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4dvance in tectinclogy over variows fialds of

Seience and epginmezriung during the last decsde, hus nade its

. inpact relt a2s® in the sphere af £l

& sipdbhnice and Sydraulic

angizeering. Mere pragress has ass u o

Tor ewsr ina
- . creasing accuracies in measurement of velocity; presiure »i°d
discharge in sainereasing viriéoy of flmids. . - -
R I -

- The very naturs of fluid. lou mechapisis is such
that it cannot be' pinned down to ' rigorous mathematieal

freatment « conseguently resort aust still be kad to

jnstrument application for measuring bhasic flov parameters.

However, the existing aceeptesd accuraciss of two
%0 three per cent in flov mpesurement are simpiy not zcceptable

agy longer — workers sre sesrching for measuring technigués

%o yield accuracies of + } to # § per cent vhen desling with
. the moye refiped mapects of, to mention.only a few, water ang
. air rlow, jet engine rssearch, the chamical industry and

nydraulic machime design. -

| This thewis comprises a comprehensive theovet{zal
apulysis of i21 the factors influencing the copventionsal
methods of measuring total and static pressure, vélosity amd

discharge, with the ultimnte goal of improved designs,

i thods of inatrw calibration tud application and methods

N of eveluating or corrsrting errors involved. The sethor




is motivated by the conviction that uere revisw and .eccumuia~
tion of experianental ddtm dues ntt Lead to the n;‘aired Ligise{
acourscien and feels thut s mew approach is necessapy. in the
form of basic analysis and,where suitable, detheseticel

treatment of the various flow measuring kethods. Resuising

hypotbeses can thex be pabstantiated or refuted im the light

or relisble axperimental evidence.

Two total pressyre probes have becn gsesloped whiek

combine excellent performance characteri

ties with :im}‘:;‘}iay
i
Fach incorporates a smallcylinder-having &

of manufactuie,
single orifice inside a spherical shield whith ia vented at. the
rear. At air speeds up ‘to ~ETS ft/sec prove ¥o. I with a .
sbield diometar of 0.3bh inch had a coefficisnt of unity and
recorded total pressure to within ose per vemt of the dynamic
pressure Lor angles of yuw up 1o v ¥ 31 degrees and angles nf’
Pitch up to 3 30 degrees.  In the speed range 710 ft/gec Lo
w 275 ft/ses; the coetficient of probe Wes IT with ins ssg;

ovarall &imensions was 0.991 to within * 0.2 per cer”.asd the

range of invensitivity to angle of flov erfects was extanded

4o v 4B degrees angle of yaw and % ¥ Lk degrees angle of piten,

The response time of these proves under s suddenly applied
aii pressure of 500 mu vater gouge was & 54 peconds when
linked to & Betz projection menoneter.  Thiory and experiment

vere in good agreement.

Developmeat of a single-purpose static pressure prote




P
which showed rensonable performence chascteristics is desuribed

“his instrument had m coefficient of 0.655 being t» \xithiin

% 1 per cemt of the memsured vilues over the speed ange<

70 ft/eec to 2B0 ft/sec. The average ang“a: inseuc
over the runge was very emcowsaping, giviug=- v 53 degrels

in yav and ~15 degrees to 230 degrees in piten fur.a eoeffi~

cient value to within 1 por cent.

i
e

Uther thods for m: ing static p:

snalysed theorstically., The wall stavic %;npping met ko
proved o be the most relisble sud aﬂcu\rnb::,, providad 14\ van
applied with the necesssry Thpow~how® and related corre.stxons.
. It iz pcinted out that there ars still meny complex fas
demanding further investigptio2 ang alarvitication, whagijver :
the meihod of mepsuremert s.da;n‘:;d, Brss fackars sre “,du—

tified snd anklysed ané sume correciion factois are mgg\‘eaua.‘

Furthernore; vusiz frineiples end fectors aftapting !
the operatios and perfschoncs: of curfent neters :;rz—aeaﬁ: with

“heoretically. . The b

q o~
ie meter equaticns vere derived. pnd

i
results from calibration, Tuboratory und field experimenls

are anolysed in the light »f the factor smalysis. ~ Jugsiistions

Lre mads for the peasilile devslspuent of muce seéurats wid
° i

refined techniques for meier calibistiovn sud applicetiong in
; i

the hope that these would ke uf come essistance to resesich
i

workers snd would<be usery of current meters,

{vi)




A comprehensive analysis was made of all the factors
likely to influence the functioning of venturi meters.
Theoreticsl expreseions for caleulating discharge coefficients
for copical-iyye meters wers derived and the values thus
caleulated were compared with experimental results from N.E.L.
end Litge. lhe author's theoreticsl values for Peynolds
numbere 2 x 10° and higher are in very close agresment with
results from the final tests at N.E.L. and Litge: the maximum
discrepencies being of the order of -0.4 per cent at the *hump®
6f the meter characteristics, and ranging from +0.03 to zero
per cent for Reynolds numbers 4 r 10° snd upwards. In the
laminar range, Hall's part of & proposed thesretical curve
shovs maximum devietions of m % 0.3 per cent up tO & Reynolds
sumber of 1.5 x 16,  Leminar, transitional and turbulent
zones in the characteristic eurve have been suggested on
axperimental and theoretical evidence and thers weems to be
theoretical verification of the hypothesis relating meter
characteristics to pipe friction curves. Humerical
application ot theoretical considerations will continue to
meet with difficulties until venturi forms ana desigus,
allowing better and more controlled flow characteristics,are
specified by International Codes. In this respect certain
suggestions sre submitted for consideration. It is
poasible that more reliable relationships for predicting

discharge coeffisient within specified limits of accuracy

would result thus rendering meter calibration superfiucus.
(vii)




The muthor trusts that the subject matier gealt with,
and the general spproach in this ‘thesiz,wonld Sventuslly con—
tridute to the ultimete wim of higher accuracies in flow

ressurement.,

(witi)




LHAPTE R 1

Many centuries ago o poor min
asked a sage : "wWhy am I-in such
need?'  The sage hroke off 3 willow
twig and ¢ut notches on -it et equal
intervals. Then he gave it to
the poor man, saying: *f give thee
this sceptre of success, a stick A
weasuring., Remember, all things
dre wade to measure : sandals for
thy feet, the sheath for thy. sword.
tirive the ‘stick stvaight intd the
ground and according to its shadaw,
which follows the sun, thou shalt
medsure time and arrange thy life.
In ‘the spring, whes the shadouw
shortens, sow, thy grainy.. in
autusn wnen it lengthens,-gathet
in the crops. Measuré thy share
and thy neighbousr’s jhare; do it
fronestly and thou shalt fare weil.?

o as faithPully and as possible
is the theme of this thesis which deals vith fluid-flov measurer

mnent. . -

1. IHTRODUCTION

AHERODYLTLOZ

Byarn\;lic measuremsnts date beck to the in;inning:
of civilisation vhen-veter wes, as it s3£ill is todey,
ensential Lo man‘s vex;zr existenze. A log timed in its
progress With the curreit, a marked stick aipped iato a
£1uid ievnve. these probably vers the first, crude methods
of mezsuring or defining the state of a fiuid in motion or

at rest.




