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L AN EXPERIMENTAL STUDY.OF  °
A R " VARIABLE Vozu PNEUMATIC CAPAQITORS

’ .
- . ! . ¢ . ' '
P o . ' ’ +
s . . . LR . Q
. N <. . . . . . . .
. .

1\’ . S .+ 'D, Vouloumands
| .,";;“* , - - -ABS‘I‘R.‘AG‘I‘; ‘ T
S “(:f o ' ‘l, Fluid capacltors are htdely used in the con-' T
strqgtlon of oscl{}ators and timé. dglay c1rcu1ts for -
Jiﬁdustrial control systems. Their interaction with .
other active elements has not been studled eytensively. ; e
‘This report pvesents ‘an exper1mental<gtudy’9f the , oo <

o ' behav1our of the Vd 1ablo volume pneumatlc capacltors when . .

+ ; conﬂ”é%ed to a flu;dlc ampllfler cxrcult. In comnarlnp the
: ) ,theoreulcal curve with experlmental result it 1s shown

N fhaf tne experimental curves follow ‘the theoretlval ones e

: >~ falrly closely. During the:charglng‘process of the SRR l}'.‘
e \”capécitor, the experimenfal burfe‘?ollows firs% the "

:adiabatic and lthen gradually taperS’off'toQards‘the.iéb- -
.thermal curVe.‘ Durlng the dlschaﬁglng process, thé -
theoretlcal cprves caleulated from different, values of -
polytroplcalndex are quite close tp‘gac;}other and exhlblt
a close correlation with the experimental curves, It is ' . %

" concluded that either adiabatic or isothermal polytropic

a

K . indexes may be used to predlct praf~ure drop duf;ng the dis-

charglng process without appreciab Le error.)

o
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" increased their popularity and accéptance ‘in many appg. - .,

~cations., The i)ractical applicatcion of fl\ttf.cs ~An

_ " action mechanisms between fluid amplifier and passive

oo . . CHAPTER 1 .
. INTRODUCPION *,’ L .

i

!

-+ The application of fluidic devices'in the

&esign of i\ndustria'lii pneumatic control systems has !

,incre’ased'considerably in the last few years, Their- | .

simplic ity, low,cost and reliable performance Nave

"chemical processes J.n partlcular has been Widely used/ ot © P

—

because of their explosxon proof quality.. However, thq
con@lnual 1ncreased use of fluidic systems has pointgd ouf

the necessity for-a better understanding of'the inter- @

elements such &s resistors and capacitors. \ T

RN . B
. * - v“ .

-4
¢

Approxxmate \values for the pneuma\tq,c

»”

capacitance of a flxedr ass of air, isothermal and 1dea1 -

4,

J.Sen’trop:wc compressions were derJ.Ved by Ahrendt and ‘l‘aplln" .

[1] early in.1951, Helm [2] discussed some aspects of the -

. variable volume pneuma-ti.c capacitance. Detailedl investi-

gations of steady state and transient conditions of

) N
- charging and dlscharging processes of pneumatic capacitors 1

.were carried out by Zalmahzon [3,4], 'Most of the analy-

v . LY
tical solutiohs were based on cases where isothermal flow



. - container. -When c,ertig simp%ifying a‘;sump{;ions were made,

bR

were- assumed, Experimental results Wer:e used

»
a

to supstantiate the theoretical work, - -

¢

%

' Letham [5], Kirshner [6], Woodson 71 qnd )

Humphrey 'and Manlon [87] used electrlcal analogy to derive -
.,expressn.ons for pneumat:.c capacltors. Cautlon must be

exerc:.sed during appllcatlon of" the sxmpllfled equlvalent

electmbal--express_lons for pneumatlc capacitance because

" ‘of the highly non-linear characteristics of real fluid -

flow which may result, in certain cases*, in @ significant

. o
departure from the exact electrical analogy. Phe volume

.flow approach was used by Hind and Hahn [9] in “their

a‘ttempt to develop the transfer funetlon of the pneumanc
s il
capacrgance‘ 6f a flxed mass of gas enclosed in a rlgld

the transfer function

* -~ s
[

p/(ytroplc index of compressa.on.

-

S

Da:gan [10] analysed the ttabic and dynamic

]

characterlstlcs of fixed volume capacltors. ‘Dr’itsas‘[ll]

| “recently analysed the variable volume capacltor s stati.c

and dynamic characterlstlcs. Both studies were c. rrleds

~out, purely from the ba'51c ’chermodynamlc and fluid mec-
@

hanics point of view., The results, szmilar to‘t’hose

* presented by Hind and Hahn, indicated that the prodéss of

‘

’-.

s shown to be z:elated solely to the ,




’discharglng mecncmlsms in var:.able pneuma..,lc canac:.tors

7 . dls&argmg procresses .of the varlable ~valune

' ] /. b ’ /\‘ . ) ’ . ' ’

1y ¢ i F R R . ' . Y M . .“ ' :# .

charé,’mg and. dischdrging of pneungtic capa¢itors depends,
N . of " & e

on the poly'troplc index -"n", Eytensivé ox;;éi"imental
'P

results were Presented by Dagan unly .%o substan‘tlate the

theorgtlcal work,’ R < e ‘ B

.
L ’ . - . &

[} RGN ' . - c

- The preesent ’ =xpm"1r&ental study was undertaken

’

to acqture a be+ter msm'ht into the actual chaz‘gmg and r

.

and to establlsh the true va ue of the po.LytropJ.c mdex .

