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" ABSTRACT

\ ~._Hydrauli; ram pumps (hydraﬁs) have been in, use for a'ioné
timg ‘but they have"not .been_ as- widely‘ used as they

- ‘.‘should Their éimplicity of .'design,' " high éfficignf
cy., relxab111ty ahd*épératién withoﬁt fuels makés " hydrams

o

ideal for all scale water supply schemes to serve 1nd1v1-

dual households and 1solated settlements: . oo . ot
Ignorance of the hydram technology, = particularly in @e-
veloping c-ount:iesc lack of understanding of-théir-operatihg

chéracteristics and'bagic hydraulic prinbiples ére‘ohstac1e§

to their widespread ﬁse._ _ | . ‘ ; ;

L The objéctive {of_ﬁhis thesis: is to inérease £henun6er-
standing of-hydrdm operating’Eharacteristics and to Ery'to
identify the major factors 1ng hydra ésign' and installa-
tion.This w111 hopefully,encourage 1ncreased use ‘of hydrams.
'Fivg different hydrams were tested and th;ir operating

qharécterist@cs'identified and compared.Design modiﬁi?atigfs,

. «.0f a locally-made hydram weré done and a step-by-step idené
tlflcatxon of the effect of the various hydram components on,

hydram de51gn and operation 1dent1f1ed An 1mproved locally-"

" % pade pump was made and tested and its .operating characteris-

t1cs-1dent1fléh and,compared with the other hydrams.

c-iv -
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A simple theoreticay'm?dgi of the hydraulic ram’ pump was
' deveioped aJd together with two of-the"existing models was

testgd'lagainst experimental .data from two differept hy-.
- .

drams.The results - were compared for"the three models . and
. - , . K}

showed that the major operating characteristics of the hy-

L3

‘- dram could be predicted.within acceptable errors.It was also
shown that the new siﬁple modei was superior to, the exiit{gé
siﬁple model but not as good as tgé detailed'mgdel..
Finally, it was demonstrated that the -déveIoped'moae;
could be utilized for hydfam design,especially.in the iﬁves- ;

iigation of proposed hydram inéta%lations.
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when the waste valve begins to close

steady state flow veloc1ty in drive pléé

veloc1ty71n‘the dallvgry pipe
tbe*maximum‘fldw vglbcity in the drive pipe

velocity +in tbe/drivg pipe just before .
éomplete waste valve clésure a

change.in velocity due to waste valve closure
flow volume' per period of the cycle

wasted .flow volume per cycle o

weight or spring tension of the waste valve

-

maximum weight of the waste valve or spring

tension

o ¢

. . . . j - ! '. . .
friction loss factor of the drive pipe alone

specific weight of water

density of water

i

velocity of water in the drive pipe in generalu
‘ 7

-~
!
ed bd d d b

[L/T]

(L/T]
(L/T]

{L/T]

(L/T]T

(L/T]

- [L/T]
e ]

(L ]

ML/ ]



P

_. -"'.;l,-.-:-

&

- . : - Chapter 1 S

INTRODUCTION.

:
| ! )

.

1.1 HISTORICAL DEVELOPMENT OF HYDRAULIC RAM PUMPS.

.‘_-"‘

[
A hydraullc ram (also called hydram is a pump that uses

energy from a falling quantlty of water to pump some of it

. to_aﬁ elevation much higher than the or1g1nal level at the

source.No other ene?gy is required ahd as long as there is a

continuous flow of water,the pump will work contlnuously and

automatically. }

The first hydrauIic ram pump was.invented by an(ﬁnglishr
ﬁap,John,Whitehurst in &775.His hydram ;aé not aﬁtome&i; but
the operation was controlled manuall§ by eopening and glpsing
a stop-cock (fig 1). Whitehurst ihstalled-a .few of these
machines but in genereI the "apparatus neﬁer ﬁade much head-
way and was soon forgotten. . '

The automatic ‘hydraulic ram’ pump was .invented ‘by. a

Frenchman, Joseph M. Montgolfler in 1797 in France(flg 2

. \
and 3).He called the machlne,‘le beller hydraulique’ -from\\

which the term hydraulic ram is derived.The waste

valve,w,opeﬁed’and closed automatically.Although small hy-

drams workédgatrempe to make bigger ' hydrams failed due .to

the ebsorptio? of air in the air chamber;Mentgolfierw de-

signed aﬁa’installéd_several hydrams,carried out experimen-

D
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s tal studies'anateven'pfésgnfed formulae of the hydram opera=
tion [19],[50]. . F} |
*,In general hydfaqlic'ram.techﬂ@logy éfter‘MontgoIfier can
be divided'intg-;wo major'categorieséimprovement_invmedhani-5
- cal design and regéafch into tﬁe‘principles of " its opera-
tion. o | ' |

f
- i

)

l.i.l Lgp;oéemenfﬁéi and Variafioﬁ in Mechanicai'besign
Since Montgolfiér's' time the ram has‘ been!imprbveﬁ by
/ various désigners Imﬁrovemént in mechanical Hesign can be
subd1v1ded into the fofiowzng develogments, a) Devefopment
of the ordinary hydraulic ram pump based onlMontgolfier;s
ihventioﬁ and (b) Design of other machines based on the hy-

dram princiﬁles. g .

LI .- Early 1mprovemeﬁts on the dilnary hydraul1c ram were by
| ,Montgolfler s son,Pierre Francois Montgolfler who among oth~
er things addz? ths snifter valve that gpabled the de51gn of
‘big hydrams and-made_itfpossible to.pump to higher delivery
heads.He is also credited with .the development: of the dou-
ble-acting ( also caliled dlrty water ) hydram that could use
pJ/"B1rty water for drive power to pum clean' water er:areas

where the. clean watef quantities were small and dirty water

abuﬁggnt [19]. ;..

. H B . . " B *
During the éarly nlneteenth centugy,many people got'fn—
terested in hydraulic .ram pumps and many dlfferent de51gns

were produced and several patents werL 1ssued.No£%b1e early



hydram designers: 1nclude Boulton Melllngton Easton and An-

derson.However almost two centurles later the commerc1al ‘hy-

draulic ram has not changed s1gn1f1cantly (figure 4).This
waé becapse most of the designers were concerned w;th minor
imﬁrovémehts and, therefore,the basig design remaired the
same [32] . '
'At tHe'end'of the last century,a few‘lérge h&dramainstal-
lations wefe-made.bne‘of theset was designed and‘installed by
Professor Mead for the West Dundee village,U.S.A ih-1896 and

is one of _the largest hydrams ‘ever built.The 10 1nch(254 mm)

“ime

_ hydram was 20 £t (6 1 m) high with -an air chambgr 12 ft
(3 66 m) h1gb and 22 1nches (559 mm) in diameter. The cast-
iron drive plpe was 2200 ft (671 m) long.The waste valve was
sprlng loaded and the del1very valve spec1ally deS1gned Hlth
multlple valves, The pjmp was made from pipe f1tt1ngs fand‘
used 580 gallons pg;rmlnute (-2198 litres/minute) and a fall
of 37 ft (il 3 m) to pump 230 gallons (872 lltfes) ber mi-
nute to a level 84 ft (25.6 m) higher with an effi€iency

‘ ]
(Rankine) of 84 % [38] [40].Another large installation at

. . . . . ' o
-Seattle gabe - very high ef@iciency The two Sterling hydrams -

of 12 inch- (305 mm) each used a fall of 50ft(15.2 m) to pump

,720 000 and 1,300, 000 - gallons (272,8800.and 4,927,000 1i-

tres) per day against a head-of 140 ft {42.7 m) with record '

efficiencies (D' Aubu1sson) of 91 % and B5 % respectively

[14] T38].
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' Apartffrom these and _poséibxy a few speciel installa-
tlons commerc1al -hydrams -, are usually of small 'size;main;y.
0.5 to 4 inches (l3mm\-102 'mm) inlet diameters.Very few ex-
ceed 3 inch (76 mm) in d1ameter These sizes also apply to
the waste valve é1ameters Hydrams of these sizes are consid-
ered\durable and $§f1c1ent,wh11e‘the {erger ones are not and
often fail [50). _ ‘ 3

The trend, particularlf iﬁ-the U.S. A ‘ haslbeeh to debelep'

small and cheaper hydrams.A unzque design by H. H Strawbridge

U S.A in 1843 was the first American made hydram. The hy-

dram was entlrely made of wood and it exploded [21]. H.R

Flemlng in 1980 introduced hydrams made from plasth matferl-,

“als (PVC) which are much\Jheaper and very, effrc1ent.0ther
o commerc1al hydrams are usually made from casé iron. -

- 'Another notable development in hydram deszgn since 1948
‘has been'theﬂdesign and'use_ of hydrams ﬁade éntﬁ€1y'f?om
ordinary steel or cast~ iron pipe fit;iﬁgs and'simple valves
‘[27],[34],[56], [64] .Many individuals and institutions
showed intereEt in the design and installation of the cheep
and simple models [27])[42],[56],{58],[64I, 'ideluding the.
University of Ottawa[53],[54).Another variatjon in design
was by the Technlsche Hogesc él‘Endhoven, Holland with the
'concrete water ram méée/bf concrete and bamboo des1gned for

.- use in Indonesia.No pract1ca1 results are avallable but test -

}results showed normal operatipn ( Attwood, personal comEu1—

cation). Improvements were also_>done‘0n the double-ac

o _(:'

ing
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ram and commercial models are a ilble with'comp‘rggle effi-

‘ciencly ' ‘ranges as the ‘single-acting hydramé

,

- s . ' ) . /’

(31,04]1,024],[52].

-

Variou$ machines based on the hydram technology were de-

‘Slgned and although they differ in design and operat1on they

1

" are tradltlonally cla551f1ed as hydraul1c rams.These 1nclude

thj suction hydram:?y Decoeurs ‘[lB]and the siphon hydram by

Leflanc {a9l. To minimize or eliminate energy losses in hy-

draulic rams due to the escaper of water after the waste

-valve begins ' to close,Sommellier used a series of valves

that clesed successively by the effect of water rising in

* the air or compression chamber [50].,: Sommellier later

adapted his hydfam for use as an’aircompréssor and it was
actﬁally used on.the Mt. Cenis tunnel in France[23] The hy-

dram’'s highest . development is due to the 1nventlon of the

‘hydraullc engine by Pearsall which was an extension of Som-

mellier's work. It used an auxilliary motor of air com-

'pressed by ‘the pUmp itself to oﬁerate the waste valve.The :

innovaticn reduced the }o "of energy due t% excessive shock
and escape of water after the waste valve begins to tlose
[91,048]. . The Pearsall and Sommellier designs could not be

applied,to herams'smaller ‘than 305 mm in diameter [50].

.-Due to the'siie and cost,the Pearsall engine soon fell into

disuse. 'THe Pearsall development had made the ram noiseless
and very. efficient. Pearsall. also + adapted ‘his . hydram to

wof&.as an air compressor by enlarging the air or compres-

-




.

‘duced and the commercial

sfqn chamber.One of his machines was still in use‘-by 1922

‘ ,supplying rock drills in -Devonshire, Engiand [3].Richards

“[50] reported that two Pearsall machines had been brought

into the U.S.A.They were 40 ‘inches (762 mm) ‘@nd 24 indhej'

(609.6 mm ) in diameter.He said that no further information

about them was available . o r-

Another massive 40 ten ram, spec1ally bUllt in England for

uge in Canada. is worth mentioning.The Hor1zonta1 treble ram

. consisted of three 1heependent‘§elf-contalned pumps driven

from a single central shaft and connected to a common deliv-
ery main.The 27 inch(508 mm) diiﬁéter hydrams1with'a'stroké
length “ of 24 'inches{610 mm))delivared 3,000,0000 gallons
(11,370,000 litres) per day_aéaiﬁst. a pressure head of 120
psi (827'kPa). at a valve beat frequency of 28 beats per mi?
nute [61] ’

J.Montgolfier had earlier mentioned some of the above in
novations as possible applications of the hydraulic ra
[1e]. In most cases these machines were not commerc1ally pro-

Zydram remained small and n01sy.
In a recent develcpmeht,aﬁ/ attempt was made to develop
fluidic hydrams using,&grtex-switchédd devices [62].No prac-

o .
tical test results have yet been reported.

Az,
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1.1.2 -~ Research into the pfinciples of hydram operation

The investigation into the principles of hydram operation *

can be divided into three groups;empificel,theoreticai eﬁd
rational methods [32]. ) . '

The - empirical methods are based on experimental tests
with the‘results not being correlated with or supﬁorted-by
theory. The approach led to several 'rules of thhmb',egme of
whlch vere mlsleadlng The leading emp}rical reasearchers
" include Eytelwe1n D'Aubuisson, Morin,Clerke and  Richards
[32]([50].: Empirical fdrmulaslwere insuffieient.because the
dperation of . the hydradlic ram depends on many varia;

bles,most of which are neglected by the empiricaﬁ formula-

'tlons. . _

The theoretlcal methods wefe based purely on the rules of
hydraulics. AN Fttempt was made to ascerta1n‘:the rate of
change of the vérlable veloc1ty of water 'in the drive pipe
during each phase of the cycle.The qﬁantltles wasted and de-
live?ed were determined togethet with the duration ' of the

cycle and the valve beat freqﬁgncy The approach was not suc-

cessful because several parameters relating to the operat1on

of hydraulic rams are'best obtained ‘experimentally. Each
hydram'design and installation‘has several unique paramete;s
such as loss of head by friction and turbulence'through the
waste valve, head lossee in the drive pipe and others which

are best obtained experimentelly.The leading researchers us-

ing this approach inciude,Bergeron [7] and Iversen [28].



. . . . B
The first ratiohel meeﬁdd of research based on theoret1-
callanalysis and verlfled by experlments was by Harza in
'1908'[32],[44]._: Further rational studies were done by Gos~
‘line  and4 0'Brien 441, ‘Lansford and Dugan [3J];Krol
[32],Calvert [11]. ’ “ ' '
. After Montgolfier's invention, very litle hydram develop;
ment was done Eetween 1796 and 1886,  Most -mechanical im-
provements and modifieafions were done during tﬁe period
1886 apdslglé;mainly by Américan and Britishi Engineers and
manufactdrers [32],[33]. Most theoreticai and rational inves-
tigations were done bgtween the perlod 1916~ 1946Qy1th some
work continuing to the present day. There has also been the

increased manufactqu of hydrams made from pipe fittings and

"

plastlc materials.

Krol [32], [33{ reports that a lot of developments in hy—
dram technolody have ta?gn place in.the U.S. S R.Since 1946
several Russian institutions assumed a leading role in hy-
dram technology. | o |

For centuries|/the manufacture of hydrams has been ajmono—
poly of a few coLpanles whose designs are based on pest ex-
perlence [50]. ﬁ Theoretlcal analyses have not always been
utilised; in the de51gn of these®pumps.The search for an
.Enexpens}ve,simple mé€thod to make hydrams froh piﬁe fittings
and‘easily obtainable commercial or locally-made Valvee may

increase the gap betweeﬁ,theory and'pract%ce'even-more.
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1.1.3 Hydram Ptilization °.

The hydraulic ram pump is 6ne of thea simplest,most dura-
'ble and efficient water_raisihg machines,giv§n that_condi*
tiods of continuogs_flow of water and fall in land relief
exist.TheFe are maﬁy' such areas in the world where the hy-
draﬁs can be utilized.A well-designed and properly installed
hydram can work tr?uble free for many years. J.R Easton
[10] reported a case of a hydram that had worked COﬂtlDUOUS'
ly for over 100 yeqrs.He also reported_ a.hydram that had
worked for. 27 ygars"withépt réplacing the valvé%.Tge pump
wés still work}ng but at reduced cépécity and efficieh—
cy.Aithough ‘these were rare or exéeptionai cases\ hydrams
do,;n genéral,last a léng time,

In spite of all the obvicous advantaées 6f siﬁplicitf of

:mgchanical design and. high efficiency,the hydraulic ram has

not been otilized widely.There ‘are many countries to-

day,mainly jdevelopingocountries,whe;e .the hydram is wunk-

nown.The hydrams have mainly  been used in

France,Britain,U.S5.5.R and thé U.S5.A.[32],[33], [50].
The hydraulic ram pumps have not been widely used be-
cause of four’main reasons:-

1. It is only apblicabie-in specificfareas vhere there
is cbntinuoﬁs flow of water and a fall in the relief
to create a -supply head and drainage conditions.

2. ElecErificatgdn programs like those in the- U.S.A  in
the 1930's and development 'of affordable centrifugal

*

‘ ~ y_'.
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pumps made the Hydram use less. attractive,limiting
— their use only to'isolateg cétfageé and farm houses.
“This lgﬁ,among other Ehin&s,to the neglect of the ge—
velophént of large hydrams.The noiéy.operation and
vibrations.makes them unéuitable'fo; use in ox neér.

homes. , . i

_ . et
3. Many péople are not aware of the existence and capa—l
bilities of the hydraulic ram‘pump technology.In mo-
. ‘dern‘t;mes,publidity about hydréms has been spafsé;'
4; &}though-the pumps are sfructurally simplg,the de-
tailed mechanics ofs its.opération are not well under-
stood,thus making significant design .improvementé
difficult. .' l
Incfeased fuéi costs,concern far environmental proteéti&n
dnq the search.for'"enefgy-séving technologies,have led. to
renewed‘interest_in-h dram pumps in the U.S;A and Brit#in.
Even with the availability of easily made,dheap'non*dcm-
m réial models the use| of hydrams in many parts of the world
is still very 1ow.At.§_esent,the only country éefipuély-en-
‘gaged in widespread technological developmept and ptifiza-
tion 6f the hydraulic ram pumps is the U.S.S.R whére a lot
of work has been done to identi%y pogsible sites for:ﬁydram

" installations [33].°
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‘1.2 ' THE AUTOMATIC SINGLE ACTIHG HYDRAULIC RAM PUMP

"
" Before presenting the detaxli of hydram operatlon it is

hecessary to describe the various parts of the hydram

‘The automatic hydraulic ram pump is structurally simple
pog;istiﬁg 6f ' two mqvihg parts;the waste 'valgg(impulse or
iééetuﬁlvalbe ) and fhe check valve (delivery or discharge

valve).The other components are the air chamber and the 4m-

. pact box. or -main body of the ram(fig. 4) and .in most mo-

dels,the snifter or air valve.siﬁce a hydram is usually con-

~sidered as a combination of pump and motor,the drive pipe is

coqéidered as part of:the-pump assembly.

Waste or Impulse valve. Is5 an important component of the

HYdram‘  operation.The valve can be of spring
typg,weighfed—impulse type or spring-lcaded weighted-impulse
type.Thé proper'design and 'adjustment of the weight or

spring tension of the waste valve affects both hydram capac-

ity and eff1C1ency. -

Delivery or check valve. This 1is located below the air

chamber and prevents the back-flow during recoil.It is usu-

ally desiqyéd to offer as little resistance to the flow as

possibie_and.to_withstand the back pressure from the deliv--

ery pip;\Qnd air chamber during recoil at the end of a pump-

ing cfgle.

Air chamber. Contains both air and water under pressure

and performs two impartant roles:

S—
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(a) Absorbs the pressure ' surges due tb‘?aterhammer-‘so that -

they don't reach the aelivefy pipe. S .
(b). CHanges the pulsating flow in the'ggpp and drivg pipe
) L4 . R ' . . . z

into a uniform continuous discharge. in the . delivery

. pipe. | -

Snifter(ggmair Jvalve. ~ This is required in most hydrams

to replenish,the air in the-air chamber.Under the high pres-

sure and . mixing during pumping,the . air in the air chamber-

slowly dissolves into the water and has to: be replecedtfor
continuous and smooth operatlon of the hydram.

In some hydrams,the air chamber is equ1pped w1th a blad—
der under preSsure or & dlaphragm and a b&adder so that the
air valve is not necessary The snlfter or air valve can be a

~

simple one-way valve or a small hole.

vThis is an impertant integral part of the hydram.It must.
be able to sustain a high waterhammer ‘pressure caused by the
closing of the waste valve.Its dlameter is determined by the
size of the hydram used,strength tequlrements,cost consider-
_ ations and evailability of pipe materials., The drive pipe
" should not be-too short or too long and there is a range of
' L/D ratio for good hydram operation. Calvert[lZ] sﬁggested

o

thlS ratio to be between the Limits

~ 4
1

150 ¢ £ < 1000 N | | (1)
, N 5

- -



i B : . )

° 13
where D is the_dri#e'pipe diameter and'L its lgngth; ‘Euro-
pean and American practice favour's the drive pipe length to

be between 6H and 12H such that

B < L < i2h S

vhere H is the static supply head [33].The Russian research-

ers developed an émpiricql,{elationship for . drive pipe

length [33] of the form

B k= [%] | - (3)
where N is the number of eats/minute

Dué to the high pressures involved,drive pipes are usual-

lf made of steel or cast +dron. Other mate}iéls like con-

crete,copper and PVC can be uséd but will not . give as good

results as steel in‘terms~of the.delive;y pressures that the

pump will 'devgldé.The pipes must,also,héve 'sufficien£l§

‘thick walls as indicated in figure 5.

