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Reciprocating asymmetric gaffles in a pipe can produce a time 
l' 

averaged pressure difference and hence can be used' to form the· basis of 

a valveless pump. 

This report describes the 1pro'duction of characteristic curves of 

hea:»ersus flow rate for a range of varia~lCS in a 50.8 mm I. D. tube 

agitated 'by reciproc~ted asymmetric baffles. The effect of amplitude 

and frequency of o~cillation on the pumping of tap water is rep&rte~. 

Baffle length and the fitting of orifices to the pump are two other modif­
\. 

ications considered. The pumping characteristics for two fluids other 

than tap water, nam~ly glucose and a filter pulp slurry, are also described. 
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I. j1qTRODUCT I ON 

The pumping 0'£ fluids is an essential part of chemical processes . 
• 

. Research undertaken into novel fo~ms of pumps has often a direct industrial 
,~ . ~ , \ 

i~plication as well as the possibilities which exist in other fields, for 
-

example, biomedical engineering. ' 

There are three ~jor classes of pump~which are widely used (1)&(2). 

~e1)trifUgal, Rotary and Reciprocati,ng. Centrifugal pumps are probably the 

most commonly used in industry because of their pigh efficiency Over a wide 

) 

> , 

range of capacities and pressures. The basic principle behind their operation 

is to produce ki~etic energy by centrifugal force and then convert this 
, 

energy partially to pressure by e~fictently reducing~~locity in ac~ordance 

with Bernoulli's equation. The efficiency of the pump dopends, among other 

things, on sound sealing of the drive shaft and high ~~intenance costs ~~y 

resul t from the pass,age of corrosive tiquids. 1 f a non-return valve is not 

incorporated in either the delivery or suction lines, the liquid will simply 
. 

run back into the suction tank~ If slurries or,suspensions are pumped the 

impeller blades may have"to be decreased in length or their numbers reduced .. 
to prevent blockages ~eveloping. Another disadvantage is that this t}~e of 

I 

pump is usually not' self-priming. 

tl Positive displacem~nt rotary pumps operate efficiehtly to pump 

very viscous liquid~ and against high pressures. The principle of operation 

, 
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is that energy is imparted to the fluid by the 'meshing of one driving'and 

one free rotating gear wheel. The liquid is carried round in the sp~ce . 
\ : ~ 

between consecutive. teeth and mle casing nnd then ejected. as the te~th 

come into mesh. The pump has no valves' or troublesome soals, but it cannot 

be used for suspensions as these Ja,11) up the gear teeth. 
. . 

Reciprocating pumps can efficiently deal with large throughputs and 

are adaptable to high pressure operat ions. The principle of ope-cation r,ests 
. J, 

on the conversion of the kinetic energy of,a drive~ p)ston into increased 

pressure energy of the.f~uid. The diSCh.r~e ~SU.l~l~ctuaies Sln~Olda~lY 
unless. multiple pumps are used. Problems o\c~rs -WIth co:rrosive liqui.ds as 

the body is generally cast-iron, the valves bronze, and the pist?n and piston­

~ rods are made of steel. Slurries con~aining abrasive particles cannot be 

handled as damage can be done to valves and the machined surfaces of cylinders 

and pistons. Sealing of the pist~n in the cylinder can also cause problems. 

Vfullst th& three classes of pump ~escribed abQve are found to be 

satisfactory in many ap~lications, their limitations are acknowledged. 

It is. the purpose of this r~port to describe the operation of one 

type of pump which might be especia~ly s\1ited to dealing with very corrosive 

or hot fluids, ~urries and suspensions. The pump is made up of recipr~cat­
'--, 

ing conical perspex b~ffles m9untod on a.brass rod oscillated by a compress-

ed air system. Recip'rocating pu~s employing non-return valves have been 
, ' 

used in industry for mahy years; the advantage of tho pump desc~ibed here 
1 • 

I 

is that it contains no small clea~~nces or valves and thus eliminates a 

feature which is liable to failure with abrasive or corrosive fluids. 
\... 
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El. Sayed~~) d0oonstrated:that 'Il-'!let:ti~e~'av'e;~~ed press~ie'was: 
..' ,'. I' .. ~ ~' , if , 

(3) I 

I 
/ 

,producod· by reciprocating asymmetric; baffle's in ,8 ,pipe 3n~ that; this S;~uld: 
" ' .. ~ 

• ' ..' • t , • 

b~' th-e basis of",a valveles., pump. , A pres~ure:tra.nsducer waf> elTlplofed' to 
~ ,i ,. ~ ,'" .I I' ~ 

~Js.~ measurementS of the ,:pres~~,re produced o't vari~us am~ntudes and ;_~,' 
" • • • t )! I .:,.. .. ' 

'~requepcies f,o.1"· a varioty of. nsffle shapes and siz.~s al;1\(f these measure'mcnts 
• "'.. { • ~. 't 

were wade' under "no flow:' conditions. E1 Sayed found:on~ .• par:Hcuiat:'~'shapo 
, J ' ,'. ' 

of haffles (see Figure P produced the largest Ipressute diff~renc~ ~er the 
, 

range of .oper~tion cpnsidered an4 it was decided that this baffle would be 

used throughput the \ests to be carried out,'. I the objective of El Sayed IS 
. i ' 

work 'was to del'lonstrate the feasibility of U$h~g the < reciprocating baffles 
I I .. ,,~ 

I, , 

to pump fluids; this report aims to ~ obta,in perforln:lnce d~ta under a I variety 

of condi tiQns with 'a vie~'~o eValullting the practical applicatio'ns.. This 
.; 

pul11P, 'is 'one particular t-yP~ of fluid diode, which imposes low resistance to , 

,flow in one direction and high rosistance to reverse flow and has no moving 
• 1 

parts, an . advantage ovor non-return valves. 
, I 

Baker{4) has produ~ed a comparativ~ study of three types of fluid 

d~odes operating on ~ntirely different principles. The perfor~~nce, defined 

;~~}tio of tho pr-e~sure< drop in the reverse-flow direction to that in the 
. 

forward flow dir~ctionJ was correlated with Reynold t $ Number under steady 

state conditions. Baker concludod that the vorte~ diode gave the best ~ver­

all performance although good results were obtained \~ith the fluid flow 
. 

rectifier. The latter had the di~advantage of being rather e~ensive. 