“ gy which will be reprnsen*a tive of the actual pneumatlc

-

czrcult. ST B -

‘The mam obgnctlveq of the praseht experJ.- .
memal study are defmed as Tollows¥y § . a
; L . . R 4
- Experimental irwes't‘oat on of the charg}ng and

L4
o . > N . hd \1 [
. capacxtoz;s. ' ) S e ..

' %

. ¢ -
. N .

= Comparfson of the experimental and thaorq‘t'icé,l:

results to'.detemine“ the trend of vériatioq of
the proper polytropic index "' of the. proqes:;v,es : :

when the spring constaftﬂ-??f‘the bellows, the - S

: ' . IR :
. compressed .air temperature adld the room tempe- , °¢. - ‘
ratura are conssant, o . SRR )
. . N f r\ [ ] ¢ ! - L] ':
. . * = * -~ A .
g ) . 8 - " - - )
»’ . ' : ’
. ’ ) 'v ’.
' . ¥
. R ‘l . ” . N b';(.\f .
- T N - - s \ -
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BTV R
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S rxéERIMENTAL INVESbeATIONs LT

7

f

| e . . N

| - - " L. . -
| N o b . . ® b - ' ° ! N N . LT . .

| - 2,1 Geéneral T o Cooe e : . g )
| . P L ——————im ‘ ‘ SR . .
1, .. . ’ ‘ : ’ ' - / .

| N , A - pneumatlc capac1tor 1s a passive dev1ce wlueh .
I : “e - .
. ' a , does nat requlre a power supply but 1s capahle of

-
\ . . » T '

v modulatlng mout signals characterlstlc. of" the element.
' A Varlable volume pnoumata.c capacltor consrsts basxcally
~ e of a chamber with one or more mpu't or outp\ft ports such

. as bellows or balloons as shown in-Pig, 1, The type of: ' .

var:,aole volume capac:.tor .investigated in this report is ’ . - )
. K . -, ) ’ «
T conflned to the bellows type, The ’elastic properties of, . _

e

LA

the bellows. the comprei';sxblllty of the: gas as well a€ the
- e presspre varlatlon due to hedt transfer which aff&ts the 7/

v overall capac:,tance J.S als'b cons:.dered..

5 . y; A 1
- -
i ] . Y ¢ s
A * . ) (g .

{ S Gonsider the case w1th variable volume capacitor
? .
| - havmg art input and an outpu‘t port. Fluld J.S first
"admitted througlgﬂ the 1npu'h port dur:mg the chargmg ' .

{

’ process and "at the same tlme, ventéd throug}r the output
e port., When -the 1nput termmates andithe dlschargmg mode LT
’ 'takes place. fl’l‘tld will be vente;l th yugh both 1nput and y

. output ports 31mu1tag1eously, Therefore, in order for the

. ) . o
o - ' pressure. to, build up wi’_bhin the capacitor. the inflow rate’ v
::5;! ) L . f.. ) . . . . . . 1 '.
v - i v ' v /“ ¥

I . o . . o - - e



must be greater than the outflow i‘ate. ‘A series of -
et ~ o 8| .
s experlments were de81gned and carrled out to record the’ -

\

. , pressure rise~tifje characteristics of variable volume p R

. . : A

- capacitors, . Results are compared with theoretical values

T “{b°'95£abtg~15h the 'proper polytropic index "n" for both C
o a the charging and discharging processes, L f' T
:‘ ‘ . ” . . ‘Q ' . . ‘
'02}2: Apparatus - '. . TR ‘
p0 . " ~ - . i R —

B -5 - -

LS The apparatus used are sunmarlzed :m Table I.

- »

A1l the flowmeters, tranqducerq and mnasurmg 1nstruments

-

were checked and.- callbrated accordmg to the manug

¥ —

ecificationss C ( . . .

L Gb - - e ‘ e
, ¢ ‘& A "' PO . ‘. .
" v . 2, 3 Fluid A_mpllfa.er Characterlstlcs ca ' -; o o
- - e The fluid ampllflers used were suppl:.ed by .
A 1at10n Electrlc Ltd. ’ the gangi_‘fa_cturer. In oxrder too = __
N c: o ’. N veri.fy the opera*&:.ona}: characterlstlco claimed by the _ 3
r’manufacturer as. shown in Appendlx ‘I, the follouing,_tes:tk
‘ v _ .wWere conducted. ~‘I‘he Schema’crc diagrams of the test sete~
- up are shown‘ih'Fig. 2. o ] " " ‘
o2 - - ’_ et . . T “. . , ’
% \ _g,‘le,‘_Ontput_Cha;:a,—tepis%ieeLefhumuu - 3 . .
Ny , Monostable Ampl:.fler 1100M01 (No. 1) .
’ . ¢ < o . .
& " L The pressure-flow characterlstlcs were obtained )

for the charging ampllflg (No. 1) output leg "O1" which

\
’ |
| ] ' N < . .« . s |
BN . . . ~ e _ —_ : > —
N [ — . ] , N Py « ,




[} ]

