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S "  S 0 P S I  s

. .. . Advance in  technology over various fields of 

Science aod engineering during the last decade, has. a&de its 

in-pact felt_aj.s& in the sphere iX  •.ie-fhanics and Hydraulic

engineering* Here progress has ».-s „  -■* -'ot- e*»r  in ­

creasing accuracies in  aeasuremeat of velocity; pres-i-upe -*•■•& ' 

discharge in aft increasing T^--ieiy of fluids, '

"he very nature s>t flu id  liny aechanisJis i *  such 

that it cannot be pinned, dovn to «. rigorous u a t. ne*at i  c al . 

treatnent - consequently retort au&t s t ill  be had to 

instrument application for aeaaurlng basic flow paraneters.

However, the existing accepted accuracies of two 

to three per cent in flow mea*ur**ent are «iup\y not acceptable 

a;ay longer - workers are o^ayching for aeasuring techniques 

to yield accuracie* of ♦ J to + i per cent when dealing vith 

the more refined aspects o f , to Mention only a few, water and 

air flow, jet engine research* the obeaical industry and 

hydraulic Machine design. - /

This thesis comprises a coapreaensive theoretical 

analysis of i l l  tfee factors influencing the conventional 

BethciiB o f measuring total and static pressure, velocity and 

discharge, with the ultinate goal of iuprov^d designs, ■ 

aethoda ox’ instnment calibration i*.a application »nd aethoda 

of evaluating or correcting errors involved. Tie  author 

; , ■ ( i f )  "
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i b  motivated by the conviction that were review and .ecttamla- 

tion of e*t'«r-ueaJ.al da-ta does nt;t lead to the required tighe*1. 

accuracieo an*l feels that a jieu approach is necessary . -itt the 

fora of basic analysis and,where suitable, aa.tiie*at.i.cftl 

treatment of the various Sion aeaauring a<thodB. Besui-ting^ 

hypotbeaes oan then be uabstantiated or refuted in the light 

or reliable oxperiae&tal evidence.

Two total pressure probes have been d's'jjBloped which 

conbine excellent performance characteristics vita 

of aanufaetuie. Each incorporates a saall cylinder having a 

single orifice inside a spherical shield which is vented at. the 

rear. At air speeds up to v 27? ft/sec probe So. I  with a 

ab.ield dioeet^r of Q.3^*1* inch had a coefficient of unity and - 

recorded total pressure to within oae per cent of the dyoanic 

pressure for angles of >av »»j< to •« + 31 degrees and angles of 

fitch  up to 30 degrees. In the speed range “'•"TO: ft /sec  to'- 

“v- 2?5 ft /s e? , the coefficient of js^obe Ho. XI with the same 

overall dissensions was 0 .991 to within _+ 0 .2  per cer.-v and the 

range of insensitivity to angie.of flow effects was est«ade& 

tp •» k& degrees angle of yaw and "• + Uk degrees angle of pitch. 

She response via* of these probes under a suddenly applied 

aii presrwre of 5 0 C> bli water gauge was 5 4 ,second? vhea -

linKed to a Betz projection, isaaoaetex. Theory and experiment 

were ia  good agreeaent. .

Developnent of a single-purpose static pressure probe



which showed reasonable performance chB-aoteristics is deseri 

'ibis instrument had a coefficient of 0 .655 being to vithin - 

i  j>er cent of the aeas.ured values over the speed range 

70 ft/aec to 280 ft /sec . The average angcids 

over the range vas very eneow.vasing* giviug-i-* 'sZ decx*5*8 

in jr w ’aad -15 e«;e;rees to ->3o degrees in pitch tvr a coe:ffi~ 

cleat value to vithin 1 par cent. .

■ ■ ''

Other methods for measuring ai.atic pressure w«re 

analysed theoretically. The wall etatic tapping aethoo 

proved to toe th« uost reliable sad accurats,, jM’OV3d<sd i-<| was 

applied with the accessary ''kaov-liow* and related corrections 

It is pointed out that tb«r» are still  many complex f&t-iors 

demanding further inv-estiitefcioa ants ^Itti'Ji’ication , whatever, 

the meifaod of measureaet>t adopted. Thtue factors i-.ru -.tde.i— 

titled  and analysed anf. 3<s»e correction lactose .tire suggested

Furthernore, x* 1 <ile# and fsetcrs atfts^txag

the operation and per? t fv.c-.û b os e.urreax niettfrs ~re dealt wit 

theoretically. The c not«c equations were ben-red pa4

results from calibration., inhorator/ nad field  experinen’-s 

are analysed in the liniri. >»f tfcs factor aujilysvs, 2ugS»fSt:s.o 

t-re Bade for the possible de^lsjyaemi ot Ri.rt’ accurate aid 

refined techni^uco for naisi c&li bia-tic.is applicatxon^ la 

the hope that these vould W  of eone assistance. to research



A comprehensive analysis was aade of all the factors 

likely  to influence the functioning of venturi Meters. 

Theoretical expressions for calculating discharge coefficients 

for coaical-tyx'S meters were derived and the values thus 

calculated ware compared with experimental results from S .t .L .  

and Litge. ?he author's theoretical Values for Peynolds 

numbers 2 x 10^ and higher are is very close agreement with 

results from the final tests at H .E .L . and Liige the mnxisum 

discrepancies being of the order of -0.lt per cent at the *hunp* 

of the meter characteristics, and ranging fro* +0 .03  to sero 

per cent for Reynolds numbers b x 10J and upwards. In the 

laainar range. Hall 's  pert of ft proposed theoretical curve 

shows maximum deviations of -v ♦ 0 .3  per cent up to a Reynolds 

number of 1 .$  x 10^. Laainar, transitional and turbulent 

sones in the characteristic curve have been suggested on 

experimental and theoretical evidence and the?* seems to be 

theoretical verification of the hypothesis relating meter 

characteristics to pipe friction curves. Kumerical 

application of theoretical considerations will continue to 

meet vith difficulties until venturi forms and designs, 

allowing better and more controlled flov characteristics, ore 

specified by International Codes. In  this respect certain 

suggestions are submitted for consideration. It  is 

possible that nore reliable relationships for predicting 

discharge coefficient within specified U n it s  of accuracy 

vould result thus rendering aeter calibration superfluous.

(v ii)





Many centuries ago a poor **n  
asked a sage : '  Why aa,-I in such 
need?* The sage broke off a willow 
twig and cut notches on. it at equal 
intervals. Then he gars it to 
tlie poor nan, saying: ’ I give ttiee 
this sc«ptre of success, a stick of 
measuring. Reaeaber, a i l  ti-.iiigs 
are made to aeasure : sandals for 
thy feet, the sheath for thy sword. 
Drive the stick straight inti> the 
ground and according to its  shadow, 
which follows the sun, thou shalt 
measure time and arrange thy l ife .
In the spring, when the shadow 
shortens, sow. thy grain? in 
autumn when it lengthens ,.;gathe* 
in the crops. Measure thy share 
and thy neighbour’ s Jliiire; do it 
honestly and thou shalt fare w e l l . ’

To aessure as faithfully and accurately as possible 

is the theme of this the*is which deal* with fluid-flev aeasure- 

nent. . -

1 . IBTR0DUCTIQ8 .

Hydraulic measurements date back to the beginnings 

of civilisation vhen vster was, as it s t ill  is today, 

essential tc nan' s very existence. A log tiaed in its 

progress vit.li the current, a narked stick dipped into a

fluid ...............these probably ver* the firs*; crude method*

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

at rest.
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C n A P T IS a____I_

Many centuries ago a poor man 
asked a sage : 'Why an I in such 
need?* The sage broke o ff  a  willow 
twig and cut notches on it at equal 
intervals. Then he gave it to 
the poor man, saying: *1 give thee 
this sceptre of success, a stick of 
measuring. Remember, all things 
are made to measure : sandals for 
thy feet, t h e 1 sheath -for thy sword, 
orive the stick straight into the 
ground and according to its shadow, 
which.—ollows the sun, thou shale 
mear1 i tire and arrange thy l ife .
In /  /  spring, when the Shadow 
shortens, sow thy grain ; in ' . r 
autumn when it lengthens, gather 
in the crops. Measure thy share 
and thy neighbour's share; do it 
honestly and thou shait fare w ell .'

To measure as faithfully  and accurately as possible 

is the these of this thesis which deals with ‘fluid flow aeaciure- 

aent.

1 . IHTBO&UCTIOff

Hydraulic measureae>its date back to the beginnings 

of civilisation when water was, as it s t ill  is today, ' 

essential to man's very existence. A log tined in Its 

progress vith the current, a marked stick dipped iuto a 

fluid these probably were the first crude methods

of measuring or defining the state cl a fluid in notion or 

at rest.
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Many centuries ago a poor man 
asked a sage ‘ 'Why an I in such 
need?’ The sage broke o ff  a willow 
twig and cut notches on it at equal 
intervals. Then he gave it to 
the poor man, saying; *1 jjive thee 
this sceptre of success, a stick of 
measuring. Remember, all  things 
are made to measure : sandals for 
thy feet, the sheath for thy sword. 
Drive thr stick straight into the 
ground a ..a c c o r d in g  to its  shadow, 
which follows the sun, thou shalt 
measure time and arrange thy l ife .
In the spring, when the shadow 
shortens, sow thy grain; in 
autumn when it lengthens, gather 
in the crops. Measure thy share 
and thy neighbour's *2tare; do it 
honestly and thou shalt fare w ell .'

To measure as faithfully aua accurately kb possible 

is the theme of this thesis vhich deals vith fluid  flow measure­

ment*

1 . IHgBODUCTIOH

Hydraulic measurements, date back to the beginnings 

of civilisation when vater was, as it s t ill  is today, 

essential to nan 's  very existence. A log timed in its 

progress vith the current, a marked stick dipped iato a

f l u i d ............... theo \ probably were tlie first crude methods

of measuring or defining the state of a fluid in motion or
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As Inman needs and progress became sore and nore 

sophisticated, aeaaureaeats of velocity, pressure and 

discharge, in widening varieties of fluids, grew in in- 

portance. Further progress deaanda that aeosvjreaanta 

of the basic fluid flow parimeters be accomplished with 

ever higher accuracy.

In nodern science and technology, the mechanisms of 

fluid  flow are so conple* that they cannot aa yet be fully 

explained and defined by rigorous aathesotical treatment, 

bad therefore resort oust still  be had to instrument 

application for the aeasureiaent of basic flow puraaetera. 

Accuracy in neaaureaeot is thus of vital inportance not 

only to deuieo and developraect but also to the advance­

ment of the science of fluid aechanics,

The concept of 'accurate measurement' can perhaps 

be clarified by the following thouGbtB. Although under 

ideal conditions and with a suitable instrument, a flow 

paraaeter Bay be measured so accurately that the d iffer ­

ences between the aeasured and true values are negligibly 

small, this no longer holds once conditions become those 

normally encountered in practicu. The cbarttcteriatioi. 

inherent both in the instrunent and in the flov tire 

such that a aeasureaent will always be subject to some 

degree of error. Accurate aeasurement is thus possible 

only i f  tiie error involved can be ainiaiaed - by instru-
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rsent design or method of Beauurejsent - or i f  the error 

can Ve estimated and due allowance made. Hov can this 

ideal oi' accurate ueasurement be achieved?

