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Preface

This thesis is the ninth that has been written at AFIT in a

continuing study of the frequency response characteristics of pneu--

matic. transaission lines, The primary purpose of this report was to

obtain experimental results for a series fluidiC circuit with and

rqitioer mear, air flow. The experimental results W then .. a ,':

with exis~i;-g theory for -erifiitlut.i.

To t~iisevj~ua~o ,.te opan!•,..r prograia wh1ich was used

b, Malsnrz-', ,=Ic R 12) was nodifiead for increased attn, ZatO with

turbulent- flow based on one of the several studies by Brown (Ref 3).1 0 would like to, thank the many people who made this report

possible. in particular, I would especially like to thank Dr. H.

E. Franke, my thesis and faculty advisor, oho extended my knowledge

of fluidies and provided suggestions and help vaen they vere needed.

I would also like to thank my wife, Barbara, for patience and

"understanding as well as her proof-reading and typin.g,

Bradley 0. Nontgomery
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.Abstract

T11e dvmaxic resp-onse c'f a pneumzatic circuit with mean flow was

i.-rvasti;:ated experi-mentlly in the 40-1050 Hz frequency range and~ the

rpsults compared with theory. All cases consisted of a 0.032 in ID line

with either a blocked or orifice ter~minated end line. The orifice sizes

usad were 0.0135., 0.016 and 0.020 in 1D with a length of 0.062 inches.

The line was tested at pressures from 1.5 to 26.0 psig.

Conmrparison ofo e-peri~umenta.1 and theýoretical results were made with

a computer program using Nichols' equations as modified by Krishnaiy-r

and Lachnor, with modification of attenuation for mpan turbulent flow

using Browni's work. A different orifice impe-dance model was used with

r-Pan tEurbulent flow than had bann used with blocked or mean laminar

lo.The experimental transfer p'ain was predicted within ± 1 db of

theory for a block-ol line, ani. within ± 2 db of theory for a mean lam-

inar flow in thp lina. Ir:p-rimental phas'e shift was predicted within +

150 for a blocked lint-, and within ± 300 fcr mean laminar flow. With

nmoan turbulent flow in the line, the gain was predicted within ± 2 db

of theory for the two smallpst or-ifices, and within ± 5 db of theory

for the largest orifice, while the phase shift was predicted within±

,300 at frequencins lpss than 500 Hz, and within ?070 at frequencies

grpater than 500 Hz.

hL4
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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 engineer

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) hove 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 mean air flow. Malanowski

(Ref 12) found good experimental agreement with theory for branched

1
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pneumatic transmifsion lines -with blocked and erifice tcrm-inatze lines.

Bro-en (Ref 3) developed a r~ean turbulent6 floW model Vh-ich predic4s

increased attenuation over-that predicted by mean iat~inar f lcru.

Problem.

The dynamic characteTistic of series coninected pneumatic rans-

mission lines have been studied exrensively in the laminar'region of

mean flow, but since turbulent flow w-ill also be encountered in come

applications~, -mre study is need~de in this area.' The equations use'd

for mean laininar flow will not give good results fctr mean 'turbualent

flow at all frequencies, unless incrcased atten~iation is used,

Objectives

The .objectives of tids study were as follows:

0 1. The development of a computer pr~ogram based on the theoretical

equations which would:

a. allow for series and parallel connected lines',

b. use.the modification of Niý4hols' equations as presented by

Nalanowski in his thesis (ref 12), with increased attenuation for mean

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

i2. An experimental -'nvestigation to determine how useful the above

theoretical 'model it wi~th meaný air flow atid with a blocked line using-

the-following coVditio'ns:

a. frequency variation from 40 to 1050 11z,

b., small cross sectional area line (.032 inch ID) with

varying orifice size and block~ed.