- is normally the'actlve output. port ‘for the monostable . od
ampllfler and whlch is later used in the experiment to
' E connect withh the input of the capacitor. The test was ';a' -
repeated for six'different supply'pressure; of 2;5. 5.0.
5.5. 10,0, 12,5 and 15.0 psig. A schematic of the e*peri-
: . mental set-up is shown in Fig. 2a'and the detailed pro-:

' ’cedure descrlbed in Appendix II, The output charac- \\f}

/
terlstlcs -of AEL Monostable Ampllfler AE 1100MO1 are

¢

n e rw—— - [

?

| presented in Flg. 3..
DR >t
|

|

2.3.2 -“Re?%rse Flow" Characteristics of :
. . . Monostable Amplifier AE 1100MOL~LN0, 1) - I

The reverse_f}owieberggterigt;g§ through "“01"

Lfor gﬁx different sﬁpply.pressures of 2.5;\5{0. 6;5.“10.0,
¥12.5 and,lS.Oiﬁéié were obtained using test sSet-up as

, . shown in Pig, 2b. The detailed procedure is described in *
sppendix I, The experimental results.are shown in

Fig.‘ba, where the data is'superimpbsed‘on the theoretical

orifice flow curves plotted for dlfferent equlvalent flow’ .
areas, The eiperimental results for the various supply,
- pressureszlndlcate that,these,are 1ndependent_of’the

.
4 n

~ , éhpply preﬁs@re of the amplifier.‘ L ) ' .

-




. | Y

23, 3"*‘Load-L1ne” Pressure -Flow Characterlbtlcs. .

"of Monostable Amplifier AE 11CC¥01 {No, ")

\
The load }ine characteristics of the ampllfxer

o~

were obtained using the %chematic as shown in ; . -/
Fig. 2¢ with the detaxi&d procedure described in ' ‘ .
Appendlx y for six dlfferent ampllfler supply pressures: '

of 2,5, 5.9, 7.5, 10,0, 12,5 and 15.0 psig.  The experi-, .

. ' mental results are shown in Fig. Wb, The‘ioad line

characterlstlc. such as the reverse flow case. is 1ndepen- ' '
' dent of -the supply pressure. - T e

L )
- L

- 3

2.4 -Experimental Set-Up

. &
“ Studles were conducted on the charglng and dis-

charglng behaviour of four varlablo volhme pneumatic

capacltors of the bellows type, The physlcalliharac- . o

teristics of the capacitors are shown on Tables. II_(a, b,hﬂa_,_m_m"‘

LY

c, d). ~ The charglpg process was per;ormed ‘by connectJng

the output 01,‘Wh10h is normally active, of a monostable
amplifier (Aviation Electric #1100M01) to the pneumatlc
capac1tor input:port as shown schematically in Fig, 5.° . }\

4 ’

The reason for ﬂ81ng 01 output port rather than 02 is to

eliminate the possible introduction of error due to thif/ ‘

additional flow rate of the control input, o

- ~ ’




- )

The OﬁPOFFiSWi%Ch which‘ie connected parallel C.
to ‘the air supply is normally ON. Turning the switch to
its OFF position, the control Jet supply pressure is OFF
and the output of the amplifier, sthchas 1mmed1ate1y from
02 to 01, Chargleg of_ the varlable capacitor takes place.//
The upper control port Cl of another identical maohostable
ampllfier operating at the same . supply preggure as that of
the charglng ampllfler 4s connected to the pneumatlc - .
capa01tor du%bdt port.,' Every cap;clte; was-EBe;ged#;rd S
discharged by the ampllflers with supply pressures of 2, 5,

5.0, 7. 5, 10 0, 12 5 and 15, 0 p31g. The pressure

A

varlatlons w1th1n the capaC1tor were - monltored bJ a

' % Valldyn?ressure traneducerQ Model No, DP15TL.\ Since the

transducer s cavify volume was extremély small (less than ‘
O 05% of the smg}lest\chémber considered), its effect for

practlcel purposes was negllblble.

©
&

' The oﬁtput of the transducer was fed to a trans-

e

ducer 1nd1cator-amp11f1er made by Validyne, Model No.CD12,
The amplifler S output‘was fed to a Gould, Model No, 11=-, .

»

6%#02-05 strip chart recorder with chart drive speed qf

25 mm/sec. Static calibratioh of the transducer and -

amplifier was efffied outlaccording to the procedure

recommended by *he manufacturer.. Results of the calib-

ratlon are shown in Fig, 6. . ~.
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N "~ @CHAPTER 3 . -

g, ¢ : B - 1
. . \r }° RESULTS AND DISCUSSIONS ,

‘. -~

v ‘o

3,1 Presentation of ﬁesu;ts
.. . LN

~ A strip chart recorder was used to record the
.y charging and -discharging characteristic§ of the tested
‘ ~variable volume capacitors. The experlmental results at

dlfferent values of supply pressures are accurately

reproduced and prgsenteq 1n the same graph as the theo-

retical pfessu é'rise and drop rates for the charg{ng and
discharging variable volume capacitors. obtained from ~.'
¢ - Vﬁ Dritsas® Major Technical Report (117 vy solv1ng the o
N differential equatlons. The constants required to

obtain these pnalytical solutions were established from = .