CRAPTER

WA S TE

Many centuries age 3 poor wan
asked 2 Sage : *Why am I in such
need??  The sage broke off g willow
twig and cut notches on it at equal
intervals. Then he gave it to
the poor man, sayisg: '1 give thee
this sceptre of success, a stick of
measuring. ~ Remember, all things
are made to measure. i sandals for
thy feet, the’sheath for thy sword.
brive the stick straipht into the
ground and according to.its shadow,
which.“pllows the sun, thou shalf

¢ tire and ayrange thy life.
In spring, when the .ghadow
shoftens, sow thy graini’ in
autumn when it leagthens, ‘gather
in the crops, Moasure thy. share
. and thy neighbeur's shave; do
- honestiy and thou shnlt fare wml.

To measure ss Teithfully and aceurabely- as ‘yossibie
is the theme of:this thesis which deals with fluid flo¥ mescure-

nent.

1. IHTRODUCTION 5 .

Hydreulic measuremeuts date back to the Laeginnings
of eivilisstion when wster was, as it still is today, -
essential to man's very existence. A 1og timed in its
progress with the current, z marked stick dipped iuto .»
f1uid .os. eaqs these prodably were the first cruce meth;z}s
of measuring or defining the state ¢f & fluid in motion or

at rest.




LUAPTE

Many centuries ago s poor man
asked a sage : 'Why am I in such
need?¥  The sage broke off a willow
twig and cut notches on it at equal
intervals,  Then he gave it to
the poor man, saying: *1 pive thee
this sceptre of success, a stick of
measuring, femember, all things
are made to measure : sandals for
thy feet, the sheath for thy sword.
Drive thi-stick straight into-the
according to its shadow,
which foliows the sun, thou shalt
measure time and grrange thy life.
In the spring, when the shadow
shortens, sow thy graini in
autumn when it "lengthens, gather
in the trops. Msasure thy share
and thy neighbour's share; do it
honestly and thou shalt fave well,*

To measure as faithfully and accurately as possible
is the theme of this thesis which deals with fluid flovw measure~

ment.

3. INTRODUCTION

Eydrauliec measurements date back to the beginnings
of civilisation when vater was, ms it still is today,
eagentinl to men's very existence. A log fimed iy ity
progress with fhe current, s marked stick dipped i;um a
£luid .evev... thes™, prodably were the first crude meth;ﬂg

of measuring or defining the state of a fluid in moticn or

at rest.




As human needs and progress decome more and more
sophisticated, measurements of veloecity, pressure and
dischuerge, in widening varieties of fluids, grew in im-
portance.  Further progress demands that messurements
of the basic fluid flow paraneters be accomplisted with

ever higher accuracy.

In podern science and technology, the mechanisms of
fluid flow are so complex that they camnot as yet be fully
explained and definad by rigorous mathémstical treatment,
und therefore resort must gtill be had to instrument
applivation for the measurement of basie flow parameters.
Accuraey in measurement is thuws of vital importance not
only to design and development but also to the advance-

ment of the science of fluid mechanics.

The concept of 'accurate measurement' cas perkaps
be elarified by the follswing thoughtta. Although under
3deal conaizions and with o smitable instrument, a flow
parameter may be measured 3o sccurately thet the differ-
ences between the messured and vruc values are negligibly

small, this no longer holds cnee conditions bevome those

normaily encountered in practizu.’ The charseyeriahins
inherent both in the instrument and in the flov ure

sueh that u measurement will always be suvject to some
degree of error. Accurate measurement is thus posnible

only if the error involved cen ve minimised - by instru-




ment design or method of mesuurement - br if the errer
can be estimoted and dwe allowance made. How can this

ideal of sceurste uensurement Le achieved?

EHE PROMLIDHN

Errors in messurement sten from complex interre—
lated influenzes of differsut flow Tactors on the opera-
tion oF a particulsr inatrumest. Elinmination and/for
c(srruct.l’r.'u of errory Jecomes feasible only if the effects
of ihese fucters can be e-,nul;}sed tusigally and asvessed
guangitatively. Exusninatish of the pssociated theore-
ticel anl experimental treatmest of these influences
nould lesd to improved designs and methods of instrunent

calibration and appiication, aud of error estimation.

Experts in this field in the research laborse
tories of vurions sountries still cannet reach agree-
ment, however, on Yle influences - direct and indirect -
of the wmultitude ovf facgors affecting the charascteris-

ties snd operwtion of flow measuring instrdnments,

In many instsnces workers 4o not wmeasure whot

they beileve fhey ere neasuring, often because of thuughte

iess wnd Taulty sppiication of instruments in accordence
with International Cvde specifications which are larpeiy
based on experimental work conducted in the late 1n30?g,

In meny elecirtnic measuring devices, instrumentation
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may be near-perfect, fron the tranvducer to the indi-
eating or recordinyg device, but e¢hat the transducer
actaslly senses vannot alvays be defined ir terms of

the parameter that is sopposed to be zessured.

A ¢ollezgue, recently returned from sn exteasive
study tour in the United Siates of America, expresced
the opinive thut the fundasental tnf;tcrs affecting the *
messuredent of basic flow parameters sre st the present
tine oftén ignored provided the seasing and recording
are done eleéctroniecally. fiuny investigaters seem to
ve” torbiting in outer space! and refuse to Tcone down to
earth! op unscived fupdamentul problens related to ine-

strunent development and applicaticn.

‘the aceurscy with whieh the basie flow parsmeturs
san be measured Sictades the reliability of coneiusions
drawn from experimentsl results; accuracy of nessuré-
ment aetemi;\us the weight to be assigned to guantita-
tive work end often forus the busis apon whick a e

pothesis can bu confirmed or refuted. particularly zo

when wpathenaticsl snalysiz proves inmpossible or incone-

elusive.

. {1)
Hsughton, in & receat coptrihution streaged
“he urgent necessity for wmore sccurete flow measurement

by pointing vut that various aspects of liquid, air,




ond gas flow measurement were for diverse reaSons being
reappreised  in the United States.  ‘Accuracies of

the order of % } per cent on am absclwte basis®, wrote
Hmaghton, 'had required that fectors in the hasie flow

aquations and those associated with the testing aad ca-

lircating techniques, Le meticulously examined for effects
that could disturb the overall meapurement by a 1/12 of

3 per cent, or less'.

