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Preface

The purpose of this thesis was to study the effects of

turbulent mean flow on the frequency response of round air
filled transmission lines. The report was based heavily on
past theses and dissertations performed at the Air Force
Institute of Technology, specifically those writtem by
Malanowski, Vining, and Moore.

The computer program used in this study was originally
written by Malanowski and the model used to predict
turbulent characteristics was developed by Moore with
modifications suggested by Dr. Franke.

I wish to thank the people who were helpful in the
completion of this study. Captain Mark Ross devoted much
on a thesis with a similar topic and was very helpful in
almost all phases of this study. Dr. Milton Franke, my
thesis advisor, was always helpful whenever I ran 1into
problems. Harley Linville was always ready to help when
equipment problems cropped up. I also wish to thank my
wife, Theresa, for putting up with me during the final

months of study and typing.

Mark S. Briski
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2 NN <-; Theoretical predictions of the small signal frequency
-

. response of round pneumatic transmission lines with

e

Fz turbulent mean flow were compared with experimental results.

The frequency response curves were found for lines varying

in length from 24 to 36 in. with inside diameters of 0.195,

0.119, and 0.041 in. The lines were tested at Reymn<¢ .
numbers of 2000, 5000, and 10000.

Theoretical solutions were obtained wusing Niche

. equations as modified by Krishnaiyer and Lechner. Soluticus

were also found using several different modifications of a

constant LRC model developed by Moore. The results were

mixed: for the 0.195 and 0.119 in. | 1ines the prediction of

. gain was good but for the 0.041 in. 1lines the results were

poor. The accuracy and applicability of the constant LRC

model was explored along with its various modifications.

The constant LRC model with the AC resistance showed

potentfal for predicting the gain in fluid transmission

lines with turbulent flow. The limitations and

applicability of the constant LRC models Qés studied. -7
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'ﬂi‘ THE EFFECTS OF MEAN FLOW ON THE DYNAMIC

CHARACTERISTICS OF FLUID TRANSMISSION LINES

I.Introduction

Ao

.

.. Background
).
g The propagation of small signals in fluid 1lines has
been of interest to scientists and engineers for many years
-
ha
Y and, particularly since the advent of fluidic devices in the
o
-“,.
ﬁ: 1950°s. Many 1investigations have ©been conducted, both
g analytical and experimental, 1in an effort to develop models
-
Q‘J
:ﬂ that can accurately predict the frequency response of fluid-
fg filled transmission lines. Equations, develcped by Nichols
b (Ref 1) and modified by Krishnaiyer and Lechner (Ref 2),
<y
ﬁ have proven wuseful in predicting the frequency response
P under laminar flow conditions.
- Brown, Margolis, and Shah (Ref 3) using two and three
.
E region viscosity profiles predicted increased attenuation
,? with Reynolds number in lines with fully developed turbulent
flow. These models however resulted in relatively
‘ﬂ complicated solutions. Moore (Ref 4) wused a simple
;ﬁ constant LRC model as suggested by Brown et. al. (Ref 3) and
Funk and Wood (Ref 5) to predict this increased attenuation.
52 Objectives
%Q
) The following objectives vere established to
Yy e
NI
! )
X 1
™
o
’.
,'
e A e e e T e T T
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investigate the effects of turbulent wmean flow and

oscillatory signals in pneumatic transmission lines .

1.

To experimentally determine the small signal
response of lines with developed turbulent mean
flow.

To modify existing computer programs to incorporate
new resistance expressions.

To develop models for phase shift and attenuation.
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I1. Theory

Many previous investigations of fluid-transmission
lines have successfully used a pneumatic-electrical analogy
in their analysis with pressure and volumetric flow rate
analogous to voltage and current respectively. Using this
analogy the following equations describe the relationship

between pressure and volumetric flow:

g—'; = 26 = (R + jwl)q (1)
and
;lg\ = /P = (G+ wC)P (2)

where the complex terms Z and Y are defined as the series
impedance and shunt admittance of the line.
Krishnaiyer and Lechner (Ref 2) present Z and Y 1in

round lines with blocked or laminar flow as

| J
and
2 o6 Afn-70
__wlh-NYp [D(’] nvs (_’_‘;l)i'é[C* |
Yy = [05:2 + [DG]Z SN b oy [DC:,‘?+ [[ L/ (4)

where the terms DR, DL, DG, and DC are given as

e e e e .
NEATAE . _JPRTARSI RRRT ML - AV ICINPLISIN

RIS | A7 SN
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DR = 2/8 + hy/4 + 3/(Eh,) (5) |
DL = hysda -15/(64h] (6)
DG = hy/2 - 1/(4hy) (7) |

DC =1/4 + hys/2 + 1/(84hy) (8)

with hH, and hy defined as velocity and temperature

distribution parameters given by equations (9) and (10)
. Yo
hy = ciw/wy) (9)

hy=0 hy (10)

W, 18 a characteristic frequency defined by Nichols (Ref 1)

as

n, = . (11)

These equations are accurate over a frequency range of
0. lw, <wW=<=23C for blocked lines and for lines with fully

developed laminar flow.

Transmission 1lines can be described by a propagation

operator per unit length [ and a characteristic {impedance ‘

Z, given by equations (12) and (13) ‘
F=(Zv/2=o + i (12)
Zo=12/Y)%2 (13)

vhere O is defined as the attenuation and (3 is the phase

hade g’
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angle per unit length. The input impedance of a 1l1line 1is

given as

(Z++ Zplexp(ll) + (27 - Zalexp(lTi)

2s = 2
N ©(Z + Zolexp 1] - (Zy - Zo)explTl

(14)

The ratio of the recieving pressure to the sending
pressure 1is

P, 22,

Fs (Z, + Za)explTl) + (2, - 2o )exp(l i (15)

The gain i1s the magnitude of the complex pressure ratio

given by equation (15)

VA
3 = (16)
and in decibels
= S 7
gdb ZO/ngg (17)

The phase shift between the recieving and sending
points on the line is the angle formed by the ratio of the
imaginary to the real parts of the pressure ratio

<) Im(Pr/Pg)

Bete = tarn' —m™mM—— (18)
Re (P, /P )

Turbulent Flow Effects

In order to predict the attenuation for 1lines with

fully developed turbulent mean flow, a constant LRC model is
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used following the method of Moore (Ref 4). This model uses
the turbulent resistance of the 1line, the adiabatic
inertance of the 1ine, and the 1isothermal <capacitance
(adiabatic capacitance with v = 1.0) of the 1l1line to
determine the propagation operator and characteristic

impedance. The turbulent resistance is defined as

_ fPeﬂ
Pyt = ZApe (23)
the adiabatic inertance is
Ly = —f (24)

and the adiabatic capacitance 1is

Cs = —¢ (25)

O
-~
°

The turbulent impedance 1is a complex expression
consisting of a real term, the turbulent resistance, and an

imaginary term, the adiabatic 1inertance.

