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FIG. 312 PROBE MOUNTING
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PROBE Ne.il.
MAL VERSION OF TOTAL- PRESSURE PROBE
WITH SPHERICAL SHIELD
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|NSTRUMENT NO. i INSTRUMENT NO.U

2= 0144 5 = 0.144
¥.= 0.058 ¥ = 0.0

§ ROP-TIP 'OF STANDARD DRILL NO.27

ENTRY OF SHIELD sHARPLY FLARED FROM J20%CONE
ORIFICE FREE OF BURRS :

FiG. 3.6 DIMENSIONS OF INS‘(WMENTS NO. { AND NO. H
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probes.

To conclude the sxpetimental wark, scaléd-gown

versions of these twa instroments wors made and tested

in test series V.

3.5 Testihg of verdions conferming most closely to the

depired characteristics

Fig. 3.25(s) 2nd (D} en& Fig. 3.16 show detoils of
the finally edapted ministure prodes which were tested on
twhe large serodypamic blower rig. Instrument churacteris-

vies sre given in'Figs. 3,17, 3.18, 3.19 and 3,20,

0f these, instrument ¥o. I his a recovery eos
efficient of unity and o range of incliped Yiow inmsenai-
4ivity over % 31 degrees of yaw and # 30 degrees of pitch.
fhe second probe, instrument No. II, has & caefficient
of 0.991, which remains constant to wittin +70.2 per ceat
of ‘dywamic pressure in the spead range O ft/sec to
275 tt/sec, (Figs '3.71) vhile the insenpitivity to flow
direction extends to + 8 degrees of yaw and ¥ %5 degrees

of pitch for & wergin of s¥ror-of 1 pexr eént.

fhe peat performance vas obtained with prbes having
shielded estries susrply flared into & 120-degree

*trumpet' shape. (83) gy ysing phosphor~bronze sbandard
ball-vearing balls and cutting the fnternal cortonrs with

a special kood, the peéurate manufacturing ‘of these
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BT ~
vas considerably simplitiea,

These yrobes are structurally stiff and robust,

and due %o aimplicisy of design the response kimes vere

uniformly geod, being 50 o 54 ssconds under & suddenly

applied air pressure of 500 mm veter gauge.

The performance snd charscteriatics of these

minkature probes are therefore copparable to that of the

eriginal Kiel' proves

3.6 Comparison hetween theoretisally derived flow i
charsdteristics and those ohserved daring setnal v
proke performence

3.6,1 ZThe gffest of o

Experiment confirmed the theoretical result thet
5 = ?‘:‘ is the.dominating geometrical probe psrameter, aud
showed thet probe performasnce is dependent on a esigical
govwslue of O.4%, This apparently critical experimental
slye ¥ill ‘be ve-cxanined later.

3.6.2 The relationship betwesn a and K' and the

effect on angular insensitivity in yaw
B apd_pite

Py pubstituting the dimegsinup of different probes

t4ally tested in equation {3.10) wid evaluating the

paremeters pertaining to tha test cenditions, Vg, Ve and

X' ean be calenluted far different o-valunes.




3,22 THEORETICAL RELATION' BETWEEN o AND'K'

FIG.
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The accepied value of Cps tlie Hue preasure

roetficient in ¥he'wake of & sphere, is -Cub.  Becsuse
!

part of the flow isidiverted through the sphedical zHinkd,

hovever, it seems rea)onable to sssume that flov Todndifhe
shield vould differ fron that round J.’V whole sphere. ‘
Two veluse of C, vere therafore used in the calenlations,
i.ed O ¥ ok gnd Cp = ~GZs A% this stage i€ wss
thought that, use of different Cp-vu.lnes night show uwp

tie effect of Reynolds puntier op probe performance.

The prote dimeunsions used, topetber with shuple o
caleulations, are shown in deteil in Appendix III, Table
TI£.1 end I11.2. . The Tesulbe sre given Xy praphicel

form in Fig. 3,22, v

graphs ¥o. (1) aud N, (2} represent Kf-vslues
4% calenlsted for corresponding G-values, for Gy = 0.k

end cp = ~0.2. These grophs lie fairly close pogether

and shov that I{e;rnolds nunber eftests veeone more marked
the higher the v-values; ~vide performance »Z grove
Ho. II (s = 0,76k) compered with that of probe o« I
(wic 0.¥1); he graphs =lso show that Gy is not ’highly
erifical,

Zo check these graphs, the gemeral egustion for
Py {equatiod (3.8]) was evaluated aireetlys One Oof the

tested probus having & sphere aismetes of 0.34 inmch with
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an x-yolue of 0,344 ineh, was chosen at rengom. A
o, ~value of ~0/4 wen adopted, while the ¥slue of £

for these prole ainensions whs taken w4 Asternined exe

perimentully, iie. ¥, = 0.591.. Valuea for the venting

exitice ai s ¥ VETe calculated for differénd: .
* N

assumed K'-values snd these K'.values vers plotted against 3

the resulbing theoretical s-values. The results ar

we

shown in graph ¥o. {3).

This method was adopted o secord with the experi~
mental procadurs of test seriem II, where the x=dipmension
was kept constant while the orifice diameter, ¥, was
varied. Xt showld he appresisted here that these
ghépratical o~values vere detersined wniquely snd ¥hay
graph Ro. {3) therefove verifies graghs ¥e. {1) &nd ¥o.
{23, ’s‘;apxe eslonlatiops aré shovm in Avpendix 13T,
fable ITLu3n .

These graphs verify the hypothesis advanced

origisally, nasely thet s v decTesses - vhen fiow

fibugh sys probe is throttied - K teads to " ope

hence V, vends to zers ~ as #novn by vhe equat

sated with & iug static

= KV, -

pressure rise. For he range of pwvslues considered, Fadl

and hence Vg mever reaches sero value, although it s

eleerly demonstrated that the flow is grostly retarded
i
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from o point in the Ireeestream, Wiere the velocity fs
J 'vb, +to the entrance zone of the probe where the velodity
is Vo« Consequently, as originally hypothwsiied, the *
natheratical madel simulates congltions prevailing when

an ‘eddy air cusiion' Porms a 'reservoir' under pressure

ip the trumpet entry zone of the prabe.

O O applying the above theory o probes in yuw or

S piteh it vad shovn, theoretizally, that iustruments with

wigher Sevalues should hsve & wider ronge of inzensitivisy
¥ ?

to £low dirketion than thost with lower grvalues. ~ (ETode

determined

A and probe B in Fig. 3.8(8)) ' Bxpsrimentslly
hhractexivbiss of probés Hou T snd Wo. II Confirm this.
¢ : . prove. fio. I hos s gvalné of 0.1 and & insessisivity

renge of & 30 degcaen of yaw snd piteh, vhile Prove No. IT

¢ with s g-value of 0.16h, iz imsensitive to airsction of

fiow over the ramge & 4B degrees of ysw and x b5 deproes

Y piten. fmis is further pyoof of the velidity of the
hypothesis’ advanceds :

3 3.6.3 Relationship between ¢ nnd Ky

Yalues for Ko were csleulated for aifferent s-values

L 7 uaiag Cp-values of 20,2 and Bk asd depual probve dimewwisaw
in equstion {3.11). The results are presented graphicedsy

by @¥aphe No. () end Ho. (5) in Fige 3.23., Sesple cal-
A :
. - enlptions ave’ given ia Appepdix IIX, tabel ITI.H, mnd
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zabie 111,54

Toips result s remarkable :: The graphs \:;:Bul wh

& g-value of % 0,39 and Al ¥ »val.te of apyraxlmutcly

unity, graph No, {u} ma:nﬁninmg & K.,—vu.ue of gearsunity
for ow-valuez below 0.3D. .‘.‘It also shova that & probe

having & o-value of Apprnx;mnely 0439 would nat. be sen=~
sitive to changes in Reynolds wimber because Op-values :
ranging fyom 0.2 t6 0,4 2o not nffect the reault, )
Forgher, it is clear that the' point of erassing dsfines

a crifical o~value of approximetely 0.3%. - As' o

increanes avove this oriticpl value, X, decresses '

yalues below unity #nd, due tu the departuve of the aurvw.
becomes increasingly Aependent on Reynolds pumbers

ThHese results are an almost perfect verifieation of the
axperimental fehaviour of probdes Ho. I and Fo. IIy

prove Ho, ¢ L. = 0.h1) e & coeffieiont of unity for

Bevalﬂes at and balow C.hl, Xy being independent of Bey-

nolda aumber, while probe Hou IT {o = 0. T6k) a3 -8 co-
efficient lass then wnity (K, = 0.991), K, being in-
croasingly depsudent on Reynolds number, and dacressing

below unity, ae ois I a The th 1Ty dew

tepmined eriticsl g-value of 0.39 is almest idertical to

the experimentsl value of 040 ta 0. 4E.