Be pointed out further that ’existing naticnal
and interneticnal flow codes had been devised by con-
golidating the work of many individuals and organisations
that, over the past fifty years, had endeavoured, sither
t0 solve their own locel flow problems - or had very
definitely iried to cover or fill in gaps of flow know-
ledge through investigations commissioned by voluntary
orgenisations interested in preparing & code: However,

ming that there wes a wide interest in, and a de~
#inise need for, higher rlow accuracies, it would seem
that the entire body of flow memsurement knowledge
should he te~exumined with the ides of re-checking it,
titiing in gaps, cleari. - uncertainties, ana extending
existing ranges of information to new conditioms 60
current interest, bLut whieh hed hess 4d till now termed

extreme'.,

. In research and Qesign in the fields of aeronsuti-




fi,

eal, civil, chenicul, marine and mechanical engineering,

u knowledge of veloeity and pressure distribution in

fluids, in motion or along boundaries, is often indis-

pensable.

Stetic pressures und velocities at poiats in fres
streams, in turbulent flow regimes, and in rlows enm—
countersd in hydrauiic machinery are olten required to
be messured with extreme agculacy. Acevrate meusure-
fznt of tutsl pressuce distributions in ¢ree streams,
inside turbo-machines, and in the wakes of sotally sub-
ferged Vodies or near solid boundaries, especially in
three-diuensiousl end turbulent flow fields, #re often
vital in research und design. Pressure and veloeity
sradients in boundary-luyers characterise the very nature
of finid flov 4nd need to be deternined accurately in

investigetions reluted to hent exchenge, nixing pro-

ecesses, and energy transfer, while the quantity of a
rluid flowing is impertsnt in modern industrial plant,

especially in the chenical industry snd in water supply.

In medical research and dingnosis, particularly
in cirewlstory and heart diseases, furiher progress
is heavily dependent upon improved sccuracy in the
neasuresent of blood pressure, flew rates, snd pressure
differentials, Thiys particular aspect is dealt with

is some detsil in the next chupter.




Many trusting investigotors soléemnly believe thal
scguracies of % I per cent and bebtter cen be expected
in ordinary routine messurements of pressure, velecity
and disciarge of Jeter, gas or eir. Little do they
appreciate how difficult, if not inmpossible, it is to
achieve accurscies of this order. At the present time
meny groups - particularly those dealing with “he more
refined aspects of water and air flov, ix jet engine
research end development, aud i chemicel technolopy -
are elemouring for flow measurement techniques thst will
gield aceuracies of + 1/¥ to 1/2 per cent. (13, (27, (18}
As. pointed out in ths discuseion on Ref. 3, we cannot
tgo on living with our two ‘or three per cemt accuracies

in flow measurement.'.

This demand foy greater accuracy can best be nat
by developing nevw instruments, applying nev tecnniques
or by improving existing uwethods and the suthor submits
that the most fruitful approtch for-ensuring success is
through intensive basic study and theoretic¢cal analysis -
supported by experimental verification - rather than
through continued acecunulation and review of experimen~

tal dste.

Engel, ‘3’ an internationsily recogmised hyw

drauelicisn, seid in 1960 - sewersl years afier Zhe author

had connenced his researches - ‘Any further research shoylg




not be started without a very thorough thecoretical inw

vestigotion, the simple aceunnlation of empiriesl values
veing stopped immediately' ........ He zoncluded hi‘fx
vemarks witl the fullowing statement : "“An analysis
of our knowledge on flow through contractiors in elosdd
conduits at the present bime discloses meny poutrovert
siul points. The main tusk in the pear future wouid
be to advance certain hypuiheses and to conmfirm or rew
fute ther, systenstiecwlly narrowing down the wide sc:jpe
of contradictery urguments, and thus estadblisbhing & !
better insight into the mechanism of fluw through cot-

tractions? g

TLe suthor subnits thet the above statément il
epplicable not oniy to instruments asscciated with
Tcontractions', but to most imstrinents ar < teclniguis

currently used ir fluv measurement,

Fundamentsl aualysis of all flow factors effecting
the chersciesistics and cperation of flow measuring ii-
struments, therefore, would seea to be the logical foln-

dation for future research programmes.

3.  SCORE

Having regard to the immense diversity of measure-

ment both in closed conduits and opem chanuels, only tie

methods and instruments most commonly employed have bepn

|

L

B
b
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selected for detuiled stady. In fiuid mechanics the
fandamental parsmeters ave : length, surface, velune,
angle, pressure, velueity end nass flow-rate; in this
study the physieal properties of fluids are not con=
sidered, Paurticular attention iz given to the measure-
‘ment ur totsl pressure, static pressure, veleseity of flow

and flow-rate.

as a first step, an intensive livereture survey
coveriug the inmstruments, technigues, accuracies and
problens susociated with the measurement of the above
flow paraneters under differeat comditions of flov was
underteken, The instruments selected for detailad
study were total and static pressure proves, wall static
tappings for static pressure measurcment, current neters

and the venturi meter.

“he survey identified those factors which, directly

and indiresctly, affect the operation of the instruments

in c.estion. A przlininary wnalysis confirmed the imw
purtsnce of a deep understunding of the different in-

strument characteristics und flow mechanisams involved.

In the first instance therefore, an attempt was
zmade to snalyse, in the light of aveilable experimental
evidenee and coptradictory thecries, all the factors whien

could possibly influence the functioning of these
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instruments in flov seusurement, with o view te
differentiating anong the *knovn', the 'unmcertusin’ and
the fuzsknown'. In the wecond place, the 'uncertain' snd
‘wnknown' influences vere anslysed ¢ritiesily end where
possilble, theoreticully in order to establish a conmpre-

hensive ractor anslysis for use in possible instiument

developuent and apprication. Finally, the nvove anal
wits presented in such u form &s to provide a guide for
attaining inproved accurscies from use of these instru-

wents ipy lavorantory and field.

o delineate the theme, the problem and the scope
of thix; investigation there tollows a brief veview of
each of the memgurenent processes and each of the in-
struments to be dealt with; attention is drawn to faulty
pructices in laberatory und in industry #nd to the nmany
aspects sbout vhicli there is lack of ugreement among ex=

perts in this field.

3.1  fhe measurement of btotal pressura
Total pressure at 4 point in a fluid in
motion may be defined es the sum of velucity . hoad
and stutic pressure Leed at thet point or, neglecting

the effect of turbulence a% this stuge :

2
Py = p, + doVy LARTTTTRPPPEN & S 51

A list of uynbols with meanings appears in Appendiy I,
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where P = totul pressure;

= static pressure;

= nass density of fluidj

= free stresn veloeity.

Irstruments used for messuring total
pressure are : Fitot tuves, Pitot eylinders, Pitot

spheres snd slav-tube devices,

Uuder nornal conditions it is not diffiecult
to meassure totsl pressure aeceourateiy; e great
wvariety of geomatrical shape is permiscible and is
to be found, Any suitable opening in & prove of
reasounble geometrie siizpe can be o rlnged to
sense & pressure ¢lesely approaching the teval
pressure. fhe vinplest form wight ®e a tube bent
at right angles, the leading lep of whish is cut
sgnare und locsbed in the flow with the uxis parale
lel to the direection of flow. Alternatively, a
hole in s sphere or cther symmetricsl body, such
48 o small disc, connected +@ & tube, will senmse
total pressure when the hole is normsl to the
dircetion of flow, If the positioning snd geonmetry
of the hole in a simple hook type, cylindrical, or
cantilever Pitot tube are corrzetly chosen, these

instruments will be insensitive to yaw and piten




3}

aver W range # 1) degrees.