Z, = R,y + W lg (26)

Using the adiabatic inertance introduces a small error into
the model but greatly simplifies it and reduces computation
time. The actual turbulent inertance is slightly greater
than the adiabatic inertance, Moore (Ref 4) shows that the

turbulent inertance is approximately 3.52 larger than the
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adiabatic inertance at a Reynolds number of 5,000. The
turbulent i{inertance approaches the adiabatic inertance as
the Reynolds number increases.

The turbulent admittance 18 a complex expression
consisting of a conductance (real part) and a capacitance
(imaginary part). The capacitance 1is thought to be
isothermal at 1low frequencies so the expression for the
adiabatic capacitance is used (Eq. (25)) with gamma = 1.
The conductance is assumed to be zero for the low

frequencies at which this model 1s used

Y, = jWCs (27)

Moore (Ref 4) uses the Blasius relation, equation (28),
as a simple method of relating fRe to the Reynolds number

for turbulent flow.
fre = (. 3164 R4 . (28)

For laminar flow the expression relating fRe to

Reynolds number 1s Eqn. (29).
fRe = 64 (29)
The turbulent resistance then becomes

0.3164 Re™
2AD<

Rur = (30)
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and the laminar resistance for this model becomes

S0h _ 32
Ry = A_D% (31)

The resistance used in this model is a DC resistance,

Franke (Ref 6) suggested that using the DC resistance might

sl St St ot

e cause the constant LRC model to predict lower attenuations
’5: than would actually be encountered. The constant LRC was
L~ modified to account for a possible higher AC resistance.

The AC resistance, as suggested by Franke (Ref 6), is

|

, .
o A
L A h
ofala?

" LN N

%)

N P (32)

A)[Cl

RvT)AC =

| AD aGJ

%

£§ After carrying out the differentiation and simplifying the

'n' ‘E, expression, the AC resistance becomes

o)

'__': I R A (33)

b

< while the expression for the laminar resistance will not

= change.

t‘ The attenuation predicted by the constant LRC model,

;3 using both the DC and AC resistance, 1is nondimensionalized

'§; using the method of Brown (Ref 3) and plotted against a

;é nondimensional freque- 1 1in Fig 1. The attenuation

::1 predicted by Nichols equations, as approximated by

fﬁ Krishnaiyer and Lechner (Ref 2), 1s also shown as a S
;i reference. Fig. 1 shows that the constant LRC models predict j
:f attenuations higher than those predicted by Nichols below i
3 o
g_, 8 :
i
3 i
-';:"_ . O P T R
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‘ Figure 1 Predicted Attenuation vs Frequency

A

¢

o) certain frequencies, but reach constant attenuations that
Wl

? result 1in wunder prediction at higer frequencles. The
YR

e

7 frequency at which the turbulent and 1laminar curves
o~ intersect 1s denoted as the break frequency 4. The
<

'f dimensional break frequency wpy is obtained from ()t . The
:: actual behaviour of 1lines with turbulent flow has been
P experimentally proven by Brown, et. al. (Ref 3) and Funk and
o

W Wood (Ref 5) to be laminar at frequencies higher than the
Y

X break frequency. The behaviour in the vicinity of the break
~§ . frequency 18 uncertain, experiments by Margolis and Brown :j
5 g
- 9 o
= Y
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(Ref 7) produced large deviations in attenuation in the
vicinity of the break frequency.

The computer program used in this study employed the
turbulent constant LRC model at frequencies below the break
frequency, () ,and the laminar model (Eqns. (3) and (4)) at
frequencies greater than the break frequency. The program
uses these models to determine the propagation operator and
characteristic 1{impedance (Eqns. (12) and (13)) then wuses
Eqns. (14) and (15) to determine the theoretical pressure
ratio. The program then uses Eqns. (16), (17), and (18) to

compute the theoretical gain and phase shift.

Mean Pressure Drop

Schlichting expresses the relation between pressure
drop and distance in a constant area duct as
c
— { A
AP = -f — iyl (34)
D z

If equation (28) 18 used to determine f and substituted into
equation (34) then the pressure drop can be expressed as a
function of velocity and Reynolds number. Further
manipulation with the velocity and density can result 1in

equations (35) and (36) which express the pressure drop as a

function of 1, D, Re, P, and/J for turbulent and laminar

flows respectively. :

Lol 7T (35)

10 ;
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o P = -32— =Re 36
r a b pO? (36)
Equations (35) and (36) are only applicable for
incompressible flow. To find the pressure drop 1in small

diameter 1lines at high Reynolds numbers,

are rTevwritten
distance dx. The ideal
in terms of pressure and

Reynolds number and temperature are constant in the line the

equations can be integrated to get Eqns.

]
_ B 2 e 2 |7
Lp = & - O":r"%"ﬂ.“"h *‘2-{1!( (37)
—F ,'_; _!~ ":tj:_:- . + r- i (38)
L J
L,
o
11

as infinitesmal pressure drops for

Eqns. (35) and (36)

a small
gas law 18 used to express density

temperature, then assuming that

(37) and (38).




tﬁ I1I1. Experimental Apparatus
‘ib 'ig The experimental apparatus consisted of pneumatic
:f signal generating equipment and signal analysis
‘zr instrumentation shown schematically in Fig. 2. A rotometer
:U~ was also wused to verify that the mean flow was consistent
o with the pressure drop.
z% The wave analyzer connected to the sending dynamic
X pressure transducer was used ¢to generate a sinusoidal
éé signal. This signal was then amplified and sent to the
E% pneumatic signal generating equipment which amplified 1t
¥ further and sent it to the pneumatic signal generator. A
;Ei frequency counter was used to accurately determine the
::: actual frequency of ¢the signal generated by the wave
= 'u analyzer.
iu The signals 1in the line were measured by two dynamic
- § pressure transducers. These signals were sent to charge
-f' amplifiers. The amplified signal was then passed to the
i“; dual ©beam oscilloscope and to the two wave analyzers. The
333 oscilloscope was used to monitor the signal and to measure
i, the phase delay. The wave analyzers were used to measure
ég the RMS output voltage of the signals.
;ﬁ, The mean flow rate was established using the rotometer.
:; Once the mean flow rate was established the rotometer was
;;i removed and the flow rate was monitored using the static
éé pressure transducer. The losses associated with the ;
2 rotometer were small enough that 1its removal caused
N
;.; 12

0
AR

-
.
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- negligible changes 1in flow rate. The rotometer was :
i e calibrated before any tests were conducted.

