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, . | DEVELOPMENT OF HIGH SENSITIVITY -
’ .. " DISTANCE MEASURING. FLUIDIC DEVICE

cE . i w - L. ,

../ Stéphen- G. Schneller
' .t . . ' N ' ! ' . . -
N | o . ABSTRACT - A

-!
”

j :
A novel, jet-emission type prneuntatic. llnear dﬁ?tance .

measurlng 1nstrument was developed at §ir George Williams

A\\ - ‘ University. The sensxt1v1ty of the device was established to

be in the range ‘of 6-x 10~ -4 1n/psl. The measured dlstance is the

gap between the jet npzzle discharge port and a flat surface. The )

i} Bl

e j' . 51gna1 output of the senso head is negative gauge pressure
F

(vaéuum) ‘ The range of measurable dlstanceaextends over

3 .
107 im0 L - A

2 . .

A theoretical model was developed to describe the flow

‘\ Calculated values for signal output using the theoretical
Lo s ’.;model are in good agreement with the experimental~.< .
5 fieasurements.. f'kh . ' o i
. -\.';a . B - B . C
s o : o . L .-
. A standard 1ndustrial spray nozzie was adopted with only
A ,sllght modifxcatlons to serve as the sensor head in the i
experlmental set-up. Excellent results were obtalned ‘both
in sensitlvity and repeatabillty by th1s 31mp1e device. .

phenomenOn between the jet nozzle and the Opposing ‘surface. :' ‘

+ Yaw
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- T _ INTRODUCTION
. . - ) \ P * ;/ " .
1.1  Peview - \\ / & .

Wlthln the past flfteen years,/major developments took .

P

place 1n‘the:f1eld of fluld controls. Pollow1ng the

B . Q’ . ' ! * .‘\— i. 'Y >
development of fluidic technology, a W1de varlety of

FEA NN

cpntrol dev1ces for 1ndustr:al and sc1ent1£1¢ ‘usage was

evolved. These' 1nstruments, mostly worklng w1th a1r, may

offer many advantages ove;'conventlonal mechanlcal and
\'\ T T

\ electronic control hardﬁére.' Among " those are, that the

three major tontrol funetions: - seﬁsih:, signal computing
J : ~' g . 4 \

<

.and activating - can be carried out with'the same fluid

. medium. -Fluidic devices are not'affeéted by static elec~ :

.

tricity and ﬂucleaf~iadfation.' They can function at hlgh

temperatures wHére semi . conductors are llkely to break déwn.

. . R 2

;o .,//I‘ . SR 4 . -

. i . . TR al o
’ o . " [ I '

.It is. mot syrprising then, that a.concentrated effort is

[ . . . .
[ . . ¢

jbeing'made/to further refine the technology by developing

. - -

Co PN s .
new fluidic control elements. -~ oo .

~
‘e

[ S e oot ~
N e

‘Oneipartiqplar,area of continued interest is in .the’

i meaéurément of linear dimenslons.\ Devices used for this
M

-

purpose rmay be classified. as. “sensmnc" hardware.- Being.

such they may - elthcr form part of a complete control

N ~ * l
A . . R ~

« ¢, - W, A
. . H . o
I

ar
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system, or they may be used for the sole purpose of

1nstrumenﬁatlon. o ‘ ‘ -
« ’ .

-

v
-

‘

Prec151on measurement of l;near dletances 1s by no reans a
C -

. new art.‘ As early as 1885 ;1r Jo enh Whitworth, develooed

-

a.machine which facilitated abéurate mreasurenénts up to
4

10“51ns.. Thls was followed by the lnventlon of a varlety

“of mechanxCal 1nstruments, mlgrometers and the like whlch

utilized whitworth's screw and°wheel-hut princ1ple. .Later

¢ a

.on varlous lever maanlf‘catlon technlquES were employed for

particular measuplng :equlrements. (See Ref', [1]) More

gecehtly, optical,.eléctpic,\electrenfc apd-pneumatic

-

- devices ‘were added to -the already extensive list of
. 5 ” . ) '

.may beioffereé as follows: . T

instruments... For ‘the purpose of comparisoq‘ﬁa brief summary

¥

o

s

‘Optical Methods . - - o

~ -
[
~

The appafatﬁs using obtieal‘methods eould be claesified as:

-Mlcroscopes and projectors, whlch utillze the .

L4 ..

'7 y optical- magn1f1catlon prlncnple. ~ e

~OptAcal comparators and auto~collimators, ,in whiéh

a llght heam is aeflected on a plvotlng mirror. /
The angular pos:tlon of the mirror is altered by, the

measured dﬂmens1on of an object through mcchanlcal
. \ )
llnkaqcs. ‘




) .
. -

—{nterferometers, which based on the constant nature

. : of llght wave lengths*prov1de absolute llnear N

N : " distance. measurement\““These dev1ces operate on .

s
.“ : / 4 ” ) g .
. . the prinCLple tbat light rayslvhxch are 'Ln—phase -

A .
' S

are add=t1~3 ard rays "out-of-p ase" " a.gel ea‘t
AR other.. When a condition exists such that the igs

phase and .out-pof-phdse relationship between a light
o . © bear and its-owﬁ reflection is repetative,’then

_ s intérference bands of bright and dark areas are A

: produced. The width of the bands (also known as
¢ ' , . -, o -
- fringes) are £he measure of linear or angﬁlar
” I

posxtlon between the- prlsmatlc and mlrror elements

Y

of the apparatus.. Sultable"llnkages cause the

IR o relatlve position of these parts to vary in
relatlon to the measured dlmen51on of- an object. .
. .‘ ’ ' o ' ’/
- o o , T S ‘ X

«

Electric Methods = - 4 , . _ S

..
- N ® >
e : . B at

’ .
-

-

The electric comparator is operating with two coils which - -«

B L R N
.
.

o s ) . . #
o s‘ form part of a bridge circuit. W¥hen a movable armature.

T

. 7

betveen the coils is exaotly Midway, the bridge is )
N . [ T . . o
. o balapced. Through- a mechanical llnfade tﬂe posmthn of the

TP TR

.
et

é ¢ . ¢ 'armature can "be altered ‘The- reeultlng unbalance in the
g ) .
£ ‘bridge c1rc\at is an exact .measure of the armature movement
% . » o
£ \
é‘ " The actuatlng ilvkaqc is po«1t10ned br!the measured object.:
i\ N N ¥ .
1 . ) : ’ oo : - S
« B . \ . N
! . - M . \ ’ * )
- \ . . )
' . T, .
' . . P T B C o . '
‘ - o ¥i R ) A R ",n\ ° - &C‘ ': A . '
- . o ' S A i Ty

. . ' N . -
v:—w,..,‘g—- ety ey e e s ate var veihm e * Pt . oy —7"*‘””".}" vt
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.

The Qperatioﬁ of elecﬁronic compartors is based on the

, - alteratipn of frequency modulation. or radio oscillations.

—. : " An inducﬁance coil and a variable condenser are in ¢

- R

comblnatlon to form a tuned circuit., VWhen the capacitande

of the condenser is cbengcd by vary;nc the alr cdp ketueen
" \ ¢

.condénser surfacée[ the fréquenoy modulation is altered.
D "' ' ' The ‘adjustment.of air gap is effected via a mechdnical ’
linkage which inftuggzis set by ﬁﬂe teFted.object, The

/
5 < > i3 . s bt »
*frequency modulation is indicative of the measured:
; . C, °

d - ‘'

C s dimension. ' }

L Y ) T
l_' . '/‘ .
[ . The aforementioned optical and electrical measuring devicee

i

a

are~évailableqiﬁ a wide range of accufacy‘ It appears |
. X * < P
’ " though that the hlghest accuracy attawnable by either

.