A

1.3 TYPICAL INSTALLATION AND HYDRAM OPERATION.

A '§ypical hydram instéllation cdnsisté of the water
spurcev(supply), drive pipe,the pump itSelf,the delivery (or
discharge) pipe and the service or hééder-tank (fig.s).

At the start of the cycle of operation,the waste vaiée_is
open and a gquantity of wééer flows down the' drive.(or sup-

ply) . pipe from the source and escapes thrdugh the waste

valve.The water accelerates under the influence of the sup-

.
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ply head,H,udtil a suﬁficien;,Velocity is attained }n thé
drive pipe and the totai‘dynami; and drag f6QCes on the

‘valve overcomes its weight and the &alve begins to close.
The valve closes rapidly and. then .due to the water hammef

J i

effect,the pressure in the pump and drive pipe fi§35 in ex-
‘cess of . the pressure 'in the air chamber ‘apd S'deliver:'y
pipe.The check valve -is then forced open and a quantity of
water .discharges into  the air dhambef.The air chamber pre-
vents the occurrence of water ﬁammér or pressure surges in /’”\ﬁ
the delivery_pipe and ensures a con;ipuous flow of water in -
the'délivery pipe to tﬁenservice*or header tank.

" The diécharge through the delivery pipe continues until
‘the momentum of the column of water in the drive pipg‘is L
haustéd,the dishargé.velocity becomes zero énd,the ﬁeliv:t;;:)
valve cldsés.Thé closure bf_the aelivery valve forces tg;
water column to recoil and flow‘toﬁa;ds?the supply reser-
voir.The recoii,tempo:arily,creates. a neéative pressuée in
the hydram,dausingra small amount of air ‘tc be admitted into
the ram through the snifter or air valve.The preésure on ﬁhé/ib\
underside of gﬂe waste valve which had remained'clbsed up:to

€

this instant is also reduced.The waste valve then opens due
"to the reduced pressure and ifs,“dwn weight and the'cyclé ié‘
repeated cﬁhtinﬁously._ The air admit:Zd into the hydram is
carried by'the flow during the next cycle into thé air cham;.

ber to replace that absorbed by the water due to' the high

pressure and mixing in the air .chamber. .



© 15
The cycle consists of two main periods;the period of ac-

celeration during which kinetic energy is hFreated in ‘the

drive pipe and the pefioé of retardation during which the
pﬁmping tekes place.The cycle is repeated at a rate (fre-.
quency) of a few beats (or pulsations) to over 300 beats per

* minute.’ . : ‘ : . L Y A

For glven hydram design and insﬁallétion conditions,the

hydram can be adjusted or tuned by varying Atﬁe waste valve

"weight or tension and the’ stroke'-length to achieve optimum

performance.

Y

~r

1.4 THE NEED AND SCOPE JF THE THESIS

Several hydraulic ram #odels have been de51gned built and

used with varying degree of successtIn general,theoretlcal

.models have not been utilized in the design of different hy-

drams.

The boom in the ha&%ng of aless—costly,locally-made hy-

drams based - elther on trial and error or past experience

with.little or no regard for the fundamental principles of

hydram operation will widen tﬁe gap between theory and prac-'

-tlce Thls w1ll lead to uneconomlcal de51gns and less effi-

c1ent 1nstallat1ons.

Many researchers have V1th vary1ng degrees of sxmpl1f1ca-

.

tions, aésumptﬂons and relevant empirical parameters,shqwn

that the pr1nc1ples of fluid mechanics can be used to pred-

‘ﬁct the performance of hyd{am installations with reasonable

x
h}
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accuracy. . Such models if ut111sed eould iead-to better and

more econom1cal hydram des1gns and,more efficient installa--

tmons. Models that predlct hydram performance reliably are
. o qu1te involved and complicated. Thls'has,minimised their use-
. ' A .

fulness for designers and practicalxengineers.

v’

There is, thereﬁore a)need for an exper%mental study of

dlfferent hydram de51gns 1o that a broad understanding of.

hydram operating characteristics can be achieved .Previous

studies -and conclusions were based on particular single de-

cate how the cheaper and easy-to-make hydrams ™ compare with

the more expensive commercial hydrams. -

Y
There is also a need for a 5c1ent1f1c study of the hy-

draulic ram so that a rational model which is easy to under-

stand Eﬁ?fialrly accurate could be developed A 51mple model

- would be easy to use for ratlonal and economic " design and

n

installation of hydraulic ram pumps.
The goal of this thesis was to bu1ld from the work of

eariler researchers and designers and do the follow1ng'- S

. A ‘non-commercial hydrams.Working. cgaracteristics,withip_ the
‘lim;ts of the-experiments, were to be‘developed. and ‘com-
‘pared. | _ ‘
h (b} With the information from (a) )make and test an im-

proved de51gn of a locally mﬁde hydraulic ram pump to estab-

\\;_5}5h 1ts operatlng characterlst1cs and demonstrate the ef-

. ]
. {

. % - signs.One benefit of a broadly based stﬁdy*wo&&d be to indi-

(a) Experimentally test and compare small commercial and
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..developing countries.
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fect of the proportions and sizes of the various components
! ’ " . b . - = * .
on its operating characteristics. } . .

(c) Deveibp a simple model for ‘the prediction of hydram

—

b

performance which 'is-eésy to apply and can be of use to

: . . N
practical hydram designers and users, with a reasonable de-

rd 5 v

It is hoped that the  .results will,to a. small ex- .

tent,contribute to the understanding of the operation of hy-
[ _ o ‘ > ;

drams and give an indication as . to ;heir advantages and ca-
pabilitieé.Finally;as a result of'these':émudieéﬂit is Eoped.

that interest - in hydram use. will be 'feVivedrgépecially in
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Chapter I1I
LITERATURE REVIEW. '

Investigation into the operation and design of hydraulic
ram pumps has attracted the interest of both practicing and
‘tﬁeoretical en?ineers. Although the basic components in the
hydram operation are simple,how they ;élapg with.each other
is‘not well, unaerétood.Most of the investigationé have re-
sulted in empirical rules based .only on the obsétvéd or meé—
sured data and not on the computed theoretical results Such”’
rules are of llmlted appllcablllpy*‘and sometlmes only valld

for a partlcular hydram design.As a result even the scanty

literature on the subject of hydrd@s is not much used by the

pract1cal de51gners of hydrams

One of . the early lnvestlgator R1chards[50 ,experimented
P

with a commerc1a1 ram for five years .and con
/

after hundreds of alterations and adjustments,the
only clue to, the efficiency of perfofmance 1is by
sight and 'sound

He observed that the weight of the waste valv affected its

period of closing but mnot its opening as most - people.as-
sumed.He,also,noted that the'velocity in.the/@rive pipe nev-

er reaches the theoretical maximum steady fflow vel'ocity',vlnax

= Y P44 (4
Vmax gH . . )
where ‘[/
H ,is the static supply head aone_, e waste valve.

/ | - 18 -

uded that, e
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g is the = acceleration ‘due to _dravity The au-
thor,concigded that the main energy losseF in the hydrém
were f;om bipe friction,resistance in the delivery valve and
concussion (shock) of.the high-pressure wave.However, he not-
ed that the main loss comes from the escape of w%ﬁgr after
the waste valve begins-to close. He estimated th;; loss to
.be between 15-25;,@epending on ram adjustmept; valve type
and length of.s;roke.To minimize ﬁhe losses, the waste valve
wfigﬁf should be adjusted in relation to the supply head and
valve stroke.' . o ‘
ﬁeisbach and Herrmann in 1857[65],presenﬁed.a simple.ap-
proximate theory of the hydraulic ram.They believed its ac-
curaéy ihcreased with the flow in the drive pipe and waste
valve\beat‘frequency} They said that the complete theory
was complicated and insufficient for the determination of
‘the operating characteristics of‘the»ram without ‘using em-
piriéél pafam;;efs.The_authors neglected ali forms of fric-
tion head losses.and waterhammer effects.The equationrfor‘

pump efficiencx was derived as

where
e -~ pump efficiency (2).

h - pump head (m). . ' . : 0

.H - supply head (m). , :
t, - pumping or discharge beriod(secs). .
Wk - acceleration time (secs).

-V
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Tﬁey_deduced‘that if the pumping pericd is she}t compared
to the acceleration period and the head ratio (h/H) is aiso
small,the efficiency tends to unity.No experimental ver{fi-
cetion‘wps done, and'it is doubtful that such an over51mp11—'
fled theory would: glve reasonable comparlson.

From an experlmental study w1th a 4-inch (102 mm) hydram,
Anderson [3] concluded- that w1th few exceptions,better pump
efficiency was-.obtained with light waste valves,especially
with long. strokes 0. 75+l ¢ inch (19.0-25.4mm). The minimum
‘head ratlo at which the pump operated could be increase@ if
‘the waste valve was a551sted by a spr1ng With some excep-
tions, 1ncrea51ng waste valve stroke 1ncreased the delivery
flow but reduced pump efficiency and v1¢e—versa

Regarding the deliﬁery valve,Anderson recommended an al—
lowance of one sqguare inch( 6.45 equafe cms) through the

~delivery valve ﬁer every one‘gallon64.5 liters) of waee; dej

fli&ered per minﬁte.v He noted that if the QaSte_valve stroke
was'kept constant,a long drive pipe was nkeded for high head

" ratios,while shorter ﬁipes could be used for small head rat-
iosTHe recommended drive -pipe lengfhs between 6H and.

10H,where H was the static supply head.
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In 1928 Bergeron [7] proposed a comprehensive theoretical

. model of the hydraufic ram pﬁmp.He divided,the cytle into

four parts; ‘namely the periods of acceleratlon of water in

drive pipe,closing ef' waste Lalve pumplng and opéning of
waste valve.The author.showeq that the theoretical maximum
’velocity,equation' (4),is never atta{ned in the drive

pipesiHe 1ncluded detalls of waste valve closure and parame-'

ters for the dellvery valve He indicated that for better hy-

dram de51gn the orlflce.pf the_waste valve should equal ‘or

. exceed area of the drive pipe to avoid ’'choking' the

A
flow.This feature is.common in most of the commercial hydram

deszahsiFrom the ahalysis,the author concluded that better

pump é?%iciency;was obtained with low velocities in the .

drive 'pipe during waste valve closure suth that
2 ,

Vo < 0.40 VY ZgH » (6) -

<
where v
) O . ‘ s !
Vo . is the flow velogity in the drive pipe when waste

-, valve begins to closey v

The -above could be achieved with drive pipes and waste
valves that were large,light in weight

that they closed East He theoretlcally derived equatlons for

the determlnatlon of minimum length of the drive pipe as a

function of head ratio, time for waste valve closure and

maximum (theoretical) velocity in the drive pipe.

ith short strokes se/*

[

o A - -
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| , L> L7 /20 . (7)
" and - o o
f
"‘ .
L or/ ZH T (8
where S ‘é
m = dimensionless retio = Vo / Y2gH
L = drive pipe length.
T =.time for linear waste valve closure(secs) .
“H ='supply head. above the waste valve. C i

Most researchers found T cne of the most difficult param-
eters to determine reliablx.The - expressions for minimumf
drive pipe ape,therefore, :og little practical velue becauge
they depend on the paozmeter T. Bergeron concluded that

N

gins to close is wasted the waste wvalve should be llght and\\\\

h

or of short stroke to m1n1m1ze the . losses. ]
] !

since the flow escaping through the waste valve after it be

Pump eff1c1ency and power were derived as functions of
head rétio, friction ‘heaéj losses,length of  drive
pipe,stroﬁe,oharactefiStics of the delivery valve aod other
factors,thus aklng them lengthy and compllcated Wlth param-
ters that are difficult to estimate. The analysis was lengthy
R and.demonstrated the effect of Various gsrameters on hydram
oerformance.The author concluded that no other * pumping ma-

chine worked as efficiently as the hydraulic ram.

| :
2 O
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Gosline ana'o'arien'[44] carried out a rational study of

the hydraﬁlic ram pump supplemenﬁing the eaélier work Dby

Haria with spécial emphasis on. the period of retardation

{discharge) "and its relation with the period of accelera-

tion.They used a l.Q‘inch (25.4mm) commercial hydram with a

ri%id waste- valQe.The air chamber was recharged by- a. com-

. prgssorJThef divided the cycle of the hydram operation into

\ : four main periods which were latergépdified‘ by cqpsidering
i "the details of recoil.‘ .

The authors observed that for a waste valve of

| weight ,W, the hydrosté&ﬁt fofée necessary to hold it closeg

is , - : : i
| ~ _' hy o= | SR ¢ [/}
- where '
W is the weight or sbring tension of the waste valve.
\ h; is the hydrostatic forcg on the valvé.
Y is the specific.ﬁeight of water.
A, iséthe cross—-sectional aﬁea of the waste valve

9

" The pressure must therefore,drop below this value for the

—

pump to operate continuoﬁsly. . From comparison of theoreti-

3

cal model results and experimental data,they observed that

the model generally underestimated the vasted flow and the .

duration of the cycle. - The errors were attributed to the

assumption that friction head losses did not vary with vel-

A

ocity in the drive pipe but were conétant, possible friction

in the valve'gﬁ?ie plus other\assumptions on .which the whole

.
.
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theoretical analysis was based.Details of waste valve clo-
sure were-treateI in an approximate way since the complete

‘ ! .. ‘ .
equation could not be solved.The experiments also revealed

"~ that retardation takes place in a period less than

L T ) . T _(”)_‘

c
where c is the speed of wave propagation or wave celerity.
They‘shbwed £hat'the maximum pressure genérébed when Wthe
waste valye. closes is approximately equal to the maximum
pressure in the air chaﬁber if the pump operates with the
delivery val?e completely closed. The computed value was
2—4'%,highér than the obsérved.They investigated the minimum
disgparge or‘delivé}y head (h ;) at which the pump will op-
erate for different waste valve strokes aanfhé results
agreea clo;eiy with thé-theoretical valﬁe of the hydrostatic
fofce on the valve (h ). 'For'shért,strokes,héin was hig§e;

‘than for long strokes.They concluded that for continuous

Fi

pump opefatioq‘the .delivery hg¢ad must be at least twice or

even three times the supply head.
" From continuous rq¢ords "of the pressure in the . drive

pipe,it was .observed that discharge did not take place in

one single pressure surge but consisted of- several surges

with progressivenreduction in velocity in -the drive pipe due
to recoil actign ~after each surge.The number ' of surges in-
creased with the reduction in-delivéry head.The nélySis in-

. b
dicated that the discharge volumes computed baskd on one to

~eleven (1 - 11) surges. agreed within 5% so that for practi-

2

. . ’ . ~
r . .
. -
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cal purposes .assuming a single‘ surge during the discharge

period could be sufficiert. 1

The authors demonstrated that retardatlon affected subse—

quent acceleratlon and duration of the next cycle,and that

the recoil velocity (negatlve) was- a perlodic function of

the head ratio. Efficiency increased with the decrease of

valve stfoke.Regarding-drive pibe length,they recommended L

to\be between S5H and 7H

W 5H< L < 7H | ' : S (12) .

depending on friction factor and pipe diameter for long

drive plpes—}n which the friction head losses were dominant.

The. authors concluded that with ba51c hydraulic constants

: measured under steady flow condltlons complete operating

characterlstlcs cf the ram could be predlcted with less than

15% error.The acceler#tion pericd should be short for better
water hammer effects and development‘:of hlgh dellvery heads
in the installation.The recoil at the end of a cycle greatly

affected quantltles wasted(Qw)and number of beats per minute

-

at high dlscharge heads. ' ' .

The authors ‘observed that the use of a mechanicaily oper-'

‘ -
ated waste valve as employed by  the earlier . research-

‘er,Harza, obscured the effelt of recoil arfd caused a change.

in the operating characteristics of the hydraulic ram.
! Mead [38] in 1933 suggested another equation for hydram
I

ffec1ency that considered the hydram as a machlne exclusive

of the drive and delivery pipes.He con51dered the'frlctlon

-

.
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head losses 'in the " drive pipe(f) gﬁd the 'qFlivery
'pipé(F).The_energy supplied té the pump becoﬁes‘(Q+Qw)(H—f)
and the energy QeliQeréd by 'thefbump_beCOMes QYﬁ+F).The ef-

. ficiency is thus given by the equation

e(ead) = QLREF) NEE
- elfead) = s g (13
< | _

This equation gives highef values .than either the Rankine

&
formula

\\‘- . “e (Rankine) =%— / | - (14)

. or the D'Aubuisson formula

. ‘e(D'Aubuisson) = (géb?iﬁﬂg_fr'- - (15) -

s
"
PN

Il

Mead's formula has not been used in any analyses on hydrams.
» TUﬁahara [6 ,carrigé_out‘ an.expgriméntél study of the
pressure variations.'iﬁ ;he‘drﬁve piée;air chamber - and the
dellivery pipe ‘in relation to waste. valve vmﬁveméntLHe con-
cluded that when - the delivery head is low, the - pressure in

’

the air chamber has a significant effect on the hydram Sys-—

tem‘and pressure in the waste valve chamber is a%most equal
tg- bressure in 'the drive pipe.For very low deliﬁery-
“heads,the drive pipe pressure (méximum)’ exceeds the valve
box pressurehWhgn -tﬁe delivery head 1is high,the .valve bpx
P essu;e generally exceeds drive pipe pressure.The time dur-
ing which;-the waste valve is open increased with delivery

3
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head but the time for valve closute decreesea éo that the

total time was almost’ constant. The author noted that the

.waste valve opened at the flrst lower pressure wave (recoxl)ﬂ

“after the del1very valve closed. HOwever,th1s does not

-

agree with the earlier results of Gosline and O'Brien [44T

and the later results of Lansford and Dugan [37].
Lansford‘and Dugan [37) at the University of 11lincis
carried out an analytical and Fxperimental study of two hy-

draulic rams.The study was to complemeﬁt the earlier %o:k by

Gosline'and‘O'Bfien [44] iﬁw,that-different types of hydrams.

. \ " L
with elastic and resilient disc waste valves were used in-
stead of the rigid waste valve useJ by Gosline and O'Brien.
The effects of elasticity of dtive pipe - and waste valve

: o , , - N
parts, neglected by the earlier researchers,were . also in-

cluded in the analysis. Pressure time diagrams -were ob- .

tained with .an electrical pressure gauge and oscillograph.

The authors divided the cycle of operation into six perlods»

lstartlng at the 1nstant the waste valve began to close.

The authors stated that an exact theoretical analysis of
the period of the waste_valve elosure was imﬁossible. They
observed that the velocity at which the waste valve began to
close, Vy ,wasﬁg,ienctlon of the shape- of the valve, valve

box, - length of stroke and welght of waste wvalve and these

factors were not easily__quantified.ThErefore,V0 ,was deter-

,

‘mined experimentally.

et m s e s
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-

An analysis of the valve closure included effects of the.

elasticity.of valve disc and valve box which other research-

. . 1]
ers had neglected. The -period cover?ng the delivery valve

opening and closure 'was an extension of Gosline and O'-.

Brlen s work with-the additional fact that the elast1c1ty of
the valve was included. Dlscharges vere analysed as a series

of surges until pumplng ceased.They indicated that assuming

. e
rigid waste valves as was done by Gosline and O'Brien-

[44]),could lead to an error of5'1ess,than 5% in computed

discharge (Q) values provided the number of surges used

equalled or exceeded 5,for the 4>1nch(102 mm ) hydram.

From the experlmental study they concluded that an in—

crease of delivery head decreased the quant1t1es wasted and
pumped per cycle. Decreasing WJ ,had’ the same effect on these
quantltles Increasing the del1very head decreased duratlon
of the cycle provided the dellvery head was below a- certaln
value,at which point the duration of the cycle was a mini-
mum;Beyond this point increasing delivery head tended. to. in-
crease the duration ot the cycle.'thoﬁgh not/at " a constant
rate.These changes wvere ‘more marked in the 4 inch (102 mm)

hydram than in .the 2 inch (51 mm) hydram. A decrease of

Vm',also decreased ‘the duratlon of the cycle, thus increasing

I

the valve beat frequency The- authors 1dent1f1ed Vg as the

dominant factor controlllhg .the functioning of .the hy-

dram.They noted that V, depended mainly on the valve stroke.
’ : . ! \ o
. \ ‘



. : . - 29

The guantities. pumped and uasted per cycle were predicted

‘within 10% error for delivery' heads less thad half the ‘maxi-

mum pressure- the hydram could develop.For higher‘delivery‘

pressures,the ~error was much _higher,particularly‘for the
small 2-inch (51 mm) hydram. = The duration of the cycle was
predicted with less than 10$% error for the .4-fneh (102 mm)

hydram and 20% for the 2-inch(51 mm). hydram, The results

~confirmed that the  elasticity of ‘the waste valve should not

2

: . ' S : .
be neglected.It was also noticed that the delivery head for

which  maximum -efficiency was attained increased as.
] .

b

—F

g

V, increased. Thé maximum eff1c1ency varied very - little -Q;‘

with the various adjustments of the waste veive except for

extremely higﬁ values.of Vy rfor which the efficiency was:

somewhat lqwer.Thi% was probably due to the' fact that most

. commercial hydram§ are designed in eucﬁ a weyhthat the& wili

operate with elmost constant efficiency with minimum adjust-
ment over a wide range of operatlng condltlons.