3HE gRoaLE»

Errors in He&suraaea-t ateia trou complex interre­

lated ijiilueji-ee of differ*:ut flow factors on the opera- 

ticn of a particular instrument. Eliaination and/at* 

edrxectiftu o£ sriora1 .ecumea feaeibla only i f  the effects 

of these factors can be snalysed basically and assessed 

(iuanSitativelj. Examination of the nasociated theore­

tical ani experiaenSal treatnent of these influences 

ooulil lead to improved designs and method of instrument 

calibration and application, and of error estimation.

Experts in this field  in the research labora­

tories of various countries 3till  cannot reach agree- 

» e»t , huvever, on the influences - direct and indirect - 

of the uultitude of factors affecting thfe characteris­

tic* and operation of flov pleasuring instrttnents.

In iiany instances wurl-ers do not measure tfhnt 

they believe they lire neasurine, often because of thought­

less and fault;: application of instruments in accordance 

with International Code specifications which are largely 

based on' experimental work conducted in the late 1930’ s.

In many electronic measuring devices, instrumentation
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may be n«ar-yerfeot, fron tiao transducer to t2ie indi­

cating of recording device, but «aat the transducer 

actually sanse* cannot always he defined it- terns c>f 

the parameter tUat is attpposed to l-e s ec ured .

A Colleague, recently returned froa an extensive 

study tour in the United states of Anerica, erprea^ed 

the that the fundamental factors affecting tiJfc *

BBttaurtsident of basic flow pai-aneters are *t tke present 

tiae ofttsn ignored provided th" sensing and recordiag 

ass done electronically. M&iiy isveaticaters seen to - . 

be' 'or'ui-eiES in outer and refuse to ’ coae iotra to

em'th' oa unsolved fundaneiitttl problens related to in- 

strunent developnent and application.

The accuracy with wliicb the basic flow paranettrs 

can oa measured dictates the reliability  of conclusions 

drown frow experimental results; accuracy of measure­

ment determines the wtiglit to tie assigaecl to quan+.ita- 

tive worK and often torus the basia anon tfhicii a hy­

pothesis can 1>b confirmed or refuted, particularly so 

wjien uatlmm&ticul analysis proves impossible or incon--

. . —  (1) 
liauu-iton, m  a recent contribution stressed

tJse urgent ueceasity Sor core a-ocurat« flow oeasureE'.-nt

ay nointine ^ut ttt&t various aspects o f liqu id , a ir , m

L J
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and gas flow measurement wej 

reappraised in the United c 

■fche ordef of + J per cent 01

j for diverse reasons boing 

hates. 'Accuracies of 

an absolute basis1 t wrote

Uajghton« 'bad required that factors in the basic flow 

equations and those associated vith ttse testing and ca­

librating techniques, be meticulously examined for effects 

that coula disturb tSe overall aeasureaent by a 1 / 1 0  of 

1 per cent, or le a s '.

He pointed out further tbat ’ existing n&ticnal 

and international flow codes bad been devised by con­

solidating the work of many individual? and organisations 

that, over tbe past fifty  years, had endeavoured, either 

to solve their own local flow problems - or bad very 

definitely iried to cover or f i l l  in gaps of flow know­

ledge through investigations commissioned by voluntary 

organisations interested in preparing a code. However, 

.ming that there was a wide interest in , and a de­

finite  need for, higher flow accuracies, it  vould seen 

that the entire body of flow measurement knowledge 

should be i*e-examine<i; «itfc. the idea of re-checking i t ,  

f illing  in gaps, cleari. uncertainties, and extending 

existing ranges of information to -new condi-t-iua^of 

current interest, but which aad..h*»» -up t il l  now termed 

extreme

la j ■ earch and design in the fields of aeronauti-

- J  -
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cul, c ivil , elwnical, marine and mechanical eaeineerinc, 

a knowledge of velocity and pressure distribution in 

fluids , in uutit'u or alons boundaries, iis often indio-

3tatie pressures and velocities at points in fre* 

streams, in turbulent flow regimes, and in flows en­

countered it, hydraulic aachinery are orten required to 

be measured with extrene accuracy. Accurate aeasure- 

taent of total prfei»sui“« distributions in “’ree 3trean3, 

inside turbo-iaaehines , and in the wat«s of totally sub­

merged bodies or near solid boundaries, especially in 

tliree-diuensioual cud turbulent flow fields , are oftan 

vital in research and desicn. Pressure and velocity 

gradients ia boundary-layers characterise the very nature 

of fluid flow and need to be determined accurately in 

investigations related to lient exchange, nixing pro­

cesses, and energy transfer, while the quantity of a 

fluid flowing is inpcrtant in nodern industrial plant, 

especially in the chemical industry and in water supply.

In jaedica.1 research and diagnosis, particularly 

in circulatory and lieart diseases, further progress 

is heavily dependent upon improved accuracy in tUe 

Measurement of blood pressure, flew rates, and pressure 

differentials. Thia particular aspect is dealt with 

in some detail in the next chapter.
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. Many trusting investigators solannly believe that 

accuracies of +_ 1 jer cent anil ’oettex can be expected 

in ordinary routine measurements of pressure, velocity 

and discharge of .niter, gas or air. Little do they 

apx>reciat6: how d ifficu lt , i f  not impossible, it is to 

achieve accuracies of this order. At the present tine 

many croups - particularly those iealing with ‘-he more 

refined aspects of water and air flov, is  jet engine 

research and development, and a 1 chemice.l technology - 

are clamouring for flow measurement techniques that will 

yield aceuracieu of ♦ 1 /lt to 1 / 2  per cent.

As- pointed out in the discussion on Ref. 3 , we cannot 

’ go on living with our two or three per cent accuracies 

in flow measurement. • .

This demand for greater accuracy can best be net 

fcj developing new instruments, applying new tecnni%ues 

or by iaproving existing Methods and the author submits 

that the most fruitful approach for ensuring success is 

through intensive basic study and theoretical analysis - 

supported by experimental verification - rather than 

through continued accumulation and review of experimen­

tal data.

Engel, ^ ^  an internationally recognised hy- 

dr*ttlician, said ia  19<i0 - several yfears after the author 

had coan«saced his researches - 'Any further research should

L
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not be stai-tod without a very thorough theoretical in-* 

vestigation, the sinple accumulation of eupirieal values

feeing stopped immediately' .............. He concluded his

remarks with the following statement : ' ' An analyses 

of our knowledge on flew through contractions in elos<jd 

conduits at the present time discloses flttny iiontrovc-r  ̂

aia.1 points. The main tudk in the near future vcui.5 

lje to advance certain hypotheses and to confirm &i* ra:- 

fiite than, syst«n»bicul.Vr -narrowing down the vide sc^pe 

of contradictory tireueents, and thus establishing a , 

better insight into the mechanism of flov through cot\-

The author sul>nits that the above stat'iaent l3'| 

explicable not only to instruments associated vith 

'contractions', but to nost instruaents art techai^mis 

currently used in flov aeasurener.t. !

Fundamental aualysis of all flow factors affecting 

the charac'ie^istics and operation of flov oeasurine in­

struments, therefore, vould sees to 'oe the logical foun­

dation for future research programmes. ;

SCOPE OF IHVaSTIOATIOflS :

Having reg&ra to the immense diversity of measure­

ment both in closed conduits and open channels, only the 

methods and instruments most commonly employed have bten
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selected for detailed study. In fluid mechanics the.

fundamental parameters are : length, surfacu, voluce, 

aufile, priiasurs, velocity and nass flov—rattf; in tiiis 

stui-f tlie i/uyaical jjroperties i>f fluids are not con­

sidered. Particular attention ia jjiven to the measure­

ment of totbl pressure, static pressure, velocity of flow 

and fluv-rate.

As a first step, an intensive liverature survey 

covering the instruments, teebni^ues, accuracies and 

problems associated with the measurement of the above 

flov parameters under differeat conditions of flow *aa 

undertaken. Tl»e instruments selected for detailed 

study veru total and static pressure probes, vail static 

tappings for static pressure measurement, current meters 

and tlie ventu-’i meter.

The survey identified those factors which, directly 

and indirectly, affect the operation of the instruments 

in . ..estion. A preliminary analysis confirmed the im­

portances af a deep understanding of the different in ­

strument characteristics and flov mechanisms involved.

In the first instance therefore, an attempt vas 

made to analyse, in the ligUt of available experimental 

evidence and contradictory theories, all  the factors viiicli 

could possibly influence tUe functioning of these

L
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iuatrunents in flow uetisureiieut, vitu a viav t* 

differentiating aaonc the *kaovn*, the 'uaeertain' and

-  10  -

'unJsaovn' influences were analysed critically and where 

possible!, theoreticully in order to establish a coapre- 

hensive factor. analysis for use in poasible instruaent 

development and appj-ieution. Finally, the n'oove analysis 

vus presented in such a forn as to provide a guide for 

attaining iaproved accuracies fron use of these instru*- 

r.ents ic laboratory aad field . .

To delineate tiie theme, the problem aad the scope 

of this investigation there follows a brief review at 

each of the raeasureceat processes and each of the ia- 

strunei.ts to be dealt" vith} attention is drava to faulty 

practices in laboratory aad in industry aad to the nany 

aspects about which there is lack of ucreestent anong ex­

perts in this field .

3 .1  The neasurement of total pressure

Total pressure at a point in a fluid in 

notion nuy be defined aa the sum of velocity hood 

aad static presoure Ueed at that point or, neglecting 

the effect of turbulence at this stage :

A list  of symbols with neanincs appearu in Appendix I .

the ‘ unknown'. In the uecond place, the ’ uncertain' t»nd

(1 .1 )

JJ

L
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where l1 = tctul pressure;

p » stati'j pressure;

Ci = iaaas density of fluid ;

V = free streaa velocity.

Instruments used for measuring total 

treasure are : IJitot tubes, Pitot cylinders, Pitot 

spheres and clav-tubt; devices.

Under nornal conditions it is not difficult 

to measure total pressure accurately; a great 

variety oi geometrical shape is permissible and is 

to be s'ound. Any suitable opening in a arobe of 

reasonable geometric shape can be a *’'inr«*d to 

sense a pressure closely approaching the to^al 

pressure. “The simplest form 'night be a tube bent 

at right angles, the leading lee of which is cut 

eq.uare and located in the flow with the axis paral­

lel to the direction of flow. Alternatively, a 

hole in a sphere or uther synmetriual body, sueti 

as a small disc, connected to a tube, will sense 

total pressure when the hole is normal to the 

direction of flow. I f  the positioning and geonetry 

of the hole in a simple hook type, cylindrical, or 

cantilever Pitot tube are correctly chosen, thesp 

instruments will be insensitive to y*w and pitch

L
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The instrument constant or coefficient 

of those instruments its usually taken ac unit;.'

and dex>en>liii£ on the geoaetrisul shape selected,

orrora rusult aainly from such factors as : in- 

sorre'Ti locution, sis-3 and shape z>S the total

pressure openitic; 

struaent to the di)

>f.er alignment or tti>» in- 

-n of flow, especially in 

tvo-dinensional ana strongly three-dinensional i'lov 

fields ; incorrect instruuent dimensions relative 

to duct siaii; and vibrations caused by shaddins; 

of vortices 'behind tlie transverse leg of the probe. 

Errors can also arise when I'itot tubes o-e used at 

low Ki/nolds numbers, that is in fluida of lii/jii 

viscosity floxrinc at loir velocities, when viscous 

forces be cone predominant. Departure of the in­

strument constant fron unity in these circumstances 

may be considerable.