Por & rinal comparison K,:wam predicted from

equation {3.11) for instruments sslested rendomly from




those tested. The £t ly determined
K,-value for probe Ho. IT wes 0.99% %' a o~velue of
0.76h, while the sverage theoretical valua for L
and ~Q.4 « was 0,997 - & diserepancy of N.6 per cent,

For other i the di ies ‘hetveen

experimentnl aad theoreiisnl K ~values lay betweon +1.2

and ~0.01 per eent.

“ip the light of this menifegtly satisfactory agreew
ment between»::h!u.ry and experiment, it is cubmitied that
the theoretict;l pnalysis is sound mnd the hypothesis
ddvanced i¢ soeeptable. It han been sihown Yhat the
hxa.th‘emnzieul model not only explains probe performance

but alpo enables probve chavmcteristics ta be estimated.

3.7 Ménufacturing of Probes

Experimental versions of the probe vere made in

two stages : For the spherical shield, Hoffmasn athvdard-

size bronze bali-bearing balls were uned. These were

Held ig = driliing viee by meims of apherically comner-

sunk slip blotks bearing marka by which the sphers gentre

could he Loeated, Ratry and venting orifices were
arillea ouy sad the imlet vorked to “tne speeified contoure

The vice yas then turned through 90 degrees and the stem

holes drilled.

The stem wap built up of stainless. sbael tubes, the
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%ip portion of the inner eylinder beimg biocked, sy
indicated in Fig. 3.10, to reducy the small-bore volume
o & minimum. The stem was then inserted into tha
shield and tbe total predsuTe orifice drilled exmetly
on centréwline with the aiad of phe 8lip bloek markings
and an opticel scemning device. . Time taken to make one
of the Q.3huineh-diameter final versionm pra)/é‘n vas Juet
under tive kours. “Once dimensions arve aea"ndnrdised &
speciel outting tool would emable the production time

to be reduced to about 1} hours.

FACTORS AFFECTING ACCURATE TOTAL PEESEURE WF - dRRMENT

FACTORS AFFBCIING ACCURAZZ FOIAD Thooorss N ee=iisss

To improve the sccursey of total preasfe nessure-

ment, the following factors must be andlysed s

Bel The effect of turbulence

Yu somé fluid-flow problems the temporal mean Ve~
loeity ¥ is sought while in others, particularly those’
associated with turbo-pachines and heit trannfer, the frue

. .
total pressure is required. An expression for grus total

pressure can be derived thus

Referring to Fig. 3.23{a), the mesn velocity Vv 1B

apsumed one~dimensional in the z-direction., The turbu~

lent velosity fluctustions will be thres~dimensional

giving velogity components g skovn.  The bar denotes




wveraged mean values of

zero by gerinition.

By 10 TEE

-~ 9N
the time averaged wesn velues while the dushes’ in

from tlese maun values due to t\u—\mﬂnce.

Figure 3.23(s) shows that

T,oav + i
@'y u' and w! denote the inbtentaneous fluctuations

2he

these Pluctuesing veloelti

Prue total préssure can be expressed sa

Fevivaresuasceneassernya {3020}

§

: v2 e (Tea® e w? st
E . :
2 3 =
= Faewt e ar® . wr (2¥p¥ = o} and

o VAR

Substitution

In literature on

ctitement thay the trve

‘equation 3,16}, is the
fube sctually mELsSUress

cOTTE .

noditied versions &

hente, according to definition

Py = Py ¥ 3pv?

ghe ranges of sngular i

venbional pitot tubes andg
re totally innaequaﬁé'"

w2

u?

LT feeeareeeneasss (315}

-
/i equation (3.15) in egustion (3.1h) yielas
i i

+3p (v'2+::5+?)

o .
the wubjeck one often finda the
tobal presante, o defined by
pressure vhich an ordinary pltot

This shetement is clesrly in~

degree, of the
)
to record the

to a certein

T

{3.16)

asensitivity of the con~
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full ingtentaneous componenis of turbulent welogity
fluctustionn. Iz would be more nearly correc: o stase

that tHese probes register :

Py = opy 4 16T e 59,[}7 LRI 75].......(3.177

where R depends on the instrﬂpént's range of angular in-
sensitivity and the dogree of turbulsnce. Comventisnal
., Botal pressure probes do nofyregistsr true eetui pregoure
o defined Ly aguetion (3,16) snd at the same time the
temporal mesn velocity V determined by means of a dotal
p;essure probe in aawociawiog with wall static tappicgs

would be in error because @ = O ig squation (3.26).

Thy, eharacteristics of the spherical probe (in=
strament Nos I1), however, ate such that this imstrument

would mensure true total praisurs in furbulent f1ows iore E

1y tban ticnal instruments becpuse of itn

wide rarige of angular insensitivity. When used to de-

termine the pempural mesn veloeity at a points s correebion

 factor should be applied to take care af the: turbulent

&omponent of the total pressure registered. . This

corestion Tactor can be determined os follows:

ir @ is the error coeffipient due o turbulopt N
tomponents, thens.

P A S R TP aieinsenesvessen (3:18)




The true Lotal pressure is given by equation (3.16)
whieh can be written az <

+ wre

Using thu root mesn square valuee of turbulent velocisy
fiuctusbions for & pipe, Fiy, as dstermined vy Iaufer, '®!
the msgnitude of f for pipe tlew can be evaluated. It
should<be pointed out, howaver, that appropriste total
pressure correctiodns for turbulence ia other Tiow situavions
ore, at present, not possible oving to the lack of ex-
perimental date on the structure of turbulence.
Doterminations of r.m.s. values of turbulent welocity
fiuectuavions, parvicularly near solid ‘boundsries with the
2id of the newly-developed 'hot-film! techuigues, alonk

with more detailed hot-wire anemometer surveys of a

variety of flow fields are urgently required.

ka2 The effeet of swirl

Bwirl contipues to present problems in flow measure-~

ment. _ Preston and Norbury (T} jound thet, in the case

of a three-quarter radi peter with wall static tappings,




& =wirl cosstituting = 10 degres chapge in flow directios
camsed an ¢rror of 1 per cent in the discharge determina.
yion. ‘They ¥bate thet : *The errord asiaing $6 s weber
using pitot myatic pubes would depend (% the yav'
characteristiss of ‘the pitot s‘tn.ti:‘.» " 1t would, of
fourse, also depend on the ranga of sngulsr insensidivi-
ty in 'piteh®.
3 E

, heein 3t shonid be noted that the eharasterissics
of the Bpheriral pru!?e; are such that the effect of swirl'
would be nininised becanse of the relstively wride weupes
of gngular insenaitivity.

