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ABSTRACT

The Hillis purnp is a recently invented hydraulic device

which works on a principle similar to jet pumps. The maÍn

merits of the pump are reliable operation, the absence of

moving parts, maintenance-free operation and the lack of

sensitivity to the nature of the fluid being pumped. It is

considered to be useful because of its simplicity and relia-

bility in remote, occasionally unpleasant and dangerous

environments.

The nressrrre head in the drivins f1uid is converted to

velocity head through orifice tubes where the pressure is

reduced. This reduction in pressure at the discharge end of

the orifice tubes causes the drivine fluid to mix with the

main flow of the material to be moved. This thesis des-

cribes the equipment and procedures employed to obtain oper-

ating data for a 51 mm ancl a 100 mm diameter hydraulic f1or,¡

booster conveying vrater. The data have been used to assess

the performance of the hydraulic device, herein called a

hydraulic flow booster, and to suggest design improvements

to achieve satisfactory operation for the conveyance of

manure and other materials contê.inino a qn1i¿l and a liquid

phase 
"
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The performance test results showed that, beyond a

minimum Ínjection pressure defined by the model size, the

Hi I I i s nrìmn ni ek- irñ r'7ñ r^É Þe1ow thÍs ninimtlrì nrêcqrlrê tÐ prrurp pfuNÞ uy waLçr o Dcrvw LrtrÞ rrrlrrlururr y!

portion of the injected flow rate is lost through the pickup

end of the device. The pickup flow rate increases with an

increase in the injection pressure up to a certain lirnit.

This pickup capacity demonstrates the potential of the Hil-

lís pump as a materials handling device. The 51-mü model

removed manure having 12 percent total solids content from a

storage pit. The same model successfully transported gravel

stones having diarneters up to 38 mm and a bulk density of
_a

1847 kglm" " Further invesl-igation is required to improve

the design and efficiency of the hydraulic flow booster.
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Chapter I

INTRODUCTION

Hydraulic transport of solids is of considerable inter-

est where 1or+ cost materials may be transported for long

distances. Hydraulic transport is currently being used for

conveying coa1, mineral ores and salt mixtures in \^rater. It

may provide a clean and low cost method of handling organic

waste materials in a slurrv.

Agricultural production and processing generates

organic by-products which are of significant economic and

aesthetic irnportance" Livestock manure and associated \^/aste

water from large scale animal production systems, crop resi-

dues and discharge from processing plants constitutes the

principal sources of agricultural by-products. Disposal or

utilization of these agricultural by-products in the liquid

state to achieve higher overall efficiency is desired "

Liquid handling systems involved in livestock enterprises

give rise to many seríous materials handling problems on the

farm. Flow characteristics and settling properties of slur-

ries are largely responsi-b1e for their handling difficul-

ties .

-1-
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The characteristics of animal vraste are influenced bv

food and T^7ater intake, composition of feed rations, species,

açe- sex of Ihe animal and the environment" A mixed s'l rrrrv*bt- t

acts as a non-Newtonian fluid. Many of the properties which

influence pumping and flow characteristics of such liquids

can not be determined from test data obtained for purnping

equipment using r¡/ater. The apparent viscosity of a slurry

depends on the moisture content, total solids concentration,

volatile solids, suspended solids, particle clensity, bulk

density and partíc1e size distribution"

Considerable variation has been observed to exist bet-

¡nreen the slurries from different animal species and also

from animals on different feecl rations. The solid particles

may become attached to one another to forrn larger particles

giving rise to different settling characteristics, and sedi-

ment properties when settled " It is lcnown for example that

the larger fibrous sofids in pig manure slurries settle more

quickly and are often responsible for blockage which occurs

during purnping operations" Smaller particles with 1ow spe-

cific gravity can float to the surface of the liquid eventu-

al'l v formÍnø a e,,rñ¡ rn ¡¡n*¡ae tanks the Situation can berrur116 o LIUÞLo Itr ÞLvrdó

reached where a slurry will stratify as shovm diagrammati-

cally in Figure 1 . Under these conditions it is impossible

to vrithdrarv homogeneous slurry without mechanical agitation"
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Liquid
Settled
solids

tsl orrrê Settled slurry

There are a number of methods available for asi tatinp

the slurry in storage tanks. Conventional impeller as well

as scroll and stator pr.rmps and submersible purîps have been

used to recirculate liquid in an attempt to create a

turbulenË condiEion sufficient to brine solids into

suspension" Conventional pumps in general have proved

unsuitable for this purpose because they are subject to

blockage and excessive wear due to fibrous materials in the

slurry. Various specialized purnps are nov/ available for

filling, emptying and recirculation of tank contents which

include:

I " positive <lisplacement



nerìf ri f rroel_^ -Ò*-

progressÍve cavity

á i rnhrrom

Technical data available for existing sludge pumps does not

specify performance characteristics for conveying manure

which has a variable consistency range.

A hydraulic device invented hw I'rnnk HÌ11is, 2067 Ceð.ar

Hill cross road, Victoria, British Columbia has been

recently used with marked succêcc f¡r renid'lw ¡nd effi-

cíently unloading fish fron boats ín the k]est Co¡qr r''íchino

Industry" The outstanding perfonnance reported for this

application has aËtracted interest in its use for alLernate

materials handling and conveying requirements. One such

additional applícation is the potential use of this pump for

cleaning manure slurry pits which is an important task asso-

ciated with modern livestock management systems. Generally

loaded manure slurry pits produce gases, some of which, pâr-

ticularly hydrogen sulphide, are toxic. These gases are

hazardous to the health of persons involved in cleaning the

rnanure pits " Occasionally the ltazard is extended to the

risk of life. In such circumstances it is anticiDated that

the successful performance of the Hillis pump to remove

manure from pits will eliminate dangerous risks from lives-

tock enterprises "
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A project was undertaken to evaluate the performance of

the Hillis pump to move water, to move manure slurry from

pits and to transport gravel. This thesis describes the

pump and ancillary equípment acquired, the perforrnance eval-

uation tests and contains the results obtained toeether with

di scussíon.



Chapter IT

DTSCR]PTION OF THE HILLIS PUMP

The Hillis pump was designed to operate with water and

it is therefore basically a hydraulic device" Fígure 2

shows construction details of the pump.

The pump which has no mechanically moving parLs, con-

sists of a straight-through pipe section enclosed by a 1ar-

ger concentric pipe \,rater jacket. A pipe connection into

the !üater jacket receives !,rater under pressure from an

êvi-êrnll hr'oh ñyressure purnp " A series of orifice tubes

placed at various angles through the wa11 of the straight-

through pipe section allows \^rater to flow in jets from the

jacket to the open cross section of the straight-through

pipe. The flow frattern can not be observed but it is the

jet action that creates a low-pressure region when placed

into operatíon. Intake flow enters this low-pressure region

to form the combined discharge from the pump" The orifice

tubes do not protrude beyond the interior pipe wal1 to cause

any restriction to the passage of rnaterial being moved.

Pumps have been fabric-ate<l in diameter sizes of 38, 51,

76, 100, 130, 150, 200 and 254 mm. The size rating refers

to the diameter of the straight-through pipe section of the

-6-
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DumÐ" A 5l-mm and a 100-mm model were used in this oerfor-

mance evaluation program"

The number of orifice tubeS .ônnêcfino fho plenum with

the straight.-through pipe in existing models range from B to

24 depending on the size of the pump. The 51-mm and 100-mrn

pump used in this study both contained B orifice tubes wirh

their diameter being lr"5 mm and 9.5 mm respectively. These

tubes were located in the form of two circular rings inside

the plenum chamber on the wall of the straight-through pipe.

Water at pressures of 1370 kPa and above was recommended by

Hillis to provide good pumping performance. Tube angles

with the straight-through pipe wa11 were variable and ranged

from 22 degrees at the pickup end down to I degrees near the

discharge end. It can þs gþss¡rzo.l frnm Fiortrø ) that flow

in the purnp jacket is turned ¡hrnrroh r rznrirhls angle in

excess oÍ 270 degrees as the r¡/ater discharges, forming the

jets.

A unique feature to this pump is that a non-obstructed

passage is provided over the full interior cross sectional

area of the selected pump size for the flow of the material

being moved " The application of the pump is such that it

may be more properly con.sidered to be a flow booster sínce

the device is used in conjunction with a pump rather than

being in itself a piinp. Hor^¡ever the unit has been patented

aS the Hillis nrmn nnå th'í e designation will be used

throughout this thesis.
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Chapter IIl

EQUIP}4ENT A}ID TEST APPARATUS

3 .1 EQUTPMEI'IT

The equipment used in this study included tl're follow-

ang:

1. Perkins Diesel engine"

2. Ingersoll Rand centrifugal purnp.

3 " Tachometer "

4. Flowmeters.

5. U-tube manometers.

6. Pressure gages"

7 " Vacuum-pressure gage.