Iy

Test Confi;urations

4
x5 -l Lo

k. Six different 1line configurations were used for the

experiment. A schematic of the basic line configurations is

shown 1in Fig 3. Each test line consisted of plexiglas é

s

A-A

fixtures at each end which contained the transducer cavities

£ and a smooth steel line of constant diameter between the two
L)

plexiglas blocks. The 1lines were smooth enough to

accurately predict the pressure drop in the 1line wusing

equation (37) for turbulent flow and equation (38) for

LA AR

laminar flow.

N
LA

2
-*ala

Clagssification of Cases

)

‘-, The cases were designated using a two digit system.

The first digit indicates the 1line being tested and

-

corresponds to the line numbers used in Table I. The second

digit refers to the Reynolds number at which the 1line 1is
ﬂ being tested. A one Indicates a Reynolds number of 2000, a
19
; two indicates a Reynolds number of 5000, and a 3 indicates a
2

Reynolds number of 10000. For example case 52 is 1line 5
3 tested at a Reynolds number of 5000.
;: Line 1 was tested in several different configurations
- before taking data for all of the lines at the various
S Reynolds numbers. One test was to verify that the length of
X the 1line from the pneumatic signal generator to the test
~
= lines did not have an adverse effect on the signals and the
‘ \,‘t
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Table I

Line dimensions for different configurations

Line number D D H H L
1 0.251 0.195 0.181 0.029 24.00
2 0.190 0.119 0.190 0.029 24.00
3 0.065 0.041 0.202 0.029 24168*<
4 MB:;;IWb 0.155 | 0.186 0.028 gﬁﬁé.do
5 | 0.190 | 0.119 | 0.182 | 0.026 ' 36.00
Mﬁuﬁ-dé~"““NWAwa.065 —6.041 0.187 d;;éf_7736.66
|

All dimensions are

16

in inches
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other to determine the effect of the volume immediately
e beneath the dynamic transducers. These two cases were
tested at Reynolds number 2000 on line 1 and were designated

cases 1l1A and 11B respectively.

~
o
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IV. Experimental Procedure

The same procedure was used consistently to <collect
data for each test. Equation (37) or (38) was wused to
calculate a pressure drop for the line at the Reynolds
number desired. The output of the static pressure
transducer was then used to set up the equivalent pressure
drop. The rotometer was then used to verify that the flow
rate was correct for the case. The rotometer was then
removed and the static transducer was used to monitor the
mean pressure for any variations in flow rate. Test runs
were made at Reynolds numbers of 2000, 5000, and 10000 for
the four smaller diameter lines. The two 0.195 diameter
lines were run at Reynolds numbers of 2000 and 5000 due to
the mass flow constraints of the pneumatic signal generator.

The barometric pressure and temperature in the room
were recorded before each test run. The desired flow rate
was set using the procedure outlined above then the wave
analyzer was used to set the frequency of the signal. The
RMS output of the sending and recieving transducers was
recorded from the wave analyzers and the phase lag was

measured on the oscilloscope.

— M A _smm——r



V. Results and Discussion

The computer program used to predict the theoretical
gain and phase shift was based on that used by Malanowski
(Ref 9). It was extensively modified to incorporate the
constant LRC turbulent models. In order to verify that the
original laminar section still functioned, the program was
used to predict the gain and phase shift in a blocked 1line.
Then, the program was used to predict the gain and phase
shift for each of the six lines with laminar mean flow.
Table II gives a summary of test conditions and some
experimental and theoretical data for the <cases with
Reynolds numbers of 2000. Figures 4-18 show the
experimental and theoretical gains and phase shifts for
these cases.

There are no phase diagrams for line 6 at any of the
Reynolds numbers tested; this is due to the fact that the
noise in 1line 6 made accurate <collection of phase 1lag
impossible. This is also true of several of the other lines
at higher Reynolds numbers.

Figures 4-18 verify that Nichols equations are very
good at predicting both the gain and phase shift for 1lines
with laminar mean flow. Only cases 31 and 61 show major
discrepancies, occuring mainly at lower frequencies. This

may be partially due to noise problems, described above,

which were associated with the two smallest lines. All of
the 1laminar curves however, showed a 1-2 db error at
19
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- Table II

-:::if.‘ Test conditions
2 Case 3 Q Re d Wy Ps Ts

::j Number| psig cis fps rad/sec psia deg F

~
N 11 0.016 | 7.61 | 2012 21.2 20.8 | 14.37 75.2

O A

. 11A 0.016 | 7.61 | 2012 21.2 20.8 | 14.37 75.2

‘»-.? -
‘g 11B 0.016 | 7.61 | 2012 21.2 20.8 | 14.37 75.2

- 12 0.116 | 18.93 | 5003 52.8 20.8 | 14.30 75.2

-

1 - e S i

. 21 0.069 | 4.58 | 1992 : 34.3 55, 7 5 14.39 L 75.2

“° - T TS g Y ___.-__,;_. e = .
% 22 0.493 | 11.18 | 4944 ' 83.8 54.8 ' 14.39  75.2 :
‘.; .- SIS W . ‘ . i . ; .
o 23 | 1.554 |21.29 | 9695 . 159.5 | 53.2 l 14.39 ] 77.0

. 31 1.616 | 1.50 | 2012 94.7 448.5 | 14.53 { 77.0 !
¥ 32 9 657 | 3.03 5037 ; 191. 3 ' 361.5 L 14,45 0 77.9 j
9 L L o e 3‘ 4
X 33 23.385 | 4.42 9814 279 0 270.7 ' 14.40 80.6' “
. © 41 0.023  7.69 2042 21.5 20.7 14.39 75.2
:.:' e s e v —— e T. . ....._.--_: . e - - - - B

;% 42 0.164 1 18.66 , 4974 | 52.1 20.6 14.39  75.2

:. L - i S % . — e :

e 51 5 0.099_} 4.58 | 1986 34.3 l 55.9 l 14.34 & 77. 0|

L _ _ 4 o i —_— o . .- o 1 —

x 52 | 0.697 11.05 J 4974 | 82.8 I 54.1 | 14.52 | 76 1

.t - H | B - e

0 : , H '

e 53 2. 233 }21 06 I 9884 : 157.8 ' S51.6 ' 14.52 | 77.0

: 61 2. 276 | 148 1996 93.4  446.6  14.37  78.8

- L 62 9.514 | 2.46 | 4059 | 155.3 | 363.5 , 14.39 | 78. .8 2
o o . . i . . o P . J
2 63 21.289 | 3.48 J 7457 | 219.7 | 280.3 | 14.39 | 78.8 g
« : 2 H A
& :
fa ':
-, X
T~ :
A .
- .
0_ '..". 4‘
X en :
B A
vl 5
' 20 )
N 1
- |
) f
.