1. t

%.3  gorrechion foy probe cehre lins di
#hen @& Dres¥ure prode is pisced im s shedr flowe

regise the pressure resorded is pot that wnich actuniiy

sets ai the point op the probe menire ines

Young and Nansm 153) gpgernined in & wake Ziow

yust for @ bluny-nomed’ pitoy bubs haviag a retio of
‘hole to outside Zlameter of approxinately b.6, the
of the probe was displaced & distance

sassiizen O re-

effective cenlbre

£.18. times the outzide diameter.

ported that in boundary-lsyer Flews sueh i
160 shoved w wll proximity effect. On Bhe other hand,

sivesey *7) ana Davies £56) pve shown that Aisplage-

ment errors On sharp-lipped conical. pitot tudes are

e

T )




very snell,

This et Are line. displacement offast is a complis
cated problem which demands further attemtion. . Dia-
placement valuss for the spherically shielded probe

have, as yet, not been investigatead,

Oosthuizen (*) used the displacement factor of
0.18 us determined by foung sad Meas ('3 . ynien s
not trugly applicable bheceuwse'it vas determined under
touter region' conditione - to develop a relasionship
hich defines the displacement as Tollows
— . 0:125"
‘% 1-52. '\/—.2;_;_ Fh e g reeovees (3220}

vhere Uy = ‘true memsured yelocity due to displacement;

¥ = ‘true velocity st point on centre line nf
prove;

4, = aisf ey of probe;

D = audh Jismeter;

=  logsl coefficlent of skin friction;
function desonibing turbillent velocity

distribution in the Toupdy repion?
in pipe flov; Y .

gt = the derivative of the above igdiztdon.

¢, is fapetionslly related to Fp.

4nd ean be presepted graphically as shows in Fige 3.2%,

whence the Factor

the pipe Hamnolds pumber,
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cdn Be axpressed in térns of n o= %

beinz the distunce fron the duct vnli.} . Thus, the above
rutor can be presented in tevss of 1 by means of § fkm-
Iy of graphs for differqut values 008y (Fig. 3.26)
yielding values for the correcuics factor E

- L ﬂ B
2o¥ typieal practiesl values of -2 as defised by
. . 5

sguation {3.20}. - ‘
) P
: Ax:plying this method to & spherical prove of diax
meter 0.3 1nch, wperating in & duct o, say, Soined disw
mzi:ex- wbs velue of % “omthe duc. cemtxe dime in-
upity, while the corrostion fautor gor & polut 0.8 {oen
from the wall, &t 4 Reynolds number of 105, ie ap-
proximately 1,006 or O & per cente M) mme dmtver

corrnctzcn seens tao h:gh.

‘gnis exdmple is cited to illuwetrate & nothod of

estinating o correction factor for the aisplacpment erreér.

For,spherical prevas, noweyer, equstion (3.20) would

probably hot be lapnlivable because the fYouny and: tums*

faiins of 0,18 would probably not hold for the chenged
probé gecmetry. "

The {n@e:nu configuration of spherianl probes -~
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where flow ta.kes‘yylace through the probe and round &
central cylinder, which houses the px;}';su:; orifice  is
not exartly comparable o the conventighal pikotetube
type of instrument which hae = stagnstion polnt at the -
instrwgent tip.  Therefore dlsplacemant errors for
probes with spherical shields must bs stn;lied and ana-

lysed separately following the method deporibed. aWove,

APPLICATION OF THE SFPHEBICAL PROUE

AFFLICAILIN D

At the Yegianing of €his chapler %he necessity for

he development of an i ¥ed-type total proba.

a8 emphmsised.  The Kiel proba has so far been tae only
Instrumant capable of measurifig totsl preséure accurabsly
in styomgly three-aimensienal flovs it is, hovever,

clesr Prom its construction that 4t is diffienlt to produce

several identical small ‘instyuments. The Bationel Ad-

viory Gomsittss for heromautics has tested thesd in-
stypments, (M) the ize ndopted peing X ineh overall
giemeters For CLOW FMIVEYS inside turbo~machines and

i
] 5l | s 5
in the smeil p songtines: eh in Tiuid

sechanied snvestigations, a probe of 1 imsh diesster

1t is kmowa Lhst. im-turbo-nachinery,
i (36)

in teo BULEY.
flow §neiinations ean be as high s b5Tdegzees.

1t was impossivle to conduct tobal pressuré surveys in &

strongly three-dimensipnal Flov field with these cpnven-

tional instruments, owin

g Lo very iinited ronges of
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insensitivity to engular fiow. The sphesieal prabe which

hus been deseribed semms tn bBridge this gap.

) The autlor is 6% the opinich thai. the perforsance
of this probe could be improved evsn farther Af ip thy
nanuragturing process the drilling Qut of the interask
probe em‘x%tours e2ld bE performud in‘ one aperation nx; B
PUCPOBE-RAEE Arixzehesd. Abrupt d:a’i!ges dn imgtiérnal
pontonrs nnd burrs could be altogesherisveided with the
rosiilt, as the experimenkal trend indeed indlueted, thed
Aughisr iuensitivizy z:gngc sonld pe increased po * 56

degress, or mHres
VEDICAL APPLICATION

DEDIUAL AT BRI

In Chapter II it wis reported thed the author is Ak

P igting two Beard $aliste, i : 4o the

Hesrt Unit of the 1 3 ity of riz, in a8

4o imeiate stanis pr Trom to%al p

ments in Hlond flow.

Vben » cavheter is iacertsd into the heart lor vein
1t does not register truc toval presyure pocause of phe
srieatation of vthe catheter opening relative to the direc.
tipa pf blook Plows An instrumesy xip wpieh is Imsems
aitive yo angle of fiow airection is required so vhat

4pue fhotal pressure would be ragistered. The sufhor

acoordingly proposed that w wmedl apherissl probe be




o

< 1p2

constructed (s smell as practicsily possible) and

fitzed on to 2 catheter tip. The instrument chariagberip-
tics aré to be degermined inm bloed flowing in ¥ opesinch
dlemeter trandparent pipe in a cireulutory system in the
lahoratory. The high viscosity of bloxd wight impoge

& sizé Limitation on the prade for resstndble resedion
time ., Should vhis e &0, s Small pressure transdueer,
built -in behind the prabe liezd in the lead, might have

ta be consideved. . )

Pus Hesrt Unit recently seguifed nn instrument Sor
securste feterminekion ef flov volume By the Y guzp® :
mathoé, deseribeq in Chapter II. It is proponed o
detsrmine the votal presaure in the heary cl&s;hati or in
& ¥ein, afrer which the Plow veluie and henew the VeIocity
saii be estimsted by the 'gulp! wethed,  The stadic
prepsuve can then be computad by eubtracting dynemic

Erow a botal g . Tuus 3

»

2
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or Py - Pt - BV

In the ealivravion tests refertsd to arliar, it iw pro-
posed, as a check, 1o Geternine the stanic pragsure as
described abpve. and te coupare the resuits with tHome 5
the trsnsparent

obtoined from wall static  tappings on

pipe in the Taboratory eireniipoyy dysbeds H




Appliceation of the apherical totsl pressure probde
in the medicsl field seems promising and if the tests

prove 1 the fnmp ter vill be of

tremendous uasisf‘.ance in esrdiae and circulstory research

end diagnosia.

QOBCLUSION

Two types of miniatidre total pressure probe heving
éphierical shields have een developeds Thé Lpstruments
showed highly satisfagtory performence theracturistics,
comparable with thest of the original Kiel and cylisdrizal
probes.  The instrumsnts. are much alapler to manufacbure
than the Kiel and cylindrical shielded prolies and are more
stavle, The yheoreticnlly detormingd perforsance
charscteristics were confirmed experimentally sud factors
affecting the sosdracy of nessurenenib made with this

ihstrument have been analysed.