The izstrument eonatend or eoefficient
of these instruments is uswally taken sc unity
and depending on the gesmetrizsl shepe selcoted,
errors result mainly from such factors as : ine
corress location, size and shape vf the totsl
pressure opening; improper alignment of the in-

strutent o the directizn of flow, especislly in

two-dimensional and strongly three-dinensinnal flov

fields; incorrect instrument dineasions relstive

to duet sise; and vibratiuns caused by shedding
of vortices behind the transverse leg of the hrobe.
Errors csn ulso erise when Pitot tubes svwe used ut
lew Heynolds numbers, that is in flwide .of high

viscosity rlowing at low veloeities, vhen viscous
forces become predomizant. Departure of the in-

strument cosstant from wanity in these circumstances

say be considurable.

Uty Fueturs heving o narked influence
on the perfornabce of these instrugents aré turbus
lenee, swirl, eentre line displacenent in zones
of steep total aressure greudient, and proximity to

sulid vounduries.

Hov sre these instruments generally

employed? In practice it iz not uncvmmsn to fing




bressure probes incerted ints strongly turbuleat

fields; the total pressure messured is incorssct

because the angle of attsck is at times well bae

yond the yaw insensiti Total preasure

ty range.
probves wre often to be found near solid boundaries
vhere .racteristics, as determined in free~
stream calibration tests, do not apply; the re=-

sulting error is unknowa.

Wheu contilevered protes uie used in pipes
of large diameter, the probe often vibrates in the
flow as the instrument traverses the pipe dianmeter.
This factor is sometimes neglected in measurenents,
especially in industry, but can give rise to

{5}

serivus errors.

Enginesrs in the field are often obliged
tc employ the *instrument available', wvhereas a
reasonable result is pussible only if the various
factors sffecting probe performance are given due
consideration. I tvo large industrial under
takings in the Republic the structural lay-out
iu such that suitalle locations for flov gauging
are sinply not accessibdle. Pitot tubes are in-
rerted, often on one diameter only, in positions

innediately downstrean of a 90 degree bend oxr

valve or other disturbing feature.




prescure probes insertad into strongly turbulent

rields; re peasured is incorrect

the total pre
becausze the angle of att @k is at pimes well bes
yond the yaw insensitivity range, Total pressure
probes are often to be found near solid boundaries
where characteristics, as determined in free-

sgream cslibration tests, do not apply; the re-

sulting error is unknown.

UVhen cantilevered probes axe used in pipes

of large diamcter, the probe often vibrates in the

rlow as the instrument traverses ghe’
This factor is sometimes neglected in aseasurements,
especislly in industry, but can give rise to

{5}

seTious errors.

Engineers in the field are often obligea
to employ the 'instrument available', wheress o
reasonable result is possivle only if the various
facturs affecting probe performance are given due
considerstion. In two large industrial under-
tokings in the Republic the structural lay-out
is such that suitable loeations far flov gausing
are 5inply not sccessidle,  Pitot tubes =re inw
serted, often on one diameter only, in positionz

inmediately dovnstream of a 90 degree bvend or

valve or other disturbing feature,
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In one ixstance, the oaly practicable
position far gnug;'\ng the gquantity of flue gasses
discharged through a 200-ft. hwigh chimney was ut
the base of the chimney immediately following &

90 degree vertical bend, A traverse was possible
on ane diameter only of the circular section.
Different traverses ot this dimmeter were com—
pleted,’ and the resultant distorted veloeity pro-~
file was plotted. In accordence with the initial
interpretation of the deta availabic the gquantity
discharged was estimated snd compared with the
value -computed from measurements of guaptity of
conbustion materials involved. The 4F -grepency
was nore than 100 per cent. The author's in-

vestigations reveuled that the traverse had been

located in the separation zone immediately down-

streem of the inside o7 the 90 degree bend,  Upon
adjustment of the velosity diagram, recomputation
of vhe discharge through the chimney gave & result
within 5 per cent of that celculated tnermochemi

eslly. This example illustrates the importance

of eorrectly evnluating e partieculsr flovw effect.

In steady flow the Pitot cylinder type of
ipstrument should yield results having & standarg

deviation lesg than # O.3 per ecent. On the other




Tquate stiffpess, rapid response, and s wide range

‘@ifficult to mannfacture and identical insyruments

hand, of total p in

alrongly threc-dikensional turbulemt flows is cum~
bversome, Jdifficult, and often impossible. The
mechanical slignment of directional standardetype
probes with the spatial velocity is ‘not always
possible beckuse of the bulkiness of probe and

traverse gesr. In gemeral, a probe Baving cde-

of insensitivity to angle of attéck, is the ideal.

Kield (&} wag the first to develop a 'shielw
ded' total pressure probe. The range of insensi-
tivity to ysv and pitch is. atout + 55 degrens.
the instruzment has size linmitatiuns, nowever,

whereas the spaller or miniature Kiel probs is

suffer dizcrepancies in charscteristics.

The author's objective was the demign of
a probe of smaller dimensions thum the Kiel probve,
essy to manufacture, having rupid response and
conparsble insensitivity range. The success with
which this aim was achieved, is discussed in

Chapter III.

Ine mensurement of static pressure

The static or piezometfic pressure in a



fluid is the pressure that would be regiatered by

» pressars gauge if it were moving along with the
5 gtream S0 45 to be at rest or 'statie® with re-

speet to the fluid. To design o pressure gauge

to move with the fluid is inpracticable. The

custoxary way of measuring static pressure is to
connect & pressure gauge or mesometer to s emell
hole drilled normdl to the wall of the duct in
vhich the fluid is flowing. The location,
geometry and edge finish of this hole are allw

important factors.

If the hole is tao large the piezometric
pressure will be overestizated. A protruding
Lurr, on the other hand, couses separation &nd there-
fore an underestimate of the static pressure.

If the entrance edges are %o0o gemerousiy roucded,
impuct vecurs, leading sgain to a pressure rise
above that of the true static pressure. If the
tapping diameter is such greater than the pipe wall
thickness, strean filmments are spiit, Léving rise
to secondary flow inside the hole snd overwregi-

stering of the pressure resding.

The best wrrangement is a perpendisular Lole
wot more them 3 1o 8 ww in dimmeter but mever greasey

in diameter then the pipe wall thickness. In




serodynamic work diameters vary from 0.5 to
1 wr.  Burrs mest be removed and tu¢ imternal
gdges of Lhe tupping sbould be slighutly rounded.
It is lmportent thst there should be na change of
wole diemeter for a distence, measured from tie
flow boundury, st least 2.5 times the bole dia-
weter. Une or more of tuese holes, with or
witiout interconnecting pressure clonbers, may

be used.