UtUor factors having a marked influence 

on the itcrfornanco of theae instrujaents are turbu­

lence, uuirl, centre line displaceraont its ssonee 

of steep total Treasure gradient, aad proximity to 

solid 'Boundaries.

How are these instrunents generally 

employed? In practice it in not utaooiimcn to find
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pressure procies inserted into stronGly turbulent 

fields; the total pressure sasaaured is incorrect 

because the an£i.ti of attack is at times veil be«- 

yond the yaw insensitivity ranee. Total pressure 

probes are oftea to lie found near solid boundaries 

unero . -raateristics, as determined in free- 

stream calibration tests, do not apply; the re­

sulting error is unknown.

1?heu cantilavored probes ur« used in pipes 

of large diameter, the probe often vibrates in the 

flow as the instrument traverses the pips diameter. 

This factor is sometimes neglected in measurements, 

especially in industry, but can give rise to

• (5)serious errors.

Engineers in the field  are often obliged 

to employ the ’ instrument available*, whereas a 

reasonable result is possible only i f  the various 

factors affecting probe performance are given due 

consideration. In tvo large industrial under­

takings in the Republic the structural lay-out 

ia such that euitable locations for flow gauging 

are simply not accessible. Pitot tubes are in­

; erted, often on oue diaiaetor only, in positions 

immediately downstream of a 90 degree bend or 

valve or other disturbing feature.

L
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pressure probes inserted into strongly turbulent 

fieltjsjj the total jirearure Measured is incorrect 

because the angla of att *li is at tiaes veil be» 

yond the yaw insensitivity range, Total pressure 

probes are often to be found near solid boundaries 

where characteristics, as determined in free— 

stream calibration testis, do not apply; the. re­

sulting error is unknown.

When cnntilevered probes are used in pipe3 

of large diameter, the probe often vibrates in the 

flow as the iastr\xEent -traverses the'pipe diaoeter. 

This factor is sometimes neglected in .aeasuremeats» 

especially in industry, but can give rise to 

serious errors.

Engineers in the field are often obliged 

to employ the ’ instrument available*, whereas a 

reasonable result is possible only i f  the various 

factors affecting probe performance are given due 

consideration. In  tvo large industrial under­

takings in the Republic the structural lay-out 

is such that suitable locations for flov gauging 

are 3i»ply not accessible. Pitot tubes are in­

serted, often on one diameter only, in positions 

immediately downstream of a 90 degree bend or 

volvo or other disturbing feature.
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In one ir>stanee, the oflly practicable 

position for gauging the quantity of flue gasses 

discharged, tkroueh a 20i>-ft. high chioney was at 

the bass of the chimney immediately following a 

90 degree vertical bend. A traverse was possible 

on one diameter only of the circular section* 

Different traverses on this diameter were com­

pleted, and the resultant distorted velocity pro­

file was plotted. In accordance with the initia l 

interpretatioa of the data, availabie thn quantity 

discharged was estinated and compared with the 

value computed from Measurements of nuarrfcity of 

eonbustioii materials involved. The di1 -cre^ancy 

was more than 100 per cent. The author's in­

vestigations revealed that the traverse had been 

located in the separation tone immediately down- - 

stream of the inside a£ the 90 degree b*n\. Upon 

adjustiaent af the velocity diagram, w-computation 

of the discharge through the chimney gave a result 

within 5 per cent of that calculated tnermochemi- 

caliy. This example illustrates the importance 

of correctly evaluating a particular flow effect.

In steady flow the Pitot cylinder type of 

instrument should yield results having a standard 

deviation leas than +, 0 .3  per eent. On the other

' (.
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liana, a e c u m t  noasurenent of total pressure in 

stroncly three-diaensional turbulent flows is cum­

bersome, d ifficult , and often impossible. The 

aechanieal alignment of directional staBftarft-type 

proves with the spatial velocity is'not always 

possible because of the bulkiness of probe and 

traverse gear. In general, a probe having ade­

quate stiffness, rapid response, and a wide range 

of insensitivity to angle of attacX, is the ideal.

Kiel was the .first to develop a ’ shiel­

ded’ total pressure probe. The range of insensi­

tivity to yaw and pitch is. about 55 degrees*

The instraaent has size limitations, however, 

whereas the siaaller or miniature Kiel probe is 

difficult to nan’ifaoture and identical instruments 

suffer discrepancies in characteristics.

The author's objective was the design of 

a probe of Bmaller dimensions th*m the Kiel probe, 

easy to manufacture, having rapid response and 

conparable insensitivity range. She success vith 

which this ain was achieved, is discussed in 

Chapter I I I .

The measurement of static pressure

The static or piezoaetric pressure in a



fluid is the pressure that would he registered by 

a pressure gauge i f  it were moving along with the 

stress so as to be at rest or ’ static* with ra- 

sseet to the fluid . To design a pressure Gauge 

to move with the fluid ia impracticable. The 

customary way of measuring static pressure is  to 

connect a pressure gauge or manometer to & ese.ll 

hole drilled normal to the wall of the duet in 

vhicii the fluid  is flowing* The location, 

geometry and edge finish of this hole are all- 

important factors.

I f  the hole ia too large the piezoaetric 

pressure will be overestimated. A protruding 

l>urr„ on the other hand, causes separation and there­

fore an underestimate of the static pressure.

I f  the entrance edges are too generously roucded, 

iiapBOt occurs, leading again to a pressure rise 

above that of the true static pressure. I f  the 

tapping diameter is much greater than the pipe wall 

thickness, stream filaments are split, fciuiie rise 

to secondary flow inside the hole and over-regi­

stering of the pressure reading.

The best arrangement is a perpendicular hole 

not mort than 3 to & am in diameter tut never xre&tei' 

in diameter than the pipe wall thickness. in -
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aerodynamic work ditt’.aaters vary from 0 .5  to 

1 mi-. Burra must be I’eaoved and tfta internal 

edtses of the tupping abould be slightly rounded.

It is important that there should be no change of 

hole diameter for a distance, measured fron tiie 

flow boundary, at least 2 ,5  tines the bole dia­

meter. one or more of tiiose holes, with or 

without interconnecting pressure chambers, any

A protn c-3r’.sjawing of a flat circular 

disc witli a opening at the centre,

through whicH ths 3tati* pre?s-.’ra is transmitted, 

isay s-Ibo lie used. It  ia seif-(svi4ent fcliat auch 

•n instrument will give erroneous readings i f  the 

disc is not perfectly aliened vi^h *Ue flow direc­

tion. In txrbulent flow there are fluctuating 

components uf velocity in all directions which com­

plicate accurate static pressure measurement.

To provide aa !<!«&?. pieioneter hole is sel­

dom possible in practice because of the difficulty  

at" renovinc burre and rounding the inside entrance 

edges. She possibility of introducing slight 

suction or iapaet pressures £o therefore alwAys 

present.



In  one industrial concern in STouth Africa 

the author witnessed measurements of flov iu 

a large water main; the static pressure vas 

deterKinei by asaas of a single piesoueter tappine- 

She hole ves 3 A  inch in diarieter and 1 /3  inch 

deep at tfc.e inner boundary increasing iu diameter 

to acoonoodate the external tapping Pl«S» Tke 

entrance edges vere not rounded an3, since drilling 

vas frnra the outside, internal burrs bad almost 

certainly been left . Meaaureaents of piezo- 

tietric pressure at this hole were used in conjunc­

tion vith total pressure readings to determine the 

velocity profile. The results obtained were do 

inaccurate that they had to be discarded.

An iastruneat which nay also be used for 

jaeasurins static pressure consists of a cylindrical 

probe aligned vith axis in the direction of flov 

and having suitably located side openings. Here, 

however swirl, turbulence, piesometer hole geoaeti-y, 

itijd boundary-layer effects on the probe itse lf  can 

lead to inaccurate neasurenent.

Piezometer tappings in a. duct wall or 

static press .re orifices located on a cylindrical 

probe, as described above, Arc the methods most 

coaaonly enployed for measuring static pressure.
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The latter sjetbod, as has been indicated, i« not 

as accurate aa that civen by static tapping 

ir. v. duct w a l l . ^  This accuracy ie iiovever 

only realised when uaing very high quality tappings 

which, in turu, poses u. prerequisite often 

difficult and even impossible to satisfy outside

Whatever Method is employed it seems ia- 

pwrative to concentrate future researches on the 

possible UeveloyD’Snt of a single-purpose probe, 

as well us an the derivation of reliable correc­

tion factors for the inherent wall static hole 

error, turbulence effects and errors caused by 

static pressure distribution over a duct cross-

The author has developed a spherical sincle- 

purpose static pressure probe which eh&vs proaiee ,aini 

1ms also derived correction factors to take account 

of the abovementioned errors in wall static and 

Pitot-s-1 atic pleasure Measurements. These are 

dealt with in Chapter IV.

3 .3  The measurement of velocity

Thtf te.-n 'velocity1 n( 'point1 or local

L
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Tae operation of the current neter is based 

on the principle that tli« local flow velocity in 

tiio fluid is proportional to the speed of ro­

tation of a vane when the axis of rotation is .in 

the direction u? flcrJ, or to the a^eaii isi’ rota­

tion oJ' ii ‘ cup’ vhan the rotor axis is perpendi­

cular to the direction of fj.ov.

It is usual to develop an expression for 

the ve3.<.'city of flov which, for a given range of 

flow, approximates the true calibration curve.

For tile acrev-type meter the curve is a flat 

hyperbola and a typical expression ia s

V = Kan + i ........................ (l.lt)

where n represents tiie nuraber of rotor revolutions 

per second and !La and 4 are •ioas'ta.&'ts for the par­

ticular Eteter over the specified velocity ran^e.

Current raeters do not recister the inomeri- 

tary v 'locity hut actually average out the pulsn- 

tiiif •‘i.a-tf variations at a point in the fluid.; 

thia iii=.> a distinct advantage. When correctly 

applied under ideal conditions, current maters 

can he relied on to register average point velocity 

to an accuracy of about £  0 .5  per c e n t .^ ^  In

oblique or strongly pulsatinc flows, however,

-“ -v . , .r  

'
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: suumarised

Vhat accuracies can reasonably be ex­

pected near s^lid houud&j ie ;'-c' How is the appli­

cation of tiie meter affected when calibration has 

been by towing thruuch still water? Do the 

-••..itinii tiiafi3 between towing runs affect the cali­

bration" Vliat is the influence of temperature 

changes during rating or between rating and appli­

cation? Kow do viscosity changes in the lu­

bricating oil (due to temperature or pressure 

changes} affect ti-e ratine equation?

lielutive importance and effect of suppor­

ting structure, turbulence, strongly oblique flow, 

and velocity gradients across the raster circle 

are additional sources of speculation anonc 

leading authorities.

Kolupaila it s recent symposiun on flow 

oeiisurement at the national Engineering Laboratory, 

East Kilbride, Scotland, (K .ii.L .) stated that 

current meters cannot accurately register velocities

L J
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it in to evranint' criticall;-*, vita reference to 

test5 «..irri<id out in the laboratory an4 in the 

field , till the factorc influencing *>e functioniu 

of current oeters. This work is dealt with 

V.
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3.h  lh£_.8=ca_a_ttyecant .of_disci>tr,:g In closed tfCBUuIty.

of 1

Indirect ; 

i Vfinturi nc ■ i s ■ . i;i tnis Gcoti^i

Cletaens Hcrschell naacl the venturi net 

after tha Trench .^nt-ineei* Venturi, who in IT'/'i 

was first to foruulate the tiasi; principle e>f 

conversion of jircscure head to kinetic energy i 

a pipe sunstricti&n.