The suthor trusts that the developmsnd of the sepheri-

cal total pressure prove will constitute # sigaificint fors

ward stap in the Tield of totel pressure meagurement in

stronply threesiiwessional flows or in fiows involving

lurge angles of apteck.
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SHAPRTER IV
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‘TUB HMEASUREMEN® OF SUATIC PRESSURE

HTRODYCTION

Tn Chapter I present~day Lethols for measuring
static prescure’ vere briefly revieved, - Az pointed out,
static or piewometric pressure in n fisld of flow id that
pressure whick would act omn, and fg‘inﬂicateﬂ by, &
pressure registering device if it were moving alomg with
the stresm so as to ba ut vest or relutively *statict.

with respact to the fiuid., To design en inatrument

whioh will record this p 1y in

with the above definition has, s& yet, nol been possible.

Static pressure is a most useful parameter in
£iuid mechanics for it is direvtly velsted bo dennity,
temperature, rluid acceleration and veloeity. Custonary
dethods employed for measuring thie pressure are the

following

{a) Wall static tappings or piezometer holes arilled
fhrough a duet wall perpendicular to the direction

of flow;

(b) stotic pressure orifices located on a total
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bressure probe, viz, the pitot-stetic tube;

{e)

single purpose instruments, viz, cylindrical
. J
probe with static pressure orifices, These

ingtruments meaanre mtatic pressure only.

Wheve high sécurecies ave ¥/ red nopd,of the
méthods referred to above is entirely satisfectory.

ia the following section the enthar gttempts to' show Why.

PROBLEMS ASSQCIATED WITH STATIC PRESGURRE l(BASUHiilENT

At present, thare are still meny complex factors

s irrespective

affecting the of static p

:0f the method employed.

Wpen o smell hole is drilled st right sugles inmte

the wall of a.duch carrying o fluid, the pressure abe

seryed at such o plezometer tapping is s feir messure

of ‘the loeal static pressure, provided thet tha hole-

geometry and laternel hole finish meet certain require-

meht. tnecertainty. and speculation mmong leading authori-

ties concerning. these requirements, together with the

gifficulties encountered in satisfying them in. practice,

resnlt im ervors im measurement,

pue to the hole-effect, the possibility of slight

suction or impact pressures is alwoys present even in the

jdesl piezometric tupping.
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The problem of the static hole errer hag beén ine
vestigated by ¢ Fuwrsuns (58 (2910), permama (% (i029),
Aiien wng oopsr %% {1932), wysaes $5%) {1935y,
mayte 520 (1ot ser 53} (19560, smaw ¥ (10501,
Stratford and Asewsgh (28 {3960} end’ Livnsay, Jackson

{55)

and Seuthern 11962). These authors parried cut

axperiments unfer widely varying conditions anad ex-
perimental procedures es well as with different opersting
finids dnd mpparatus. Their findings could be
{55)

summayisedy 25 reported by Livesay =t al, by steting

that the trends of different vall statip hole effects
nuwe been established, although mevked dlsagreement sbout

+heir megnitudes sud brue intexvelationships seill exists

k‘stanie Pressure medsuroments by means of a on~
ventional pitot-static tube are subject to mrrors caused
py diserientaticn betwesn pitot eylinder and fiow dirsc-
tion; 4in wddition, the positions of zero dymemis pressurs
on the pylindrical surface tend to shift away from the

statie orifices with imcreasing Reyaclds mumbex, Pro-

bably Aue $o probe boundnry-leyes effecte.

Attempts have been made to develop sinpgle~purpose

probes. A typiesl design 48 one in which the predsure

is measured at am orifice drilled sentrally in ohe face

of = thin dise vhe plame of whieh iz sev perallel v the

direction of flovW. wisalignment aud unkoown hole~
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and Reynolds mumber effects se clesrly sources of error.
The needle probe and the ¥wo-lole pitot cylinder and pitot
sphere, which are alse employed as éingle-purposs in~

straments, have similer disndvantages. Als0, tur-

btulence and swirl ecsuse errors in weesurements.

effests apd in of these 13 remsin

sources of specuylstion; further anmlytical work and

inatrument development are clearly necemsary.

{ In this chapter the most commonly spplied techaiques
are daalt with,snd the piesent level of knoﬂeage of the
various facbors affecting the three methods referred to
are snelysed separately with the objeat of tlarifying
stabic pressure measuremont. Corrgstion factors sve
enggested and finally the Ffundamentels of a spherical
single-purpose abetis presaure prove, vhich wea teveloped

by +he suthor, are described,

WALL STATIC TAPPINGS

The following Tactors affect static pressure

measarenent:

3.1 Static hole geometry.
3.2 The imherent stitic hole error.
3.3 ZInternal finish of tapping.

ternel corners of tn.fyins hole,
]

kR Rounded im

Hethod of pressure tappinge




Varistion of stetic pressure over a crosa-

section due to turbulence.

Considering thie nbove factors it is clear that the
effecta of bole geometry, ipnterssl f£inish and rounded
internsl corners combine to precipitate the ishevent
static hole error, . lowever, due o the considersbls
volume of experimental work caveriasg these isdividual

flgetors, it was decided to analyse them separstely.

v 3. Static hole geomehry

Tha disméter of.e static hole tapping kXas a marked
infludénce. on the determination of static pressure.. Uf
the diameter is foo large, boundery fiuid filaments eplit
up aud ipinge o the finid in s hKole, ceusing & pressure

above that of $he trus spenic.

Irregalar roughness i the vieinity of & hole and

sharp edges pause Fluid Filswents to saparate from the

ting & pressure lowar than the true

walls, thereby ind:"n
ane. If a tapping &imeter ip much greater then the

pipe will thickness, sireznm filaments emtering the hole
are spiit up and the result is an-inerease of pressure
due to the formution of stagnation points. Depending

on pipe roughncsa and dismeter, there is an optimun

o et e e e e

e

A

[




" plugs having hole sizes ysrying from O

- 109

diameter ¢f tapping hole.

Prestos end Norbury 1) founa that &t o Reynolis
number of 4 x Lo”, for o aischarge error af 0.1 pox

cent, the meximum allowable hole size was 0.055 ineh in
air flow and: 0.995 inch in vater flow. They also re-
ported that, for & given Reynolds number, Lole size was

invareely proportional to the nmean veloeity.

According to information derived from Rusaisn
practice, maxinum static hole size for air flovw is 0,083

ineh while thst for wster is limited %o 0.4375 inch.

Anerdican practice (56) prescribes rather outsized

static hole sizes, ranging from 3/8 inch to 3/ Inch, for
pipes from y-inch to B-inch internal diameter; and 1/
inch to L ipeh for pipes having intgrnal dismeters of 10
inches and more. The differcmces in standarda, and

ihevefare adcuracies, are self-evident. The author

is of the opinion shat statie hole dianeters grester than
0,25 inch, even ip large pipes, uan leud to serious
ersors.

Stratford snd Ascough (38) juperminea the best

kole size experimentally BY &riliing out with great

care and precision e dezen identical wall plug statie

holes of 0,063 inch diameter. In these holes, four

011 ipeh to 0,063
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inch vere tested.  The fests provided dsta on the effect
of static hole diameter which ngreed vell vith Shawss (3T)
suggestions) for hole zismeter correction ani ere deolt
with later.