A probe copsisking of o flat circular

dise with a plezometer opening at the centre,

through whiek th2 static pre; w2 ls transpisted,
way 2lso be used. % ia sexf-evident thot 2uch
. instrunent will give erronevus readings if the
gise is mot perfectly alipgned wi%h %he flow diree-
bien. In tirbulent flow there are fluctuating

componente of veloeity im all directions which com-

plicate acsurate static pressure neasurement.

o provide sn idesl piecometer hole iz sel-
Jow possible in practice bscause of the difficulty
ot removing Lurrs and rounding the inside entrance
¢dges. The poeeibility of intreducing slight
suction or impuct pressures iov therefore alwaye

present.
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In cne industriul concern in outh Africs
the suthor witnessed measurcmente of flov in
s large water muin; the stetiz pressure vas
determined by means of a single piesoneter tapping.
The hole was 3/ inch in diameter and 1/2 inch
deep at tke inner boundary increasing it diemeter
to sccommodate the external tapping plug. The
e;{trance pdges were not rounded and, singe driiling
wss from the outside, internal burrs had aimoest
certainly been left. Heasurements of piezo-
metric pressure st this hole wers used inm comjunce
vicn with totel pressure resdings to determine the
velpecity profile. The resvits ubt;inaa were 80

inaccurate that they had uo be discarded.

An instrument which may also be used for
measuring stabtic pressure coasists of a cylindrical
probe aligned with axis in the direction of flov
and having suisably kocuted side openings, Rere,
however swirl, turbulence, piezometer hole geometry,
25d boundary-leyer effects on the nrobe itself can

lead tu insccurate measurement.

Piezometer tappings in adust vall op
stetic pressiire urifices locatad op & cylindriecal
probe, as descrived ahove, are the methods most

commonly employed fnr measuringy static pressure,




- 19

Recent leloratory work by Preston and
Horbury (el shoved, in messarenents of flew at a
Feynolds number of 4 x luh, amploying a tcital
pressure probe associated with weli twppings,an
erroy of 0,003% comparsd with 0,9054 discharge

units in u Pitot-static travesse thus demonstrating

the superiority of

ie wall twpping-ticthal for

static pressure measurement.

In an attempt to measurs mass air flow
to an sccurscy of better than G.25 per seat by
means of a Pitot-static traverse, Girsifipd asd
Ascough (8} fousd that, using high quslity statie
Loke Lappings, the static pressurs vosld be
measursd in steady flov to 4n accurasy afiC.1 per
ceut, but thut to ackieve this the surfsci finish
cn the iuside of the tube, in the vicinizy of the
hole, as vell as the tapping hole itself required
‘meticulous atteation'. Outside ot direch
sravimetric or volumetric meeasuremewt, wowsver, an

ageuracy of this order is opes to question,

One may well esk whether it is pragticable
%o develop a single~purpose static pressur:s probe
or whether one should concentrate on 4he nsasure
uent of total and static pressure with one prove

as, for example, With the Pitot-static tubel




deslt with in Chapter IV.

r 1
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Tne letter metbod, s bas been indicated, iwn nol
us wceurwte as that given by stetic tapping hules

3
in s dnes wair,(®) This securwey is uowever

only reslised vhen using very high quelity tappinge
which, in turn, peses u prerveguisite ofven vorw

difficult and e

en impossible to satisfy ocutside

the laboretory.

Whatever method is enployed it seems inm-
perative to voncentrate rubure researches on the
posailie development of a single-purpose probe,
as well ag on the derivation of relialle correc-
tien factors for the inherent wall static hole
error, turbulence effects and errors caused by
static pressure distribution over a duet crosse

section.

The author hus develuped o sphericsl single-

purpose static ,ressure probe v

‘L shavws promive,and
hus slso derived correction factors bo tuke aceount
of the sbovementicned errors in wall stetic end

Pitut-s*atic pressure measurements. These are

The measureuent of veloeity

The tern 'velocity’ neans "point’ or local



und ean be defi

a3 the derivative of

lacenent, o, of u fiuld pucticle with

respect to time 4, or

et
u

&

W= time wverage of 'ypolnt' velseity.

‘ted in the previons secticm,

int in a

the totel and rtutiz prescures at o

rluid cen be weasuved wceurstsly, the velocity at

that ut eould ve determined indireetly fron

the

devicesareans (103)

of
]

In equstien {1.3], &p i the Aifference betwesn
total wnd statiec nressures, the instrunent con=-
stants being taken as unity. This method will

agsin be referred to in Chapter V.

For direct ‘point' veloeity determination,
howewer, the current meter, vhich dutes lack to
1790, remsins the instrument wost commonly em-
ployed, There are boday wore than 300 papers
desling with current neter performunce, but there
ie atill speculatios and doubd wlout the sceuraey
of this instrument and sbout factors arfesting

its functicning.
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The operaticn of the current metar is based

on the principle tkat the locel fiovw veloeity in
the £iuid is proporticnal to the speed of ro-

tation of a vane when the axis of rotaution is in
the direction of flow, or to the spead nY Fota-
tion of s 'eup! when the rotor axis is perpendi-

cular to the direction of fiow.

It is usual to develop an expression for
the velocity of €low which, for a given range of
flow, spproximates the true culibration curve.
For the screw-type meter the curve is a flat

hypervola and & typicsl expression is @

v = TR * & asesuneannes (1.0
where n represents the number of rotor revolutions
per second asd K, and & sre constents for the pare

tivular meter over the specified velocity range.

Current meters do not repister the uomen-
tarr w'laocity but actuslly average out the pulsa-
4in; "tow vavietioes at a point in the fluia;
thin ha: u distinet sdvantage. Vhen correctly
applied under ideal conditions, curreat meters
can be relied on to register aversge point velocity
(9)

to an gccursey of about % 0.5 per cent. In

oblique or strongly pulsating flows, hovever,
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current neters might cversstimate velueity by e

maeh ag 2 te b per cent, A

Uncertainties and doubts abont the exset
functioniag of current meters way be sunmmurised

thus :

Vhat sccuracies can veusunebly be ex-

pected near solid bounduriest Row is the appli-

cation of the ueter affected when calidration hus

sen by tovisg through still water? Do the
weiting times between toving runs affect the cali-
bration?  What is the influeace of temperature
changes during rating or between rating and appli-
cation? How do viscosity changes in the luw
uricuting vil (due to temperature or pressure

chunges} affect tire rating equatisn?

Eelative impurtance and effect of Suppor-
ting structure, turtulence, strongly oblique flow,
4nd velority grudients acruss the meter cirele
sre additivnal souress of speculation among

Jewding authorities,

{9}

#olupailu st @ recent symposium on flow
megsurement at the Rutionsl Engineering Laboratery,
Eaet Eilbride, Dcotlend, (H.E.L.) stated that

current meters rannoct accurately register velocitiea



=

1id

tives eloser #!

boundaey, U being the susser dimmeter. (00

crinity reauirement w the Owrmen

test codel. un the other band, Prafessor

(43} eported wi the came symposium that

Benini

the error cannot be

e rimental errors

distingni

whi ¢ erfects und

L oeeliy

that these do not ner canb.

