+ K ¥ 2 i X %

% 61 5 - 5 B (3-2)

TRANSACTIONS
OF THE
JAPAN SOCIETY OF CIVIL ENGINEERS

No. 61, EXTRA PAPER (3-2)

DYNAMICAL SIMILITUDE OF SURGE TANKS
- r2 Ly O ED&

By Dr. Eng., Taizo Hayashi, C.E. Member

March 1959
TOKYO JAPAN

fiH f1 34 & 3 H

+ K % &
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By Dr. Eng., Taizo Hayashi, C.E. Member**

SYNOPSIS

An extension is presented of the dynamical similitude of model tests of surge
tanks for the most general case. Additional conditions to be imposed upon the dynamical
similitude and the modification of the similitude for preliminary design purpose of the
model installation are examined in detail. Model tests for several selected complicated
cases are made for the affirmation of whether the dynamical similitude can still exist in
such complicated cases. The surging waves worked out by arithmetical integration of the
surging equations are compared with the results interpreted according to the similitude
out of the surging waves obtained at the model. The agreement in every case is satis-
factorily close, by which the dynamical similitude is affirmed to be always reliable for the
model test of any complicated case at will.

INTRODUCTION

Due to the compléx mathematical nature of the equations for surging of the surge
tank, it is desirable to carry out the model investigation if it is practical. The application
of the dynamical similitude to the surge tank problem was first made by Professor
Durand”. By his work the possibility of a comprehensive experimental method with the
model was presented. Theoretical arguments for the use of models usually follow one of
two main lines: the so-called dimensional analysis, and what may be called inspectional
analysis®, where the former is simpler and more widely known, while the dynamical
similitude of the surge tanks belongs to the latter. The dynamical similitude presented
by him consists in installing the model pipe installation in such a way that the surging
equations with respect to model installation equal quantitatively to the surging equations
for the prototype installation, term by term of the both corresponding equations. The
model may thus, in a sense, be considered as a form of mechanism which solves the
equations as applied  to the model form, and these results multiplied by suitable relation
factors give the corresponding results to be anticipated in field case.

The use of the model in such a connection, however, can only be justified if the scale-
effect is so small as to be unimportant. In order to investigate this point, Professor
Gibson made an extensive study of the model test of the simple surge tank®. However,
since no measurement of the surge in prototype is practically available in which the data
are sufficiently complete to enable a comparison with model experiments to be made, he
worked out by arithmetical integration a number of typical cases covering a wide range
of conditions. By these typical examples, the results of the tests on the models, when
interpreted according to the laws of dynamical similarity, were in close agreement with

* A part of this paper was read at the Annual Meetings of the Japan Society of Civil Engineers,
1953, 1954 and 1955.
*¥% Professor, Department of Civil Engineering, Chuo University, Tokyo

-



2 TAFLRLEF6S - BIH3—2(HE.34.3)

the results as calculated for the corresponding prototype pipe-line and surge tank, thus
the method of the model test with the dynamical similitude being justified.

A furthur contribution to the method of the model test was made by Messrs. Bour-
geat, Cahuzac and Deullin®. They made model tests of a differential surge tank, for
which tests they not only examined the solution of the law of dynamical similarity, but
also they described many details of the model technique.

This paper deals with complicated cases of surge tanks for the affirmation of whether
the dynamical similitute can still exist in such cases. Before giving the results of the
tests the author develops the dynamical similitude in the most general form. Since this
similitude is nevertheless considered as a mere combination of individual laws of similari-
ty obtained in the previous investigations, main emphasis of this paper is rather on the
study of the additional restrictions to be imposed upon the dynamical similitude and on
the modification of the similitude for preliminary design purpose of the model installation.
The results of the model tests carried out according to the dynamical similitude developed
are compared with those calculated for the corresponding prototype, the agreement be-
tween them being examined.

DYNAMICAL SIMILITUDE OF SURGE TANKS

Although ‘we intend to derive the dynamical similitude in the most general case, let
us consider tentatively about a series of surge tanks as shown in Fig. 1. The main surge

Fig. 1 A series of surge tanks.

tank is a differential tank with a lower chamber and each auxiliary surge tank has both
a restricted orifice and an overflow. Thus, the series is considered to include practically
all essential elements of surge tanks. As is seen, the movement of water at this series is
represented by the equations as follows:
L, dv

——9'!—‘—‘2;—=21:F511112:]:771(02"‘1)1)2
dz,

dt
' Cs1=xl(a1_zi>3/2

L, dv,
g dt
dz,

dt

Csz =12<a2_zz)a/2

& =0, +Cs1_vl

=2,—2,; :Fezvzziﬂz(”s—v'z)e

b, =0,+Cs=0, b e (1)*

* The notations are referred to in the list at the end of this paper.
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L, dv,
g dt R,—2,Fe,0%
dz,
¢r dt _C+Ct+csr 1}3
dz
[ 7 dtt == (Csr+Ct)

Csr = 1,('4,. __zr)a/z

C,= +7(Re~z,)'

On the other hand, at the model installation the movement of water is represented by

the equations as follows:

L,, dv.,,

g at,, =z1m:F51mvxm2:t771m(vzm—vzm)z

dz,,,
im dtm

Csxm = lxm(alm - zlm>a/2

=vzm+cslm—vlm

L, dv
- dzm_ =Zom— Rim T ComVom” £ 0om (Vs — Vop)®
g b

dz,
P gy

2= Vg, 1+ Cszm ~Vom
m

Cszm = 'zzm(azm - 22,,,)3/2

L., dv
— = =zrm_zzmz}:‘samvsm2
g dt,

dz,,
¢rm d e

= Cm + Ctm -+ Csrm ~Vsm

dz,,,
Dim dtfm = (Csrm+Cim>

Csrm = xrm(arm '"zrm)a/2
Ctm = :!:Tm(ztm~zrm)1/2

In order that the model may be dynamically similar to the prototype, it is necessary

that all corresponding terms in (2) and (1) should be proportional ; that is

Laml9) (@01 Btn) _ Zim eV’ _ Bim(Orm— Vns)®
(L,jg)(dv,/dt) 2, &2, 7.(0,—0,)?
Im(92:[0ly) _ Vs _ Com _ Vi
¢.(dz,/dt) v, C.. v,
Com  2m(@i—2,,)°"
. C,, (a,—z)?
(Lom/9)(@0,/d1,,) Rom _ Rim Ealay’
(L,/g)(dv,/dt) 2, 2, &0,°
- Pam (Vs — Vsn)”
7.(05s—0,)*
and so on.

In accordance with the notations by Messrs. Bourgeat, Cahuzac and Deullin, let us now

introduce the reduction coefficients as follows:

...............

* The suffix m refers to the quantity of the model.
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Ki;=Li/L;, (i=1, 2, 3) Ky =QsimlQsiy (1=1, 2, 7)

K,;=v;nfv;, (i=1, 2, 3) K,=t,/t

Keoy=¢imfes, (i=1, 2, 3) Koi=0imlns ($=1, 2)

Kzizz‘.m/zi’ (=12, r, ) KCf=CIm/Cf ..................... 4H*
Ko,=bimlds, (=12, 7, ) Kni=2imfhsy (i=1, 2, 7) '

Kc;=Cin/Cyy (=1, 2, 7, 1) Ky =71,/r

K,i=a;.la;, (=1, 2, 7)

Substituting the reduction coefficients in (3), we obtain
K. K, /K=K, =K¢ K,’=K, K, K, =K,
K‘b;Kz;/Kt:sz:KCsl:Kh
Ko, =Kx K7, K, =K,

K. K, /K=K, =K, =K K,’=K,.K,’, K, =K,
K¢2Kzz/Kt=Kus=K0s2=sz

Keo,= Ky K, K,=K, e (5)
K. K, /K=K, =K, =K. K,*

K¢,-Kz, /K= Kc=Kg, =KCsr=K”3

Ko, K. |Ki=Kc,,=Ke:

Keo, =K\ KL, T, K, =K,

K¢, =K:K,, ", K. =K,,

which are the relations the reduction coefficients should satisfy.

A Although the above relations seem at first glance very complicated, they are reducible

to a series of much simpler relations. As is easily seen, we have out of the above

equations the relations as follows:

sz=KzZ:Kz,. =K2t =Ka1=Ka2=Kar K21=KE2:K53
K, =K, =K, =K, =Kco,= Koy = Ko=Key K\,=K),=K\, 6
KL1=KL2=KL3 Kn1=K772 .................. (6)

Ky,=Ky,= K¢, =Ky,
These eight relations imply that the reduction coefficients of the same kind of
physical quantities should be identical, no matter which portion each physical quantity
may concern. Hence, let us now introduce the notations defined as follows:

KZEK21=K22=Kzr =Kzt =Ka1:Ka2=Kar KEEKh:KEz:KGS
K, =K, =K, =K, =K, = K¢,,=Kc,,=Kc=Kc: K\=Ka,=Ki,= K\, .
K=K, ~K;,— Ky, K=K, <K, |77 (7
Ky=Ky,=Kp,=K¢,=Kg,
Substituting the above notations in eq. (5), we obtain
Ko g g KimK K
K,
.......................................... (8)
KoK,

LoBs _K,—K\K,S'=K:K}

¢
which is the dynamical similitude for the case under consideration.

However, it is to be noted, that the above equations consist of the reduction coeffi-
cients of basically physical quantities, but that they are not dependent on the configuration

% As is written in the list of notations at the end of this paper, K denotes the reduction coeffi-
cient and the suffix of K denotes the quantity to be reduqed to the model scale.
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of the surge tanks. Hence, although the equations are derived with reference to the series
of surge tanks shown in Fig. 1, it is understood with the equations that there may not
be any auxiliary surge tank and there may be any more auxiliary surge tanks as well,
and - that the surge tanks may be of any form at will. Thus, it is understood that the
equations practically represent the dynamical similitude of model tests of surge tanks in
the most general form.

If the case under consideration does not have any restricted orifice, the term concerned

with the restricted orifice drops out of (8), the dynamical similitude for this case reducing
to

K—LKL=KZ=KQK,,Z %=K0=K)\Kzs/z ................................. (9)
¢ Kt
If the series furthur lacks the overflow, the dynamical similitude reduces to
KLKv " _ 2 K¢Kz _ .
T K=K.K, K, K : (10)

By (8) nine reduction coefficients, i. e, K, K,, K;, K,, K., K,, K4, K» and Ky, are
combined by six equalities. Accordingly, the values of any three reduction coefﬁcients'may
be chosen arbitrarily, but the rest are to be determined by (8) as the functions of the
three reduction coefficients.