The seme authors. found by calculstions that mbatic
pressure varidbion acrass s boundary-loyer was, msgligible,
and confirmed by statie probe traverse thet static
pressure throughout the main strean was constant., These
Feanlts would, of course, be applicsble only ¢6 speeific
fiow conditions and will also he diseussed later,

They alsae eclaim that, provided the tiowcg@ sieady, static
pressure can be detesmised %o within 0.1 ped’ cent’ of the

dgngmic nesd by frploying four "nigh quslity' holed,

corrected for hulc size, In yrackical engineering, nove

ever, meticulous attention to wall static orifices iz

not always poméible and steady flow eonditions are

rerely encountereds

¥

The American Society of Uechanical Bngineers

{A.8.4.E.) Code on fluid meters $56) soncedes thet,

whatever the hvle sizme, *the poseibility of & slight

suction alweys exists'. This vould cause a lower static

pressure to b measured. Agoording to the above

evidence, this stotement 15 in error and would be true

only if separation st an orifice edge occurc.

tn refarence {56); it is stated that : 'If :the
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streon ie turbuleat mad 2ol of eddies, the pressuve in
i «

e sid £ ipiagy :

t ide hole {static orificé) il fiuesuate irreguiariy;

bub, nnder all. ordizsry gi thete Fluctusti

will be too Bmall or oo rapld to affect the -ganpge Wwhich

. will in@icate the aversge pressure in the side hole'.

Such en approsch is mnlikeiy to lead %o improvement in

the, scenracy ©f static pressure neasurement.

Anvther’ inportant requirsment in static orifice

¢ i
geometry is that e tapping diasmeter showid not change

Jfor @ distance of st least 2.5 tihes the dlameter of vhe

nols as weesured fron the internal pipe face. It bas
been estublisied sxperimentally thst to emsure reliable
resuls, this d;stance shu;xla., wheraver posgible, be

nade equgh to from three to five times the dismeter of
(53

zhe hola«

Livesey et al 53 huve shown experimentally hhat

ix‘ a Hole has e ewrity belu.nd it, reduction of hole
companied by 3 xeduenon in the error. They

alse reported negative errers for holes hnvxug depth/

aisneter satdos. lover then about 2. In the Reynolds

number raige © % Rg < 306 {oased on orifics hole

d?.nmeter)," ghage authors found thst & ¢lean =harp-edpged
bole, yith 3 depth/dianeter ratio of nbout 2.3 and 2
civity expeasion ratie of spproximitely 1k, will moasure

& pressure very cledd to the trus wald spatic pressuves

g

s e




The depshi~alfeet of » hole séems to be reduced =s the

expension zatic Is decruased.

Further investigations on the ¢ffects of hole,
aspth, snd esvity dinensions are therefore negzeszry.
This, & vell as thq corregtion dus to hole sice, is

dealt with.in the next suv-section.

3.2 The inherent statiec hole exrer

i

. i
In the previeous subesectisn it vas shownhow. &
static hola, which casses discontifuity in = pipe wadl

sffects tlow filsments in the Foundary. Layér whish, in

turn, alter the true value of the local static pressure.
i

A rigorous wothemsticsi eviluetion of the resulting %rar
bas not yet besn possible, end sccurate sxperimental o

A aimation of the maghitude’°f the possible error has
péen hompered by the lack of suitable nethias for mensaring

phe exsot dsbum static pressure level.

On the sskumption that the sy,a’r;ic hole eFror is
cansed By a disturbance ip the flo‘w field close to 2
solia boundaryh the author, employing gimensional
apaiysies, aeveloped & funetional relationship betvesn
| pressure correction and Reynolds nuaber (expressed in

terms of friotioa velocity and hole diameter} vhich is

given by 2
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difference bepween true vall stati
tatic
pressurce snd that zctuslly measured;

friction veloeity =

wass density of fluid;

aiemster of static pressure orxifice;
fiuid viseocity;

wall shear streas.

At this point, the suthor started hunbing for related

experimental dats in an sttempt to evaluste eguation (kal).

Subsequently papers by Freston snd Norbury, () shaw, 50

)
Livesey et al (5%) and Oosthuizen () cawe to the

sutherts notice, . Both Shav wnd Livesey developed ex~
pressions iden¥ical to equation {¥.1) and although the
exeet experimental relationship has not yet béen de-
termined, voth awtkors produced aspproximate curves based

on svailable experimental aata. A type of B ~ form curve,

as dotezninea by Bivessy et ol (55) 3a ghown in Figs ¥.l.

Amis euyve &iffers from tbe Shev tunction which Res a

more pronounced b shape 'as shown. =
goneidering the naat ervor g8 predicted by shaw

and Livesey et 8}, these results would probably pive &

static hole errvor 4o vithin 20 per ceny of ks prue
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value and the author submitz that sithongh, %n the
absence. of a reliable static prossure détum, this state-
ment cannot be veriticd experimentalldy, the applicatien
of thia apprnximacé funetion chould reduce the stuiie

pre’sure Rrror.

In ordex ta uae the abovementioned redulis,

squation (kL) is exprassed as s

F

f_{f—e WAk 2)

oy P
b3 »

1]

This relationship i showa in Figs 5,1 o3 the ossuned

gorrection’ curve.

Tha part in brackets in equation (.2} can be
. :

expressed as

vepdy
———

»

By

Bence equation (h.3) Deeones

s - - eee(123)
Pup
vhere,
ametor;

Rp. = pize Reynolds mumber based on pipe ai
1ocal soefficient of skin friction defined a8
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' mean conduit veloeity.

Now Cp ¢an be expressed in terms of ’79 and the

_ earve Tep. ing this imentsl relationship is

shown in Fig. 4.2, Dy means of the curves in Figu. bul
and 4.2, equation (¥.3) can be evalusted to pive the

avarsge correction faetor for practical velues of ﬁ(ﬁ‘.

46 varlous Reynolds numbérs.  Thup & family of correction

enives can be drawn.as shown in Figs 4.3.

From these resalts it follows that a Feasunuble
eorxection can be applied to any wall static pressure:
veadingy in & parsicular pipe, dependingion the hole aize

_snd the Reynolds number, or thet the maximum valde of &
. :

static orifice diameter can be aotormined
3 q
attain a.specificd 1imit of mecuracys . §

in order %o

Tt is necesnary to point out, nowever, thats the

successful application of this corresbion uethod depands

on. considerable additiensl experinental works Phere. i,

at present, some doubi apout tie exact shepe of the S

eurve, cspecially near the origin. T}}eoreticnlly the

e origin should be zeXm, thus

gradient of the curve near (23
57

y
substantiating the presently asocepted § forms snjﬂ,v s

experiments confirmed the sbave of the curve nesr the

18) N
origin. Stratford and Ascough ¢ reported such & wide
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ntatber near the origin that it wae impossible 4o
Getermine the exact shape of the cikve. = Rae 53 ou<
tained .a curve showing an simast lincar relstionsbip

{55}

aear the svigin (Fiz, 4.%), and Lester confizmed

tnis shepe.  The most recent work by Livesey et al (55)
produded yet anpthex curve, as shown in Fig. 4.X, bavisg
a very fiat O shape which, in foot, approximstes a flat
parabola nesr the origin. = This part.of the curve vas
novever obtained by extrapoloting to zero Hols size in

" pedordsnce with the assumption that tae static hols errér
might be proporiional to the mean dynamic pressure in the
undisturved ficw in the boundary-isyer. ' This Wyputhesis,
whick still aveits sigorcus. corroborabios,@ogs st seem
Bareasonable. %"\\H

5 (s7)

Applying this app: imate § curve,
caleulaed corrections for stable presemre reagings . in
boundary-layer flow st high Reymolds mmbers, in fully
aeveloped flow in e pipe, and in A Gvomdimensional chenael,

differentiating betvween the 'inper! or tuniversal’ and

fougert* fiov regions. fhe difference between & stutic

hole corraction for 'inmmer' and router’ vegions in pipe

flow is, however, not appreciated. The correction due

repion is the flow zome near a
i i i i i tant
ipe wall in whienh viscous shear ptresses are as impor

ii‘yturbulent gtresses or predomimabe, 2he 'outer' regionm

oecupies ell but the region very elose to & wall and here
turbulent shear strgises predoninatc. ;

The *inner' or 'universal'




to turbulenes, whick is dealt uithﬂ,in the following
parsgraph, vould be different for the tvo regions bub the
stetic hale correction in surely not affacted by the
difference between the velocity dispritutions For the

*inner! asd 'outer' regions.