The venturi 

strictic-n loetitud be 

and the device i 

I'lasfles ir; a pipeline

the ecmatris- 

static

. the ’ inlet* and 

lental

reltitionchip, via ;
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(XV)

■ u jt  dealt vitji.

eporta that ir.

Siii-I'aot te::ture of uy-atrc-aB t‘is<e surfec-ss -m

Hite? C’j by as Quoit a-- !i per cent in larce

U«st ^JU'' a 1',’ued that t:i•; Barked efi'set of ur-atriiaf

n«nt of the entrance •••ilocity profile. Sciiii;*''“ ' 

found that a rough ux'^trcum pipe it  ueters having 

iu.riie &rea ratio caussi the 'huap* in the uitarao- 

tfifistii carve tv disappear, vhile Hill "i '*

himj-'j was uJ'fe .:o thinning of the throat

t-av'!diir;«*-Ia;.‘ar at transition t...au to upstreuE.

uijstrecuu pipe rou;riir»~as and length afreet the 

throat iousi'iarv-la-'Bi- and iihat esffact has the 

throat 'tioundar;.'-la;.'er, in tax*n, on the dis- 

cliarce coefficient at, say, fully developed 

entry conditions?

Coii'.-erniiK: radii at the cntraaco and 

threat sections, emjilo^ed tu prevent i--£-aratiou 

at hich Keynolds nunhers, Souse states that

L j
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Tiis author ii&r the I'el'ore attempted to 

iual;.-ie encli or tue coutrc- rurs ial fm to r ; tu^ore- 

t a. or cel 1i £*11;;. A t h*vr*t ’ ca ll / derived

• i'eliiti'jnshi,. 1’c-i- o iias yielded value; aliieh sn:r*ed

•-lo3t2l ” '..-itu 11. oss d(?t«i‘Miued Bnperl: -.Mitail;;.

or thiti hc-vr; is- pror.ose-.i a futuiw

sxjsurinwntal .••e^arcii. This ri; .-SEorileu 

in Chap-t’.: s- VI.

k . coiKurip.i;

said in lyou

vnrioaa Hatiorxa

• I’crl; S' Prandt iverc •• endue 1 -i in the thirties baf1 

lUld hi 1 lit ini: “ ei'« iivu,i 1;-.Llv ' . .  

th&ruf- “>5 uuit.iut ;-i^ld the dscir«d wcuraeis

3tttte-i eiapiiut i ca.il,-,1' : 'An;- further reEiarcli 

be started vithout n isrv thorough theoretical invusti- 

Cuti'ii»« tb'-' ciuplu accuiiialj i->o ot empirical raluec 

' y ...........1
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,Ot only ; aeerinc and pure ecisnte tu*t 

i*ec'j*-ucy in the titmsureraent of fluid pressure, flow »e- 

locity, aad -,-oiaau f nc eenctitutc a i>roblC'm. In 

tlie Uuaan body tti’j bt.-art r.unp“ biooil thraii£tj * cooplsz 

neti-cri. .-f elastic ducts. The j.»‘*'DIeu or accurate 

Me£.oureuent of fiou faraoets re in this field ia at-£ra- 

vated not only by .riiunc«= in prsssuro said flow velocity,

, froa diateuaifcility of .'feins and arteries, but 

ii'bility of 'suitable: saucing jo in ts '.

fro/ii :.-ruy silhouett as , uat no recognised techni.jue is 

available for accuratel;' recor-iinc absolute blood flow 

rate directly. ‘jf tue abovi_-mer.tioneil three parameter 

•blood jifcisare' alone can "fcs aeusured directly. By 

insBi’tiui  ii^j.oderisic neudU-a or catheters, connected to 

laaaoiawtere, pressures in virtually all p<.v,s of tiie car

di
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b -..-ill Vi' 

feu i ifbtip

c-nlj- by uiijuiiuti'

dient and thu VI' 

It is obvii

? c-t'i-i'ira]ior.ditiL: in floa «r»ly

.& flow i.et'iten tiit j'oiasa of

if l-ecictuiiii'i.- tc fl&u '--un be determined 

s a s u r u n-J n t uf both the pressure era 

-.'o 1 ucit;• of t7ie blood.

ous, therefore, that attenpta to estinutc 

thtf flow velocities, volumes, utiu tatitf pretaurea in the 

eirculatorj systeia by measuring total pressures only and 

observing related clinical phenomena isn result in fault;-" 

dia^nosjia. pirect total pressure -easareiuent has, 

tiov«v«r, instjincii; value in tfn&blin£ certain of the cob- 

ditiocis under s.‘hich the circulatoy;.* s'ystam functions to 

be defined.

THE viEASUBfiiEJF  t'EKIF'UtiRAL VKKOUS PRESSURE

pressure its usually measured by ..I'ians of a

edle; the pressure at the needle ;;.'i!it is

balanced by an e^ui ^alesit Uo-ieht of sali-ie solutioa in a 

oanouettir. Alternatively, tile piileboraanomot«r, which

has a saiaJ.1 -vi-iiiJ re s c i on clatudber betveun the needlfe and 

the i2anu>u£tert « n  be used for pressara attusureisant in 

botb aad asuall peripheral veiutj.

It o iuportaat to note here that vitli both these

L









r

r  ..

-  Ik3 -

developnents in cardiac catiieterisation (to "ac discussed 

presently) havo created widespread interest among medical 

doctors, hydraulic "srtGineGrs, and scientists in their 

searclics for accurate ways of recor.li^;? both pulmonary 

anti systematic arteri.il prcssurps.

Kapidly fluctuating pressures can be accurately 

recorded only by neons of apparatus havinr, adequate fra- 

queney response. Pressure transducers that will re­

spond to the rapidly fluctuating arterial and intraven- 

tricular pressures, hnre becoae imperative. Mechanical 

pressure transducers in association -with optical mano­

meters have been employed extensively, ^ 6 ) an(1 reeent 

developments have alnost brought the instrumentation 

aspect of nedical research in this particular field  into 

line with that of research in hydraulics and fluid 

mechanics. The enpliasis is nov shifting to electronic 

pressure transducers.

For any particular application the transducer, am­

plifier , and rcuordel- must be suitably matched for optimum 

performance. This process invariably involves a com­

promise anong factors such as sensitivity, convenience 

stability or frequency response, and it is clear 

from the literature that the nature and significance of 

frequency response are widely misunderstood.

L





SULK- FLOW HDABUKEHKtrT OF dLOOD

. Tile principles eraployed for'1 engineering measure- 

aenie'of-"b«lk flow. Have been adopted in medical science.

; Daternination of the -total volume of fluid in a 

. cootaiirer of complex Shape hy sample weatmremenli. af the 

dilutioa- bf* a. known q_u.anfci.ty of added dye after thorough 

is  a familiar and straightforward engineering _ 

teChniiiue. The circulatory sy.ates of the.higher animal 

bdSy iE SO''comSlex, hoverer, that iniectea dye. short- •

-eifesjAjiis close to the point of injection before Gomtnen- 

. 6£ng: to circulate, vith.. the result-that the concentration . 

at e: remote saapling point reaches a peale, then ■ sahai&es. • 

:&a i  tfuUBequently rises to a second peak as re-circ.ulatioa 

occu«.Sl '-if the oftce-circ’J.lated 4yo coma'he.' distiasuished 

Vhieli has'ro-cireulfcted; < !» .*  vol.ume at* car- •

M U  < » « « * » *  * •  “ '« '* '■ * • * “

iimir,iert st.vart W )  » «  * “ ” f i “ ; tU"

■, « > o a  .« «  . »  *  r . « M  “ f hi* " V  “ * M 1 ° “ «  I " c-

dure is  now suggested :

' ' « « t  »  control aampl« -£ *« **

. ,« t » t  «■“  "
- '■ • m e  arrival of .a lt  In a p.riplcral

then injected. me a n

• . « « ,  i .  . i s n .l l .d  »»  * 10 **“  ^  *

M l , * ! ™ .  connected to a ™ * W  «
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J «/ r -  p ■'i, *»•»

f  " # ^  * * * *  ***-"’*  1 
- Jig- - ^  9

.. ifhSch-,v#**3>o.rt4s xto a ,eltai»ge ia  eoncjuctSvit-y.. . A, single 

. B&jsjile pj? V^poa.xv thenfcflllectedeontimiSMia.ly' £ro» the

•-..p**ipli^r&X-.£tet»#3f> tteoucjhout the ent-ira interval -tskpn.',.
. .... "■■■■ ■..■"■ ■ ■ ■ ■■■ ■ . . " ,  ■ . ■■,•:/. ■•■ 

f  a *  "the mix'faxs-e ■oS 'blooi aad injected suit -f co-t f t e .  ,■

17 '
' i?oirtt'Of sauijJ.iiiac, .-.. She c6neBp-trati-on: a t . :.

; t in. fc.liis: saesie. is r-de^rttiuejl fey c<pa-

-■fcral. Ijlffoi.. sample with /the sal'b - iiolu-tioB. of. Ktoftngtlfi;- -.:, 

JLflenticttl fcb tftai injected  until the conductivities of 

the ttto 6-aaples e-re Oijaal. ^

,  5t e  flov rate c6B 'tfcea ‘oe aetei*ffine5  fvxm the 1'

s i

' „
=

wjiexe *

. ^
- Q “ ’ihs W-ood fl<jw ”

a “
- ■tJie" iroluiBc of. injeeted dya; ..■• ; ,.-.

■ ^ l y S P I c « •the averaga 8jn#»l* c.oncentra'faion woi?
-time-infccxifBl an4 ;• ..■>■ -~8I S t  *“ - time- fcf .. ' ?•• -

t s i .  tttetiiod IS similar, In  «« « “

4 i * J b » M »  « W  « H < “  « r l i ' “ *

•flow &s:fceiM4snation&..: . . ••-

g o . .u ,m  ■ » * » «  «  * *  lhe ° r

t a ,  „ » < > *  to » i « «  « " ■  ■««>“ • " " " *  “ r*  * “

the followina paragraphs. . . . . ... ; .



Krrerg must rssult i f  . the foreign substation, injected 

into  a vein at ponatttnt fate begins to ,re.rc.irettlate - . 

before a-^oficentratit-a j)i.a-te£o is  estsfoj-isiied at the ..

looit'if -^is-tribttlrion eter. tHe artery erosS-sectian: aii*r to 

pathological fcofiaitions>. loss o f .blood froja sBtaplin^, ■ 

aaa.-gilutioii by overdose .ioaec.tip^*..- ' . ;• . :-. ••••

fce sljsoJrWtea-.attifiae tftrottgli the b&nrt and litpgs

e tumid US avdidad. Stable dyes arc '»Bvans*lraa&» 

or -cardiQ-CreeS, vhioii tentf to reoain io tfte 'feio-Qd 

strWaa fax a considerable ■period. »&«a applied »*tk  

aare, t ie  netfcod gives fairly  G»°d results.

Heavy voter, vHich £« quickly absorbed into iffae 

Vwoft stream, is 4  • * *  ^  ^ W U o t i a a  c

bi«od  n * *  » « *  * * « * r  thd J

tenaity in «  « * » -  «  ■*“ * *  * *  W

„ 4 « . . « « » «  f r i . r f s i . .  . » « « • '  p»y»s->i**s-«»1  

„ « * . « «  . «  u »  01 tnie “* “* w“
a t e ,  j i r a t i M  W  * • * «  « « ! * > > “ ■• .

w c m m m E

follows ttv&t difl’usi^l-e .subatkmeea .2,ik6ly  to, ■ • ..