If by either (9) or (10), the number of the coefficients the values of which may be
chosen arbitrarily is still the same, that is, three.

ADDITIONAL RESTRICTIONS TO BE IMPOSED
UPON DYNAMICAL SIMILITUDE

1. Geometrical similarity of the junction of the surge tank with the conduit.

The model of the surge tank made according to the dynamical smilitude is, in general,
not geometrically similar to the corresponding prototype. However, in the case when the
minor loss at the junction of the surge tank with the conduit is not negligible compared
with the frictional loss of head in the conduit, the geometrical similarity of the junction
of the surge tank with the conduit is also desired. In order that the junction is geometri-
cally similar, it is necessary that the reduction coefficient of the cross section of the con:
duit is equal to that of the surge tank; that is

Thus, the dynamical similitude combined with the geometrical similarity is expressed as
follows :
K. K,/K,=K,=K:K,'=K,K, ,
KoK, |K,=K,~K\K,*=K:K,"* et ee et e ae e et e rrerteraert e 12)
Ky=1 . .
As compared with eq. (8), one more equation has been added. Hence, the number of the
reduction coefficients the values of which may be chosen arbitrarily is reduced by one
than at the plain dynamical similitude.
The geometrical similarity is also convenient for the technique of model construction,
since the shape of the junction is often more complicated than other portions of the model.
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2. Geometrical similarity of the surge tank.

If the surge tank has a horizontal chamber, the geometrical similarity of the surge
tank is desired, since otherwise the cross section of the chamber would be either so flat
or so narrow that the movement of the water would obey a different law from that at the
prototype. In order that the surge tank is geometrically similar, it is necessary that the
reduction coefficient of the vertical distance and that of the horizontal dimension, both of
the surge tank, are equal; that is

Now, by the introduction of a new reduction coefficient K in the last equation, one more
relation is necessarily to be brought about. The new relation, however, may be expressed
only approximately, by the use of the Darcy-Weissbach law for the loss of head of the
flow in the conduit, that will being developed subsequently in ‘Dynamical Similitude for
Preliminary Design Purpose of Model Installation’.
3. Geometrical similarity both of the surge tank and of the junction of the surge
tank with the conduit. '
If the geometrical similarity of both the junction and the surge tank is necessary,
both (11) and (13) are to be taken into account, that will being developed also sub-
sequently.

DYNAMICAL SIMILITUDE FOR PRELIMINARY DESIGN
PURPOSE OF MODEL INSTALLATION

1. Approximate expression of K..

As is well known, the friction head %, is expressed by the use of the Darcy-Weissbach
formula and furthur the Manning formula as
L »v 2gn° L v°

he=F"R 29 ~"R7 R 24

Accordingly the term ¢2° in the previous formulae is expressed as

. 2gn® L\ ©°
cv —<1+2f,- g R ) 2

where f; is the coefficient of a minor loss. However, here let us either assume approxi-

mately that

_2gn® L o°
R/ R 2¢

or assume 7 to be such a modified coefficient of roughness that it may satisfy exactly the

2

P PR (14)

relation (14). Then, according to this relation, we have
Ke =K, Ky [Kg'/3eeoeeeesinemmeinnsinniiiniiiiiini e TP PIRNOIPOR (15)

which is the expression for K. for practical design purpose of model installation.
9. Plain dynamical similitude.
As the plain dynamical similitude, it is sometimes more ‘convenient to rewrite the
second series of equations of (8) as follows: Co
KyK,

t

=K K, = Kq=KpK,'/* = KoK /- cveroueverisonirununennn. SUNIRUU (16)

where
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Kp=K;K;: reduction coefficient of C; F, of port

Ks=K/K\: reduction coefficient of CB of overfiow
Now that two new coefficients, i.e., Kr and K, have been introduced in place of one, K,
a new relation is physically required to be brought in; although K. is independent to
Ky, it is not independent to K/, it being related to K, through Kz by (15). Furthur, as
is obvious, K, which is to be introduced is related to K, as

g T RCICI LD IS an
Thus, taking (15),(16) and (17) into consideration, (8) is rewritten as follows:
KK, . K/SKi.,
Kt - Kz - KR4/3 Kv
KpK, . o 1r  1r gr 12 g pr sz | cereeeseessreesierasreseaceniiiinn (18)

=K K,=Kq=KpK,'"= KoK */*

t
Kp'=K,
which is the plain dynamical similitude for preliminary design purpose. The number of
the reduction coefficients appeared in the above equations is eleven. Since we have seven
equalities for these eleven coefficients, any four coefficients may be chosen arbitrafily. If we
choose K,,Kr,Kp K, for the four coefficients, the rests, by (18), are determined as follows:
K =Kg"'|(K,'K,/Kp) Ko=Kg'K,
K,=Kg"*|(K,;’Kz) Kp=Kg' P K, K,Kp'/? ) vereererererssisniiaiiians (19)
K,=Kp'""|(K,K,) Ko=K,'K,Kg'/’[Kg’
3. Dynamical similitude combined with the geometrical similitude of the junction of
the surge tank with the conduit. ‘
Combining (11) with (18), we obtain
K K, |K;=K,= (K, KK )K,*
KpK |K;=KK,=Kq=KpK.;'?=KoK.,** | .. (20)
K=K,
K=Ky
which is the similitude for this case. This similitude has eight equalities for eleven
coefficients. Hence, any three coefficients which are independent to each other may be
chosen arbitrarily. If we choose K,,K, and K, for the three, the rest coefficients are

determined by this similitude as follows:

K =Kg"/(K,'K,") Ko=Kg'K,

K. =Kg'/’ Ky’ Kp=Kp'’K,K,

Kp=K3’ Ko=K, K, = ) ceeeeenennnn. (21)
K=Kz '

K,=Kp'/'|(KJs'K,)
4. Dynamical similitude combined with the geometrical similitude of the surge tank.
Combining (13) with (18), we obtain the similitude for this case as follows:
K, K, /K,=K,= (K, K [Kg'")K,*
KK, /K,K;K,=Kq=KpK,""= KoK **
K=K, :
K,=Kg'/*
where the values of any three coefficients which are to each other independent may be
chosen arbitrarily. If we choose K,, Ky K, for the three, the rests, are determined by this
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similitude as follows:
K =Kg"l'|(K,S°K,") Ko=Kp'K,

K‘z — K’RIO/Q/KnZ/S KP - KRIS/QK”I/SKU
Kp=Kp*/°|K/* Ko=Kg'PK,K, ~  eovereereremmn. (23)
Kf=KRZ

K;=Kp'*/(KsK,)
5. Dynamical similitude combined with the geometrical similitude both of the junction
and of the surge tank with the conduit.
Combining both (11) and (18) with (18), we have as the similitude for this case

K. KK~ K,= (K, K |Kg"/)K,*
KpK, /K=K K,=Ko=KpK,'' = K,K,** 1 ........................... (24)
K=K,

K;=Kp K,=Kp'/*

where the values of any two coefficients which are independent to each other may be
chosen arbitrarily. If we choose K, and K, for the two, the rest coefficients are determined
by this similitude as follows:

KRans Kt:Kns/Kv

K;=K,2*/K,} Kyo=K, K, 1

K,=K, Kp=K, K, = [ coeeemememmnen (25)
Kp=K,» K,~K/K,

K,=K,*

As is easily seen, the dimensions of the model installation would be too large for practical
purpose, since the value of K, as usual is not necessarily very small cémparéd with unity.
6. Special notes. ‘

a) The value of # of the prototype and that of the model, both for the design of the

model pipe-line.

For =, as is well known, the smallest possible value is assumed at the study of up-
surging and the greatest possible value at the study of down-surging. In order that a
model pipe-line may work for the experiments of both up-surging and down-surging the
head loss at the model pipe-line should not be greater than that required by the dynamical
similitude at the case of the smallest possible value of z of the prototype.

On the contrary, by the introduction of concentrated losses by the use of sluice valves
in the model pipeline it is possible to augment the head loss in the model pipe-line by
any required amount. Therefore, the model pipe-line should be designed with regards the
smallest possible value of # in the prototype.

At the design of the model pipe-line, however, the total loss of head is not definitely
determined, since the loss may -increase due to rusting even if the inside of the pipe has
been completely galvanized. Accordingly, a little greater amount of head loss than esti-
mated for the model pipeline should deliberately be assumed, the lack of the head loss
being adjusted at every test by the introduction of an appropriate amount of head loss by
the use of sluice valves inserted in the model pipe-line.

b) Correction by the exact similitude.

By either one of the approximate expressions of similitude develdped thus far, a
suitable combination of reduction coefficients may be determined for the installation of the
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model pipeline. However, since this is based on the approximate expression (15), it
should finally be corrected by the exact similitude (8). In that procedure it is often
convenient to take the appropriate values for K;, K. and either K, or Kj, according to
the values preliminarily determined, and to solve the values of the rest coefficients by
(3.

Since K. is related together with K,* in (8) and K:K,* means the reduction coeffi-
cient of head loss which is equal to K,, the value of K. will easily be realized through
the adjustment of the stationary drop of the level of water at the surge tank at the de-
termined rate of discharge through the pipe-line by the use of the sluice valves inserted.

According to the similar reason, the values of Ky and K, may easily be realized at
the model installation through the adjustment of the area of opening of the orifice so that
the required amount of head difference may exist for a definite rate of discharge through
the orifice, and K, through the adjustment of either the overflow length or the coefficient
of overflow so that the required amount of rate of overflow may exist at a definite head
of overflow.

1. Illustrative example : Case of single restricted orifice surge tank.
Let us take for the example an actual case characterized by the following data.

Length of conduit L'=8,000m Net area of tank F=314.16 m?
Conduit section d=5,000m (Circular) . Rate of discharge @=60m?®/s
Conduit area f=19,635m* Orifice diameter D,=1,800m

Tank diameter D=20m
Coefficient of discharge of orifice C,=0.95 for flow either into tank or out of tank
Drop of level of water between reservoir and surge tank h;=8.600m at the smallest
=15.000m at the largest
Conduit roughness 7#=0.012 at the smallest
=0.016 at the largest
‘Total height of surge tank H= 30m

According to the dynamical similitude combined with the geometrical similitude of the
surge tank let us design the model installation.