~anor and Popper(S) have suggested a novel way of moving corrosive 
'\ - . 

and toxic fluids based on progrossivo transverse vibration of ~ho wallS of 

. , 
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the conduit or container. A p~V .C. cyHndric'al. ~ontainer was takon :ln~ ,fou,r 
. . 

. rol.~ers mounted"' on a <;ommon rotating 'disc. ~1hen the roll ers are run over 

the:: ~uter side of the cont<lainor an elastic. '<lav~ is generated and rotation 
,... , 

.... $\',t$ in imrilediately in the'liqut<l., This arran~cment eliminates all mech~ 
'<) , ~::" 

,a'nical contact bet;'ecn ;rotating parts ~nd the fluid. 
a. . . 

.', . . ' '... .. (6) , ~!ork has also been undertaken by the C,.E.G.B. into the particular . ... '. ' 

problem of pumpi~ hot liquid slae fror.l a combustion. furnace. The fluid is . ,.. . 
too h?~ and too cor·roslv€ to employ a pump with moving metal par.ts. 

,.' ~ . 
Tho 

• 
pump consists ·of a chamber conta~n~~g inlet and outlet ports and a source 

" "," .' ,~. 
oJ compressed air whJ.ch provides the energy to force liquid.,.through the 

,'t; .... , .. . 
exit port;., The design ir suc,h· that flow out of the outlet and in, through 

. , .. 
. the inlet are the preferred directions. Thus the ports act as leaky non-

f! J" 
~ t 

return valves • 
. . . 

'. Pulsation hns been studied by marlY. workers and for usc in many 
, . 

applications. l~ and Knrr(1} developed a reciprocating plate extraction colu~ 

and concluded that reciprocating potion produce~ high volumetric efficiencies. 
" " 

This column was found to ,bE) sui t~bl,e for liqu ids' containing suspended solids, 

one of the classes of flulti~ which Clln cause prohlems in conv,cntional columns. 
(8) , • 

Karr columns have manufactured in sites up to 450 mm. diametor and have 
¥ 

p~oved effectivo. f.or solvent extraction. The enhancement of hent transfer 

by pulsation':has 1J,een studied. by ~eil and Baird (9) who found that heat trans-

fer coefficients in a shell and tube heat exchanger were increased at the 

exp'ens~of increas~d pressure drop. They conclude that. air pulsation may 

be eco~omlcally feasibl~ particulnrly in those areas of the.world where 

'. 
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water costs nre high. Howover. it must be ~aid (hat although much re-

search has beon undertaken in thiS fiold, this writer has not found any 

large-scale industrial use of pulsation in heat transfor reported. 

,An inteEesting application of pulsation to solids transport has 

been reported by eh.!n and Baird (10). Experiments were performed using 

asymmetric baffles reciprocating with froquencies botween 0.6 and 1.1 

Hz and an amplitude of 115 mm and i t ,~as found that the rat-e of SOlids 

(5 ) 

transport increased strongly with the product of ampli tud'.o and frequancy. 

There is motion o'f sand particles along a hori zontal pipe in the absence 
, 

of any net flow of ~he carrying flu'id, namely water. Chan and Baird (11) 
. . 

reported on wall friction in oscillating liquid columns nnd concluded 

. that for a sand-water s~st~mJ )ess energy was required to suspend sand 

,in osc~llntory flow than in steady flow. If a steady pressure is applied 
--- "-.' \ 

to a S:Sl'~~SiOn there is a te~d~CY towards cOmpaC1:io~."and :onscqu)t 

increas~d pressure drop ,or in the oxtre,!,e caso l;fiockage ;-,pulsat ion ~liminntes 
, f /' 

The applica'ttons of. pulsation ril"&1iJ over Jumt and' mass 

tran~fer·. fluid diodes, solids transport a,nd pumping. J. This report 'deals 
. . 

with Qnly one part of the last class mentioned. 

, 
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, 
.. 

, 

\. 



I , 

t\\ 
) 

11 (0). PRINCIPLE. OF OPERATION 

, 
The apparatus used (see Figur(' 2) con~i:Hcd of a perspex baff1t) 

(see Figure 1) mounted on a central brass rod osci llatcd in a gla~5 u-

shaped vessel. "-The princl~"lc of op0ration is as follows: The liquid flows 
, 

In the annun.ls between the baffl05 and the wall in an opposite directi.on 

to the baffle motion. Since th0 baffleg arc asymmetric, the flow pattern 

during the upstroke i~ different from that during the downstrok1" t\ con­

tractton coefficient may be defined in t~rms of the minimum areas through 

which liquid flows upstream and ~ownstream of the baffle. For upwa~ 

motion. for example, the contraction coefficient would be defined as 

area B divided by aroa A (see Figure 3). 

Contraction Coofft. '" C.ross-section of annular "vena contracta" 

Cross-section of annulus between larg~ end 
of bafflo and tuba wall 

Because of asymmetl"iY. thl.\ contraction coeffie ient for downward IT'..otion of 
, 

the ~os is sffi$llor than that for tho upwnrd ~~tion implying a greater 

"\ 
r~sistance to fluid rr.otion on tho downward stroko. This moans that the 

pross~rc producod on ·tho downt;trok~ of tho huffh" exceods tho back prc~suro 

p~oducod on the upstroke. the rosult boing a net ~rossuro in the downward 

direction. M:lthoI'n~ticnl analysis of the situation in torm!!: of BL'rnoull i IS 

enorgy equation is difficult bocnuse tho valuos of tho contraction co-

I 
J 

-6-



\ 

" 1 

<,fl , 
, , 

efficf.Qnts ,arc not known. One w<}y a-round thi" d\'fncuf~ty would h~, tO~\lSC'. 

