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Reciprocating asymmetric baffles 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 the1proauctioq of characteristic curves of
heagfgersus flow rate for a range of variables in a 50.8 mm 1.D. tube
agitated by reciprocdted asymmetric baffle;. The effect of amplitude
and frequenéy of odcillation on the pumping of tap water is repbrted.
Baffle length and éhe fitting of arifices to the pump are two other modif-

AN

ications considered. The pumping characteristics for two fluids other

than tap water, namely glucose and a filter pulp slurry, are also described.
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1. INTRODUCTION

The pumping of fluids is an essential part of chemical proceéses.

Research undertaken into novel forms of pumps has often a direct industrial

- LA
]

iﬁplicatioh as well as the possibilities which exist in other fields, ¥or
examble, biomedical engineering. ,

Th;re are three major classes of pumﬂxwhich are widely used (1)&(2):
ientrifugal, Rotary and Reciprocating. Centrifugﬁl pumps are probably the

most commonly used in industry because of their high efficiency over a wide

range of capacities and pressures, The basic principle behind their operation
is to produce kinetic energy by centrifugal force and then convert this
energy partially to pressure Ey effictently reduciﬂ&*ﬂelocity in acéordance
with Bernoulli's equation. The efficiency of the pump depends, among other
things, on sound sealing of the drive shaft and high maintenénce costs may
result from the~éas;age of co?rosive Liquids.' If a non-return valve is not
incorporafe& in either the delivery or suction lines, the liquid will simply
rﬁﬁ béﬁk into the suction taﬁk, If slurries»or.suspensions are pumped the
impeller blades may have“to be decreased @q Iengtﬂ or tﬁeir numbers reduced
to prevent blockages deYeIOping. Anﬁther disadvantage is that thﬁs type of
pump is usually not self-priming.

' Positive displacement rotary pumps oﬁ%rate efficiently éo pump

very viscous liquids and against high pressures. The principle of operation
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is that energy is imparted to the fluid by the’me§hing of one driving'and
one free rotating gear wheel. The liquid is carried round in the Spéce

. ) N -
between cgnsecutch.téeth and the casing and then ejecte&'as the teeth
come into mesh. The pﬁmp has no valves or troublesome seals, but it cannot
be used for suspensions as these jam dp‘the gear teecth.

Reciprocating pumps cah.éfficiently deal with large.throﬁghputs and
are adaptable to high pressure operations. The principle of operation rests
on the conversion of the kineéfg energy of a driven p ston into inéréasé&
pressure energy of the.fiuid. The discharée usually fluctuaties sinu;oidaily

;
unless multiple pumps are used, Problems occurs with corresive liquids as
the body is generally casf-iron, the valves bronze, and the piston and piston-
rods are made of steel. élurries con;éiningvabfasive pa;ticles cannot be
~handled as damage can be done to valves and the machined surfaces of c¥linders
and pistons. Sealing of the piétpn in the cylinder can also cause problems.

Whilst the three classes of pump described above are found to be
satisfactory in many apgfications, their limitations are acknoyledged.

It is the purpose of this report to describe the operation of one
type of pump which might be especially suited to dealing with very corr?sive
or hot fluids, §{3rries‘ahd suspoensions. ‘}he pump is made up of reciprocat-
ing conical perspex baffles mounted on a_brass rod\oscillated by a compress-
ed air system, Reciprocating pumps employing non-return valves have been
used in industry for ﬁahy years; the advantage of the pump described here
is that it contains no small clearances or valves and thus sliminates a

feature which is liable to failure with abrasive or corrosive fluids,
“~
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El Sayed‘s) demonstrated. th&t a net time»avaraged preqqure was '

u

n.‘

produccd.by reciprocating asymwotrzc baffles 1n a pipe and thab~thi< cauld

be’ the basis of-a valveless pump, . A pre%qure’transducer wag employed to

4 1 *

! I
mqge measurements of the pressure produced at Variaus amplltudas and .
, o 5

frequencie> for a varlety of baffle shapes and sizes amd these heasuremcnts

were made’ under "no flow' conditions. Bl Sayed found one part;cular shape.
of haffles (see Figure 1) produced the largest bressure differencu over the
range of.Opergtion cgnsidered and it was decided that this baffle would be
used throughout the tests to be carried o;ta éThe ﬁbjective of El Sayed's
work was tg demonstrate the feasibility of uéiﬁg tﬂe‘reciﬁrocating baffles
to pump fluiés; this report aims to obtain performance d%ta under a variety
of conditions with a vieq’go evaluatihg the practical applications.” This
‘pump is'one particular t&pé of fluid’diode, which imposes low resistance to
.flow in one direction and high resistance’to reverse flow and has no moving
parts, an advantage over non-return walves.