. a  modern technique 

ia  cardiac research i s  «
is  tUft* of ctttheterisation*-

for measurias pressure va*.r forms

• ■ . •'• /  (S9)



3 aitt iiatieiar and 100  or- ’lSO cm .long is  threaded. itbr6ug&

' a vain at. the d‘|l>ow- into the Sariaiae dhaqlje?8r The •"' • ■, 

exac'fc;-'>j5<3B it ion', .<b'e tjic catite.te? tiff ■ '̂'SVieTWi-ftB'd f  tow 

X-ra,y silhouettes. ■• •’■' . .■

In  this position, ihe eafehe.tec fills  v£tii,"&lQbd 90 . 

that i t  i s  ps'ined au.toH.ati ea-lijr by the 'preaa-iire.'lp tlie 5 ■ • 

caviiae chamber. "' ilia external- and-of ttte ■-ixft# coma^n.i'- 

' cats'e;>ith ft' Variaiile iaauat’aace- type tr_aaia«S6*-

-Usually tM«,’pxeSa.'We v es s e lpf the trifts^aoer da.

• yith.v.ater >efor(̂ , tile .c^tiijstef -tip is  connect ©.dVo®*-̂ ; ' .7.­

;  bWitte iafcan.1 to e&sui'er that 60 a;i r  :;%uWjles; ate trapped i&{|- 

-the'trinsjai.ttinjTfluiid* A roiiti“ <;baatj6l c.'ftrEitJdra^b, ■. ■ ■ ■■ 

is  u sually  coni%ci5«i to' W naM e'the  'sU£S«oa^t^Wit;c?i--'t-lie ■' 

ieart jerfoKaantis ■' dU^inR the' saeasiirejicrit tta4 :'tij^:5resgii~« 

tfave. ipria is  Tieved. on -an o'scilloscopei • '. *■; '

- • Ati apjlic*&,vn  tjf cardiac pressure- n?»aauT?fflen%.'by . 

y-eg%p'0pT'- xe ifii -tUte ^jaatmeat • o f aq,-co.lled, 'blue Tjloba* . ...

th*

pUrxfiecL or1 red .&liiad. -; * *  '■

opau us  • » » * »  n«*v**ti i t *  rlgbt ana

fi. .^aihetkx.. ii, i A.8e.tted,fixet -igto . iht»;

' the oihej- of thefte t /o :,ehaB*«B . ... _ If.-tHs to tal, . -; ."■

pressures, .reeorde.a. almost W4ttalAi: i t  cart be. jsrosuued

« . « »  attains * »  * « * • * * * » « •  * • « • « ?  . « • » - '



n » i a ri el,t , 4out

f ifth  of -tbat jn tlie left rea\vicnli any Rarjtafi incfeaae 

t »  « .  r « i b  t0 tt.  ,  „ ^ j i lMlHl>1,

’ ’* * * * * ’  ,l1* * » "  “ “ « < •  » > .  ™  l» t o M u l  w

opon.hsM-t <™*s»,y. u  <hol|11 tliit tvo

* " " "  » ,e  . i w i M ,

..aiding diagnosis of a o-ortain olinic»:i condition., ^

. .. - <!» othgr applications, • Tao#6Var4 t&e*;pyes:s!irtr'-. ' i 

determined Uy B catheter cfiula be tub

. .Cfattieter ttfba 0-p.erAteB a,a a. flexitjla^lttat-softtsd ■feff&al ’ 

/?r»SBur£ .probe', When, s.* is ttsedr/tb •eyalu»t6,r'a ;ii-aii4lRo''r 

BUlse or pressure^ in vein or artery, the ptouition. a t ' • 

tjie tip relative, to til* dijeetiaii o.f ta:pw.£®- of- 'OTtscikt •-.• 

Sraportanoe. It- can readily fee appreciate* tkO-fc -l̂ feKe 

;is an unknpwb velocrty^liead coBpona&t incorgoratei in •= 

-the. pressure .reading, .,f£ovever, the aistebBifeili'fcy of-v • 

Cardiac .and. rd-uct * walla- also .complicates ftce.t&tttat . ■ - ' ••

. saessur$34ent. - - ... ?■ ■ ... •■■ .. - "• •

• ' • "Electronic pressure tranoduooys ajsd raq^rding - ■■•••

■ L^tfisiitoat'.Wa asually.employad.aii4 prossmre • fluctuation^.' 

are displnyed on art oscilloscope. (Since it  is  merely 

tliVchafiges in  Shape of’ the pr«ssttr» VRV«:83id .tjie • . - 

differences- in necn. -<3r • pe.aJryriluee - a«t the. absolute. •• . 

values that'are  co#6a*tfer&*.i®de!<i«iiib& .ttye jjarpftses ■ ' 

of clinicft* diagnosis, the is. x u m *  calibrated, .



--5J

I
SloofL is A of small calls «p

tely  aemiral -buoyancy iB a liquid knovn as plasma;'" Ihe 

cells CdnsdsA£lf',reft cells.,, vhrte cells and Jjlsfceiete, -. ' ' 

the red «eilft-heins'iii the majority by- far and- e<mae- -•'

.. 5Uenti-y the moat important in relatiort-te effect an fluid 

Properties.. . Liquid from^the pXasna can --penreate i-fito • - 

•th.e;se. red: cell a through i osmosis*. -pe-maeb.iai'&ie's ar% ' 

•-.effected Uy. .ienpet'a.tdre^.changes which in- turn-change ‘ - 

,,tha physical flpy:chare.cteris-tlpa. a&^tlie , ThiU,

1she. fl.ov: of blpotf.diffars frois that ?bf ■ simple cfialds, ■ 

the priacijjal'(fiffejfefice Tseina that blood is a. Hiving, 

liiu id *  .which changes itg. phyeicsOU propalrtieS'vlien re- ■'•“ 

Boved fTom the blood vessels,j coagulation i£ -the jaOSt’ ^ ■ 

-■ important change that takes-•plae&i - : -.

■ • ■ -- If.,- therefore, blood is pumped through aa artifj-  . •■<

- c isl  circulation, system*. these changes must ii's -preven^f,,

‘ k ^ Vv ^ '
An-anti-coagulant -iised is t}ie snaJte venom,, hej&rint _ • ■■■-«

the effect..can "be reversed fcy administration o f . the

eheaisal-pJKJtamiBc! salphate. -.-..Danase to cfeils--vhe» "blood

is^asBpS.' thr'Ott^-iaechanitfSlj devices kitei'fi the physical. -.

Character of Vfc'/ flu id  an A fcnis; affects pressure- . •■■ ;.

measurement* - . . .. .. . .- x.>> - . ..

I f  fceoeiws evident tftai vh-en a pfeagare prolja is-



' " ' 'B ,:-r

■ ia ^ta^V.a.KSj.dXp, {,„ J ,'4IU>:. ; ' '

■ fa n ja fa  H j f

appropriate-, cexreehm ,

9 .  COROLUSiOMS

■ ,\

:-•■ ..» In f a c t o r  d iK c i^^d , ’:
«t«t«»  that U O M 1  or t n t m n ,

. ftod VElaciVipG in the circulatory Fystc’ih of the ..huiadn ' 1 
Holy S„  v«ry « M « v .4 l  sto j ^ n u m ,  „ ; o<siM. a

■■ with 'pre'saare. *b 4  velocity tjiii ' : s £ ± . "'.;

-***i in-'";:

f i u i i  Bechanica aad hydraulics ̂ v^Tecknt^ue^ oe lajiWv^ 1 ■ 

reliability. are. esseatiai ajia.'.«uH fee Ae^iloped,.' :'.'r\ ' ,' ■' ';■

/  ' / 2hV  author is ; at present ‘..asiistxne -̂GSa- ■ •\

;  aiid #il> Davitr^j two: he(Ltt' specialists stftftejsa.:'' '"

\/-i&;;the.:l(*4rt “n i*  o &  th£ ITniversil^f o f Pretoria^/its an’ . ’

■ atteapt .t'a devise.e a'etiod o f  .m^BureMent; toy. '#hrie%‘ %’Uaf:

•3- total pressure can Me broken’ ad^n ijite ;Wi~iva' 'c^ponents'-  

static jress.urc 'ail'd -valiJclty-hea^.-. ;£: '" - •! . ".••

• tv-.. Ia;'the followibG ...chapter. the. deV.flOpaojrt of a sn&Jl,

. total, pressure probe, 'insenaitive '^p' aasle-^of>-aita.ek. . 

/e f f e c t s ,  is  described and the;cxperiiae)si^i.,B^t}io4 t o r‘b'is .-..

. employed at the Jjeart uhit i"ir air a-Mreapt .to determine : w
■ ■ ■" - . . ■■ ■• . ■ ■ i.. ■ ■ ■>■

these pftraaeters ii-outlinad. •••.•■ • .

'• :'. i





■ inetrumfentsarft*^ t,„”  ^ ' '
. i . : “  ie  P ^ W w r f i S l o U i  J « 4, Iss!8i ™  ■

■ .; : ^  « . h i *  «

:w . » , x i ,

’■ S g ^ S / ^ L°Pmra w * ™ »  ,0,a
*> i W „ .  « „ « „  tM > 1  p„ „ ur> 

mont especially %  con- -"..

■ -V.eataotfSi^inBtsuaaiito. hare, tayb&a^edifi^d. &  ikpl'bved - '

J u f e n i  » ^ .t  I»  dev*loP.a .  $&> ^ a e l y s ^  $iich M l m .  

illustrates e a s t in g  ahocttioWin^ Etftd Ssii^e-^\nn pioblea, j
.-.. ' ■ Modification -of con.vewt£oaa:t iae-tru- ---̂ -: - ■ • *

’ The^book-tj^e-c^itot .tube and the pitot cylinder. ■

: ^a^e .the.tvo  rhasip' .formaof conventional dastrument itfJ' - ■f".-.’ ;. ■ 

'‘Vgenaral use*- v • . ■ —.,■. .•»■■ • - •■■ -

-■ ■ ■ ■■'■'•■ . ■ • ■ ■■„■ ,f ' rf ..■ ■ v- ' ./,■■■
_ • ;, y. :ln an. attempt to im;|>“oT» the parfornSttce of con- '

■ ventional total pressure proves, designas-e aimed at ' |

aefiectihg the flew to. the centre iifie' o f the oriifits^.' '

■boDeV ■ . . .. ' ' . ■'  ̂ ■•■ -•-

■: in the hdok-rtype pVohe, with hemispherical tip *  ' -'

sensitivity  to flow inclination'-, aaft V« reduced hy in- ’’ 

creating the aratio' .d f ' orifice^iiorprobe dianetiey. J^"^P .



, . m. M i . ! , ! !  - y V . j r i n  s„. -Vj.,

- .w a t i .f e S ?  -J .  : : ,

« * * « » , ■  m / 5  « § , t - i —  .