.,." 
high speed photogmphy in an attempt to provide dl~e'~t m~l1su~emc~tof t'he 

areas occup~ed by fluid .on either sl~e of the bllfflc.. t
. Tho off\ci~ncy 

~ 

of the pump is rlepend~nt on t~e rclat)ive values. of th('·.cont;~c;,tion co-

effi cien ts, 

cont rifugf 

I 
\ 

\ 

\ 

>' 

'. 

but it t~ unlike.ly ~o 4rc~ch . .the 

(12 ) 
pumps . 

'I 
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II(b), "APPARATIJS (Figure 2) 

The U-scction was built with lengths of Q.V.F. glass pipeline of 

nominal internal diameter' 50.8 mm connected together by metal flanges and 

~ubber seals. Orifice plates could be,fitted into the apparatps bctween 

any.two glass sections. The structur,al attachmcnt~ consistep of ~TD 
. 

pipeline support bo1 ted onto 'a vertical steel channel fixed to the wall 

of the building. The right hand side of' the apparatus could be extended 

'by .305 m to 'allow for greater differences in ficad to be mca'sure:tl. The 

cent~al brass shaft 9.S mrn (3/8 lns.) diameter on which the baffles are 

mounted was connected to a compressed aix: driving system ~IAW1 Com~ i r 

Canada Ltd,}. The principle of operation depends on the action of a metal 
I 

ring or a pa ir of va 1 ves (F igure -4). The diagram shows / the rod at the top 

its stroke with one of the two cylinders full of compt;ess~d a-ir and the 

other empty. When the top valve was struck the full ,cylinder was ex-. .. 
hausted to atmosphere and air (suppli'e'a from a~ 2.76 f lOS Pa. (40 p.s.'i.g.), 

I 

laboratory line through a metered va~ve) began to f'l~ the empty cylinder 

and hence push the rod in a downward direction. Wryen the bottom,v~lve was 
i 

struck the reverse occurs, tlfe full cylin~er was epthausted, the empty cy-

linder filled and the c~nsequent mo~ion of the rod end baffle assembly was 

upwa.rds. The use of ,9. wide ~ing ensures that J even a\ 1\igh frequencies, 

the vahe.s were pressed for a suffic'iently long time to ensure that J it 
, . ." . 

wa's impossi hle for the system 't-o retain, "'say J an .upward moti~n past the 

-8-
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top valv~ resulting in the system completely stopping. The positio!1s of 

J 
thc('Va,lyes on the scrmofcd shaft were adjustable and hence an important 

f '" .\. 
pulsation aiIa~~ amplitud~ could be cont~olle.p . 

. The eq eri.ly of pulsat{all cOyJ.d be altered by varying the pressure 
'\) \.. -

of the air reaching the M"fAM system by means of the thro,t1;le valve connect-

cd to the labo.ratory air supply. 

A high resistance, high tensile strength electricar (80/20) 

resistance wite of diameter 0.20 mm (0. 008 ins.) Greening Donald Ltd •• was 
r 

connected to the top of the driving shaft, as in Figure 5, running on a 

~ co~per pulley" and kept under tension with elastic bands. As the piston 

moved ~ and down. the length of wire beh'een points A and B varied in 

direct proportion to the motion. This variable resistance formed one arm 
. 

of a \\'heatstone Bridge circuit which was purposely kept unbalanced so that 

a potential 'difference, which var~ed linearly with the length of wire AB . " c -, . 
Res·istance is proportional to the, ' ngth of wire. 

J 
This was produced. 

variable voltage \oIas fed into a chart recorder SANBORN 

150) ,,,here pape'r (SANBORN Permapaper) pas~es-'ov~a knife edged writing 
, 

pla~eau amI was \~iped by a hot \oIire ribbon stylus for true recti linear 

coordinates., The chart speed used ~as Smm/s. This stylus mapped out a 
. . 

liaveform rep,fesentation of the motion of piston which \~as permanently re-
, 

corded ~o that the amplitude and frequency could be studied and ~nterpreted 

a~er the exp~riment had been completed .. 

Liquid was f~d t9 the left hand side of t~e apparatus by means of 

a constant head apparatus (Figure 6) which had a .wide overflow pipe to 



(10) 

ensure that the level remainod constant. The liquid height was marked try a 

string tied round the outside of the tank. This string was then strctch-

ed horizontally. until it made contact with a scale which cons.isted of 
~< • 

strips of graph paper attached to the side of the vertical steel channel. 

In this way a measurement of the difference in height between t~e water in 

the tank and exit overflow point MCfixed) was obtained; this was the head 

which the, pump had overcome when liquid flowed. Collection"of the liquid 

was made in a 15 liter 'bucket and by measuring the time necessary to fill 

the container the liquid fl~w ra~e was obtained. Thus from these two 

quanti ties, head and flow rate, the familiar "characteristic curVe" for 

the pump under any conditions was obtai~ed. The importance of the curve 

is great as it a11o\.,.s the maximum flow rate to be calculat;ed for any part-

icular head and hence the performance of the pump can be simply read from 
) 

a graph. The characteristic curve of flow rate versus head can be con-

sidered as the dependent variable measured repeatedly during the experimental 

programme for different values of various independ~nt variables . 

. C:) 

... o 

o 



') 
II (c). EXPERIt.1ENTAL PROCEllURE. 