First, let us make a preliminary design by the use of (23). Referring to the special
notes described previously on the value of z for the installation of the model pipe-line,
let us assume as follows:

n=0.012 and 7,,=0.0123
Then
K,=0.0123/0.012=1.025

By (23) and this value of K,, the length of pipe-line, total height of the surge tank,
the diameter of the orifice, the maximum rate of discharge and its corresponding Reynolds
number in the conduit, all of which are of the model, are shown in Fig. 2 The coefficient
of discharge of the orifice at the model has been assumed 0.65. In order that the Reynolds
number of the flow in the pipe-line of the model may be higher, even at the half load,
than critical, the Reynolds number at the model at the full load should be greater, say,
than 10°. However, too great value of K, results in too much amount of the rate of dis-
charge in the model test, which is impracticalv_. - The greater the diameter of the pipe-line
of the model is, the longer the pipe-line is, and the greater the height of the surge tank
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is. The greater the diameter of the pipe is, the more inconvenient for the pipe-line to be
installed if it is to be looped back due to its greater radius of bend to be used. It should
be checked furthur, whether the dimension of the port is appropriately smaller than the
dimension of the surge tank. In view of these and according to the figure a choice is
made for K, and the diameter of the pipe as follows:

K,=1/10 and d, =3 inches
Then, the length of the pipe-line is read as L, =31.0m, with which the value of K is
K, =31.0/8,000=1/258
Now that the dimensions of the pipe-line are preliminarily determined, let us make

the regular design of the model Fig. 2 Model dimensions.
installation according to the exact 1,000 T - 1,000.000
similitude (8). For this design let 600 A% - 600,000
us assume 500 AWAVAAY 500,000
00 AV 400,000
K,=1/258.0 and K,=1/10 4 [\\\\ \ . L Ds00.000
Then  L,=8,000/258.0=31.00m a0 \\' \\\\ d//’m.ooo
AN NN e'd
2L |
and e,,,=(—;'—é—.-/s—> 100 \‘\ \ ,/,/ /) 100,000
0,012 31,01 ' RS A
. x 31, 60 60,000
= . (.8557 \ X\, 50,000
(0.0806/4)*/ o \ Z 0.0
/ P ;
On the other hand % /) \’“ ‘ A /30’00_0 N
¢ = ,/v" =8.600/(60/19.635)* ® P77 \\\B //" V1)
- - \, X | 1 1
=0.9209 2 10 A A "‘{\\ X KL io0.000
Hence, Ke=¢,/c=0.8557/0.9200 3 > /j”’ A TN
~1/1.076 g 8 70z XA 21000
= 4 4,000
With the values of K;, K, and < 3// A0 XX \\ 5,000
K. thus chosen, the other reduction i 2 ,/ //,/\ \\\ 2.000
coefficients are obtained according 5. ' / // /// \ \
to (8) and a few fundamental re- :: 1.0 A /| AN-NN1 000
5 Z A
lations as follows: - A LAY AVEA
~ 0.6 // / },/ - \\ N
I A4, 4 \
K, =1/107.6 T 7 VT \
l’/ /
K, =1/23.98 0.2/57 22
Kgp=1/2.228 / | LA
e 1
K:=1.037 7 o1 =
v
K,=(d,/d)*=1/3,848 008 - z Lz
0.0
Kp=KprK,=1/8,573 0.0; V///:/L/D”
_— /:.,v /',4/
(I/Kp_llgz'sg) 0.02//7
/ A
O e 57903 07050.0701 0.2 03 0507 10

— K,
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MODEL INSTALLATION

1. Pipeline.

In the model installation at Chuo University two alternative pipe-lines have been
provided. (Fig. 3). Their dimensions are, respectively, nominally 2.5 inches in diameter
(actually d=6.78cm) 49.836m long and nominally 3 inches in diameter (actually d=8.06 cm)
35.980m long, each length being that from the reservoir to the center line of the riser of
the main surge tank to be provided. Both pipe-lines consist of galvanized steel pipes.
Due to the long length each pipe-line is installed in a looped way. Provision is made
for fitting eithér a surge tank or a branch pipe at the top of which a surge tank is
provided, at two points of - each pipeline. A circular sluice gate valve is inserted at
each reach between two neiboring such fittings, by the use of which valve the loss of
head at each reach is adjusted to the amount required by the dynamical similitude.
Air vents at the base of each a sluice gate valve is provided are welded vertically
upwards at a few points to the pipe-line to evacuate the air which may remain in
the pipe at the beginning of the experiment.

2. Outlet valves.

At te end of the main pipeline four sluice valves each being accompanied by a handle
cock are provided. The opening of the sluice valves are adjusted in advance of each test
to furnish the required rate of discharge, the change of the rate of discharge being done

Fig. 3 Experimental installations (lengths in m).

P o
bl g5 Gasp i
2.5" sluice vl ,5" Gas pipe [
valve !t (d=6.78em) 1ot E,’
\ 1 b / . : " ﬁ—]_l
T A o b
IS ; 1= 1 .4;\_\::., Il \\» t
. . ‘W,smj 1 §
. 17.324 17.232 15.280 T
49.836: )
. et
(a) 2.5 pipe installation §»

//1% handle cock
134" sluice valve
3" Gas pipe 3’ Sluice
(d=8.06em) - valve

— | L /
PEE—
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practically instataneously by means of the handle cocks.
3. Reservoir. ) .