‘l
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frequencies below approximately which approaches the low
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frequency limit for which Krishnaiyer and Lechners equations
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are applicabdble.
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P

Turbulent Flow

493

_"

Figures 19-34 show the gain and phase shift for

X Reynolds numbers from 5,000 to 10,000. Table III gives the
value of the nondimensional frequency (used in Fig. 1)
which corresponds to the highest tested frequency of 1000 hz
for each case. The value of » which corresponds to the
intersection of the laminar and turbulent attenuation curves
is also found in Table III for both AC and DC resistance.
The method wused to predict the gain and phase shift
employed the turbulent model up to the break frequency .

From this frequency up Krishnaiyer and Lechners equatiouns

were used to predict the gain and phase shift. Because of
this the curves representing the constant LRC models are
only plotted up to their break frequency.

Figures 19-26 show the theoretical gain and phase shift
and the experimental gain and phase shift for four of the
lines at a Reynolds number of 5,000. The figures show that
Nichols theory 18 accurate above the break frequency.

Figures 27-28 show 1large discrepancies 1in all of the

theories although the constant LRC with AC resistance 1{is
good at high frequencies. The constant LRC models appear to

be 1inadequate to predict the phase shift for any Reynolds

number tested while Krishnaiyer and Lechners equations 1]
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o Table III

- Q? Values of j)mm‘, u%gnand U%chor the Turbulent cases

o Case Ninax Wy, oc W ac
3 Number 000 2z, rad/sec rad/sec_i

.

e 12 2416 260 | 878

_____ g —- —_

. 22 919 684 2311

23 946 2005 6639

S R — — e -

32 141 4450 15040

33 188 | 10061
o U SIS e

42 2437 257 871 '

52 931 | 675 2282

53 976 1945 6441

& - [ - - . - 4 - o e
N, 62 140 4473 15120
o
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63 182 . 10420 34503

-
Pl K

bae. e 37

.............................



DR

Oi®  (7.%TW) 2ININDINS

00°00i 09°06 02 08 03°0L 03739 vuus J3°0r

' 1

ou.u.m uudhw 03701

v 5wy e e
BERY 4 Sl P e

Z1 98s®) 103 Aouanbaig sA uyes [eoj3aaoay] pue yejuswjaadxy ] 2and1d

0370,

€00S = a3qunu spjoufay

3ouelIsSTIEaY OV YITA [apow DY JUBISUOD- - —
30uB3IS8T8IY DA YITA [9poW DY 3IURISUOH— ——
*suby saouyoa7 3 asfyeuysyay
Juadwmiaadxy o

F AR S N e

%4 % ¢ *

- b oot =

A A -vc.- q;..(ﬂl(.l, Nnir y NSRS

VRRCWRN | Sarsaiiady

+

03 0of-

Y

02°67-

T

00°G?-

T

93§~
NBD

38

03°0.-
(67385337

y 095

00°0

00°S

-

09°01

»
’

Y

o'

F )

.\..l\.l..ﬂ.l\— NS MO 8




A S A A AT AT 4 N i S e SIS LN S SN e A err'r*‘T

10C. 60

90.60

T

8C.CC

ul
L)
\\&
4.
FREQUENCY

ic.co

T

.GC

O

€.GC

{-_ 00°Sgz- 0D°0LZ- 00'Sif- 03 09F
3IT1ONbB 3SbHd

Figure 20 Experimental and Theoretical Phase vs Frequency for Case 1l1A

00°0 00°G¥- 00°06- 0D'SEi- 07 08
(S334%030)

39

o e e e e N e e e e e e e N NN T A T e T e e e i
AL N W SRR NS S R LSV VSR R P AT VO W VPV P WA WP S WY




- SARRCARMIRSNE N b Sirgiskiera e iag | A/ e s O B A AAEAASAAte d . LPLSATR SRR - S AL AL L e (i - SCMEARE

7t 98®) 103 Kouoenbasiy sa ures [edT3I2108y] pue [ejudwyiadxy 7|z 22anBy4g

01 07Nk ONINDIN

00°001 00 ' 0b 00 Ou [(JVRRITA 090 0y FNEVE Jaour (RNl Uy oas UJ 0. 000
i n 1 1 - p ‘ DOSY R L .~ 1 ¢
«
i)
Q
E
hHeh = 1o9qunu sproudlay -
«
90UeB3ISTI8dY DV YIFM TOpowm DY IUBISUOD— —
dOUBISESAY D@ YIFA [°powmw DY1 IUEBISUODH- -- — &
*suby sasuyoag » xafyrUysSTIY-——— n
Juawjaadxy o
L L
.S.U
8z
. o
o <
L+
o)
3
A
(V]
vw.\.l\
[«]
Q
S
(=]
o
L
(=]
Q
(=]
o

IR LAARRAE 2 Phir: DOOCILEN  RAATTRR T iA | YOORAR | THEEPRAR: OOOOOIYE)



VT T IT e age e aee an o T Ty e T T T T Ty

g
‘.

-~
-

. ‘\‘
LN G ¥

s e

v

T rwIvy

™

Py

ML AEAL LA

LML A2

TN

27 98®) 103 Kouanbaay sA 9seyd [ED}I2103Yy] pu® tejuadwyaadxy 2g 3Indi4

00°001

Oim

XA
B Yt Kundid

s oNIND3IN S

3 .
00°06 0008 09°0L 00°09 LJTUN u3°0 00 °0f 33707 0570 0279,
n n L Y -k JEY W, [ VSR Y InFl}w»'ivn!
"] o
(2]
@ O
(=)
‘
e
-
(o]
o
1}
Y
S
Q
Qv
X
_ , D
" e
\ oM
N (25
oD
~ aoZ
[}
o ~—
o e S N ' 3
m
-
oo
am
Lep]
A
-
@ @ oo
[ o=
@ o
BB ,
4
o
(<}
o
[}
&
a
o
@ Lo
[~ ]
Q
P
CROIRRS W RRARERN  IENRE; o0 RSl R

41

.



