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Preface
H .
7 4 This titesig is the ninth that has bzen written zt AFIT in a
continning study of the frequency raesponsa charactexistics of pneu-
4 B

matic transmizsion lines, The primacy purpose of this report was to

-~

obtain experimental results for a series fluidie circuit with and

withent mez2n air flow. The experimental results pxe then compars?

Voo

-

with existiag theoxry for verificaticn,

PN

Yo aekieve this evaluztion, the computer pregram which was used

bv Malancuski {Ref 12) was npodified for increased attenuazion with

o}

turbulent flow based on one of the several studies by Brown (Ref 3).
T would like to. thank the many people whe made this veport

-

possibla. In particulzr, I would especially like to thank Dr. M.

. Franke, my thesis and faculty zdvisor, vho extended my knowliedge
of fluidics and provided suggsstions and help whan they vere needed.

T would also like to thank my wife, Barbara, for patience ang

understanding as well as her proof-reading and typing.

Bradley Q. Montgomery {

T

|



v - > P N
.IE! j : oW

o ettt g+

A =02

Contents
Page
?reface.....:...............--..... ii

Lis‘».',oi'Figl‘.ras.,.,.;ac..............o... iv “

Li:& Of T%bZPE » = ® = ¢ 7 o @ ¢ & o ¢ o o o ¢ o o o e o o v
List of .J‘;'ub':)lﬁ e * & 5 6 ¢ 2 % T O © e 6 © & e 6 ¢ + 2 o o 0 » vi
A.I:‘Sa‘tl'act [ 2 » “ A3 hl L] . . L] L) . . t 4 * * L 2 L3 . * L L 3 [ ] . * . L 4 L] jx
Te Introduction ¢« « « - . € 2 1 . @ @ & e o o & & & o o & 0 @ 1 '
i
Bac:‘tgr‘euﬁd 2 6 o v 6 & 2 ¢ & 8 & e & e« ® e e o & s & & 3.
I:I'Oblem @ 2 4 4 e & e 6 & > & s & 0 e e & e 0 0 o s s 0 2
. Objecti\'ﬁs e ® 3 4 ® @ ¢ * e o 6 6 & e e v 6 & o & & @ 2 i

!
Yo
w

?'Theor}'oooooo-*ooccsooooooQooooooo

A

15T, “sperimenta) Apperatus o ¢ o ¢« o o ¢ o 0o 6 ¢ o0 0 ¢ o e 10

»
~
<
.
*
.
L]
*
.
L]
L]
*
*
L]
L]
L

reuractic Sigral Source 10
1‘:05’it0fil':g E’.iuipment € ® * 2 e e e e & e ® 6 o ° e & @ }.O
Test (,Unfi-guratigﬂs ¢« e o o ¢ o € o o & ® e o & & 9 @ 1 5

IV, ®xperimeninl ProcedureS o o o ¢ o o o o o o o0 6 0 o 6o 15
Sipn2l 5320 o o o o ¢ 0 6 s 0 s 0 6 e e e v e e e e 17
Ve Results ard DiscuSsion « « o « - v o ¢ o o o o s s o o s o 18
Blockad 77 . PR v s o s o a e e o e s e e 19
faminar F1 e . s e e h e e s e e e e e s s e 22

TranSition :u,bion Flow o % o 2 6 @ © 5 0 6 0 o © o o o 22
Turbulcn‘&Flow......-............. 29

VIO CcncluSiOHS ® & » ° ¢ s+ ¢ ¢ o & ¢ & & & o o e ¢ o & o ¢ o 35
VII‘ Reco.'mﬁendations @ ¢ ¢ o o6 & ¢ ® e € 8 6 5 @ 9 ° 8 o & o ® 36
Bibliography ¢ © 6 6 o 6 & 0 ° 6 9 6 s 6 s e o s 0 e o o s o 0 37

Appendix A2 TFreguency Response Curves Correlating
Theory with ®rperiventzl Resulis S

Appendix B: Coimplete Line Dimensions + o« o o o ¢ o o o o o o o 54

Vita . . . L] L L] L] . . . . . L] L] * . * L L L] . L . L] . L] L] L4 L] 58

iii




b o, ot Bt o 51 e At et st s

CL/¥2/T2=2
List cf Figures
Figure . Page

ot

i Predictions of Attenuation ¥actor for Invariant
Turbulent Flow Without Fffects of fieat Transfer o« « « o o 7