9

LY [N

Fluidic Methods

\

e f
Under the‘aeneralccqpeof measuring dlstances or, sen51ng
the p051t10ns of ohjects by flu1d1c meané, many new

devalopments were recorded recently. The devlces in

[

2

existance could be listed in two categories: .. A
A. Proximiff segsers, whicH~predude a step-like =
:i.el d1q1tal pressure 51anal ‘to. 1nalcace t;e |

presonce of an object Ulthln a predetermlned

'dlqtance away from the senser. \

v

- \-

K

-

method is one 1nstrument graduatlon in the qrder of lO*ﬁinsl

2

.
AR it » Sl ot
J - .
1,

2 a® i
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B. Arr Gauges, whlch produce a- szgnal (flow or

pressure) that can be calibrated to establlsh

o the distance of thp object from the -sensor. -
. . - -Q 3 , " . , . . . A . -
“i*, 1“{ (ive. the devices produce analogue’signals.)
3 & N ~ . &
~ . ‘_ . e . *
Voo } .
\a ' \’ N4 t ‘ !
A. Proximity Sensors _ e S e s i
A -

8

. In- the case of proxrggty sensors[ the userulness of the

dev1ces are enhanceq»}f the object detected can -bhe far

away from the sensor Qead . \

' w - s
~ .
5 t
» q

-

dlverglng stream apparatus. In his device, a hollow con-wﬁ

h

shaped alr jet is issued from a c1rcular nozzle, as shown
~in Flg 1 - ¥hen a flat object is 9051t10ned to subtend the
« flow, a 10w pressure reglon is crea;ed in the center of the

Q
T
.

,cone ., The low statlc ressure w1th1n the'cone is measured
. P

EY

*via an appropriately located pressure tap in the‘sensor

head. - o7 . o o 4"

The characterlstlcs of converoent jeteprox1r1ty sensors

\

were exarrned by Le Funte and Pamanathan (Ref. [3]) These

1nvest1dators obtalned very strong step—llke 51gnals when

¢

qﬂ/,f””~ an object was ‘placed O 2 1ns. from the sensor head mhelr\

sensor goometrlc conf1gurat10ns~and‘operatlng pr1nc1p]es

Vet

*are shown in Tigy 3. Basically, the sensar issues a hollow
N o . oot . . N



: authors. Lo AR : ' R
© > / NN :,\‘ ) . ) e
N o - - . . R - ~ :

-

~conlcal alr Jet converglng into an apex 0pp051te ‘the - b

issuing port. The pressure in the central area is measured
When there 'is no obJect placed agalnst the flow, ‘the central

}f Core is under vacuum.- ‘Kext, when an ob%ect is brought into

. ‘clOSe.prOXLmity of the head but the‘apex is still

' uﬁdisturbeo,.the meashréd negative pressure rehains

'Howevér,‘when.the.object is moved to or beyond

v

the apex, the statlc’gaﬂge pressure of the central core

unchanged

sztches to pJ;ltlve.

B

A similar device with three convergent jets were

investigated. by Slnclalr, Lethermah and Halford (Pef [41)
In thls case, the ﬁa;:Fhm'dlstance of an object detectable

" was found to be 0.4 ins. Sensor geometrlcs and performance /-

characterlstlcs are shown in F1g 3. These.investigators

shovecd that their apparatus was sen51t1ve to detect the
A N 1
2
presence of objects with variots contours, not only those

-~

with flat surfacés subtendlng the alr flow. The dynamz&cm

. response of the apparatus was‘also examlned b§ these . T

.

. B. Air Gauges

»” -

)
Alr gauges (or pneumatlc dlstance qauges) are ba51caliy

© e '

comparators, that 15, they are\callbr%agd against standard ‘ v

blocksy. plugs or rings.

" The working prlnc1ple of these- - -f
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'The-sensitivity of this device was observed to be :

2 x 10-6ins. of ‘measured distance variation per mm Hy0

devices is primarily to measure either the back pressure

or the quantlty of the a1r flow, which is allowed to

escape betwfen the 1ssu1ng port and the subtendlng surface -

" of the- reasured object. Lately, lmproved sensor desxgn

(ﬁef.[S]) wore 1ntroduccl, wvhich reasure t?e prcssure of

)

‘a secondary flow oenerated elther arotnd or 1n5ﬁde the

o -

strong prlmary flow as shown in’ Flg. 4,

.

Commerc%ally mvallable alr gaunges generally have

0. 00005 ins. reading accur&cy It 1s*noted thﬁt OW1ng to

their 51mp11c1ty these 1nstruments are cons1derably less

) expen51ve ‘than optlcal or“electronlc devzces. Con-

3

seguently they are favoured 1n 1ndustry wherever they are

sultable for- a. partlcular appllcatlon. Dpe to this

a

".commerolal acceptance, con51derable research effort was

9 -

A3

' made,in‘recent years to furtber 1mprove-the‘performhnce

\

of these instruments. - -

~ ey, .. T R o !

. ' i : . - '

In 1970, a hlgh prec151on pneumatic dlstance sensor Was

N .
developed at c1r\George U1111ams Unlver51ty. The device’

1
-

{shown in Flg. 5) used the ejector prlnclple by measuring
) -4

the static pressure of the supply a1r flow before it is

x

1ssued from a round nozzle.

-
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pressure change. The Llneaflty of the output 51gnal

'extended over 0. 01 ins. range with the closest object--

\ "..
OPEensor dlstahce being 0»005 ins, and the farthest

0;015 1ns:‘ ‘Crile this output characterlstlc represented
impro¥ement’ of. existing airxgauges,ﬁthe ‘repeatability Qf

the asuremehts fell short of what'is required‘from

<

precisfon instruments. This was attributed‘to the fact,

that the output pressure was tod sensitiv
..\' : .

in air: supply pressunsw Nevertheless, the results» ,

obtalned gn accuraby in dlstance measurements under' )

’

'constant supply pressure were encouraglnc enough to &

warrant further investlgatlon and ekperlnentatlon.

e’ S . ’ \u . {1 . iR

The’ mixed units are used aeliberately”to:clearly,

-

*

dlfferentlate between measured dlstance expressed in
4 &
Brltlsh Unit and pressunb mcasurement in mm of water

* LI N

(Metrlc Unit). . :"i~ . RN :

‘e . ~

e

'

'




exhlblt the hlghest Sen51t1v1ty coupled w1th good

\.object. Sihce the radial flow velocities decrease with

1.2 The"R;dial‘Fiow Sénsor

Y

(S \ . L

" In an effort to~improve\the ovérall-acburacy in distance

weasurlng, by pnetratlc neans, varlous conflguratléns ‘of
‘Sensor 1“cac.‘.s voere cv nted. The one which proved to
repeatabillty, shown in Flg 6, 1s the tOplC'Pf this work.x
For a descrlptlon of the fundarentals of operatlon, it is’
sufficient to say that‘air is forced to asSume a'radisl‘

flow pattern hetweeh the sensor head and the measured

A t

~increasing radxal distance from the center, a statlc
pressure gradlent exists along the radius. At the ’;
outward—most perlphery of the passagé where the flow
‘exhauysts into the surroundlng,_the static pressure'ls
always atmospﬁeric. With thenberiation'in.the f}owlgap
.between measured object andjsensor_head;,the'redial
velooit&.at aniuenxradius'will chahge for 3 constant jet,.
SUpplp pressure. "As a result, the change in velocity at'
‘a pressure tap located within the flow reglon, produces a

change in the deasured static pressure w1th changing flow -

‘

gap: ‘ e T e

» o e - -

An exact relationshlp between the flow gap width and statlc
pressure rcadings can be estahllsbed It was found that

industrial pa1nt spray no7zles could be modlfled for the
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purposé of testing the aBoVeidescrgbeﬁﬂprinciple{

There are two main functlonal components in such a spnay

¢ 1

<Fig.

nozzle. The. nozzle itself and a noZzle rlno are shown 1n

'

f(d)-‘

ke roz zle r*rg is

pos Jtlpred 1n such a

..