. . ^ , « t  , « » , „ «  j t  •

' t-vay+ft L . " ‘

« 4ia s/ii.ii, ai»,K,% ’ ;.* i^;- -
- featui-es an intefnal taper having/fln included cone angle ’ 

\ :or: 353 to > 0 . decreeeextendias ^btmt one'ta oB8 V  ; : 'V

haXf ^roto dimtteteir/Vrom the squire face of fcHe

■ 'the-endof.such ,a'taper, pt6sai?te:Uris-fca‘'“tc'-''»lthrn '1 • 

fP,er- cant of - -the true stagnation pressuje'-f^'.'^Sw-' in- '’' - 

.. olinatiooB up to +  2S.‘degrees;, , .

Tile effect of. ang-io 0£ a-tiaci :Oi5' tn^aj.;'®̂ ©issto-a -- 

rScoyefy ia - laftre .prcnoafteaa v~xti} - x n e / i r u P S S B i ^ . o i v  

, cai fora than' with tbotfe of,:othey

- Ip  tv6-a£raonsional flou of ah iSee.1 ---v;; "• 

coefficient K, for a,.cylinder or V; 

'given toy- s . - .. ■' t; -' " - - ' , vc •,'j'V';^C'V ;,'v'>71''/'v ’’

-' -. ' k ' » ' l. - (t Sin2« ,  j ' ! : '- -'-i;'?;':'

viere a ia the arigle of flow. 'ft? vari.gtioir,^'--^’ 

at 30 degrees from tlie centre -line v;

/results ijL-a- *«*«• value IC»'i.e . ..^/IQQf^ejrY^ntVrSeiatioa'-' 

"'The corresponding' experimentally d e t ■' v & S u e ■■
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3 1 M  CANTIL.EVERED PITO T CYLINDER WITH HEMiSPHEPICAL. HEAD . 

FIG 3.1 t o t a l  PRESSURE S K O V E W  AS A FUNCTION O F  A N G LE  O F  

YAW ANO DlfFERENt BATIQf O T ' f W  T %
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to note here that complete ^ o v e  

occurs cmly.-.vithin the

• '  '■ •  ■

_  cfit ,

:ry ^of/ctolfsa ji'eaaa-PB'

the flow direction,. *33)

range Of + 3 Segues £*ow

Modification. of conventional probes along the line 

. described, above .have, proved effective inireducing sens'i- 

t ivity  to flow inclination, As shown in Pis. 3 .1 (1 )

■ i t . *4  .possible to ob.t aio complete total pressure recovei 

. ©ver: the .rang& « + 12  ag r ees  by making the orifice da 

aeter "to one Half the pr.ot.e'di&tfetel'. T^ia.

.• 'U&s'achieved.at a Haah.nuteber o-^.0,3?' and the iiaica-,;, 

tioas are that at lover, speeds the range t»I inaeufiitivil 

' V.QUldr-'be greater. . It  hnorbeen claaned ills* ..spherical 

dlotmtersiaking of the orifice hsd proved particularly 

.' e ilsctivd , the range of ausetfa^txtity. hesng a *...+ 30  .

degrees for an error' of the-, or4.er .of 0 4  ?er  o^at at. .. . 

•• Mach nuabers' below 0 .3 1 .  *?5? • -Miis xEa.g«--o .̂ accuracy 

elaiao-a, hovever, was not confiraVtTin te?ts carried ' 

out at U .E .X . ^  » c

'• Other'factors affecting the operation <if - «onven~ 

tipnal total pressure probes are overall probe diwejisiei 

’• confclexity of- traversing gear and response times,. B«J- 

eaHSe'of the dissensions of a probe, the. sis** and cdSit- . 

Plikity  -Of traversing gear, and the -possibility,of . . 

mechanical failure , direc^iojial .probes of. therstandard 

type are rarely aligned mechanically vith the velocity

ZP n '



.i :Si

. vector- ‘.* a s ' tiov . ‘Betauaa: a ? V

jroaocis a  Qia^gs in  aoaeBtBis aa& feierairy ‘̂ X i i e w  *Sns '

: W eyaia iii^  now. aamdifcitaws,. .-St-, is'«s?ieir%xfi3,■ 't&at ifcfe* ■ - •• .:'. - ■

... $ai0i* :5» lie jfc- as sjafillL-As asafsiM.e* ®a |..

-. icuiarly %liei» ;R-nttjma4ic £V-8.va3>sg gear ■ '

; .û i'Cit'-.'̂ efl'g'CjzLse & q jresaure -Sitim.ges ■; "'Stbia''

‘;,'i-?4aiTemMrt: -fcanfia ^increase-;MSS3rraeafc:% i ’&^>-̂ etatitMs : ‘ ' 

; -adeifaatB cxoiss-ae6tiBjiB'’-ttrs aeeSiA * »  jfeosse )£eato£'

- 4ier»*or*v ' iHMk-tyye t® well -tts.. ay|lwl£itte3: Jffioljejs

-"' ’can.:' fee fflocEiSieii,; rBl&ta3r«3.y.. .sia^.y,. 'feeiaa, - ' V .'

' ip^sscre ^ e r  yifMSeS/oX JSiJv 5aclfjuatJ$£83..'STaT .viAtssp %&ot •. s:.\ 

:"l7S^,oS'e'l« i '‘t?fa!eii'' ^ B & & b ^ n ^ / .  &pr£zon£+. ^  a^r-«

v -si^greas ^oy;1 i rpe-f cent ;ejrpor^is«tr5SB3-.'’ f̂lSjere ’'jcie*. ‘ ;; -'-...3 

.■'. ittnrarmefv frpplicafciOirs "ijiiS*' ca^LX' ^ ’or .

sii'ivl&y i^esfSieS.B o f  _+.'l*Ck-'degT'ee:3  aa3 .■SemaJjfl' jsmfslisir > „.

' .jfir&fce î?~%iw-ngj?ywiStj . isliTOpli&y -fcj.ayeirsiin.g i;echn&tmeji itm'S ••;■' -■ ■:'. • 

.’reaapnalile -rAsjwasa i5.«as> -'. lEtais lit so '■_■.
; ip  tflosr BttrTeys.'S^ ttfrlJo-^-cian-a*'and;'.aet-.ea^KUss;  .. • ‘ i;...' 

: ' l o ^  yBjaAt-apos j ^  flo w '^Tectipna ;  ■

; :l3' ^  fu ^lX p v ^je f^  .jsrtSb* " ■;

jV-sertea ^iliq ueiy  ^X«a«sLi3iB CSp„ ' '-•■•

•& a  axrectawa jtf *3*^.- S^eti-al "fcotel ^p e s M ^i  jarxStoe*

' wtts* ‘̂ ■^»el'Moe4-'W'afea*fc- ■ ; ; . = \£. .'

2-2  - ^ jiktiygy&a &m %s£%



 ̂ O r t .i  w  t e t i w  th.  M  ia _

t * .  . eol„ ,  i  » s„ „ M n t  'i M l  4>

V  ■ «« ,. »«  .  « , ! »  „ ) , „ 1> „ U  « M , t ,  »b .

condition,, „ w i M t  M f t f i n .M o ,  or-tte t e ,  , « « .  

J O T .* * *  over „  , 14,  ,  „ „ „  o f-O O T  M S I< J ^  j 0 M . 1)le<

Tl;c eabQdiea la s h ie ^e a  iastrwrnen-ss xb.

.tfcrt (,f of total p , , , ^  4

, X M u I i n  in io« »- ««=  noir. The jrtaai *

jrobo is  thus efcc&sid Su an outer shield. cfta*raily <tf 

. cylindrical .Bltape, funct?,-oit,«f ri/.ts -dê flt&j-fc 1 "•■ •■' 

tho Bireoa along the ax^s df -the tjr-ifn-e Tjojfe. ^he 

..,tot?l .-prese-uro con 4be;t .'be' .dste.-emioed -■coi-redtll''* '&*-*" ■■ : ■ 

respective Xlojr inclina-tioK j ''protriaeA' ■fife' 8'tr£^aaiine^il•'■ 

aefleeted into the shield and -the actual aeasyreptant

- carried out? m  a region, o loss- ree itjv, * **,

• '■-■ • : .-'V ■- '''■•.■.'■■■■••'■' ' ! '’" •' ^  \-
lias Long beea kaovn.tJiat. a. totali-jjrcBsar^ tabe ■'■•'’ 

■ placed inside'tita. t.liroat^ of a vantu-ti'-tyg^-r^^jjl.^ c6a-' 1 'J'J' 

stitutes a..probe which exhibits complete“regain ot - '■■’■

,. tot-ttl. pressure far- angiefl. -of attack u® t<? • ' •• . . - ,

degrees- ■ "... t v, - - : .-..■■■" . . .-. ,  - ■- . - v

■: - Probably.: the -first.- detailed study 'of ■su.e'h' a. de-gigp 

vas .carried-out by Kiel* vbo specified the essential 

probe dinionsionB.(p£g. 3iS{a) J . Tests shoved-'that; far '



3  2  ©ORIGINAL KIEL PROSE. _ a a  (t.) M £ » I E D  S/tRSION

5 ■ N ^ e u r  v S n t i ^  ofiw &• Nĵ aur v f e N T i ^ o r t i n f e

i;32(cJMODIFIED, VERSION WITH • • .3 a ^ t v ^ B IF I^ ;y E R a (3 lM '.> 'V ^ \  

O N E  R O W  O F  VENTING THREE ROWS O F  VENTING

ORIFICES ORIFICES,



® »  i i . l  » s m »  i »  M  * J>

« w t r t i .  , „ u  ^  ^

i t  . « « ,  h « , v „ .  W  ^ a . ' ^  , ,  » 0d i n , 4 

S ~  « W 3 . S < „ ) ,  ( . »  C  t l ) .  „ „  otatatie„ , u „  ^  

o f t it s , p O b ,, „ r ,  „  S .f t t e w .  k  In n .*  ’

contour i i u e n .t i , ,  i f ,  ^  W - u u w w t e i*

reproduced in. order to attain the pSrrou-fiartCe eharecteris- 

t f “  at tb& Prototype* iftia, xa t 4ra , places a J.Ial- A
■ ■■•• .

t&fcian on -kj»«. She-" diameter oS> W?» wrijgiftal X£ei
 ̂ I o ’

,, prohe Vfs 20  am* -ths- J . « » v h e r e i s -  ift-trttater'e et ' - 0 >

the modified versiDas^vSre X9  mo. Althotigk this >o- 

struaent has a range of insensitivity of *  S3, 4egge.es,

•, there s t i l l . xenaina a. need for. aufrh stt«ller;shi.el^ea 'tb-taiv . 

. .pressure proves* fi^sier to aaaufaeture s&a"saviit-g- «$'»-• "' '

.• par-able insensitivity range-aad respdttset. time-'£or.-f£©v ’ •­

..-surveys in  turbo machines, jet - engices and. nosterii -fcy— ' ■'■:■■ 

draulic plant. .- '■ ..-,■ . ..-■- ■>••.-. . .., ■

ij- ■•'•••' la  general therefore. i t  can he e-tatecithattbe. -

necessity :exists .£ox a probe haying the following re- ", 

q.uisites t Smallest size conunenaura-te^with. ada^uate . 

stTiiettftaX stiffness, short - r'aspoas® time:*, iBseus'iti*- •-■ , 

vity to; arigle-of-attacfc over- as: viAe a- range .as possible, .