B. Pipes or hoses"

Appendix A contaíns specificatÍon details of all above

anrri nmanÈ

A 53 ki^i Diesel engine and a centrifugal pump $rere

mounted on a recfangular C-beam steel frame to forrn an

integral base mounted unit ( see Figure 5 ). Power was

- 10 -
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transmitted from the engine to the pump through a belt and

pu1ley dríve. A hand lever operated over-centre clutch was

nrovided to enságe and disencape t.he transmission of nowerF,vwL !

f rom f hc enoi no tn iho nrrmn -

A wooden dock ancl raf t \^/ere also built. The dock

provided an access to the raft vrhich provided convenience

for adjustments such as lorvering, raising and posítioning of

the Hil1is pump ( see Figure 6 ) " The raft also provided a

platform for the stationing of instruments ( see Figure 7 ).

3"2 LAYOUT OF EQUIPMENT

Figure B inclicates the arrangement of equipment

testing the Hillis pump operation with water.

for

The test site chosen r'ras on the left banic of the Red

River at the Universty of Manitoba Campus. The engine and

centrifugal pump unit \^ras safely placed on the bank as close

to the r^Tater as possible. An 8"5 m lengtlt of 76 mm diameter

pvc hose \"ras connected to the suction side of the

centrifugal purnp to serve as a suction line. A foot valve

i¡/as installed on the other encl which was placed in the

\^/ater. A 9O-degree expanding ( 38-76 mm ) elbow r¡ras

installed on the delivery side of the centrifugal pump ( see

Figure 5 ). An orifice plate, 61 mm in diameter, r¡7as placed

in the delivery line close to the centrifugal pump to serve

as an upstream orifice meter with a U-tube manometer
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connected to its pressure taps ( see Figure 9

orifice meter and the Hi1lis pump rrere connected

length of 64 mm diameter fire hose.

).

by

1_5

rn1 s

a 8.5 m

When the 5l-mm model of thê Hilliq nrrmn was studied,

the discharge was conveyed through a I2"5 m length of 64 mm

diameter fire hose that discharged viater back to river. A

second 61 mm diameter orifice plate was installecl in this

discharge line just prior to its discharge into the river.

A U-tube manometer was connected to its pressure Laps and

the unit functionecl as a dovrnstream orifice meter to measure

total florv rate. When the lO0-rnm model of the Hillis pump

lvas studied a 6"7 m length of 100 mm diameter fire hose was

used as a discharee line. An Bl mm diameter orifice plate

was installed in this discharge 1ine. This dor,¿nstream

orifice meter together wíth a U-tube manometer connected to

its pressure taps \^ras used to measure the total flow rate

( see Figure i0 ) "

A vacuum-pressure gage i{as connected ¡þ¡61roh nlqcrin

tubing to a pressure tap on the pickup end of the Hi11is

pump" A high-pressure gage was connected through plasLic

tubing to a pressure tap on the arm of the Hi11is pump that

receives vrater under hish Dressure from the external

centrifugal pump. A low-pressure gage was connected through

plastic tubing to a pressure tap on the discharge end of the

Hi1lis pump. An additional high-pressure gage was mounted







on the upstream end of the upstream orifice

the 9O-degree expanding elbow. The Hillis

lowered and submerged in the \^rater about 150

vrater surface in a horizontaT position.

1B

meter next to

pump vras then

mm below tire



Chapter IV

TEST PROCEDURE

PERFOR-}ÍANCE OF A 51_MM AND IOO-MM
HII,LIS pUUÞ nl llOVr¡lC I,TATER

MODEL OF THE

Caf ibration of instruments Ì.\ras comoleted before the

besinnins of a series of tests i.rith both models.

4.1.1 Ca1íbration of the gages

A static cal-ibration of all pressure gages used \^ras

eomnleferl in the lnhornforv nríor to field uSe. The rela-!4çv!J

tionship betvreen the applied pressure and Lhe indicated gage

pressure was determined for applied pressures in the range

of 100 to l3B0 kPa. Calibration of the vacur:r.'r-pressure gage

r¿as achieved rvith the aid of a U-tube mercury manometer and

a vacuum pump. The relationshio rras obtained between

applied vacuum and indicated gage vacuum for applÍed vacuum

in the range of 2.50 mm Hg to 680 mm Hg ( see appendix C ) "

4.1.2 Calibration of the flowmeters

Orifice meter desígn parameters used \,,rere from stan-

dard data and relationships available in the literature"

Then the equation for discharge through an orifice \^Tas

applied. Actual laboratory calibration r^ras not undertaken

because t.est apDaratus \^ras not available and also because of

- 19-
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time limitations. Ilowever. the use of orifice meters to

measure r{ater flow is well established and the author is

confident that reliable flow rate measurements vrere

obtained. Particular care was exercised to insure that

criteria for the desien of orifice meters and recommenda-

tions f or their use r^7ere f ollowed.

4.1.3 Parameters recorded

Parameters recorded during the performance evaluation

included :

i. Engine speed when it r¡Ias ônêrârino t.he .ontrifugal

pump (n).

2" Delivery pressure of the centrifugal pump (ft).

3. Differential pressure head indicated by the

upstream orifice meter manometer (Atil) 
"

4. Injection pressure at which \¡rater delivered by the

centrifugal pump entered Lhe plenum chamber of the

Hillis pump (P2).

5. Díscharge pressure at the discharge end of the

Hillis purnp (P4 ) .

6" Pressure developed at t-he pickup end of the Hillis

pump (P3 ). The pickup end of the Hillis pump r¡ras

closed tightly by using a circular rubber dísc"
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The reading of the pressure developed was taken

with the disc in p1ace.

Di f f erenti a l nressure head indica terl hv f he dov¡rr-

stream orifice meter manometer (AHz).

A'1l above readings were taken aL 11 different operating

speeds of the external centrifugal pump for both models of

the Hi1lis punp. A set of all above seven rearlinoe for 'l 
1

different engine and pump speeds completed one test. Five

such tests \^rere completed for the Sl-rnm model and ten for

100-mm model" The mean of the data of all tests for respec-

tive rnodels was calculated and used in the recordecl results

( see appendix F ). Originally all data was recorded in FPS

units and later converted to SI units.

4.I.4 Precautions

Equipment and instrrrmentation concerns complied with in

preparation for performance tests using \^rater included :

I.

7.

Tubes connecting high pressure

f ri fnon I nrrmn áe1 irzorr¡ I i no

required strength adequa.te to

pressure \^7ater in the line.

taps from the cen-

1-ô nY.êqqrrrê o40êq

withstand the high

t The upstream orifice meter U-tube manometer and

tubes connecting the manometer to the orifice

meter needed

the line.

to withstand high pressure \^/ater in
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J" Care r,ras exercised to ensure that no air bubbles

occured between the manometer fluid and fluid

flowing through orifice meter while taking manome-

ter readings.

L+"

q

A

EO7"

Care was also

\,7ere allo\¡red

afry pres sure

taken to insure that

to accumulate in the

tap and pressure gage"

no air bubbles

lines between

Manometers \üere located below the orifice meters

and when this \^/as not possible care was taken to

insure that tubes connecting the orifice meter

taps to Ëhe manometer ran a 1itt1e dov¡n below the

orifice meter level and then rose to the manometer

connections so that air bubbles, if present, \,vere

removed "

The Hillis pump \¡ras

end of the pump was

during a t.est.

Constant engine speed \^ras

taking any particular set of

installed so that the pickup

always submerged in the \^rater

established prior

test readings.

+ "¿ PBRFORMANCE OF

r¡l ¡rovme
THE 51-}O4 MODEL OF THE HILLIS
M¿¡iup,¡: sl,unnv eul cnavnl,

PUMP
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4"2"1 ltloving manure slurry

A qualitative test v/as completecr at the Glenlea

Research station to assess the capability of the HÍllis purnp

for removing thick manure sludge from a manure storage pit.

Figure 1l is a schematic illustration of the set up for this

test. Samples of slurry near the pickup end were taken to

determine their total solids content. These determinations

vüere completed by dryíng 100 mL samples at 103 "c for 25

hours in an electric oven in the laboratory.