L

¢

manner that between the two elements, an- annular space is

mhe .central passage of. the noZzle is connected ‘to

.tap,'the output cf which is connected to a manoneter.

It 1s thls partlcular geometric confrguratlon whfch Wiltgn
. .
be examlned in detall in the’ follow1ng chapters.
. ‘\&\ ' K ) . :
Y3 Y . vt . k , , X
» . -“ feoe R .
;e ) ' v e -
o ' > P \
’ . N e T v,

9 , .
T T
" . ( - "a
- i - v i : !
.~ I ~ ¢ 7 . ’
. . ? ' i . . . . f .
el -y T S R TR Wmmmmm*w iy

Con ¢
the air supply. The annular space is used as the pressure

A e

Iy ' .
- ’ T . A\
’ . « . . ~ . . .

'

After 1nvest1gat1ng a number of dlfferent sensor heads '

[+

‘of this type, it was-found that there are certaln ' ’ .
relationships between gap w1dth and measured*static \\\

pressures, However,ﬂonly a few nozzle and nozzle ring

-

combxnat*ons resulted in.a geometry whlch prov1des a,\\

highly sensitive,distance measnring device.

.

-
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Lo * a

J - ~




' N .
’ R . . Cor ’ _11_
.o N . ‘

l. "L . . s, . « ~
T o : . CHAPTER :2. ° , ' @,

L - A

, DESCRIPTION OF APPARATUS AND EXPERIMENTS
Al . - . N

o
)

i oo 2.1 Apreratus. e T
b .
. M [ ]
. & o . ; ~
N\

o N Flg.‘ﬁ(gf serves to illustrate the configuration of the
R sensor head., For the purpose of our experimentation, a

Spraying Systems Co.'No., 1650 air nozzle was used in

<
¢

B combination with $#70 ring.” The meaning.of above

designations is as follows: ) v )

¥

Nozzle bore (throat) 0.016 ins
Nozzle outside diameter 0.050 ins.

” Nozzle ring hole ‘diameter 0.070 ins.
“ v ' : b
! ' ' T - ' . . I\

- . P

! |
\ § ‘The only- modlflcatlon performed on the unit was that with

the #1650/70 nozzle-nozzle rlng assembled the ring and

',;;‘ . L o nozzle surfaces were machlned flat and a chamfer of

L

P' PR approxlmateLy .004 ins. was cut on the nozzle dlscharge

!

’ port. The centrally located nozzlsrwas connected to the
‘ :f L constant pressure supply line as shovn' in Fig; 6(a) he

TN annulus forred between the nozzle outside dlameter and

*,
) ‘

nozzle ring inside dlameter was used as the pressure tap.

L

. : ‘

F°“- e Accordingly, the. passecc under the noazle r:ng was
P N L]

conneéted to’ one of the legs of a U tube manometer, whlch
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was filled with a liquid of-SP. ér~2.95. fig) 7-snows the- ‘ PN

complete exper1menta1 set-up.. The pressure regulated air - v - o
:supply was passed through a’Fisher Porter Mod ot

FP 1/8 - 16 - G S/CD "- 10 - l303 flowmeter uSLng a

d‘areter starnleSS s*eel all float - The flow-

;a

meter exit was connected -to the air nozzle as descrlbed

above; Parallel to'the air nozzle a UqG Co. pressure

gauge of-0-15 p51 range was connected Subtendlng the'

nozgle on;the test stand wes.e)m1crometer greduated in

k] X [ ‘e N !
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. With the apparatus.set up as shown in Fig. 7, the experi-
. ments were carried out in the f61lowing manner.
“/‘ ' . ) N o \. . M “ ¥ .. » @ l«
: . ’ - Ll : ' coL
L e "A. The nozzle ring was installed on the #1650 . TR
- . . " . ?’ ‘.‘ et - N
‘ R © . - nozzle. . ’ . ve T :
¢ ’ B. The reference dlmen51on which co-relates the
-~ L 5, ' nicrometer readlngs to the actual dlstance o
: \ .between the -sensor head and plunger end was,
. . . .Mv Y . '\ ’ "
\ 2 _ establls ed. . : o
' C. The pressuye fe@ulator was set for the required
supply pres ure. Values of supply‘pfessure
§ wére taken on the pressure gauge. i.ev after
. W ’
C "the fl wmeter. .
. v 4 o . .
| : D.' The £ wmeter reading was recarded, and
- cted for the\observed back pressure.
l ) . E. efmidrometer plunger was advanced in steps:
: e _ o ’ and manometer readlngs (one leg only) were
| l . .
; . l .taken. After each step, the flowmeter readings
- '.‘ J e L] ) "
. . vere checked. N 1S TN
: F. Readings were also taken while retracting the

1 . ' o ; . .

4 . ‘. - . . ry . .
- A micrometer plunger, - . —*‘*‘\\

/ - _The above described tests were conducted with the pressure
: ; set at 10 & 15 psi. Test results are tabulated angd shown in
" *Appendix D. - .
'. . N ‘ ) ) ) '. ‘ . - - M -
v ‘ o ’ : J \'} R ..
N Y . . N ‘ . 5. . . - . A - ,
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habservatlonsuof above\tests are plotted oh the graphs as '

i - N .
o follows' L . R R PY

o ‘ Fig. 8 o Nozzie_Ring,§70 .

RO . : ey Set-fressdre:15 ésig’
. .. BT .

;)."'

Fig. 9 \_ Nozzle Ring $70

Set Pressure 10 psig

v . ." ' : : !

It Vas obserVed that at -15 psig test pressure, tre flow )

‘was 2, 74 cu ln/sec and at 10 psig, the flow was 2 22

’”--‘ " eu xn/sec.. Both of these stayed constant throughout
each indiv1dua% experiment. e o = N'«j,
' . " y l‘ ' . . ‘.
N S .o oL . N

e

Readings on the miééometer were taken w1th the aid of‘a-
\r

magnifying glass. Accuracy of the readlngs could be,made h

. tg within $1/10 of the calibrated sCale.‘ This is

~",,equivalent of t0. 00001 ins. reading aocuracy for the flow,
1 gap. :.'ll . L ‘.. . “-I: .‘. \‘ ,,:‘ ) ': ,..« . ;; N

t - - 3
. . . . .
. . -

As can be seen 1n 'Figs. 8 & 9, the performance of the

K]
sensor may be broken down into three reg;ons.' These are

..~ o . .
. identified‘as A-B, B-C and C-D in- Fig. 8. The~ . /rf_ﬁ\“

desorlption of flow conflguration throughout thé’three ‘

4 \

. o reglons is proposed~as follows. N - :
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| Fig. 8 because the flow is purely radlal between the -" o ' .

the radiai‘regiOn\is subsonic. When the ihletvilow is

forced to turn through 90 degrees, a low pressure bubble -

pressure sensing annulus‘and the exit area. - ‘ '