Krol [32] presented a theoretical ~analysis for the pred-

iction of hydram performance and  verified it on a speciaily

designed hydraulic ram.He went further- than the earlier in-

™
“vestigators [37], [44] and developed theoreticaleexpressions

for efficiency and power for the hyqreulic ram.

. ot ’

Krol divided the cycl into six periods,starting with the
instant the waste valve 1s lely open with the water in'the
drive pipe at :est. He developed lengthy and detailed equa-

tions to determine flow rates and the duration of each per-
. _ o - : <

N

-
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.. the 1ncreased stroke length

o
2
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‘iod of the cycle.The main. characteristics. of - the hy-

dram namely -the head losses in- ‘the drive pipe, head losses of

-\‘L

the waste(xmpulse) valve, 1ts drag forsae coeff1c1ent and head
losses durlng dlscharge yere determined emplrlcally
The author made the assumptlon that friction losses in

the drive 'pipe-remained constant and the flow velocit; in
the ozpe at the moment the valve began to close and that at
which 1b\closed were equal The effect of the air chamber .was
not considered.From the experiments onnhls part1cular hy-
dram,the maximum deviation between observed and theoret{cal
values did not ‘exceed 15%.

He noted that eff1c1ency was not the only important oper-
ating cr1ter1on. A pump could operate w1th reasonablle effi-
ciency but with a negligible pumping capacity or power. He

stressed that the selection of a waste valve load was most .

., important since an increase of valve weight increased the

power of the .pump and its.capacity to work under increased
delivery heads.The author noted that increasing valve weight
also 1ncreased eff1c1ency up to a certaln limit after which.

it decreased tendzng towards zero. There is a relationsh;p

.between valvé weight and stroke and in general ihcreasing

@

. valve stroke decreased the permissible load on the valve.

AY

* This was due to-the decrease in drag coefficient produced by

Krol also provided a solttidn to the question' of desira-

-that with other .things re-
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maining constant,increasing’
the amount of- water delivered'and wasted-per cycle and the
duration of- the cycle Eff1c1ency-and power also increased to

an optlmum value after whlch they decreased to zero.'

It was ascertained experlmentally that varlatlonuof dlam—

the length generally increased

-« . eter and gradgs_of hardness of rﬁ%ber dlSCS used on the de-'

n
Y

livery ‘valve had m}nor effeeg' on ram performanch This is-at
variance with_- ﬁhe | results of Dugan and /gensford

‘ ‘[37].Increased hasdness and reBber thicgness may be nece;-
sary fov increased dellvery heads. .d L
"Experlments_ showed that uglng larger air_chambers; ?U'

creased pump efficiency and lpower.éfficiency‘increesed ”by
approximately 10%, wheﬁ'ais Ehamber,volume'was.doubied Tﬁis

was due to the additional potent1al energy avallable for

pumplng formé/rgy water temporarily. stored in the a1r cham—
Q

1 in/another paper[33] drew some conclusions based. on

. ' i - s

the theory and data of his earlier research [32].He examined

'fiaw volumes wasted and pumped,valve- beat :'frequency

(efficiency and power as functions of the waste valve weiéht

and stroke. 'He”concludedlthat for each stroke setting,there

.

close at all. ‘ =

. S | .
-ai ‘was a waste valve weight,(T}me%pF which the valve would not

)

. 7" ~\ . ' ) ) !
The quantity Of water delivered per cycle varied in di-

rect proportion to the hydrostatic igrceK on the’ waste

valve.@sted flow (Qy) and cycle time (T) ténded to infinity

N
@

~

ber durlng the period of retardation. . f o

rd

Rp
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as W approached Wp,, .The etficiency and power b
, . ' - ® . '
‘for W=0 and W = W___ .From his experimentdl data and thedret-

ical formulation,he concluded that there was a‘relationship

v . s*‘“wmax = const. - (18)
" where
S " - waste valve stroke length,
wmm(‘- - maximum weight of the waste valve or spring ten-

- sion. .
The author pointed out .that where water is abundant, ,effi-
ciéncy is of secondary importance ard power delivered should
. . - } 3 ' . .

be the important operating crite n.

Iversen [28] attempted ko predlct the hYdfam's complete

e

performance analyt1cally ,D’a s1mpl1f1ed way with no detalls

on-waterhammer and frlctzon head losses. He assumed the cy-i-

p

tle to be composed of the accelerat1on and dlscharge perlods‘.
only The author equated head losses during acceleratloo to-
those during retardation.Pump efficiency,duration of cycle
- and power' became functions. of only" the'head‘ and velocity

v

ratios.He defined veloc1ty ratio as the ratic between the

veloc1ty in the dr1ve pipe when valve began to clOSe (V } to
steady state flow qeioonty,Vé o ' é\\\%i,/\\
v = o/ ZE ‘ - an

. , . . - » . P . - '
where M is the total friction' head loss factor of the drive

pipe and the waste valve during the accelerapion period.

.
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;%e ‘tested, his model on data of eariier résea?ch—
ers,Gosline and O‘Brien'{44];The author could not brgdict
 the-cycle durat&on,ﬁrequency and .efficiency-ﬁith“high accu-
racy.HoweveF,thevtgends ﬁé;e'wél}_ pre&icted.The-authgq simd
ply'ffﬁﬁed the model ' to the data by assuming and trying
difﬁereﬁﬁ_veiocity ratios (v /vg ). > 7 ) -

Calyertiilll used. dimensiohal andlys ; to reduce the in-
dependent variables in the hydram dpefation to five dimen-
ionless parameters, namely;the Reynolas numbef(R;),Ffoudg
number (Fr),Mach ngmber(Mc),heaq “ratio and ffiétion coeffi-
cient.The depepdant ‘variables were puépeg ﬁiowi (Qi,wasted
flow(Q,) and valve beat frequency(VB).Calvert defined Re, Fr

and Mc as follows:- )

)

_Reynold's number,Re - i ’
5 . VqD
' Re - vg— (18)
Froude number,Fr ' | | (
Fr = v 2¢H (19)
Vo
,,f’fiiii:::;f
Mach number,Mc -
. : =V
, | Mc = L (20)
) e _ - ) . !
The author  carried out experimental trials to determine -

) ) \ .
trends rather than absolute values from which general con-
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clusions applicable to all hydrams) could be drawn.Actual

.. humerical values were expected to vary according te the par-

g} ticular design.From the experiments,he concluded that:-

1. The Froude number(Fg),defines thé limits within which"

"

the hyd}am will operate;The hydram will not operate

.at very low and high Fr values.The Reynold's num-

ber(Re),has no significant effect in the ' common hy-
dram sizes on Q,Qw‘and valve beat frequency,and it

can be ignored -

For saﬁisfactbry values of Fr,only the head ratio
determines pump efficiency and performance. The ef-

ficienéy falls at  high head ratios due .to excessive

shock losses and at low head ratios due to resistance

of the delivery valve.

The Mach number (Mc¥ has little effect unless unusual

materialgtliké rubber or wood are used in the con-.

struction. Fluid friction is important and like oth-

‘er investigators,he recommended the drive pipe and

ram should be .smooth and with no bends or obstruc-

. tions.His results indicated the wide range offcondi-

] L.

tions under which Mc,Ré,Er have litle influence on

the hydram :operation. .Calvert found that the best

v operating conditions occurred with high supply heads

and low head ratias.

Further to his earlier work,éalve:t investigated the op-

timum drive pipe length [12].He bbserved\the effect of the
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ratlo L/D on Q. Q, -and valve beat.His fesults were eonsis-
tent. and ‘he concluded that pump %utput eff1c1ency and sta-
"bility vere independent of the length of the drive p1pe

length for L/D ratios between the limits

150 < £ o< 1000 . (1)
‘The pump worked poorly outdide these limits.To minimize

valve wear, liability to fatigue and ‘noise,a low valve beat

frequency is- desirable.He,thereforé,suggthed" that drive

pfpe léngths Lpngeg than the minimuﬁ should be used. .
Invlersin [27] did eip riments on hydmgge_{;om pipe fit-
o investigate pump- operation uhdeg,several‘operating
S. e concluded that the valve stroke affected
pumped'end‘was ed flowe and that efficienc; increased with
valve etroke up’ to a point thed decreased continuously The
‘valve beat decreased exponent1ally w1th an 1ncrease 1n valve
. stroke.The size of the air chamber had negligible effect on
‘pump performance.The author‘found thet increasing the valve
weight had the same effect as imcreasing valve stroke.He
also noted that with suppiy heads higher Ehgn 4m the valve
-frequency was very high §;~~ at water delivered- per cycle
was ‘very_smallllncreasing H:ZZEBVElVE weight reduced the
valve beat frequency and 1q/;eased the water delivered.The
resulting increase in 1 ertlal fgtces howeve;/would destroy
the pump qu1ckly unliyéza‘ﬁg?:;;‘ was used to. q€§GIéte the
‘waste valve c105ure JThe author experi ented with/and showed

that PVC pipes could be used. for drive pipes with|reasonable

A va
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results,if necessary.He found the air valve size was. not

]

qkitical.The hydram efficiency and outpuf wére primafily*é

“function ©of the valve .beat frequency other factors being

‘constant.Valve beat could be . requlated. by either incfeasing

v

e

spring tension(valve"wegght)dr valve stroke.

=y |
oy
e
7.
. -,
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Chapter ITl
THEORETICAL ANALYSIS OF THE HYDRAULIC RAM PUMP, )

)

GENERAL APPROACH : . LT 2

A detailed descr1pt10n of the theory of the hydramllc ram

.results in many complex equations, so’e of whlch are 50 de-

tailed and compl1cated_as‘to be of lgttle practical use.The

.\.

“
N are

important parameters’in the operation of the hydraulic ram

best’ obtained experimehtally Theory alone is not

§§ble presently to predlct the hydram operation,

" The aﬁ§}y51s presented here borrors from the work of ear-

]

lier researchers "like Gosline and 0'Brien[44],Lansford and

. . ) 1
Dugan[37],Krol [32} and- Iversen[28] and lies between the

s1mpllf1ed analys1s of Iversen(28], and the detalled analysis

of Krol[32].It is considered to Eﬁqan improvement of Iver-

sen’s analysis. ‘ o i _ : -

P

fThelanalyéis differs from that of Iversen in that:-

l.

The pumpingh-cycle is divided into four periods in-

“stead of just two.
The friction losses durzng acceleratlon and dlscharge

periods érgj emplrlcally determined and, explicitly

used in the_analy51s>~ '

The'majorﬁeffectf“gg’waterhammér ‘are. included in the
analysis £dr better;egtimation of discharge velocity

™
and pumping rates. j A{
- - 37 -
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4. The period.of waste valve closure is separated‘from,
.the acLeieration period on' the assumption that the
water escaping thrdugh tﬁe‘waste valve during closure .
doee not do any useful work,but is wasted.  The water V//
flowing to waste before the valve beglns to close is
regarded as.rhe useful drive power essentzal for hy-

~

dram operatlon. ,
The analyszs differs from that of Krol {2 that-- g

1. Only four periods are used instead of seven that Krol »

[

. used o
2, The concept of physical water separation from the
. waste valve and negative velocity in the drive pipe

during'recoil are neglected.

”

3. The friction losses 1n the dr1ve plpe are included in.
the analysis of the pump1ng pericd, togetbg with
friction losses through the delivery valve.Krol [32] .
only considers the friction losses through the deliv-

ery valve during the pumping periogd.
' Fi

4. The details of waste wvalve closure are simplified.
This results in a-simple model based on the main periods

of the ‘cycle of hydram' operation.The expressions for wasted ¥

and pﬁmpedl flow together with efficiency,power cycle dura-

tion are/derived.The effects of drive pipe velocity on'wast-

ed and _pumped flow,efficiency, power and valve beat frequency

are . also demonstrated The effects  of . drive pipe

-

length,weight of waste valve and friction losses in -the _J

drive pipe and valves on hydram operation are examined.

-
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The analysis is based on the position of the waste valve
and. time- velocity variation in the drive pipe.As a result
only the velocity in .the drive plpe dur;ng waste valve clo-

sure(Vy )is needed for the computatlons.

The eycle of operat10n11s divided 1into 4 main periods as
follows. | |
Period.; B B

The waste valve is fully open and water starts to

flow from the supply tank and escapes through the waste

. valve,till a certain velgplty is attained in the drive

pipé aqgléhe waste valve begins to close.

Period 2
TEe waste valve continues to close and is fully

closed.

Period 3
The waste = valve is . fully closed ;ndd.remains

closed. The del1very valve opens and pump1ng takes place

n

untll it ceases. R (

Periodhg

”4*'DeliVeIY*VBIVEWClOSQSTfEFOiinBkESWpIaCETwabiE valve
opens and pressure in the drive pipe returns to the

static supply presssure.

i

: The t1me velocity history in the drive pipe for one cycle
of hydram operatzon is glven schematlcally in- f1gure 7

B
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\\\\\\\\\ v - velocity of water in the drlve plpe v

40
The formulat1on for fr1ct1on head loss through the. del1v—

ery valve used in the analys1s 15 of the form

= J ,2 ~h ' ?? : L ‘ )
hr th %é_ (1 ‘ﬁhax ) ; e - ‘ | {21)
‘where HVD is the friction head ioss,factor. of the delivery
valve'aloheﬁand is eduel to N minus the head loss factor of
the drive pipe (XMf.I

3.2 ° ANALYSIS OF THE PUMPING CYCLE

B

The Analysis of Period 1.
The ﬁaste valve is fully. open and water accelerates in

the drive pipe and escapes through the waste valve under the‘

effect of the sugbly head, H. Theoretlcally the water in the

drive pipe acc lerates according to the equatlon

H-(T-I-z:h +1’L+RS ) V2 = Ldv - (22)

i _ 2g  gdt
., i
+ - = - = :
(1 Thy +-ft +‘RS =M (23)
putting equation (22) .becomes
L OH- M2 = Lav - o (24)
iq, ~ minor losses in the d:ive ipe and entrance. >
O = friction factor of the drive pipe.
““)RS ..~ friction head 1oss factor of the waste valve alone.
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Agceleration qdntinues till a velocity,V,,is attained and
the total .force ' on  the waste . valve equals its .

wéight,w.Thereafter,the force exceeds W and the valve begins

.
&
!

td»close.
The force on ‘the valve can be representéd 'as a drag

force(F,) by the eqhation;‘

AJYYE | | | (25)
Dv ! 73 . _ ‘

Fy- = ©

-cross-sectional-area .0of the waste valve.

-specific weight Of water.

g = &

»'-drag coeffibignt'of the waste valve,

G rthe drag coefficient is the ratio of the dynamic and drag

‘forces acting on the valve.

" (26)

At the point of start of valve plosure,;eldéity of the

water in the drive pipe,V;,is obtained from the egquation

—_——

. s
{28) with Fy =W,weight of the waske-valvg. )
: W=Co A y Vgl | ~ (27)
Dy ?%7 - .
-
so that - Vg =/ “2gW L . . (28)
_ . CDAVT i : :
. | L _
- ¢ therefore, ' | ! 4 ) : .

-
-
I)
-~
o
s =
[a]
~)
(%3

e




I

'Substituping for v, , . o

- L

¥ can be'obtained'exﬁerimentally .and ¢, evaluated for

4 /
the waste valve, we1ght and stroke settlng. , , :
/
The -duration oﬁ per1od L, t;,ls obtalned by 1ntegrat1ng f
equation (24) for V between the 11m;ts V=0 and V,—Vl. . roe
. ] . Y
1Y "/
t: . Va o av ‘ ;
: - ‘ . 30
& dt -.2‘-\-- gR - V) . , .,(),
o . 0 f
I'/‘

'“*L(“?;TMO'S 'ﬂﬁfvx;} o

/ NM .
104' CAyH ,

) :1.0-. -

12.-,0.5
LB lgm)

(32)

.if‘;he acceleration of flow in the drive pipe ;ont;nues

till the average steady flow velocity,vs,ié réacﬂed,ﬁe@gre

the valve begins to close, the équaﬁlon for V; 1s obtained -

from eguation (24) with dV/dt'—O

Vo=@ (33) © .

r

J
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Vg =mV , where m is a fraction such‘%hat 0 <m <1.0. L

Vo =Vi=m /-—E;“ e (3a)

/‘_"‘n‘

L

Equation (32) can therefore be re-written as

. v : .
1.0 + _
|..2 . 0'5 ' —’ . \
ty = (z——rgm ) " Tan B _ (35). ..

1f the the expressions fér v, and vV, are substituted in
equation (35), the result is,again,equation (32).The ratio m
) : : R g .

is given by Vy/Vg; so that - . '

»
u

= V_: = ‘m =. /—.__.WM . | (36)

D.v

<LD<
wn

From equations (32) and (35),it can be . seen that ‘if the
valve does not close until the steady state flow veloci-

.ty,VS,ié attained,then-vo =Vg, and the duration of period

l,t, =00 ,The wvalve wil ot close at all . The maximum

.permissibie waste val¥e weight can be obtained by putting m

= 1 in equation\(36 so that

. MG AT H )
[‘- o ' : 4 '
then/ = o _
M= Mgy = fwyH o (38)
<le
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,Equatio; (38) shows that the ﬁeight‘ of\ the waste valve—hafj,.
- -to be less than .. S CpA, YH | . for i “to
close. - o ) | ’

RS

Krol[32].gives the same equation without the

’

same deriva-~-
\ B

)

tion.
‘The volume of water,¥, ,flowing to waste during period 1
is gi&en by
to

V; de '
Aydt = ¥, = g 27V — -

X

Yy = %’lﬂ &n (TTI-%TZ—) o . ) ~(41)
. v 2gH .. : . i
f -
or ¥, = ] (42)

-

ATy T, N R

£

o~
ERLIWREI T X AT

et beer
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Eqﬁat{on(42),also,shows'that if v, =VS,¥5'E ® and the pump
wiIl-not work. . o ‘ ‘

"From eqﬁation(39),Krol[32]showéé' ;hat‘ﬁhe' guestion of

suitable drive pipe length can be ‘solved aé"follbw5p

yo oA YR G A Y T (e3)-
M {i+zh #fL+ RS) 0
: 1]
N
sq that L _ CoAYH - N('1'+":hL+RS) - " - (44)
: 0 Wt ' :

i

The drive pipe length should lie within the limits -

I
} h

0 <L < p| CpAH = W ( T+zh +RS )-‘/ | o (49)
. . o W f R _” o
: . ] \

NV

for the valve to close and the pump|to™ work automatically

and cé%tinﬁously. L ﬁi5  \
The kinetic energy in;théidrive pibé'at the end of period
1l is - : . . ! e ' >
1w Dy Va2 L w DV L |# ' (46)

Z % 9 ) md;v.

. B

The Analysis of Period 2. . g
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The waste valve continues to close.The details of waste

valve closure are complicated since both water and the valve

are moving. The valve‘blosure will,therefore,depend on sev-

eral parameters 1nc1ud1ng velocity of water in the drive

-

™Y

.- pipe, welght of valve,shape of valve box,dimensions of valve-

and the or1f1ce,These=parameters are difficult to quantify.

Théoretically,§he'exjt velocity through the orifice increéas-
es as closure pfogrgssps: However ,since the valve stroke is
usually small,tﬁé‘distanﬁe‘ moved by the valve is. small and

the flow resistance,fﬁppugh the valve 1ncreases as the valve

closes;it is probable that the maximum velocity. Vp,in the

drive pipe just before the valve closes completély;gbes not
‘différ“significéhtly from V..Supported By evidence from de-
tailed measurements ©of velocity. and pre§sufe variétidnkiﬁ
drive plpe earlier reséardherg Kr61[32] Gosline and 0'-

‘Brien[44) and Lansford'and Dugan[37] assumed Vm—w .Therefore

the Velocity in the drlve plpe at 1nstant of valve . clo-

K]

apa V, and is given by equatlon'(ls),

»
|-
-~

V = = . - ) ": ‘

2 Vo = / E—;ﬁ; . . . (47)
. Sinte V, .is assumed to be. gdual tofw,=va,there is no ac-

celeration during this period.The duratipn of period 2 iS

estimated by assuming - instantaneous valve closure It

is,therefore,assumed

e A4 D)

iV
I
'

sure,V: is approxlmately equal to V, which is equal to Vg
3 . . .