2 Schematic Dispram of perimental Apparatus ¢« ¢« « o ; « o+ 11
3 General View of ApparatusS + ¢ ¢ o o ¢ o ¢ o 0 ¢ ¢ ¢ o o ¢ 12
4 Pneumatic Driver and Sending Fixture .+ o ¢ ¢ ¢ ¢ ¢ ¢ o o 13
5 om Versus Pp for Different OrificeS o+ o o o o o o o o o 16
6~7  Correlation of Fxperimental Results with Theory « « « o+ o 20
8~11 Correlation of “xperimental Results with Theory « « « o« o« 23
12 Typical Oscilloscope Trace for Mean Transition Flow « « « 27
13 Typical Oscilloscope Trace for Mean Laminar Flow + o« ¢ o 28
14 Typical Cscilloscope Trace for Mean Turbulent Flow . . » 28
15-17 Correlation of “xperimental Results with Theory « ¢ o« o » 30
18-31 Correlation of Wxperimental Results with Theory « « « o o 40

32 Schematvic Diagrar of Line Configuration ¢ ¢ ¢ ¢ ¢ ¢« . ¢ « 55

) Shanat

I . P




VI

Taklie

List of Tables

Fxperimental Data o o v o ¢ ¢ o 4 o o o o o

Test Configurations « o o o ¢ o o o o o o o

Complete Line Dimensions
Complete Line Dimensions
Complate Line Dimensions

Complete Line Dimenzicns

\l’

Case land 2 .
Case 3,1.,,5,6 and
Case 8,9 &.d 10

Cas= 11,12 and 13

Pace
e .. 18
e e. 19
. 0 e 56
e oo 57
o« o o 57
e es 57

o




-

ry

List of Symbols

Description

line cross-sectional area
Phase angle

capacitance/unit length

adiabatic capacitance/unit length; A/AP

Nichols capacitance parameter

inside diameter of line
line gain
dynamic pressure ratio, P./Pg

conductance/unit length

isothermal conductance/unit length; 8an/AP

velocity distribution parameter

temperature distribution parameter
line inside diameter
V-1

inductance/unit length

cross section inertance/unit length;
p/A; Loy = 1/3 Ls)

length of line
Reynolds number based on diamcter

DC (Mean) pressure)

degrees

7] Qom
€LsS sec/in
psi

cis-sec;;,
psi

cis-sec, ..
———/in
psi

in
decibels

dimensionless

¢is, .,
==/in !
PSl/

Eg{/ln |

dimensionless
dimensionless ‘

’in
dimensionless |

psi/sec/in {

cis
1bg-sec2/ind J

in
dimensionless

psi

e

2 i



»i

GAJME/72-2

Symbol

J

8O

&£

(DT

Description
AC pressure
volunetric flow rate

resistance/unit length

_viscous resistance/unit length;

wyLgl = 8mu/A%; Rol = Ryl
temperature

phase velocity'without wall effects
distance from load

shunt admittance/unit leugth
impedance/unit length
characteristic impedance

attenuation/unit length

phase shift/unit length
propagation constant/unit 1qngtﬁ
ratio of specific heats
wavelength

dynamic viscosity

kinemgtic viscosity

thermal diffusivity

density

Prandtl number

frequency; R 2w/v

angular frequency

viscous characteristic frequency; 8§v/A
thermal characteristié frequency;

wy/o? = 8uvp/A

vii

Units
psi-rms
cis

psi
cis/in

psi,,
cis/lrl

°R
in/sec

in

cis
psi/in

si
E}g?in

Psi g

cis

neper/in
radé/in

1/in
dimenslonless
in

psi-sec
in?/sec
in?/sec
1bg-sec?/int
dimensionless
dimensionless
rad/sec
rad/sec

rad/sec

-

e

e




GA/ME/72-2

’~§ Subscripts .
~ ( Damb ambient
(e _ characteristic
P ( Jend end value of the line
r flow meter
‘ Oy, ‘ load properties
(n main line properties
() orifice properties
(e receiving end properties
. (g sending end properties
(e transducer properties

1, 2, ..., 10th line property with reference to

¢)
1,2,...10 line diagram schematic

»

P

L
T
v




Ca/2=/72-2

Abstract

The dynaxic response cf 2 pneurmatic cireuit with mean flow was
investigzuted experizerizlly in the 40-1C50 Hz freguency range and the
results compared with theory. A1l cases ccnsisted of a 0,032 in ID line

-

witk sither a blocked or orifics terminated end line. The orifice sizes

used were 0.0135, C.016 and 0.020 in 7D with a length of 0.062 inches.
The line was tested at pressures from 1.5 to 26.0 psig.