. X . . “ .
- ’ ' ‘ ‘.15- . '\ N

with large velpesnof Th* (ﬁegion A-B), the flow entering

is formed ,as shown in Fig._lO(a) The‘bubblefextends a

over“the pregsure measurlng annulus. As the gap () is

u

e of the bubble ls alsb reduced In

other: words, the effective reductlon of the- flow area is
\‘ \

less than the actual reductlon of the. flow gap (h). As d

w

-

x - D
TS ST ot i T D™ Capon W I s e
-

Ses

.For a certaln value of "h", the attachment 901nt of the

jet 001ncides w1th the outer edge of the pressure sensing
annulus' as showri in Flgt 10(b). Further\reductlog of "h"
at that poiht will cause the flow to”enter into the | -

hnnulus and'thus giving a‘higher pressure reading. -

Consequently, the measured d1fferent1al pressure AP

between the ambient and the sen31ng annulus is reduced as

-
t

1nd1cated in the characterlstlc of Region,B-C as shown in o

NP SVRE N

F1g 8. With st111 funther reductlon of the flow gap "h‘

the attachment\golnt finally moves towards the nozzle exit

s A I

s

to a new locatlon as shown in Fig. lO(c).«-From thls point

on, the device exhlblts hlgh sen51t1v1ty (Reglon C-D) in

i

=4
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‘throuah the dlvergent sectlon (cham‘er) of the nozule. ; 8

.

* In essence the £low path w’thln the sensor has a con-

vergent, a stralaht and a dlvercent sectnon. The .con- N

‘a

™

.vergent and straicht sectlons are in the sensor nozzlé

(see vig. 6(a)) and the%r georetry is fixed.  The down-

stream.end of the straight section is designated as thg

“thloat. The chamfer (Fig. 6(b)) is the first portion of

divergent section. The.radial flow portion constitutes «

'~ ‘the last portion of the divergent section. The radial

.path is of veriablé width., -

\ - o ’ T N . .

*

z -

:Alr enterlng the nozzle 1s first acceleratedgln the con-

=]

vergent sectlon Dependlng upon ﬂhe supply pressure, the’

flow .may eventually reach the: chok:ng condutlon at the

mlnimum-area whlch qorresponds to the end.of the straight ) ;

section’of the. nozzle The flow is then further expanded .

Generally, on “the dwveraent port:on of the nozzle, a
s §

complﬁ!ated flow pattérn ‘occlrs 13volv1ng complex shock
and wvave patterns and the ‘flov is forced to turn through

90 degrees into 'the radial passaée.'H:or sﬁfficiently

L



o

-

#2 small values of

. _ . e .
- a compressible\manner\lMo>0.j) or could be considered

fAh" - ls better than at low cupply pressure..

1Y ) . R
a17- . L
l‘ N i A “
"h", the flow entering the radial ..

Y

. .paSsa%e is supersonié¢ a% a result of the expansion -after

. . R . .
the throat. ‘However, in:the section slightl)y .downstream

\ . 0 . ' * L4
of the throat, it istuspedted that a serieg of:oblique
shocks take place. ﬁlthough'the°rultiple shock pattern

is hichly complex in nature, yet the end conditions . '

across the s?7ck region are very close to that of a

normal shopck lin one dimensional flow. (See Ref. [6]).
— -, ; - Co
Therefore; norral shock relationships were used in

L ¢
formulatlon of the flow model descrlbed in the subsequent

>

\
sectlons.‘ Dovnstrean of the. shock region, .the flow 1s

«shbsonlc, and as such, 1t decelerates toward the outer

Y ]

perzphery of the radlal passage. It w*ll be shown later

that tbetentlre sh0ck re%ﬁon is located upstream of the

pressure sensinhg annulus,,therefore, the measured pressure
N " + - C o . . ' .

"difference AP of ‘the -sensor output is simply the étatic

preSsu e recovery betveen ﬁﬁe pressure at the ‘annular’ .

‘reglon and that of ‘the amblent. o o ? A

~(Q:5 S “\ "\.~ o . 4 ‘/' ) § D.
l ' N

. c 0 ST
Depending on the wupply pressure, the flow, may behave i

NN L 4
incompressible (¥3<0.3) as it-passes between the pressure

sen51nc annulus and the ex1t area. At hiqher supply

\

:pres%)re, the sen51t1v1ty of the dev1ce deflned as the

rat*o of prcssure d\fferentlal ‘AT tQ the varlatlgp‘ln gap

'Plnce in

1
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the'te’t, the hichest supply preééurq‘usbd was 15 psi, in

« the following detai;ed‘analysﬁs; only this copdition will"’

be considered. Edr the 10 psi supply pressure test run, ,

. R @ . . . . LY . N [
- it was calculated that theiflow can be considered both S J

PR

~3

.
The analysis

(ST

‘larinar arl ‘resroressible. of this téet .is
4

.

shown in hppercix M where the solution ‘of the Navier .

.
bk, P S

. % .- *
- - Stokes' Equation for the particular sensor geometry is:
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. air pressuré the flow was choked in the nozzle.

3.2 Analytical‘Modeli S AN e

N

\ -
3.2.1 Choked Flow

The following é?léulat;pn will serve to show, fhat during.
the experiments with the' #1650 nozzle and 15 psig supply

N

..‘ -. , ' ’ \

The ‘measured volume flow was 2.74 in3/sec. under standard -

¢

atmospheric conditions. Thus at the poinﬁ of discharge

into the atmosphere, where flow area = 2r,mx0.003 in2 for

h = 0.003 in the averagé velocity is: . o
N , . ) v R

' Vg='Q = - 2.74 ='1038 in/sec. - (1)

) Ttk 0.Z8n<0.003 . L

% ~ 86.54 ft/sec.

- The sonic velpcity for air .at ambient conditions when-

hd ’

jemperature = 68°F is: 1117 £t/sec.

" therefore the exit Mach’ number Mb'=:§
) Mo =230 ¢ 0l0me T @

4

3

¥ »

Frﬁm*fﬂé‘ig;ntropic flow-kables.we see that for M.= 0.0774

. A/A* = 8,00 . ' * :
or in'bther‘wqrds . /r/j:‘ 5 ~ | |
I " A _‘2mroh _x8 . & 3
o B Tmem T T o @
v - - . ®
’ N ) | S Q.‘ﬂ‘ "\:
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.3.298 x 40° - in 2 S,

From %ig.G(b),it‘can be‘obsefved'that the minimum flow -

0.14 ins.

‘With Yo "—' . ; o ~
L. S rt=0.0175 . S
r* is the radius at which.the flow would have been choked. v 4

*
i

The flow area wat r* = 010175 is.72*, which is found tpo.ke" |
v - o :
e

‘

.2

area for the sensor occurs at .the end of the dtraight -
section cF thé nozzle. mhe'crosé—sectional area Aj.at

u- 2, "
that p01nt is calculéted to be 2.01 x 10 n, Since A, o

is less that A* the follow1ng conclu51ons can be drawn-

l.thased on theﬁtotal~flcw rgté,throcgh the sensor’
element, the flow must be choked. ‘

2. ,Tce.chbked flow must occur at the ﬁiﬂimﬁmhcrossf

.sectlon area of flow path, im this casé "An".

3. 'Pesults/of the calcu atlon for the theeretlcal
-

"choked flow‘area A* to be larger thar the actual

. . . |
.minimum‘areagA “indicates 'that the flow must

1

" have undergone some shock processes. U51ng

s

subscripts x and y to epresent condit10ns'~ o
P Yy { \

"upstream and downstream of the’ shock and ™
“ - subscrlpt *‘for’chok; nd;tlon;.it‘can be ,}
' ’ ” N
. shown that - R
: - o . ' _.
R Py My B
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when Po_is in . psi unit, . S e / Jﬁ .