The reservoir consists of a cylindrical tank of steel 0.90m deep and 1.00m in di-
ameter. It has, at its center, a round overflow of adjustable elevation._ TQ the tank
another similar pipe-line is connected, which is operated as a pipeline compensating the
change of discharge overflowing the spillway, to keep the level of water ip the reservoir
always constant.

4. Port. .

At the model installation the port of the surge tank is provided usually with a metal
plate at which a hole of appropriate diameter is drilled unless the drop of head through
the port is the main problem of the investigation at the model test. The diameter of the
hole is adjusted trially in such a way that the drop of head of flow either into or out of
the tank may be equal to that required by the dynamical similitude. The calibration of
the port is done for the flow through the port at steady state with piezometric tubes.

5. Surge tank.

A number of surge tanks are available with various shapes, all of which are made of
transparent plastics.
6. Recording of surging. .

At the case of multiple surge tanks the changes of water level in sﬁrgé tanks are re-
corded simultaneously by an electro-magnetic oscillograph by the use of electrical wave
height gage. At the case of the single surge tank the change of the level of water is
recorded either with the use of the electrical wave height gage or photographically against
a graduated scale with a motion picture camera of a calibrated low speed.

EXPERIMENTAL RESULTS

The comparison of model results with prototype results is selected as the main aspect
to study in detail. As was shown by Professor Gibson the prototype results for com-
parison with the model results are worked out by arithmetical integration.

Case 1. Case of a single differential surge tank. (Two steps of load increase)

Conduit L=7,973.800 m Tank diameter D,=17.340m
Conduit d=5.000m (Circular) Riser diameter D,=4,500m
Conduit area f=19.635m? Riser area F,=15.904 m*
Maximum rate of discharge Q,,,,=60m?s Net area of tank F,=220.250 m*
Sta'tionary max. conduit vel. v_,,=3.056 m/s Port diameter D,=1.685m

Drop of head %,=15.462m for Q=60 m®/s Port area F,=2.209 m*

Conduit ¢=1.6556 ‘
Coefficient of discharge of port C,=0.97 for flow out of tank
As the model installation the 2.5 inch pipe-line is used. The model test is done accor-

ding to the dynamical similitude combined with the geofnetﬁcal similitude of the junc-
tion of the surge tank with the conduit, ie. (12). After a preliminary design as shown
previously in ‘Illustrative example’, as the independent coefficients K, and K. are chosen,
the values of which are fixed as follows:
. K;=1/160 and Ke=1.150
fi"heri, the rest coefficients are determined by (12) as follows:
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K,=1/184.1 K,=1/12.66 K,=1/14.57 Ko=1/79,300 Ky;=1/1.071
The increase of load is made in two steps, from 0% to 50% load and from 50% to 100%
load, each increase being assumed to be done practically instataneously.
The model results converted to the prototype dimensions by multiplication by the reci-
procals of the reduction coefficients together with the results deduced for the prototype by
arithmetical integration are plotted in Fig. 4. The results show a close agreement for the

Fig. 4 Comparison between the theory and the experiment for Case 1.
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period of oscillation and for the lowest surge of the tank. However, a certain amount of
difference exists for the instataneous descent of the riser at the second step of load in-
crease. Some such difference as this is to be expected, since in the method of arithmetical
integration no account is taken of the variation of the value of the coefficient of discharge
with respect to the rate of discharge through the port.

An odd value of diameter is chosen at the model test in order to make the value of
the instataneous lowest surge of the riser equal to that of the lowest descent of the main
tank.

Case 9. Case of a single differential surge tank with a lower chamber. (Two steps of
load increase)

Conduit L=7,973.800 m Port diameter D,=1.725m
Conduit area f=19.685m* | Same Port area F,=2.315m"®
Maximum rate of discharge ; as at Coefficient of discharge of port

Qnax =60 m®/s Case 1. C;=0.97 for flow out of tank
Drop of head h;=15.462m Diameter of lower chamber D,=6m
Riser diameter D,=4.500m Length of lower chamber L,=90m
Riser area F,=15.904m* - Location of center of gravity of lower
Tank diameter D,;=14.000m " chamber=9m below L.W.L.

Net area of tank F,=138.034m’

Model tests are done with the same pipe-line and the same reduction coefficients of quanti-
ties as in Case 1. The results are shown in Fig. 5.
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Fig. § Comparison between the theory and the experiment for Case 2.
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The agreement is very close as regards the period of oscillation. The agreement for
the lowest descent of the main tank at the increase to the full load is also very close,
but that at the increase to a half load is less close. That may be attributed to the devia-
tion of law of head loss, due to the relatively small Reynolds number in the model pipe-
line, from the law of square power of velocity, although in the prototype the square
power law is to hold. The agreement with regards the surging wave as a whole is not
necessarily very close. But some difference as this is to be expected, since in the method
of arithmetical integration no account is taken of the lag of movement of the water in
the long lower chamber. Taking this into account the agreement would be also very close.