The first adjustment made to the apparatus was to fix. the am-

plitude. This was accomplished by adjusting a pair of nuts on a thread-
. 

ed shaft which fixed the position of the valves associated with the 

MAXAM system. It should be pointed out that the term amplitude is used 

throughaut this report to mean the distance between the top ,and bottom of 

a stroke not the distance travelled in one complete cycle. The amplttude 

was taken to be the distance measured by ruler between the centre point 

of each valve. This decision was' taken after close observation of the 

system actuaMy in motion. The water, supply was turned on and a check 
--. 

'was made to ensure that the constant he~d apparatus was functio~ing ~orrect-. ~- -".- .. 
Iy. The air supply was turned on and ~us ted by means of the fi ;~ed va lve 

unt~ the requir.ed frequency was reached. This frequency was measured"by 
# , ,-, 

timing oscillations for one minute. 
, -~ 

A calibration between the valve set~ 

ting and the frequency was found to' be impracticable for two reasons. 
" 

Firstly the scale of (the valve was rather cramped making accurate judge-

ments of settings difficul~. Secopdly the pressure needed to produce a 

partic.ular fre,quency of oscillation varied., meaning that a separate cal-

ibration would be necessary for' each amplitude. 

The next step was to move the constant head tank to produce the 

required head dif(erence across t:he pump. The tank was s~pportod by a 

-11-
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a movable cross-shaped support of 50.8 mm (2 ins.) steel channel attached 

to a vertical grooVe in the wall by means of two bolts. The frame and 

hence the tank could be moved up or down by slackening the bolts, sliding 

the frame in the groove, then re-tightening the bolts securely. The 

actual procedure was as far as possible to try and move the tank downwards 

i.e. gradually increase t~e.he~ becau~e with a weight of 2~ Kgs. or more 

it was a difficult prOPosltlo~manoeuvre upwards. Whilst these pre­

parations were made and between runs the liquid being pumped was collected 

in 55 liter vessels. When the p~mp had operated undisturbed for two 

m'i~uOt~s a steady state was jud~ed to have beon atained. The flexible pipe 

coming from the overflow section was placed in the graduated 15 liter bucket 
, . . . 

and the time noted. Generally the full 15 li~ers was COllected and the 

time again r.ecorded SO~ that by subtrattion a value 'for the flow rate was 

determined. 

At first it was thought that the frequency would remain at its 

., ini tial setting througho1,1t the dur"ation of an experiment (three hours). 
. , 

However, checks showed that aft~r two or three flow r.ate measurements the 
~ 

frequency had wandere!l and that this deviation was most pronounced with: 

the higher fr~quencies used. Accordingly it was decided that a check , . 
could be made aft"er each run ,(aOt high frequency) or . after 'every other run 

• 0 

~t low frequency) to ensure the. accuracy of this important ¥ariable. 

The SANBORN recorder was switched on for· shqrt periods during the 
A 

experiments to provide several readings o,f tl\e waveform from which an average. 

overall frequency could be found. When'the liquid pumped was water, the 

inlet to the constant head tank was connected to the cold water 

. . 
, 
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, 
~ . 

tap. ~fuwever, when,another fluid was used, the s~pply came from a large 

container placed on top of 8 tall stand at'a level that was always above 

that of the tank. Thus a flexible tube could Simp~ be run down directly 
r 

into the t~p of the,~ank to supply the pump. 

• 

f , 

/ .. 

\ . 
\ 



III. RE&JLTS A.ND DISCUSSION 0 
(i) The first 10 runs were carried out using tap water ,,{ith a range. 

of settings employ~d for t.he amplitude. a:nd the, fre.que'.1cy. The three set­

tings employed for ampl-itude were: 97 nun, US mm and 183 nun whilst fre­

quency had four nominal values: 1.23 Hz, 1.43 Hz, 1. 77 Hz. and 2.13 Hz" 

The error in the measurement of the frequency was greater than that in 

.measuring amplitude for !easons mentioned above namely the tendency for 

the frequency to decrease with time. ' No such behaviour was possible with 
< I 

amplitude as this vAriable was controlled by the fixing of the positions 

of two valves on a ,threaded shaft by securing~nuts. The rationale behind 

the selection of these values was to provide a !casonable range of ex~ 

perimental settings wi thin the limitations', of, the apparatus. With the , . 
present driving system an upper limit on frequency was about 2.35 Hz, but' 

it was found that 2.13 Hz ~as a safer upper limit,. because of the proolems 
" 

of reproducibility and shooting up past the. top .~alve. ~e former proble~ 

stems from the fac.t . that high amplitude .. high. frequency s.ettings 'consumed much 

more energy than low amplitude~high frequency' ones did. The latter arises 
• 

/ 

because the m0mentum of the 'shaft at high frequency is sufficient t~ carry 

it past the valVe. the tap limit for amplitude was de~ermined by the 

physical arrangement of the brass shaft which was located in the U-tube 

sy~tem by a ttspid~rtl bolted ·in between t~o sect,ions of g.la.ss tube. At 

'. . '-14..: . . 



(IS) 

'large.amplitudes the brass shaft tended to jump clear of the, central hole 

on the upstroke and to jam on the main body of the spider on the following 
, , . 

~ 

downstroke. The lower. 1 imi ts ror ampli ~udo and frequency were chosen so 

that "reasonable" size heads could be overcome; a minimum of 140 nun was 

chosen as the lower limit. 

Several conclusions can be drawn fr~ the data (see Figures j 8-17). 