Specielists such us Professor Benini,
k., Yest, Dr. DBum-Raffray, sad Profespor
Gerber V180 wre attempsing to link well proximity
efrzots tu these wasvclated vith rating vy toviag
througs still water, snd to waiting pericds tstwesn
ruus, in wrder to determine a logiesl intere

depeadence of those fackors.

corein 43! reports w marked influence of
temperetare on rating cswracteristics. In con-
tradiction, Dr. BBhn-Kaffray, in Vienna, could
not estublish wny tempersture effects at all.  In

it is importest to ncte that, due to

temperature changes, and suier pressure changes

wien the instruments are cuplored in closed eon-

Anits under high pressures, viscosity alters in

different types of lubrivating oll, thus coum-




plicating the logieal interpretation of pe-

search results.

The intluense on flow meunuresent of the
frame supperting the carrent meters ie yet apother

. I8
controversisl facter. serpand und corrin (MM

feund thet errors in curcent meter measurements OF
large dlgwharges were mulaly caused By the change
in veloeisy profile st the nessuring section duc

to the presence of th

current meter frame. They

210 reported that msdel tests alloved thic phe-
nomencu to be evaluuted and offered s correction
fucter which could be applied to subseguent fisld

tusts.

in a discuss an the Serpand - Coffin
paper, West disagresd with the atove findings
beenunse, inter alis, the Reynolds numbers were
aifferent; “haix vanted to know to what extent
redustion of flow opeeds, due bo the grid effect,
could be sttrituted do the supporis. (15)

Professor Gerver stressed the impeortance of this

unknown factor in reting cxperiments; Profesy

ogena was scepbiesl about the magnitude of the
correction factor based on the model tests ana
Dr. Winternitc argued 'that a fairly wide un-

certeinty interval must be avplied to the resulgs




foone wof} thyes

from

Disagreement scems to centre on the altwred

ity profile cuused by the supporting rrame.

o due

Flow retardation, accompunicd accelerat

to venturi-srfect, in the inity of the frane

at the gsupias ion require further fnvestigo-

i

Iu Gouth Africa, current meters are

widely used in industry and in the field without

adequate luboratery faciltities for calitrasion,
Phe Internationsl cude 00 specifies that meters
ve calibrsted berore and immedintely after a toot
series to determine the limits of sccuracy of

the test results. In the Bepublic this specifi-

caticn is very seldom, it ever, met.

For a

high elass current weters, properiy calivrated,
should be employed. The linits of error of

these instruments should be scenrate known.

Cleaxly, there is no adequate guide to

dure €9 be adopted for the use of

current meters end tihe precsutions to be taken

to ashieve desires aceuracie meny uncertuintise

5t111 exzist. It wap thersfore the suthor's

ceptence tests for pumps and turbines,

L



{15}
from {some of) these tests® 00

Disugreepent seemy to cenbre cn the altered

velocity profile caused by the supperting frame,

Flow retardution, sscempunied by scceleration due
te venturi-effect, in the vicinity of the frame

at the gaupging

tien reguire further investiga=-

tion.

In Swuth Africa, current meters are

used in industry and in the fisld without
sdeguete laboratory facilities for calibraticn.

She Interuveionnt sode ) speciriee thot meters
be calibrated Lefore and inmediately after - test

series tu determine the linite of accuracy of

the test resulid. In the Republic this specifi-

eution is wery seldom, if ever, met.

For acceptance tests for pumps and turtines,

high eluss current meters, properly eali

rated,
should Le employed. The linits of error of

these instrunents shenld be accurstely knowa.

Clearly, theve is no adequate guide to
the proocsdurs to be adopted for the wse of

current neters and the precautions o be tuken

to anchieve desired mveurscies; meny uncertzint

still exist. 1t was thersfore the anthor's




vith refereace to
tesds carried cut is the lsboratory and in the
field, uld the fscters intluencing the funeticning

wf current meters. This work is dealt with

in Chapter ¥,

w
=

at of discharge In closed wonduits

Indirect messurement of discharge by mewns

nturi meter i usidered in tols secticm.

Clemens Hersehell named the venturi met-

wfter the French enginesr Venturi, who in 1
wus first to formulute the busi: principle of

version wf pressure head to kinetic emergy in

& pipe esnstricticn.

The venturi meter incarporates a cone

strictisn lucstod betvesn tve tapered sectic

and the dovice is usue inserted between tvo

Tleng in a pipeline.

feczleration o tue fluld in the comstrioce
tien results in lesal lowering of averapge static

PrESBUrs. Suitable pressure tuppings allow tihe

difference in pressure ween the 'inlet' and
Tturoat' sections to be chaerved, and tae dise
charge con then e deduced from the funduamental

relationship, v

-




i o= o, RORER Y
where,
£, = dissharge ecefrici
%2
e = & = instrument oonstant;

= dirferential pressure as

de
measureds
» = mass denuity of the rluid;
A, = throat cross-sectional areu,
snd
A,
n = D, whece &) is the area

at inlet to the moeter.

The calibration characteristic of a ven-
turi meter is given Ly un experimentally determined
graph sepresenting Oy vs B,.  For different
meters these charscteristics show inherent proper-
ties which have, us yet, not been fully explained.
Phesreticsl progress has been hampered by the nsny
complex tlow Fuctors ssscciated with flow tircugh
constrictions. These eiPects could not in the
pust, and psrhaps cunnot sven now, te analysed

e’ eratically, with the result that to-day, after
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detiod vt predist

Cae of the wwin problews ws iated with

venturi metors is tus sosessment of reliubility snd

constukey of murging in the higher seecurssy rangee.

4 meter having b errel rouguness will yemain

er discharge withis

reusonably stuble snd regic
4 1 per eent to * ¥ per cent, wheress s meter having
tsmouth! internsl finish may, after hnvimg become
soiled, suffer discharge errors upwords of 4 per

cent, ()0 (3T

at the present time, wany workers, wspecialiy
those assoviated with jet propulsion resesrch and
moders chemical techuolopy, wre clvmouring for flow

meaiurement £ accurscies of * 1/h per cent to
(1, 123, (1)

* 172 per cens. The crux of the
probles is thut a standard venturi meter opersting
to such sceuracies dors not exist snd, slthough
individual meters might achieve this sccuracy

margin, the durstivn or ccosistesey of such per-

formunce cannct be gusrenteci ovr predicted.

In sn dttenpt to distinguish between the

"krown' aud the 'unknown', the muthor has listed
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more than toir

difrerent but interrelsted

Taetors thet Lsve o dirveot in¥luence o the ope-

ration o o venburi peter; there are others

thet buve an indircet s

Lustice. It Qs astoniih-

ing to report thut thers seems to be very little

apreenert wmong lead

¢ atbhoritias about the

spaeess of influence of thess factors sm ventur

meter brhaviour. The whole topicv is indszed

surrvunded Uy dicepgreement and contradicticn.