*the experimental curves shown.in Figs. 3, 4a and 4b, In S
i ) adéition, thp‘initial pressure condition of the tapacitor | (::J

. 48 the ambient pressure. . 3 ' :
'\‘ Q, \' M , ) . - ‘a

The analytical solutions re sent the two.
. extreme cases ol the charglﬁg and discharging process: 3
the adiabatic case where the polytropic —index is. equal YWo-

D - [}

. 1,4 and the isothermal case where the polytropic index is.

L .edﬁél to 1 Q. The actual procésves will lie eomewhere
- . el : .
between th&se two extremp cases, ' ‘ e
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The volume of the experimental chambers varies ' Lo

s, '

with changes in the %upply pressure. According to the manu- :

facturer's specification the maximum pressure supplied to

*

the bellows was limited to IS psig.I Typical graphs of "

A supoly pressure versus length change for bellows No. 3 and Ly
“are shown im Figs 7 and .8 respectively. chever, ‘due to
jseme plastic deﬁonmation taking place between experiments,

the results, are not as consistant as originally expected.

The experiments Were conducted using four different variable '
capaoitors Nos.%I, 2, 3"and L with free length volumes
of 36 6 in3 18.5" in3 6.3 in3 and I.I' in3 respectively,/

;\ ' The results are grouped as follows. ’ ' s
“Capacitor size No. I (Figs. 9 to ih) RN
Capacitor size No, 2 (Figs. IS to 20)

\capacitor ‘size No. 3 QFigs‘ 2I to 26)

- s

Capacitor size No. h (Figs. 27 to 32)

.
{ L .
2
L]
' . ’
. s
e
- v .
.
L

—

3.2 Discussion of Besults )

' ’ By comparing the résul s for’ each variable

voiume chamber it can be seen thd% the rate of pressure .Y

BJ
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‘sure, the smaller the changé in yolume and the faster the

)y

- ‘ ‘ . 3
‘ sure and the change in vo}tme., The lower the supply pres-f

resultant pressure rlse (or drop) takes nlace, At low
pressures, the sprlng force of the capaeltor is hlgher 0
than that resultlng from the s;pply pressure and there-
fore, smsll changes in /volume occur., At nlgh pressures,

howeveg. the supply press;SX‘force overcomes the spring

force and large chaﬁées in the chamber i@l&ﬁe taﬁe\pigée..

It is suspected that the pressure time characteristics

during charglng and dlsdharglng are also dependent to.: _;, T om

certain extent on the dlameter to 1ength ratlo -of the

0§2f91$0r4,uw~44—~~»- S
The experimental and theoretical results for ; .
capacitor size No.—i are shown iﬁ~Figs.'9ofo 14, At 2,5, 5.0
and 7.5 psig, the aetpal process follews very close%y the
@peoretical adiabatic process until the pfessure'pises to
about 30-35% of its maximum value. It then deviat s from'

theadia i 655 and rapidly approaches the iso- ‘ T

thermal case.f At the higher supply pressdres of 10, 0.

12,5 and 15.0_p51g. ths actual process cl7sely follows the,
adliabatic proéess!during the initial'part_oflenglgin ;;bgﬁﬁ__w_e_;~,_

at| these -supply pfessures. the actua%kprocess begins to

~+ depart towards the isothermal process in the vzéinlty of
>
.. 35-45% of the maximum pressure, -Thie finding 1nd19ates . , .
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that" the rate of pressure build=-up. Within the capacitor
\\ ; a  -is qulte rapid during the 1n1t1a1 stage of charging

because the inflowing air has gone' through a rapid expan-v

-

) sion process with a finite»temperature drop. However, o

1

there is not’ enough time for heat transfer to take place. .

' E

As a result, the process epproxamates the adiabatic one

L

- .with the polytropic, index equal to 1.4. As the rate of
charging is decreased, it can be7seen from the graphs, .
-]

- $ that sufflclent tlme is allowed for heat transfer to take
plqpe even though the chamber volume changes very llttle.
The process %raaually falls closer to that of an iso-

thérmal case where the polytropic index equals 1.0,

———e .

o 8 . ) ) ¢
.
2 . . .

It is evident from the graphs that in the . <

=T, ., initial perlod of the discharge process, both the theo~

i .- o retlcal, 1sothermal and a&&abatlc processes at dif-

e e

‘e ferent sypply pressure condltlons are very close to each

»

. other., Experimental results of the actual dlscharglng.

I fa11s~within—fh6“fﬁo extreme theoretical uses. In<?eneral.
5 " the actual process tends to be closer to the isothermal i
espe01ally in the final phase of dlschsrglng. .The dis-
)u ‘ : \ charging process starts when the pnegmatlc chamber has e e ——
—-»3-*;-—“"reached 1ts maxlmum pressure for a given supply pressure.