Baker( ) has produted a comparative study of three types of fluxd
dibdes operating on entirely different principles. The pérformahce, defined
;;iﬁﬁtio of the pressure drop inktﬁe reverse-flow direction to that in the
forward flow dfrgction, was correlated with Reynold's Number under steady
state co;ditions. Baker concluded that the vortex diode gavé the best over-
all performahce although good results were obtained with the fluid flow
rectifier. The latter had the disadvanfgge of being rafher expensive,

Maner and Popper(s) have sgggested a novel way of moving corrosive

‘and toxic fluids based on progressive transverse vibration of the walis of
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the conduit or container. A PV.C. cylindric&lqcon&ainer was taken and four

| JENEN

rolters mounted: on a common rotatxng dis¢c. Uhen the rollers are run over

v h=i4 '

the: outer side of the conhalner an elastic wave is generated and rotation

.
1

: ..
~$ots in immediately in the'liquid. This arrangement eliminates all mech-

anical contact between ratatiﬁg parts and the fiuid.

gé..

v % . S
ork has also been undertaken by the C.E.G. B ) into the particular

- %

problem of pumping hot quu1d slag from a combubtlon furﬂace. The fluid is

too hg&vand too corr051ve to employ a pump with moving metal pdrts. The

punp consists*of a chamber containing inlet and outlet ports and a source

of‘comprecsed air wﬁach provides the energy to force liquid."through the
. "‘ N

exit port. The design is 4ueh that flow out of the outlet and in through

the inlet are fire preferred directxons. Thus the ports act as leaky non-
. . *
return valves,

Pulsatxon has been studiod by many workers and for u;e in many
applicatlons lo and Karr( ) developed a reciprocat1ng plate extraction columw
and con¢luded that reciprocating motion produced high volumetric efficiencies.
This column was fo&hg to .be suitable for liquids containing suspended solids,‘
one of the classes of fluids which can cause problems in conventional columns,

(8)

Karr colunns have manufactured in sizes up to 450 mm. diameter and have .

4
proved effective for solvent extraction. The enhancement of heat transfer

" by pulsation.has been studied.gy Keil and Bairdtg) who found that heat trans-

fer coefficients in a shell and tube heat exchangér wore increased at the
oxpense of increased pressure drop. They conclude that air pulsation may

be economically feasible particularly in those areas of the world where
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water costs are high, However, it must be said fhat although much re-
search has been undertaken in this field, this writer has not found any
large-scale industrial use of pulsation in heat transfer reported.

’ -An interesting application of pulsation to solids transport has
been reported by Chan and Baird(lo). Exporiments were perforﬁ;d using -
asymmetric baffles reciprocatigg with frequencies between 0.6 and 1.1
Hz and an amplitude of 115 mm and it was found thatvthe rate of solids
transport increased strongly with the produét of amplitude and frequency.

N

There is motion of sand particles along a horizontal pipe in the absence

of any net flow of %he carrying fluid, namely water: Chan and Baird(ll)
reported on wall friction in oscillating liquid columns and concluded

- that for.a sand-water system, -less ;nergy was roquired to suspend sand

An oscillatory flow than in stéad} flow. If a steady pressure is applied

to a sgqunsion there is'a‘téndency towards compaction and ;;;seqak t
increaged proessure dr0p{or in‘tﬂe oxtreme case piockéég}\guisation sliminates
that poss%Pilitye The aﬁplic;tfons of. pulsation rﬁﬁge over\heat'and;%ass
traqsfer;fluid diodes, solids transport and pumping. This repOrt‘éeals

with only one part of the last class maﬁtioned. .

H
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IT(a). PRINCIPLE.OF OPERATION

The apparatus usea (see Figure 2) consisted of a perspex baffle
(see Figure 1) mounted on a central brass rod oscillated in a glass U-
shaped vessel. The princ?ﬁle of operation is as follows: The liquid flows
1in the annultis between the baffles and the wall in an 0pp05ité Jirec;ion .
to the baffle motion. Since the baffles are asymmetric, the flow patterﬁ
during the upstroke is different from that during the downstrok?a A con-
traction coefficient may be defined in terms of the minimum'areas through
whicﬁ liquid flows upstream and downstream of the haffle. For upward
motion, for example, the contraction coefficient would be defined as

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

&

Cross-section of annular '“vena contracta"

1

Contraction Coefft, =
Cross-section of annulus between large end
of bafflo and tube wall

Because of asymmetrly, the contraction coefficicent for downward motion of‘
the baf{Qes is smalier than that for'the upward motion implying a gr;ater
resistance to fluid motion on tho downward streke. This means that the
presshre produtced on .tho downstroke of the baffle exceeds tho back pressufe
produced on the upstroke, the result being a net pvessur@ in the downward
direction, Mathematical analysis of the situation in torms of Bernoulli's