-



- that the. quantity of water escapihg afte

.is given by the equation,

—

Secondly,§ihce;}ps/ﬁle out of the waste valve during this
L .

. pi g .
period is not directly'included'in the computations,this ap~-

. .v.' .
proximation “is regarded as adequate. Earlzer researchers

found this perlod difficult to estimate and used various ap- ..

prox:matlons.It was,however,notedqthat valve closure took

place in less than t: given by equation (48 ) [44].

" Period 2.is separated from éeriod>1 due to the assumption
, > ' :
D the valve starts

to close is wasted, and the energy is wasted. The quantlty of

~water flowing to waste during period 1 is considered as the

useful drive power for the hydram.

The quantiﬁy of water escaping to waste during 'period 2

-,

\:Q = A Vz£z

(49)
¥ =AYV 2L - , (50)
. < . _

‘Analysis of ‘Period 3.

At the ‘end of period 2,there is anvabrupt retardation of
water as tﬁe waste valve closés.The velo&ity of water i;,the
drive: pipe .is-reduced in-proporfign' to the pressure head
(h+hr) - rgenérated in excess of ‘the static supply

ngd H According to the. waterhammer theory for an instanta-

o L | - . 47
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neous valve closure¢™in an inelastic pipe,the maximum theor-
~@tical pressure rise aH is given by the eqUation
V] . 'l .
. - V : . ' ’
S 8H = - aV ¢ ‘ : (51)
'é' . - ]

|
(s
The speed of an accoustlc wave(or wave celerity),c,%h an

elastic meé;;;\is given by the formula

where Kc,the icomposite modulus of elasticity of water and

pipe material replaces K,the usual bulk modulus of elastici-

ty of water and is given as —
A “ - . ‘
Kc = y T R : (53)
’ K Et
p.
'according to-Jouksaék;‘[46],‘
K. = (54)

1
o 1.0 . .
(¢ + £ (5 ‘
K E p - N
according to Gibsen[23].
Krol[32] ‘found that the two equations give close results
" for ferrous materlals Therefore equatlon (53) 'is used in

. this ana1y51s.

4

, jg ’ RS

Bam o s b mmkhen b er
.
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The pressure ' increase due to waterhammer in'excgss of
that) in the air chamber forces the deliveryk valve ogén and

L2

discharge, commences.It is assumed that 'prior t tomplete

waste valve closure during period 2the pressufe ‘in the hy-

dram is zero or negligible.Experiments by Lansford and Du- .

PYI NT YL

gan[32] Ehoéeq that there is a small pressure but very small
in.ﬁoﬁparison to 4p,after valve closure.It can,therefore,be
neglected particularly for high délivery heads.The assump-
tion;howéven,may introducé érrors,at_low delivery h;adsf

If Vv, is the maximum vé;ocity of water in the drive pipe.

s

during period 3,then there is a relationship

[

(V= Va) €= = (W + hr)
g .
aprips

Experiments[37],[44]shoved that at instant of valve closure,

(55)

the pressure head rise AH exceeds slighély (hr+h) for a
: : ‘ &4

% :

short time and that generally equation (55) is approximately
correct;Th%'velocity during period 3 is therefore

V; = VZL (Il; hr') g . S " (56)
o

Since Vz '—'V; =VU,
. . Q

Vi=Vo--Gh+hr)g (57)
L ’ C ’ . . 3
The maximum,theoretical pressure head that the hydram can

develop is obtained from equation (45) for Vy=0 and hr =0

PR
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max - N FC&Ve= cVp 1 1(58)

Loss of kinetic energy due to the “reduction of velocity at
the start of period 3 is given as

' 1702 L oy{ Va2- Vy2) ’(59)
2 7 g - . A

AR
: ' : - ¢
Discharge“continues‘ap,the rate governed by the egquation
‘ o 5
o N2 L T '
2%  gat _ (60)

A

o.ln.
-

where N is the tota} héad loss factor for }he drive pipe and

delivery valve éndfh‘is the delivery or pump head [28].
Discharge continues - until the velotity‘becomes ~zero and.

thejdelivery-vélve starts toac}oqév[zs], . The duqation of

period 3 is' obtained by integrating eguation (60) for the

-

limits v =V, and v =0..

_ d 0 '
Y .
v \dt =-2L& ( v ' (61)
’ XC ] V, 2§h + Ny2 _J L .

¢ .

so that the pumping time,t; ,is.given by the equation

\ =
R ]

|

R0 LNy
- t) = ( g - ‘t@ ( '2—9%-] (62)

V,

can be. expressed as a dimensionless ratio of Vsr,50 that

t, becomes

-

o 212, 0.5 -1 N HV,2 -0,'5,.‘
B (g e (Grryz) | (63)

5
J e

{

Pl

aane ---.—,»ﬂ'-‘”‘
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Bhe

The guantity of water discharged durihg period 3 is

d ) - - " ) . ) .
LAth='V‘: = Y AL (e ﬂg ) : o (64)
- Va g o 29 ' : :
so that o L -
. 4
. .
A= Q—L |:zn (%ﬁ- + 1.0):| _ ‘} (65)
- k—“[ (hEz, 1.0«)_] (e

Pumping continues until the kinetic energy in the drive pipe
’ - 1
is exhausted the velocity becomes zero and pumping steps and

-delivery valve closes,

- Analysis of period 4.

The delivery valve is complétely qlosed.Neér the delive}y
valve the water is under the pressure head (H+h+hr) whilejat
" the bther-end of the drive pipe,the b;esshre is due to the.
| staﬁic supply head,H.The pressure difference and the elas-
ticity of water énd.pipe,materiai;causes théJwatef to recoil
towards thé"supply tank.The recoil causes a reduction of
préssure in the hYdraﬁ ﬁo below atmospheric pressure causing
a small quahgit§ of air to be sucked into the hydram through .

~the snifter valve. The waste valve opéns due to its own

o
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weight and,reducgioh of pressure in the hydram.The operiing
f the waste valve is fassu@ed to be inspanténeoué.Thetﬁres—
sure in the drive pipe returns to_thg static supply.ﬁressurq
and.the next cycle of operafjln begins.ExperimenEs by Utaha-
ra [63] sﬁowed that _tHe'waste.zva;ve opened on the first
pressure wave after the dglivery valve closed(i.e first re-

coil).Therefore,the duration of.period 4 can be estimated as:
I

. the time for a complete reflection of an-acoustic wave,

ty % = | (67)

after which the remaining pressure waves in the drive pipe

are considered negligible in comparison fo the main flow and -

average pressure difference.

Krol[32] and Lansford and Dugan [37] argue that the ener- .

. . * -8 : !
gy converted from kinetic energy to 'strain'.energy when the

waste valve-closes,is again reconverted into kinetic energy

when the delivefy valve closes and accelerates the flow to-»

wards the supply tank.This action causes'phgsical water se-

paration: from the waste valve during recoil.It is difficult -

to see why .all the eneréy-should bBe reconverted to kinetic

energy since 'some of the energy was expended forcing opén

the delivery valve,compressing air and water in the air

>

’ ' .« » » - - N . .
chamber,creating pressure waves in the drive pipe,straining

the drive pipe pump material and possibly the waste and de-

livery valve materials (if resilient types are psed).The lag

. r . . .
in energy conversion between the components listed above

T
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’ - o - S . Ty . .
Plus the overlap of events during  this period makes it dif- -
B , P : ol

"ficult to-assume a consistent 'energy flow' in one direction
“only and ‘the reconversion of energy without any 'losses'.

It is,there?ore,difficult’ to estimate the actual energy

. . k| . A . . (.
available. to accelerate the flow towards the supply--

-fanR.Secondly,if the supply reservoir is big,the recoil ef-

;o

fect wlll be minimized and pressure waves will dampen out

‘fast.

. ’ -1
3.3 OPERATI NG CHARACTERI STICS SUMMARY‘

Duratlon of the pumplng cycle,T =ti +tz +ty +t,  (68)
Vs .

1 - %1 ghN 2gh
s

[2QHM) [__L‘is ].+r_g_l.+ ( 2L2) [_Niﬁ']o.s‘ | e ‘

) . .
(in seconds).

Avérage pumped flow per second, “Q = %:/T ¢ )
_ N | ' M
Temn (o] (71) -
:(1itres/sec6nd). - |
Flov ratio FR = Q/Q, = ¥, /%, (72)
o NV,2 L e 1.0 o '

= %1_ [2.. (—m— : 1.0) ]/[ W] LW}] . (73)
| : Vs ’

éump efficiency (Rankine),e

¥5 h - (74)

R |
i | ,

oot b v 0 | A T (s ) ] )
AN <9 ' R

s ' | ’s® -

Sxactare

e




Pump power, P = Qvh

‘ .

o N2 g .
=.9.81hlﬁfltr-[.£n (2—gg‘—+ 1.0)_] J.(watts) , .(?7)'

. Valve beat frequency, VB. =60.0/T( beats per minutel. (78)

Total wasted flow- in litres/second

e

0
1.0 -V

Vg

/

C

)+&]'

Total supbly flow to the pump (C,) in litres/second
w0

F

Head ratio (HR),=

) Frg

+

.h_”
H

_os=ow_+o+¥g_'

%3
, (79)
(1itres/second) -
. 5
(80)
(&1)

\\ .
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_the pump and a.stop-cock,(valve B).

-
<

v : 7 Chapter 1IV.
) . EXPERIMENTAL PROCEDURES-

4.1 ' APPARATUS AND EXPERIMENTAL SET UP

The apparatus was set up as shown in'figure 8,to measure

the total flow volume supplled to the pump and that deliv-

ered by the pump durlng its operation for variable subply.
.and delivery heads;~ -
_The flow'pumped into the supply tank (A) was controlled

by a valve (C).The water level in ‘the supply tank was kept

at the de51red constant level by two 102 mm dlameter over-

flow plpes that drained away the "excess water.The__supply

tank had a capacity of about 2.5 cubic metere and was suu-'

poreed'at about 1.0m above the laﬁoretory-floor.‘

A steel drive pipe(scheéuie 40),with a neminaltdiameter
of 32 mm and_é length of '15.50m connectedlthe suppiy tank
and the hydram.The drive pipe was~horizontel aud supporteﬁ
at regular 1ntervals The drive pipe was fltted with a gate
valve (a), 15.3m from the supply tank.,

A small copper pipe of nominal diameter 19‘m; was couf

nected at the other end of the hydram and aqted as the dikc-

harge pipe.It was fitted with a Bourdon pressure gauge near

s

o~

- AN
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A .large tank, (B) 1.97mx0.90mx0- 90m was the collecting

’tank and collected all the  flows that escaped - through the’

b

. waste valve and through the dlscharge pipe.The tank was flt4

ted W1th a short 102 mm overflow PVC plpe-at a p01nt 0.60m

_from the bottom which’ dlscharged 1nto the callbrated measur-

1ng tank(C). The measurlng tank was fitted with a glass gauge -

tube (D) with a scale from wh1ch the water level in the tank

was measured.The tank had a surface area of 0.392 'square me-

ters and was 0.5 m high.There was also a 32 mm drain pPipe

fitted with 'a gate valve to drain the measuring tank(C)after

each measurement.

- Acfoss the large tank (B}, two metal bars were bolted on

the top edges at both ends.The hydram and end of drxve pipe

were supported and anchored on these metal bars for extra A

support against horlzontal -and lateral movement In  the ei-
perlment the supply was.varied by changing the helght of the

overflow pipes in tank A.Three values of sopply head(H) of

'l,Om;l.Sm and 2.0m were possible.Higher supply heads of'gp
to 2.5m could only be obtained by slanting the drive pipe

and lowering the test hydram into the tank B.The delivery

head and dellvery flow were vafied with valve B.The waste

valve stroke length and welght-(ot spring tension) of the

test hydrams could also be varied.
A simple cover of polythene sheet on a steel-wire cage

was used to stop water from splashing so ‘that all the water

escaping from the waste valve fell into the tank B as re-

‘quired. ‘ ' ©

[
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"~gwo pressure gauges,were used,one with a range of 60 psi

(414 kPa)and the other with the range of 160 psi(1103 kPa).

f

4.2 \WASUREMENTS' - : o . S

'With the experimental  set up shown in figure 8,the per-

formace of ‘various. hydraulic ram pumps was investigated.

To start the expe:imeﬁt valve A was ‘openedrand water "

"flowed from ' the suppl§ Eénk't6' the hydram.The valve ‘A was

also used to‘stop the flow when the Hydramvpump~ was being

changed.ValveLA was -also used to regulate the flow in-"the -

determination of V;,the velocity at ‘which_the - wagte valve
’ . C

started to close,and the -drag: coefficient of the waste
. . " .

valve.

. The valve B was édjusted.to obtain -the desired’delivery

-

flow " rate for the corresponding steady total delivery

head(Hd).The delivery head was then read off the pressure’

gauge.The discharge or delivery flow was'measurednwifh cali-r

'brated-meésuring cylinders of- 1.0 litre.and é.O litre capac-

ity.Time measurements were taken with two stop-watches. A

1

"spring balance was used to measure the spring tengion for.

‘the hydrams whose waste valve was controlled by a spring.The. .

;

"ered) was measured 'volumetrically with the measuring tank C.

N

t=

ey

b

—_tdtal floq'bo;ume,supplied to the hydram (wasted and deliv- -

b
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4.2.1 ‘Basic pgramerers measured. |
‘In the‘experiment the following .were measured:-
'l. Supply head (H) in meters. ; . ) ' ‘; LN
&.-‘Total delivery head (Hd) in meters. | .
3. De11yery flow (Q) in litres per minute , o
‘4. Total supply flow (Q;)-in litres per-minuLe.

5.. Valve beat freguency (VB) in beatsfper‘mincte.
The total delivery pressure could be measured to the
nearest 3.5 kPa on the 60-psi pregsure'gadge and 7.0 kPa on

the 160-§Si~pressure gauge. The water level in the measur- =~ °

- ing tank could be read to the nearest 1.0 mm. The diécherge:
- .Elow (Q) could be measuredxto the nearest 5. 0 m111111ters

- with the - 1.0-liter cylinder and lO.Q milliliters with the

Ty \ N .
2.0-liter” cylinder.Time could be measured to.the “nearest

0.10 seconds with the stop watches. . . .

4.3¢ﬁ:;rnﬂAUL1c RAM ‘PUMP TESTS.  ~. . . « - . . o

H
AN N,

/

The teets‘ conslg;ed of two ﬁain parts.In the ‘first

part,f%ve'smell-hydrams were tested to-eetablféh their operej
atfng characteristics. = Some of the hydrgms tested llke the - . |
Blake represented the smallest models produced by, the compa-

ny The tests were to compare small hydrams for small scale

'-appllcat1ons Some of the hydrams fitted this category better

r

than the others.The BZer for .instance -was designed for

'large scale application ‘compared to the Davey or the Flem-

.ing hydrams. In the second part,extensive tests were done

- ° Sy o M . . . . ‘.
o - - ‘ o '& |
- r - - .
z R R ; - ) ) . .
, B
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" mance and establisgh its operating characteristics.
. IR g . . :

_in cperation A 'comparative study of  ‘these hydrams had not.

. Been found in the literature, The tests were: also to identify’

-.\peads of approx1mate1y 1.0m,1.5m ahd¢~2 0 m except for the

to 2. 5‘m ‘The actual supply head values dlffered slightly in-

-,valveﬁbpenlng was taken as the datﬁm‘in each hydram.The de-~

'sﬁring~type 1mpulse waste valve (figure'lzf hydrams.The °
" fifth &Aﬁﬁam teésted vas a 25 4 mm (1 inch) Fleming“hydfam

Blake hydram wh:ch due to its desrgn necce51tated an angle . o -

o
‘in the erve plpe thereby 1ncrea51ng the maximum supply head

. the pump could st1£1 work The range in general var1ed-from—wif~—ﬁlm

) - I . ) , ) . ;

- T . [ : 59 . .

on tﬂe locally made hydram‘tb improve ;ts'design and perfor-
‘ : X a

' "." ‘ : L ¥ 4 L :

. Ji. ‘ - | ' h . . i - . ﬂ—— -

4.3.1 Tests on the five hydraulic’ram'gpmps. C

Four'§2 mm (1.25 inch). hydrams were tested to compare

thelr operatxng character1st1cs These e thef BLAKE (small-

est SLZE)(flgu 9),the Davey (model 4) (f:g.
del 10/1§ BU) (£ig. 10).and the orlglna;'

Y, the RIFE (mo-
DG ™ (Intermediate

-

Techqclegy Deveiopment Group) hyﬁcam_from gigg_fittings with

(model FR102)(fig. ll) The tests were tQ 1nvest1gate how the

various small hydrams of different make and- design compare

-

what aspects, of a design make "a partlcular hydram ﬁperate

better than[ the others.The hydrams eré“tested for supply © e ]

© P -
\

\\ —

each hydram dependlng on the waste valve design.The waste

llvery head was varled from tﬁe hlghest wh;ch the«pump’gould'

ach1eve with zaro del;very flow to the m1n1mum head at -which .

P
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600 kpa to 20k§a. The waste - valve weight or tension and

valve stfoke were also varled Thus the pgifomance of rhg -

of
pumps under the varylng conditions was exam1ned. Operating

'”characterlstlcs were establ1shed and  'general comparisons
made. All pumps wvere compared on the basis of maximum effi-

-*ciency at thg max imum supply head used._
- . - p‘.

4.3;2 Design modification and\tests en the ITDG hydram

From .the tests and analysxs in. part 4.3.1, the 1o lly -

made ITDG hydram was modified for better Gperation The pump
’radjustment was found to be difficult i/? hydram operation

was not smooth.The pump was weak, The spr1ng operated waste

valve (flg 13 ) was,therefére replaced vith a welghted-lm*‘

pulse valve (fzg 15) Steel valve splndles did not work well

and were replaced with a brass sp1ndle which worked well and.

-

mowed freely .through thé. sp1ndle gu1de w1thout stlck—'

1ng Several tests on ‘the - follow1ng aspects of the puimp | pro-

T

port1ons were thé:_ 1nvestlgated for better pump de51gn and'

- i -

- performance--

wéste valve was véried'tO'investigate its effect’on
the hydram eff1c1ency and pump1ng capac1ty and gener-<
al operaﬁlng character1st185 The stroke was varied

P -

from 1.0 mm to 8.0 mm. S

2. Weighr'of e waste vahve (W) Thé weight;was Qari 4

fbetween 0. 350 kgs to 1. 157 kgs to 1nvestlgate 1ts ef-

1. -Stroke of the waste valve(S):\. The stroke of the
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fect on the pump operatlon and capacity.Valve stroke

of 1. Omm was used. . . ) - o7

: Waste valve or1f1ce (Ap). The diameter of the sttef

. valve openlng was changed and ehree dszerent dlame-

- ters of 2 5 cms, 3.0 cms and 3 5 cms used' to 1nvest1—

gate the 'choking' effect of - Ag on pump charaeterls—

» - ‘
tics,

foa

‘Waste valve farea (A,).. The diameter of ‘the waste

valve was varied and three diameters of, 3‘9 cmshi\z

cms and 5 0 cms were used The three 51zes were tesﬁe

~in comb1nat1on with each of the three waste valve or-

e g R cL/ .
ifice sizes and a waste valve stroke of 2.0 mm.

L]

Fr1ct10nal head loss/through the delrvery valve. The

reS1stance of the dellvery valve was changed by vary--

'ing the'thlckness of the rubber.on the flat ‘perforat--
- ed plate of” the valve,.Six dlfferent rubber th1ckness- .

l_es of 1.8 mm, 2 6 mm, 3 1 mm,6.0 mm,9.l mm and. 16 mm:

were . used in the tests.'- .

A1r chamber size. The ‘air chamber length was Yaried

for. a standard 50 8 mm d;ameter stéel pipe to inves-

-}tlgate the effect of v lume'and height'of the_air

chamber on hyaram operPtlcn Four lengths . of  0.30
m,0.61 m,1.0 m'and,l.sg.m were used{in the experi-
ment. : o o LA '

T ' S _ _
Size of the air(snifter) valve. Tests were done to.

. . . ; . - -
investigate the effect of the air valve size on the
. - I
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periorménce of‘the hydram Three ’diamgters.df‘ 0.41

3 mm, 0 72 mm and 1:41 mm were used.
: -

. 4.3.3 Frictional head loss factors

-

/ . '- . y . . -
Experiments were  done to - estimate the friction head loss

,factor(XM) for the dr1ve plpe "alone under steady £low condi-
tions wath the hydram removed, Tests were also done to esti-.
hate the f;lcﬁ1on.head'loss factors for Ehe‘waste Valve(RSL‘ 

: Ve ' ; ey
‘as a function 6f‘£he valve stroke for the Davey and qulfled )

locally-made hydrams.The measurements were done by keeping
the stroke length'éonStant and 'measﬂfing';he flow thfough

- the waste valve under. steady flow conditions.similatly,the

head loss factors'(HVD)_'fof the delivéry valves vere déﬁer—l

-mined with ' air chambers removed and. the waste valve fully

- closed.All the ,flow was throughlthe deliéery-%alve under

steady flbw conditions.Finally,an éttempt was made to mea-

sure Vp,the velo¢ity at which the waste valve &tarted to '

giose.The Cflow in _the drive pipe was regulated with the

valve C until a flow rate was obtained through the waste

valve such that/ the valve began to close.The flow was then

- reduced slig fly in such a way that a steady flow :rate
through the waste valye, was’ﬁaintéined without the' v;}vg
c1051ng These .measurements were ;Pprox1mat1ve and could only
give the estimates ragher than precise Ivalues These values

were later used in the theoretical models.These values were

detefmined for thevsupply heéd of 2 m only.The average flow.