2
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II. Theory

From electrical transmission line theory, the relationship between

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

dV (1

dx Z(

and

dl()
dx YV (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-

dx= ZQ = (R + jwL)Q (3)

and

dQ - = (G + jwC)P (4)
dx

where R = Re(Z), G = Re(Y), L = I Im(Z) and C =. Im(Y).
WA CW

The solutions to (3) and (4) are

P(x) = B1e-rx + B2erx (5)

and

1B2
Q(x) BI -x e11x (6)

C

0

3
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where r = a + jO = Re(C) + jlm(r) and BI and B? are ccnstauts determined

by the boundary conditions on the line.

The m-odel df Nichols (Ref 16) defined two characteristic frequencies

and two distribution parameters which included the effects of frequency

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

no mean flow. These were

Wv = 8=_yu (7)
A

WT 8-"vT = u (8)
A 02

h = 24 (9)

and

hT =21whawT (10)

Nichols' development resulted in the following equations

Z= jwLs1 + EI~ F!eI + j e(i)

and

jw(y-1) Cal (12)
Y = JWCal + (y-l) Cal jW(y-l) Cal

Cal + Gel

where

Re__ 2 E llel h i_ 1 (13)

and

(Y-1) Cal + J (Y-l) Cal 1 1 (14)

a e J T J o,,1)

4
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IKrishnaiyer and Lechner (Ref 11) developed appro-.Aations to the

Bessel functions in equations (13) and (14), wnich would give greater

accuracy at low frequencies. They are

e! 3 1 3 1S= 3 +--h,+ 3 DR (15)
RvA 8 4 8 hu

OLel 1 15 1

-= - h 4 - DL (16)
RV-l 64h

(y-1) Cal 1 1 1 1

-+ hT + - DC (17)
4e liT

wc(y-l) Cal i 1 1
Gel - 2hT- h1  =DG (8)

With these definitions, equations (11) and (12) may be wrwitten as

z= 8 ).[RI + A F- [DL] (19)

and

to (y-l) A [DG] (y-l)LAD ]
+ j [ (20)

[DC] 2 + [DG]? [CC] 2 + [DG] 2  (

For practical applications the approximations given in. equations

(15), (16), (17), and (218), give good results for 0.1 wV, • < •"

An orifice ended fluid transmission line which has a mean air flow

must be modeled differently than either a blocked line (Zend = o) or an

open line (Zend = 0). Krishnaiyer and Lechner showed that good results

could be obtained if the orifice ended line was modeled as

0
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zend j0 zo (21)

If the =-an flo- in the line becomes turbulent, W':oun (Ref 3)

showed that the attenuation in the line will increase. This increase

of e as a function of increasing Reynolds Number and freqUency is

shown in Figure 1, Vnere Yp, is the phase velocity without wali effects.

As can be seen from Figure 1, as line diameter decreases, the effects

of turbulent flow. beccne nore important at any given Reynolds Nvmber.

Figure 1 is part of Figure 2 froza Brow-'s study (Ref 3), and is for the

high frequency nodel. For low-frequency disturbances the flo is

quasi-steady, but for high-frequency disturbances the turbulence level

profile across the tube presuma-bly does not rise and fall significantly,

Q because of the inertia of the turbulent motion which forces a lag in

the response to changes in the nean velocity profile. The break

frequency, according to Brown, between high and low frequency occurs at

about (0 > 0.017(Mr) 0 "81 ). If 9 is less than this value, then the

constant I-R-C r~cdel, shown in Figure 2 of Brown's study (Ref 3), should

be used. Other restrictions on Figure 1, require the traveling waves

to have wavelengths X>>2nR (roughly A>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 propagating sine

waves, requires that 91<0. 5111r. 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 flow in the line becomes too great, then the

z- sonant frequency of the line will change. This change of resonant

6
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frequency is equ;-l to the seding9 frequency times (-),where MI is thre

Df-cl ntmzer of the f11o in the inre (Ref 35).