4

energy equation is difficult because the values of the contraction co-

/
’ i

¥
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efficients are not known. One way around this dffFicuﬁxy would be to‘use’
) . N . * o

high speed photography in an attempt to provide di}egt measurement ‘of the

areas occupied by fluid on either side of the bnffla.f The efficiency

3

. . 4“
of the pump is dependent dn the relative values of the contraction co-

efficients, but it 15 unlikely to reach the VngJQS of 60-70% common for
ccntrifugy( pumps(lz). . N . : X
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11(b). "APPARATUS (Figure 2)

The U-section was built with lengths of Q.V.F. glass pipeline of
nominal internal diameter 50.8 mm connected toéether by metal flanges and
rubber seals. Orifice plates‘could be-fitted into the apparatus between
any two glass sections. The structural attachments consisted of STD

!

pipeline support bolted 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 Head to be measured. The

central brass shaft 9.5 mm (3/8 ins.) diameter on which the baffles are
mounted was connected to a compressed aig driving system (MAXAM Comp?ir
Canada Ltd,}. The principle of operation depends on thf action of a metal
ring or a pair of valves (Figure 4). The diagram shows/the rod at the top
its stroke with one of the two cylind;rs full of éompnessgd air and ‘the

other empty. When the top valve was struck the full tylinder was ex-

hausted to atmosphere and air (supplied from a 2.76/# 10S Pa. (40 p.s.i.g.)

laboratory line through a metered valve) beganeto ffll the empty cylinder
and hence push the rod in a downward‘airection. When the bottom valve was
étruck the reverse occurs, the full cylinder was e&haugted, the empty cy-
linder filled and the cqnsequént mation of the rod end baffle assembly was
upwards“ The use of a wide Ying ensures that, evén at’high frequencies,

the valves were pressed for a sufficiently long time to ensure that, it

was impossible for the sysfem to retain, say, an upward motion past the

-
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top valve resulting in the system complctely stopping. The positions of
] ‘ .
tﬁcfvaiyes on the screwed shaft were adjustable and hence an important
A -

pulsation \yariakde, amplitude could be controlled.

€q e§g¥’ofxpulsatfbn.could be altered by varying the pressure
of the air reach?ng\ihe M%XAM systeﬁ by means of the throttle valve connect-
ed to the laboratory air supply. ) .

| A high resistance, high tensile strength electrica) (80/20)
resistance wire of diameter ,20 mm (0.008 ins.) Greening Donald Ltd., was
connected io the top of the driving shaft, as in Figﬁre 5, running on a
copper pulley and kept under tension with elastic bands. As the piston
moved gs and down, the length of wire between pointslA and B varied in
direct proportion to the motion. This variable resistance formed one arm
of a Wheatstone“Bridge circu}t which was pﬁrp&sely kept unbalancéd so that
a potential'difference,'which varied linearly with the length of wire AB

was produced. Resistance is proportional to ther ngth of wire. This

variable voltage was fed into a chart recorder A(SANBORN Co. Model SANBORN

150) where paper (SANBORN Pefmapaper) paséeghSbe\a knife edged writing
plagéau and was wiped byla hot wire ribbon stylus for true rectilinear
coordinétes._ The chart speed uscd.was Smm/s. %his stylus mapped out a
waveform fepxesentation of The motion of piston which was permanently re-

corded so that the amplitude and frequency could be studied and iﬁterpreted

-

afeer the experiment had been completed.

»

Liquid was fed to the left hand side of the apparatus by means of

a constant head apparatus (Figure 6) which had a .widé overflow pipe to
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ensure that the level renmiﬁed constant. The liﬁuid height was marked €§ a
string tied round the outsidec of the tank. This string was then stfetch—
ed horizontally until it made contact with a scale which consisted of
striﬁ; of graph papef attached to the side of the vertical steel channel.
In this way a measurement of the difference in height between the water in
the tank and exit overflow point M(fixed) 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 meaguring the time necessary to fill
the container the liquid flow rate was obtained. Thus from these two
quantities, head and flow rate, the familiar '"characteristic curve" for
the pump under any conditions was obtained. The importance of the curve
is great as it allows the maximum flow rate to be calculated 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 independent variables,
¥
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I1(c). EXPERIMENTAL PROCEDURE .