-~

DR

D A A

T

M R4
e

TRTTWTTTTY T T W

Iy @8e) 103 Ldudnbaay sa ujyey [edT3I2103Yy]l pue [ryuadmraadxy ¢z 2an8yg

O1®  (7:%3h, JLNINODIYY

00°001 00706 0008 03°0L 00709 90°0¢ 90 07 09'0¢ 09 02 99°3i 09°9, i
w|o
Q
(=]
%/6% = 19quUNu sprouday .m
, a
9ouwlIsIs8ay DV YITFa Tdpow DY IueISUOD- -
90uEIEI8dY DA YITA [dpow DY IuBISUOYH- -
*subg sasuyoel ¥ aafyeuysyay --— m
Juamgaadxy e .
e .
oD \
8z .
o~ o
— a -.l
| &= y
..Iﬂj *
h o .\.
o ’
33 -\
@ v
t.n.a.ll -.ﬂ\
© -
o "y
-\.
o .
- .
o .
p)
A
'S .
o e
o *y
7
L4
Y
’
) Ly
o
o

.\ \ ‘ -.‘.'I.

[

S S

D

MWL SAGIEICLSN AN LD SR B0 TR DTN . aoeXXXX 2

0,0 o ol

A * PRI AN LN XN



g
<

Pt o) g L el i

00708

Oim

'09°09

[A]

»MLYJ.—J;
NIV IRS

PR G —

o)

3]

A

Zy @se) 103 Adouanbaij sa aseyq [e>FiIa103y] pue Tejuamyaadxy

AININD3IYA

00°0v 03°0¢%

LT

%7 2an3d14

1l

W

T

03 °Sit-

T

02°0t2-

Y

90° 527"
379N 3SHHd

T

02 °08.-

g

L
05 'SE.i-

00°06-

u

00 Sr-

|

00°0

43

(S$33%030,

-
A

o

-‘__- (R

-\

~,
A adal

.\T -

T et a

S

.

-
.
W

i
o

l"
et b

.

a

.~ Y
AL PR Y

LSy
Aad

A

L

I
i

)
Las'

e e

NP D )

PR R
AN ata bl

-,
TR

E -.-q\.!\n AR S 2 TR Y -JW-MJM... n- ' SV -.\ﬂ'f-h ...J«,-.. -Q.N-.«.-q a -J‘Mrﬁ.\j‘ 23 2l .-c.-.n .u-o.. 1..4-.~ o5 l- -qv .-.s Q-c IA .-o.(- ALY - L .‘. Ry, v Q.-‘.‘qnw Pl -
4 ’ N - - ! = 3 .



— aa A v O v : e = : e r—— s v —— = -

LAl WA R RN

e

O 4I%]

7S 98B) 103 Aouanbaig sa ujes [edj3Iaaoayl pue r[ejuawraadxy ¢z 2andy4g o

O 1 Z089h 0 AJNIND3YS

09°001 20°06 00°98 03°0L 09709 bioe 00°0r 03 9f 99 °u? 03°3) 990,
&
LY6Y = 13qunu spyouday
d0UB3ISIE3AY DV YIJm [2pow HYT 3IuejsuUO0) — - —- u
20UBISTEAY O YITM [dpom HY] IueISUOD: g
*gsuby saauyoa7 3 19fjeuysyay —— o
Juawyaadxy o o -
(=) . »
AP ",
.Q,. V..
o N
...JN - .. R
- ~r l~
(9] 'y
L L o
g N
32
— e
[¥,] hJ
o~ :
a 5
o
o 2
o T
R
L
73 ..\
B ’
S .
LAy -
‘-
-I
2,
lm --%
3 N
’
-l
»
ﬁ.
-l N
.7
o § . o .-4 '
‘

<

Ll s R v A W T R R




RSSO, |

PP
P

i e, e et Aote St Mdv Siun Bae

v .

"

01»

00°09
A

17i83h,
39 L.?

JuNIND3IY 4

JJ°3v 00°0¢

Z¢ 98se) 103 Aduanbaay sa oseyqd [E2FI2109YL pue Tejuamyaadxy

9z 9and13

03°

R S A PR Y
s, --—--.f-q rR)

) -
AT

Al

AN

e

p

-

f’
00 'Sy~

0009t~

T

03°sie-

Y

00°0L2-

3SHHd

‘S22~

09
Nb

T

00°0

LA
DR

e

.

LN

45

H%—MaVCWH

N

A WY

-l

[Py

P W T Sl ST G I WP . 3 Wy

s

P ‘.A _‘. '.n'
AR ST -

LI B §

et

‘--‘-.l.aix REIE

.Q.\. - -~
P AN 4

o

S ad dndnand

A < - - - . - - -
A YON AL Vi
P ATAROA AR

-

P

.

:Q.:f:!..-

L]




RPN 4 LAAFPATAREIEMY - JdE o gh

.4.1.14.4“4. MIROADAUNANS | .. vt

7¢ ®88) 103 Louonbaxj sA ujes jedy3saoay] pue Jejuswmjaadxy 7z aandyy

O1%  (7:47Fh, 4oNINDIY S

00°00i 09°06 0008 030t 09°09 B buup 039t 0902 95704 09°3
S

o

(=]

v}

(423

f )

-~ [=]

—_— .\\
. — ”
\.\ 4 F oo
7
" \\\ 2
\‘-\ 7 \ w
“e.aag — ——_—— \

[r] {%398 - - - . !
e @ Fmt o 0w . -2
o A L =t
y T vy |52
LTI / | S
~ \ vaﬁjj
a®
i
w
o

o

o

L€0G = 13qunu spyouday | O

(=]

o

IJUEIBTIBIY DV YITM l2pow DY JUBRISUOY — —
90UBISTSAY DG Y3ITA T3pPow DY IUBISUO) -~ - —

*subg sasuyoe7 % 19fjruUysyay .M
judmyaadxy o o

"o

‘ Q
Q

o7 lagel




79 988) 103 Aduanbaag sa ujesn [edJI3102Y] pur TeIuadmjaadxy gz

Diw {70830, JONINODIYHS
00°001 02°06 00°08 00°0L 0009 L5 ds 00°0r 95 98 3397 0370,

A I i

9an8714

" : B -
- . @ — e [ (hl) Q@
T e B G K@ 0 U O @ e 60 0 g VPR, g -
o ) 2% -

6S0% = 1d2qunu sproukay

3ouvIST8IY HV YIFA T[dpomw JYT Iuelsuo) -— —
9ouB3IB8F83aY Od YITFA [opouw HYI IUBISUOD — — —
*subg sasuyoeT § aLfFeuysiya)
juamyaadxy a

B AORXRRS ARRRARA  AOnonry  XKKKARE - SN XAIH] SRRy i
A N A o v oy ,“m Ay A X JV o
- T, rn e ..u.‘uu.f.irt VARKE PRV ADXANY

BB
00°G. -

03 o

93782

T

03°02-

T

N1bd

LS

00°0:-
($71381230,

o

02

47




f
v\.