4.2 "2 Moving gravel

The equipment layout for Ëhis test was similar to that

used for moving manure slurry and was located on the same

siËe at the Glenlea Research station. A sieve analysis was

completed in the laboratory to determine aggregate size and

composition characteristics for the gravel transported by

the 5l-mm model.
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Chapter V

RESULTS AND DISCUSSION

PERFOR}{ANCE I^IITH I¡]ATER

Results of the performance tests for a

100-mm Hillis pump moving \,rater were obtained

tions from test data and are shov¡n in the form

nlots from Fisrrre 12 to 17

1.

The various plots are:

Centrifugal pump speed versus

/-( see ¡lgure I¿ ) " lnJect]-on

sured by a pressure gage located

Hi1lis pump plenum chamber.

51-mm and a

by calcula-

of various

') Tnieefion nressure

the pickup end of

13 ) "

versus pressure

the Hillis pump

injection pressure

presSUfe \r7as meA-

on the arm of the

developed at

( see Figure

Tnjection pressure versus flow rate injected into

the Hillis pump (Q..), flow rate picked up by the

Hil'l is DumD (O-)- anrì total flow rate from the\ .(D/ ,

Hillis pump (0.) ( see Figure 14 ).

4" Injection pressure versus pickup ratio (R). Pic-

kup ratio is the ratio of flow rate picked up (qo)

-25-
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to the flow rate

Hf ttf q nrrmn t qêê

iniected (O.) oassins throush ther----_-o

Figure 15 ).

Tn'ieefion nressrrre VerSus discharøe hped from fhe

Ilillis purnp ( see Figure 16 ). Discharge head is

the pressure at the discharge end in metres of

I^/a Eer "

Injectíon pressure versus pressure drop across the

Hil1is pump ( see Figure 17 ) " Pressure drop

across the Hillis pump is the difference between

injection pressure and the pressure at the disc-

harge end of the Hí11is pump.
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51-mm model

100-mm model

ÞL1
l\:at e r

i n i petoâ

IJU

l0

,J)
,1,

a)
4

tr
.¡
+J

CJ

H(n

1 000 2000 3000

Centrifugal purnp speed, TPm

4000

Figure L2: Centrifugal pump speed versus injection pressure
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51-mm model

100-mm nodel

Qp=Qt QI

nYN Q;

400 600 800

Injection pressure,

U)

Ì-{

x

+J(i
¡r

F{

It

Figure 14: Injection pressure versus various flow rates
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*.¿Qi
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R=Qp/Qi

A

A

A

600 800

Injection pressure,

Figure 15: Injection pressure versus pickup ratio (R)
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t
í3

o4

a.-

--+-+-
51-mm model

100-mn model

P¡

200 400 600 800 1000 7200 1400

Injection pressure, kPa

Figure L6: Injection pressure versus discharge head



32

51-mm nodel
100-mm model

P. Y^'¿ .i

AP=PZ-Pq-v

a
C)

'r

Injection pressure, kPa

Figure 17'. Injection pressure versus pressure drop
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q? PERFORMANCE \¡IITH MANURE SLURRY

Table I contains total solids content of manure slurry

samnles from fhe storâse oit âs determined in the labora-

Eory.

Idhile purnping manure slurry it was observed t.hat ini-

tially the Hillis pump removed \"/ater above the sludge which

had settled at the bottom of the pit. The rate of removal

of this lrater was high at the beginning and reduced as the

pump began to encounter thick sludge " The sludge at the

pickup end had a solids content of 12 percent and greater.

üIhen the sludge surrounding the pickup end was removed a

smal1 cavity was formed" As 1o.o ee rho r"rr'll fnrmino rhic

cavity continued collapsing and filling the cavity, the pump

continued to remove sludee.

After some time the wa1l of the cavitv became fixed and

the cavity remained in place " At this point the Hillis pump

started taking air in through the pickup end which Tras read-

ilv noted bv its audible sound. At the same time onlv the

clean vrater which was delivered by the centrifrigal pump

appeared at the end of discharge line from the Hi11is pump.

The discharge line was then closed for awhile" This action

resulted in a flor+ of water rushing into the cavity through

the pickup end causing the wal1 of the cavity to co11apse"

hrhen the discharge line was opened again, the movement of

slurry through the Hi1lis pump resumed. After a few flow
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reversing cycles this technique became ineffective in the

effort to contínue the removal of sludge without changing

the location of the Hillis pump in the pit"

Sludge vras successfully removed from the immediate

vicinity of each new focation of the pump" Thrust towards

the pickup end irnparted by the injected high pressure \,rater

made it impossible to change the location of the pump with

the effort expended by two people" Movement of the Hillis

pump from place to place inside the pit could only be accom-

plished when the external centrifugal delivery pump \^/as not

¡*¡+a+innuPerd LrrrÈí o

It was also found to be important that the number of

bends throughout the pípe lines in the set up be minimized

to insure smooth operation. Inlhen ben<ls $rere necessary care

\¡ras exercised to elÍminate sharp curves and kinks"

5.3 PERFORI'{ANCE I^]ITH GRAVEL

This test also demonstrated the need to change the Hi1-

lis purnp location in the gravel beíng transported" This

movement presented the same difficulty as r,las encountered in

the purnping of manure slurry and coulcl only be accomplished

rnanually when the external pump $ras not operating. Table 2

contains results of the laboratory sieve analysis of the

gravel.



TABLE 1

Total solids content of manure slurry taken from the storage
pir

Mass of
crucible

+
Sample dry matter

( from
ll original

sarnple of
lOûnL )
(e)

1

4.

114"55

1r4 "20

115"20

r09 " 57

Mass of
crucible

Drying temperature

DrvÍns time= 25 h

Mass of
dry matter

ls)

100 .61

100 .01

103"s2

98.00

tol\ô/

= 103 oc

I'fean

1? O/,

t4 "t9

11.68

r1 "s7

Total solids
content per

litre

(e) G/L>

12 .85 i28.5

UJ
Ltl
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TABLE 2

Results of the sieve analysis completed in the laboratory
for the gravel which was pumped

Serial Size of gravel Mass % l4.ass
il (rnur) ( Le )

l 38-32

J¿_ ¿)

25-19

19 >

0.I2

0 .65

30.58

0 .34

1.85

10.68

87.13

Bulk density of the gravel = 1847 kg/r3



Ch¡nfar \/T

CO}JCLUS IOI{S

All conclusions have

observations applicable

only.

been drav¿n from

to performance

the results and

test conditions

6 " I PERFORMANCE IIITH hTATER

1.

) Injection pressure increased with an

the external pump speed.

At low injection pressrrre

flow rate was lost through

Hillis pump.

The increase in the

sure drop across the

I i nonr rêqnê.l. ir¡ol r¡

injection pressure.

some of the injected

f hp n'i nl¡rrn and 9f ¡þg

lncrease an

An increase in the injection pressure up to a cer-

tain limit substantially increased the negative

pressure developed at the pickup end of the Hillis

pump. This led to an increase in the flow rate

picked up and thereby to a high pickup ratio.

discharge head and the pres-

Hillis pump !,ras nonlinear and

with an increase in the

-37-
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Efficiency of the Hillis pump was very low.

efficiency \Àras found to be 14 and 10 percent

the 5l-mm and 100-mm model respectivelv.

PERFOR}4ANCE IüITH MANI]RE SLURRY AND GRAVEL

The Hi11is pump transported manure slurry and gravel

successfully" It \¡/as necessary to move the pump from place

to place in the material being transported for satisfactory

operation. For applications as a materials handling device

the Hillis pump having a high pickup ratio will always be

better" The necessity of a large r,^rater supply for use as a

drÍving fluid with the external pump is a major limi-tation

to the use of the Hi11is Ðump.

The

for



,)

1.

Chapter VII

RECO},II.{ENDATI ONS

In general it is recommended;

Lhat the design of the Hillis pump be modified

wi th rhp ohiective of increasins j ts effjeievu¡uCLIVe OI I-IICreal---o --- --r*-*3nCy

while maintaíníng the simplícity which is charac-

teristic of nresent models.

that the Hillis pump be mounted on a mechanical

device which will facilÍtate its movement easily

and effectively through the materÍal to be trans-

ported.

J" that nerv or rnodified model desígns be of small

scaler so that performance tests can be conducted

in the laboratory with improved instrumentation

for monitering and with less labour.

that further investigations utilize an external

purnp having performance characteristics such that

the injection pressLtres delívered would be signi-

ficantly above the 1300 kPa limit achieved in this

study v¡hen 51-mm model r¡as studied. A pump capa-

ble of delivering vrater at pressures to a maximum

of 2500 kPa rvil1 be desirable.