The simplest one is ,that ari increase in amplitude or an increase in fre-

quency leads to an increase in the flow rute at any particular head, the 
. ., . '."" . 

value 0.£ t~e head at z~ro fl~w (the Ushut-off heau") and the maximum flow. 
~ . 

rate possible. It could be seen, even from the raw data however, that 
') 

the effect which frequency and amplitude l~ad on say. shut-off head were 

not equivarent., For example, if the values of the prouuct of amplitude 

and frequency for tables ~ and 9 are compared they are nearly the same, 

but the shut~off head for run 9,(i.e. the run at higher frequency) is 

much greater than that £or run 2. Thus it was decide? to plot both 

amplitude at fixea frequency a~d frequency at fixed amplitupe'against the . 
shut~off head usiUg log-log paper. The shut-off '~ead is imp~rtan~, b~causc 

it represents toe maximum possible pressure d~op across a pump~ If a 
~ ; 

number of pumps are placed in series, say in a pipeline, then their spacing 

is limited by the value Qf the ,shut-off head. The 'resul,t~ presented in 

"~. Fi~-e' 1~~ s~owslopes for ~mplitude and .frequeftCy o~ 1.0S and 2',1 resp~ct­

~elY. Figure 19~ Head versus Af2 gives sgme idea of the error involved 
/ . 

in ~he correlation. These values, close te unity and two, ,suggest the" 
If • 

poss,ibili ty of the correlati,on having same- theoretical basis. However, 
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because of the non-uniform waveform produced by the apparatus an analytical 

approaGh was considered too complex to attempt within the scope of this 

,The w.lveform, as recorded an the SANBORN machine, was a non..-uni form 
. , 

triangle. 11l.C downward veloci ty o-f the baffles was gredter than the upward 

ve loci ty for all cases. However ~ at high frequency when shaft we-ight 

effects became less important, the wavef~rm approached more ~early an 
" ; ... ' 

isosceles triangle. 
" 

(ii) It was decided to i~vestigate the effect of fitting orifice plates 
, . 

'" t'o t~e system at two points P and Q (Figure 2). Two si~es of" brass plate 

were used with diameter 38.1 mm artd 25.4 mm which compare to a pipe diamete~ 

of 50.8 mm. lbe orifice plates were placed with the ~evelled sides facing 

downstream so as a strict comparison, could be made be~ween plates i~resp-

ective of the method of machining. Figures 20 and 21 summarise the results , 
" .. 

obtained. • ,. 
It is clear by comparing P~gures 20 and 21 with Figure 9 (the ~ame 

< 

amplitude and freque~cYJ but ntr otifice fitted) that in none of the f~ur 
. , 

cases considered was performance l~proved by th~ presence Qf ~n orifice, the 
, < • 

major deterioration being seen with ,the smaller plate. 'The area 'of an . 
-

orifi~e is proportio~al to diameter squared and hence the ratio of ~ize is 

not 38.1:25..4 or 3:2, but rather 9:4. it was observed/that the shut-off . 

head wa~ not, radically. decrease~, but the ma~imum flow rate,was cut back 

consid0r.ably. 
I 

The uppor position, Q., W~ • .se·l~cted as it wtts reasoned that' 
I ., 

• 



:. 
I 

, . , 

lll) 

an orifice migh~ restrict the small backward/'motton associated wi tit' the 
I ' . 

baffles. Obserya~ion of the' fluid j~ the area of the plato showed, how~ 

ever, that liquid was thrown up through the orifice and that an "inter­

ference" effect was set up. Jt appeared that;. liquid was descending in 
" 

the area of the pla~e whilst the baffles were ascending and'vice versa. 

~. 

(iii) 
,; 

The number of baffles in the syst'em was doubled by making another 

assembly exactly like the original (see Figur~ 1).' In order to fit the 

tlOo sets, ont~ j;. b";"SS shaft the "spide;" had to. be r'i"'0ved; 'tire' extra 
. , 

weight of the second baffle ensured that the whole system remained re-
t 

< , 

lative~y' fi-xed in a. vertical plane. The results are presented ~n Figures. 

22-24 (c.f: Figures 8-10). HI Sayed found that doubling the number of 
~ \ < 

baffles from 6 to 12 resulted in an increase of almost 100% in the pressure 

produced for a given velocity. In doubling from 12 to 24 the increase in 
.' , ... 

head is only 10-20\ and so we,may conclude that no linear relationship 

exists betwe~,the number of baffles and the maximum head that they can 
~ . 

pro~uce. This finding may be a result of the increa~ed friction with the 

larger number of baffles present or it may be that within a certain length 

of pipe there is a maximum net pre~sure.attainable. 

( 3) ." 
As Lacey 1 'has- rCJ?Orted, 'the effect of a very dilute solution of 

, polyethylene oxide is to reduce tha drag by the apPar.ent suppression or 
... 

" 

<. 

'. 
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diminution of turbulence. 

a white powder, was made up in ethanol and added to the constant head 
, . 

tank so 'that the concentration was around SO parts per million (p.p.m.). 

FurtheJ:' supplies were added during the course of the expertment and whilst 

the exact amo\mt of polyethylene. oxide present w~s not known, its con­

cJntration was kept above 10 p.p.m. ,Four runs were undertaken (Figures 
. l 

25"28) and the i~pro~ement in performance was (c.f. Figures 8-11) confined 

to,a slightly larger th~oughput at lower values of ~rad. It therefore 

appears 'that !he use of polyox in pulsating syst~ms fi~ted with baffles 
, "-

is of only.swal1 value. 
""' 

(v) It '"as decided to investigate the effect on characteristic curves 

. of a change in the kinematic viscosity (v'iscosity .. density) Ot the 
• .> . 

liquid being pumped by performing e~~eriments with glucose solution. 