Kishnaiv~er and ILecfaer fotmd using-- Nichol~s" develamzfmet and asst~dng-

ideal gas, smA DiuCtuations oA no flew that the tran-sfer pressure

gain for a paeinmtic line is

Pr 2 z zr e77-r

Ps Zc(zr + Z,) zc(zr - Zc)e-r (22)

where

zc = • (23)

and

r = ez•_" (24)

They also showed that the input or sending irj-edance of the line is

0 given by
(Zr + Zc) + (Zr -Zc) er-r-

Zs = zc (25)
(zr + Zc) - (Zr -Zc) eF-r•

Equations (19), (20), (22), and (25) are sufficient to obtain

reasonably accurate predictions of the corplex properties of fluidic

lines.

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

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

This is

n-1

g ]I• Pi+l (26)
i-- Pi
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or given in decibels

g = 20 1ogzo g (27)

The phase •ngle for 2 cascaded line fluid system w-ith reflected

waves is

n- iaginary part of Pi:l
Beta E tan-1 Pi (28)

t ~[ real part of P+1  J
Pi

The co=-uter progrm-a used Uy lsa12now-ski (Ref 22), was modified for

increased attenuation with turbulent flow using the graph in Figure 1

from Browin's study (Ref 3).

0
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C.
HI3. EpeCriiental A.naratus

The test systen used was essentially the same as that used by

,.alno•eski (Ref 12). The apparatus consisted of a pneumtic signal

source, the mionitoring equinvaent, and the test line configurations.

Shown in Fig 2 is a schematic diagram of the overall setup, and Fig 3-

shovs a gemeral view of the actual laboratory setup.

Pne---tic Signal Source

The najor cor-ponents of the pneumatic signal source consisted of

an electronic signal generator, a power a-rp.ifier, and an electro-

pneumatic signal generator.

A sinusoidal voltage was developed in the electronic signal generator

0 in one of the wave analyzers. This voltage was amplified by a linear

amalifier, and fed to a matched gain push-pull amplifier in the

pneumatic signal generator for further amplification. The amplified

signal was then used to operate a piezoelectric flapper valve in the

pneumatic 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 IIMS amplitude of this signal was measured with a VTVM.

The output of the static pressure transducer (PL) was monitored on a

differential voltmeter, which allowed a constant observation of the mean

C;) line pressure.

10
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6 7

I.Pneumatic Driver Head " 4. Mean Pressure_.

2. Dynamic Pressure rndcPL
STransducer (ps) 5. Bleed Orifice

3,'. Dynamic Fressure 6. Sending Fixture
Transducer (Pr)

7. Receiving Fixture

Fig 4Pneumatic Driver and Sending Fixture

13
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1Tio =ercury-in-glass manometers were used to measure mean line pressure

ar the 4yaamic pressure ports (Ps and Pr) before each experimental test.

A ro•C-eter type flow meter was used to measure volmmetric flow rate at

the teralinating orifice of the line.

7he quartz type sending and receiving dynamic pressure transducers

fed their output to charge amplifiers. These amplified signals were

then fed to wave analyzers for RMS voltage measurements. Both Ywave

zmalyzers sent an output to an associated electronic counter to insure

that both wave analyzers 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 tubing0
of 0.032 in. ID, terminated with either a blocked end or an orifice.

T'he 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

reasurements of all line sections, which is critical if accurate test

results are to be obtained. Figure 4 shows the test line connected to

the pneumatic driver head. Detailed descriptions for each of the line

setups are given in Appendix B.

|A

0
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IV. Experimental Procedures

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, Ps, Pr, Pss Pr,

PL' Qfm, and frequency. Nercury-in-glass manometers were connected to

each dynamic pressure port to measure the mean pressure (PS and Pr).

For those tests involving mean flow, the flow rate was measured and

plotted against Pr. 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 Ps

and Fr values, the pressure drop was accounted for by dividing the line

into a finite number of 2hort sections each with a constant pressure.