" . - Since sufficient time has elapsed and due to heat trdhsfer,

the temperature of the accumulated air 4n the capacitor is

[ ¢
v ¢ . . ,

" \WMWW\M* VS -
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~ - LA
nearly the sa;% as that of the ambient, ' Consequently, the'

. theoretical curves for the adiabatic and 1sotherma1 cases”’
— ~are very close.‘ Howevpr, it 13 adv1°able that the iso-
| thermal case be used foq.predlctlon of the dlscharge .
‘ «Ncharacterlstlcs. : ' a el

a -

-

The experimental and theoretical results for ..

-

. capacitor No. 2 are'shown in Figs. 15 to 20, At 2,5 and .

v §.b psig, the actual'procegs again follows very clqsely%
the'qpeoretical adiabatic untiilthe pressure rises to

. -about 50% of its maximum valué. : It then deviates from the - _
adiabatié and gradually approaches the isothermai procéss,
'and at-75% it meets the' theoretlcal 1sothermal proceSs."ﬁ,

‘At 7.5 and 10, 0 psig supply pressure, the experlmental

. process lies equally between ‘the adiabatic and 1sothermal'
cufves. Por higher supply. pressures bf 12,5 and 15 0] psig,

the actual process follows the adlabatlc until the output <ié

[ 4

pressuré rises to about 60% of its maxlmum value. then

13 )

quiekly ppxuacLES*tne 1sothermal whlch meet% at- 80% of the

3 .
output pressure value, N .o

.
N ’

< : . \ . , N

. From thé gboue observation 1t seems that at the
— .'?'“ ”“’“Iﬁitlal stages of the charglng process, air enters the '
' ° capacltpr—and exﬁ;nds rapidly and there, is not sufficient ..
time foi signifi;ant héét.transfer té‘take ﬁiade; As a

‘A- . * RS "‘ LN
. .
\

24
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.
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result, the process resembles the adiabatic. A8 the pres~

sure starts to bulld.(the spring of the bellows tends to
\
oppose_any change in chamber length, At thls stage, the .

. - N .
time intervals involved are greater and heat transfer does

tsigﬁﬁIace. Hente, the actual process moves from adiabatic

to isothermal, The discharging process&étrany of(;he
supply pressures, with the exception of the 12.5 psig
supply pressure, exhibits the same behaviour with

capacitor No. 1 as_described preyviously, The discharginé

A}

process at a supply pressure. of 12,5 p51g, as shown in

Fig, 19. proviges some dlscrepancy which is probably due

to some expepimental errors. \ bt

k4

' Y -

o

The experimental and theoretlcal r'esults for,

cag;cltor size No. 3 are shown in Figs. 21 to 26. At(dll

supply pressures, the actual proclss follows very closely-

to the theoretical adiaﬁaticaprocess until th'e pressure - .

output rises to about 60% of its maximum value, then

slowly deviates from the adiabétic and quickly approaches '

the theoretical 1sothermal process. The experimental
[

curves cross the 1sothermal curvé at approximately’ 80% of

the maximum output pressuqe. The adtualfdischarge process

adheres closely to the adiabatic and isothermal. From the -

\graphs, it® is apparenﬁ?that the actual process adheres e

closer to the 1sotherma1 and f8r-all practlcal purposes.

.
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. sidered necessary in this case, . -

'and 15.0 ps1g. the actual process agaln follows very

‘/ (.
A

the isothermal index n=1.0 can be used without any_.“.

- ¢ -
_appreciable errors, Since ‘the charging and .discharging

A

phenomeﬁon for size No, 3 capacitor is ver&'similar‘to the

‘cases previously disc¢ussed, no further explanation. is con- //

K
{

. J .,
] ’ ‘
The experlmental-and theoretical results for
capacltor No. U4 are shown in Figs. 27 4o 32 At the

ampllfler supply pressures of. 2, 5, 5 0, 7. 5, 10, O 12.,
closely to the theoPetical adiabaxlc process, untﬂ& the
pressure in. the capscltor rises to about 65-75% of its ©
max1m%p value. Then the actual process beglns ‘to shift
closer to'the isothermal process and cut the isothermal
wire at approxlmately 80~ 85% of the.maximum. output pres-
sure }evel. The rate of charging decreeseslw1ﬁh 1ncrea31ng

. . . »
pressure xﬁfhih the capacitors, Hence. sufficient time is

allowed for the heat transfer to take place and therefore, '

3

‘ an isothermal case where the polytropic\ index is equal to

* at the final phase, the charging process resembles that of

o

1.0 b % | e s

it

: . B | s
I | During the discharge procéss, at any of the

' supply pressure conditions, both the theoretical iso-

-thermal and adiabatic processes followrvery;closely to the

LY
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3 process, the actyal‘process moves rapldly towards the
adiabatic and then reverts back to the 'isotherm 1. ‘This -

4 .may be attributed to the elastic ﬁrbpe;tiés of the v

chamber has reached its maximum prgssure, suff1c1ent tgme

has elapsed for heat ﬁransfer to take place and the tem-
N
:\perature of the experlmental chamber~;u nearly equal to -

P

wwyhe ambient. The dlscharglng process can again be better
L%jpresented by the theoretlcal 1s%thermal process. N

\
N v *
W \ :

; . .
o . ) - : . :
" : In control system cirguits wheré capacitors are
. . * N . ’ - . ?