Ly

. .
With an expected upstream pressuré varihtion of not '
larger than Q. 05 psi,. thls ylelds maxlmum 0 3% volume L
- flow variatlons 1n the experxments. ‘ ; _ X
v 9 /' ’ s - * ' ‘ . ". ) .
[ :/,.)
N .‘ ' \ .
. .
N ) 2 "8
. , ) R
AN ' ) ‘
~ 4

where Px ahd Py are the tgtal pressure o o . e ‘
. pstream and’ downstream of the shock. . f
. ' - L
When the flow is.choked, the mass.flow rate "m" becomes-the . § |
~function of the supply f1bw.total press&re and'3‘ :
:' |

%«

‘ C . b ) ‘{
Under~chog%ng condition, M=1, A=A*.and since y=1.4 (Egn. 5) . . { 4

. . ' MEERN N i .'.‘ . ' !

- becomes - - . . 2T ' SR G

» m=1.28102{[ 3 a*® "~ . (6) " .
' A : Ve.r° S . . <
s p s B ' ' » k '. L
‘Asshmind the total temperatﬁre i to be‘ghbieht, the
~ volume flow ratle Q can be expressed as v L 1.
- - . M . ) - ’ .“ ‘ ) . . ~ . . ) ﬁ.‘

"9 = 0,104p° in /sec AR ) I

{



,' ; fdllows: . for each "h" x‘za/l;%selected, the ex1t velocity

3.2.2 Calculation of Shock' Waves

" and Shock Front Location o R

4

* ) N . - ' ! . ’ ) v
" The following calculat'ions were perform‘ed in order to -

eveluate both the strength and position of the shock for
the 15 psi test case.‘ As mefxtl.oned prev1ously, the end | g A
condltxons across multlple shocks may be - galculated o : A
using norma} shock relationships. For estxmatxon of the o 2 )

. shock location, fl.ow'before and after the shock waves is

considered isentropic. ' . |

L]
The location of the cyiindrical shock .front was ‘detérmined
for three values ‘bf "h", h = 40 x 10 1ns., h = 35 x 10 1ns.
and h = 30 X 10 1ns. by u31ng a granhlcal method as s

s oy i
»

- »

lat r = r ) and exit Mach number is calculated. Pressure - © Y
. o R
at the exit must equal that of the ambient. Since the | . &

veloc1ty is low at the exit, it may. be assumed tha.t the S _ ‘ g

temperature is eg al to the ambient. A corresponding A/A*

the relationsh1p° :

2(1+71 2) 2I+1
l'_ { 2 M '1/ y=1 : (8) ,‘
Mt I +y e ' R

" is ‘de‘termmed usi

At a’ pre-selected radius, the flow area A, is used to ' . t

obtain Arﬁi . With ratios A,./A* = r/ro x A,/A*, Mach
) r

nﬁ@ber My can be determined. This Mach number is denoted
. 'as‘.M'y where subscript y indicates condition downstream of .

A
b,
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o ~the'shock From the Normal Shock Tables, the

cprnespondlng upstream Nach number M' is de;gﬂnlned &nd X

plotted agalget the above mentloned pre selected radlL: r

P L c e

A curve can drawn by %s1ng dxfferent values of.r -and . 2
calenlating the corregpone*ng valLe ofr"é.\ee?t, the -

expanding SUpersonlc (and. 1sentroplc) flow. downstﬁeam of

0

7 ,f' the ¢hroat is con51dered In the radlal gap, (dlverging
! h_. - path), the Mach number My L is calculated for . varlous i ) o -
N values of r" and plotted accordlngly as shown 1n Flg. ll o

T

The 1ntersect10n of the -curve M " vs. r with My' ¥s: r

; o ﬁs then the.point of solution'for-the shock front focationp
The Process is then repeated for another value of "h". ¢
The deta;led calcuratlons, presented in. Appendix B, yield : § :
the follow1ng results. . . . ’ .“' ’ _«¥ L '_.:‘ '}.-. 1
‘ ‘ PABLE 1
. h h Tg . Mx MY‘ i
. A_[Q A - '__3 . . . .
40 x10 18 x10 2.35 .528
‘ pEL . L3 - '
) 7] 35 x10 | 20,5%10 2,33 .530
‘o ., w . ' . “. . .:lb . Lt - . . N
K - B1 %10 23,0%10 . 2,31 433 .
| ! . " 4 R ' ‘ ‘ B '
] ' . ' “‘
w“x . ’ - *
1 L ol .
:’;/ . ¥ .. . — '
e e o »
' o L ..; N ] ' ‘
| o kN : N '
B TE—— el i Sp—
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pressure is measured.
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3.2.3 Evaluation of Pressure Rervery \ .

~

'
R

Based on fhe.celculations shown in. Section 3,2.1'it has,

N 3

been eétablished thét tHe shock' occurs well upstream of-

" 2

-the presqurf SC"Aan annulus reclon . After the shock,

the flow will be subsonlc. The pressure difference AP .-

between the annulus and the, amblent may be calculated by

\

' uSLng 1sentrop1c\flow relationships Eqn. ‘(8) and :‘

i ° - . e e o . ‘
o y-1 2 Y . L .
Pi_(1+‘—2—M =r .
R T e
. 1+ L5220 .
\ . 1

£

. where subscript "i" represents the point where the

N\

% . ’ . . <y e

In the actual experlment, the pressure sen51ng ‘annulus had

. an out51de radlus R, ‘and in31de radlus R; of 0. 035"'and

kQZS" respectlvely. The pressurelvarlatLOn between the

two extreme radii can be Euite significant. Since the .

actual magnitude of pressufﬂ measurement versus distance.-

-in’thé‘region of 1ﬁte;est is quite smdall, any error

introduced in selecting the wrong radius for the point of
pressure measurement can be detriﬁental“to the entire -

\“ L

analytical exercise.

%

A force*balance ana1y51s was carrled out for the annular

reglon in order to IOCate ‘the tﬁeoretlcal radlus "riv

e e wl
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_ ‘where the pressure should coincide (witv the average’
. pressure measured in the annular region.” Detailed .
. .ﬁlnalys‘isf is presented in Appendix C.
- Vs - - ) ' . R ' \ :
g . © It is shovn there, that under tke specified conditions: . = °
.\ ’ ¢ ! AN a .-.'
. Tyo= . (10)
. ’ , .
For the above values of R, and R, \ _1
T ri = 0.0298 # 0.03 in. . = SR
Nt ' : A <o n L
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. 3,2.4 ‘Results and Discuss
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At

_ Theoretical results b;ééd‘on the ﬁodel-prbpoééq énd the
- : ‘compressible.flow¢re1ationship'are'piesented'in,the

following tatle and,?ig.'8 togethe;‘with\the‘experinental

. " h%10

., Predicted AP

Compressible Flow -

Relationship

" Test Measurements

N

e ins

i of ‘Liquid
. (SP.GR=2.93)

12

psi

4

mm of Liquid
(SP.GR=2.95) |

LY

'Upéi

30
- 35
40

.172.35
122.34

1.444

1.025
0.767

241
143

\

2.020
'1.198
0.980

91.58 . 117

. . o C . . - -
It can be seen, that the trend of theoretical results is.

the same as that of the-observed values. In Fig. &

o7

‘between h = 0.0039 ins. and h = 0.0029 ins, the
‘characteristics appear to be nearlj”linear, and“have‘an

average slope of 22 mm of reading 0.1676 psi) pe;'0,000I o : : :g. ‘

ins. change in distance "h". The 22 mm reading
(0.1676 psi) on theltestamapometer would’répresent: o Aff ‘
. . 22 x2.95x 2 =130 mn (51.181 ins.) of liguid - - A

4




', dlscrepancy, it is relterated\ that the calculated pressure .

