thickness of the
slab covering the draft tube. The highest possible position of the end sill ig
with overflow ejection determined by the location of the bridge crossing the
structure, (In the case of ejection through conduits the position of the out-
lets depends on the location of the operators' room, )

Small variations of the end-sill height (or of the vertical position of the
conduit outlets) influence negligibly the ejection effect. Determination of
the end-5ill level (or of the level of the lower outlet edge) is therefore
neceggary only when this level may vary within fairly wide limits,

Formulas for determining the optimum toe height have been proposed
by 1.1. Veits /3/, Kh.Sh. Mustafin 14/, and D.I. Kumin /8/ for dams with
horizontal end sills longer than 1.5 to 2 times the nappe depth at the end sill,
for broad-crested dams, and for conduits with horizontal ends. These
formulas will not be discussed here, and we refer the interested reader
to the sources. Unfortunately, these authors did not compare the results
obtained by their formulas with those obtained in the laboratory.

A problem arising during the design stage is that of selecting the end-aill
level for a HFP having an apron with sloping part. In addition, a variation
of the end-aill height leads to a change in the ejection effect, which alters the
turbine discharge: this cannot always be neglected, although in the formulas
proposed by the above-mentioned authors the turbine discharge isconsidered
as constant.

If the end-sill level iz determined so as to obtain surface flow near the upper
boundary of the first eritical regime, the procedure proposed by Dr, P, P,
Laupman=*+* may he adopted.

Laupman assumes that when the nappe leaves the end 5ill herizontally, the
piezometric effect of ejection is equal to the difference between the tailrace

* We comider ejection above the draft wbe,
** Cf. the reference on p, 87



level and the free surface of the nappe at the end sill. His method becomes
clear from the procedure proposed below,

I. We assume some value &, for the expected piezometric effect of
ejection. From the static head Ay we then determine the height of the
free headrace surface above the surface level at the end sill:

Hy ET’—#|=H“ +#=]'

II. From this value of /M, we calculate by (10) the nappe depth at the
end sill, setting A= #,.

I1I. From the assumed value of k, and the value of & found by (10) we
find the end-sill height:

a=h—etd—(k Ay )

1V. Substituting the values found for X and g in (16a), {17a), or (18a)
{for overflow ejection), or (23}, (24}, or (25) (for ejection through conduits),
we find the plezometric head beneath the nappe.

V. We then determine the piezometric effect of ejection:

ﬁ:j =?TR—‘?&
by =h—e+d) — (a k).

Repeating steps I, II, and III, we obtain a more accurate value of a.

If the latter differs congiderably from the firat value obtained for a, we
repeat steps IV, V, I, II, and III, which ends the calculation.

An accuracy of 0.5m in the determination of & is sufficient, according
to Laupman.

When this method is used to determine the vertical position of the
conduit outlets, steps I and II are omitted, since the height & of the
outlets is known.

The best method to determine the level of the overflow edge is, however,
to analyze several designs and plot the ejection effect as function of the
level of the overflow edge.

When the tailrace depth &, is given, each design is analyzed as follows:

I. We assume a certain value A& for the piezometric head beneath the
nappe, finding

or

Vhy= a4y
and
H, =GHR—7h,

where Va is the level of the overflow edge,

We determine @, from the turbine characteristic and @ for the value
assumed for &, atd then obtain A from (13),

In the case of overflow ejection we find &, from (16a), (17a), or (1Ba),
performing successive approximations until the value assumed for #,
coincides with that cbtained by these formulas,

In the case of ejection through conduits we use (23), (24), or (25).

* The method is diecussed as applicable vo the formulas [n Chapeers 1 and 101,
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II. Having determined & (and therefore also k), we calculate the
piezometrie effect of ejection:

ﬁej =JTR—=A,

ITII. Plotting the value found for k. on the ejection characteristic, we
check if the selected formula corresponds to the tailrace flow regime by
establishing whether the computed point lies above or below the line
determining the first eritical regime (cf. §28).

Repeating this procedure for each different level Yaof the overflow edge,
we plot the curve k., =¢(V4), whose extremum corresponds to the optimum
level of the overflow edge.