LTI e

- S

ow

o

W et T
S S U Y

N

U |

€C 288D 103 Lousnbaiay sa ujey [eoji9109Yy] pue TBjuUaWFIIdxy

6 2and3714g

.

IR Y

Oi%  (Z.%%h, AININDIN

097001 00706 30308 03 0L 00709 oc.&a 3070y

A i i i

€696 = I3qunu sprouday

8JUBISTBEAY OV YIFm [9powm Hyq JUBISUO] ~~ —

80UBIBT8AY 9@ Y3IFm Tapom DY juejlsuUO0y) - — —

*suby saauyoag g 19Ljeuysyay ——
Juamyaadxy o

s

T T
AT

ean g

3J

02°Si~
Nlb
-\

A

48
\'An‘ "

23°0i-
NN

1§738,2337)

09° G-

P,

. \‘;\-.‘.'.‘y

00°0




‘1‘1}31*\44‘13 e _ i ‘.lu

ﬂwlll{.!ln'\.o-oﬁlid:i Dy
v

P

I S
- PR
PR S . PP,

PP .

: gz 9s®) 103 Aousnbaijg sa aseyq [eO¥Id109Yyl pu® Tejuawyiaadxy (¢ 2an3y4

P

L ,

+ 01 (Za83R, AUNINDIGAS
V. 09°001 00°06 09°08 03°0L 00°09 Lo 00 uJ Y 03°0¢€ ]
r. —/ 1 L . i S
N AN @

. @ . \

o

u? 050 50°0
Y R [ S

.

.
A

A a— 4

03°083f
A

it
e
e

~r

e atad

g

gd'sig-

T
a
A

00 0L7-

Py

e

-+

00°822-
J1INY 35bhd
:.\

Y

49

SRS

0008 -

o

S W,
| A SRS €
g

W

{S33%3130)

00°'S€i-

T

03°06-

~r

03 °Sr-

-

00°0
RO LR, L5 eV Ko ",

*

(fadararat

| P
A ---t -\ ' ‘v \l .U

3 o - vy v ey g v, POl . T CTRIRCR - > D P A Pl
L) KT AR A y ..’-ﬁ\.w X qﬂ.. ..-4}- RIS b Tyt »J\d\sd*n -.‘-4 m‘- o .vﬂ. o ' iy S . %H\\V-‘%- 1 L—

B fa -

4
oS

4G
Al
Cal
ADaN 4




Ly

KA

ANt ol - RANAL RN 4™

S

£€G @88) 103 Adouanbaij sA ujyes jedoyiIeaosyl pue jeiudwyaadxg ¢ 92andfy
Oiw (70xTh, JININDIY S
09" L0, 930 Ja il oL ! 00 0y = R 95 v° Rt Uy
&
iy)
«Q

%886 = a3aqunu spyouday

douE3ISIsSay DV YIFm [dpom DYl JuE3ISUO) -—
90ue3l8¥83Y DQ YITA T[3pow DYT IueISUOD -~ — -
*suby sasuyoa7 ® 1afjeuysyay

juawyaxadxy

®
s E

XARIAAS I

COSCONS AN

AV 1)

AR
D
a2 o
- "2}
[}
L T
ad
-
pie))
©m
-
N,
rhu -
(%]
(=] .....
..\
0.
'3 .---
. N
2] S
a .
s
-vI
>
[g]
o
L3
[2]
3]

DQ. -r N
e

L e o 20 DA MR J

TN RX N

+ SRR | . AR |



€c @s®) 103 Kouanbaig sa sseyq [ed13Isa03Yyl pue yJejuawmyaadxy z¢ 2andy1yg
s 07T, NTIRUN
HORHITR T 90 Ju Uu Ut oy by Luun wuap U3 OE Js ? L 332°0
.1|M L I S L’“ I Iy < e C.
@ N 3
PN !
_ N 3
w L m /,.
w ¥ ,.F 5 \ f ..m
. e 3 v
y (] o
.... . ’ =]
-... / Lo
-. a
¥, Q@ . 3
3 1 W ,,/ (2]
. Lo \ ov
'’ | \y I
9 \ , D
4 A P 0
vs. ! @ \ R—.ﬂ
- . ., a2
. ! ) 5
.. P
2 @ N\ z.
vl ¢ \ .00
%y A Y M—J)
L, , ! @\ 2
4 , "\ .o
© o\ w
p m, el e
a _4 . 3
b i ey
-n- .m (] ' Y 7%
3l : W :
5 M ‘r_,/ a
< i \
5 [ *_ &
1n ! "y __ / & @ | an
. ¢ 1 N\ o
5 a
//L/.
o] N Lo
Q
o
L]
L]
.
L3 . -

O St — M

RN &

W ML AN R Y

51

-
ol

-

oy

"-
s alad

e
Chl
Aatac o A

® A B I -
\": T NN

W
ih

v
A

Uy

v

¥ s""f Lo if

ey 1>u‘r <




LA I S R CRCIRG R LA e oA G0 ASL R B . - i)

v. \l
R €¢ @88) 103 Lousanbaayg sa urenp Ted139109Yyl puE Tejuamyaadxy ¢g @2an8yg ...
r .\.-
. ..n
’ Ois (L%, .38#1
', ou.co., oo.o.m ou...»: cc:u.a uo.o.o [N co mv 0»7 SU W7 c,...c.. 330
. o .IIIJW

(9}

(9]

.
< i i
— e —— e —————— et 8 = T
K @ -
] n® - - .
f . [ANA] b L / .
) ©ou gy P o L <
5 g YUy .. -
N nu .n_.Frt._:: -
) . YW | ..
. - : Pl oD
rd \ ..
N — Jr.__.._ - 4
; — / o ‘
" —— m s T T / Wiy g o< v
) — ——— \ / i o~ R
. : woa n a
R / a o te
ya ﬁ -.-
. nf; LN
: [4

j
|
/
\\
/
0J°9.-
i$138,0537;