The pressure was assumed to drop linearly with distance from the Ps port

to the Pr port, and with the same linear value from the Pr port to the

orifice. The Pr transducer volume was input into the computer program

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 Ps and Pr 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 Pr signal was also

changed to the new frequency, by observing the electronic counter and

adjusting the wave analyzer until the value of both (Pr and Ps)

electronic counters read the same. This was done to insure that the

receiving wave analyzer was locked-on to the proper frequency.

15
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By observing the sending and recat-.-'ng sign..-..I.., ,a1-be;

oscilloscope, the phase angle measur -=.ts were C)!,i aul,...J o detcrnJ...

the linear distance the receiving sign--2I had shift,..: .,4i, rs.•:pect t.o

the sending signal.

The recorded values of frequency; ?s, Pr, ald h,) IiiSlt -,m-le were-

- • input to the computer program for co=;--rison with J ,, A Calcowp

plotter graphed experimental and theor:zical gali , Ih.,,",t ;ingle f4

frequency.

Signal Size

The signal size in this study was arbitrarily t o.' be

S Ps @f = 1000 Hz in lO(-rms
PL in psig

in percent. On the basis of this definition the :I ',ib' t,. varied

from 0.2 to 1.0 percent for this study.

'1
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V. Results and Discussion

Tables I and II give experimental data and test configuration

data for aln the experimental cases considered in this report.

Appendix A contains theoretical frequency response curves for all

cases not considered in this section, and Appendix B contains

complete line dimension data for each case. Values of a3 for this

study ranged from approxizately 280 to 700 rad/sec.

Table I

ThctPrin:nt~al Data -

Case Ps Pr Pd Q-nd Q,. Reyno01i31i Signai
Nunber psig psig psig cis cis aunbe-r Sizj Q

1 7.00 7.00 7.00 O.CO O.00 C -CO 0.5

2 15.00 15 . 00 15.00 O.00 0.00 000C 0.4

3 4.79 4.00 3.92 0.74 0.94 14-94 0.5

4 9.04 8.01 7.91 0.84 1.31 2091 0.3

5 14.91 12.97 12.75 0.07 1.65 2634 0.2

6 21.02 18.76 18.51 0.901 2.09 3337 0.2

7 27.80 25.15 24.87 0.93 2.56 4077 0.2

a 2.85 1.83 1.71 0.90 1.01 1605 0.7

9 7.64 5.45 5.20 1.23 1.68 2669 0.3

10 14.42 10.85 10.50 1.36 2.36 3750 0.2

11 1.63 0.64 0.53 0.89 0.92 1467 1.0

12 5.13 2.36 2.03 1.51 1.72 2743 0.5

13 9.33 4.63 4.13 1.87 2.42 3359 0.3

]8I
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-C =

I 0.CC.35 sable •Il - !

2 0.0 er"WN _,11 Firs 1.3 ar' 19

14 O-CI35 ?ableIE 1 Y i's a and9

5 0.0135 TMble I• Fig 15

6 0.0135 ?abi" JT~ Figs 23 amd 21.

7 C-CI35 Table 1i -iss 26 s~17,

8 0.0169 Ta',le V F.gs 22 a'.• 23

9 0.0160 Table V Fig 2.

7L0 O20)3 Table V Figs 27 2nd 23

12 0.02U0 Table 9 Fig: 29

13 0.02_r TIe:e V_ Zips 30 azd 31 I

Blocked Line

Blocked line tests were run, first on the fluidic circuit to insure

proper modeling of the circuit, and to insure the computer program was

working properly. Blocked line tests were knoun to give good agreement

"-between theory and experiment (refs 7 and 12). Typical results for the

blocked line tests are shown in Figures 6 and 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 ±15 degrees

for the phase shift, for those cases where the signal size was less than

0.5 percent. For signal sizes greater than 0.5 percent, the difference

19
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betutm LW ar =j rinraurI m tendee to Mcreo-: as the slzmal size

i-re-osed The rertr ie re 2fo rtis tCe 7ha-r

anfd a= cain :s ZS0 aed •e•-.r. This is theu 25 rs the oariatics

of these eoalug s for the blcced t Ifce tests.