L4

with measured o

- ~. '_-2?'_

colu‘mn on a reservoir type manometer when filled w:.th

PN

fluid of SP GR = 1.000. (water) ' In ather words, the
I.

‘ "sen51t1v1ty of the sensor is 5 96 x 10 1n/p51 over a

N ¢

‘range of .C0l ins. It can also be seen in Figq. 8 _that

¢ . .

when the nozzle stpply fpressure is 15 ps1g, the measured
values of AP are hlgher than the ones dbtained by uslng
compre551ble flow model. In order to account for thls

o

varles mcrni&’acantly across the pressure sensmg ann.ulus.
\
Thus small dlfferences in the selected rj would result in

large differences in thé\calculate‘dabsoluge value of AP.

Sets of calculations for ry = 0.028 ins. were c'a.rrie“d"out,

and it was’ found t the calculated values would coincide

s.- The theoretical rj as established in

"Appen’di::: C is~based on the assurr.lption'that the flow can be

-

considered -incompressible and non-viscous as it passes

?

over the annulus. These ‘may possibly ‘account . for the

error." A proper correctlon factor to account for the .g..-

dlscrepancms will be most desa,rable, however, no attempt

was made: ir this vork to establlsh such a correctlon. .

-~ N . «
1

_ For the purpose of comparlson, th‘eoretlcal results

3

calculated based on the mcompressrble viscous flow

‘'solution shown in .Appendlx A are also presented in

Figs.8 and 9. It-can be seen that for nozzle supply -

v
u

pressure of 15 psig, compressible flow fnodel gives better

Al
"

. . ‘ .
. N . ~
\ ) -
. . . M . . \/
. . N
., . . .




model correlates better w1th the experimental results.-
’ Inltlal est;nates lndlcated that the maxlmum flow Mach
'{ahd7the ambient'for.the'EQSe of 10 psig supply pressure is
* number "Mi" exceeds 0.2 when "h" 4s reduced to

It may be concluded that the compressible flow model may

. 1ncompre551ble laminar v15¢ous flow solutlon may ‘be used

e -

- pick-cff region .is reduced.

: As mentioned previeusly that some of the discrepancies ' .

very mich lower than 0.3 for different values of"h! ' In

. . R S ' . .
approximately 47 x 10" in. (Calculation in Appendix B)..

‘It can also be seen from the analysis that better Sensofu, .

downstream of the shock regfon. - RO

\

predlctlon of the result “Ho&éVer, when the<subply e . (J

pressure is reduced to 10 pSIg) the viscous lamlnar flowa

LeooN v

number in the regicn betceen‘the gnnular pressure pick-off

\ . ' . \l\

the case of 15 psig supply pressureﬁ.newevéf, Mach

» . Y

RS
be usep for cases when the nozzle supply pressures excgbd

15 psig. For any supply pressures’below that value,

to predlct the sen51t1v1ty of the sensor.

. . - 67 4
: . N N R .
N .

sensitivity can be!eXpected if the radius of the annular

.fIn othet words, the annular
biek—oﬁf should move closer to the nozzle exit, immedietely' -

o N N N . 3
- : N :
- . s N N ' '
. . PN ' . .

N

v

occur between tbe theoretlcal results end experlmental R

data are ‘due to the selectlon of wrong "mean radlus rl" of.

¢ )
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. . the annular reglon.. It is belleved that the’ dlscrepancies
.,» can be mlnlmlzed bx reducxng the width of the annular : ‘
L. pickéoff reqlon. By decreas1ng the dap of the annular -
K . &

* region, .the region where drop of dlfferentlal pressure

oqcurred (uone B C)as év1dent in Plgs. 8- and 9 w111 also
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/ o . CONCLUSION - ) )

s " .
' A theoretical and experimental investigatiofx of a high\

sensn.tlvity dlstance méasurlng dev1ce was presented.

Results mdlcate that the sensor exhlblts a sensltlvn.ty

of (i x 10-4 1n/ps1 over a range’ 0f 10-3 ins. The device
. consists of standard commercially avail‘able spray nozzle
o . components manufactured by Spraying System Company with

L\
very. minor machin:l.ng modlflcatlon., ) coe

o

,.\ A theoretlcal compress:.ble flow model was proposed.,. The'
flow. was flrst choked and then expanded through a

. ' divergent (chamfer) sectlon followed by gomplex shock
o« P

o~

patterns. “Normal .shock relat1onsh1ps were used to
*.- .. . approximate the shoc)é pt'osess. IDown‘stre,am of the shack,
o o .f1luid properties In the subsonic diffusion section were
_ calculated usihg qcompre_ssibfle flow relatjionships. “A
. graphical method was deweloped to predict the sho.ck' _‘- |
$ ‘ . ‘, locatioﬁ.' Gbod correlatlon with eXperlmental data was
| achleved for cases with nozzle supply pressure of 15 psig.
\ i
For lower nozzle supply pressure (Ps<10 p51g), a laminar ]
viscous - 1ncompre531b1e £flow solution of the Navier Stokes

Equation was obtalned and used to predict XP in the .

\ '; . dlffusion region‘. Results were compared favourably w:.th

* .
DN
B R o .
. . A B .
t
‘
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the experimentally measured data. ‘ T~ o
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Trends towards Amproving the .sensor- sensitivity were

discussed. -Narrower annular pick-dff should be -

incorporated in the future sensor'elerent design.
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I . APPENDIX A

-

, VISCOUS FLOW SOLUTION
’ . . »

The Navier Stokes equations in the axial (z) and radial(r).

Ve

di¥ection in cylindrical co-ordinates dre:

i

2 Component ' . L .
avz BVZ VG 3Vz SVz B ;3
QIL + Vr— + — — VZ-V-——) R e-—i—
It .3r -r 36 3z - 3z \ '
2 2
o (13’(w) R 3"7,)-»
+ (s —{r—}+ = — + + pg
CoE 3r Br r? 362 . 3%z Tz

.We assume that 1n the radial flow region vz and its

.

derlvatives are zero.. mhrs reduces the above equation to

N N |
.0 = ® or p.= f(r) | (neglecting g,)

az A . /‘ . .
We conclude that ‘at any radius (r) the pressure is constant -
across the flgw’gap. Thus ap _,dp &
.\ LETE
‘ ° - i . .\" e ' . .
r Component - v ' , '
"~ . . . . ’
\ . N - 2 o .
avr :avn Va av Ve avr ap
' 'at .. 9r. r 386. r 3z . dar
o1 a[rv 1 1 2fv, 2 avy
+u (—(- Dt e —— —_—+
, - .rr br “r? 99?2 r? 2o
S 32v, ‘