The first adjustment mdde 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
throughout this report to mean the distance between the top,and‘bottom of
a stroke not the distancé travelled in one complete cycle., The amplitude
was taken to be the distance measured by ruler between the centre pbint

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

system actually in motion, The water supply was turhed on and a check

i -

-

‘was made to ensure that the constant head apparatus was functiofing correct-

-

ly. The air supply was turned on and’?é?ﬁsted by means of the fitted valve
until ihe required frequency was reachedfl This frequency was meagured'by
timing oscillations for one minute. A calibration between tﬁémValve set-=
ting and the frequency was Eound to be impracticable for two reasonsi
Firstly the scale of the valve was rather cramped making accurate judge-
ments of settings difficﬁlt. Secondly the pressure needed to produce a
particular frequency 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 difference across the pump. Thé tank was supportéd by a

st ‘

’

-11-
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a movable cross-shaped support of 50.8 mm (2 ins.) steel channe} attached
to a veriical grooVé 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 tr} and move the tank downwards
i.e, gradually increase the head, because with a weight of 20 Kgs. or more
it was a difficult proposition to manoeuvre upwards. Whilst thé;e pre-
parations were made and between fﬁns the liquid being pumped was collected
in S5 1iter vessels. When the pump had operated undisturbed'for two
minutes a steady state was judged to have been atained, The flexible pipe
coming from the overflow section was placed in the graduated 15 liter bucket
and the time‘noted. Generally the full iS liters was colleéted and the
time again recorded so, that by subtraction a valué‘for the flow rate was
determined.

At first it was thought that the frequency would remain at its
initial setting throughout ﬁhe duration of an experiﬁent (three hours),
, Hoﬁe;er, c&ecks showed thdt after two or three flow rate measurements the
frequency had wandered and that this deviation‘was m&st pronounced with .
£he higher frequencies use&. Accordinglynit was decided that a check
could be made after each run (at high frehuency)or’af;erievery other run
(at low frequency) to ;néure the accuracy of this important yariablé.

The SANBORN recorder wés switched on for short peri;ds during the
experiments to provfﬁe several readings of the waveform from which an Average,_
overall frequency could be found, WhenAthe liquid ppmped was water, the

Y

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

+ .
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tap. However, when.another fluid was used, the supply came from a large
container placed on top of a tall stand at ‘a level that was always above

that of the tank.' Thus a flexible tube could simpi{ be run down directly

T
into the top of the tank to supply the pump, : -

vt



II1. RESULTS AND DISCUSSION {ﬁ

T ) The first 10 runs were carried out using tap water with a rangei
of settings emplof@& for the amplitude and thg_frequepcy. The three set-
tinés employed for amplitude were: 97 mm, 145 mm and 183 mm whilst fre-
quency had four nominallvalues: 1.23 Hz, &.43 Hz, 1,77 Hz ané 2.13 Hz.
The error in the measurement of thé frequency was greater théh that in
.measuring amplitude for reasons mentioned above namely the tendency for
the frequency tg decrease with time, " No such behaviour was possible with
ampli£ude as this ;ériable was controlled by the fixing of the positions
of two valves on a threaded shaft by securing nuts. The rationale behind
the seléctiqn of these values was to provide a reasoﬁablé range of ex-
perimental settings within the limitations.of the apparatus. With the
present driviné system an upper iiﬁiﬁ on frequeﬁcy was about 2,35 Hz, but’
it was found that 2 13 Hz was a safer upper limit, because of the problems
of reprodu01b111ty and shootlng up past the.top valve. The former problem
stems from the fact “that high amplitude—high.frequency settings bonsuméd much
more enérgy than 16w amplitude-high frequencylonés did. The latter arises
because the momentum of the shaft at high frequency is sufficient to carry
it past the vaIVe. The top limit for amplitude was determlned by the
physical arrangement of the brass shaft which was located in the U- tube

system by a “spider" bolted.in between two sections of glass tube. At

¥

}‘ ]
-
.
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‘large . amplitudes the brass shaft tended tdrkump clear of the central hole
on the upstroke and to jam on ghé main bédy of the spider on the folléwiﬁg
downstroke. The lower?limits for aﬁpliphdo and freqtency were chosen so
that "reasoﬁable" size heads could be overcome; a minimum of 140 mm was

chosen as the lower limit. 4 e .
Several conclusions can be drawn from the data (see Figuresﬁ8—17).