- ~ tZ!i2Zr now

Typical d1arra dc pressure gain fend est--e angle heasrements for a

mse=la iinor flow are ihl-rn for the 0.0135 in 1D orifice in Figures h

an-d 9. PA-sults; In the n.ezas lainar flowi region- for this orif ice 2C

sm~all signal size wtere w'ithain -41 6': for the gain and -L30 for the p~hzse

shif t Cain and pihase angle mezsurezents for the larger orifices had

to be taze at signal sizes larger than 0.7 percent, to ogtain signals

large enougp to read f rae the give analyzers. As the signal size -

Increased above 0.5 percen.t, the dilfference between theoretical and

experimental values increased. Shor~an in Figures 10 and U1 are the

results for an exoerinental run for the 0.0135 in ID orifice w~ith a

signal size of 0.5 percent. Other result.ý for large signal sizes are

shcr.n in Ap~pendix A. Table 11 gives the signal sizes for all ex-peri-

nental cases.

Transition Region Flow

The transition region of nean flow, as determined by the Reynolds

number, occurred at different values of Reynolds number for the three

different orifices sizes. The transition region of mean flow was also

evident, by a randomly fluctuating Pr signal on the oscilloscope. The

value of the Reynolds number for the transition region decreased with

increasing orifice size. For the 0.0135 in ID orifice the transition

22
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region occurred in the Reynolds number range of approximately 2100)-30-0.

For the 0.016 in ID orifice, transition occurred in the range of apprcrxi-

mately 1700-2900, and for the 0.020 in ID orifice, 1500-2800.

The Pr 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 Hiz, but

tended to lessen as the frequency was increased above 300 Hz. When

fluctuating signals were present, the Pr readings were taken by

averaging the high and low values of the fluctuation. lhe Pr readings

on the oscilloscope were impossible to read in the transition region

of mean flow, because of the fluctuating signal. A typical exampie

of a randomly fluctuating Pr signal during mean transition flow is

shown in Figure 12.

0

I .0

A -Ps signal B -Pr signal

Fig 12 Typical 0scil~oscope Trace for Mean TransitionSFlow at a frequency of 350 Hz

27



A - Ps sigal B -Pr signal

SFig 14 Typ.ical Oscilloscope Trace for Me.an Turbulnar
Flow at a Frequency of 350 1Hz

S. ,

! ..

A•- Ps signal B - r signalJ

Fig 13 T'ypieal C.cilloscope Trace for M4~an Tuinrbu•n
Flow at a Frequency of• 350 H~z
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Typical Pr and Ps signals with mean 3ar-inar flow and :rean turbulent flcw

present are shown in Figures 13 and 14 respectively. Because of the

randomly fluctuating Pr 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 shoin 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 orifice 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 ii. 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, lawinar 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 numbers 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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nearI t hebalet flý-v cases by ach vs~e of2 these ceuztion. ru 2=c-

progrm tused the ea..timit that •az r.-=est to the ac.a .noidsI

nutber for its dalculations, 2•eaic. cd z nz=!== erro of 250

Reynolds nunbcr for calculatkn& tei aticem-atio3 rtltiO. i~i& ucould t

prohuce a =a.=. error in attnteuation of approxinately 10 percent.

The curve labeled A in Figure 16 is the thmeoretical car,' .. ich was

calculated using this increased attfeuation. The results =,e Mae;h.

better than without increased attenuation, but agreement berweqn r•J.hory

and ex.erinent is still lacking, especially at low frequencies. At

frequencies above approxi•-.tely 300 f!z, the results agree within ±2 db.