Cocmparison of experimental and theoretical results were made with
a cozputer program vsing Nichols' equations as modified by Krishnaiyer
and Lechner, with mcdification of attenuaticn for mpaﬂ turbulent flow
using Brown's work. A different‘orifice impedance model was used with
mezn turbtlent {low than had bern used with blocked or mean laminar
flow. The expsrimental transfer gain was predicted within £ 1 db of
theory for a blecked line, ani within X 2 db of theory for a mean lam-
inar flow in the line. Txperimental phase shift vas predicted within %
15° for a blocked line, and within * 30° for mean laminar flow. With
mean turbulent flow in the line, the gain was predicted within % 2 db
of theory for the two smallest orifices, and within * 5 db of theory
for the largest crifice, while the phase shift was predicted within *

300 at frequencies less than 500 Hz, and within * 70° at frequencies

greater than 500 Hz.
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THE DYNAMIC RESPONSE OF FLUIDIC

CIRCUITS WITH BLOCKED AND ORIFICE TERMINATED LINES

I. Introduction

Background

Fluidic systems and control devices are becoming increasingly
important in many engineering applications., Because of their adapta-
bility to extreme environmental conditions, their simplicity of opera-
tion and light weight, they are ideally suited for many applications
where these features are desirable or needed. But, before an enginecer
is able to use fluidic systems and control devices he must first be
able to accurately predict the dynamic characteristics of pneumatic
transmission lines.

Many good mathematical models have been developed to predict the
dynamic characteristics of pneumatic transmission lines. Iberall's
model, (Ref 8), was probably the most important and it led to simplified
*solutions in the developments of Berg and Tijdeman, Brown, Nichols, and
Rohmann and Grogan (Refs 1, 2, 16, and 18).

Nichols' equations gave an accurate prediction of the frequency
response of pneumatic transmission lines, and several studies (Refs 7,
9, 13, and 20) have shown good experimental agreement for blocked lines,
Krishnaiyer and Lechner (Ref 11) modified Nichols' equations to obtain
better accuracy at low frequencies, and found good correlation between
experimental and theoretical results with mecan air flow, Malanowski

(Ref 12) found good experimental agreement with theory for branched
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preumatic transmigsion lines with blocked and orifice terminated lines.
. i
Brown (Ref 3) developed 2 mean turbulent flow model which predicis

increased atienvation over that predicted by mean laminar flome.

.
® » -

Problem - : : O :

The dynamic characteyistic of series connected pneumatic trans-

mission lines have been studied extensively in the laminar region of

mean £low, but since turbulent £flow will also be enccuntered in come :
R L} - . - S
applications, more study is needéd in' this area. The equations used

for mean laminar flow will not give good results fdr mean ‘turbulent .

13
flow at all frequencies, unless increased attenuation is used,

Objectives

The objectives of this study were as follows:
- H H .
1. The developrent of a computer program based on the theoretical
t -

equations which would: L )

a. allow for series and parallel connected lines,

b. pse.the modification of Nighols' edquations as presented by
| . . ;
Malanowski in his thesis (ref 12), with increased attenuztion for mean

turbulent flow from Brown's work (Ref 3).

. : . : .
i2. An experimental investigation to determine how useful the above

theoretical model i& with mean 2ir flow and with a blocked line using .

" the’ following copditions:

a. frequency variation from 40 to 1050 Hz,

b. small cross sectionzl areca lJine (.032 inch ID) wiih '

varying orifice size and blocked. .
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il. Theory

From electrical transmission line theory, the relationship between

voltage and current at any point in the line is given by (Ref 19)

dv

'a'x--ZI
and

dl

= YV

1)

- (2)

If the voltage is replaced by pressure and current by volumetric flow

rate, we have an analogy for a pneumatic transmission line, and equa-

tions (1) and (2) become

dp .

I = 0= R+ 3uwl)Q
and

Loy = @+ ju0p

where R = Re(Z), G = Re(Y), L = 1 In(z) and ¢ = 1 Im(Y).
w w

The solutions to (3) and (4) are

P(x) = Bie ¥ + ByelX
and
By B2
- — oIX
Q) = 7o e TE- T e

v

3)

(4)

(5)

(6

o KB P AAAALS M e A St e

Epap—

-




and

and

wvhere

and

whexe 7

GAJ¥E[72-2
« + jB8 = Re(F) + jIn(¥') and B3y and B, are ccastauts determined

by the boundary conditions eon the line.

The model 6f Wichols (Ref 16) defined two characteristic frequeacies

no mean flow. These were

Wy =

wp = 8ivy Wy

A 52
h\) = 2"&!/(&!\1
hy = ZJwImT

Nichols® development resulted in the following equations

; . WL
2= juLg + Ry [551_ + j el

R*.rl RVl

july-1) Cu
(v-1) Cy . ju(y-1) Cay
Ca Ga

Y= juCy +

2
Rel . Whey . hy S S 1
1o tig— i l -J 2
RJl 1 A 1 (hv/Z)

(y-1) Cyy 4o O Gy 1 1

Coy T Ty Thp'2) | JCohy)

1 " A R 2 Sman i s o o

and two distribution parameters which included the effects of frequency ;

dependent losses in the pneumatic lines, assuming rigid lire walls and

(7)

(8)

(9

(10)