used to-creete time delay for buildgng up pressure levels:‘

' " the desired pressure level is usually below 63.2%%f the
maximum atﬁainable level of the chamber, If the operation
‘of the time delay 01rCU1t is confined w:thln the region
where a well .defined pressure-tlmglcharacterlstlc is

repeatedly obtainab],e. it follows from th'e resulfs that

-t

Y IS R N
L charging processes at cavaclgcrs W1th mean diameter to
] " free lepgth.ratlos of .8°< ;_.é T<s7 for practical cir-

‘o o] .
cuit design. Both the theoretical adiabatic and iso=-
. # '

thermal pfocesses may be used to predict discharging -
processes of capacitors of mean diameter to free lengéh

N

/ ratios olf - «8.% Dii‘i§ I.,7 without intrbducing appreciable

‘actual processes. At the final phase of the d1 charglng \\\

material,’ Since dlscharglng commences when the pneumatlc;ul

the adlabatlc process may ‘be consxdered_for predlctlng~—ﬂ-~"«—

arror
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'As can be seen. from the curves 9 to 32'fdr aii
capacitorSvﬁeéted, the actual charging curves never reach

the ievel of'f;e theoretica} isothermal,and adiabatic
pqoces§}curves. This can be partially‘ﬁttribgted to )
iﬂéufficiehtltime élléwed for the charging, Furthermore,
assumptlons made in der1v1ng the theoretlcal model were
frlctlonless flow and ideal gas pquatlcn. AIBo.]fo geo-
metric effect of the capacltor was con81dered. it is

.

belleved that .such effects may be 51gn1flcant.
. 4/ t . ‘. ) * '. . .

. L 1

- h - '

To better understand the charging and dis-
i charging phenomena, the "time constant" will be used for

comparison between the various results._ﬁfﬁé\time constant
for charging of cépacltors is defined as the tlme requlred

to charge the capac1tor up to 63.2% of its maximum

’ cgpaclty. ‘Slmllarly, for the dlocharglng of* the

’ ‘capacipérs, thé timp’consténﬁ is defined as the time

1 .requiréhkfor<preséure to drop t§.36.8% of the éapacitor's
%aximum°p%essure 1évei.‘ All the time constants obta;néd
fof gharging and discharging are ‘tabulated in Tables FII "
to VI.~ It can be seen from Tables III to VI that the tlme

constant 1nvreaseo as the supply pressure 1ncrea, s. It
v/

must be aLso p01 ted out that as the supply increases, the
- . \
final volume_of the capa01tor also 1ncreases. ‘The increase

" in volume denends on the_sppigg—eeﬁs%ant—of*the '\‘




both the cﬂarg%gg‘ampiifier and discharging equivalent

‘specimens vwhich in turn, isxh~function of the sufply pree-_

sure. This increase in time constant is expected because

area are kept constant. Therefore, since the volume

"increases, more time is requiﬁed %o ‘complEte the charging

process, Similarly, the time canstant fof the discharge

process is higher at' the hlgher supply pressures. This is

-

: ‘g“ Dw“f-;-. .
E evxdent from the fact fhat the volume lS harger at hlgher . o
pressures. The dlscharglng process time constants are
.approximately 60% of those of the eharging process, \ -
' From Table- V it can be seen that the charging /

N . » h! ;
time constant increases with increasing pressure, Even o

Al

though the free volumes of the two specimens are quite .

different (6,7 in3 ahd I.I in3), the time constants are <

about the sam Similarly, for the discharging process of o -_

[}
"‘VAJ

the capacitort, the tlme/constant 1%5;eases with hlgher .
supply pressure ,values, These results may be traced back
to experimental errors, However, it must be noted that the

increase §n the time constant.at dlfferent supply pressures .

is not necessarlly a linear relatlonshlp. For example, an

increase of 100% in the supply pressure from 7.5 psig to
15,0 peig causes an average increase in time constant .of
less than 40%, This means that for high supply pressures,

the pressure rise rate (or drop) in the capacitor is
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rter thah at low supply pressures,
. ‘ i ] - ” . T ' - \ .
» ‘ 3 - . " ~ .‘\ ‘ K

.
- - e

@

e ey Below the pressure value

of the time constant
‘.:w' ,.‘* (6302%)'

-

17y be
Th:.s r”esult ahd the\

ween tlme constants. ampllfger

a Linear pressure-time relation can genera
used for consideratlon of charglng.

iaterrelatlonshlps bet
te L4
’ ~ supply pressure and bellows volumes can be most useful for

eeq

the desxgn of fluldlc amplifler §&stems and clrcuits.
e e e

o

: It should be npted that all expen}mental
results of the Present study were obtained on a par- - /
~

. _ ) ticular teax set-up and under spectﬁxc'env1ronmental ¥
wo conditions, i,e,

\ . Q°F roo& temperature ang 1& 6 psid
1 ” '.“ . . - 5

ORI S

< . B . b %
. B pressure, S :
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. _ CONCLUSIONS
, Experimental investigdtions of the charging and ¢~
dischargi'ng»; of variable volumé capacitors in conjunction’

with the oper‘ajting' characteristics of a fluid ampl.ifiexj "

wezve\ca'rried ouf. .The true polytropic i-ncfex of the actual
Qhargmg and discharging processes can be established by
comparmg the theoretlcal curves calcula‘t:ed from the .

analytical models for different values of the polytropic -

index with experimental data,

-

’ -

The results genérally indicate that for the.’