Glucose was chosen b~cause it is relatively cheap~ easily available and 
.. . ." 

straightforward to handle. 
• j. • 

An inhioitor, Sorbic acid (0 .• 02% by weight), 
() (j 

was added to reduce bacterial growth and fermentation. The glucose sol~ , 

uti~Jl had a viscosity of 5.7 x 10-~ Pa·.s (5.7 c.p.L\at 20°C measured' 

in a viscometer. Because glucose is not available from a ,mains supply 

certain modifications to the equi~ment described i~ Figure-2 had to be 

undertaken (see Figure 7). Basically the supply c~e from.a large re­

se~1r located at a higher level than the c~nstant head tank and after' 

the 81ucose h~d been p~mped and measurements taken it was poured manually 
-

back.into the larg~re5e~v~ir. The results are presented in Figures 29-
i' 

32 (~. r. FigUres" 8-11 and FigUre 16). It is noti~oable that for ~ach set 
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( bf conditions u~~d there is a decreRse in both the flow at any particular 

head and th~ head attaiAed at ea~h flow. In other words the curves are 

moved down towards tho ot'illnj for instance tho !thut-off hend is reduced '"", 
by a:pproxj.l'\13.tely 20-30\. This result is expocted 85 the energy used to 

overcome the increased drag caused by the usc of a more viscous liquid 
~ . 

means a consequent decline in ,performance. 

(vi) The 1 iquids used thus. far could be handled successfully with a 

regular pump. H was therefore decided to oQtain chaFacterist,:ic curves 
, 

for the pump using a filter pulp slurry as the liquid~ 408.9! of Filter 

Pulp (Ash-tree AnalyticJll Pulp, Schleicher & Schvcll Inc.J was mixed ~nto 

45 liters of tap water and the re~ultant slurry (g.t g of pulp per liter) 

was fed into the p~mp using the npparatus shown in Figure 7. A larger exit 

tap from the feed tank had to be used as the original one became clogged 

with pulp and prevented flow from occuring. },,'hit st the slurry was not . 
ve~y viscous it was highly non-Newtonian. The results (Figures 33-35) 

show that the pump w~s successful in handling the slurry without becoming 

clogged a,nd without a separation of water and pulp occuring. The heads and 

flow rates o~tained were comparable with those recorded for t~e pumping 

of Glucose and are thus reasonably satisfactory. Despite the small con~ 

cent ration of pulp ,used. the fact that the fibres absorb water meBns- that 

they occupy a much gr~ater volume and have a much greater effect on the 

liquid's properties than wo~ld be oxpected. Concentrations of pulp in 

the region of 9. J. gIl have, been used by other workers .. Hamer and Blake-

) 
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borough(14) state that if concentration~ were measured on a wet volume 

basis 5 g/l would occupy a volume approaching 70\ of that of the system. 

~ , 
\ 
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'IV. CONCLUS~ONS AND RECO>:l.BNDATJONS 

POR FUroRE tURK 

~apparatus can be successf~lly and reliably operated as a vnl~e­

less P~. flow rntes of ~F to ISO mils of water (120 g'llon~ per hour) 

,have"been achieve~ -and the madinttm head recorded was 470 mm (lS.S ins.) 

(Figure 14) of water. ' These 'figures are 

further research to blL\,unde.rtakcn. This 
OJ 

sufficientlY promising to warrant 

work COU·'ld develop in sev~rah 
different directions. - .\J.: 

A larger scale, modeL could be constructed and tfi pulsation system 
. 

modified to allow higher velocities .. One refinement. which 
, 
'. 

from the ~bove work through lack of timo. was the investigation of 3 non­

sYrrJll\etrical triangular waveform. This was to have boen achieved by ad­

Justing tho rite of air,escape from the driving cylinuers in the MAXAM 

system. The ,i05ta11at ~on of throttle valves on the oxi t pipes would allow .. 
say.a ~low upward motion of the bafflos f0110w('\-1 by n fast downward 'motion. 

, 
, ' 

Anothor possibility \IIauld' ,be to 'produce a sinusoi,dal 'waveform which would 

nllow a mnthotnaticnl annlysis of the system to be undortak~n. 

The cxpcrim~nts with glucose and filtor pulp show that the pump 

can handle viscous liquids, or slurrieS' quite easily I albel t wi th a roduc~d> 

perf~rmance from that rec~rded with water as the fluid. . 
, , 

Energy considoration5':hllvo n9l: boon ~ontioned in this report. 

t ,-

by using Q strain gauga ~ttached tp Drass shaft. Hi Sayed~. using TOugh 
• .1' ! -.. ' 

1-

I -21-
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• 
calculations based on the aF~' ~nder thePressure-VoluDlp- diagram, 

l' Q . 
reported on efficiency of lO-ZiQ\ almost the ... ·same as a lilfilid jet pump 

tested by Walkdcn and Kell(lS). ., . 
The fact that the flow rates prbduced are large whereas the heads 

I • are only moderate. to small suggests a p'ossible use of the pUDlp'in a mix,. 
I 

ing ves-sel.· The baffles would act to produce a circula:ting pattern with-

in a mixing tank by pumping liquid fro~ the base of the~tank to the top; 

I 

. ! 

,. 

I 

J I 

-. 

,,' 

/ 
I 
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" 

,r1'ABLE OF EXPERtMENTAL ERRORS 

The est~mated errors of the principal variables are: 

- Pipe diameter: Nominally given as SO.8~. 'faking into 

account deviations from roundness, caliper error, etc. the uncertainty 

is about ±2% 1\ 

o • 

- t-teasuremcnt of amplitude: Error is estimated as ±4 nun 

- Frequency: An .error of tl% is estimated 

- flow Rate: Dtie to ·the errors in timing an uncertafnt¥ . 
'. 

exists of about is% 

- Head: An error of ±S mt.t exists 

- Viscosity of Glucose: The error in viscpmeter readings is ±2% 
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~~ 
TABLE J I (Figure 8) 

Flow ~at~ (mIls) Head (nun) 

31. !H 124 
63.82 S2 
63.82 31 
48.39 82 
37.97 103 
28.85 .. 133 
68.18 65 
50.00 ... 94 
76.92 11 
61.22 73 

0 183 
21.43 144 

A = 145 mm f It 1.43 Hz 

TABLE 2 (F igure 9) 

Flow Rate (mIls) Head (mm) 

100.0 78 
50.00 125 

. 125.0 . 44 
120.0' 68 
74.95 112 
39.47 168 '. 