(11)

(12)

(13)

(14)

PR—
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P! Krishnaiyex and Lecimer (Ref 11) developed approximztions to the
Bessel functions in equations (23) ond (14), which would give greater

accuracy at low frequencies. They are

Ra1 3 i 3 1
— = = +—-hy+ 2 —=pp (15)
. R,y 8 & 8 h,
wle)
1 15 1 :
= — -=-— =DL 6
R AR A (6) !
GDCa 1 1 1. an !
Co T ETIWTE R :
o{y-1) Cxy 1 1 _J_._
Ga ~ 2P T nhy =6 (8)

e -

With these definitions, equations (11) and (12) may be written as
= 8zu wp Sap
z 22 [DR1 + j LT+ 2z {DL] (19)

and
1%y A A '
01 J5 [o6] a G055 fnal

[bc}2 + [pe)? e BT J

{20)

For practical applications the approximations given in equations

@15), (16), (17), and (18), give good results for 0.1 w, < w < =, !

An orifice ended fluid transmission line which has a mean air flow
must be modeled differently than either a blocked line (Z,,4 = «) or an
open line (Zend = 0). Krishnaiyer and Lechner shoued that good results

could be obtained if the orifice ended line was modeled as
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P,
Zena = % ;50 = Z, (1)
cnd

If the mean flow in the line tecozes turbulent, Bown (Ref 3)
showed that the a2ttenuatioa in the line will increase. 7This increase
of @ 2s a functioa of increasing Reynolds Number and fregusncy is
shown in Figure 1, viere ¥p_ is the phase velocity without wali effects.
As can be seen from Figure 1, as line dizzeter decreases, the effects
of turbulent flow becoze more importa=zt at aany given Reynolds Number.
Figure 1 is part of Figure 2 from Browa's study (Ref 3), and is for the
high frequency nodel. . For low-frequency disturbances the £lovw is
quasi-steady, but for high-frequency disturbances the turbulence level
profile across the tube presuz=zbly does not rise and fall sigaificantly,
because of the inertia of the turbulent wmotion which forces 2 lag in
the response to changes in the mean velocity profile. The break
frequency, according to Brown, between high and low frequency occurs at
about (R > 0.017(x.)%-3%). 1If @ is less than this value, then the
constant I-R-C mcdel, shown in Figure 2 of Brown's study (Ref 3), should
be used. Other restz.:ictions on Figure 1, require the traveling waves
to have wavelengths A>>2zR (roughly 2>20R) to prevent coupling between
the wavelengths of the sine wave and the turbulence. Also, to prevent
the turbulent fluctuations from being influenced by the propazgating sine
waves. requires that £<0.5¥.. Brown states that the analysis should be
adequate, though not so accurate, for frequencies up to ten times higher
than this value.

If the velocity of the fliow in the line becomes too great, then the

vesonant frequency of the line will change. This change of resonant

[wa¥
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freguency is egual to the scading fregucney times (2-32), where M is che

Mach nember of the Flow ir the linme (Ref 15).

Krisheaiver aad Lechner fovad using Nichols® development and assumine

ideal gas, szell fivcteations and no flow that the trassier pressure

gain for a2 gpeumaiic line is

T2
i_: = 2@y *2- ZZ)ZE :c(zr ~ 2y Tk (22)
where
Ze = #2IY 3
and _
r=a¥ (2%)

They also showed thazt the irmput or sending impedznce of the line is

given by

-
b

(Zr + Zo) + (2 - Zo) e T2
Zr + 2¢) - 2y - 20) e72

'S C

(25)

Equations (19), (20), (22), and (25) are sufiicient to obtain
reasonably accurate predictions cf the corplex properties of fluidic
lines. F .

The gain between any two points in a cascaded line system can be

shown to be the multiple of the gains for each lime in the system.

This is 4

- -
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or given in decibels

8an = 20 logzy £ 27)

The phase angle for 2 casczéed lime Tlvid system with reflected

waves is

P.
-1 imaginery part of _3¥l
Beta = - £ tan”} Pi (28)

i=1 P-
yeal part of il

»
-

1

- |
The cozputer progra=m used by Malapowski (Ref 12), was —odified for
increased atteavation with turbuleant flow using the grzph ie Figure 1

fro= Browm's study (Ref 3).

e e
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JXXI. Experimental Apparatus

-
-

—

ine test syste: used was essentially the szze as that used by
Malanowski (Ref 12). Tne apparatus consisted of a preumatic signal
source, the monitoring eguipment, and the test line configurations.
Shown im Fig 2 is 2 schematic diagram of the overzll setup, and Fig 3

shows a general view ¢f the asctuzl laboratory setup.

Preu=atic Signal Scurce

The najor cocponents of the pneumatic sigamal source consisted of
an electronic signal generator, 2 power acplifier, and an electre—
peeumatic signal generator.