4"

-39-
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ofFor further investigations applicable to the design

the morlels investigated in this thesis it is recomended;

I. that the effect of change in diameter, length,

angle, arrangement ( ring, spiral ) and number of

the orifice tubes on the pressure drop, discharge

head and negatíve pressure developed at the pickup

end of the pump be investigated.

that the shape of the orifice tubes be modified at

the entrance to minimize entry losses.

that sharp corners in the plenum chamber

rounded to reduce friction losses.

be

that the

vrater to

joint to

that a

*^+¡v" ^1rTt4 Lç ! IdI

the pump

shape of the arm receivíng hígh pressure

the plenum chamber be modified at the

the plenum chamber to re<luce exÍt losses.

the

of

\ method to accomplish

to be transported at

be a<l<led to the present

qoi l-rfinn nf

the pickup end

design.
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EOUIP}4E}TT SPECIFICATION DETAILS

- /,,) -



43

Equiprnent specíf ication details

I " Perkins Diesel engine

a) Cylinders - 4

b) volume - 3870 x 103 mm3 ( 236 in3)

c) Power ( without fan and cooling system )

-53kI{(71bhp)

d) Power ( with fan an.l ¡nnl .'-- -"^tem )

- 45 kl^r ( 61 bhp )

e) Rpm ( adjustable maximum ) - 2250

f) Engine pu11ey outer diameter

- 277 mm ( 10"9 in )

2" Ingersoll Rand centrifugal pump

a) Impeller diameter - 254 r¡rm ( i0.0 in )

b) Suction ínlet diameter - 76 mm ( : "O ln ¡

c) Delívery outlet diameter - 3P: mm ( t.S in ¡

d) Pump pu11ey outer diameter - 180 mm ( 7,1 in )

e)Rpm(maximum)-¡SOO
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f) Total head ( naximum ) - 171 n ( S0O ft ¡

s) Di sehnrse I m¡.¡imrrm. at total head t 11 mõ,

( ¡0S rt ) ) - O "02 m3/s ( 255 U-ccPl'{ )

3. Tachometer

a) Manufacturer - Smiths Indrrstrial Division, Lon-

don N".t,I"2, ATH4

b) Range

i) 0-500 Scale

ii) 0-5000 Sca1exl0

iii) 0-50000Sca1ex100

4 " Flov¡rneLers

Three orifice meters were fabricated ín the

workshop of the Department of Agricultural Engi-

neering, Universíty of l4anitoba, '[alinnipeg. Two of

them had specifications below;

a) Orifice plate diameter (d) - 61 mm ( 2"4 in )

b) Pipe díameter (D) - 76 mm ( 3.0 in )

^\ rr..^+-^^- ¡ine 'l enøth - l0DwJ UPùLLcdru Prpe rer¡óLrr

d) Dovmstrearn pipe length - 3D



e) Upstream pressure tap location - D

f ) Dor^mstream pressure tap location - Dlz

g) Flow coef ficienr (t<) - O "7 O

The thírd had an orifice plate diameter (d) of Bl mm

( 3.2 in ), pipe diameter (n) of 100 mrn ( 4.0 in ) anrl flow

coefficient (K) 0.76 with the remaíning specificarions being

the same as for the previous tv/o orifice meters" The values

of flow coefficient (K) for orifice meters r.rere taken as

reported by Roberson and Crowe in 1975.

Figure 18 shows the construction details of the orifice

me Eer .

5. U-tube manometers

Two U-tube manometrers were used and each had

specifications as noted below:

a) Manometer height - I.2 m ( :.9 fr )

b) Manometer tube internal diameter

- 6"35 mm ( 0.25 in )

c) Manometer fluid - mercury

6 " Pressure gages

Speci f ications f o r the È\^ro high-pr es sure

..^^l --.gages useo Iüere:
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Flotv
æ----å@

@1oD sD----*t
Square- edge

brass orifice plat
Flange coupling

Pressure t

U-tube manometer

iilercury

-&-

^-Y-
r,rho-a fì -, Y-

(=
no-

ó¿-
AH=

KAo
ái cchcroa

flow coefficient
area of orifice
gravitational constant
d'i fferent ia I nressure head

r **{*?

r̂
H

å

Figure 18: Orifice meter details
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a) Manufacturer - AMETEK, US, Gauge Division,

Sellervi1e, Pennsylvania I8960

b) Range : 0 - 2070 kpa ( O - 300 psi )

c) Least count - 34 kpa ( 5 psi )

SpecifÍcations for the third which \¡/as a

low-pressure gage r¡rere :

d) Manufacturer - ASHCP,OFT, USA

e) Range : 0 - 390 kPa ( O - 57 psi )

f) Least count - 6 kPa ( I psi )

7 " Vacuum-pressure gage specifications

a) Manufacturer - AMETEI(, US, Gauge Division,

Sel1ervi11e, Pennsylvania 18960

b) Range z -760 mm Hg ro 0 ro +210 kpa ( -:O in Hg

Lo0to30psi)

c) Least count - 50 mm Hg, 6 kpa ( Z in Hg,

1 psi )

8. Pipes or hoses

\ .F.a) I]-re noses

i) DiameËer 64 mm ( 2"5 in ) and lengrh

66.4m ( 218 ft )
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ii) Diarneter 100 mm ( 4.0 in ) anrl lengrh

6.7 m ( 22 ft )

b) P\¡c hose

j-) Diameter 76 mm ( 3.0 in ) and length

6Iur(200ft)



Appendíx B

DISCHARGE FORMULA FOR ORIFICE I,IETERS

- /,o -
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DISCHARGE FORMULA FOR ORIFICE METERS

Florv through an orifice meter can be given

^-v,r lFïj-Y-r\n0ì/¿Ë,cur¡
where,

a

K

Aq

çoc

AH

discharge, m3 /s
flow coefficient
area of orifice, rÊ

gravitational constant, mf s2

differential pressure head, m Hr0

îtz
ATJ -dl - -

rc?a.?zsu "^

¡?X

i; r i)i
x 100 cm H20 x

)'du*2x9.81
Hs

1033. 23 cm HrO

0.06L m

m

76 cn
AH

AFI --- -9:9991-91- ---
K2 dq

¡m LJnv¡rr ¡.6

Q=Kd2

ruh e rp
I(=

À-
Au,

lv ¡ v ,

Q=K'd'\ffi-
l-

K/ l/ 0.6084 
.

'u
nrì €i np n l nt,a Åi rmêfêT muv!, ¡¡¡

differential pressure head, cn Hg

r an orifice meter with K = 0.70 and d =

Q = 0.0036 VlF
and for an orifice meter with K = 0.76 and d = 0.081

0. 6084

Q=0.0064YÃñ,



Appendíx C

CAIIBRATION DATA FOR GAGES

- 51 -
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TABLE C-l

Se ri al

tþ

Pr es sure
n nnl i erl-rr*_--

(kPa)

Pressure indicated (kPa)

Pressrrre çaçe lf I Pressure gage ln 2

l

)

6"
1

R

o

i0"
tl
1'
1î.
1/,

15.
ro "
17"
1B "
IQ
)^
11

)')

t/,

,-l

28"
to
1n

J¿"

-14 "

36"

?a

103
138
t72
206
241
276
310
344
379
414
448
482
517
552
s86
620
65s
689
724
758
792
827
862
896
930
96s

I 000
1 034
1 068
I 103
I 138
TT7 2

I206
t24r
t¿t o

1310
r 5+4
137 B

6B
T17
L)¿
172
2?-0

255
296
338
372
406
448
482
517
552
sB6
627
655
689
730
76s
800
841
876
917
944
986

IO27
t062
I096
I 130
1165
r206
L24T
r27 6
1310
r344
137 B

I413

90
T17
165
200
234
268
303
338
5tL
4r4
448
482
517
552
586
6?-0
662
696
730
76s
800
834
B6B

903
938
979

1014
1 048
I OB2

IT24
I 151
TT92
1227
T26B
1 303
-t J -lÕ

1378
1404

If, Pa = pressure applied and P1 = pressure indicated then
from the above data we get;
for pressure gage /É 1

Pa=0"95Pi+29
for pressure gage lÍ 2

Pa= 0"97Pi+ 16



Sr
]I

Pressure gage ll 3 (vacuum-pressure)

Vacuum applied
(mur Hg)

I
¿

J
4
5

o

7
a

9

10
11

TABLE C-2

246
332
430
558
u:o

Vacuum indícated Pressure
(rnm Hg) applied (kpa)