125.0 46" 
136.4 26 
73.17 154 

0 240 
-

A = 145 mm f • l.43 HZ 
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TABLE 3 (Figure JO) 

Flow Rate (mIls) Head (mm) 

86.24 152 

d 
68.18 224 

130.4 102 
136.4 53 
136.4 /' 24 
'83.33 148 
25.42 321 
34.88 268 
18.99 328 

'" 0 365 
48.39 294 
47.62 276 
51.72 . 236 
45.45 . 257 
52.63' 176 

I 45.45 205 
14.93 . 

336 
25.86 303 

A = 145 nun f = 1. 75 liz 

, 

( 
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" J . . 

T~BLE 4 (Figure 11) 
\ "'-l 

-
Flow Rate (ml/s) Head {mm) 

T:.'r.;. 

107.1 240 
166.7 76 
166;7 34 
130.4' 136 
130.4 182 

~ 166.7 96 
50.00 344 
55.56 285 . , , 

60.00 314 
38.46 ~ 401 
53.57 337 r 

38.96 400' . 
44,78 366 
39.47 378 
15.87 430 
81.0S 272 

0 465 . . 
A. = 145 mm f = 2.13 Hz 

y' 
Flow Rate (ml/s) Head (nun) 

.' 0 

62.50 . 102 
71.43 56 
78',9S 20 
76.92 38 
65.22 . • 73 
63.83 • 89 

\ 
55.56 112 . 27.78 168 
.36. S9 IS'S 
38.96. 148 
18.29 , 186 
75.00 ,. 37 
S4.SS .114 

( 
78.95 - 11 

0 224 ' 

A == 8~·1t\m f • 1. 7S Hz 
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'\ . ' 

... 
TABLE 6 (Figure 13) c, 

Flow'Rate ~mlls) (l~ Head (mm) 
. 

45".45 128 
76.92 ,12 
62.50 ' 70' 
6e.18 44 
61.22 ,88 
38.96 158 
58.82 118 
44.78 135 
25.86 166 . 0 220 
57.69 43 
71.43 16 

" 

50.00 103 . 
, 

62.50 48 
'52.63 82 

A. = 183 mm I f = 1.22'Hz 

o 

TABUB 7 (Figure 14) 

now Rate (ml/s} Head (m) 
. 

96.77 153 
I 

t 107'.1 ' 84 
96.11 118 
.90.90 19 

'96.77 47 
52.63 176 

100 ... 0, 132 
,52,.63 , 303 
54.55 246' , . 
48.39 229 
53 .. 51 " '270 
36.14 , 361 
30.30 

~ 
380 

12.'27 422 
47~. 61 335 

0 470' .' .. 
A = 183 nun f = 1. 7S Hz " , 

-; -. -- "" ~!;.- .:--- ... 

i 
j 

, 
I 
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I .. 

TABLE 8 , (Figure IS] 

Flow Rate (mIls) Head. (rom) 

, 21. 74 14'6 
65.22 35 
62.50 93 . 
50.8S· 89 
69.77 . 20 
61.22 

. ,~ 
"53 

53.S? 82 
., 58.82 73' 

42.25 102 - 31. 91 11~ , ., 
I 34.48 136 

, 0 180 , 

A = 97 nun f • 1. 74 H~ 

~ TABLE 9 (Figure 16) 

Flow Rate Jmlls} Head (mm) .. 
, 93.75 

, 
116 .' , 

62.S0 ·196 
66.66 150 
93.75 . 44 . 

· 85.71 75 
· 81.08 

, 
H)6 . 

76.92 132 . 
68.18, - 168 
90.91 114 
96.77 32 

. ~O.OO 2·34 
27.27 273 
44.78 .200 
41..10 . 234 

· 0 348 . 
16.48 .' 300 

. A \= 97 m 
t' 

f,,~ ~'15 Hz·' • 

. ' ... 
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TABLE 10 (Figure 17) 

Flow Rate Gmil s) Head (mm) 

- 50.85 , 199 
81.08 , . 98. 
88.24 32 
81.08 59' 
63.83 152 
68.18 138 
58.82 179 
40.00 2"16 

. 81.08 124 
0 294 

25.42 251 
11. 27 ,> 270 .,. 

27.52 237 

A = 183 nun f :: 1. 44 liz 

.,. 
TABLE 11 (Figure 20) 

. d 

Flow'Rate(ml/s} Head (mm) 

41.66 '150 : 
57.69 103 
75.00 50 , 

, 
75.00 

, 23 
60.00 . 70 
55.56 94 
47.62 I~O 
61.22 78 

• 58.82 114 
42.85 . 162 
-19.20 208 
39.47 16~. 

0 231 .' 
.. , 

I - ... 
A ='145 mm _ f = 1.43Hz 

" 

I ' 
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TABLE 12 (Figure 20) 

Flow Rate (mlis) Head Cmm} . 
13.17 108 
44.12 153 

'-
83.33 J 53 
78.94 

,. 
21 

50.8S 128 
25.86 178 
66.66 - - 94 
71.43 38 
68.18 

\ 

46 
50.00 116 

0 \ 216 
I , , t. 

A = 145 mm f =. 1. 43 Hz .or 

TABLE 13 (Figure 21) 
\ -\ 

c' 

.. Head nun 

45.45 82-
57:69 40 • \. 
56.60 25 ' 
48.39 70 " 

35.38 114 
29.70 132 
15.96 152 
35.72 104 
49.18 60 
M.SS· 24 

0 180 

A = 145 mm 
.. 

.' 

--.. 

.::J 
~ 

< • .. 