For determining the shape of the Sw-funrtioa near
the originm in order ta define its presemt approximets
form more precisely; vhe eubhor suggeste the following

experimental proceduyre :

Attenpts to correlute experimental resulis on the
iines aictated hy dimensionnl anslysis is a fairly receny
gevelopment and should form the bagis of future ex-~
perimental work. The meinm qifficulty in previews im-

# vestigatiors seemed to be vht of estinsting trus swatic
prespure ot the wall from seasurements of wall static
pressure st tapping points of various dismeters, and

by extrapolation Yo zerv nole size. Caleulaticn of the

grme wall static pressure from a series of securately
determined experimental paremcters instead of extra-~
polating in a region where the regults are subject to
peximum errors due to ti: smell tapping bole sizes)

seshe to be the preferable atternative. i

whe total pressuze in B boundery-layer:-vanm be

Aetermined fairly sesurately by means of specisl boundery-
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lsyed total pressure probes.  The newly-developad
hot-filut technigue (58 souia tnen’ be mmployed wna
wvelocity patterns, close to @ pipe wall in fhe bowndsry-
layer, pould ve measured to 'grenur aceuradies then those

given by the existing Thotewire' methods. -~ ¥rom these

eagured velocities the total

. 88

zould ff necessery) be corrected for turbulente end the

Fynani heas i s Trom which the dwrue

static pressure closa 4a the pipe wall voulik be eslow- .
lsted to ressonable aceuracy. This netbol wmdd pro-
vably yield & wore relieble error fupetion, ;)r BeoUTTE,
#hen the pesults ave corvelayed with measured wall syenie
4apping values. The error correction due Lo rhis fackor
will be doslt itk sgein when vonsildering venyuri meters

dn ghapter VI.

4.3 Zmtercal finish of tapping hole

Topping bole Finish, witer drilling, mast be =son-
Srolied vith grest carp. Roughmess effects in a pipe
wEli sve also importupt im the immadiete wicinity of =
ndie, sad ¢ is sessnpisl that gtatic orifises shoxld be
free from burre. . Shav 51 Arew attention to the fact
that errors ssused by smell burrs may be several t‘}a‘és
grester than thnse due to finite tepping hele aize.

For sceurate mensurenents, reaning on the inug’tﬁnl sdges

fs mperative and when a réistively suell fyde size is
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used in big pipes, with nigh roubgness coeffiaients, the
intexrnal pipe wall ahou.l:l be emoothed inmediately upstresn
and downstream of a hole, Burrg tend to shed myrinds

of small ¢ddies which, when superimposed on the nsin flow
near s hole, cause secondary tukbulence effects and in-

creased error.

Ihe awbhor submitz that ’tepping hole manufacturing'
couid be improved considershly end possibly standardizea
if plugs were made separately. Thié vould ensure the
necessary meticulons sitention to finish;  these plugs
gould be Pitted into a pipe through a boms such that so
edges or burrs existed between the intersally prepered

pipe surface and t?e internsl pilug profile.

3.5 Bounded internsl tapplag hole gormers

If the Internal hole corners are rounded excessively,

secondary £lov occurs in the immediate hole entrance

causing iwpact which temds td inaresse Yrus’ locel statie
prefsura. e i

Host investigators preserive a * omall! or
trestonable' rounding of he internal edge without
attempting w0 specify the radii. Work at Liverpool
(21) goems 1o ingicate that a 'siight’

niversity
rounding to e redius of sne~tenth of the tapping hole
AT} 5

:
ed & ridius of
¥

glameter is desirshle.  Feale
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= Fnrtberr»caeareti‘:ul and experimental yxark‘yunld

one-quarter the hole dismeter but gave na reeseh’ for
choosing thi¥ parsiculsr ratio.. The 2.5.M.E. coé{
preseribes redil vhich appereitly have nie fixed re-
lationship to Hole diameter. . Neale's values, a6 Well s
#hose specified by the A S.H.E. Usdw#, seem high when

conpared with the Findings ab Liverpuol University.
5] Y

tAvessy ot 91 (551 on vhe ovmer mena repartel thut
& hole witl radiused edge wuvs & larger =rror thait one with

& aharp edge free from burrs, vheress s hole ¥ith cha

farred edge shoved & réduced. sn-ar. Glu.ns, the effect

of this factor rcmaun o soures oe npeculaﬁuws.

‘therefore {67 0f vonsiderable masistance.
iprobably be advisable o selact s deep holg.of ‘ai’menar,\
4., sné to adjust this at entreme¢ 8¢ a mlightly kigher
yalue §6 nllow f£ox the sffect of & ;’cxcnlu rouniing

radius, T whe atatlie hole alameber to be used would

then be &) = dg +2 ro, instead of dg. See Fig. b5«

yne aughorts assumed sorrsction surve {rig. 4.1) “souza

then be applied to puete adjusted orifice diameter yalues::

t.he best relationship betveen

T‘!n sttempt to sstsblish
\?a' T ¥ 14 should we oﬁsekved noweveT, thak the
younding radius ig, in ef&‘e:t, annlvguus to an increase
in atatic orifice d;nm"zar, and nxerefnre these r!sults

should be comparcd < itl. these obtu).nea from zdent:cul
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sharp-edped orifinres. I & more reliable statio
preppure datum could b4 calculated, as proposed, the
Aoubt ¢ohcerning the arvor efféct uf thid factor couid

probabiy be eliminatea,
3.5 Hiethod of pressure tapping

Prassure can be seused by means of :

3.5, A single tapping poinmt in s pipe wallj

3.5.2 ° o number of orifices distribited symnetri-

" eally sround e pipe cirsumference; ' or

piezometric slots or rings over the whole

or pabt of e pipe perimeter,

Whas £lav is sufficiently 'Et:&ish‘%‘ &t any sectlon,
{.6. wt.low burbulence level, 8o that the statie pressure
remalps sensitly upiform over the stresm croaf-Rection,
the gyeragh Rbutic pressure can Be mespursd bY means of
5 pingle wall statie orifice.,  Rowever, these idenl: con—

aisions very seldow outain in practices

Swould the turbulence lavel be such that'a cir-
punferential statig pressurc verietion exists, methiod

35,2 above mush Ve euployed %o determine the vest

avarage vilue of the staidie pressuze over a orosp-section.

phis method is the better alterpative in ordinary rield
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end leboraiory sapplications.

With 2 view to impréving averagé statis preesurs

measurements in turvuleny flowe, method 3.5.3 ebove is

aften employed,

Tf, hoveser, the presmure st pointa

arouad s sirounferesce differs apprecisbly, cireulation

fhrough @ circumferential ring will

weswit, and an

erroneons statip pressure vill be yepistered at the

* jead-of? poist in the ring.

18 #he aisoussion on referemse (8), Winternitz

referred to = thesis on static pres

sure mesgnrement, Bubn

mitted 4o bk University of GBttingen by Ksuse, Aesding

. with pressure meszuremest by weans of a)otied oririces.

The results revesled that wvorsections were aimost

nepligible in the sbmence of A pressure gradisnt in whe

‘aifeetion ©f flovs % & posivion
Mndlng eige of ¥ slot of length Ly
prasaurs wap mesgured provided the
ob sloh width,wss less uhan £0x

oler-in tte “diycuspion that acrurate

slot«type gepping would prove Aifri

0.113 fros jhe

the gorvelrt static
Reynolds dumber, bised
Srraztord 8 poimren
madufecture of the

ealls in proctica.