A sinusoidzl voltage was developed in the electronic signal generator
in one of the wave analyzers. This voltage was amplified by a linear
amplifier, and fed to a matched gain push~pull amplifier in the
pneumatic signal gemerator for further amplification. The amplified
signal was then used to operate a piezoelectric flapper valve in the
pneunatic driver head, shown in Fig 4. The flapper valve creates a
sinusoidal pressure pulse which varies about the mean pressure of through

air flow in the pneumatic driver head.

Monitoring Equipment

The sinusoidal signal input frequency was monitored on an electronic

counter, and the RMS amplitude of this signal was measured with a VIVM.

The output of the static pressure transducer (FL) was monitoxed on a
differential voltmeter, which allowed a constant observation of the mean

(‘} line pressure. :
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Tvo mercery-in-glass manoceters were used to measure mean line pressure
at the dyramic pressure ports (5; and 5}) before each experimental test.
A.r?zcmmter tyze Elow meter was used to measure volumetric flow rate at
the terminating orifice of the line.

The quartz type seading a2nd receiving dynamic pressvre transducers
fed their outpet to charge amplifiers. These amplified signals were
then fed to wave analyzers for RMS voltage measurements. Both wave
analyzers seat an output to an associated electronic counter to insure
that toth wave anzlyzers were operating at the same frequency.

A detailed description of the monitoring equipment is given by

Wilda (Ref 20).

Test Configurations

The test line used for the experiment was stainless steel tubing
of 0.032 in. ID, terminated with either a blocﬁed end or an orifice.
Tne orifice sizes used were 0.0135, 0.016, and 0.020 in. ID. The test
line was made of solid one-piece construction as far as possible, with
the only connection being where the orifice was soldered on to the main
line. This one-piece construction was used to increase accuracy in the
reasurenents of all line sections, which is critical if accurate test
results are to be obtained. Figure 4 shows the test line connected to
the pneunatic driver head. Detailed descriptions for each of the line

setups are given in Appendix B.
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IV. Experimental Proiedures

. To insure stability of the electrical signals, a warm-up period of
approximately two hours was allowed for the equipment before making any
test runs. Essentially the same test procedure was used for all tests.

The data recorded for each test run were Tamb, Pamb, f;, 5}, Pg, Pr,
PL’ Qfps and frequency. Mercury-in-glass manometers were connected to
each dynamic pressure port to measure the mean pressure (fg and 5;).
For those tests involving mean flow, the flow rate was measured and
plotted against 5}. These plots for the three different orifice sizes
are shown in Figure 5, along with a plot for the 0,0135 orifice with an
assumed orifice coefficient of 0.6. From the difference between the ?;
| (:} and f} values, the pressure drop was accounted for by dividing the line
into a finite number of .wort sections each with a constant pressure.
The pressure was assumed to drop linearly with distance from the Pg port
to the P, port, and with the same linear value from the P, port té the
orifice. The Py transducer volume was input into the computer program 1
: - as a small line in parallel with the main line.

The frequency of the input signal was varied from 40-1050 Hz, and

values of Pg and P were measured on the wave analyzers, along with

phase angle measurements from the dual beam oscilloscope. With each

* frequency change, the wave analyzer receiving the P, signal was also ;
. changed to the new frequency, by observing the electronic counter and i
adjusting the wave analyzer until the value of both (Pyr and Pg)
electronic counters read the same. This was done to insure that the
(:) receiving wave analyzer was locked-on to the proper frequency. 1
15
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By observing the seading and recziving signads vn fhe gual-bemss
al~buasa

oscilloscope, the phase angle measurzmz2is were obtifsn..f ., . termin:
[ £ IsZaay;

-
3

the linear distance the receiving sigmzZ had shifted .y, respect to
the sending s}gnal.

The recorded values of frequency. Zg, Pr, and plas: amele weré
input to the computer program for cozzzrison with Lk, y,

L Calcomp

plotter graphed experimental and thecrztical galn and liyg. amele ver
4 dng ¥

iy

frequency.

Signal Size

The signal size in this study was zrbitrarily delined (g pe

g= FIs @f = 1000 Hz in psi-rms
PL in psig

* 100

in percent. On the basis of this defizition the sipnil uisn yaried

from 0.2 to 1.0 percent for this study.
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Results and Discussion

Tabies I and II give experimental data and test configuraticn

data for all the experimental cases considered ia this report.

Appendix A contains theoreticzl freguency response curves for all

cases not considered in this section, and Appendix B ceateins

complete line dimension data for each case.

study ranged from approximately 280 to 700 rad/sec.