‘velocity_{n the driveupipe was usqgrin,these computations.

1

Cu

S

hndm i
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Chapter V.
EXPERIMENTAL;RESULTS AND ANALYSIS.

.1 RESULTS FOR INDIVIDUAL HYDRAM TESTS. .

5.1.1 The Fleming hydranm.

The Fleming hfdram wantestéd ior'supply‘heads of 1.90
m,1.41 m and 0.96 m.ThQ original waste valvé‘weight;o£.0.047
N and stroke Jf 1.0 c& were-not changed.The total friction

head 1oss factor for the waste valve and driye pipé(M) as

est1mated to be 24.0 and that of the delivery valve(one way

chqch valve) and drive pipe(N) determined to_be 33.0

I

Tné effect of Sqtply head on(bump perférmaﬁ;e.ig‘demons—

tratedjin figures ;16,17 and 18.The complete operating char-

: / Ty )
acteristics pf-t@é pump for th; supply head(H) of 1.9 m are

given in figure 19.
S ‘ /
A ': /

! ks

5, l 2 The R1fe hydram

" ’

15 )
The hydram was tested at supply heads of 2. Om,, 1.51lm and |

/
1. . 06m. The most efficient operatlng characterlstlcs vere ob-/

£

: .
taimed w1th,a‘ spr1ng tension of 1. 13 N and a 'stroke le?gth

' / . ,

of 4 mm at a supply head of 2.0 m.The same valve settings
.f‘ ; < v . .

were used For H=1. Slm’and H =1, 06 m. . The total head loss

factors fdr the vaste valve and p1pe was determined

!
!
i

3';‘.. ’ —63 -'
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The model used i?

otk

to be: 19.0 and 720 for the delivery valye‘:inciuding the
dr1ve plpe. '_ . : }‘ P |
The operation of the pump . for var1ous supply and delzvery
heads is d15played in flgqaes 20 to 22 The complete operat-
ing characte;lstlcs of ‘the pump‘formthe sopply head(H) of
2.0 m aré given in figure 23. .) o

5|lo3 i ’
. The Blake‘Hydram.

the tests required 11ttle stroke adjust-
ment Test runs wére done for condltlons of hlghest eff1c1en-
cy The tests we e done for H=2.5m and 2. Om.

The fEEGIEs Were\plotted in figures 24 and 25 for diffe-

. ™ ,
. rent supply and‘dellvebx\heads.Var1atzon of valve beat fre-

guency with. delivery fIEw'for\H =2.0 m is shown in figure

26.The .complete operating characteristics of the pump for.H

=2.0 m ‘are given. in figure 27. o - .

. ~
’ .

5,1 M , D '
/J) . The ITDG ( spring valve -) hydram

The locally made hydram thh the or1g1na1 sprlng operated.'

valve was ‘tested for supply ‘heads -of 1. Bom, 1. 41m and

0. 95m The spr1ng ten51on and stroke were flrst changed td\

~0N
'obtaln the most efficient operatlng condltlons for the sup-»“‘_

ply head of 1.90m. The . sprlng tension of 0.6 N and'a stroke

length of 2 mm were used. T e

L

SR, SR
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fhe‘qperation of the pump for the three EUpply heads and -
variable delivery heads is shown 1n flgures 28 and 29.The

variation of the valve beat frequency with del1very flow is

given in figure 30.The complete operating characteristics of

the hydram for the supply head(H) of 1.90m are given in fig-.’
; : . : ”

ure 31. - L o o _ - - : 5

5.1.56 =~ ) ‘
' The Davey hydram

The pump was tested for-the 5upply heads "of 1. 96m l 41lm.
and 0.95m, The most efficient operatlon was obtalned.w1th
the valve stroke of Bmm'with the originai weste valve weight
of 0.35%57 N .ior.H=} 96m.The effect of stroke length on pump

1_eperafion wes also 1nvest1gated for stroke lengths of 2mm, . *
6mm, 8mm, 10mm and 12mm.and a supply head’ of 1.96 m. o ’

The operatioch of the pump . for variable supply and deliv-
ery heads is shown in figures 32 to 34.The total operating
character1st1cs of the pump for H =1.96 m are g1ven in f1g—
ure 35, The effecJ of stroke, length on pump eff1c1ency and
capacity is shown figures 36, 37 and  38. The friction head 3

loss factors for the waste and delivery valves including the

dr;ve plpe were determined as 40.0 and 21.0}-Jre5pect1_vely.v0
‘'was estimated to be 0.30 m/sec and the valve drag coeffi-

cient,Cp 52 0 for the waste valve stroke of B8 mm.The var1a—

'tlon of the total friction head loss factor(M) Vo and CD

~ o
with valve stroke is shown in figure 39.- _ .. : ! A '

- . : . ’ T

) v ' o . ]
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5.2 TEST ON THE MODIFIED ITDG (WEIGHTED-IMPULSE) HYDRAM.

5,2.1 ‘ | '
~ Effect of delivery valve on hydram operation,

All the tests were done for a supply head of 1.90m.The

" effecthof del1very valve heéad loss ‘factor on the pump effi~

c1ency and capac1ty was tested The results are shown in f1g-

ures 40 and 41.The variation of vé@ve beat frequency.with_

delivery valve head loss is shown in fig. 42. Ihe variation

‘of friction head loss with rubber thickness is given in.fig-l‘

ure 43. ‘ : ' Lo .
&

5.2.2 The effect of waste valve drifice and valve
: diameters. = -

—

The effect of waste valve orifice Jes tested in combina-

“tion with three sizes of the waste valve dlameters of 3.9

cms, 4.6 cms and 5.0 cms. The results are shown' in figures 44

and 45 for the waste valve dlameter of 4.6 cms.Similar re-

sul were_obtaiﬂed with the 3.9 cms diameter valve. Tests
=

with the 5.0 cms dlameter valve gave ' poor resultsfand they .

g
(A

were dlscontxnued .

For each orifice and waste valve d1a ter the total fric-
tion head loss of the’valve and drf;;’gfze(M) VO,V and drag
coeff1c1ent(CD) of the valve were determlned The results are

summarized in table 1 below.

Figures-46 47 and 48 show- the. effect of waste valﬁe‘siie B

oa pump eff1c1ency valve beat- frequency and pump capac1ty in

that order for the or'flce diameter of B 0 cms.

T

(A L
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- TABLE 1

Waste qalveféhanacteristics for the ITDG hydram

-~
valve  param _  orifice diameter (A;) in cms.
diameter eter 2.5 3.0 : 3.5
(cms) ' i
BN Rs 78 9 - 0
Cp 5.4 38 - . 2:5
v, 0.30 > 0.40 /- . 0.50
Vs 0.65 ' Oﬁzj | 1.0
a6 ms g0 - - e a2 -
¢, . 5.2 4.2 . 3.0
Vo .  0.30 0.40 0.50
R Ve 80 T
Y Rs 158 . 106 28l
Cp -  38.0 9.5 5.2
C Vgtoo L 0.10 0.20 0.25
W .50 - 0.55

' 5.2.3 Effect of waste valve strokéqlength (89.

The valve stroke length was varied from 1.0 mm to 8.0 mm

‘and the pump'testea with an orifice diameter of 3.0 cms and

wasté valve diamereﬁ;gf 4,6. cmquhe effect of stroke length

Ce L ES S
on pump efficiency- and capacity is given in figures 49 and
50.Figure 51 shows the variation‘ of valvg stroke length and

pump powef.Q
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ot N

factor (M),

the stroke length. S -

_ %e results were plotted in figt?res
.. tra the effect of valve we&ght on

" mm  diameter

lume.Tests for air chamber lengtlS—of 0.3 m,

lEor'each valve stroke lepgth-the total friction' head loss

Va,Va and draﬁ rcoefficient(Cp)

.

were deter-

mined.Figure 52 shows the variation of these parameters with-

- . '

5.2.4 vEffect of waste valve Qeight

The waste valve weight was changed E/om the orlglnal
0. 357 N up to 1. 157 N for -a valve stroke’ of 1.0 mm. The Valve

: dlameter of 4.6 cms and-orlflqe,d1aQeter of 3.0 cms were

A
used.' . B .

53 and 54 to demons-
pump efficiency - and
pumﬁing capacity.

’

5.2.5 Effect of air chambeg_size. - o .

The diameter of the air chamber was kept constant at 50 8-

and its length varied to 1ncrease‘ 1ts vo-
0.61 m, 1 0m

and 1.3 m wefg/done The effect ﬁf air chamber 631ume on hy-
dram performance is glven in f:gﬂre 55. Forathe varxous sizes )

;

valve beat or pumping cycle durataon.'

p
tested  there was no s1gn1f1cant Jffect on hydram eff1c1encx\\z
\

ﬁ,

N RO ST SO
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. 5.2, 6 Effect dfiair valve size. ;

Three sizes of .the air valve were tested,each in’ comb1na—
4

tion w1th the four a1r chamber sxzesfused in 5.2.5.The ef-

fect of the air valve size on hydramﬁeff1c1ency and pumplng‘

capac1ty is shown in f1gures 56, and 57 5
3o : ’
' 5.2.7 Operating characterlst1cs of the modlf1ed 1TDG N
hxdram.‘ .

Vlehe ' operating éharactefistics:-bf

Y
e

he modified 1locally
" ‘made hydram were obtained for A§_=4;6 cms,Xp =3.0 cms and an

air chamber length of 1.0 m (fié.'SB).

'5.3 © COMPARISON OF ALL SIX HYDRAMS.

<

The,op%fating characteristics of the selected modified

design of the locally made hydram was compared with the op--

erafiﬁg'characteristics~of "thé other five hydrams that had-

-

been tested Param&ters that were compared 1ncluded eff1cren-
-CY ,pumping capac1ty,wasted flow requ1rements,valve beat-fre—

. o - 1 - . <
quency and power delivered.The graphical comparison is done
. - . - . e

in figures 59 to 63. : (“\\\\H .

u_.
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/Chapter A2

COMPARISON OF" THE THEORETICAL MODEL AND THE
OBSERVED RESULTS.

- " - o

: 6.1 GENERAL. ‘ _ .

} " The Ottawa hydram model together with éhe'modeis by Krol
‘-[32] and Iversen [Zé] were tested ;gainst the. observed'data
from the locally-made and the Davey hydrams.For the 1ocally-

made . hydram with welghted-1mpulse valve, results for stroke

> Co . :
resu{E§. for the wvalve stroke length of 8 mm were

¥
’

S

duratlon valve beat fr uency and power.

-

Lastly an attemﬁf//was made to use the Ottawa model for

de51gn and 1nve§;1gat1on of possible hydram 1nstallat10ns.

in order to apply the models the values .of N,M,Cy and v,
7 D 0

in Elgures 39 and 52 . were sed The actual ‘values used

- - are summarised in table 2 / . e '

-

lengths qf 2 mm and 6 mm were used_For'the Davey hydram, the

used.Comparisbn was made -for pump efficiency, capacify,cycle

PRI N AR
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ST mBLE 2 . . |
PérameterSiﬁsed in the theoretical models. o ‘{4? H,.
~ Pump  Stroke . Mo N v T
; (mm) . m/sec) .

1TDG 2 66 82 040 .

1TDG 6 33 82 0.70

Davey 8 42 21 /”’””/6:40 7
S S g ST S

o . T , . ]

S.lil ' Pump eff1c1ency.‘

Flgure 64 gives the test results for the locally made
hydram for the ﬁﬂ;oke length of 2. 0 mm. The max1mum estima-

tion’ errors for the three modeis are glven 1h‘table 3 below.

T e e e e e e e ?
‘. TABLE 3 o E

" Bfficiency estimation errors. e - ?
7 ' A 3
—‘_-——————-_-._-‘-—--—-.- ————— g ———';——-....——._" ___________ ‘—\—..-'-——— —0- ————————————— j
Pump © stroke Ottawa , Iversen\\ . Krol :
' (mm) . ' model - model }model‘“ ;
- e ——— ’——‘————! ————————————————— e e e e e e ————————— i
- -~ _ ]

1TDG 2 <10 % <25 % \\\t‘30%
_ITDG. 6 -~ 15- 20 % <15 % T <40 3 .
Davey 8 12- 15 % < 25 % 20-25 § A

,,d{\v’;/zf* c
o R o L
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6.1. 2 Delzvery or pumped flow - ( l/mlnute)

S-Flgure 65 shows the e5t1mat10n results for the locally-_,

made hyﬁram for a 2 fm- stroke lengtHlThermax1mum error dif-

feren?estfof all three are given in'table‘54 Sefbw.v¥“”$. 

< L :
= >"7 ' '. n&'» ( . !
) TABLE 4 . '
. X - ( N .
- "~ - Delivery flow estimation errors. -
: == R
Pump ‘ Stroke_ - ottewa v 1 ersen Krol
(mm) . . _matel model
1TDG 2 <. 30 % < 5%,
> o N
I1TDG 6 <30 % | <16 %
’ ‘J ) ) '
Davey ) 8 <50 % -~ 2¢30.%
TTTTETTTTmTTTTTT :""""'“'*""""“"""“”""""'"’f “““““ N Y
R P ‘ : : l ) - o _‘:
6.1.3 ° valve. beat frequency (beats/mlnute) .”" i-' . ‘;r .
' "Phe valve beat frequency was more d1ff1cu1t to predlct’by“{
TN s
-the-§TmptE’/’dels Krol‘s mode__g ve good results w1th an er-
- ror less ‘than' 20 5. The Ottawa model overestlmated by up to
60 $ while the IverSen 'model .overegstimated the .valv beat '

. =
frequency by about 75 % AIl “Etredé results were - for the- lo-
cally- made hydram~w1th a stroke of 2 mm F1gure 66ﬁshows how Cot
the three models performed errors of 51m11ar order Qf magn1-
tude were\bbtalned for the«Davey hydramu 1m‘ ’ﬂ\ ' ‘_; s

LN ~ ﬁ - /)‘ . (
o o . !
o t?‘ * ' o o T -



.,q'ggdel_unde;ésf%geted.by about 50%.Thé models were also test-

S 73

6.1.4 Cycle duration{T})in seconds f_V/
| ~ S /

Figune 67 Shows the differences between the observed and

predlcted by the threé models for the locally-made hy-
dram. W1th the 1TDG hydram, Krol s model gave an average max-
imum error less than 16%.The Ottawa‘model understlmated the

cycle duratidn with an error less than 36% while Iversen's

—~—

ed with the Davey hYdrem data and\Krol's model gave an aver--

~age erfer less tﬁan‘lO% while the Ottawa model underest1mat-

ed by less than. 43% and Fversen's model by less than 46%.

?.%\\“ . < : -fe;'3“"“%“““*ﬁe o
6.1.5 - Pump pover (watts). | . o | T

The: error dlfferences between the observed and the estlmated

- values are summarlzedajxn\;able Skézhgr;esults for the ITDG

‘with stroke length of 2mm are&KCompgfeq,iﬁ figure 68 for all

the three models. - | f . 5}f5b\_ ¢
- ] . ' . ) .-"-J,_
’ ;\/ B ~
' | _ TABLE 5 - . - Lo
—-—---’-__.___._.__.-.-____-;_--.--..5_--————_--...........__:_______....._..'. _____ —————————
“pump stroke Krol's . Ottawa ' ~‘Iversen's
~ (mm) ‘ model model d model -
1TDG 2 <18 % ' <323 over 170.%
MDG- 6 < 14 %1, v 38 § < 50 %
Davey | 8 o < 27 % . < 27 % over 200 %
SR S —— SIS R — e i m e S
r .



- heads.The effect on pump efficiency was significant as shown
T pump Y g ‘
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6.2h APPLICATION OF THE MODEL TO HYDRAH DESIGN AND

i n— —— —

6.2.1: éeneral apﬁréaéh.‘ : ' /

. - {

An attempt’kas made o use the Ottawa model for hydram de-
: L ~ .
sigﬁ and investigation of hydram installations.The effect of"
increased friction head loss factors for the waste and de- ;

livery valves was also investigated The effect of increased

/' supply head(H) and drive pipe length in hydram 1nstallat1ons
was exaﬂlned .Vy =0.40 m/sec or & veloc:ty ratio of 0.60 were'
used. Drive pipe friction lass factor(XM) was increased in

e E;pportlon to the 1ncrease in drive plpe length ‘ : }
—_—— . 7 N l

6.2.2 ' Friction head loss factor of the dellvery
: -valve(HVD).

L

. This value of HVD was varied from 3 up to 238 and its ef~
.fect on hydram operation analysed.N,therefore,varied from 15

up to 250.Its effect on pump power and deli?ery fldw was

. . AT VOVe ST BARPREES -

negligible and -it was only noticeable at low delivery

[ S
.

[

ETﬁ“f}gure 69.There were no noticeable changes in the head -

flow ratio f?éiatignship,valve beat frequency and cycle i

—

time(T). . '-.' T v b ]
:
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ratio-flow ratio curw

%5

6.2. 3 Friction head loss ih the waste valve(RS) ' e

The value of Rs ‘was increased from 1 up to 118 The value of

Q

M,therefore, ‘%ncreased from about 13 up to 130 Eff1c1ency
inéreased‘ by | about 9% as RS 1ncreased‘.from 1/ to
SO.Ingreasing;RSlfrpm 50 to 118 in reased the peak efficieh-
cy by 2-3 %.chreasing Rs froq l to 9q‘reduced. peak pump
power to about one third.éumped op deliveég“ flow decreased

as Rs inc:eased(figure"70 ).The . effect 'on valve beat and

cyclé duration was not significant.

\

'6.2.4.-g¥ncreésed supply head(H).

+ The supply head was -increased from 2m to Sm.Peak power

increased from 2 watts to over 9 watts,an jincrease of over

'

400 % Pumped flow 1ncreased fﬁy much as shown in flgure

71, The effect of 1ncreased supply head on pump eff1c1ency is

shown in flgure 72 Cycle duratlon decreased with the 1n-
crease of H 'with the bigger increase fpr H . between 2.0 and

3 0 m.The rate of decrease was smallez for H between 3m and

6.2.5 Drive pipe: lengt# (L). /

The length was increased frd& 1.0m up to 121lm or &n L/D

4m and -even smaller for higher H values.

ratio of from 28 up to 3460. 'The effect of increased drive

pipe length on dram efficiency and the dimensionless head

[

was negligible, Peak pump power re-

ﬁuced by about 40 % as'length‘ intfeased from 1m to 121
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; ’ ‘ . Co ’
m.Pumped flow also decreased by 30-40 % as L increased from
1-91m as shown in figure 73, |

Cycle duration increased by.almost 250% as L increased

from 1-91m. ‘Maximum valve beat frequency decreased from

[ : : : '
over 1900 to 28 beats/minute as L -increased from
. 7 _

1-91m.15§reasing the lenéth from 1-31m deﬁreased the maximum
valve beat f%bm over 1900 to 66 Seats/minute.
- 3 .

6.2.6- Increase of V  (m/sec).

A test was made toc see the direct @ffect of Jncreased Vg
on pump operation.V, was increased from 6.36‘ m/sec to 0.60
m/sec.Peak power doubled and.peak pump effici#ncy waé almest
halved partiéularly for high delivery fldwg;és indicated on
figure 74 .Figure Tg shows the effect of increased Vo on

pumped flow.Cycle duration(T) was almost tripled as V, dou-

bled.