* v«.,

'& - J W





» a  » »  ,

j g n a n m  K * k »  « i d i  m a id  h „ ,  

=h»r««W.-i«t.!ci. n »  s „  tk,  a m i s s * . !  or ’

.fiuci* .ait Miirtstcneat-aase 3bj3.«f^y'''aa « 4 i o w  -

-• ■ T e s im e  .-of’. profres. ttangg oyiiaarieal- 

• coiis-fcinetea .on- i j «  .general- li$Ss ' ̂ Bgitsat-eS "by’ 

a *d  <3®J -1- ’

• ®f ’ jCorvarfi-bMit:'* -central Baa ? ig . -

3-3- • .. '  :•■ "  ■'■ ■■ ■■■ ........■' .-.■■■• ■■■ ;. ■

3 .3  ■ "xaiirodwcfaig -.splieriatttalii^Kte- i 

xit flaw- anMwuf JSOtt tiroosli a.-jgplur.rieaft- i 

for-' further experimental-. ^n?$s£ic£i|t3,ons«

> stead o f  cylindrical sfcields. .-■• c -K- -: ■■ .. :■,

3.5  ■ • lestijje a? .tina- .xerfeioite eeafoxwitijs 3 

■to the . ttesixed ebaracteT-iBtacs.

■ 3i1> Canpwiaea ietween *faeo#etaRally « 

e5iurac*eristi*H and those ©baexreft iarias .-actual grpT)® . 

jjejrHcrjaancc, ■ ,• .-, ■ ■■ .• ■•• . , .. ... ... ........ •

, 3^2 testing O f  ao difie i  ^ioJjbs, 6*.ieinB *

■ . u ■ •
3,it.. .■ Testing ©£- differttnfciSKP.Obe-s;.. .haxiae



. . Details of teat’ procedure arjii apparatus used, are 

si fan in re£^?enca 39. The following is  a short . 

•S'UBM&ry i

. : ' The teats uore perforated in »a w«ld tunnel baviaa

- iate-rcltanseable free . jets of 3 incit. and., .flinch, -dia­

meter and a eloselv^luc-t o f 3 inch aiametef as. veil as a 

closed test section’ of T-5 iB'ch- diameter through wijieb 

a ir  «as sucked "by neans .of a^-cent 1*1 fugal fan , • The 

.■ '•dIstribtttion,-;of,=Tello,oitiB8 in the free, jets,, and aio-sed 

test jsoctioiys- haa\re^iotiSly-^e e n e *amlnC^' ®n*  "f?U8d 

' suitable for -the testing of .small-, pressure. pKobia- 

' %  '  'S«»ains» « « •  taken it H r  » ! « « «  Tangittg

film about 05 to 275 ft/seo , co«espoijdijiG to dynanic

or «p r o *i .« t .l ir  2k W  ’ •SO * »  <*’» * •

A H , j r o M  » > u « »  « I « r r o l  tb « • • •  tor > « o  -.81=

ot grtttc* <uii * " ? ! «  “  J O " ” ” ***

{ ,/ir.e dynamic pressure, ’ a,.*. *Sl‘- L;l_
era>oro .

o» « • *  “ * “ " a “  “ *

t e f n t .  rr .* « u M ,  t m  » ^ « « t e r » » £ | & "> ' » “  “ ? " !

iaterfereiioe-free position; s ? ....

s. » t S4  roolingi- " * •  * * * “  “ * 1  /  P ,

■Ition. I »  . « « > • «  »  th0”  

o f oacH p e w  * " «  »«t»r»ine».
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, , ,  „ ly vMti 

Jrobe. , tl .  „ oh 4J , t o >  u >  «onM?jli

t e d .  I n  M k t g u - m i d M  M  t i i y H y *  ,  r i

1 * « T « J T  m . l j  u m u i  . »  KLM v . « u  4|. . u .

ainate /itiie . tajne-Tesponse-'pi-^iem.'J' -v '" ■”■ ‘ ^  "

. ■3»l-2_ igfts'f r e s q lt a  s. .■ 1

.Pull detail-® of results are given, i vf6fcran6e 39.

In  a n *  seven simplifies versions o$ the »rcn fc^£ p“ tc^bedV

. •... - ?i«- 3.3{>). shown lrcatrmsefit *&£*&' w&i- -t&e ■ 

■ f£*|rt>.,®rpl>B.-"baj*t*dv-- .. The ient-ral sting was-of ijy-; ■■ •• - . • - 

;. podewalc- tubing*.'bent forward as sh<l<fru.; Iffe.;fiaai fora 

..:Vt this 'par ticul&r verVisR, nRacl’/.--'inptKttrie'ttt Mo^^i , ’Vas • 

,. arrived at .in.tfour "steps', none..of,.the intermediate ' :■ 

sigtss was entirely- satisfactory; . <- For,.this>instrtiment_ 

the error was v ith ik .0 .5  per/'fie-nt -of the1 dynastic gresoure 

; -for ^angles o f . n-ov ranging rroa. O . to ^5 deerees, • ^hV- ■- 

.'tfiae reejioase -cunder 500 mm vater. gauge ve,$ approximately . •
. . .  .■■, . .... .■■■■ ,■ ■ .

100 aeeonds. • ■?•/• " > - ■ - '■ :■

■•••■• • She proba characteristics are given, .in Jig-t. 3 . llS 1 

while ebowinte satisfactory perforaapcs and be^ng aueh - 

's im pler  to construct than the original Kiel.proTie, .it;,.is.-’., 

n o t  easy to manufacture = iyn^sjnall. eiz.es. oyin^to. diffi-  \ 

euj-tias eacountBF«d-in beadi»-.g.‘'-forwar-d,.th«r oeptrol sting*.





i .  *  ^  . « . «  „  ^  ^  

« * « - > * ,  « *  * «  «  tto M Jo B  T O a , w t ^  „  

* r f “ * ' 4 t e « *  ’ » » « » *  - M W . .  w r t a *  i “■ '

t u ^ t r u «  m .  a i f S M H f

ia  ihe  -aoyfcsh^B *£ s>

Jiavij^ ia&nnic&i or eve* Ct*<te*b;ljr s i ^ i ^

sEesisn * tts

wSince the SSttJrv^nti^wfe Btuig an3T it *  ^ x e e t - ’l&ctt- 

'tion ccrastit-uted -£&« aa&in .aifJS-eulitia**.* '*esS^n'
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«4fiea of t*e SubuXar

n ’  <~ ,t  r i ‘  “C 1 » i » * i m  to « , «  M  ,*<  a .

* •» * #  in  t ie  previous rttft&oa* ‘r

■■■.. • .-.3.2»i TfeBt results .; ■■ •
— a  ̂ #

t. Bet^ils o f results 'are given. in" Mfaren.ee 3?*

Seasonably satisfactory cfaamof«r£^i,gB t?#re r»- ^  

’flsciod  h?  ipstr^en t  Ho* 7 , ‘vhicfe tocoxis total pressure j 

to vits&in, 0*5 per.|C6tit of -thV aynsaic presswrtf-ia'^he ' ■'''•■•■ 

ra»g« + 22 flegross, i f  a pressure arrdtj ot up to- 1  per 

, cent oatt 'ire tolerated^ the riotf angle say >e sBfc*e*&e4  

to +  28  degrees* Sin^ response tipte jtess than 60 6 

#*cob48.under air pr£«ftiriief5O0 ftik..vat'er':S«U6&;.’ " ' '•■■'■ 

?rdfce charBct6lrxstj.cs are Shows -in F i«» , $i$ (a )  ana fTvS

. . . The foraing .©f tbs’ impact orifice ,re*ui rad' metres:-** .''• 

-^aua care . .. Dentins is-afche- hypoaeraic i«&«

• SjiSttb' on the ed®as of'the orifice voulct iaYoi-B&rlwsa -••.• 

e ftecto o n  total pratjsuro resiatration, pre>$»l>ly flue to ■

•; secondary flow: in or near.the £«paet. orifice. .-. .. . .. x ••

•••■■■ ■.... -g.vitfentiy 'ft prot>e of t»iss design.could be iiaeii ;- *  ,

■ where snail OTeraXl 4i»ensi©na,...4»ti<sk response, ana . -. • 

îdfeg.iiat'6 jreBaurfeireeoWry •:«** ye-sAared. in-an■ angle-. ■, -«

f\ I:



„ ,  a8 ^  4 ^  
t„ . to„ , ct„ .  tl„  t u  wr>ira > u t  ^  

, t I „ trail ltere tI M W S 0 1 M  , 

^  m  i ,  . u # b ,  tllto ^

ia « e » ,S « v £ t r  »«ne« 0„ la ^  ^  ^

a” B" “  "  » * « i a  t » . j „ , . «  “

h O « .T « ,  l M « „ t „ »  „ « r isv M  t0 t W >  W  

ditoens'ifrns. . « (> 13

, At this atage Of developUfent the autheRjrfcsrfcea

■ehinkias^u terms fit spherical instead of Cylindrical 

. - shields. • •■. \ . ••.- .■„• v ,

c T

3*3 Intro&uction of a-pherical shields - -' - •-■'■• . ■••-■'

• . ..Studios, of flow round. cylinders- and spheres' re-' - 

yea-led -that -the. normal, flow- pattern vasdittorte©  more '

. : s e v e r e ly '^ . a cylinder than- by a -sphere. • Compared ■' '. '

. : vit-h-a -cylinder, a stfherevSf used as a pro.ba shield;- s - ' 

•would apreoyer.have more stable pressure conditions:-in 

'its  vake an4. therefore inside the shield'itself-parti- -- 

cularly when the probe is 'yawed or pitched in relation. 

to the -flow. She manufacturing, process, .to.o, ..could.be ■ 

; facilitated  i f  the stem and. central- atin® cdiid be siaply 

press»-fittea into, a spherical sHield of.'-rtjieh the -fie- 

sired internal-contours had been drilled 1 out beforehand.





^  oyituttrfrtio. M  to

9M a n * 3r * * 4  of flow te^aA 6aa 

sM b 14«4  jrolw -vitit tie oiject 

■tsmoJ, ea n fi^u ^^ jg ^  

3.3~X aawMns^tteftj,

■ . •■••.• ■ . , -glfligxisaa -at.T

* «  »  *«i<te t „  • » .  „ t  « « ,  iv ttn n r  < * ’a .

*© ierleal « M « a a 4 wi»4  aamnel eijfteriuenia * « . *  onftusa*

« R  a  * a s l i  sialaltft spiere, -titrottgh vlujfeii -a 

:- a r i a . t i e a l ,  'WfiiBio'-’wliittfc «■

« 4 a

. «f. sia8«3®ft« ... =03j *.lia;’aj^3isrj

* s s  sfte*iiaea. s®. k-Sojrt? an 4nj;6ntiQ.

3tea4aiare* t . ASsavtltT o f -sfaaaia .SjJieire Dt

Sapon**!.- .eatx-anee a ,  disnetei a£

:fli«aesbex- of eifcsust ox- vfiniisvs oratfxat at 

.^iame-ter. irting 'wM-ch - j

j5.  Use jo-otie CDBttmr* »r.e jjJi.oim i »  y ig , 3 «'Gi .. - -•' -•

. . ;■• With tli« aia  o f Bae£io^i«ai',a<::H-»lieOxeEi ^ 9^ i*  can 

lie 'sioTO tbst tliB Sirt*r-Telat4.ons-iii5 - ef 4i*s «JW»n» Teat-tw.es 

vith. flow T>ar&nret«:rs -can tie -expSMk sesi 5»yt1i#-iSaotiiblwi s .