Values of «,, for this

Table I
Bxgerimental Bata

Case Ps Pr Pord Qong Qrr | Reynclds(Sigrel

Kumber psig psig psig cis cis Number |Size 7
1 7.0C 7.C0 7.C0 0.co 0.CC cceo 0.5
2 15.00 15,00 15.00 0.60 0.6C 06C0 0.4
3 4o T 4.00 3.92 0.74 0.94 1494 0.5
4 9.04 8.01 7.91 0.84 1.21 2091 C.3
5 | 14.91 | 12,97 | 12.75 | 0.87 | 1.65| 2634 | 0.2
6 21.02 18,76 | 18.51 0.91 2.09 3337 C.2
7 27.80 25,15 24487 0.93 2.56 4077 0.2
8 2.85 1.83 1.7 0.90 1,01 1605 0.7
9 7.64 5.45 5.2;) 1.23 1.68 2669 0.3
10 14442 10,35 10.50 1.36 2.36 3750 0.2
11 1.63 0.6/, 0.53 c.89 0.92 1467 1.0
12 5.13 2.36 2.03 1.51 1.72 2743 0.5
13 9.33 4,63 4.18 1.87 2.42 3359 0.3

[,

2o tasX ,ﬁm“ it
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Table IF
Tosl Comliemmadians
Czso Crifice Conplete Line Zesulis
St oo Dizmeler in, Dirensices
-4 -

i 0.0C00 Tz3le TEZ FTigs G amd 7
2 C.20Co Table IFE Figs 12 202 IQ
3 6.0135 Table I Pigs iIG 2nd 12
L 2,5135 Table IV Figs 3 ard ©
5 2,0135 Tzble IV Fig 15
5 C.G135 Teble IF Figs 2Cad 22
7 C.C335 Tadle I¥ Figs 16 z=3 17
8 G.05G Tztle ¥ Pizs 22 203 25
g 0.8150 Tatle V Fig 24
a6 ©.0260 Tz2kle ¥ Tigs 22 2= 25
i1 0.02C5 Fable ¥i Rigs 27 2r8 23
12 C.C220 Tzblo 71 Fig 22
13 0.C252 Takle VI Figs 3G and 31

Blocked Line

Blocked line tests wexe run first on the fluidic circuit to insure
proper modeling of the circuit, ané to insure the computer progra=m ¥as
working properly. Blocked line tests were knovn to give good agreement
‘between theory and experiment (refs 7 and 12). Typical results for the
blocked line tests are shown in Figures 6 2nd 7, and additional results
are shown in Appendix A. Experimental agreement with theory for the
blocked line tests was within *1 db for the gain, and within 215 degrees
for the phase shift, for those cases where rthe signal size was less than

0.5 percent. For signal sizes greater than 0.5 percent, the difference
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Retween rheory sod experinmt gecded fo inecregee as the sigmal size
ircrezsed. TRe spproximare experimental errer in aeasuring the phoos
shifr znd gain wes £15° z=d 23 éb. This is the some as the varistion

of these values for the blocked flow tests.

Lezwiner Flow

Typical éypanic pressure gaiz and phace angle measvrements for 2
mezn Izwipar flow are shown for the 0.6135 i ID orifice im Figures 8
and 9. Results in the mezn lzminzr £low regicn for this orifice a2t
snall sigpal size were within #1 éb for tie gain 2nd £30° for the phzse
shift. Cain aad phase zngle measvrezents for the larger orifices had
to be takern 2t sigo=l sizes larger thaa 0.7 perceat, t-c obtain sigeals
large excughk to rez2d from the wave analyzers. As tke sigaal size-
increased zbeve 0.5 percent, the differeace betweea theoreticzl aad
experineatzl valees increased. Shozn in Figures 10 and 11 are the
results for an experizmental ren for the 0.0135 in ID orifice with 2
signzl size of 0.5 perceat. Other results for large signal sizes are
shoxn in Appendix A. Fable IT gives the signazl sizes for all experi-

Eentz2l cases. -

Transition Region Flow

The transition region of mean flow, as determined by the Reynolds
number, occurred at different values of Revnolds number for the three
different orifices sizes. The transition region of mean flow was also
evident, by a randonmly fluctuating P, signal on the oscilloscope. The
value of the Reynolds number for the transition region decreased with

inereasing orifice size, For the 0.0135 in ID orifice the transition

-
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GA/ME[72-2
(:} region occurred in the Reynolds number range of approximately 2100-3039.
For the 0.016 in ID orifice, transition occurred in the range of approxi-

mately 1700-2900, and for the 0.020 in ID orifice, 1500-28C0.