Sk. i® slsd slenr that in tbe higher range oT Beyrolds

numbers the 810

4 width for & slob Reynolds mumber of

1ess thep 60 would da probibitively smalls

Hovbyers

the elot tapping aethod does not appenr




to be without merit end’ further thecyetical snd

perimental analysis seems justified.

3.6, Ststic lole error duv $o turbulence

When the Streawm tubes of Tlow in & pipe arve syraight
dnd persllel, static pressure is unifprm over a normal
erosp-séction. If stream tubes sve curved, however,
statie pressure increases from tha inside to the ontsiae

of & curve due %o the effect jof centrifupsl force.

Furbulence and eddiss in » atream csx be copsidered
as & obmplex strugture.of euived currents swperimpopsd on
the genersl flow pattern or motiou, aausing loeal

variations of statie p: ovey & pipe 1 i

In tuybilemt Flow the true stabie pressure sh o
wall static tépping would GLffer from that st 5 poin¥
‘Aia\;ant v from a pipe wall. Aumother factor often
overiopked 16 the diffgrenge betwedn the trye avarage
vall ghatic pressure and the true average stetic

pressure vver s pipe sopion This ai; is

of gerticular fapertance in the reagirement. of throst and

upstresm static preasure in & venturd meter.

The yavier-Stokes pquationy, expressed in eylindrie

,eql co-ordinates, can ye applied to this  problen for

fully aeveloped pipe fiow; the second momenbuR
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squation yields ¢ $39)

where 7,

s strucf-ut{

C7 men $8

employed move aceuradely. if the staiic’pressure, ae

messured,

=

“yt ang w' = turbulent \!elomt}‘ ﬂuqtuniuns,

i auis gorrestiop equat:
Lnux‘er 5 experimentsl results, whlcn give ghe turbulanev

. 1
“ruow pipei ") and iz 5 two-aldsanlenel abors

In veloeity traverses in ‘pipe $lov ‘Tor examplé, &

‘yotal pradsure proveland well static tapplugs sen be )
\

45 gorrected for hole size®ss vell #8 for 4
‘ lemce, the laster sorzecuicn aepending on the positien

6¢ the totel PY

v from-the pipe.walls

trne stavie pressure at vell t:am-ivm: ?
frigtian welocity, :

l -
¥, vhere v ¥ mpa radivus, ami Ve

0 ehn . b nm.‘mmea trult.

esaure proy \rélative bo ¥he pipe walli
g 3
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this stetic pressure correction csn thus be expressed

as %
7
— = o
N e P
= ¥ e e
- U &5+ 5E
vy A
1.y
°
sesvarenanves {1,5)
sog. In egudtion (h.5), 8, can be Setermiped from
A . .3 me shown esrlier, vhile A' , the turbulence

N ®
erro¥ compornent, can be evaluated from DLuufer’s datsa

ag shown in Pigs. 4.6 and 4.7.

As stated esrlier, the term for furbulence

Jeorrgction in the above eguation Bhonld, strictly speaking,

e avaluated as = turbulemce fentor for the Yinner region'

added to that for the 'outes ragion®, due to tne gifference

¥ pewesn. the turbulenes sbroct Wwe.in theze regions. In

mosy practical cases of pipe Flod, however, the effect

of diserepencies ia rool mean sgliara viines of velsclwy

flaegtuations in these rogions is 8O sngll that this

" refinpheitt may be neglected at the present stage of

developmant, ~As more scoursbe experimental dsba on
turbnfence struotures for aifferent flovw fields become

aveilabie, the spplisigion of sorraction edustion (5.5)
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i
A csrractifm which hai\r apparently been overicoked
wuvil now is that for the a‘?:eragg atatie premsurs over
& ‘eross-gection of e pive,asy, reletive to ths wall
statip preasure mésmurement :m turbulent flowg. AL

he eutrance snd throst sections of a venturi meter, for

gxample, the stetipe pressured us measured hy a series
62 weli static tappings erd considered ns vhe. aversge
salues for theda pections, irfespestive of the varidtion

of stotic pressure over & gipd crossesection. <
y
Neglect of this corréctivn would, of pourse, affect
- pxperimentally determined yalues of the dischurge co- .

sffigient Cge

The sssumed idesl n.v.txc yrussmu algtribubion over
& crogs-section of turhulent nov in o pipe is shown

in «Fig. §.8. It follows thot the mesn statie pressure

over the c¢ross-gection iz given b;‘( s
g s p, - f'h‘ epaeterasanessies (46}

werage vhlue of 4the turbulence
v 3

where A' teptesentu the &

K:wrrection over thé pipe uroas-svxchvn. At any poist”

dintans 7 from the pize wsll, the Suetic pressures Py

'-ri:Ll be less than the wallk static preamre, Pyr B¥ AR

amount &Y, -where A; i9 defined by equation (hab) o
P

The valuz of &L can e detmrmyned thus 7
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fag (r-yl &y = AL S e )

jr'/' i%in, ¥ ¥ )
yriting, me before, ¥ . w X, we nave

ay = oy .dy

and henge equation {4.7) bevomes <

2 = -
i Tag (a - %) . &F 2 e

p
A z - :
£ 8¢’ L
V- - = R
or by e z 2L - F) . 8 veseieiies {HBY

cubstituting equation (H.b) in equetion (3:8) yieldw:s

Fro
preir
LR RO b I
— -y w LR = (k.
o ° £ PR “\,‘ . 87 eefke9)
Ty i

”

Pron Laufer's (k2] axperimental detarminations of whe

yoot mean sgquared vslues JE2 and JETE for fally Geve-

Joged pipe L1ov, she, gersh( in squere brackets in

equption (F.9), ives ALs unve been evalusted for sifferent

wolves of 7 ws shown in Fige ¥el and hengedl {1 - T

onn be determined To¥ gitrerent values of ¥, from which
equa; ;(;n (4.9) can be evaiuated VY graphical integravion.
7.9 from wWhich iy Lollews

wng rygule iy shewn in Fige
S i
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Thus A‘ o ’na feterniged fors- purtxenlu-

frl:t:ou\ -re).r ‘,ty ‘1, exd from eguation {%.6) the trus awe-
rage static prussute over n pipe gromp-section undes
conditions of turbulent fiow can be estinsted.

The foregoing discussion Yevesls hov tbu difPerentisl

pressurs nreasurement in # yenturi meter ia affected. ~ 1T,

25 a first approa the turbul  in
the zhrost and at enbtrance to a ventux; netex ary. assumed
4o be dpproximately of the seme form, the fomstant, C,
in equaticd {4.10) would be ideutical for bhe entrasce

and hrost.sections:

Thma

K-{, {throat) o1}, and

b' {entrange). . = e,
The need for corrections would therefors mot bs elimi~

pated when a pressara girference is :onsldered Jbecausa

Awhe vsluas n!‘ T and T‘ at the tws Eu:f.xons are dlffexent.

,;Fhe ertert of tbis correctwn in 8 theoretical axprmxsxcn

for the gibeharky cmai’fic;ent o 8 venturi peber 7i'u be

deslt with in Chepter VI.
a8 wisted ariier, svelmstion of vhe foregoing

corrections i5 possible only ir x‘pliuVLQ expéayimental doba
en the root mean sguared -nlues ef the ‘m-qcx.ty fluce
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thations in varicus appropricte turbulpat flow regimes

nre svailable.