TABLE 14 (Figure 21) 

Flow Rate (mIls) Head (mm) 

8.20 1.19 
4.12 160 

16.00 92 
17.78 58 I 
20.83 76 
21.28 12 

a 200 
~ 

A == 145 nun f = 1.43 Hz 

.-
TABLE 15 (Figure 22) 

Fl-ow Rate emf/s) Head (nun) 

, 

10·7.1 
56.60 
45.45 
55.56 
83.33 ' 

107.1 
81.08 

'56.60 
66.67 . 
51. '12 

, 31.58 
30~OO 
20.1~ 

, 0 

A = 143 ,nun 

.. 

S5 
121 
176 
142 
78 

. 31 
7S 

120 
98 

132 
160 
176. 
192 
232 

.f •• ~ 
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T~BLE 16 (Figure 23) 

. 
Flow Rate (mIls) . Heau (mrn) 

46.88 99 
81.08 ~ 39 

, 66.67 62 
53.57 89 
42.25 . 112 
22.22 136 . 
58.82 . 70 

93.75 . 28 
, 

71.43 56 
• 0 .. 174 

A = 145 nun f ~ 1.43 Hz 

J 

lABLE 17 (Figu!e 24) 

Flow Ran (mIls) Head (JI1In-) 

" 57.69 174 
'103.5 109 \ 

136.4 . 41 , 

'115.4 66 . 
90.91 135 " 

68.18 178 
44.12 232 

12S.0 . 69 
130.4 -. 30 

I 
35.29 300 
47.62 261 
32'491 302 
~25. 64 , 325 

'0 312 

A .. '154 It.''n f • 1.7S liz. 

\ 
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TABLE 18 (Figure 25) 

Flow Rllte (m11 s) Head (mm) 

28.84 131 . 
60.00 78 
90.91 16 
16.92 oS 
50.00 94' 
25.64 116 
90.91 46 
90.91 36 
25.93 132 

0 174 . 
A !:: 145 mm f :: 1. 23 Hz 

TABUi 19 (Figure 26) 

Flow Rate' (m1/s) . Hcad (mm) 
< 

~9.17 1~2 
76.92 73 
73.17 126 

111.1 89 
130.4 7 
130.4 34 
96.77 66 
73.-17 100 
48.00 138 

0 208 
,~ 

A :: 145 mm f. s 1.45 Hz 

.' 

(33) 

• 
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TABLE 20 (Figure 27) 

Flow Rate (ml/s) Head· (mm) 

. 
15i.9 66 
88.24 138 
73.17 191 
46.15 226 
88.24 168 
68.18 206 

IS0.0 50 
130.4 100 
63.83 250 
29.41 286 
10.21 320 . 

0 345 

A ::: 145 rmn 

TABLE 21 (Figure 28) 

-
Flow Rate (mIls) Head (mm) 

63.82 406 
78.95 ( 318 

120.0 235 
66".61 340 
73.17 380 

107.1 301 
136." 2QS 

(P 464 
157.9 161 
166.7 80 

A ,. 145 trun f ::r 2.15 liz 
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TABLE 22 (Figure 29) 

--
Flow Rate (ml/s) Head (nun) o .. . 

70.00 ' , 74 
37.84 102 . -
93.33 SO 
35.90 110 
84.21 36 
47.06 132 
70.00 86 

.. 64.00 65 ,,' • 
43.75 108 

0' 180 

-
A ,. 145 mm f· '" 2.12 Hz 

TABLE 23 (Figure 30) 

Flow Rate (ml/s) Head (mm) 
"'-. 

50.00 100 
76.92 3J. 
'34.48 88 
55.56 90 
71. !3 43 
45.45 76 

l 38.46 110 
35.71 140 
20.00 126 

0 145" 

~--- --- --- -- - ~ - , . 
A :I 145 101 f ::I 1. 77 Hz 

~ 
:-

':'.:':..', 

r 
- " 
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TABLE 2'4 (Figure 31) 

Flow Rate (ml/s) Head (mm)--

,77.77 138 
5-8.93 192 

- 76.92 12Q 
62.50 136 

111.1· 64 
83.33 108 

. 

66.67 180 
52.63 216 
41. 67 220 

, 71:-.43 156 
111.1 60 
'52.63 . 206 

125. Q 
c 32 

0 250 

, , A ::I 145 mm f = 1. 23 Hz 

TABLE 25 (Figure 32) 

- Flow Rate (mIls) , Jlead (mm) 
" . -

35.71 172 
125.0 . • 80 , 

, 
,62.50 136 
66.67 . 132 

11\.1 49 
100.0 76 

, 83.33 114 - 206 ' 52.63 ... 
52;63 "- 168 
45.45 I 190 

. . . 0 Z50 , . 
, 

A = 97 nun t = 1~4Z tit 

'. 
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TABLE 26 (Figure 33) 

F1ow.Rate (ml/s) Head (mm) 

125.0 , - S6 

83.33 116 
125.0 62 
111.1 76 • 
100.0 100 
58.82 180 
71.43 140 

142.9 34 

167.7 18 
100.0 110 
76.92 146 
42.19 206 

0 250 

A = 97 mm f = 2.14 Hz 

., 

TABLE 27 (f'igure 34) 

. 
Flow Rate (ml/s) Head (mm) • 

. 
111. 1 136. 
125.0 64 " 
142.9 22 

, 125.0 96 
83.33 178 

111.1 
. 125 

r 100.0 146 
133.3 100 
153:8 36 

- 62.50 234 
1.11. 1 -130 .,..,,, 
IVU.-V 

" • 
..... 

0 270 , . 

A = 145 mm f = 1.76 Hz 
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TABLE 28 (Figure 35) 

Flow Rate (mIl 51 Head (mm) 

55:56 122 
111.1 ·41 
76.92' 82 

133.3 6 

76.92. 84 
111.1 40 
90.91 ' 60 
83.33 98 

105.3 3S 
76.92 96 
71.43 106 

105.3 34 
0 186 

0 

, A = 145 mm l = 1.33 Hz 

• 
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