——
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DISCUSSION-AND CONCLUSIONS

b ) t

7.1 DISCUSSION

7.1.1 Test results for individual hydrams for variable H

7.1.1.1 Pump efficiency. _
| Generally speaking increasing the sﬁpply head increased
the pump efficiency,particularly ét' low aelivery heaas (i.e
| high‘delivery flows). Peak efficienﬁy values increased by
about 10-20% when sﬁpply head was doubied.The increase was
due to increased delivery flows (Q) and'd;livery héads which
accompany the increése ?qfsupply heads;The wasted flows {(Qw)
did not increase much due:to the r?ducgd acce;eratibn pericod
since velocities in the drive pipgfwere also ipéreased.
The efficiency curves startedf from zero;wéqt- through a
peak and thgn £ell continuously.This was more evidéht in the
hydrams whose waste valve weights (or tension) aré{pigﬁ like
lthe fBlake and Rife hfdrams.Eor hydrams . .with liéhﬁ waste
valves like the Fleming and Davey, the efficiéncy;cufves did
not;fall j}adually ‘but remained high and then fell Sbrupt-'

ly.The falling limE was,héwever,diﬁficult to obéervé in

. these measurements.
) N A ~ . .‘-\
Efficiency was higher in:. the hydrams with light waste

valves like the Fleming compared to those with heavy oneé

_’77..
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like the Rife and the Blake.This was\ probably due to’the
F"J B 'V »

fast waste valve closure so that Q, was'\small ando_Q was of
o ! . ' \\ '

the same'ordet of magnitude.This resulted-in high efficien-

\

cies.The head at which the highest efficienty was obtaihed‘

was variable for each hydram.This value appeared to be re-

lated to the we1ght or spring tension of the: waste valve The

' efficiency of the hydram is a funct1on of waste\‘valve de-

sigq valve weight,valve. étroke and the supply and\delivery
heads.Therefore, eff1c1ent operatlng conditions can \enly be

obtained experimentally by adjustlng‘valve weight and etroke

{

)

: For a hydram already operating with maximum 'dgjjcién-

P

for any given hydram design and installiation. "

cY.,increasing valve stroke- or weight will reduce its effi=

ciency.Thié.is mainly due to increased Qu.In well-designed'v

hydrams like the Davey,the difference is minimal (Fig.36).

7.1.1.2 | Pumping capacity ef the hydramsf

Delivery flow generally decreased with the 1increase in
de}ivery‘head.The amount pumped by the various hydrams oper-
ating with highest efficiency was directly breportional to
the supply head." |

Delivery heads to which ‘the pump could.pump increased
with supply head.For hiéher'supply heads, the pump will de-
liver the same Qquantity of water to a . highertdelivéry head

than for a lower supply head. The increase is not proportlon—

al to the supply head 1ncrease



/

. 78
The maximum delivery head the pump reached (hthj' in- -
creased with the supply head,valve weight- and /or valve

stroke.The minimum head (h_; ) at which the pump could still

‘operate appeared to be of the s?me order of magnitude irre-

spective of valve weight (or tension) and valve si?e. . The

Fleming hydram,however, had very hfgh ﬁmin values; and these

increased with the increase in suppig hééa\}Fig.l7).This may

be 3u¢ to the check valve between fhe.wagte valve and. the

Eir chamber wﬁich required a minimum bé;k-preséure to keep

it closed during recoil,father-thagfﬁhe Qeight or,si;g and
_ p | .

stroke ‘of the waste valve,

¥ )
,f?7.1.1.3 Head ratio-flow ratio curves.

*" The best pumping rates were obtained with head ratjos be-

" low 6.0 for most of the hydrams(table 6).

. The Fleming and the Blake hydrams did not operate for

head ratios below 2.The Blake could still "pump about 1.0 1/

minute at a‘jhead ratio of 10.In general the flqy ratio in-

creased but did not double when the éupply head was doubled.
It was n;ti;ed that at high head  ratios,the flow ratios

for H=1.0 mand H = 2.0 were about the,‘same‘for most hy-

drams,except for the Blake and Rife hydrams.This was proba-

_blyﬁdue to the fact that at high deliverf heads the delivery

A

~head had more effect on the operation of the hydram.The

discharge was greatly reduced due to the high delivery pres¥

sures which had a retarding effect.The recoil effects were
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‘TABLE 6

-

Head ratio and flow ratio variation for various. hydrams.
. . ’ . &+ !

o

" — — o —— b - S o e} T A e . T ——— ——— T oy . — —— e — ——- = —— ————— - ——— — =

e e e A g — T —— L ot = — —————— —————— A — —— ————— . - —— e T T . S . b - ——

T -- - 0.016 0.32 '0.56 0.80 0.31 '0.57  --
2 - -- 0.125 0.23 o%%o 0.40 0.18 0.23 - |
_ / N bt
6 0.11 0.14 . 0.06 0.10 0.10 0.12 0.06 0.08 -0.050
8 0.075 0.11 0.04 0.08 0.08 0.09 0.04 0.05 0.041
' 10 0.06 0.07 0.03 0.06 0.06 0.06 0.025 0.03 0.032
©© 12 0.045 0.055° 0.03 0.04 -0.05 0.05 0.02 0.025 0.028

e e - A - . Ak s = o T —— ———— " ! " = . —— —— o a—t ——

also more pronounced.The effect of the supply .head was thus

reduced,

’ *& For low delivery heads and head ratios below 6.0,the flow

ratios for supply hea f1 mand 2 m were significantly

different.This was trde the same hydram and for different
hydrams;Therefore any/ empirical formulations based on head
ratio and flow ratio may only be applicable for head ratios
over 6 or preferably 8 and only for_hydréms of similér or
comparable waste valve designs.  Waste 'Qal;é weiéht or

- spring ension‘should,preferably,be about the séme.There is.




:qﬁginimum sepply_head needed ‘f;r the hydraﬁ te operate.It"
fée'found.that the Blake hydram 'coeld not operete et.supply
‘heads below 1.5 m,. o B : T | .

4
I ; ’
. .

.i?b\ Valve beat.ffequeney'and cycle duration.

For e}}\hydrams doubling the 'supply head(H) ddubled.ﬁhe
valVe beat frequency fer medium high and ‘lqw delivery
heads.This was due fo the high velocities in the drive pipe
that resulted when H increased. Since Vh”was'still the same
and was obtained}in the hydram more often with increased
supply head,the waste valve was now clbsing_-more rapidly.
"Cycle durationf.decreased ae tﬁe .supply head increased for

- : S
the same reason. " : , ,

7.1.1.5 The effect of waste valve design and adjustment on
hydram operation,

The effect' of valve stroke length 6n hydram performance~'“
was difficult to detect and interﬁre; for well-designed com-
mercial hydrams. This was particularly so for efficiency as
seen in figure 36,for the‘mDevey'hydram.Similar results were
.obtained with the Rife hydram.l“

- Normally short valve strokes give'higher pump efficiency
due to fast waste valve closure and less-wasted flow (Q ).In
the Davey hydram this rule was not true, probably due to the
shape of the waste valve aed its orifice (Fig. 4 ).Figure 39

shows that the valve .characteristics were almost constant

" for stroke-lengths greater than 8 mm.The Fleming hydram op¥
. \
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erated with a stroké length-of 10 mm yhich " was much.lqnger
than for the other'ﬁyérams and yet'haéﬁtﬁe max ifum éfficieﬁ-
cy.The ifé'hydram gavé best efficiencies with a stroke

F

length of 4 mm, _ B _ _

‘Increased stroke length incféEEEé/;;livery flgw as seen-
in figure 37 for the bavey ﬁydram.This was likely due to the
reduced friction loss in the waste valve and higher veloci-
ties in the drive{pipe.All these reéultéd in pumping more
flow and to highef delivery heads by the "hydram.The waste
valve took longer to close ésvvo,the velocity required to

start waste valve closure,increased with valve stroke

length.Therefore,Qy ingrgased as waste wvalve stroke -in-

' creased.As a result,the flow ratio rémaiﬁéd almost the same

and the - head ratiojflow ratio curve remained the same for;
all valve stroke settings (Fig.38).Since it was noticed that
increasing valve stfoke or valve weight had almost a similar
effect on the hydram operation,the head ratio-flow ratio
curve is exéected to remain thé same for ‘incpeased valve
weight.This was observed in the locally made hydram. |

Valve beat‘frequenCy was low at very high delivery heads
and increased to a peak and then fell continuously.The num-
ber of‘vélve.beats per minuté was higher in the ﬁydr;ms with
light waste valves like the fleming.Valve beat frequenéy was
therefore a fﬁhction' of the waété‘_ Qalve‘
weight,stroke,size(diameter)'and its desﬁén shape.The 5ésign
of the waste valve has a'contrq}lfﬁg effect on the operation

.

of the hydram. g

" -
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7.1.2 Design modifications of the locally-made hydram

7.1.2.1 —-Deliver§.valneodesigd. -

The &eliﬁeryﬂ valve design affected the:‘pump" 6§éfa:'
‘tion,particularly the pump efficiehcy,valve -beat frequency
and capacity (Fig. 40-42) .When -the rubber on the perforated
delivery valve plate was thln it was greatly affected by the
back pressure from the dellvery p1pe and air chamber during
rec01l The rubber tended to get sucied into the perforatlons

thus 1ncrea51hg the frlctlon head loss through the\valve The

effect was most obv1ous at high delivery heads. As the deliv-

ery head reduced,the recoil effects and back pressure were
minimal ano the pump operated normally.When the rubber'
thlckness was increased greatly,lts res1stance to the deliv-
ery flow became great and the pump could not work,

'Except for vwvery thrck rubbers greater’than' 10 mm,which
'Bave very high friction head 1losses,the pumping capacity of
the hydram was not much affected. Thln rubbers weaken very .
fast be1ng cut by’ the perforated plate Therefore a reason-
‘abl7/th1ckness is needed that will not affect pump‘bperatlon
and/ last longer. Alternatlvely,the perforatlons should be
enlarged if a thlcker' rubber valve is to be used.It
is,therefore, con51dered that»it. is the. resistance to the

flow and friction loss through the valve that affect the hy-'r'

°dram operation when thicker rubbers are used.

8
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7.1.2.2 ¢ Waste valve diameter aﬁd opening.

| The-tEsts.on'the effect ‘of waste valve orifice iﬁaicatea
_#hqp'iE 'had very liftle‘effect. on pump efficiency and the
" general qpéfating Ehggédtéfiétfééfdf"éhe hydram (figures 44
L.na 45).-'Ihcreasiﬁ§.£he orifice by about 40% did not affect
:;ﬁmp_characteristics. '

| Tabie'l shows‘that there was a change in the‘?alve char-
acteristics including-RS and V .However,tﬁeir ovefalfleffect
on the flow pumped and- wasted was. not significant.Probably
 the meésuringftechniques used were not precisé enopgplto dé_

tect the changes.

R

The results indicated thaﬁ the area through the waste . -

valve being smaller than théJdrive pipe area (D = 0,351 m)

had little effect on the hydram.The }choking" effect on the
' \

flow.due to this area being smaller than the area of the

drive pipe,pointed out by Bergeron [7],was not observed in.

the experiment.

: Infanother test,the orifice aiameter of 3.0 cms was used

and the waste valve diameter changed.Thé pump. worked proper;.

!

ly fdr waste valve diameters of 3.9 cms and. 4.6 cms and 5.0

cms.There was very little change 1in hydrém efficiency and

pumping capacity except for the waste valve diameter of 5.0 -

‘cms.There were noticeable differences in the valve beat fre-
‘quency particularly for ther5.0 cms diameter valve. The 5.0
diameté; valve did not work properly because it was almost

. ) i . .
the same size as the wasté wvalve 'pot' or ‘'housing' which

th
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‘had a diameter of 0.8 cms.Therefore,the increased friction
losses and. the reduced Vv, value limlted'the flow velocities
in the drive pipe and made the valve ¢lose ‘faeter Table 1
'shows how V, was greatly reduced and flgure 47 shows the in-
crease in valve beat frequency Therefore for good hydram op-'
eration,the valve d1ameter should not exceed 70-75% of the
valve pot"or 'hou$1ng for the locallx-made hydramq.-'
.
7.1.2.3 ‘Waste valve'stroke length. L | I
In a’non—commercial hydram,like= ‘the ITDGtchanging thei
valve strote | affected oump ‘\oberatlon significant?
ly,partiCularly pump efficiency.Figure'lg showe that pump
efficiency decreased,and pumped flow. increased? with in-
creaséd stroke length The test results 1nd1gated ‘that for
Stroke-lengths longér than 4 mm efficiency of the pump was
more stable Increa51ng the valve stroke length had lesq;ef-
fect on pump eff1c1ency for stroke lengtns greater: than, 4
mm.For stroke lengths less than 4 mm,lnéreaeing valve‘stroke
had a bigger influence on hydram efficiencv With a stroke
length of 1.0 mm,the pump had very hlgh efflc1ency but oper-
ated w1th1n small llﬁlts and its pumping cagac1ty and power
were very small
Increa51ng valve stroke 'lncreased'pumped flow, However as
with the Davey hydram the increased pumped flow and dellveryl
.head were counterbalanced by 1ncreased Q, so thabgthe head

‘ratio-flow ratio character1st1c was almost unchanged (fiqg.

50) . K - t-,. _//{;
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. {
a o . wh . . . - .
Figure'Sl shows that the pump power increased /with~the

W

1ncreaserof waste ﬁalve stroke “length.The figure also,shows

'that‘the _effeet oﬂtlgcrea51ng stroke length on pump power

das gredter for: stroke lengths below 4 mm. - For’ stroke
e ' R
lengths greater than 4 mm, the effect was less Sarticularly

on the peak-power Wlth i stroke length ofﬁ$ mm'the pump pow-

er was very small. Therefore as p01nted cut bxg the earller

o N

researchers like. Krol- [32], efflclency should not be the only
: operatlng crlterlon on - Wthh the pump de51gn “and 1nstalla-

tr#h is based The pumplng capac1ty of the pump is also im-

. ', ~ .
portant- ' vt B . ) ot . '

S

%.1.2.4  Waste Valve,K weight or springftens{on,- -

* _ Increasing the valve weight reduced pump . efficiency‘ano
- g M [ . -

increased_the pumoing capacity of the pump as given in fig—’

ures 53 -and 54.This was due to the increqsed'vo value so

that higherlvelocities were obtained in the driae pipe and
E

the resultant higher waterhammer pressdres that occurred 'in

the hydram.The effect was similar to increasing vailve stroke ©

!

\\-».

length However, the reSults indicated that inoreesing valvet

stroke gives better pump operatlon and higher pumped E/pws

than 1ncrea51ng valve welght.

7.1.2.5 Air chamber size. ‘ @
_ Tesés with the‘air chamber "size showed that the air cham-

ber volume - had no significnat effect on the hydram opera-

;

1

-
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and large-air volumes in the air chamber may be pecess
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tion.With air chamber lené\H of 0.3 m to l 3 ‘m and 50 8mm

t1n dlamete; the pump efflcie cy and dellvery flow - were the

same. Flgure 55 1nd1cates: tha the hydram oﬂe_at1on was not

altered by 1ncrea51ng the ai chamber volume. Probably .at

Vhlgher Ssupply heads it ‘may make a dlfference but at ;fe test

supply head of 2.0 m,the effect was not notlceable.
reported a 10% increase in efficféncy wvhen the air chamber

size was doubled.If this were true, then hydrams with big

npl[BZl.

air chambers like the Blake (about-?.s'litres'_air chamber

volume ) wo%ld.give ﬂighe: efficieﬁcies., It is probable that -

> . —

if supply "heads are large,waterhammer pressures are

k] <

.absorb the surges.This would necessitate larger air cham-

bers.At low supply heads,smaller air chambe;s can be used

with no or little effect on the hydram operat jon.

kS
- v

7.1.2.6 Air (snifter) valve size, '

Another aspect ofiﬁﬁe h&dram design that was invesdtigated.

was the size of #he air
ments‘that' the size ;;.the snifterl valve was not criti-
cal.Only when the hole became so large that significant aﬁ-
eunte of water pumped byi the hydram were escaping through
the ait valve did the effect hec%me,not;ceable.Figure,i56

shows that the change in h&dram efficiency was. less than

Valve.It was found from the experi-

5%.The effect on pumped flow was not significant (flgure'_

57) .The noticeable effect on eff1C1ency fas ‘probably-due to

-

-\
’
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increased Qs wﬁile Q Temained almost the same.Therefore,for
practical purpqses a small- hole not éxceed{nﬁzi.o mm and
{ LT

with no nails or cotter piné is sufficieng.The “tests also

"

: ’ ..
indicated that the effect of the air valve size did not de- .
» pend on air chamber Size for the sizes tested. TN
. L L | _ .

o ' . ) o
7.1.3 Operating characteristics éi different hydrams.‘

The obefa;dng characﬁefigtics of lsix‘hydféms includiﬁg
the two versions of the.lézally—made hydram were compafed at
a supply -head of‘about‘z m. ANSUpply ﬁead of 2 m was consid-

! ered a medium supply head which- can easily be obtained in'

g

the field with a simple small dam,

7.1.3.1 Hdmp efficiency.:

'The{mgximum efficiencies with which the hydqéms opérated.
- varieé greatly as seen in figure 59.Hydrams with. light waste
| valves géve higher efficienciesﬂThg Fleﬁiﬂg hydrdm gaQé.very
\-bf} Pigh efficiencies but its pumping capacity was‘mych smaller
a ;han thé others.Hydram efficiency,therefore,depends on
weight of the waste valvé,frictionlhéad. loss fhrough the
) valvéé and the ‘geﬁeraL désign of the _waste and delivery
.valves:The‘effégm ‘of.vglvé stroke length on efficiency is

L -secondary infé well—désigneﬁ hydram.

In this expefiment,the Blake éabe the lowest efficien-
,cies.This was possibly duelfo'the fact that the éupply head‘
was not sufficient and it -would operate better under higher
supply headé;This is also pdégibly'true fbr\izﬁ Rife hya}ém:f



+7.1.3.2 Pumpzng capac1ty

i

well‘

Compar1ng the pumplng capacity of hydrams  operating at

their maximum efficiency,the hydrams with large heavy waste

valves, - large air chambere like the Blake and Rife hydrams

pumped larger guantities 'particularly at higher delivery
. - . , a’ "

heads.The simpler locally-made hydrams did not perform as

e

The pumping capac1ty of a hydram,however,does not depend

on waste valve welght alone The Davey and modified ITDG and
Flemlng hydrams have l1gher_waste valves than the original
ITDG hydram and yet gave better results.Figure 60 shows that

with heavy rugged commercial hydrams like the Blake the flow

'pumped exceeded 3 times that of the locally—made hydram with

spring-type waste valve. At high delivery heads the small
hydraﬁs_have’ﬁcompafahle pumping capacity.The Blake hydram
could not operate at head ratios below 4.The Fleming, also,

had a’limited operating range between the head ratios of 2.5

~and 10.0.The 3umping capacities could be increased 1f the

pumps operated with lower eff1c1ences This would be achleved

by changlng the waste valve welght(or sprlng tension) and/or

stroke length.

For efficient hydram operation,the pumping capacity of

‘the hydram does not depend on valve weight or stroke alone

but on many factors related to the design of waste valve and

its 'housing'.These factors are very difficult to single

out.Since hydrams with large ‘air chambers gaée high flows at
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higher delivery heads,it is possible the air. chamber size-
was partly responsible.In the exper1ment eith the air cham-
ber of ‘the locally-made hydram,no effect of air chamber size
was detected This was possibly due to the fact that the vo-
lumes of 0.3-0. 45 lltres 1nvest1gated were too close to glve
dlfferent results.These air chamber volumes were very small
compared to 7.6 litres for the Blake,about 6 litres for ‘the

Rife and about 3 litres for the Davey hydrams,

7.1.3.3 Head ratio-flow ratio curves.
While the flow ratiorhead ratio relationship is suitable

for describing the operating characteristics of a hy-

dram,applying it for comparison of several hydrams can. lead

to wrongtsonclusions. . From figure 61,it appears thet the
Fleming is a better pump than the Blake or the'Rife.fhis is
because these hydrams require different amounts of supply
and wasted flow (Qg).The Fleming uses about one third of
Qhat the Blake uses.For pumps which use drive,ﬁlow of the
same order of magnitude like the Davey and the improved ITDG
hyd;ams, the curves were almost similar. )

The eurves,hOwever,ere useful for the compafisoﬁ iof the -
limiting conditions under which the various_ﬁydrams will op-
erate.Secondly,where the supply flow is limited,the curves
indicate which hydram{s) would be suitable for the planned
installatioanigufe 6é shows the waste flow regquirements for

the various hydrams tested.



Pumplng power is related

}ﬁa oy ping capacity.The hydrams
which pump more flow to h1ghfff eads/alike the Blake will

give higher power .as shown in figure 63.

7.1.3.4  Waste valve design and pump adﬂustment (tuning).

The comparison oqiéégfifinaxbupﬂeg showed tnet the-origi-_
nal ITDG hydram was oﬁeneting goorly*ando the improved ver-
sion had operat:ng characteristics similar and comparable to
the smal% commerc;al hydramsTThe improvement was due to im-
proved general design of the waste valve,the delivery valve
and‘smooth qwaste valve movement.Adjustments were easier to
. .do than with the spring impulse valve.Therefore,unless heav¥
y-duty springe of good quality are used,weighted impulse
valves operate better and smoothly. Weighted impulse valves
.are easier to adjust and can last longer while cheap spring
valves fail soon.This was exoerlenced in the  course of the
experiments.