\ J‘
.. A o
._ ®| . I\
\ ¢ 5 5

o e

. (=4 .-\

. h/
% %186 = 12qunu spyoufay o 3
le] )

v = “r
; 3Joue3ISI8IY IV YITA [9powmw DY IUBISUO0) — — '
. 20uUe318T83y DA YIFA Topom DY IuelsuoO0) - — — "
' *suby sasuyd97 ® asfjeuysyay —— 39 ...

jusawtaadxy g e :

! [
[} 'ww ‘

o %

A
Fe. 1
2

"o,

>
‘ [

® 2
- t-

AN NREREME. A0 Ly A YYVYYYYy WOORAKAT  HAROINND  DERKRN VYYNEL | AL (VVVIY S SN

SN



€9 @se) 103 Aouanbaag sa ujren yedy3Ia109Yy] pue Tejuamyaadxy

0% (FLbIh. s UNINDTY S
‘oL co.c.w [ m;.c.v jo}o] .Lum

P W

*subg sasuydseq » aafjeruysyay

2andyyg

e i ¢ v o—

-

—

[n ®
PR@ aanennreﬁ

u -

N L) O ﬁ.r,ﬂ —
i

- W

lS%! = 19qunu spyoukay

202uU®B3SJSAY IV YIFM T3pOoW HY] JUBLISUO) —  —
2o2u®p3ISI83Y Hd YITA Tapow HY] IueIsUO) - — —

Juawjaadxy o

«

83 oc-®

T

00 '§7-

T
e
“7

02

T

03 S~
NibJd

53

03°0.-
{5738.1333)

=

00 G-

‘0

030




- TEIN L eI L TATRT iR TNTATATm = = =
NCATMER L e oL bt et N R e e e AR |
‘

AN
=
o]
:§: are accurate for phase information for most of the 1lines
;ﬁ -ﬁ; tested.
Figures 29 and 31 best demonstrate how Krishnaiyer and
_ Lechners equations predict attenuations which are too 1low.
: The constant LRC model with DC resistance also predicts
A attenuations which are too low while using the AC resistance
éz results in much better predictions in attenuation and gain.
;S Both of the constant LRC models are shifted on the frequency
! axls in the figures. The phase shift predicted 1s also very
%i far off. This may be due to the assumption made in the
<
? models to use the isothermal capacitance. Moore (Ref 4)
! showed that the capacitance in blocked lines is isothermal
i at low frequencies and adiabatic at high frequencies. The

author knows of no method at this time to determine the
frequency dependence of the capacitance for turbulent mean
flows.

Cases 33 and 63 are similar to cases 32 and 62 in that
the theory does not predict the gain very well. There are
very large pressure drops assoclated with these cases. The

models were all developed for incompressible flow; this may

be one of the reasons the theoretical curves are off so

much. In addition, Mach numnber effects were not accounted

e Al A

for. There 18 no phase data available for these two cases

because of the noise problem discussed earlier.
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S Vi. Conclusions
N
AN
C N
Vo R l. The constant LRC model with AC resistance can
&j accurately predict the attenuation but cannot predict the
'.-\'
iﬁ phase shift as it 1s used here. Because of this the model
Ta
S cannot be wused to predict the gain because it shifts the
*:i frequency of the harmonic peaks. At this time no method
‘."-'é
.:j exists to predict the difference in capacitance due to
Y
- turbulent ©boundary layers. The changes in capacitance may
5; be important in matching theoretical solutions with data.
N¢
42 2. The constant LRC model is most accurate when the AC
o resistance 1is used. Using the DC resistance causes the
:. attenuation to be underestimated and prevents the model from
4
~ being used to predict gain.
ﬂ 3. None of the models or equations used performs well
~‘§ in cases with large pressure drops (compressible flow).
f: 4. The propagation characteristics of fluid
h transmission 1lines with turbulent flow exhibits laminar
)
X characteristics at high frequencies and increased
5
jq attenuations at low frequencies.
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VII. Recommendations

. .-',

Sy
a4
.

- l. Studies of the effects of turbulent boundary layers

on capacitance should be conducted. If possible simple K

Ay, 8

a8

X! models should be developed to predict the capacitance.
R 2. Studies on the effects of compressible flow on the
% propagation characteristics of fluid transmission 1lines
.£ should be conducted.

3. Experimental and analytical research should be
- conducted on the low frequency characteristics of

o transmission lines with turbulent mean flow.
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Appendix

Computer Program for the Solution of the Frequency

Response of Pneumatic Transmission Lines With

Turbulent Mean Flow
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Computer Program Input Sequence

Basic Progtam

1.

2.

Calcomp

Read ICAS: Reads the experiment case number.

Read TF, PG, AMU, RE, GAM, SIG:

TF is the line temperature in deg F

PG 1is the atmospheric pressure

AMU 1is the dynamic viscosity

RE i1s the gas constant

GAM 1s the ratio of specific heats

SIG 1is the square root of the Prandtl
number.

Read N: N is the number of lines.

Read DI(I), AD(I), P(I):
DI i1is the line diameter

AD is the line length
P is the line pressure.

Plotter Subroutine

o

5.

6.

Read CASE(I): CASE same as ICAS.

Read NPTS, LSMB:
NPTS is the number of exparimental input
points
LSMB 1is the plotter symbol wused to
represent the experimental data

Read FREQ, PS, PR, PHT
FREQ 1is the experimental frequency at
which the data was recorded.
PS 1is the RMS voltage of the sending
dynamic transducer
PR 1s the RMS voltage of the recieving

dynamic transducer
PHT 1is the phase lag between the sending
and recieving ports in milliseconds.
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3:;! PROGRAM MSB(INPUT,OUTPUT, TAPE5=INPUT, TAPE6=OUTPUT, TAPE7,TAPE9Y)
YR c
EOENE c TRANSMISSION LINE STUDY/Z-IN METHOD WITH BRANCH SHORT OUTPUT

DIMENSION DBT(300),DI(100),AD(100),AR(100),CV(100),RVT(100),
10MT(100),CNA(100),GMA(100) ,AGM(100),FN(100),RN(100),GN(100),

R 2ALN(100),CN(100),AN(100),BTN(100),AMC(100),AZRN(100), BZRN(100),
e 3AZIN(100),BZIN(100),DC(100),DG(100),DD(100),P(100),RHO(100),