The simplest one is that an increéée in amplitude or an increase in fre-
quency leadg to an increage in the flow rate at any particular head, ihe
value of Ehe head at zero figw (the "shut;off head"j and the maximum flow.
rate possible. It could be seen, evén from the raw data however, tgat
the effect which frequency and amplitude had on say . shut-off head were
not equivalent. For example, ié the values of the product of amplitude
and frequency for tables 2 and‘9 are compared they are nearly th; same,
but the shut-off head for run 9-(i.e. the run ai_higher freduency) is
much greate; than that for run 2, Thus it was decided to plot both
amplitude'at fixed freéuency ;nd frequency at fixed amplitude'against the

" shut-off head using log-log paper. The shut-off'h;ad is important, because
it répresgnts the maximum posgi?le p?essure.drop across a pump, If a
number of pumps are placed in series, say in a pipeline, then their spaciné
is limited by the vaiue of the shut-off head. The results presented in

. Figufé'fﬁ show slopes forimplitude and frequency of 1.05 and 2.1 respect-
//13;:z. Figﬁre 19, Head versus Af2 gives some idag'of the error involved

" in the correlation. These values, close te unity and two, suggest the

N * "1 R . . .
possibility of the correlation having some-theoretical basis. However,

T * -

-
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because of the non-uniform waveform produced by the appératus an analxtical
approach was considered too complex tovattemﬁt within the scope of this
Teport.

. The Qaveform, as recorded on the SANBORN machine, was a non-uniform
triangle. Tﬁc downward Velocit§ of the baffles was gredter tth the upward
velocity for all cases., Howevér, at high frequency when shafttweight
effects became less important, the waveform approached-morg nearly an
isosceles triangle.

2

(ii) It was decided to investigate the effect of fitting orifice plates

H

to the system at two points P‘and Q (Figure 2); Two sizes of brass plate
’were used with diameter 38,1 mm and 25.4 mm wﬁich compare to a pipe diametexr~
. of 50,8 mm, The orifice plates were placed with the bevelled sides faéing
downstream so as a s;rict comparisan.could be made between plates irresp-

ective of the method of machining. Figures 20 and 2} summarise the results

obtained. ~

”r

It is clear by cogparing Figures 20 and 21 with Figure 9 (the same
amplitude and frequeﬁcy, but no orifice fitied) that in none of the four
cases considered was performance lmproved by the presence of ah orifice, the
major detgrioration being seen with the sialler platse, 'The.areamaf an
orifipg is proportiogal iokdiameter sqﬁ;red and heﬁce the ratio of size is
not 38.1:25.4 or 3:2, but rather 9:4, It was obsefvedffhat the shut-off -
head wag not_radically‘decreased,'but the maximum flﬁw raté,Was cut back

considorably. The upper pesition, Q, was selected as it wés reasoned that’

A}
L2
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" an orifice might restrict th? small backwarq;motibn associated‘with~thee:u
baffles. Obseryaqioﬁ of fhe:fluid in the area of the plate showéd, how-
ever, that liquid was thrown up through the orifice and that an "inter-
ference" effect was set up. It appeared that liquid was descending in

the area of the plége whilst the baffles were ascending and vice versa,

-

. N .
' “s « Lo \ !

(iii) The number of baffles in the sységm was doubled by maki;g another
assembly exactly like the original (see Figure 1). In order to fit tﬂe

_two sets onto é bréss shaft the "spidef“ had to be rQQOVed;‘the'extré
weight of the second baffle ensured that the whole system remain;d re-
latively fixed in a vertical plane. The reﬁults are presented in Figureg
22-24 (c.f: Figur;s 8-10). El Sayed found that doubling the number of

| baffles from 6 to 12 resulted in‘hn increase of almost 100% in the piessure

‘proddced for a given velocity, In doubling from 12 to 24 tﬁe increase in
head is only 10-20% and so we may conclude that no linear relationgiip
exists between, the number of baffles and the maximum head that they can

) produce. Tﬂis finding miy be a result o% the increased friction with the ’

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

of pipe there is a maximum net pressure attainable.

(iv) As Lacey(ls)'has.regbrted,'the effect of a very dilute solution of

‘ poiyethylene oxide is to reduce the drag-by the apparent suppression or

e ]

i



>

' g ! ‘ ! (18)

3

diminution of turbulence. A soluiion of leyothyléne oxidQQ{(CHZ)ZO}n,

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

tank so'that(the Eon;éntration was around 50 parts per million (p.p.m.).
Further suppliés were added during the course of the expe;iment and whilst
the exact amount of polyethylene oxide present was not know?, its con-
cgnt;ation was kept above 10 p.p.m, .Four runs were undertaken (Figures
25-28) and the iﬁprowement in perforﬁance was (c.f. Figufes 8-11) confined
to a slightly larger throughput at lower values of the ?ad. It therefore
appears that the use of polyox in pulsating systems fitted with baffles