Tf - P. = nressrrre*_ t ^d

above data we get;
for pressure gage

for oresslrre sâFe---- r' - Ò*õ

1 1'1

, q,h

381

'?u

Pressure gage lÍ 4

applied and P1 = pressure indicated then from the

tt 3

Pa=0"92Yi+107
lf4

Pa=0.97Pi+6

34
6B

103
138
172
206
241
276
310
344
379

Pressure
indicared (kpa)

64
96

r34
168
206
24r
279
3r4
348
382

L¡(,
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TEST DATA FOR TITE 5i_MM I{ODEL



Septernber 1979

Test fi L

Sr
fi

Engine
speed

n

(rpm)

t

¿

Cen tri ftrga I
¡rump speed
]rJ = 1.54 n

(rpm)

3

811

974

1136

1298

146 I

t623

1785

1948

2tLO

2272

24s5

4

5

Centri fugal
punrp delivery

pressure
P¡

(kPa )

TABLE D-1

6

1250

1500

1750

2000

2250

2500

2750

3000

32SO

3500

3750

7

B

5L-mm Hil1is pump

9

t0

Upstrean
manometer
reading

AHr

(cm llg)

172

2s5

344

462

s92

7L7

841

101.4

1 186

L378

L5 861t

Hil lis pump
injection
pressure

P2

(kl);r')

0.3

0.4

^

Pi ckup end
I)ressure

tÌcve loped
P3

(nrm I lg )

0.9

1.0

L.4

1.5

1.6

¿.u

2.2

2.6

124

206

290

393

s24

662

800

951

1_ 116

1310

1489

Hillis pump
discharge
pressuTe

P¡

(kPa)

+12 kPa

-5

-25

-50

-727

-203

-292

- 381

- 508

-6 L0

-660

Downstrean
manometer
reading

Àllz

(cm tlg)

t7

20

26

3T

0.2

0.9

1.5

2.4

3.8

4.2

8.2

10. 0

1.3.7

16 .8

L9.2

38

47

4õ

50

55

62

72

(r¡



Septenber 1979

Test fr 2

Engine
speed

n

(rpm)

Centri fugal
pump speed
|l = 1.54 n

(rpm)

811

974

1136

1298

146 1

t623

1785

1948

2LtO

2272

24s5

Centri fugal
pump delivery

pressure
P¡

(kPa )

TABLE D-2

1250

1500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

51-mm llillis PumP

Upstream
manometer
reading

Átl¡

(cm ltg)

L72

248

54+

462

600

730

882

t034

t206

L392

1586

ttillis pump
inj ection
pressure

Pz

(kl,a)

0.3

0.4

0.6

nq

1.0

1.2

1.5

r.o

2.0

2.t

1/1

Pi ckup end
preS sure

deve loped
P3

(mm llg)

724

206

290

400

517

662

806

944

1116

1282

1,475

Hi11is pump
discharge
pressure

Ptf

(kPa)

+6 kPa

-12

-38

-76

- 140

-228

- 318

-432

-546

-648

-660

Downstrean
manometer
reading

ôlte

(cm tlg)

0.1

0.9

2.L

3.0

4.6

6.4

8.8

11.4

14.4

1.8. 0

20.7



September 1979

Test ñ 3

Engine
speed

n

(rpm)

Centri fuga I
pump speed
frl = 1.54 n

(rpm)

81.1

974

1136

129 I
L46L

1623

1785

1948

21 10

2272

2435

Centri fugal
punp deliverY

pressure
P¡

(kPa)

.IAI]LE D-.J

1250

1500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

51-mm lliI1is PumP

Upstream
manoneter
reading

Atl¡

( cm I l1¡)

172

255

344

462

592

7)L

876

1034

1220

T4T3

1s 86

llillis pump
inj ection
pressuTe

Pz

(kt)a )

0.3

(\ ¿.

0.8

0.9

1.0

1)

1.5

1.6

2.0

2.t

2.4

Pickup end
prcs sure

deve loped
P3

(mm llg)

138

206

290

393

577

648

800

951

1130

73rs

146 I

Hillis purnp
discharge
pressure

Pt+

(kPa)

+10 kPa

-12

-46

-88

-740

-228

- 330

-432

-s46

-660

-665

Downstrean
manometer
reading

Å!le

(cm tlg)

0.1

0.9

1.8

J. ¿l

4.6

6.7

8.8

7L.2

L4.3

L7 .4

20 .4

cn\¡
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Test ff 4

Sr
fl

Engine
speed

n

(rprn)

t

2

Centri f trga I
purnp speed
fl = 1.54 n

(rpm)

3

811

974

1136

129 I

146 1

1623

1785

1948

21 10

2272

2435

4

5

Centri fugal
punp delivery

pressuTe
P¡

(kPa )

TABLIT D-4

6

I 250

1500

I 750

2000

2250

2500

27SO

3000

32 50

3500

3750

7

I

51-mm llillis pump

9

TO

Upstream
manometer
reading

AHr

(cm Ilg)

L72

255

54¿+

462

600

730

882

1034

L220

1,41,3

15861t

tlil lis pump
i nj ect ion
pressure

Pz

(kl)a)

0.3

0.4

0.8

0.9

1.0

r.4

Pì ckup end
pressure

clcve loped
P3

(rnm llg)

158

206

290

393

5L7

655

806

951

t744

7324

L482

Hiltis pump
discharge
pressure

Ptl

(kPa)

q

1.6

2.0

2.7

2.4

+7 kPa

-12

-38

-76

-L52

-228

- 330

-444

-s46

-660

-665

Downstream
manometer
reading

Åfl¿

(cm llg)

77

20

aÂ¿+

29

0.1

0.9

L.5

2.7

4.2

6.4

8.5

Ll.2

14.3

t7 .4

20 .4

31

38

47

48

54

60

68

(tl



Septenber 1979

Test I 5

Engine
speed

n

(rpm)

Ccntri f r.rga I
llurnp speecl
frl = 1.54 n

(rpm)

811

974

1136

129 I

146 1

1623

1785

1948

2110

2272

2435

Centri fugal
punp deliverY

pressure
P¡

(kPa )

TAI]LE D- 5

1250

1500

1 750

2000

2250

2 500

27SO

3000

3250

3500

3750

51-mm lli 1li-s pump

Upstream
manometer
reading

All ¡

(cm llg)

Hillis purnP

inj ection
pressure

Pz

( kt)a')

0.3

0.4

0.8

0.9

1.0

L.2

1.5

1.6

2.1

2.4

s92

724

882

1034

L227

1,4t3

15 86

Pi ckup end
P rcs s ure

clcve loped
P3

(rnm Ilg)

124

206

296

400

5L7

662

806

9s1

1130

I5¿L+

L40¿

Hillis pump
discharge
pressure

Pa

(kPa)

+8 kPa

-L2

-38

-eR

-752

-228

-342

-432

-533

-660

-66s

Downstrean
nanometetr
reading

ÂHz

(cm llg)

0. L

0.9

2.L

2.9

4.6

6.7

9.1

11..6

L4 .4

17 .6

20.4

Crl



Appendix E

TEST DATA FOR TIIE IOO-MM IVODEL
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September 1979

Test # 1

Sr
&

Engine
speed

n

(rpm)

I

il,

Centri fuga I
pump spccd
Jrl = 1.54 n

(rpm)

974

1136

1298

146 I

7623

1785

1948

2tIO

2272

2435

2597

J

4

5

Centri fugal
punp delivery

pressure
P¡

( kt'a)

6

TABLE E- 1

l 500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

4000

7

I

100-nun I{i11is pump

9

10

Upstream
manometer
reading

ÁHr

(cm Ilg)

1t0

165

262

344

462

565

668

710

792

910

9651l

Hil lis pump
inj ect ion
pressure

P2

(kl'rt)

4.6

6.1

7A

9.4

11.6

73.7

1q a

t6 .4

18. 0

19.8

21.3

Pickup en<l

l)ressure
dcvc I oped

P3

(mn lrg)

103

165

248

344

434

538

6s4

662

758

841

917

Hillis pumP
discharge
pressure

P,¡

(kPa)

+6 kPa

kPa+6

0

-L2

-25

-76

-102

-L1"4

-L52

-17 B

-228

Downstream
manoneter
reading

ôfl¿

(cm l{g)

00

00

L7

24

0.9

1.8

2.7

4.0

s.4

7.0

8.5

8.8

10. 4

11. 6

72.8

31

4t

48

48

55

62

68

ol



September 1979

Test # 2

Sr
6

Engine
speed

n

(rpn)

t

Á

Cclttrifugal
pump spcccl
|rl = 1.54 n

(rpn)