At w rvecent symp

um on fi90 messursment
beld at W.B.u., the ruet was stressed thet *finw

measureaznt

s ai the nross-roeds' and thet it
fus becsue necessary to s2parate the

(1%}
wnt . Ho _suton advocsted Lle pre-

*Lnovn from

the ankn

peraticn of a suitible guide to workers in the

rield of meter improvement - 'us & nesns

ot

luining to venburi mever usgers just wh

r it wes

that Ligh sceurseles of better thun * 1/2 per cent

were so very hard to obtain’. A chupged anprroach

to mwtheds of researeq and modus operandl waul.

buve to be investigated.

in Seuth Africes industriel plante, venturi
weters arc often placed innedistely downstresnm of
pipe bends. A typical ecuse is that of a fuel

injection plart in which air and oil mnast %e
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supplied in eorvest proportion. The air sunply

is to be injected fre

4 ring main wt vericas

clevations. omplete combustion is ewsentisl

ecsuse x deficiensy of air would cause freesing

wf the charge near the injection point (us & ce=

sult of endothernis decosmpesition of oild,
Yenturi meters or srifice plates sre to be in-
stalled cn pipes feeding from tue ring meis, 6the
cnly positicus dvsilsble being immediwtely downe

strean of S-fuot long bende on the

inch die-
meter pipe. If spesinl precautions are not taken
pravs errers in preportioning of the sir and oil

san result.

Gnantit of exygen of up to 109 sons
4y ece metered by means of crifice plaetes having

iong thin lewds to the recerd

we;  the

resdings wre interprs

ed in terss of the criginel
¢4 vulues and 1ittle regurd has been given to the
fast tius coerficients of diccharge change with

wine. Neny wzamples liks the Toregaing conld be

eited. It is in circumstances such 25 these thoy

securacivs of %

per cent and even & 1 per cent

are often clasimed.

Tw stress the need for further resewieh

i. this field, s fuw of the ' fucters in disput

et




tooarlier,

iy
weale T puports thut difee

surtuce tenture of apstrean pipe surfeczs a0

alter 04

43 much us b oper cent in large nut

ey b argued thut tie parked eifect of upstream

pipe roughnese was causied incomplete des

ment of the entranee

woity prorile.
found thut @ rough upstresm pipe in meters having

lurge sred cotio ceussd the "hump' in the chud
{1}

terietic o hile Hsll

rrs bo dicappear,

cenditions,

Tae Luestion hers ssens to be : How do

upstresn pipe rouginess and length afrect the

throet Soundar,

layer and what =ffect has the

threat boundary-lager, in taen, on the dis-

churge coefficient

suy, ful

developed

entry condition

Concerning redil ut the entrasee wnd

t sections, 4api sarat o

st bigh Reynolds numbers, Rouse tates thag

sepuretion ceuses s lowverdng of tre loosl bowadery
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T

sure, while Dngel malnteins tist,
secoriing o Mevbon's second luv, n marked in-

o3

sure could reanlt. ULy round

corners should affect the discharge o

;
|
|
|
riciunt, 1
{

and to vhst degres, is still uacertain,

Conceraing other fustors governing the fiow

e

in @ venturi throwt, Kall

3

submits thut

Hutton's analysis

4 o assumption of

Pully developed Tlow in the throat sectiom, 'd
uot lead tu s bebbter wnderstunding of the preblen'.
Hutten, in turn, srgued thet, slthough Hell's
Boundary-layer approsch seems promising, fucters

such wy velseity distribution corrections, lesses

er the venturi, asd upstresm pipe end internwl

{1

o

meter vondivicns seannst be ignored.

R 24 . :
ziegrer (2% uesus to be in ugreement with Ruil

on the question of boundary-leryer effects tat then

disagreed with those suthorities who advocate the

use of weters with 'rougk' internal Tinish.

zh]

Spencer ( sointed cut that it Hall's theor:

wpplisd quantitutively to rounded entrance nuszles
then why did he us2 the N.E.L. experimentsl re.
sults in sssoeisticn with a classical venturl to

substantiste his theory? Spencer pleaded fo

eontrolled experimest. and subsequent theoretisul




r‘ %

treatuent.

. LY : N
Sanker 20 sugsestud the introdustion

of trip wires tu control the velseity profile snd

(3

rossibly the beundury-.ayer, while Engel

vas of the cpinicn thio theve still existed son=
sideruble sonfusion regarding the influemce uf
the boundary-luyer und separstion; uatil wore

experimental iaformatisn on boundary-luyer effects

bezume svailsble, it remsined doubtful whesher

eriificisl eontrol by s trip wir

would be helps

ful.

Bisagress and wncertainty wiso range

over tactors T Svatic tapping geometry,

sles of convers-

divergense, tarost lenghh, whether

ipersaser with Hoynoids sunler or bscomsu consiant

ot higher § talletion

sids numbers, effests of

conditivas, metheds of defining snd stendardisiayg

"roughness’ ov surface finish, ef¥ssts of different

aren ratios, dafluense of the sw-callsd 'inpuet

pressurs', cond

itisps ©f rluid to be motered, ste,
Fuctors which, until nov, have veen convletely
negievted are : the eifests of turtalence, the
stutic hele erroy, and the error caused by the

fuet that even the exavt wall stutic pressare
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Yhut Dugel esld ip 1960 wes in almost perfec

agreemunt with the cuthor's ldews at the time this

gurel projest was commencsd in 1999, Tis words
cnanzixte the thews of this thesis wnich, it iz hoped,

will p

& positive vontrivuti-n ia tbe desired di-

reetion of highee mnd wore rellable awesrecies in Fiwid

L£1ow weasurrnant.
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1t is not only in supinsering wnd pure scienve tuw

sseuraey in the wescurenent of fluid pressure, flov ve

loeity, sod volume Ylevinge conotitute a problem.  In

the Lumsen body the Geart pumps biood through & conplex

networi of elustis dacts. The provliem of accursts
wmapureusnt of flov puramecters in this field id wggra-

wated not oniy chunges in pressure and flow weloeity,

revulting from disteasivility of weins and srteries, but

alse by the inmevessibility of "sultable guuping points?