LN

is of only small value.
. Lo

- ™~

) It was decided to investigate the effect on characteristic curves

"of a change in the kinematic viscosity (viscosity + density) of the

liquid being pumped by performing.experiments with glucose solution.
Glucose was chosen because it is relatively cheap, easily available and
strg}ghtfcrward to handle. An inhiﬁiéor; Sorbic acid (0,02% by weight),
was added to redile bacterial growth a;d fermentation. The glucose sol-
ution gad a viscosity of 5.7 x 10“? Pa.s (5.7 c.p.))‘at 20°C measured
in a viscometer, Bécause glucose is not available from a mains supply
certain modifications to the equipment described in Figure-2 had to be
undertaken (see Figure 7). Basically the supply came from.a large re-
servoir located at a higher level than the constant head tank and after’
the glucose had been pumped and measurements taken it was poured manually ‘

back into the large reserv%ir The results are presented in Figures 29-

32 K.fF. Figures 8-11 and Flgure 16) It is noticcable that for §ach sot
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“of conditions used there is a decrefise in both the flow at any particular

head ﬁnd the head‘attained at ealh flow. In other words the curves are
moved\goyn towards the origin; for instance fha Qhut-off head is reduced‘
by apgroximately 20-30%. This result is expected as the energy used to
overcome the‘increased drag caused by the use ?ﬁ a more viscous liquid

means a consequent decline in.performance. ”,

P e

-

(vi) The liquids ;sed.thus_far could be handled successfully with a ,
regular pump. It was'therefore decided to obtain characteristic curves

for the pump using a filter pulp slurry as the liquid. 408.9 g of Filter
Pulp (Ash-free Analytical Pulp, Bchleicher § Schvell Inc.) was mixed into
45 lit;rs of tap wa£er and the resuléant slurry (9.1 g of pulp per liter)
was fed ipto'the pump usiné the apparatus shown in Figure 7. A larger exit
tap from the feed tank had to be used as the original one became gloggad
with pulp and provented flow from occuring. W¥hilst the slurry was not
very viscous it was highly non-Newtonian. The results (Figures 33-35)

show that the pump was successful in handling the slurry without becoming
clogged and without d separation of water and pulp occuring. The heads and
flow rates obtained were comparable with those recorded for the pumping

of Glucose and are thus reasonably satisfactory. Despiie the small con-
centration of pulp used, the fact that the fibrés absorb water means that
they occupy a much greater volume and have a much greater effect on the

liquid’'s properties than would be expected. Coéncentrations of pulp in

the region of 9.1 g/1 have been used by other workers. Hamer and Blake-
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borough(14) state that if concentrations were measured on a wet volume

basis 5 g/1 would occupy a volume approaching 203 of that of the system.

ry
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IV. CONCLUSIONS AND RECOMMENDATIONS
FOR FUTURE VORK

~

¢ _apparatus can be successfully and reliably operated as a valve-
less pupp. Flow rates of up to 150 ml/s of water (120 éallons pe£ hour)
.have been achieved -and the maximym head recorded was 470 mm (i8.5 ins.)
(Figure 14) of water. - These Tigures are Sufficiqptly promising to warrant
further research to be. undertaken. This work could develop in severals
differep; directions, ) . ‘yyfi

A larger scale model could be construéted and the puisation system
modified to allow higher velocitiés.. One refinement, which exciudéd
from the above wo;k throughxlack of time, was the investigation of a non-
syfmetrical triangular ;aveform; This was to have been achieved by ad-

Jjusting thé rate of air escape fyom the'driving cylinders in the MAXAM
system, The installation of thrattle valves on the exit pipes wpufd allow
say a slow upward motion of.tha b&ffles followed by a €a§t dewnwﬁrdfmotion.
Anotﬁar possibility wouldﬁbe to produce a sinusotdal'wavéform wh;éh would
a}low:a mathematical analysis of the system to be undertaken, :

The experiments with ngcose andifilt;r pulp sﬁow that the pump
can handle viScous liquids or slurries quite oasily, albeit with a reduced
performance from that rechded with water as the fluid, . ‘

’ Enérgy considerationﬁ*ﬁave not been'mentioned in this report.

It would be usceful to evaluato thp“éfficiency of the Pump acgurately

by using a strain gaugo dttached to brass shaft, El Sayed, using rough

3

- - 2

e - s - .
’ . . T e

. Co ) 2]
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. ; )
calculations based on the a?eklunder the,Preésure-Volﬁmp«diagram,
' 3 4 Q@
reported on efficiency of 10-20% almost the“same as a liguid jet pump

tested by Walkden and Kell!3), - e

The fact that the flow rates pr#duced are large whereas the heads

!