974

I 136

1298

1461

L623

1 785

1948

2LlO

2272

24 35

2 500

3

4

5

Centri fugal
putnp del ivery

pressure
P¡

( kt'a)

6

TABLE E-2

I 500

I 750

2000

2250

2500

2750

3000

3250

3500

3750

3850

7

100-mm l-li11is pump

I
o

10

tlpstream
manometer
reading

Al{ ¡

( crn I l¡'. )

124

172

262

358

462

586

676

814

910

979

L00611

llillis pump
injection
pressure

P2

(kl'rr)

4.8

6.4

7.9

10. 0

11.6

14. 0

15. B

Ió. ¿

19.s

27.0

21.9

P i ckup en<i

Pt'e.ssurc
dcvc I o¡red

P3

(mnr tlg)

110

152

228

5¿4

474

538

Itillis PunP
discharge
pres sure

Pra

(kPa)

+6 kPa

+6 kPa

0

-5

-25

-64

-702

-152

- 190

-216

- ¿¿ó

6s4

758

Downstream
mano¡neter
reading

Â!la

(cm llg)

00

841

910

938

00

19

26

31

4T

4ö

0.6

1.5

2.4

3.6

4.8

6.7

8.2

10. 4

1L.6

L2.2

1.2.8

62

68

68



Septenber 1979

Test f 3

Engine
speed

n

(rpm)

Ccntrifugal
pump specd
frl = 1.54 n

(rpm)

974

1136

1298

1461

L623

1785

1948

2110

2272

24 ss

2500

Centri fugal
punp delivery

pressure
Pr

(kPa)

TAB LIi ll - 3

1500

1 750

2000

22SO

2500

27SO

3000

3250

3500

3750

3850

100-nm Hi1lis pump

Upstream
manometer
reading

ôHr

Icm Ilg)

110

772

262

3s8

468

600

703

827

910

979

L020

llillis punp
injection
pressure

P2

(kt)e)

4.8

a)

10. 0

11.8

14. 0

16.1

LB.2

19. 8

27.6

22 .0

Pickup end
I)res s urc

devc I oped
P3

(nul Itg)

96

772

262

344

427

538

04r

772

8s4

910

96s

Hillis punp
discharge
pressuTe

Pb

(kPa)

+10 kPa

+6 kPa

0

-72

-') \

-46

- rr4

- 165

- 190

-228

-24I

Dor+nstream
manometer
reading

All¿

(cm llg)

00

T4

20

26

33

Àa+L

48

5B

62

68

70

0.6

L.2

2.L

3.0

4.2

7.0

8.5

10 .6

1L.6

L2.8

t3,4

o\
(N



September 1979

Test ff 4

Sr
&

Engine
speed

n

(rpm)

tl.

2

Centri fuga I
pump spccd
lt| = 1.54 n

(rpm)

?

974

1136

1298

1461

1623

1785

1948

2tto

2272

24 3s

2 500

4

5

Centri fugal
punp delivery

pressure
Pr

(kPa)

6

TABLE E-4

I 500

I 750

2000

2250

2500

27SO

3000

3250

3500

3750

3850

7

I

100-mn IìiJ.1is pump

9

10

Upstrearn
nanometer
reading

ÂHr

(cm llg)

103

172

262

358

468

592

706

827

938

979

L0201l

Hillis pump
inj ect ion
pressure

P2

(kt':r)

4.8

o.¿+

8.2

10. 0

11.8

14. 0

L6.2

i8. 6

20 .1

21. s

22.2

Pickup end
pressurc

devc I oped
P3

(nur llg)

90

193

lo¿

330

427

538

655

772

862

910

951

Hillis PunP
discharge
pres sure

Pa

(kPa)

+B kPa

+6 kPa

0

-L2

-25

-56

-L02

-L52

-L7B

-203

-216

Downstream
mano¡neter
reading

ôH¿

(cm llg)

00

00

20

¿+

0.6

L.2

2.4

3.0

4.2

6.1

9.1

10.1

tr.2

L2.2

13.1

33

4L

48

58

63

68

72

è̂



Septernber 1979

Test # 5

Sr
&

Engine
speed

n

(rprn)

I

¿

Ccnttifugal
punp spcccl
N - 1.54 n

(rpm)

974

1136

1298

1461

1623

1785

1948

2LtO

2272

24 35

2520

4

c

Centri fugal
punp delivery

pressure
Pr

(kPa)

6

TABLE E-5

r500

I 750

2000

2250

2500

2750

3000

3250

3500

3750

3BBO

7

I

L00-mm Hillis pump

I
x0

Upstream
nanometer
reading

Al{ I

(.cm IIg)

tt7

179

255

344

462

565

689

800

910

979

10341l

tlillis pump
inj ection
pressure

P2

(kl'rt)

4.8

6.4

8.8

9.6

11.8

Pickup enci
pressure

dcve I oped
P3

(nun IIg)

1iR

193

255

290

420

524

758

862

930

979

14. 0

L6.2

1"8. 0

20.7

21.3

22.2

Hi1lis PutnP
discharge
pressure

P¡+

(kPa)

+8 kPa

+6 kPa

0

-25

-38

-64

-L02

-740

-L78

-208

-228

Downstream
manometer
reading

ôll¿

(cn llg)

00

00

L7

26

0.6

1.5

2.4

3.6

4.8

6.7

8.2

10. 0

tL.2

L2.5

13. I

33

4I

48

56

63

68

72

^



Septenber 1979

Test fi 6

Sr
&

Engine
speed

n

(rpm)

x

2

Centrifugal
purnp spccd
N - 1.54 n

(rpm)

3

974

I 136

1298

1461

I623

1785

1948

2LLO

2272

24 ss

2500

4

ç

Centri fugal
punp delivery

pressure
Pr

(kt'a)

6

TÂBLL l:-6

l 500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

3850

7

I

100-mm liiJ.lis pump

9

10

Upstrean
manometer
reading

^Hl
(cm ltg)

110

186

262

358

462

s86

710

874

938

979

1,03411

flillis pump
injection
pressure

P2

(kl'lJ

4.6

6.4

7.6

9.8

11.6

14. 0

16.4

78.2

20.I

2r.3

22.2

Pickup end
l)res s urc

devc I oped
P3

(nul llg)

724

186

3s8

427

538

662

744

862

930

972

Hi 11is pumP
discharge
pressuTe

Pa

(kPa)

+8 kPa

+6 kPa

0

-30

-46

-76

-t27

-L57

-203

-228

-241

Downst,ream
manoneter
reading

ôll¿

(cm l{g)

00

00

20

24

0.6

1.5

2.4

4.0

5.4

7.0

8.8

10. 4

1L.8

1.3. L

L3.7

31

/1 1

48

63

6B

72



Septenber 1979

Test # 7

Sn
&

Engine
speed

n

(rpn)

n

2

Centri fugal
punp specd
|.1 = 1.54 n

(rpm)

974

1136

1298

r461

t623

1785

1948

2LtO

2272

24 35

2520

3

4

5

Centri fugal
purnp delivery

pressure
P¡

(kPa)

6

TABt,li lr- 7

1500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

3880

7

I

100-mm Iìì-l1is pump

I

t0

Upstream
manometer
reading

AHI

(cm Hg)

LL7

186

262

365

462

572

689

841

910

10 14

7034ll

Hil lis pump
inj ection
pressure

Pz

(kPa)

4.8

o.4

qR

11.6

t4.u

16.2

18.9

20 .7

21..6

22.6

Pickup end
pressure

deve loped
P3

(mn llg)

138

186

262

358

448

565

676

806

896

979

1006

Hillis pumP
discharge
pressure

Pt+

(kPa)

+6 kPa

+3 kPa

-5

-25

-46

-7 ).

- 114

-17 B

-203

-241.