It was found by selectively reducing the orifice ignpedance, that

agreesent could be o'.tained between theory and experi-ent. It vas also

fouud, thar this value of orifice i"pedance which caused theory and

Qex-periment to agree, could be obtained by modeling the orifice impedance

differently than had been defined in equation (21), which was

Zo = Pend + j O
Qend

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 was

modeled as

z "Z Pend + 0  (29)0° Qfm+ O29

which uses the flow rate at the flow meter expanding to atmospheric

pressure, then good results could be obtained for the mean turbulent

flow cases. The flow rate Qfm is larger than Qend, which gives a smaller

Zo. Values of Fend, Qend, and Qf, can be found in Table II for all test

cases. The curve labeled Z in Figure 16 is the theoretical curve which

33



to rmedc§l e orifice i_-.ae oird of C.e (-). OM p be

re sved orlie !=*== tivreemrs zocv rezsums (Wlthi tbe2 4o) ffor the

0.0235 is 3D orif fice r r-eslts for tb e 0.035 is ID orifice a-

the- 6.016 zzg DAM2 1= ID orifices: cm be facm in ffzceedi A.. It

appears that as the orifice s !te becms erester th &o0--Bm the ID

of the maic M-.0 with a Mezn tvreulzht flow, that the experi-metal

results tend to differ =ore freim theory, than for orifice size~s samller

than or eca=1 Wo cme-h'alf the ID ofE the main ie.Jnatcpressure}

phas-e shift for te tL-buleat =ean flow cases tended- to differ =Dre from

theory at high fI-requency-, but 2greed Vell 2t lew frelvac. TheseI

results for all of the turbulenit mean flow cases cani be seen in Figure 17

() an2-d Appendix A. Ec-'tlres-ults were still within 170 degrees of

thle theoretical phamse shift for m-ean turbulent flow. It appears sone

correction is needed for the phase shift as the =_an flow rate increases.
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1. 1ew 2a wrL-BMm* ZAS~fCM to neseeZ= ve a &mnc

presre zie- Td.!ich =cOrqýrs wenU W~ig-% tn:; mvt for blicexeJii1-5

Or for 210= With 2 MEM 2=1Ea flow~ Zt: -pe Siz~.dszes. erký

Z21= Zgreed w'ithin t1 ai U-ith theory over the frue;Ce-C r2*ex 404050 HZ-.

2.. E-,exIn~gnA1 4pcressvure ;tb2se ar=L-e ehift fOr thiS

frequmeoy rznge for blck~ed zand 1an -ninzr flawr li3- 2,greed Tidth

theorywvithin 2150 for blocked 1fJ-r!w -,;d ~withi :E304' shen there wras a

nen Lmdnar flow in the line..

3. The ezperinen-tai dynaznic pressure gain results for the trani-

tion region of zeuan flowi agreed with the abDOve theory witbin ±4 dbD.

4. Usia-'g increased atcMsnZ-tion when mean turbulent flow is present

gives eziperinental dynankc pressure gain results -Ohich are vithin ±2 d~b

of theory for orifice IiD less than one-half th-e main line ID, if the

orifice ispedance is sodieled as

5. As signal size increases above 0.5 percent, the difference

between experimental and theoretical results increases.

6. D~ynamic 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

Q ±i70* at high frequencies.4
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I..I~t~i~i~s !51dkw be Cmdreaka off =re comple rzebmirks to

2. . mle --s should be f id to model the orihfice lmeace for

mea uebrb ent fl•r which uses values of pressure and flc rate at one

point, instead of the pressure at the oviff4ce entrance anif the flor. ratSe

Qrat the orifice eit..
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Appendix B

Comtplpte Line Di nions
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Case I .ai 2

LIM D .ete r Length
Si~in. in.

1 0.3750 0.040

2 0.0320 0.490

3 0.0320 0.500

4 0.0320 0.156

5 0.0320 2.500

6 0.0320 2.500

7 0.0320 2.5C0

8 0.0320 2.470

9 0.0625 0.030

i0 0.000 0.000

5
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Table IV

Cas' 3.4.5,6 and 7

Line Diameter Length

Section in. in.

10 0.0135 0.062

Remainder are the same as Case 1

Table V

Case 8,9 and 10

Line Diameter Length

S•ection in. in.

10 0.0160 o.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

5I
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