It is net at precseat possible oo compute, frem

or suchiike messurements, the flov of blesd
wither through the heact or periphersl civeulatory
systen.  The voluwme of iutsrasl organs can be estimated

silbousttes, but ns ree

rnised technique is

recording absolute blosd flow

of the wbovementioned tlres parausters,

Tute

tilopd pressure’ alome cup br measured direet

inserting iprpodern nerdles or catheters, connected to

irty

mavometers, pressares in ix wll peios of the sure

diovasculur prsteuw can be stydied,

w
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Hewsurenent of these rressures iz, kewsver,

misiut=rpreted. The hypodernic nesdle or catheter, if

erignted spainst the Zivectivm of flow, is in effect
@ bluntenoged total preszure probe sensivyg totsl, nob
stetic, pressure. When the blood velseity ut the point

1y Llew, the percenvage srror

of wessurement is relatd
cisted with incorporstion of the veloeity hesd ‘a &
progsure messuresent is small. Gn the other hand, iY
one i interestsd in sistic nressure wave forms in regioma

where the blood veleveity ie of the order of 10 ftfsec and

higher, neplect to deduct velvcity heud would introdus
a percentage error of SC per cent or even us much us
100 per cent. Inereases in venous tobal pressures have
beea interpreted ms insressed volume of blood in the
veins, iversssed effective filling vressure (which is

actuslly static p-2ssure), end inersused disstolie wnl me

of the ventricles. To postulste o change in voiume

£ u change in pressure, taeitly

solely on the busis

itle varieticens in tae aistensibil ty of

overlasks pos
veins, cerdise walls, or arteries snd could lesd to mige

lesding couelusicons.

ifferences in pressures {i.e. total pressures) at

tvo points im the circalatery system messured at different
tim=s hag often been interpreted to meun a chenge in

blood flow, whoreas it should be wpprecisted that

i e
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changes 14 bhe pre

Wi gradient alene b ser

rodu

L

copording chenges in Flow enly

if the revivtupce to rlow between ihe t poinse of

WeASUTETERt rensing consteat, Yhe probles hers,

Livever, is thet the resistency to filew determined

enly by sinultabizous neasurensnt of both the pressave pea-

dieat und the ¥lov veleeity of the Liood.

1t is ubvious, thersfore, that attenpts to estinute
the flow veloeities, volumes, wud tatic pressures in the
circulutory systesm by measuring total pressvres oaly and
observing related ciinical phenvmens san result in fewlty

diagnosis. Pire

st gutal pressu

re reasurement hus,

Bowsyer, instripveie valuws in #nabiing certein or the zon-

diticas under wihieh the cirevlato tem funetions tu

be defined.

IHE HEASURRMESY UF PERTFHERAL YENOUS PEESSURE

Venous pressure is ususlly meapured by .sans of

hypodermie nwedle; the pressare at the needle point is
balanced by sn egaivaleat height oY suliae solutien in a
alteinetively, the pulebumanoneter, whick

ion sheuber betweun the needle and

Bpre

panometer, can be 2sed foF presgure messurement in

{29}

okl Lerge end swsll paripheral veins, 97

It is importeat to note hers that with both these




methods it i w fors of tetal and not Stutic pressure

entation

1y mesnsuced. Depending s the o

nsedle in bhe vein wud the Plov weloelty of the

& pressuce 18 neasursd sdlch le erromecusiy rwe

ferred to jn medicsl tersinology 8s stutic pressure.
Ii this wessurement is frsated es statie pressure it is

suvjest to censidersble error because of the welocity-

Beod compouent of uwnsnewn msgeitude.
EXTREAVASCULAR PRESOUSED

ures, for

For the wessurement of toseue press

exsmwple, in ihe skin, in subcutaneous tissue, aad in the

wuseles, waber mancmeters are penerslly nsed snd the

ilar to those deseribed above.  Cere-
brospinal fluid neessuve toc is ususlly measured with
verticul menvmeters.  Since the pressuras in veins and

extravuseulur spuces varely chongs sbrupsly,they can te

witl

weasured fuirly-scourste sinple riuid manometers.
uci instrameats, however, are entirvely inudequut: for re
curding pressurce whielh fluctuate vupidly, and this is

sopecially so waun it iy tus extremes of pressure that ure
silpniricent.

If o nercury menometer §5 comnected directly to s
artery through o hrpodermic needle, the wercury solume

¢il. sseillete with skeli amplicude sni low frequeney
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in vewLriuvalwr cavities,

LHLMERT OF ANTHEIAL PLUuD PRESSDE

Hempurepsnt of siterial wlood pressure entuils de-

sorvivavion of both tue systolic sad the disstelie

presdss 5. Tiese swo pressare levels cobusliy re-

prese 2t out wEpliswde of the srteriss pressure wave at
the pevis of meavacesent.
foo arterisi blued pressufe lu generslly messursd

o means of 4 SphygmeRsnsieber Tuir s the Tumiliamy

Speoumeat ubed by the general practitioner to nedsurs

wssure’ wf pegisais. The

Tion folued

apperniun corsists of sn dnelastie guff contalaing cw da-

Plakahle TuGer vag. Tue bag ie wonnected by rubber

fabing to s yu.bor bulb end o sercury sshonstor.

cant errurs in bhis type of presSuAre MenCuUre-

Sigadr

of

ment result Irow iap

5 mifs, The pessure ix the rubier

srestest deptlh wb tue sentre

LY tus eury i surriedestiy wide aud

&

Jratsd, the ypressare inddested by othe wano-
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developnents in cardiac eatheterisation (to be discussed
presently) have croated widespresd interest among medical
doetors, hydraulie sngineers, and scientists in their
searches for aeccurate ways of recorli.g both pulmonary

and systemstic arteri:l pressures.

sapidly fluctusting pressures can be accurately
recorded only by mesns of apparatus having adequate fra-
quency response. Pressure transduenrs that will re-
spond to the rapidly fluctuating arterial and intraven-
triculsr preasures, have become imperative, Hechanical
pressure transducers in associntion with optical mano-
meters have been enployed extensively, 28 and rscent
developments have almost brought the instrumentstion
aspect of medical research in this particular ficld inte
line with that of resesrch in hydreulics and fluid

mechanics. The enphasis is now shifting to électromic

pressure transducers.

For any particular applicatiom the transducer, am-
plifier, end rccorder must be suitably matched for optimum
pexformance. This process inveriably involves a com-
promise among factors such as sensitivity, convenience
and stsbility or frequency response, snd it iz clear
from the litersture that the nature and significance of

frequency respoase are widely misunderstood,
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BULK FLOW_ HEASUBEUENT OF BLOOD

The principles employed for engineering measure-

ments of bulk flow have been adopted in medical science.

Detorminution of the total volume of fluid in &
container of conplex shape by sample meacurement of the
diluting of a known quantity of ndded dye after thorough
mixingsis a familiar ond straightforvard engineering
technique.  The circulatory system of the higher snimal
body is 8o complex, however, that injected dye shorte
circuits clese to the point of injection before commen-
cing to circulate, with the result that the concentration
at & remote sampling point reaches a penk, then subsides
amd subsequently rices to a second peak as re-circulation
oceurs. IT the once-circulated dye could be distirguisved
from that which has re-circulated, b.ood volume and car-
disc bulk throughput could be computed with reasonsble
accuracy. stewars 27} has attempted to refine the
method and 2s a result of his vork the following proce

dure i® nov suggested :

First a control sample of blood is withdrawn at
the point of sampling. Hypertoniec salt solution is
then injected. he arrival of salt in & peripheral
artery is signalled by a chenge in the tone emitted by =

telephone connected to a bridge circuit, one leg of
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