\f'

charging of the pneumatlc capacrbors /t‘he adiabatic -process
of_gi 4 can be used up to a pressure_level of 50%4;1‘ the“—«—— g
maximum with ’c'he 1sother1?1 where n—1:0 from that po:m1‘: on.
Furthermore, for <he discharging“process. both the theo-

retical ad:iabatic and isothermal processes may be used. \ - ?
However, it is advisab];e‘ that the isothermal case be used ‘

fc;r the predicption of the discharge characteristics.

,

The techniélue developed for predicting the true
charging ‘and discha?rging processes of variable, volu}e '
pneumatic capac'itors‘ in conjunction with known fluid amp- -
lifier performance characteristics can beused in the

Engineering desi#n of time-delay and oscillation %:ircuits.

P 4 ¢ kS » . P @
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/ . TABLE I. . - -

. / \ |
. Apparatus © ¢ Mand?acturer Model No, ‘Serial No, -
g Pressure Validyne ' '
-‘Pransducer Engineering -w-DP15TﬁiT:iT:I82£2~~——~“~“ :
> —’**} . Corp. ‘ '
: ' AT
i Transducer .. .Validyne ; , ,
T T T Y Indicator Engineering 'CD12 . 11197 ,
Amplifier Corp, : e
N , "Flow Fisher- & o '
] Meter ' Porter Co., 1043500 ‘ C-1420-TA-A
s ) - - . :
CoL Tk i oo ,
. Strip - Gould Inc. | . \ T
—Chart Instrument . . SRR
, Recorder Systems 11-?&02-05 6b377 .
“\ Divis;on :
- . Monostable Aviation . B o
/ "~ Amplifier Electric 1100M01 -
Limited , '
Variable Whitey Inc.' - ‘D1RF2/1RP2 ° ';E
. Resistor a }
' H . -~ i
Pressure . Moore ¥ Mllmatic e
o -Regulator Instrument Lko-15 PC~1321
‘ \\ : Company e
_ q e '_. —— \\ . . . !
o Pressure _ U.S. Gage 0-15 pai o -
Gauges _ ompany 0150 psi - -
y S
s ' . ‘ - o
» ™

ﬁl-‘
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L _ 'i‘ABI-E II(a) )
T, Bm.w.vsl PHYSTCAL CHARACTERISTICS
T - gl , : . :
- - | CAPACITOR SIZE No\ 1 L.
S - _INSIDE OUTSIDE ' MEAN FRER EQUIV:' FREE - RATIO,
R ' DIAMETER DIAMETER DIAMETER LENGTH ALENT ° LENGTH DM/Lo

= (1.D.) (0.D.) (D.M.) ~ (o) AREA VOLUME
- IN . ..N . . IN . IN': (AE) (Vo) . . :
ot . ° ' R S I;N‘ - ~I‘N:’ . ._‘ _'\. e e e e ._._.,.:

o Q _ ; - . . )
S8 RT3 860 15 366 1.7 ¢
: » A oo
s N ’ -
4 N [y
. J . : . > . - Sy
: . PABLE TI(b)
) - Al . O
. I C T CA.'PA%ITOR SIZE~-NO.‘2"”'“;““‘“T et S
INSIDE OUTSIDE/ M®AN FREE .EQUIV- FREE . -
DIAMETER DIAMETER DIAMETER LENGTH ALENT *~ LENGTH DM/Lo
(I.D.) (0.D.) (D.M.Y (Lo) AREM VOLUME :
.= IN IN . IN \IN (AE Nz (Vo) \
’ - ) _ , oI o
B e ] 2.7 3. 7 30 2 éoB * 7.9 18.5 1.1‘: *
) . .‘ “ ' 'D ) ‘ i ‘ \ ;A_
: o
Q °. £ ¢
. NOTE: ALL THE CHAMBERS USED ARE’BRASS ALLOY MATERIAL, e
: - DMNUMCTURED BY JOHNSON SERVICE COMPANY, MILWAUKE::. .
A L WISCO’NSIN - SR R
)\ ‘ ' T ~ L) e
%‘ g,
+ | e : |
oo s e S g e e ey e e L e Ty e e s SN —
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a ; by
, \] . " )
. “ B - . &
\ ’ ' ) a . ~ ' v . )
' * o T&Bﬁ_n(c) ’A S
bt BELLOWS PHYSICAL CHARACTERISTICS Lo ’
‘ '+~ 7. CAPACITOR SIZE No, 3 ' ’
INSIDE OUTSIDE MEAN  FREE EQUIV- IEXEE " RATHO
DIAMETER DIAMETER DIAMELER L};INGTH ALENT LENGTH DW/Lo
ALy (0.0)), (DuW) (o) ~AREA VOLUME :
IN IN . IN IN  (AE) (\'o% e -
» . N IN
. . ' .
S . 9,
: (1.8 "2l - 2,1 8. 3,4 6.3 1,2, *
- o ’ . » . T
. T . ,
[ ) - ) 4 Y "
T .- . S J
» ~4
e G — TABLE TI(d) "
e | ' CAPACITOR SIZE/No. 4 . SN
- b S . X
s " INSIDE OUTSIDE MEAN  FREE EQUIV- "FREE .
-* - DIAMETER DIAMETER DIAMETER LENGYH ALENT LENGTH DM/Io
e e . (x.p.) (o.n.) (D.M.) (Lo AREA .VOLUME
: ’ IN IN IN IN (AE (Vo S
. ! ! . ’ _ ‘ \ r
’ o;9 f - 1, 3/ 1l3]. : 1,2 3 - 'r;IO :8' ]
B T S -
. C RE L * . ! 1
. . R d . .
NOTEs. ALL THE CHAMBERS .USED ARE BRASS ALLOY MATERIAL,
\ T . &
_ MANUFACTURED BY JOHNSON SERVICE COMPANY, MILWAUKEE =~
_ .| 'WISCONSIN, ‘
. ' . T 4 ~ —Y -t
D S W U, — o« . —— .;. . green e ot e — ¢~ Sup——— . U AR o