-2s4

Downstream
manorneter
reading

ô!lz

(cm Hg)

00

00

19

24

0.9

1.5

2.7

4.0

s.2

7.0

7.9

L0. 6

11. 8

13. 1

L3.7

31

38

4ö

58

63

70

72

\



September 1979

Test # 8

Sr
Ã

Engine
speed

n

(rpm)

I

¿

Centri fugal
pump spcccl
fl = 1.54 n

(rprn)

974

1136

1298

1461

t623

1785

1948

2LLO

2272

24 35

2520

4

q

Centri fugal
punp delivery

pressure
P¡

(kI'¡r)

6

't^BLii [-8

I 500

1 750

2000

2250

2500

2750

3000

3250

3500

3750

3880

7

I

100-mm I{illis pump

I
t0

Upstream
nanometer
reading

^Hr
Icm Ilg)

124

193

262

358

468

586

703

814

910

979

t0s4ll

Hil lis pump
inj ection
pressurc

P2

( kl'a )

s.2

6.7

9.8

11.6

14. 0

15. 8

78.2

20.t

2r.3

22.6

Pickup end
l)ressure

dcvc loped
P3

(mnr tlg)

144

186

262

344

448

565

676

772

868

944

979

Hillis punrP

discharge
pressure

Pq

(kPa)

+6 kPa

0

-L2

-25

-46

-76

-1,27

- 165

-203

-228

-2s4

Downstrea¡n
n¿rno¡neter
reading

ôflz

(cm llg)

00

74

19

26

L.2

1.8

3.0

/la

5.4

7.3

8.8

10. 6

L2.7

L3.7

t4 .3

33

47

48

56

62

6B

72

ñ



Septenber 1979

Test # 9

Sr
I

Engine
speed

n

(rpm)

I

2

Centri fugal
pump speccl
|rl = 1.54 n

(rpm)

?74

I 136

1298

1461

1623

1785

1948

21L0

2272

2435

2520

q

4

5

Centri fugal
punp delivery

pressure
P¡

(kPa)

6

TAI]LË [-9

I 500

1 7s0

2000

2250

2500

27SO

3000

3250

3500

3750

3880

7

I

100-nm FIitlis pump

I
10

Upstream
manometer
reading

AHr

(cm tlg)

7L7

193

262

344

468

572

696

874

924

986

l_04 81l

Hillis punp
inj ection
pressure

P2

( kl'a)

4.8

6.4

9.8

11.6

1,4.0

15. 8

1,8.2

20 .1,

2I.3

22 .6

Pickup end
pressure

deve loped
P3

(mn llg)

131

193

310

427

634

758

8s4

924

979

Hi1lis PulttP
di s charge
pressure

Pq

(kPa)

+8

+J

-12

-25

-46

-76

-tr4

-157

-203

-228

-254

kPa

kPa

Dournstream
nano¡neter
reading

ôftz

(cm Hg)

00

t4

20

26

1.2

1.8

2.2

4.0

5.4

7.0

8.8

L0. 6

11.8

13. 8

L3.7

33

4L

48

56

63

68

72

o\



September 1979

Test # 1o

Sn
6

Engine
speed

n

(rpm)

I

2

Centri fuga I
pump specd
|rl = 1.54 n

(rpm)

J

974

1136

1298

1461

1623

1785

1948

2tt0

2272

24 35

2s20

4

5

Centri fugal
punp delivery

Pressure
Pr

(kPa)

6

TAßLli L- 10

1500

1 750

2000

22s0

2500

2750

3000

3250

3500

3750

3880

7

I

100-nm Hil1is pump

9

10

Upstream
manoneter
reading

ôHr

(cm llg)

124

193

262

3s8

468

s86

689

814

9L7

979

10341l

Hil lis punp
injection
pressure

P2

(kl'e )

qt

6.4

7.6

10. 0

LL.6

14.0

15.8

18. 0

20. L

27.3

22.6

Pickup end
l)re s s ure

dcvc I oped
P3

(mnr llg)

t17

193

262

352

448

s38

647

758

862

910

979

Hi 1lis pumP
discharge
pïessure

P,*

(kPa)

+6 kPa

0

-L2

-30

-50

-88

-727

- 165

-203

-228

-254

Downstrearn
nanoneter
reading

Âll¿

(cm I{g)

00

L4

20

26

0.9

1.8

3.0

4.0

5.8

6.7

8.8

10. 6

L2.5

13. 1

L4.4

31

4t

48

55

62

68

72

--¡



Appendix F

CALCIJLATIONS FOR THE RESULTS
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72
TABLE F-1

Lest data ( 5L-mm Hillis pun¡

Hi I lis pumn
l-nJ ecf 1On ì

pressure 
l

h

(kPa) i

17/l

206

s 18

658

804

949

11)1

1310

r+/5

Downs t ream
manometer
reading

AHz

(cm Hg)

+8

- Lu

-37

-76

- r+¿

-223

-322

- 424

-536

-6¿18

-663

t+o

¿ro

298

400

518

6s4

796

936

1 109

1286

1446

P,r

(kPa)

22

25

29

37

/'l)

+o

52

57

64

72

0. 00 16

0.0034

0. 0048

0.0060

0. 0076

0.0090

0.010ó

0. 0119

0.0136

0.0150

0.0t62.

kPa 76

20

24

28

32

37

42

47

53

60

68

Calcu.lations for bhe results

Corrected pressure fron calibration equation
Flow rate
inj ected

Qi

(n"/s)

Pres sure
drop in the
Hi 11is purnp
AP=Pz -P¡.

(kPa)

Ups tre am
rnanometeT
reading

ÀHt

(cm Hg)

Flow rare J nlckup
picked up I ratio
Qp=Qt-Qi I *=Qo/Qt

(n3 /s)

Pi ckup enrl
nÌêq qrtrê

dãve loped
n

J

lmm u-'\\.._.¡ ¡ ¡5,,'

Hiilis pump
dis charge
pressure

P4

(kPa)

Dis charge
head of the
Hi1lis pump

(m)

192

270

468

594

718

857

100 8

1180

136 0

15 36

0.4

^1

0.9

1.0

r.2

t\

1.6

2.0

2.7

2.4

Lr. 0020

0. 0022

0. 0030

0. 0034

0. 0056

0. 0039

0. 0044

0 . 0046

0. 0050

0. 0052

0. 00s6

0.2

0.9

1.8

2.8

4.4

6.2

8.6

11.0

1/1 )

77 .4

20.2

+8 kP
(60 mm Hg)

-11-o

-I+L

-t76

-238

-403

-497

-600

-703

-716

-0.0004

0.0012

0.0018

0. 0026

0. 0040

0.005 1

0 .0062

0.0073

0. 0086

0. 0098

0.0106

-0.20

0. s4

0.60

0.76

1.11

1.30

1. 40

1.58

t.72

1.88

1. 89

2 .24

2.55

2.96

3.77

4.28

4 .69

5. 30

5.81

6 .52

'7 7,'l

11A

191

lAO

367

481

61,2

750

884

L052

1,222

L37 4



TABLE F-1

September

Test # 1

1979

to5

Mean of the test data ( 51-mn Hi1lis punr¡

Downs t ream
manometer

rerrli no
AHz

(cn Hg)

Hi11is PumP
discharge
pressule

D,¡+

(kPa)

Hi11is pump
inie¿-finn
pressure ,

Pzi
(kPa) 

.

Pì 
^L-lrñ 

ôñd

NTêqCìITê

däve toped
D

trun HgJ

Centri fugal
pump delivery

pressure
P]

(kPa)

Ups tream
manometer
reading

aHt

(cm Hg)

Centri fugal
pump speed
|rl = 1.54 n

(rpm)

L92

270

356

468

594

/Ló

857

100 8

1180

136 0

15 36

+8 kP
(60 mm Hg)

- 116

1t1 1-l+r

-tlo

-238

4aa

-403

-497

-600

-^n

-7t6

0.2

0.9

1.8

2.8

4.4

/-

8.6

11.0

14.2

11 A

20.2

+8 kPa

-10

-37

-76

1 ,1')

-223

-322

-424

-536

-6'18

-663

0.3

0.4

0.7

0.9

1.0

1)

1q

1.O

2.0

2.1

2.4

II

¿

A
I

6

-7

8

9

10

11

811

974

1 136

1298

146 1

1623

1785

194 8

2IIO

2272

343s

Flow rate
ínj ected

0;
r*31^r
Lru / 5J

r.l. 0020

0. 0022

0.0030

0.0034

0. 0056

0. 0059

0. 0044

0.0046

0. 0050

0. 0052

0. 0056

Calculations for hhe results

Corrected pressure fron calibration equation

1250

15 00

175 0

2000

2250

2500

2750

3000

3250

3500

375 0

172

?c,A

514

462

595

725

872

10 30

L2T2

L402

15 86

I J¿+

206

297

396

518

658

804

o,4 0

7727

1310

t475

lo

20

24

28

32

37

42

47

53

60

68

P2

(kPa)

l+o

¿ro

298

400

5Iö

o)4

796

936

1 109

1Z ðO

1446

n

[nrn Hg)

P,.