. .. vftore. Re \^. ■ Reynolds num>e*| - ' ‘'"• : . y.-J ; ; '  '• ■ V' ;' ’•

 ̂ <> ' -.a*" * ^ ' 'r e l a t i v e  rougKneast * ■ H\ ;

o *  *ae& density ot f l» ia ,  «va

. '• ". - . vo •* • fr6®; 8*r,aan_ velocity.- - '• . ' . ■

atfeer W f l l #  are d e f ie d  tt£oTe.  ’
( An ‘of ep ati()„  ( 3 a )  aftows ^

W )  »t i ,  dM-Mtly «»a ] j . « .  t k U  « . „ »

. m*y b°  nesleeted in <* discussion o f  geometric feivtliras.

( i l )  Prt>a. a study- o f the pressure distribution i>n the

fsurface of n sphere in ^ flow, A  vould sees, t>hat the

.value of a would, badiotate.ff ’by Wifr-'extent o£ tlx* ; '

' • fo-ke of positive pxe'ssti^e o j t ' t h e . c i a i e V ' '  *Phis -

te- rela.t6d to the:>p^er6‘:'a£aaeS^;^5.'''r.- •“.' v-"’ ■..•'?•"••• ■ V
■ ' ' ■ • • • ■ ’" •• "• ■■ ■ •' * ;>.. ŝ V-e ’si* ■

thus d *  f l * ° )  • * . .» . , » .............* .........

( i i i )  : ' saooth. eat|y , x .vouid^&e’ thUs

■ ’ ' *  ■■“  ■' vb.ea.ise 'frora equaiiott til?) ‘

* “ r31:,i .................................................................. 13.3)

! ( iW) ... I jr..tie - ient£n.fl orifi ee disnu»tir..y is  :lesa t&a» x ,  • v ■ 

: ■ a saodtlj contraction vo.uid define', ;SfitIiin ^^e 'rlkeafal .'. ':.

'. limits values of y in. relation t:o :x ; . ,-£li»s‘ ,' . v, ; .' ’.'V-'
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*,
•■: ' < ^ '  ■ ' • "y  *  f !i^*  » vh.«ace, ftois equation ^ , 3 5 , .. '-

|- *■ - »,(»>  o. B :■ 4J|« ■; . ■■ .-■-•■■■"•. •■•:.-

^  £vi - Tilc I‘ela**ve KpngHnesa e Js ifcpofr-t&nt ana tot

^  repr° an-cJ-1,i :u t y* tlle iftWrtaa finiBh should Be at  3ii0

• •-fftau^ard .o.ad..^t«ts-fr6B ^a r ra ,' ■' ’ '■' -"■

l?j (v i^ ^  central sting disaster 0 is relate* to *  to

.. . .*netwfe .conservation, -of . in^rSentUm and Iten ce ' • J .-.V ; 

if- > t (t * )  ’ j 

,-. - front the ,iBbove equations, one cub vtit6- i '■' ,.';,.'. •. . • v .\
I

m

D = ?(x)

P D - F(y) „

f  - r '(y )^  and  ̂ ‘

- •••■■■.. -O • «  . .• f Mfd). which oa eabstitutioi in eqaa'fcioij 

(3 .1>  y ie ia  *  s ri -

p, - SJ<̂ )!? ‘ifal.Ol.S.W. <iT‘
ti ;.■ ■ ■- ■ •'-.. ..;■ ■ .. ■:: ■■ '..■ ■' ■'. ... ■ .•■■.•< ■. ■ ■ — **M

5* J-Pt »  xj^ST^”  fRe)» (e)t

. Kith an eye to experimental convenience.. in xas»iniBg :tii< 
• -effeata <it -eha®®**- os, BtroUe » « £ « , .
• decicteft to coaeider. jc and-.y independent Voj ,atones. t. ;. ■ .

, \ / ‘ *

\  45? ‘ “̂■4 ."-”“' ■>

w s p a

M m & m i



« « .  It  «  alaa „ „  1 M J  t i w

« •»  •  « x w „  u  tB.  g„  > i m U w  ^

* !T*l°r *>• *£ « .

* ™ .  » »  . « » ,  .  ,  rtlcajrtll

- 5 T *  * *  t U “ « » « «  * '  * « . •  » . . f «  a s , rtSeil„

« « » »  Of 4 Sa ( i l ! i  in  _tem > Jt t#>

. i . t r l W K ™  .  „ ooMl w

»« . . . V .d .  and #  and it , «  . W * ,  a  T „  4 ^

tbat no aomeji^uB change tals.es jjLea at 4 *  

section, s W ^ o t  (3 .5 )  « a u « 4  to ! "

neaBurin^

« . « «  <n i .  defined a .  J ,  „ d i »  « p c i t i * )

integer.. • - . . - ■ ■• ■ • v-.: ' • *£• • •• ..

. ' i
• -,, B<iuation (3 .6 )  is  vritten i n  ttfis. fora- in Ordet ' ' •

to illustrate the..relative importance of ‘the gfertfatttevs.'

concerned.^. I t  shows that .for ;$vven sphere - entrance

.and central, stipa-di abater,, the- probe ..perforB&nce 'will •'

bQ controlled by p&rametej-.a and Bev . -. tty aoaina'feiiig '

influence of </ is clearly reflected by equation ( 3 .6 ) ,  ...

. ' . • ' 3 .3 .1 .2  • Analyais of flosr througb,'ana ^ounfl '
: ■ • • :•■• • a.pherical- Brobei - ■■. - ■—_________

. .. . .Early .efforta-to-.derive an approxistrcte theoretical'
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' “ • ” ”  “ »  J5. „  ^  ,  

"  ” i '!“  " *  lBt,  

* ■ * *  ~  " - "  f ”  * « —  • » « * —  ^  . 
« * . ™ i  , i y  , a W <  M  < w

 ̂ .  , W h « i . _  , « * « « » . ; «  « „  l m a U m \ ' r 2  -

■ «  « * . « , « .  „ t , i M „ .  ^  ^

* * * $ # *  « > .  M w j A  « A  W «  , .

e*»e*iaejitsl taseafcs*'' ' ®-

4fce fisy  tfcwwg* aaa rou^a &  * - « * i  « ^ ia|

' ^ a s it e r e a  -tit* follawiMg ^ i r f c h s B a s /^ e a  'srae ' 

^ 3̂ *»^'^aa«atSi£g..t56J*
- '

f c 3 .t. i t  '*^easfe.2xg^wai° * & , & & *

* te vea-tlng -orifice at t ie  area*, a f  f£J* sj&ejpe * o  sw£ 

a qpstaM l^M lre vfcicfc 2m^ast,eS *fc« -fclte

. BjJsere* -: -M y  iS'.-an&tw! coati^etcahay. « . 'Jfifajj- * .  •

î. 'ttoo'ti/liiijj a-iNmlts- Sfeoftld -̂ ; ̂ je 'nade - <Hnm£ '*(5*3 ■:■■■ ^

• ia»e. flov. ro«ad tlus, sjieT^/lroaia-Binply be-yaftimiUy

. M  rert^fj. ittreogi t i*  i4jX«J<U. * JSeasBrvaimg » »  $£e ftegw 

. ©if $^<>*Jfc2iBSj -llexefore, .■ti* far#e-s£ireaa -vel-o«i£y, ’

: « a  t3ie- fir&Us -axx* »auia fce a«*r.<»:*s*a gz-a&asHy as  to "

*ija entrance £ace « t  aec*io33 «,A.ij ,in  t ie  l£ m t? y; - ■

• i s  ciiosexi saus.1. «ntrasce ai^Wfeer id*- $ 3»e- veSJSeity ;



f*  W  * w » l  to th« , . re '

> " ™ M  11*  ttob,,,, tS4  .

_ » « f f . .  > i J e e i  w  , 

be 4- ft, * '  rt ’ V U r ‘  * h‘ »  ™  « • « ! » » »
W h ” “ “  * > « « *  «■» orift„ _

“**• ““ •—**— tAU.<
' M M  or - n . „ M  M »  « „ „ » « ■  , , - U L  x^ 1'

» , « » 4 „ « ^ ^ , 5 ^ ,  ^ ^

firnd  n « » .  a r m e t  t4„ J>rt tko JM<1KUW ‘

ti the cer.ircl etlng before ai&ObsrgSnfE through t.hp 

Venting orj-f e*. r ^

\  p  
' , I .  » ! « ,  t l .  , b o « i»7t„tl,-’„ i ,  „

»«tio» jo i jt  or jjear-stagnatVin jo iM , r?«X« be f , ^ , ,  

•iefciajtho ’ M m r i . . .  y ieltl „s « valu.  T< „ 0 #

5 centre (aine stream tttbfe of approximately eoi'o, a * .  __ ‘ 

pending op the degree of throfc'e|s*fe pr the value of o„ ^

this coReiept cttri be express^  fiB . t ^

v* s .............• ....................................................

E* * « $ & B fractional and aaSXl. ’ Thna. i f  a stagnatio^' •■

. point >ls ftmaed, K ‘ vouid tend to sero. " •- ' ' ' ' • 1 •

. As stated -earlier.,. tiie.|)rinciple entodied I'd - - 

shielded instruments is'.'that , o f aoneer^atior/of total , • ' ^



•JH losa-ir#a f lo w  jgotoij; • 

“ “  **  „r
H ® »  W 8v » « l  « , «  a t * . n U M >  «r . j , . ‘

M .r t e d  into the , a ie i4  „ 4 , M M l  v k . m w w  j ,

carried out, in  a i , „ m  of l e n . t n .  flav. fi m m m -  

line in  n o v  m ina 'theoretieaUs,,!* eo M ito t .j

as h e m s  on the shield axia , ana Hence -the total pressure 

ox-iflea IB locates in -the eenttal stinH at this position.’ 

,&ower?)r clear -thafc v-the ideal ceikaitiojm’pBr- ' - 

. tainine  t.q loss-free., flow through a probe sHi«l& passage: 

vouia not. be r e a l i s t .  ' '' ■■■ - ■ •••-

. • ■ .. In, the light of the. store theoretical. eonsi'dergfcidni 

the. author decidedto  apply the total energy e<niati-&tta. ■•"■­

for flpv through ana roun^ a sphferieal. shxelfli-i-flsaaning -" 

the flov to-be iflcompressible- ** Maeh nonlier-not e%ee«3ing

■ about 0 .3  - anA. allowing ^fdr.eneiJey-.losses through the • 

Shisld. •

:■ ' ■ She following expression for. the.total pressure 

vas developed, via : •

ft .  V02 j o !  » ( I f ) 2 ,  0S »kJ J . . t 3 . f

(Details of the mathematical analysis aye-given. 

i»  Appendix I I ) » ■ 1 . ^  ■■■
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Also ! Cp = naue proa-sure coefficient

Ko :■ lao-trmnodt 

; VQ ■ •= JreQ-streaB velocity,

coefficient, ani

£*•- f 

I r> -

1
f

•Shao, for a particular jpefee tffth knOVn ^ioeneiona, 

i f  Ko4 K r an* Cj, can toe estimated, ttoe theoretical value 

... o,t total pressure ris. given Vyequafcidn (3-3) at . any fcuoVa 

fretf-strean veioei-ty V0 ., ' .:'■ . •; . : ■.- ■

At this s-tage e^u, '.ion (3-8) yields oft  ̂ iaportant 

.yektiW, v iz . i Equation (3-^) • can be espresoeft ..in t!he 

.. fona. given, toy eduction (=3i5) (See suV-section 3.3*1.1- ) ■ . 

on, account .of the .fact thtA.H^uatio»(.3i-8),.^n^.kone<S

m m m iyisii
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