An important problem in this connection is the selection of the computed
excese discharge., Laupman's data may be used tentatively depending on the
size of the river; the average characteristic discharge for a combined HPP
can be taken from column 5 of Table 8.
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LIST OF SYMBOLS USED

Q. ¢ = discharge, discharge per unit length;
V = velocity:
1 = section I-I in plane of end sill or conduit outlets;
2 = gection II-1I in tailrace far downstream of HFF;
w = dam (conduit);
t = wrbine;
T, Ty = energy, per unit mass, above overflow edge of dam {conduit);
T, Ty =ditto, above apron;
& = height of air pocker beneath nappe;
hy = plezometric head at draft-tube outler, measured from overflow edge of
end sill (conduit)
7k = level of piezometric=head plane at draft-tube outlet;
A& = nappe depth at end sill; height of conduit outlets; opening of sluice gate;
&, = tallrace depth far downstream of HPR;
&, = rallrace depth in plane of conduir outlets;
# oy = plezometric effect of ejection—pressure drop at draft=tube outlet
during ejectiom;
Ah = regain of head—reduction (compared to tailrace depth far downstream of HPP)
of plezometric head at draft=tube outlet, due to turbine discharge:
Ah, = height of free tailrace surface (far downsream of HPP) above end-sill level;
H = head on dam:
H ¢ = static head (difference betwen headrace and tailrace levels);
H; = effective head;
A = head effect of ejection—gain in head due to ejection (= piezomerric effect
of ejection, less regain of head and additional losses in receiver);
AH g = additional losses in receiver, due to ejection;
a = height above apron of overflow edge of end sill or of lower edge of conduit
outlets;
a' = ditto, above raised part of apron;
&, d = superelevations of sloping part of aprom;
# = height of apron above nearest part of downstream spillway aprom;
p = height of crest above apron;
b = dam width at overflow edge; width of conduit outlets
b = width of draft-tube outler;
B = theoretical width of rallrace (between center lines of piers).
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FOREWORD \

Combined hydreelectric power plants {HPPs), i.e., those with dam
and powerhouse forming a single structure, have the advantages of a
shorter spillway front and a complete or partial regain of head during
construction,

In designing combined HPPg the ejection effect has to be computed;
thie is most important for comparing different variants and for economy
caleulations.

A method for computing the effect of ejection into the tailrace, and the
corresponding relationghipe, are proposed in this bock, Other problems
of the hydraulics of combined HFPg are also discussed, and seme
recommendations on design are made.

The relationships proposed for analyzing ejection were tested by
comparing the results cbtained by them with those of madel teats performed
by the author at the MEI imeni V. M, Molotov, and by other scientists at the
VIGM and VYNIIG imeni B, E, Vedencev. The satisfactory agreement between
computed and experimental results permits the method proposed to be used
in practice. The ejection effect in some HPPs now being built or designed
was computed by the formulas and methods deseribed here,

In egtimating the accuracy of the calculations it is necessary to
dietinguish between simple and difficult cases. In the simplest cases,
such as overflow ejection from a straight dam with horizontal apromn, the
accuracy is so high that laboratory studyofthe ejection becomes unnecessary,
In difficult cases the calculations may considerably reduce the amount of
necessary laboratory work, In addition, the formulas proposed make it
possible to apply the results of laboratory studlies to the design finally
adopted, since it happens frequently that the design investigated in the
laboratory differs from the final one by, e.g., the discharge capacity.

The methods described may be used for energy calculations during the
exploitation of combined HFFs, and also for the design of two-level conduits,

Involved relationships zhould not be used at the Initial stages
of design, since the calculations are usually based on approximate data,

A simplified mathematical model is accordingly proposed in the book for the
initial, tentative, calculations,

Some of the conclusions and relationships should be considered as
tentative. This applies mainly to the empirical formulag, which the author
hag included in order to satisfy the immediate needs of degign organizations,
which possess hardly any data on thie problem. These empirical formulas
can, of eourse, be refined when new and more accurate experimental data
become available. Further refinement requires mathematical models for
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the pressure distribution on the sloping part of the apron and a means
for determining the point at which the nappe impinges on the apron,
The author acknowledges the help given to him by Prof.Dr.5.B.[zba h.
under whose guidance the basis of this work was prepared. k\
The author will be glad to receive readers' comments on the book.
These should be addressed to Gosenergoizdat, Shlyuzovaya nab., 10, I
Muoskva., !

The author
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