(kPa)

22

25

29

37

^)

4()

52

57

64

72

0. 00 16

0.0034

0. 0048

0. 0060

0.0076

0 .0090

0.0106

0.0119

0 . 0136

U . U I.JtJ

u.ulo¿

-0

0

0

0

C

C

C

C

t

(

(

* Qt = 0.0036 \fÃHtT

+ o; - o no<n \f-Ãl-li. Y I l, 
-¡ll
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TABLE F-2

Corrected pressure fron calibration equation

st data ( 100-mm Hi11is PumP )

Hilli-s pumP
inj ection
pre:;.sure

Pz

(kPa)

1,.19

t82

:135

À7)

('5 0

)'56

BS2

918

966

Pi ckup end
'l¡pçqrtrê

d:ve loped
D

5

lnm LI^ \\:¡u¡r ¡ ¡Ë J

Downs t ream
manometer

rcaàino
AHz

(cm Hg)

0.8

1.6

3.7

q,n

6.8

8.6

t0 .2

11.6

72.7

't'. ¡

Y2

(kPa)

13L

192

262

340

435

542

646

749

842

906

953

P3

[nun Hg)

P,.

(kPa)

+7 kPa

+-l kPa

r',-+

-20

-37

-69

- 113

- 15¿1

- 190

-2t8

-240

0

C)

IY

a-

40

48

62

68

11

6

L2

1 /'l

30

44

52

60

66

72

'7 /1

Hillis pump
di s ch arge
pressure

Pa

(kPa)

139

200

276

470

5öU

686

796

890

9s6

1000

+7 kP
m Hg)

nrm HoI
- 110

_14I

11^

-270

-248

-282

- 308

-328

Ups tre am

manometer
reading

aHt

(cn Hg)

4.8

Cr.4

8.0

9.8

11.6

14 .0

10.u

18. 0

1.9.8

)1 )

22.2

ations for the result

*TotaI

fl-ow rate
Qt

(m3ls)

Fbw rate
i'nj ected

n.x1

[tntlr)

Flow rate
picked up

Qp=Qt-Qi

(n3 /s )

Pi ckup
ratio
R=Qp/Qi

Di s charge
head of the
Hillis pump

(m)

Pres sure
drop in the
Hi l iis pwrp
ÀP=Pz -P,,

(kPa)

0. 0057

0. 0080

0.0101

0 .0t23

0.0143

0. 0 166

0.0188

0. 0204

0.0218

0.0228

0.0234

0.0078

0.009i

0.0102

0. 0112

0.0I22

0. 0134

0. 0 144

0 . 0152

0.0160

0.0166

0.0170

-0. 002 1

- 0. 001i

0.0001

0. 0011

0.0021

0. 0032

0.0044

0. 00s2

0. 0058

0.0062

0 . 0064

-0.26

-tt | /

0. 00

0. 10

0 .17

0.24

0.30

0. 34

0. 36

0. 38

u.bL

r.22

2.44

3. 06

3.77

4.48

5. 30

6. t2

6.73

7 .34

7 .54

t2s

180

238

310

398

498

594

689

776

834

879
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TABLE F-2

Corrected pressure fron calibration equation

Calculations forbhe results

r ckup end
'lfêçcrrÌô

:ve loped
D

J

I'nm lJ- I

Downs t ream
manometer
reading

AHz

(cm Hg)

0.8

1.6

2.5

5.0

6.8

8.6

I0 .2

11.6

72.7

1,3. 4

Þ-

(nun Hg)

TotaI
fLow rate

Qt

(m 3/s)

Flcw rate
i'nj ected

n.

,-- 3 l - rLru / )J

P,,

(kPa)

Fl or
nì nl

vp'
(^a
L¡¡¡

+7 kPa

+ -l kPa

-1

-20

-37

-69

- t1J

- 15,tr

- 190

-¿Ló

-240

0

19

25

32

40

48

56

62

68

7L

P2

(kPa)

131

792

262

340

435

542

646

749

ö+¿

906

953

6

12

')^

JU

37

44

52

60

66

72

74

0. 0057

0. 0080

0 . 0101

ît î11 <

0.0143

0.0166

0.0188

0.0204

0.0218

0.0228

0 .0234

0.0078

0.0091

0.0102

0. 0112

0.0722

0.0134

0. 0 144

0.0152

0.0160

0.0166

0 . 0170

-0.

-tl

0.

0.

0.

0.

0.

0.

n

0.

n

Mean of the test data ( 100-mm Hillis pump )

Sr
î

Engine
qn ccá

n

frnmì\-r"'/

C entri fuga 1

pump speed
|rf = 1.54 n

(rpm)

Cen tri fugal
pump delivery

pressure
Pr

(kPa)

Upstrean
manometer

reading
aHt

(cm Hg)

Hi11i.s pump
inj ection
pret;.sure

tz

[kPa)

1

2

3

A
I

-

6

'7

I

9

_tu

11

?74

1r5b

7298

1¿+O I

-tOZJ

1 785

194 8

2TTO

2272

2435

2520

150 0

1/5U

2 000

2250

2 500

2750

300 0

3250

3s00

375 0

3880

116

181

¿oL

354

465

581

692

808

906

976

L022

4.8

6.4

8.0

9.8

r1.o

14.0

to.u

18.0

19. 8

27.2

22.2

1.19

1"82

2.54

/t z.')

É.qn

'r'56

852

918

966

Hi11is pump
di cch¡roc
pres s ure

Pa

(kPa)

139

200

¿/o

36s

470

5öU

686

796

890

956

1000

+7 kP
m Hg)

+4 kP
nrm Ho I

- 1L0

-1,25

- L+L

- L70

-¿LV

-248

-282

- 308

-328

* Qt = 0.0064 fãHt
* Qi = o.0036 \fEv
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SAMPLE CALCULATÏONS

1. Correction to various recorded pressures by use of calibration
equation.

ñçf e ir|a¡ti f rr
Indi cated
di cr-haroe
rìTêqqIITê

D'

Calibration
equation of

n1êq qrrTê

gage tr4

Corrected
discharge
pressuTe

v^

5 1-mm
Hil1is pump,

rnean of
test # 1 to 5,

observation # S

32 kPa Pa=0.97Pi+6 37 kPa
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Calculations from the nean of observed data for obtaining results.
L00-mm nodel, observation # 9.

(a) Total flow rate (Qt) :

Qt = 0.0064 [-1-rr' m'7s

= 0.0064

0.0218 n3ls

rate injected (Qi)
l-

0.0036 V AHr m3/s

(b) Flow

YI -

= 0. 0036

= 0.0160 m3 /s
(c) Flow rate picked up (Qp) :

^ - ^ ^.Yp-Yt-Yl
= 0.0218 - 0.0160

= 0.0058 m3 /s
(d) Pickup ratio (R) :

R =Qr-.,/Qir-

= 0.0058 / 0.0160

= 0.36

(e) Discharge head (Z) :

Neglecting friction losses and the velocity head which is very

sma11, the discharge head can be obtained by converting disch-

arge pressure (P¿) frorn kPa to m of water.
m H^O

z2 = P4 kPa x 0.1020 --'rpit-
= 66 x 0. 1020

= 6.73 m H20

(f) Suction head (Zr) :

Neglecting friction losses and velocity head, the suction head

is obtained by converting the pressure developed at the pickup

end (PS) from mm of Hg to m of water.
- mH^Ozr = p3 mm Hg x o. ol_J6 -r*-ñ;_

= -282 x 0.0136

= -!.84 m HzQ
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3. Calculations for efficiency of the Hillis pump.

P=9.81Q'H
where,P=powerrwatts

( = *"rr flow rate, kg/s

H = head, m

Efficiency (n) = output / inPut

1' t.-
9.81 Qv -T-- x 1000 -5Ë- x py kpa

SM
x o.1o *oHåq

-T-Hz9-
kPa

m' kø
9.81 Qx ---- ¡ 1000 -'j?- x P¡ kPa x 0.10sm-

1m-
Qy -J-- x Py kPa

:_____________
m-

Qx - '-- x P¡ kPa
J

rçhere- Õ., = ^rìfnrrf flnr,¡ rafa fO.l Þ'' = nllfntrf nrêcqlrlê fÞt)wllç!ç, Y/ - vuLysL rlvvr rsuv \YL,/ , , y \. +

and Q¡ = input flow rate (Qi) , Px = input pressure (PZ)

Tlrerefore, at a maximun centrifugal pump speed ( 3500 rpm ) for the

51-mm model

0.0150 x 64--o:0052- x-12-86-- x 1oo

14.36 %

mode 1

0.0218 x 66--o:oi6o-i-842-- x ruu

70.68 %

l=

l=
and for the 100-mm

n-'¡ -

n=