The Py readings on the wave analyzer in the transition region
fluctuated as much as 30 percent of the meter scale at times. The
fluctuation was particularly bad at frequencies below 250 Hz, but
tended to lessen as the frequency was increased above 300 Hz. ¥hen
fluctuating signals were present, the P, readings vere tzken by
averaging the high and low values of the fluctuation. 7iiie Pr readiangs
on the oscilloscope were impossible to read in the tramsition region
of mean flow, because of the fluctuating signal, A typical exampie
of a randomly fluctuating Py signal during mean transition flow is

shown in Figure 12,
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A - Pg signal B ~ Pr signal

Fig 12 Typical Oscilloscope Trace for Mean Transition
Flow at a frequency of 350 Hz
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Typical Fp and Ps signals with mean Jamipar flcw and :ezn turbulent flow
present are shown in Figures 13 and 14 respectively. Because of the
randomly fluctu?ting Py signal, no phase angle measurements were
attempted in mean transition flow. Also, no calculations for increased
attenuation was attempted for mean transition flow cases. Experimental
results for the 0.0135 in ID orifice in mean transition flow along with
the theoretical values are shown in Figure 15, Additional results for
the 0,016 and 0.020 in ID orifices are shown in Appendix A, Results
varied for the three different sized orifices, with the two smallest
sized orifices agreeing within 2 db, except at low frequency (40-200 Hz)
for the 0.0135 in ID oiifice where the theory was 2-4 db higher than the
experimental values. Experimental results for the 0.020 in ID orifice

varied *5 db from theory.

Turbulent Flow

Typical dynamic pressure gain and phase angle measurements for a
mean turbulent flow are shown in. Figures 16 and 17 for the 0,0135 in ID
orifice, The theoretical curve labeled with an L was calculated using
the same theory that was used to obtain the blocked, lawminar and
transition theoretical curves in this report. As can be seen from
Figure 16, the experimental results do not agree with this theory except
at frequencies above 700 Hz, where agreement is fairly good. Values of
the ratio of turbulent attenuation to laminar attenuation were obtained
from Figure 1, and plotted for Reynolds numbérs from 2500~4000 in incre-
ments of 500. These plots were then input into the computer program as
second order polynomial equations, and the attenuation calculated by the

computer program using the theoretical equations was increased for the

29
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ezzn turbolent fisw cases by i wse of these cgeetrions. The computes
progrex vsed the eguatinn that was pezrest to the zoiual Esimolds

m=her for its calculations, wiich 2lloued 2 maximm error of 250

Peynolds muzmber for ca2lculating the atrespation rotio, wihich wowld
produce 2 mexicumz error im attenuvaticn of approximateily 213 porceat.

The curve iaskeled A in Figure 16 is the theorctical curve which was
czlculated vsing this iacrezsed attenvation. The resuifs apz miuch
better than without increased a2ttenuation, but agreezent betweon gheory
and exgerinment is still lackiag, especially at low Erequancies. At
frequencies zbove approxismately 300 Hz, the resélts zgree within #2 db.

It was found by sélectively reducing the orifice imredzace, that

agreesent could be ohtained between theory and esperizent. It was also
found, thar this value of orifice impcdance which caused theory and
experiment to agree, could be obtained by modeling the orifice impedznce

differently than had beea d=fined in equation (21), which was

-

Zo = Fend + 9
° Qenag 30

which used the pressure at the end of the line divided by the flow rate

at the end of the line. It was found that if the orifice impedance vas

modeled as

which uses the flow rate at the flow meter expanding to atmospheric
pressure, then good results could be obtained ¥or the mean turbulent
flow cases. The flow rate Qfm is larger than Qend, which gives a smaller
20, Values of Fénd, Qend, and Qfmp can be found in Table 1II for all test

cases, The curve labeled Z in Figure 16 is the theoretical curve which
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wze cxBenlared orime Imcrersed sriesceiion, ples egmution (29) wvs woed
to model the erifice impedsoce frstezd of egmerfon (21). Aw oo Be
seen in Figere 16, ihe resslts osimy Both increxcsed artemesticr oxd
redzeed orifice impedamce gives good rezmlts (withim #2 &) for the
0.6235 in 1D orifice. Oiher reszits for the 0.€135 in D orifice a=d
the 0.016 zod B.020 in ID orifices can be fornd im Apcendix A, It
appezrs €22t zs the orifice size becomes greater thzn cmz-balf the ID
of the maip Ilive with 2 necn turbvlent flow, that the experimemecl

restlts tend ta differ more from theory, thzn for orifice sizes smaller

than or egu2? to exe—half the IO of the main lire. Dyeowmic pressure
phase shift for the tuxbulent mean fiow czses texded to differ zore from

theory 2t kigh freguency, but agreed well at low freguzncy. These
Tesulis for il of the terbuleat meam fisw cases can be seea in Figure 17
a2nd Appendiz A. Esperimental results were still withia £70 degrees of
the theoretical phzse chift for mean turbulent flow. It appears some

correction is needeé for the phase shift zs the mepon £low rate increases.
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VE. Cooclesiors

1. The compoier program Boszd em Tfchola" eccorfony and Rrfsk-
eeiyer z=d Lechrer's mudificzrion to these eguations predicts a2 dycamie
prescure gab.e, wirich compores well with experimeet for blocked Iimes,
ox for iires with 2 meam Izminew flow 2t Row signzl sizes, Experimemzal
Zrins agreed within 21 &b with theory cver the fregresey raoge, 40-2050 BEz.