7.1.4 Testing the theoretical models aga1nst the observed
) data.. ' }
¥

The results indicated that the model predictions were

-

good taking into account any hydram de51gn differenaes and
hydram adjustments llke\changlng stroke length Therefore the

. models can be considered to be of general applicability.
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7.1.4.1 ‘ Estlmatlon of pump efficiency. _
In general the model by Krol is more powerful and accu-
rate than the other ¢two s1mpler models.This ié because
Krol's model includes the details of the retardation and
dzscharge perlods including the effects of reco;l'.The oth- 

4 :
er models are slmpler approximations and not as detailed.In

~.all cases tested the Ottawa model gave ‘better prediction re-

sults for efficiency than the other two.lversen's model is
tctally unrelated to the obServea gfficiency curve and did
n?t even indicate " the trend.This is because the model does
not” consider the waterhammeé effects so that lthe discharge

velocities were overestimated. ' As a result the discharge

“ flow was overestimated particularly for the high delivery'

heads‘Krol 5 model reaches peak efficiency fast and ‘goes'

down fast.As far as efficiency prediction was concerned, the

. Pl Lo
Ottawa model gave the best results.

7.1.4.2 " Estimation of pumped or delivery‘flow.

qu;;s'modei gave very good estimates of the pumped flow

'and Iversen's model highly overestimated the flow.The Ottawa

model wﬁs close but understimated the flow for medium to

Mhigh delivery he%ds.Again Iversen's model neglects waterham- -

mer effects and assumes acceleration velocities are equal to’

the -discharge velocztles which is not correct It is p0551—

" ble thatswhen the detalls of retardatlon and recotil are not

included in the analysis,the drive or wasted flow is overes-
N |
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timated.The.energy available for’pumpihg during subsequent
periods is also ﬁnderéétémated aﬁd therefore the Ottawa mo-
del underestimated the pumped flow.The 6££awa model with a
maximum error of less than 40% isxaccurdyé enough to pfedict.
general trends.Iversen's’model also gave a gooa eétimate of
the trend but -had a much:bigger:error in the ‘estimation of
thelactuai values.It is,however,not cléaf why Krol's hodélf
“which predicted pumped flow ve y"accﬁrately,failed‘ tb‘give

good efficiency estimates.

S 7.1.4.3 Pump power,

The third most important characteristiq was the bump pow-—
ef.Krgl‘s model gave good results wi;h-less than 30% error
for all tests.The Ottawa model was seéond best wifh a maxi-
mum error less than 40% for the the hydrams used in fhe
test.Iversen's model grossly overestimated the éuhp poﬁer
for delivery headé.greater than 5m.This is_again related to
the errors. in overestimating the delivery flow and cycle
time (T) by the simpler modeis like Ivefsenfs'and the Ottawa
models.The Ottawa modeI‘éidfhowever,p;edict‘the trend fairly
weli.The error increased Qith increase " in delﬁVefy head for
all models but at different rates.
7.1.4.4 Cjcle duration and valge\beat.fréquency.

Cycle time (T) and valve beat frequency (VB) are»inte}re—

lated.Krol's model performed very well with a maximum error
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1essithan.16%.1versen's mbdel and the Ottawa model had much

ﬁlargéf errors.This was due to neglecting the details of re-

tardation and recoil ,particularly at high délivgry heads.Ip,'

]

- was observed that the cycle duration decreased very fast as
"the'delivery head increase@;ln_the experiméntal data,the de-
crease in T waé gradual and Small.ht high deLﬁve%y Eggd57//

" the pumping period is shorter,acceleratio

. /..
n time —mdy change
and the time for the pressurehwaves to d%é/ggz//;ay be lon-

ger.Also,due to largé pressure head differences at both ends

of the drive pipe im@gdfégély‘ after the discharge wvalve
T .

closes{there Q;yxﬁé’more energy available for pumping during

the subsequent periods that is ignored' in the simpler.mo-

" dels.Krol's model considers the negative velocities 1in the-

.drive pipe during recoil and time for velocities to become

positive again,so that it indirectly takes into account the
energy changes in the hydram installation.As a result,the

simpler models gfeétly underestimate the duré%jon_of the cy-

cle and consequently overestimate the valve beat freguency.

-

7.1.4.5 'Summary.

Since,for a given installation,the major paraméeters re-

quiredaaré pumped flow (Q) efficiency (e) and possibly pump
power (P),the simpler Ottawa model should suffice.Thé tests
also confirmed what earlier researchers had obsérded; with
the parameters like V,, M, ﬁ and CD determined ‘experimental-

ly,the operation of the hydram could be estimated with rea-

sonable accuracy.

-

o

o
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"It - was also '§een Ithat when Vp ~ was increased, the
effiquHC?///;;::;;eed '%nd the estimation error . in;'
\ -f//E;eased.However,bette;‘ estimates of Q,T end’ VB were ob-
//////// teined;The velocity ratio (Vy/Vy) | Qae usually about O.S;If
friction losses in ﬁhe‘drive pipe are neglected and the max-
imum theo;eti;al“veloeity given by equation(4) 1is uéed,the
velociey.fatio will be much less than O.l.The'eelocity rat-
ios of 0.2-0.4 given _by." Bergeron[ﬁ] cannot be ob-
.tained,except-possibly fer larger‘hydfaﬁs wiﬁh heavy waste

valves and long valve strokes.

7.1.5 Using the Ottawa model for hydram and 1nstallat10n
design.

.7.1.5.1 The effect of Vi, on hydram performance.

The tests 1nd1cated that Vo had a big effect on pump op-
eration,because it affected the guantities of waste flgw‘
(Q,) puﬁped flow (Q) and delivery head (h) that the pump

N e0uld deveiqb.Therefore,Vo ‘is the main factor cont;elling
hydram 'opegation.vo is a function of waste valve de-
sign,stroke and weight for a given hyaram installation.
7.1.5.2 belivery valve design.

The tests indicated that with small head loss thfough_the

"deliverf valve,the delivery valve had little effect on hy-

’dram operation.With increased friction " losses through,‘the'
valve, the p%mped flow was reduced and pump efficiency de-

creased,particularly,for low delivery heads.At low delivery
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heads the effect of back pressure from'ﬁhé déiivery pipe and
air chamber is low and the effect of the delivery valve do-
minates the pump operation.Therefore high head loéses,in.the
delivery valve should be avoided. N
. 7.1.5.3 - Effect of waste valve design.

Thé.friction head loss factbr(RS) Qf‘tﬂe waste valve had
a big effect on hydram épefation{Thé- héaa loss affected
g ,which rgduce@ as RS increased.Thus efficiency tended to
increase while power and pumped flow Qecreased.ThereforeJ
high friction head 1losses in.the waste " valve design should

be avoided,This  is possible by good prdpoftioning of the

iwastervalve orifice and valve diametjr in relation to the
‘size of Ehe'}housing'.The hyd&g@\iﬁgﬁig also be designed

. ﬁyith smooth passages for the flowing water.High friction

_jiOSSes in the driﬁe-pipe " should be avoided.Tesgsr with the

loially—made.hydram showed ’there was a yider fange»of'waste
valve orifice and diaﬁeter sizesfthat can be used in combi-
.nation without affecting the operation of the pump.

7.1.5.4 ' The effect of increased supply head.

Increasing supply head 1increased pumped flow and pdw-
er.Valve' beat frequenéy increased and cyclelduratibn- de-
_creased.Generally;the effect of increasing H,was to increase
velocities in the drive.pipe.Thus,Vﬁ was attained much fast-

er and more fréguently at the increased H' values.This re-
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sulted in‘faét'cloéihg of the w&ste vélve,ﬁn ess its weight
or stroke vere increased‘accordingly,The‘fast closure of the
waste valve reduced Qw and 1ncreased Q and h s0 that pgak
efficiency also 1ncreased The dellvery flow at which peak
efflc1ency was reached 1ncreased with the- increase of supply
head(H). The increased velocutles in the drive pipe in-
creased the pumping capac1ty of - the hydfam and the pumped
fiow(Q)increased. | - -

L | - _. ' . .

7.1.5.5 The effects of increased drive pipe length.

Increaséd Igngth of the drive pipe reduced geak pover and"
pumpedﬁflow by a maximum of 40% in each case for the tested
range.The maiﬁ .féctoriwas'the increase of friction losses
with the incréaesd drive pipe 1engﬁh(L).There was very lit-
tle effect on pump efficiency mainly bécaqsé a fairly smooth
dfiQe pipe was assumedvin the test and the length{L) of 91 m
did not affect the flow velocity _sighificantly.This
length,however,with an L/D ratio of over 2800' was outside
the limits giveh by Calvert [12] and significantly different
‘results were expected.A velocity ratio of 0.60 was'assumed

based on model test results.The length of the drlve pipe

(L)is not included in the expfessions for flow ratio ﬁQ/Qw
and, therefore,has no direct effect on thé pump efficiency.
With a drive pipe iéngth of. 1.0m,the valve beat freqdency
was very high and the cycle duration very short averagin%

0.03¢ seconds.Pumped - flow was,however,little affect-
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.

ed.However,this is not a physically’ realistic situation.No

valve could vibrate at this high frequency due to its iner-

tia.Therefore the pump wouldn't work at this condition even .

though the theoretical model says it could.

" In the equations . for acqelerafion and discharge times
(tt)and(t,),dfivé pipe length(L)is directly included.?hé
'length’(L)is,also,dire;tly- uséd‘in “the expreésiéns rforkt
-and t .As a rgsult LlHas a significant influence on the du-

ration of the cycle (T) and therefore on valve beat ‘fregquen-
" a

cy.However,since the model was-alreédy known to underesti-

mate cycle ;time '(T),and all the expressioﬁs fqr time
durations (t) are direct multiples of L,the model can only
give trends rather than exéct values of the effect of the
drive pipe length on hydram dperation.ThiSﬂis’maiply for the

effect on cycle duration and valve beat frequency.



7.2 COJCLUSIONS.‘ o e

The

lows:-

1,

. the hydram.There is a wide range of waste valve orif-

&

89

cénclusions from this study.can be summarized as fol-

!
¢ . . ‘
A good :LSigq of the waste valve-is essential for ef- . /

[

ficient hydram operation.High friction losses‘thto gh

the waste valve are undesirable.

Depending on the design of the wasté vaive asseﬁbly,a
hxd:ém;will operate with maximum efficiency. even with
long stroke lengths: Incrgasing'.waéte valve,;troke
length has the same effect as incre;sing i;s-
weigﬁt.Inéreasing stroke iength,however,gives.betﬁer
and shoother hydram operation and higher delivery ‘
flows compared to increasing the valQeTQeight.

The flow area through the waste valve can- be much

smaller than the area of the drive pipe with no sig-

nificant effect on the operating charactéristics of

i : : . . o
ice and valve diameters and their - combinations with !
" : I

which the hydram will operate normally. A ) /
’ 4

Vo,tﬁe velocity to initiate_ waste valve closure,is

the most important parameter in hydram operation:This
; N J '

- value is genegaliy a function of waste  valve design

and adjustment.Other résearthers [37] reached the

&

ciency. but .increases Its pumping capacity and power

& '
same lconclusion.lncreasing V, - reduces hydram effi-

4+

¢ -

delivered.
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The delivery valve should be well agsigqed‘with'mini-

‘mum . friction head losses and resistance to the

‘ffbw.The'grade‘and hardness of the rubber used should
be able to withstand the back pressure from the de-
ljvery pipe and air chamber. . |
Ihcféase in hydram capacity,and ovalve begt freQdency
is proportional to increase in the supply head.

For a. given ﬁédram deﬁigd,the head ratio-flow ratio
characterigtic curve describes the hydram.bperation

for the given installation and is not affecfed by

changes in .the valve sfroNe ‘length or weight.It is

not suitable for comparison of different-hydrams ex-
Eept‘if,their drive flow ‘reguirements are comparable

_or about the same.Better hydram operation is obtained

with head ratios between 4 and 8.The curves can be

used to seleck-suitable hydrams for installations in

which, the waterlpou;ce is limited.

Different hydrams. of the same size,operating with

which are proportional to the total supply flow re-

<

guirements .of the;hﬁdrams.A well desigred 'locéily-

“h

_méximum efficiency, have different pumping capaE{éies.

made ﬁydram has comparable operating charécteristics_

~.as the commercial hydrams of the same general size.

The size of the air chamber has no significant effect

Doﬁ. hydram - operation particularly at small supply

“~

heads.

.

4
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11,

12,

13.

- uggf1

The size of the air valve is not critical in hy-

drameié simple small-sized (< 1 mm) hole is suffi- |

}c1ent. .

-

With parameters estimated under -‘steady flow -cond-

tions thecretical models can be used to predict hy-

-

dram 4operat10n w1th reasonab!e accuracy The models

(f‘l—

can also be used in the 1nvestlgat10n of hydram.de-

sign and installations.

s

Neglecting waterhammer effects in the theoretical mo-

dels "grossly reduces their .accuracy and capabili-

ties.Neglecting the details of recoil and retardation

in the theoretlcal analyses has the greatest effect

..on the underest1mat1@n of the pumplng cycle duration

and the overestimation of .the valve beat frequency.

The Ottawa model glves a better estlmatlon of results

than the Iversen model It is, therefore an 1mprovement

i

on Iversen s model and is S1mpler to. understand and

operate than Krol's model,

e
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7:3 _ECOMMENDATIQNS FOR FURTHE ORK . o v/ : ‘

‘_trles This would 1nc1ude--'

Further studles should 1nvestlgate the hydram 5 operatlng‘.
‘limitations,test the durabllmty of the locally made hydrams

and popularlze‘thelr use,partlcularly,ln developlng coun~

- o

[

1. Durablllty studies 1n the field for the locally-made
i - hydrams. | .

A
.

g .
2. Testing hydrams with larger waste valves to establish

the upper practical size -limits for efficient hydfgm
Vpperation.. 3 |
" 3. Testing the hydramslunder different operating condi-
lions,partiéularly, higher supply heads and different
.waste'valée_ﬁizes to establish limiting conditions.
4. Test the ‘Ottawa and -KrolﬁmbdeIS' for the operating
conditignsﬁﬁn (2) and®(3) ~ to establish the limita-
- tions of thé models. Also verlfy the results'obtained
by the models on the effects of 1ncreased supply head
| and drlve pipe length. -
5. Further tests on the effect of the air chamber size
| with significantly larger pipes,in relation to drive

pipe lenath and supply head.

pNIY
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F16:73 EFFECT OF DRIVE PIPE LENGTH ON PUMP CAPACITY
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A A a A 0 60 a6 a0 a0 o0 o0 o060 o0 o0 o0o0ao0-0o0

Appeddlx B '
COMPUTER pROGhAM LISTING. -

*********************************************************

*

THEORETICAL MODELS FOR HYDRAM OPERATION

* USES MODELS BY KROL IGER%?N AND KAHANGIRE (OTTAWA)

*

*

* .

*

COMPARES AND PLOTS THE OBSERVED AND COMPUTED RESULTS *

OTTAWA 1983

*

*********************************************************

H
L
M
N
DL

PT

S

HD

WT

HVD

AV
DRAG
VO

AREA

GAMA

- SUPPLY HEAD'(M) ' S

- DRIVE PIPE LENGTH (M) .

- FRICTIONAL HEAD LOSS- FACTOR DURING A%FELERATION

- TOTAL HEAD LOSS FACTOR.DURING DISCHARGE.

- DIAMETER OF THE DRIVE PIPE (M)L

- THICKNESS OF THE DRIVE PIPE (M)

- STROKE LENGTH OF THE WASTE VALVE (M) .

- DELIVERY HEAD (M).

- WEIGHT OF WASTE VALVE (N).

- FRICTION FACTOR OF THE DELIVERY VALVE ALONE.
-.CROSS—SECTIONAL;AﬁE% OF THE WASTE VALVE (M 2 ).
- DRAG COEFFICIENT OF THE WASTE VALVE.

- VELOCITY TO START VALVE CLOSURE (M/SEC.).

~ CﬁOSS*SECTIONAL AREA OF THE . DRIVE PiPE (M.2) )
- ACCELERATION DUE'TOiGRAVITY (M/SEC/SEC) .

- SPECIFIC WEIGHT OF WATER =9810 (N/M ® ).

¢

- 176 -
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E ~ BULK MODULUS [OF ELASTICITY OF PIPE MATERIAL
K - BULK MODULUS'OF ELASTICITY OF WATER

. [ H
KC - COMPOSITE. MODULUS OF ELASTICITY dF WATER AND PIPE
MATERIAL . -

| C - WAVE CELERITY (M/SEC.).

RHO - DENSITY OF WATER (KGS/M * ).

[g] ‘OOOO(‘)'O‘

—

-

C**************'l:*******************************'*****************'**

- C READ IN THE PARAMETERS

C===ﬂ======l==================================8=-======-=ﬂﬂ========

REAL TITLE(80)

_REAL M,N,L,K,KC
READ(5,1) H,L,DL,PT,AREA
READ(S,2) AV,S '

*  READ{5,3) VO,DRAG,M,N,HVD

RHO =1000.0

G =9.81

E =190000000000.0
K =2170000000.0
GAMA =9810.0

ICODE =1

c -—== IF ICODE =1 RESULTS ARE PRINTED AND PLOTTED.

c ---= IF ICODE >1 RESULTS ARE NOT PLOTTED.

O = oo T o e e o m o m o m
C CALL THE SUBROUTINE TO READ THE OBSERVED DATA
c;===================================================?========
‘ CALL OBSVD(H, ICODE) S : ‘, (

| - N

N ~



c | : ; Y

" C CONVERT DATA TO IMPERIAL UNITS FOR KROL MODEL

C******.*********‘*********_***************************:k**ﬁ******

HK =H*3.28
SK =5 *3.28%12.0

- DLK =DL *3.28
WTK =WT *2,12
AREAK =AREA *10.76
XLK =L #3.28 .

. AVK =AV *10.76 - | .
PTK =PT *3.28
o S S A
- . T . ~
C START COMPUTATIONS FOR THE THEORETICAL MODELS

VS =SQRT(2.0%G*H/M)

VR =VO/VS

_VOK =VO *3.28

“VSK =VS *3,28

o COMPUTE HMAX,THE MAXIMUM HEAD THE PUMP DEVELOFS  AND C’
| ﬂ_x25,=(1.q/xf +(DL/(E*PT) )

XX25 =(X25%*GAMA/(144.0%G))

"RC =1.0/%25

X76 =KC/RHO
C =SQRT(X76)

HMAX  =C*VO/G
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WRITE(6,4) C

-
CHI‘.BBE’IHﬂ.‘.g-ﬂna-lﬂﬂﬂﬂ==-ﬂ=======-=--z-szﬂﬂﬂﬂﬂﬂﬂ-ﬂ-=====

WRITE(G 5) VS, VO, VR,HMAX M, N
CALL 1VA(VS, VO, H AREA, M N,L,HMAX,1CODE) /

CALL KAHA(VS VO,H,M,N, L S,C,HMAX, HVD AREA 1CODE)

CALL KROL(HK M,N, XLK SK, DLK WTK, VOK ,VSK, PTK,KVD,AVK,ICODE,

1 FORMAT (2F4.1,3F10.7)

‘2;‘ FORMAT(Flofngs.a)

3 FORMAT (F4.2,4F6.1)

4 FORMAT (20X, 'C =',310.0;/st,'=============

5 FORMAT(1H1,//,10%,'VS = F5.2,5%,'V0 =',F5.3,5K, VR =

1'HMAX =',F5.1,/15K,'M =',F10.1,5%,'N =',F10.1,//)
| - STOP

o

END

C*******************************k**********************t* * KKk

c * SUBROUTINE TO READ THE OBSERVED DATA . *
|

C . * ¢+ AND COMPUTE THE PUMP CHARACTERISTICS : *

c * . o ' ' . . *

Al

C****************************t*****}**t**********************
: v

SUBROUTINE OBSVD{HS, 1CODE) ‘ -

. C*****************t******************************************

- DIMENSION 0s(50,QD(50) ,EFD(50) ,HD(50),VB(50) ,EER(50)
DIMENSION HR(50),FR{(50),T{50),POWER(50),QwW(50)
REAL TITLE(80}) |
22 FORMAT(//gzox,'TzéT DATE', 15X, 'N=',15,5X,"HS =',F8.5,5%
1,F6.0,/) : T

it

===x </)
', F5.3,52

/

;' STROKE:=



11
12

16

77

23
10

-READ(S;}l).TITLE
"‘FonuAf(BOAIT”’ . |
WRITE(G 12) TITLE
FORMAT(///,20%, 40Al //)
READ(S 16) N,S
FonyAT(15,54.1J
'WRITE(6,22) N,HS,S
WRITE(6,77) .~

FORMAT(/,10X, 'HD' 5, 'VB',5X, 'QS’

15%, 'HR',5X,'FR',5%,'T' [, 5%, 'QW' 5%, 'POWER' ,/)

Do 10 1 =1 N .
READ(S 2) (HD(I) VB(I),0s8(1}, QD(I))
HD(1) =HD(I)/9 81 i}

‘EFD(I) f(HD(I)*QD(I)*lOOJ/(QS(I *HS)

,5%,'QD’" ,5X

,'EFD’

180

A

'EFR(I) =QD(I)*(HD(I) -HS)*100.0/((QS(1) -QD(I))*HS)

HD(I)-HS

HD(T)

HR(I) =HD(I)/HS
QW(1) =0S(1) -QD(1)
FR(I) =QD(I)/Qw(I) .