STAtLL FRERU NS DRSVIORS IN FHE PEUOT-STATIC TUBL

y

STAYIC PRESGURE ORIFICES IN THE PITOT-STATIC TUBL

Static praseurs cap slsd be miesured by eorrectly

plsced oritices in sphexes or exlismirical tubes. I

& wphare or n cylinder is eovncn} ofiented in & Tlow
71614 - thé eylinmdsr axis being either parsilel or per-
pendicniar o the diracyion of Plov - ot} ‘prf\;l\ure will
e regisbtered at the .stagnetion point. A mtudy of «the
preuuré aistribution arcund such bodies xeveals that
pomewhere betusesn the stagnation'point and the uegavive
oy suction pressury aone = fneutral position’ exista
whére & small orifice wonld register, approximatelys the
static prossure in the fluidg this position is approxi-

metely 0 degrees from the shagaation poink,

fheoretically, an opencend tube held with its axis
parpendiculsr to the direction of fluid iotion shauld
register the true stsbic pressuve. In practice; bowever,
the fluid dges nod move tangendinlly past the opening,
buy act\)all; forne comvex fhow Lines =t end within ths
operilg, thereby causing centrifugal syction.  On the
Dther:hana, o prassure inereese can yesult from within
the opening. The more provision of sn orifice 4t the

sorvect position, wish 1bs axha normad bocthe direction
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of flow &% the particular peint, thersfore, doas mot

golve the problen,

The factors affeching static pressure measurement
by suitable orifices on spherical gr cylindrical probes,

gan be listed as :
4.3 The error due to inappropriste size of orifice;

the shift of the neutral position on the probs

pody with imcressed Reynolids number;’
wismlignment of probe with direction of Flowy
the bounidary-ieyer formed on bhe prove itselfs

the effect of turbulendue..

Inappropriste orifice size

Just B¢ the P of & small pi Bale in

& pipe wall couses an errer in & wall $tatic pressure
measurensut, €0 alswy & comparable effent is likely to be
associated with an orifice on & prohe fece. Assuming
thét the static héle error if ceused by s disturbance
iu the fiow in he Donmdary-layer om the probe, an
expression ideatical to aquation {#.2) can ‘ba developed,

i.e.




s ®

5 u,pd

-5 = 4 saprevivaasenesare (hi31)
\'f "

where A: * static pressure error due to the Static.
hoie =ize on a probe, amd
4P = dimmeter of stabic hole, the other symbols

having their ususl mesnings.

To evaluzte equatios 4.1l requires experimental inw
?estgkatinns. The total pressure in‘the probe. boundary-
layer must first be degermined by means of mini%ﬁure
yoval pressure probs. By Thot-fila! technisne veloeibty
profiles zlpse to the probe face comld be surveyed and
from theme the static preszure could be caleulsted.. "By
correlating the calculated with the mesiursd probe velues,
an ¢FroY curve eould probably 1’75 congbructed to give

arror for & particular instrumemt,
- i .
gowhere in literatnre én thi

the probe static hole
s subject could the author

.#ing &ny evidence of attention to this factors

k.2 - The shift of the neutral ition R

fhe position of the Tmeutral poist’ on a spherical

or a gylindrical face in & flovw Pield ténds to 8hift away

fx'om’ the stagnation point as the Reypolds nwabér inw
tion- of atatie

ereaies. This causes over-registra

pressure because the positive pressuxe zong [OVES OVEr
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the positions of he static oririces, In tke nigher
Reynolds numbsr Temges, the ‘nentral point? alse tends

t0 oseillate wbout he position of she stutic orifices,

The deppree of shifi or oseillation is mosd y%wbably

controlled by the sarbulence level, and could be cawsed
vy tbe complex interchange ¢f energy betveen the laniner
sub-lsyer end the turbulent boundary-leyer om the probe,
A Yorm of boundary-Isyer control rould perhaps minimigs
¢his effect, but such an approsch would probably pose
nove difficultics thas it sofved. i fae{n;f wizl
apparently alvays prsasnt’ an E‘)ﬂmbucla io static pressure
|

negeurenent.

4.3 Probe nlignment

Ong of the main souvees of syror Tesults from the
airrieniky assovisbed vith sligning s probe ecourasely
with Ghe direcion of fiow.  This is proncuaced @itk
ths Prandtl snd Brebbd tides where thé static orifices
o piszometric slotd are positjoned on 3 cylindriead tube

naviag itc axis parallel to the Plow directiosns

1+ the instrument is inserted into o flov fleld,

4t an sngle of yaw or piteh, the static pressure vrifices

segister stetic pressure plus 3 component of the dynanie

pressures Fig. 4.10 shovs the gtatic error curves for

the Prandtl and Brabbé tubes. Fhese iustruments have
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spprexinutely identicnl sensitivity characteriatics

ror angles of flow direction, the 2rror being about

-5 per scent ot =i angle of attack of 3 1¥ 'degrees. fha
limitations of these instruments whern high accuracias are
reguired, in two- and three-dimsnsional f£isy fields,

ere therefars gelf-evident.

b.%  The probve boupdary~layer

The formation of ¢ boundary-layer ¢n a prove would
affect thé registr.sion of static pressure,. If, s
vas assumed, the sbetic hole error is cawsed by » dis-
turbance of the flow in the boundary-lsyer smd if the
probe bounlary-layer combrels the shify of the ‘mewyral
point', this effect should be studied in detail by nesns

of total pressure and velocity traverses. The e2fect on

static p of how y-layer growth, B

§tabilidy . end Tloy ‘jas not received the necéssary

attenticn . nnd alihough the experinental oustacles
dsdnitkied wivh such sn investigetion would be considerahle,

1 funddmental study Af this pature sesms to e essential.

4.5  She effect of turtulence

1IF a pitot-sistic tube i3 aligned with the main

divection of flow in a verbulent Fiow regime, the uf

fluetuating veloeny component would wob affect t.hn

static prassurt vhsreas the v ana w' componente wmxa
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tend to inerease the stetic pressure, depending on

s s Er
the actusl floy directions of these turbulemt componants

at-the position of the static orifices. Exprddsed

maphematically,
" — — v
R c 3
I Kyp [ w2 ,,,a} vevnnevne (B1E)
where &;j = svatic pressure error due to tdrbulence,

and

constent to be determined depemdiing on

[

v the directions 42 the turbulept flme-

tusting velocities. .

i3 ;
% rigorous mathemgtical Sprmulstion of whig effect

is got yet possible, but- Fage (593 Lupgested thnt o prove
vould oyerregister static pregeure by an amgunt
%a[v'i pa— ] in o turbulent Flo¥w Piglds

yyus eqhrtion (h.32) oen be writbea am.:

N . RN wi? fes o
2 o= - T FrO N

. . ¥l N (n13)
1 £ e .

in 1836, Fage sugpested the suove velue of
K, = . 0.25 and, 0 the suthor's kaswiesge, BO PaTihex

atbention was given o this Pactor.

¥

i
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can be writtcn as s

. —
v wte
o b e avermacve (Mal¥
Y Y

replacing Fage's constant of 0.25 by ky.

Instead of seperating the static pre‘!sﬂte errox
gue to orifiee size .omd twibulenes - the farmer would
be ‘very difficult to evaluate as pointed out earlier -
one could perlieps consider the inherent orifice size
erroxr as being related to. turbulenmce ﬂtx‘uctur‘u. and

rewrite eguation {h.14) in the form :

L e
—=eays S ETE
ok » o R R e L

vhere K is m correction cosstent and & is “he total

static pressure error i.e. due to turbulence and orifice

size.
rrom Dauferts (¥2) acke a carve o be costructed
¥
o - k3
expressing 3 . by in terms of ¥y, whers ¥ = T
. wipk

as befors.
It 14 evident fhet if by 48 dcterminod experimembally,

¥ can he éveliieted from equetion (h.15) for @ifferent yo-

sitions y. Thus, the tpest! value for static pressure
at ey s point on B pipe cemtre line can be getermined

by using & well static tapping end corredting the B
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