2. Experimental éycmamic pressere phese sngle shife for this
frequency rooze for blocked zod meza iomimer flow lines a2zreed with
theory within £315° for élcckeé £lowr ood within 230 when there was 2
me2q lemivar flow fn the line.

3. 7The experimentai éyozmic pressure gzin results for the transi-
tioa regicn of mezn flow a2greed with the a2bove theory within £5 éb.

4. TVUsing increased attemuztion whea mean turbulent flov is present
gives experizentzl éynznic pressure gaia results which are within £2 db
of theory for crifice ID less thzn one-half the maip line ID, if the

orifice impedance is modeled as

2y = ————Q;:d + 30

-

5. As signal size increases above 0.5 percent, the difference
between experimental and theoretical results increases.

6. Dynamic pressure phase angle measurements could not be obtained
on the oscilloscope in mean transition flow.

7. Experimental dynamic pressure phase angle measurements taken
during mean turbulent flow tend to be less than predicted by theory by

470° at high frequencies.
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VIE. REeeommendarions

1. Icvestigetioss stwold be eodergzien of nmore complex metworks to
dztermine if the theory as developed for mezm terbulent Flow cam be wsed
in these metworks to Find dynomic pressore gaim a=d phase chife,

2. Imerezssd turbolent mesn filow stodies should be vefertaken,

248 at freguencies shove 1030 Ez.

3. Ferzher stedies of the effect of turbulent mezn flow on
éyoemic pressure pha2se zngles showoicd be made.

4. Some means sho;:lé be fowad to model the orifice impedance for
meaa terbuleat flow which uses vzlues of pressure zzd flow rate at oze
point, instezd of the pressure 2t the orifice eatrance znd the flow rate

at the orifice exit.
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Fraouernicy Respense Curvss Correlating
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Theory with ™xperimental Results
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i Case I znf 2
) Line Dizceter Length
Seciion in. in.
] 6.3750 0.040
2 0.0320 0.490
3 0.0320 0.5C0
’ L - 0.0320 0.156 L
5 0.0320 2,500
& €.0320 2.5060
7 0.0320 . 2.500
Q 8 $.0320 2.470
9 0.0625. 0.030
10 0.0000 . 0,000
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-~ b
S Table IV
Case 3,4,5,6 and 7
Line Diareter Length
* Section ine. in.
0.0135 0.062

10

Remainder are the same as Case 1

Table V'

Case 8,9 and 10

' Line Didmeter Length
Section in. in.
10 0.0160 0.062

Remainder are the same as Case 1

Table VI

Case 11,12 and 13

Line Diameter Length
Section in, in,
10 0,0200 0,062

Remainder are the same as Case 1

v

NS PN



i yita |
i ' '

' 3
|3 i !
GA/ME/72-2 . . ‘ ' o : .o P

. . P ' ' H 3
H 4 [ H R 1

. . R L) - : : ]

4 . ) iy | . ! H . . :-

R ;/"\ : ; i

4

- .

< : Br§d1ey O. Montgomer& was born on 17 May 1941 in Buckhannon, Weét i
Virgini;, the soniof Earil Jqsepﬁ énd Ma;jofiezguth Montgon}ery.| He
gfadugied from Buckhannon—Upshur,High Sbhgol;.ﬁuckhanﬁon, West Virginia.' f
in:l959; and entered the Air:Force in August’bf 1959, While stationed:

' !

a* Dow Aix’ Force Base, Maine, he attended the University of Maine.
: i . R
After six years in Maine, he was stationed at Blytheville Air Force "

Base,: Arkansas where he completed enough courses.on base through Southern. .

Airman's Educationing and Gommi§sioning'
1 o

' Baptist College to apply for the
1
- i : . : |
Program. He was accepted and sent to Oklahcma StatelUniversity in

H . = I
August 1967, where he received his Bachelor of Science in Aerospace
: . i |
o, " ' \ I 3
i;} Engineéering in January, 1970. After completion of Officer's Training !
i . 1 ]

School at Lackland Air Force Base, Texas, in April.19f0, he was
1 ! v

assigned to the Air Force Institute of Technolbgy,'WrightpPattersoﬁ Aix

Foree Base, Ohio., =~ ', @ L " o
1 LY 1 L]
H .

1
Permanent Address: Route 2, Box 140 - ,
: ! ) Buckhannon, West Virginia 26201

|
* N }