TIME CONSTANTS _ \

[ e

Chargings ZMe;%u;ed Time Constants in Setonds as

[

¥ tion of Supply Pressure. ",

- Ny

-

ugply' Capdcitor .size No,1 - Capa;}%or size No.é_‘

peig ‘Pime Constants Pime Constants °
(sees) - - . (secs)
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PROCEDURE FOR DETERMINING y .0
THE FLUID AMPLIFIER CHARACTERISTICS

b\ .‘.. ¢

2.1 The Output Characteristics

) Y

The pressure-Ilow characteristic curves for—the

charging amplifier No. 1 (AE 1100M01) were obtained fe%ﬁiﬁé‘

the monostable amplifieg. This output is used later to
connec¥ighe amplifier with the input of fhe capaéitor.

’ The pfeééure-flow characteristics were ob?aiﬁed by grad=---- - .o
ually loading the output ‘port 01 and then measuring the
imstantaneous pressure upstream of the load and the flow

o " recoveries at'the'exit (see Figs. 2a and 3). . : ‘\L
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2,2  The “Reverse Flow" Characteristic N

N

In order to obhtain the reverse flow characteristics __

giébugy_lég "o1" (Sbe Figs.2b and 4a), one of the cont¥ol N
jets mus ¢ be activé so that%EEE’ggjpﬁt of the gmpl%fiér
will be diverted to leg "02". This was achieved by
éwitgning ON the ON=OFF swi;ch to thé control port "Cc1",

-

-~ The pressure-flow characteristics were obtained by grad-
8
ually increasing the pressure at 01 and then measuring the

instantaneous bressure én&‘fiéﬁ through the leg "01", -

x
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, " Back~pressure cornections were 1qporporated 1nto tﬂe ‘flow=

L

meter readxngs. thus-reducing thé flow rate to standard a

r

. : . cubic feet per minute, scfm,

, S 2.3 The "Load Line" Pressure Flow Characteristics
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T “— The ampilfier is cenggcted through' its supply. o
port to a constant supply pressure (see Figs 2c and 4\3 ///
Its control port C1 was connected to another pressure '
féupply via a flowmeter.. The load line pressure-flow

) A1
characteristics were then obtalnediBy\gFadually 1ncrea51ng

4 " the pressure gt C1 and then measuring the instantaneous _

? ‘ pressure and flow through the.control port Ci.” Errors ‘ié%g“"fm
ii - duesto back-pressure effects on the flowmeter reéding; . ¢
T were appropriately corrected, T a.ﬁ.«“wf~ﬁ ~~~~~~~ ‘j;” o
| :
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o : ., T apeENDIX III

~

e e oo o co—w— — - EXPERIMENTAL- DETERMINATION OF THE : .
. SPRINGS CONSTANT OF THE BELLOWS,

___,m_v__u___,_ln_ondan_tn_detazmineltha_sperg_cnnsjzanLof tho__halloﬂs
. the following relationship was used M\;«

W

‘ .- Psheq =KX
LY 3 . l

TTTUY L peqd The °eqﬁiva1en%7ioss;sect1Qn area + 17

e m— ey ——

} A ' of 'the ‘bellows --II‘I2 ok “ : "

e e

Ps The \supply pressure to the'bel‘lows - psig

: The spring constant of the bellows = f7IN

|
Linear desplacement, of the bellows - IN,

|

|

j
tbq ‘

\
>
)

9 PN N R, B PN
: . : :

\ : The numerical evaluation of- K from the above

T ITTe

e [ Tt - L L Lo

x /mentioned relationship was_determined as fbllows- T

A knoWn pressuro was applied to the bel ws and the.
co rresponding l‘inear displacement was measuz!edm Afm

applying successive known _pressures and measuring the

- P -

corresponding linear-displacoments,.graphs were plotted

=~ -~ ({Fig. 7 and 8) ’s;h‘o’if‘ﬂfig"1;}'16~ relation between pressure and
displacement, The slope of the curves represents 'tho :

s bellows spring constant K.
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"It can be seen from the curves that the value of
the spring constant'K of each ‘particular bellows

. remains constant, Furthemore "1t should be noted

. hat during the experiment the upply air' and the .
~N L : . -
room air temperatures were constant. ) - - R
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