. I
are only moderate to smill suggests a possible use of the pump-in a mix-
- | . .
ing vessel.  'The baffles would act to produce a circulating pattern with-

in a mixing tank by pumping liquid from the base of the.tank to the top:

2
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~TABLE OF EXPERYMENTAL ERRORS

The estimated errors of the‘principai variables'are:

- Pipe diameter: Nominally given as SO.B{Wm. Taking into
account deviations from roundness, caliper error, etc. the uncertainty
is about %2% o \ i

- Measurement ofoamplitude: Error is estimated as 4 mm

- Frequency: An.efrér of £1% is estimated

- Flow Rate: Due to the errors in timing(an uncertainty
exists of about 15%

- Head: An error of 5 mf exists

- Viscosity of Glucose: The error in viscometer readings is t2%

-
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bomg .
TABLE‘1 (Figure 8)

Flow Rate (ml/s) Head (mm)
31.91 124
63.82 52
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
145 mm f =1.43 Bz
TABLE 2 (Figure 9)

Flow Rate‘(mlls) Head (mm)
100,0 78
50.00 125
125.,0 - 44
12000’ " 68
74.95 112
39.47 168 -
125.0 46
136.4 26

. 73,17 154
0 240

145 mm f = 1.43 Hz
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TABLE 3 (Figure 10)

©
Flow Rate (ml/s) Head (mm)
86.24 152 )
68.18 224
130.4 - 102
136.4 . 53
136.4 Tt 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
45.45 205
14,93 ° 336
25,86 303 . ) —

A=145mm  f= 175 Hz



TABLE 4 (Figure 11)
AY "\X

TABLE 5 (Figure 12)

Flow Rate (ml/s) Head {mm)
107.1 240
166.7 76
166,7 34
130.4 136
130.4 182

e 166.7 96
50.00 344
55.56 285
60.00 314
38.46 ° 401
%3.57 337 -
38,96 400" .
44,78 366
39.47 378
15.87 430
81.08 272
0 465
A = 145 mm f=2.13 Hz

A = 85-um

~
Flow Rate (ml/s) Head (mm)
62.50 102
71.43 56
78, 95 20
76.92 38
65.22 ] 73
63.83 + 89
) 55.56 112
27.78 168
36,59 158
© 38,96, 148
18.29 186
75.00 37
54,55 : 114
78.95 - 11
0 224
. ‘ "
f 21,75 Hz

(26)
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TABLE 6 (Figure 13)
Flow Rate (ml/s) {} Head (mm)
45,45 128
76.92 12
62.50 70
68.18 44
61.22 .88
38.96 158
58.82 118
44,78 135
25.86 166
. ) 220
57.69 43
71.43 16
50.00 103
62.50 J 48
52,63 82
A=183mm , f = 1,22 Hz
TABLE 7 (Figure 14)
Flow Rate (ml/s) Head (mm)
96,77 , 153
< 107.1 . - 84
9%.77 118
90,90 19
‘96,77 47
52.63 176
100. 0. 132
.52.63 . 303
54.55 246
48.39 229
53.57 h 1270
J6.14 361
30.30 380
12,27 422 -
47.61 335
0 470°
A = 183 mm

f = 1,75 Hz

-

(27)
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TABLE 8 , (Figure 15)

A= 97T m

Flow Rate (ml/s) Head. (mm)
21.74 146
65.22 35
62,50 63
50.85 " 1. 89
69.77. ’ 20
61.22 53
53.57 )/ - 82
~ 58.82 7%
42.25 102
© 31.91 . o 112
" 34,48 136
0 180
A= 97 mm f=1.,74 H2
» TABLE 9 (Figure 16)
Flow Rate (ml/s}) Head (mm)
. , 93,75 116
62.50 - 196
65.66 150
93.75 © 44
. 85.71 75
. 81.08 106
76.92 132 -
68.18 - 168
90.91 114
96.77 32 -
27.27 273
44,78 | . 200
41,10 234
: 0 348
16,48 . 300
£ = A15 Hz

(28)



TABLE 10 (Figure 17)

Flow Rate (ml/s) Head (mm)
50.85 - 199
81.08 98,
© 88.24 32
81.08 59
63.83 152
68.18 138
58.82 179
40.00 216
81.08 124
. ‘ 0 294
~ 25.42 251
e 11.27 > 270
27.52 237 -
f=1.441z

A =183 mm

TABIE 11 (Figure 20)

Flow Rate (ml/s) Head (mm)
41.66 150
57.69 103
75.00 "50
75.00 ) 23
60.00 70
55.56 94
47.62 130
61.22 78
58.82 114
42.85 162
-19.20 208
39.47 162

© 0 231
A = 145 mm

) f = 1.43"2

(29} .



TABLE 12 (Figure 20)

B &:‘4

Flow Rate (ml/s)

!