Case 3. Case of multiple surge tanks. (Fractional increase from 50% to full load)
With reference to the arrangement of surge tanks shown in Fig. 3 (a), the fundamen-

tal quantities are as follows*:

First conduit L,=2,850.3m f,=19.750 m*

Second conduit L,=2,772.3m f>=19.750 m*

Third conduit L,=2,455.7m f:=19.635m* (d=5m circular)
Branch conduit L,=136.00m Sf3=7.322m*

First auxiliary surge tank D,=2.800m F,=6.158 m*

Second auxiliary surge tank D,=4.000m F,=12,566 m*

Riser D,=4.500m F,=15.904 m*

Main tank diameter D,=14.000m

Net area of tank F,=138.034m?*

Port D,=1.828m F,=2.623m*

Coefficient of discharge of port C,=0.97 for flow out of tank
Maximum rate of discharge Q,,.,=60m?/s

First conduit head drop %, =6.148 m for @=60m?®/s

Second conduit head drop %#,,=4.639m for @=60m’/s

Third conduit head drop %, ,=4.427m for @=60m?/s

Total head drop %,=15.214m for Q=60 m*/s

Branch conduit head drop 4,,=0.029m for @ =5m?/s

First conduit ¢,=0.6661

* These correspond to the supply conduit of Okuizumi Power Plant [Ref. 6].
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Second conduit ¢,=0.5026 Lower chamber D,=5,800m, L,=70m
Third conduit ¢,=0.4741 Location of center of gravity of lower
Branch conduit ¢,=0.062 chamber=10m below L.W.L.

In order to avoid the complication at the model installation that f, and f, are not exactly
equal to f,, both f, and f, are approximated with f,; while, in place of L, and L,, the
equivalent lengths L," and L', respectively, as follows are taken into consideration :
L'=L,+(f./f,)=2,833.7m L/)=L,-(f,/f,)=2,756.Tm

Model tests are made with the same 2.5inch pipe-line and the same reduction coefficients
of quantities as in Case 1 and Case 2. (see Fig. 3 (a)). The length of each reach of the
model pipe-line shown in Fig. 3 (a) was not exactly that required by the value of K, but
the error of each length of L,,, L,, or L,, is 2.2%, 0.0% or 0.4%, respectively, which is
considered not to matter with the result.

The results are shown in Fig. §, which shows the agreement at this case, as a whole,
is not necessarily so close. One of the most remarkable reasons for such difference is the

Fig. § Comparison between the theory and the experiment for Case 3.
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lag of movement of water in the lower chamber, by which the period of the lowest surge
of the main tank is considerably accelerated. However, as far as each lowest descent of
the auxiliary surge tanks as well as that of the main tank is concerned, the agreement is
still very satisfactory. If the lag of movement of water in the lower chamber were taken
into consideration in the surging equations, the agreement would be much closer.

Case 4. Case of multiple surge tanks. (Fractional increase of load from 50% to full load)

With reference to Fig. 1, the fundamental quantities are given as follows*:

First conduit L,=539.737m Third conduit L,=2,085.646 m
Second conduit L,=3,189.933m Total L=5,815.316 m

* These and those of Case 5 correspond to the supply conduit of Nishiyama Power Plant.

.
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Conduit area f=7.069m* Head drop through port

First auxiliary surge tank
Diameter D,=3.000m

4H=8.925m for @ =7.5m?"/s out of tank
4H=37.763m for @ =15m"/s into tank

Port diameter D, =0.600 m Maximum rate of discharge @, ,.=15m%/s
Head drop through port Stationary max. conduit vel. vma'x=2.122 m/s
4H=0.955m for @=1m’/s First conduit %, =1.212m for € =15m"/s
either out of, or into, tank Second conduit %,,=5.408 m for @=15m%s
Height of crest of spillway Third conduit %#,,=3.531m for @=15m’/s
a,=—oo (e.g., Non-overflow type) Total k,=10.151m for @ =15m"/s
Second auxiliary surge tank First conduit ¢, =0.2692
Diameter D,=5.000m Second conduit ¢,=1.2010
Port diameter D,,=0.700 m Third conduit ¢,=0.7841

Head drop through port
4H=0.516 m for @ =1m?’/s
either out of, or into, tank
Height of crest of spillway
a,=—0.500m (e.g. 0.500 m above

HWL)
Overflow length B,=11.76 m
Riser
D,=2.500m F,=4.909 m®
a,=—5.000 m (e.g. 5.000 m above H.W.L.)
B,=7.20m
Main tank

D,=10.000m (above H.W.L.)
=5.600m (below H.W.L.)
Net area
F,=73.632m* (above HW.L.)
=19.722 m* (below H.W.L.)
Lower chamber
L,=32.000m Section : cf. Fig. 7
Elev. of center of radius=10.300m
(below L.W.L.)
Port D,=1.050m F,=0.8659 m*
The model test is done according to the dyna-

mical similitude added with the geometrical simi-
litude of the surge tank. After a preliminary de-

sign as shown previously in ‘Illustrative example’

KL,

K, and K. are selected as the independent

coefficients, the values of which are fixed as follows :

K;=1/162.0, K,=1/6, K¢ =1/1.480

Fig. 7 Cross section of lower chamber
(dimensions in m).

#

2.800

Photo. 1 Main surge chamber after -
increase of load.