2]

o o N ]+ agr

B

b e M « RN . a0l _ 5L 5 T D e B



b, .
- [ \ ' > LT . R !
A-2 (? - 1
. " S S b
e -, Assuming steady flow and angular vel&city V=0 this reduces ‘
o b0 av. w 3 1agv e ] v o
. covr—t- . ) C ey T AL
ar dr 3r r 3r . 3z 1 (gr=0) ‘ N a
¥ : - ' i \ . S S
< ' The continuity equation in cylipdrical “co-ordinates’ is: .. -
. N . - 5;" . . . * [ ., x '
s T .o legy) 1y, v Y :
‘ b omeEa B2 2 ' - . o
r 9 -. r,8 . 23z ‘ "
‘ . \ * !
. . - which, with the above assumptions reduces ‘to ‘ ' -
. 1 aiev) .’ . .. 1
- o s — T w 0 ’ : . (A.z) ‘
: r  9r : ! o !
. _ : R -\ i.
N Substituting (A.2) into (A.l) we get: ~ ' / K g
' ’ '\ A C- - . . ’ 3
» oW apr ¢ A%V, : ‘ .
DVL‘-—— = - - + fae (A.3) i
dr °  dr 9z? !
’ - (A.2) can be express}ed ,
~ 4 LN ,
3 (xv ) ’ v
% = 0 = Vr + r-f—l;
. ) 5 X ar - 3
¥ ) |
v A v“‘ v .V' H
- . or _r .z__kt e (A.4) _ ;
¢ N ) al: f ’ . \ u] :
Sy R . ' ) 3
‘ ,Again, SUbStlt\ltlng (A. 4) ‘into (A. 3) we obtain . ¢ C
‘ : P = - + " * .‘ . . ‘.‘ (Ao 5) . " :
s - " . r " . dr - 322 4 "y i . i \.‘" o ‘ g,
e h . Integfaltfng (K.2) we obtq’lfﬁ L
, , R . B " R .
# - Yveey@ - e
. . . . "1“
' »
ce L
o ¥
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This exprgssion‘w'iueh' differentiated w.r.t.z.

3vr. _.dy | ‘ . .

& . (.7,

: N : S , .
.. * . yd \ -

rd?ve _ d%y L L L

922, z? . T . (a.8) |

. . . « .‘ . P
. Sx‘zbsﬁituting (A.7). Snd (a.8) into (A.5) we obtain the g

dai f ferentlal equation

. .
\ . )
* *
.

L ‘PYT a§+ Ldy - e

2 , 2, o Lo '
.'p~Y_=_‘r§2+u.d._l o E . 4 //
rt dr dz? TN ‘
\
"-1 A S By? . S . " (.9 v
‘dz? : : C

where a = £ 9@ .and B = L,
p dr

) ur?
The 'follov.ring boundary conditions apply, 1f z=0 plane‘ié
selected to be central iﬁ .the flow gép.' ‘
i) atz-= '{+h/, } i Vr =0 _i.e. rVr=y =20 '
. - \=h/27- . ‘
T . v ; .o 'fd -" S o
ii) atz=10; ZL=0 “ e, HX=0 (see Eqn.(a.7))
R T . . dz N
l‘ii') . / 21rvrdz = Q= 2m f y dz . o
- mh/2 g “h/2 o 3
it '» ¢ - \ \" Y
+ i | o -f
) D. e ' 1y

"~ . : L ; Y ?Y‘. gl

Y, . - V:‘ . i ‘ !
‘ . t
» . 3 .
- A-3 .
k 2 . . \._a

- i

o o
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. . . X f , | . s N .
o/ . . o, . - o
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» L . LY

K power series solution for Eqn.(A.9) in the form of co

‘o o Co 1
y =f‘Eu i 2z is assumed
o = j
. - N
“ /x\/
: : . . . Co /
with the first .terms exprcssed as s ‘ . //f

%
.

‘= ¥ L 3 Yy
Y = ajta1z +a,z%+a 2 +a .z +\1.,,
o R o

, Diffe;entiatiag w.r.t.z yields.' 4 v

d = a N . ‘2, . ) l , : ;:
E% a,t2a,z+3a,z"+4a,z ) o
: ‘ : - o)
r oo Poos
3 oy . M

ApplY1ng the secohd boundary‘condltlon we see thptwﬁl—o '

. leferentlatlng again o L

.
/ . - .
.
. - — . N Al
o ..

2 ' . L~ , . . . .
Q_% = 2a, + 2x3a,z ‘3x4a,z? + 485a5z3rl v . (AVLL)
dz : . oL o S

P T, -

ertlng y? from Eqn. (A. 10) it‘ls Seen that the flrst

few tenms w1ll be in the form of -~ . : f‘,
) A . Sl .
- 4
, . . o . . 2 ’
y2=a?4 2a,a,2 f'ja,+2a°a2)z + 2(a0a3+1 a )z

¢ s
' (A 12)

o ¢

however, know1ng that a, é 0, and, comparing the
coeff1c1ents of z of (A dl) and (A 12) we get a; = 04
Slmple 1nduct*on will show that all coefflclents of

odd subscr;gﬁs are zerp,P Thus the follcwing results

are obtained e




) Kl - ! . ; a2 ’ N . \ R .
N ! , N .
# N . °
f ‘ . oo 1 : . . )
' -t & e
> N . - .\
. v P X, . ’ ; >
’ y =-a, + a,z% +az" + T
. - . ' ' . . . ‘ [ ~
C : . S '
dz . N Y 2’ ' L " -, . o )
'-Tz-=\2a2 + 4x3a,z° + ° 6x5a z'+ : (A.13b) .
dz2 . ' . . € ‘ . S \ .
' w2 = a 2 R TS - . .
. YT = a + 2a,a,z} %\(a2 +_2aoa“)z o+ (A.l;c{i
. ‘ 6 - . : . [ '4./\
K ' ’ B . . N \
: Comparing the even subscripted coefficients in the
* * t " ‘./ ’ R . v ' L “ » "" N

e ‘diffefentialneqﬁatioh'(Aﬁg)'

I .
. & . . . z

! ® 2 !
: and ° < e "
e ‘ N » ' . N ‘ - “ -
-, : ' p = . N ' * - ' ' t
. ,. 3x4au .2¢pa2 _ ‘ . ‘ .
- ' ~ '

‘ v . I C R
A 'purther\eveh subscripted coei&icients,will-be functionsi of

B 7 .
. N . . . y

. . '
¢ . ot v ..
. . - . . ao. o ) . . . ; : h .
o N ¢ . . <5 L :
o L . . o .

. .
<« . . Ve

. ) o . - ) _— ! n ) . \-‘ !
_ Let us make the approximatiod that-z' and higher order
t. . . “ . R ’ .. . N R N ) o ’ g
[ . _ terms are negligible. = o St L
. ' ’ ¥ . - ‘

. . .[; | ?:u

S R ‘
. CL _ then.y = ag + a,z o .
: . J o . s R i _' "' . T .
! «. ' Making use of the first boundary cohditjon (y=0 at z=h/2)
.} o L o . - R
. , S . ] ‘ .
; . azh2 : . <
) = . N
» v 0= Aty : e
[ . ‘G “ . * ! ! ) .
N ! . ' 1 . ;k S ’

y R Co— : ~ ... . (A.18)




»' T, !
; ; , A-G i
\ # .
E R S V; R .. Lo |
‘ Fyrthermore Q= 27|y C{z- . /
4 I-ﬁ \ ' ' . ’ ‘. ’ -
¥ S oo-h/2 .
‘}i. . B ' ' <
: . ] .
e é{f +h/2 . ) }
E' . L _ ;- . Q. \2 : o ay +h/2 3
i~ o S T (ay+ a,z ?dz'= a7+ —y— - ;
{ . R - L _,,h/,z * . .C T —h/2
| - ‘
b L . ' : ’ 6" .
‘ | . ' . .
- 1 . Q . azh \' ‘ . i
| ~J ' .‘," S :. ' / ﬁ = -aoh + ﬁ-—- | o . . (A- 15)
. N : \ ~l4 ’ & -
o ® Substituting;(A.15) into (A.1l6) we have )
t. . - 4a "
: . Q . h? %o ‘
! B X . - TTT = ah+ I—z- ("___]: §- aoh
. . . . . , h'2 . .
%8 . ) . : -
c : - a =’ 3 El .Q-—" . . . . il
. , ' o ¥ 7h (A.17) .
o - . . : . \.’_..."\'l S : ":' “' o
sl . substituting (A.17)" and (A.15) into (A.14) we obtain -
. - N , . " ' . \:b i - ' PN - :
" b \ . Ay :
" . . o - — '_‘-_Ah' B((ao)zf . a
£l hz‘
CE. B \. 3 M ”
' ) . r “‘. .-. “\ 30 . G,Q 9 &)2 v- . . 2
. . [N . ) 2 T e = A '——"'B (Ao 18)
s . ' f L 3 E 4TTh . "_ha Ig h2n2 ) )
and now re-substituting the coefficients A & B - ’
g - rdp_9 02 o _60° )
| H Hf R hz‘n ur? '~ ."}}3 . . ‘
B w"( i ‘
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\ \

) %E':"g. o . p. _.6uQ
r lg h21? r® wh’r

K3

o 2‘ ‘v‘.