T(1) =1.0/VB(1)*60.0 W -
POWER(1) —QD(I)*HD(I)*Q\?I/GU 0.

POWER IN WATTS 4

1,0W(I),POWER{(I})

,5X, 'EFR"',

FORMAT(6X,2F7.1,2F7.2,2F8.1,2F7.2,F7.3,2(2%X,F7.2),/)

CONTINUE

FORMAT(F5.0,F5.0,F6.2,F6.2)

[

-

4

.fWRITE(6,23)(Hp(I),VB(I),QS(I),QD(I),EFD(I),EFR(I),HR(i),FR(I),T(-
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G 'CALL'THE PLOTTING SUBROUTINE >>>>>>>PLOTN.
C'"--'_"'"'""f""","'""""""""""’""‘""""'"'""""""""'""."" """""
. . - ) | p
~ - IF(ICODE.GT.1l) GO TO 38 . N
KK =2 o
CALL PLOTN(N,KK,HD,QD) . .
38 RETURN ' .
END | S o
C=#==‘=‘=================.‘;_=================================
. ) . P -
C = SUBROUTINE IVA FOR THE IVERSEN MODEL " = ;
C = USES FULL EQUATIONS WITH DIFFERENT N &M VALUES = -
C T = . ‘ .- . ' /’(‘. : =
N C====?===================================================

SUBROUTINE IVAl(VS,VO,H,A,M,N,L,HMAX, ICODE)

3 J y

C********************’;**************************1**********

DIMENSION HD(50),HR(50),FRATIO(50),QP(50),VB(50)

~ DIMENSION VP(50),VT(50),T(50),POWER(50),EFF(50) ,
REAL L,M,N . - : . !
L WRITE(6,1) S U
1| 'FORHAT(isx,'IVERSEN MODEL RESULTS,FULL EQUATIONS',//)
G =9.81 | |
NN= 20 IR , _ ‘ _
PI £3.142 | B o e S
HDO =1.00 . ? | : ?
ADD =2.0

WRITE(6,17)
17 FORMAT(llx,'I',sx,3HD',sx,'Q?';4x,'HR',4x,'F§ATxo',2x,'Eg
1,4X,'T',6X,'VB',/) . | . ‘

PR SR RS




c

C::=======:nz:l:===r_-=================='=z=====J====n=====:==.—.====
. " 1 i B

N

C *

- ‘ . .

START THE LOOP FOR DI SCHARGES A'I' VARIOUS DEL. HEADS.

-

DO 10, 1 =1, NN |
IF(I.LE. 1) HD{I) =HDO :
1F (1.GT.1) HD(I) =HD(I 1) +ADD
PERIOD 'OF ACCELERATION S

COMPUTE DURATION . ., ——=~TA
COMPUTE FLOW VOLUME{ -  ----VT
d

DXL =(L**2)/(2,0%HrG*M) o
VR =VONVS : | S *_‘ .
X2 (1.0 +vn)/(1.9-vﬁ)" B | |
' A =SQRT(X1)*ALOG(X2) .o
VOLUME OF FLOW WASTED DURING PERIOD 1 —-----=> VT
W =vo | o
X4 =1.0/(1,0-(VR**2))
L VT(I) =((L*A) /M) *ALOG (X4)*1000.0
, | o
PERIOD OF RETARDATION © mm——> TD"

X5 =(2. 0*(L**2))/(G*HD(I)*N) .o
X6 =N*(VM**2)/(2,0*G*HD(1))v
TD‘ASQRT(XS)*ATAN(SQRT(XS}}—“/)
PUMPED FLOW VOLUME = —----- > VP
L K7 =({N*(VM**2))/€2.0*G*HD(1))) +1.0

VP(I} =((L*A)/N)*ALOG{X7)*1000.0
FLOW RATIO = VOLUME RATIO |

N

~

T Sy S

e e e e b gy Bt am © < e g b



EPU PRSP

T )

- . . e
) ' P " 183 i
v b ‘FRATIO(I) qvp(I)/VT(I) ‘ j
c HEAD RATIQ . i
| v HR(L) sHD(D)/H o ' i
c MECHANICAL,EFFICIENCY OF THE PUME- mmee X
' P EFF(I) —FRATIO(I)*HR(I)*IOO 0 .;7' ;
C  DURATION OF THE qfcﬁﬁ | ww* Ci' :
. . . T(T)}) =TA +TD ) A __f“Y\
¢ PUMPING RATE .-- LITRES PER MINUTE L S
'C.=========é========é========§=§====?=====?==?===F===f;===
DR Qp(1) = (VP(I)/T(I))*GO oL
c COMPUTE PUMP POWER | O | '
| i - POWER(I) —QP(I)*HD(I)*9 81/60 0 _ oL
C' VALVE BEAT FREQUE P e 2: D " : f>"
VB(1) =60.0/T(L) , : |
c WRITE THE RESULTS , v L . :
- WRITE(6,20)1, HD(I) ,QP (1) HR(I),FRATIO(I),EFF(I),T{I),VB(I)A
‘ lPOWER(I) y; Ld -\ |
20 FORMAT (10X,12, 2K, F5.1, 2x;ps 3, 2X,F4.1,5%,F5. '3:2X,F4. 1 2%,
: 1F5.3, 2x F5.0,2%,F4.2,/) | .
10 ' CONTINUE ! R o
C  CALL THE pLOTTING.SUB§OUTINE_>3>5>9L0TN.' | ;// ‘
C"—--———--—_-JF-,‘—---"'?-'--“'——--—----—-—-'—'--""-'-—---———-——"---“"“'“-‘-—--""
IF(zcoba.GT.l) GO TO 38 ”
KK =3 e | _ R
\.  CALL PLOTN(NN,KK,HD,QP)
" 38 ~ RETURN )
END {
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C=====-=l=annn—an_n========—==:n======—==—= =—==ﬂ"‘="'-"‘=“======—=
» 7.

-

e * THE OTTAWA MODEL BY KAHANGIRE 1983 . #

/4 N &

c L | L ;”‘ 4 [

C***************.***********************’******'k***_******** '

o

c ‘COMPUTE T1 ’

/

=

c
SUBROUTINE KAHg}vs,vo,H;M;N}L,s,c,HMAx,Hv%jA,rCODE)'
c___d____;_;ﬁ______;___;Z;_;_;___z_f___“_m_______;:;_____5_;;___~d_
DIMENSION HD(50) ,HR(50),QP(50) ,FRATIO(50), éFF(SO)

DIMENSION VB(SO) »T(50) . ,
REAL M,N,L;T%TLE(BO),POWER(S@) ‘ |
GAMA =9810.0 | ' '
G =9:81 || 4
. . - ; ' %
WRITE(6,5) L .
5 FORMAT(//,éox,'KAHANGIRE MODEL RESULTS " //)
o WRITE(6,19) ' . . _
19 ~ PORMAT(6X,'L',5X,'HD',4X, 'HR',4X,'QP',4X, FRATIO',4X,
1'EFF',4xf'va,4x:'Tj,/i | ‘ : \
. I/
HDO =1.00 ;| 9
"ADD =2yo” ’/),'“ )
" NN =20 o 1 (
VR =VO/VS
DO 30 I =1,NN ™
IF(I.LE.1) HD(I) =HDO '
/,. IF(19GT.1) HD(I) =HD(1-1) %ADD
HR(I) =HD(I)/H '
C PERIOD 1 © T
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K1 =SQRT((L**2)/82.0%G*H*M))- . .
- X2 =(1.0 +ﬁ)/(l;0-VR) L | . '
B T1 =X1*ALOG(X2) . ‘ }
C  COMPUTE FLOW VOLUME FLOWING TO WASTE- 13|
01 =(L*A/M)*ALOG(1.0/(1.0- (VR**2))) SN
o o
.

S .7 QL =Q1*1000.0 g

C  PERIOD 2 -
.o Ve
C COMPUTE T2
- V2 =Vo
T2 =2.0 *L/C

COMPUTE FLOW VOLUME, Q2

M
Q2 =A*V2AT2
Q2 =Q2*1000.0
C TQTALIGGLUME OF WATER FLOWING TO WASTE,VT =Q1 +Q2
¢ . T =1 +Q2 { , -
-~ C  COMPUTE HEADLOSSES DURING RETARDATION ,HRD
) , - HRD =(HVD*(v3**2)/(2.0*GT)¥(l.o;tHD(I)/HMAiX)
) C . COMPUTE VELOCITY ,V3 . ‘ :
’ V3 =V2-((HD(I)+HRD)*G/C) )

C COMPUTE T3 .
\\ - xs'=SQRT(2.d*(L**z)/(N*G*gn(I)))

- \ e
X2 =SQRT(N*(V3**2)/(2.0*G*HD(I)))

" T3 =X6*ATAN(X7)

! ‘
C  COMPUTE DISCHARGE VOLUME Q3
P
X8 .=(N*(V3**2)/(2.0*G*HD(1))) +1.0

X9 =L *A/N
Q3 =X9*ALOG(X8) . o \L/}

P
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Q3 =@3*1000.0 } o \S\Tm\
V(1) =Q3 N “
C COMPUTE FLOW RATIO . . : \\\\W
FRATIO(I) =03/01
C COMPUTE EFFICIENCY -~--~>EFF

BFF(I) =FRATIO(I)*HR(I)*100 0
C ALTERNATIVE COMPUTATION FOR QP
- QPD -(A*L*GAMA*(VO**Z))/(Z O*G*(HD(I)+HRD))
QPP -QPD*lOOO 0

C  PERIOD 4
C COMPUTE T4 -
| T4 =2.0%L/C
C COMPUTE TOTAL CYCLE TIME  -—~-=- > T
TUT(I) ST +T2 +73 +T4 _
c COMPUTE THE PUMPING RATE QP IN LITRES PER MINUTE.
; . QP(I) = VP(I) *60.0/T(1)
>~ POWER(I) =P (1)*HD(1)*9.81/60.0
C  -COMPUTE CYCLE FREQUENCY IN BEATS/MINUTE
e VB(I)} =60.0/T(I) . |
C ' WRITE THE RESULTS. |
WRITE(6,40) I,HD(I},HR(1),QR(I),FRATIO(I) ,EFF(I),VB(I),
| T(1),POWER(I) '
40 FORMAT(5X,12,2X,F5.1,2%,F4.1,2(2%,F6.3), 2% (F5.1, 2%,
, 1F5.0,2X%,F5.3,2X,F4.2,/)
430 . CONTINUE -

’

C éALL THE PLOTTING SUBROUTINE >>>>>> PLOTN

L ]
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IF (ICODE.GT.1) GO TO 38 |
KK =4 |
CALL PLOTN({NN,KK,HD,QP)
38 RETURN | T
END -
Cz======sc==sssz=as=s=ssas=ssssssissszzssssssssssssssossssssssssss=cs

. | \
C e E S 2RSS A RSl Rt st it Sl X b 2 ¢ 2 2R 222 T AT R

\ 1

. : _ i .
c * KROL SUBROUTINE USES THE MODEéL BY KROL IN IMPERIAL UNITS *
. : y

.C *  THE RESULTS ARE CONVERTED INTO METRIC UNITS 3 *

C L E X TR TR I R Sy Y Y Y T Y T T TR ]

SUBROUTINE KROL(HS,HM,N,XL,S,DL,WT,VO,VS,PT,HVD,AREA,ICODE)

c====================================================================
' -
-

DIMENSION HD(50),QD(50),QW(50),EFF(50), POWER(50) ,HR(50)
DIMENSION T(SQ)LVB(SO),VR(so),FRATIb(SOS,HRL(so)
DIMENSION QDM(50),QWM(50),HDM(50)" -

REAL M,N,L,HDO

PI =3.142

E =28000000.0

G =32.2

XKK =300000.0

GAMA =62.4
FN =0.0169
SUMJ. =0.5

&M =12.0

Chrkhkkrkhkkkhhhkhhhix ******************************i***************

e XL =L -5 LENGTH OF DRIVE PIPE.
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c | HS r-- SUPPLY HEAD.® )
. . J ' b ‘.‘;"-l , V/“;‘: L . ‘ ) ’ '
c ' HD /----~DELIVERY \HEAD- I /

cr ‘ FN ---- FRICTIONAL COEFFICIENT OF DRIVE PIPE

C**************************************#*****************************

DRAG =WT*G/(AREA*GAMAXVO**2). S .

- - T \

WRITE(6,324) ' . .
324 FORMAT{1H1,///,20%, 'KROL MODEL RESULTS.',//)

RS =HM-XM
WRITE(6,441) S,RS,DRAG . : S !
441 FORMATLZO%E'STROKE =' ,F10.5,10X, 'RS =',F10.5,10X, 'DRAG= ',F1l
15,//)

C **  COMPUT MAX.HEA# THE PUMP CAN DEVELOP
%25 =(1.0/XKK) +(DL/(E*PT))
XX25 =(X25*GAMA/(144.0%*G))
XKl =1.0/X2%
X35 =X25*AREA* (GAMA* *2) *DRAG
X36 =144.0*WT/X35
HDMAX3 =SQRT(X36)

C =SQRT(144,0*XK1*G/GAMA)

ChhhhkhhhkdhhhkhkhdhdhhhhkhkkhhkkkhhhhhhkhhkhkhkhhhhhhhhhrhhrhhkhbhhkhhkkrrArdhddkk

WRITE(6,439) HDMAX3,HMAX

439  FORMAT(20X, "HDMAX3)=',F10.1,5X, 'HMAX =',F10.1,//) -
WRITE(6/,800) .
S .o .
800 FORMAT (15X, ' OPERATING CHARACTERISTICS-OF 'HYDRAM',/) ‘

\

WRITE(6,18)

1

18 FORMAT(11X,'I',5%, 'HD',5%, 'HR',64X,'Qp', 23, 'FRATIO',
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- 14X,'EFF’,4X,'VB',4X,'T'./)

ThkKkhkh Ak A hkkkhhhk
. .

FERENT DEL. HEADS.

C ***********ﬁ*****i******************t*****

C  START COMPUTATIONS FOR DELIVERY FL

HDO =3.5
 ADD =6.5
DO 20 I =1,20
VR(I) =VO/VS
L IF(I.LE.1) HD(I) =HDO
IF(1.GT.1) HD(I) =HD(I-1) +ADD |
HRL(I) =(HVD*(VO**2)/(2.0%G))* (1.0~ (HD(I)/HDMAX3))

C ******************************************************************

C ** COMPUTE DELIVERY FLOW LBS PER CYCLE
C ***L***g**************;**k*************************;*****é*****k*
HR(I) =HD(I)/HS
X4l =PI*(DL**2)*XL/(8.0*(HD(I) +HRL(I)))
X42 =WT/(AREA*DRAG)
X43 =((GAMA**2)/144.0)*X25* ((HD(I)+HRL(1))**2)
.. QD(I) =X41*(X42-X43)
C ** COMPUTE THE AMOUNT WASTED >>>>>QW
X44 =GAMA*PIL(DL**2)/4.0
‘. X45 =XL/HM
X46 =2.0*G*ﬁs/HM
X47 =(G*GAMA/144.0)*X25*((HD(I)+HRL(I))f*z)
X48 =WT*G/(AREA*GAMA*DRAG) -
X49A =ABS((X46-X47)/(X46-X48))
X489 =X45*ALOG(X49A)

-
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| X50 =S*XL*(X48%*2) o '
%51 ;;;b*ﬁREA*HS*GAMA*DRAG
XSZ'=4.0*(G**2)*HS*(1.0-(WT*HM;XS}))
. X53A =X50/X52 S : |
. %53 =(X50/X52)**0.3333333333333 /
QW(1) =X44%(X49+X53) '
FRATiO(I) =D (1) /0w (1)
C ** °  COMPUTE DURATIQ&\SE;TQTAL CYCLE >> T << SECS/CYCLE
X54 =XL/SQRT(2.0*G*HS*HM)
X55 ;1_0 +SQRT (WT*HM/X51)
X56 =1.0—SQRT(wT*HH/X5})
X57A =ABS(X55/X56)
X57-=X54*ALOG(XS7A)
X58 =S*XL*SQRT(X48)
X59 =4.0%(G**2)*HS* (1,0~ (WT*HM/X51) )
X60A =X58/X59
X60 =(X58/X59)**0,3333333333333
X61 =XL*SQRT(X48)/{G*(HD(I) +HRL(I)))
- X62 =SQRT(X25*GAMA/(144.0%*G))
X63 =X62*XL* (( (HD(I)+HRL(I))/HS)+3.0)
T(I) =X57 +X60 +X61 +X63 ~ . ~
- VB(I) =(1.0/T(1))*60.0
C ** - COMPUTE EFFICIENCY ,
' EFF (1) =(QD(I)*HD(I)/(QW(I)*HS))*100.0 o

R e e A - -t L T E F T ¥ T ¥ ¥

C CHANGE RESULTS TC METRIC/UNITS >>>>>>>>>>>>>>>>L>>>>_>>>>>>>>>>>

C"—"_"'_"""_T ___________________________ T'-'__Cj____—__—"““_—-_-; _____
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38
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QDM{I) =QD(1)*1060.0*60.0)(GAMA*55.3*T(1)L
QWM(T) =QW(I)*1000.0*60.0/(GAMA*35.3*TSIJ)

HDM(I) =HD(I)/3.28

POWER(I) =QDM(I)*HDM(I)*9.81/60.0

"WRITE OUT THE RESULTS

| WRITE(6,25) I,HDM(I),HR(I),QDM(I),FRATIONT)
1T(1),POYER(I)

d.

—

/
|

s

,EFF (1)VB(1),

/

FORMAT(10X,12,2X,F5.1,2X,F5.1,2X,F5.3,2%,F5.3,2X,F5.1,
\ .

lZXJFS.O,ZX,F5.3,2X,F4.224L/’///f/ -

CONTINUE—

CALL THE PLOTTING SUBROUTINE >>>>>>>> PLOTN

*

*

IF (ICODE.GT.1) GO TO 38
NN =10 -,
KK =5
CALL PLOTN(NN,KK,HDM,QDM)
RETURN

END

e e e R S - 1 - 2 . -

SUBROUTINE FOE}PLOTTING OBSERVED AND COMPUTED RESULTS *

USES THE CALCOMP PLOTTER

*

T %

d***************************************t*************************

SUBROUTINE PLOTN(N,KK,X,Y)

ChhkhhhkhhhhkhhhhhkhkhhhhdhhhkdhhkhkrkhArA Ak hhhhkkrhhhkAr btk khhrn

DIMENSION X(50),Y(50)

K1 =N +1

o
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Kz gN +/ . , . &
' /,/// o '
////”x(xl) =0.0 ¢
X(K2) =2.5 '
Y(K1l) =0.0
Y(K2).=0.40

IF(KK.GT.2) GO TO 66

- CALL PLOTS(35.0,27.5)

CALL PLOT(2.0,4.0,-3)
CALL FACTOR(0.75)
CALL RECT(0.0,0.0,23.0,22.0,0.0,3) |
CALL AZIS(0.0,0.0,17HDELIVERY HEAD (M),-17,22.0,0.0,X(K1)
1,%(K2)) |

CALL AXIS(0.0,0.0,13HDELIVERY FLOW,13,20.0,90.0,¥(K1),¥Y(K2))

' CALL SYMBOL(2.0,-2.0,0.30,'FIG. DELIVERY HEAD VS DELIVERY ]
h . ;\
W',0.0,39)
66 CALL FLINE(K,Y,N,l,l,{KK)

IF (KK.LT.5) GO To 39
CALL FLINE(X,Y,N,1,1,KK) _
' CALL SYMBOL(25.0,15.5,0.25,2,0.0,-1)
;CALL SYMBOL(26.0,15.5,0.25, BHOBSERVED, 0.0,8)
| CALL SYMBOL(25.0,15.0,0.25,3,0.0,-1) :
. CALL SYMBOL(26.0,15.0,0.25,13HIVERSIN MODEL,O0. 0,13)
. CALL SYMBOL(25.0,14.5,0.25,4,0.0,-1)
CALL SYMBOL(26.0,14.5,0.25,12HOTTAWA MODEL,0.0,12)
' CALL SYMBOL(25.0,14.0,0.25,5,0.0,-1) |
CALL SYMBOL(26.0,14.0,0.25,10HKROL MODEL,0.0,10)
CALL PLOT(0.0,0.0,999) ‘ | | -
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39 RETURN )
'END
//GO.SYSIN DD *

. >>>> INSERT DATA HERE >>>>>>>
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