Then, the rest coeflicients are determined by (8) as follows:
K,=1/53.28, Kp=1/2.054, K,=1/18.24, KQ=1/8,312, K:=1.217

K,=64.84, K,=1/1.480

The model installation thus consists of the 3 inch pipeline shown in Fig. 3. The
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results are plotted in Fig. §, which shows a satisfactory agreement. It is generally noticed
that agreement is improved with 3 inch pipeline than with 2.5 inch pipe-ine. Photo. 1
shows the main tank at the fractional increase of load from 50% to full.

Fig. 8 Comparison between the theory and the experiment for Case 4. (The curves by
arithmetical integration are by the courtesy of Nippon Kohei Company Ltd.)
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Case §. Case of multiple surge tanks. (Instataneous total rejection of load)

The fundamental quantities are the same as at Case 4, except the amount of head loss
to be considered. At Case 4, for the amount of head loss we took the largest possible
values, since it is for increase of load. On the contrary, at this case we take for the
amount of head loss the smallest possible values as follows, since it is for rejection of load :

First conduit 4, =0.901m for @=15m’/s, ¢,=0.2061
Second conduit 4,,=3.571m for @ =15m’/s, ¢,=0.7930
Third conduit %,,=2.333m for @=15m®/s, ¢,=0.5181
Total £,=6.805m for @ =15m’/s

The results are shown in Fig.J, which also shows a very close agreement. Photo.?2
and Photo.3 show the main tank and the second auxiliary surge tank, respectively, after
the total rejection of load.

CONCLUSIONS

This investigation leads to the following conclusions :

1. The dynamical similitude of surge tanks at the supply conduit is expressed most
generally as (8).

2. The dynamical similitude of surge tanks at the supply conduit for preliminary
design purpose of the model installation is expressed by either (18), (20) or (22). (18) is
the plain dynamical similitude, (20) is the dynamical similitude combined with the geome-
trical similitude of the surge tank with the conduit, and (22) is the dynamical similitude
combined with the geometrical similitude of the surge tank. '
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Photo.2 Main surge chamber after
rejection of load.

Photo.3 Second auxiliary surge tank after
rejection of load.

Fig.8 Comparison between the theory and the experiment for Case 5. (The curves by
arithmetical integration are by the courtesy of Nippon Kohei Company, Ltd.)
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3. The results of the model tests conducted with the dynamical similitude for several
cases of the complicated type are in every case in a satisfactory agreement with the
corresponding prototype results. By the agreement we affirm that the dynamical similitude
is always quite reliable for the model test of any complicated case at will.
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NOTATIONS

L : Length of the conduit

L,L,L,L,: each L of the first reach, the second reach, the third reach and the branch
conduit, respectively

v : velocity of flow

v,,v,,7,: each v at the first reach, the second reach and the thir_d reach, respectively

t : time

ks drop of head

¢ : coefficient such that %,=¢v*

€,,6,,6;5,65 . each ¢ of each reach

z : water level at the surge tank measured vertically downwards from the water level of
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the reservoir

2,,2,,2,,2; . each z of the first auxiliary surge tank, the second auxiliary surge tank, the
riser, and the main tank

f : section of the conduit

FirSorfonfs: each f of the each reach of the conduit

F : section of the surge tank

F,F, F, F,F,: each F of the first auxiliary surge tank, the second auxiliary surge tank,
the riser, main tank, and the port

¢ : ratio of the section of the surge tank to that of the conduit, e.g., ¢=F/f
b:,b:,8,,0;: €ach ¢ at each surge tank

4 H: drop of head through the orifice

7 : coefficient such that 4 H=7-(Q'/f)* @’ =velocity of flow through the orifice
71,7, . each 7 at the auxiliary surge tanks

@ : rate of discharge

Q, : rate of overflow

Q,.,Q,.,Q,,: each @, of the first auxiliary surge tank, the second auxiliary surge tank,
and the riser

Q,: rate of discharge through the port into the main tank of the differential surge tank

C : rate of discharge converted into the dimension of velocity in the conduit, e.g. C=Q/f

C,: rate of overflow converted to the dimension of velocity in the conduit, e.g. C.=Q,/f

C,.,C,,,C,,: each C, of the auxiliary surge tanks and the riser

C,: rate of discharge through the port into the main tank converted into the dimension of
velocity in the conduit, e.g. C;=@Q,/f

B : length of overflow

B,,B,,B,: each B of the two auxiliary surge tanks and the riser

k : coefficient of overflow

A=kB[f

2:,2,,4,: each 2 of the auxiliary surge tanks and the riser

a : vertical distance from the water level of the reservoir to the crest of overflow (posi-
tive direction vertically downwards)

a,,a,,a,: each a of the auxiliary surge tanks and the riser

C,: coefficient of the rate of discharge

r=CaFy/29/f

suffix m: suffix which refers to the guantity of the model

K : reduction coefficient

K, K, ,K; -+ : reduction coefficient of L, that of v, that of £,-.---

D : diameter

D,,D,,D,,D;,D,: each D of the two auxiliary surge tanks, the riser, the main tank, and
the port.

R : hydraulic mean depth

n : Kutter’s roughness

P= CdFﬂ/ 29

O=EkB

R : Reynolds number

H: total height of the surge tank
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