Head (mm)-
73.17 108
44,12 153
. 83.33 J . 53
78.94 S
50.85 128
25.86 178
66.66 94
71.43 38
68.18 ) 46
50.00 116
0 4 . 216
A = 145 mm f = 1.43 Hz
TABLE 13 (Figure 21)
I_Flow Rate® (ml/s) Head (mm
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
54,55 24
0 180
A = 145 mm T = 1.43 Hz

(30)



TABLE 14 (Figure 21)

Flow Rate (ml/s) Head (mm)
8.20 119

4,12 160

16.00 92
17.78 58 4

20.83 76

21,28 12

0 200

A= 145 mn f=1.,43 Hz

TABLE 15 (Figure 22)

Flow Rate (ml/s)

Head (mm
107.1 55
56.60 121
45.45 176
55.56 142
83.33 - 78
107.1 31
81.08 75
"56.60 120
66.67 . - 98
51.72 132
" 31,58 160

50,00 176 .
20,13 192
"0 232

A=143mm £ = j;jj/)hrﬂ_vﬂ\\g ~

L]
L
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TABLE 16 (Figure 23)

Flow Rate (ml/s) ttead (mm)
46.88 99
81.08 i 39
66.67 62
$3.57 89
42,25 112
22,22 136 -
58.82 70
93,75 28
71.43 56

0 A 174
A = 145 mm £f = 1.43 Hz

FARLE 17 (Figure 24)

Flow Rate (ml/s) Head (mm)
© 57.69 174
'103.5 109
136.4 - 41 .
" 115.4 66

90.91 135
68.18 178
44.12 232
125.0 69
130.4 30
35.29 300
47.62 261
32,97 302
,25.64 . 325

0 372

A=T154rn  f= 1,75 Nz

(32)



TABLE 18 (Figure 25)

“

¥
B
{

Flow Rate (ml/s) Head (mm)
28.84 131 .,
60.00 78
90.91 16
76.92 08
50.00 94"
25.64 116
90.91 46
90.91 36
25.93 132
0 174
A = 145 mm

o

f=1,23 Hz

TABLE 19 (Figure 26)

Flow Rate’ (ml/s) - Head (mm)
29.17 162
76.92 73
73.17 126
111.1 - 89
130.4 7
130.4 34
96.77 66
73,37 100
48.00 138

0 208
A = 145 mm £ = 1.45 Hz

(33}
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TABLE 20 (Figure 27)

Flow Rate (ml/s) Head (mm)
157.9 66
88.24 138
73.17 191
46.15 226
88.24 168
68.18 206
150.0 S0
130.4 100
63.83 250
29.41 286
10.21 320
0 345
A = 145 mm £f =176 Hz

TABLE 21 (Figure 28)

Flow Rate (ml/s) Head (mm)
63.82 406 1
78.95 318
120.0 235
66.67 340
73.17 380
107.1 301
136.4 208

@ 464

157.9 161
166.7 80

A = 145 mm f=2.15 iz

(34)
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TABLE 22 (Figure 29)

.
<

Flow Rate (ml/s) Head (mm)
70.00 - 74
37.84 102 -
93.33 50
35.90 110

© 84,21 36
47.06 132
70.00 86
64.00 65 ¥
43.75 108

o 180

A= 145 mm £ = 2:12 ﬁz

TABLE 23 (Figure 30)

Flow Rate (ml/s) Head (mm)
50.00 100
76.92 34
34,48 88
55.56 90
71,3 43
45.45 76
4 3B.46 110
35.71 140
20.00 126
0 48
A= 145 m £ = 1.77 Hz

(35}




TABLE 24 (Figure 31)

Flow Rate (ml/s) Head (mm)
77.77 138
58.93 192
76.92 126
62.50 136
111.1 - 64
83.33 108
66.67 180
52.63 216
41.67 220
71.43 156
111.1 6o
52.63 206
125.0 - 32

0 250

A = 145 mm f =1.23 Nz

4
‘l

TABLE 25 (Figure 32)

Flow Rate (ml/s) . Head (mm)
35.71 172
125.0 " 80
.62.50 136
66.67 132
111.1 49
100.0 76
83.33 114
52.63 206 - R
52.63 168
45,45 ! 190

0 250
A = 97 mm

e

):_"“h’

F= 1,421z
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TABLE 26 (Figure 33)
Flow.Rate (ml/s) - Head {mm)
125.0 - - ' 56
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 N
76.92 146 ™~
42.19 206
0 250
A= 97 mm f=2,14 Hz
TABLE 27 (Figure 34) '
Flow Rate (ml/s} - Head (mm) | o
111.1 136.
125.0 64 o
142.9 22
125.0 o 96
83.33 178
111.1 ' ‘ 125
T 100.0 146
133.3 ' 100
153.8 36
62.50 234
111.1 - 130
10070 - 224
0 270




(38)

TABLE 28 (Figure 35)

Flow Rate (ml/s) ' " 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 . 35
76.92 96
71.43 106
105.3 34

0 _ 186

. A = 145 mm f=1.33 Hz

[T
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