32 h*n? | £3%. ro? =h?

! 1
4

Q= 2.74 in3/sec at 15 ?si. supply. &

10- psi supply. /R

+ 2

o' = 1.142 x 1077 skug/én®

2.61 x 107% 1b sec/in?

=
it

v = 0.02304 in?/sec ..
ro = 0.14 in’

r; =. .03 in

o

- 4p {manometer re.ading.)' = '119.28 pl(psi)

Y

[

* ,And integrating ‘from r; to %'( i to pg) Lo R

fo° © . (a.20)
: |

r

2;22 in¥/sec at:’

v

15 psi Test

: 10 psi "I'est

2.,03x10° ! 2,03x107°%

_3,1x107% _ 2.51x10%°

)
hx10 Ap 2 3

Ap

. h? 1

ins rm of liquid(SPGR=2.95)

mm of*liquid SPGR=2:95 .

24 . . 266

159 '

Y | . . 251

151

35 L. - 1% -

118

R 169

104

40 | . . 154.5

. 95
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- APPENDIX B
COMPRESSIBLE FLOW CALCULATIONS

®

1, ° Medsufed quwi . o .A;/ 15 psi Testl l A

(Calibrated ‘
scale reading)’

« Reading: 15.1
\ .
PR . Corresponding Flow: - 1900 cm®/min;

- Back Pressure

¥

‘.Correctipn.Fac;of:‘. 1,42

2,54 x 60 X

L. . .« < B similarly for 10 psi Test.
o

Q ='2.22 inY/sec.

"

.. 2. . Exit Mach Number = - . . R

*  sonic Velocity = 1117 ft/se¢. 1, =.0.14 ins. '

S R SRR TR e
.'o.— N - A“ . . * v - . ::
7. 2mrohxlll7éia” | R o

\\‘-

~

‘ 7 - " : _
15 ‘psi Test:-. .My = 2,323 40~ "
: Test:.. ’ ==

TR L L S )
. . . 10 psi Test: - My-= l;ﬂﬂ%ﬂx 107 o R
LT ' S o

TEEAINOF %o na oo
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APPENDIX C .«

-

- THE CHOICE OF POINT -

. [FOR 'INSIDE PRESSURE MEASUREMENTS

‘Let ﬁs assume, phét fhé‘flbw above the pressure sensing

-

-

_annulus is non-viscous and incompressible. ' (Bernoulli's

- equation apﬁlies.)

.

Let us also assume, that the fluid is‘staﬁfc_ih the

: measuring.duct and that there is force balencéyexisting‘

such that: . ¢
a L Ry e,
/P.d‘A = PjA .
Rll‘ . . u
ST

Bernoulli's equation for the flow ‘

\

' Ceet [ LT ;
. go-P -.Bﬂzh? RZ T rg? -

-

. . ‘2 - "
let RO o c,

gn2h? .
AC C '
PO-P=‘§—2_.- -'r—-:z /
o
or o =.Po + G oGy
rs? RY
l\. L, - C! -
Again let P, + — =.C,
. . r02
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: Sﬁbsti._tut.%ng‘Eqn. (A-22) into (A=21) and ‘hgvi\rig

v

R . an = 2RmaR
/Ic-—;-) 21erR= (R’-R)npi e .
R, . - \

’ \ ,‘. ,0.2 ‘ ) R _ . z‘b 2 . . [
m(Ry > RYJC,= 27C,1n 2 = . (Ry R’)ﬂ.pi
¢ . l . .
. 2 X
: ‘clln(.l."_‘) S I .
- AR = pgi L (A.23)

"

T2 " : _
‘R‘-sz . 0

and ‘after resubstituting the constants N
‘ k S S
o po? - Q. lnlgj’ C . '
Pi = Po * gr2h2g? ~ grin? —
; ¢ o LT " R?* - R
. R : ‘2 5y,

“7 ' . ) © 2 2
lnf'g"')

. . ) 2 T 2
o 81l'h R? - R? b SR
.2 -1

: © a2 e -
AP —— Po_Pi“‘; &_, e 1 —.-—1-—. e . t‘(A.‘24)

comparing Eqgn. (A—24) with Bernourli s equation for the,

. v
- average inside radius T

© sth? | r? r? |
i )

we sée‘that - ‘ T
%7 = ln(-') ’ '

. Co o
) \.

0N

o e —— gl i,

o oo wlat
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) Employlng termxnology found in other works we would say

\

'that for the 1n51de pressure tap radlus square we use the

"LOG MEAN RADIUS |SQUARE - DIFFERENCE". . . - . -
Vo ‘ | S
.Example: for R .= 0.025 in. A
. . . '
‘ R.2 = 0.035-in.
xy ='0.0298 in. ’
o . .,.‘.\‘ :R 4+ R . . x o' )
.Note: the average: 2 ' .=0.03 in.,

¢ . . »

2

It is duly observed that the aboue consideration is not

fvalld stri&tly for V1sco!s flow or compre351ble 1sentrop1c'

flow.. We would venture to say, however, that. the, error,

-wouldabe small. ‘ ;.: ey e ’ ‘ .




APPENDIX D

Experimental Results

Py

/

B :ﬂ”m’.‘%»x‘w‘\. PO

Pc

- - TN RN ST T
k2 " . | e Jumant -
i B AR 3 .
2

. Ps = 15 psig Ps = 10 psig
Distance Run 1 ° " Run 2 Run 3 "Run 1 “Run 2
“in. rm sp. 2.95 |mm'sp. 2.95 [mm sp. 2.95 fin sp. gre 2.95|ma sp. gr. 2.9
0.0185 a4 Y 44 30
.0.0175 50 |
0,0165 - 56
0.0155 63 61 . 63 3
,0.0145" 73 : ]
0.0135 - 84" | .
10,0125 - 97. . ; - \
0.0115 114 , : 78 '
0.0105 | - 130" 130 132 ‘ >
10,0095 148 .\ -146 150 98 .
'0,0085 164 162 164 . 101 ;
0.0075 172 170 173 102
0.0065 175 173 176 101
0.0055 168 164 170 - 102 102
0.0045 142 136 146 1103
0.0039 - 117 1110 119 - . 107 L
.0.0035 143 © 140 145 121 1207
©.0,0034 155 154 158 128 127.
0.0033 . 166 . . 165 166 134, 135
0.0032 181 181 180 141 140"
©0.0031 201 199 202 149 g
10,0030 241 7 240 ‘241 156 © 157
© 40,0029 274 273 274 164 163
0.0028 292 291 2 168 167
*0,0027, 295 295 296 169 - 169
.0.0026 291 1290 290 168 - 168"
10,0030 240 - 239 241 165 163
£ 0.0040 1121 o X17 123 102 102:
©.0.0050 153 "152 153 ° 101 |
0.0060 172, TN171 170 101 o7
N

L aa