20 4ANU(100),CA(100),QTCA(100),0MG(300) ,RTP(100),GP(100),BETA(100),
¢ 5AZOT(100),BZOT(100) ,REY(100),Q(100),BET(100),TURB(100)

DIMENSION DB(300),0MGX(300),0MGP(300),PHASE(300),PH(300),CASE(100)
DATA PI/3.1415926/
DATA TPI/6.2831853/
C***********************************************************************
b, C***********************************************************************

“\J CRARRARRRARRKRAAKAA ARk Ak hkRhhhhhkkkhhkhhhkhhhhhhkhhkhkhhhkhhhhikhhkhhhhhkrhhhkhhhkhk
» CALL PLOTS(0.,0.,9)
‘ 1 READ(5,*)ICAS
Y 110 READ(5,*)TF,PG,AMU,RE,GAM,SIG
N READ(5,*) N
N c
':. C RRERARRRRRRRRRRRRRRARARAARARARRR AR ARR KKk ARAARAkRkhhkhkhhkhkhhkhkhkhkhkhkkkikkhk
. c AD IS THE LINE LENGTH
c DI IS THE LINE DIAMETER
- c P IS THE INLET PRESSURE
e C A ONE FOR NLINE OR MLINE INDICATES THE LINE IS OPEN AND ANY OTHER
- c NUMBER INDICATES A BLOCKED END.
ﬁ _ C hhkhkhhkhkhhkhhhkhhhhkhkhkhhhkhkhhhkhhkhkhhkhkhhkhhhhhkhkhhkhhkkhkhkhkhkhkhhhhkhkhkhkhkkkhkhkhhikhikkk
o c
5 DO 898 I=1,N
7 READ(5,*) DI(I),AD(I),P(I)
% 898 CONTINUE
] NPG=0
e ICT=1
‘ IND=1
» NNN=1
Y M=0
h; C*****************************************************************
3 c DETERMINE REYNOLDS NUMBER FOR LINE
o\ TOTL=0.0
DO 2 I=3,N
TOTL=TOTL+AD(I)
c: 2 CONTINUE
e RHO(N)=(PG+P(N) )/ (RE*(TF+460))
vy REYT=(PG*P(N)+.5%(P(N)**2.))*(DI(N)**3.)/32./AMU/AMU
P REYT=REYT/TOTL/RE/(TF+460.)
= IF (REYT.LT.2300.) GOTO 3
- REYT=(REYT*32./.1582)**(4./7.)
s 3 QM=REYT#*PIXDI(N)*AMU/4.
N DO 23 I=1,N
~ PBR=P(I)+PG
e TBR=TF4460.
- RHO(I)=PBR/(RE*TBR)
Y3 ANU(I)=AMU/RHO(I)
SRR
N
“w
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CA(I)=SQRT(PBR*GAM/RHO(1))
AR(I)=PI*DI(I)*DI(1)/4.
CV(I)=(8.*PI*ANU(I))/AR(I)
OMT(1)=CV(I)/(SIG*SIG)
CNA(I)=(8.*PI*AMU)/(AR(I)*AR(I))
Q(I)=QM/RHO(I)

CONTINUE

Q(1)=0.0

Q(Z)-OQO

GMN1=,5%(GAM-1.)

DO 26 I=1,N
REY(I)=(4.*RHO(I)*Q(I))/(PI*DI(I)*AMU)
PBR=P(1)+4PG

TEMP=GMN1/(GAM*PBR)

GMA(I)=TEMP*AR(I)
AGM(I)=AR(I)/(GAM*PBR)
QTCA(I)=0.25%CA(I)
RVT(I)=.3164*AMU/2./AR(I)/DI(I)/DI(1)
RVT(I)=RVT(I)*(REY(I)**.75)
FN(I)=QTCA(I)/AD(I)

NST=1

DW=0.

Y=1.

DO 80 J=1,NST

M=M+l

Y=Y-HW

W=TPI*Y

DO 27 I=1,N

ARG=,5*SQRT(W/CV(I))
RN(I)=CNA(I)*(.3754ARGH .375/(4.*ARG)))
DO 28 I=1,N
DC(I)=.25+SQRT(W/OMT(I))+.125*SQRT(OMT(I)/W)
DG(I)=SQRT(W/OMT(I))—.125*%SQRT(OMT(I)/W)
DD(I)=DC(I)*DC(I)+DG(I)*DG(I)
GN(I)=W*(GAM=1.)*AGM(I)*DG(I)/DD(I)

DO 29 I=l,N

ARG=,5%*SQRT(CV(I) /W)
ALN(I)=RHO(I)*(1.+ARG-(ARG*(15.%CV(I)/(W*64.))))/AR(I)
TEMP=GMN1 /W

DO 30 I=1,N

TURB(I)=0

CN(I)=AGM(I)*(1l.+ (GAM-1.)*DC(I)/DD(1)))
TEMP=< "

DO 31 I=1,N
TEM1=RN(I)*GN(I)+TEMP*ALN(I)*CN(I)
TEM2= * (RN(I)*CN(I)4GN(I)*ALN(I))

CALL RTCMP(ARG1,ARG2,TEM1,TEM2)
AN(I)=ARG1

BTN(I)=ARG2

TEM1=-W ™ *RHO(I)/(P(1)+PG)
TEM2sW*AR (1) *RVT(I)/(P(1)+4PG)

CALL RTCMP(ARG1,ARG2,TEM1,TEM2)

TAN=ARG1
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TBTN=ARG2
_ IF(AN(I).GE.TAN) GO TO 31
T AN(I)=TAN
BTN(I)=TBIN
TURB(I)=1
31  AMC(I)=TPI/BTN(I)
c CALCULATE Z0
DO 32 I=1,N
TEM1=W*ALN(I)
TEM2=W*CN(I)
TEM3=RN(1)
TEM4=GN(1)
CALL CMPDV(ARG1,ARG2,TEM3,TEM1,TEM4, TEM2)
CALL RTCMP(AZRNI, BZRNI,ARG1,ARG2)
AZRN(I)=AZRNI
BZRN(I)=BZRNI
IF(TURB(I).EQ.0) GO TO 32

. -

-
o

o TEM1=RHO(I)*(P(I1)+PG)/AR(I)/AR(I)
e TEM2=-RVT(I1)*(P(I)+PG) /M /AR(I)
o CALL RTCMP(ARG1,ARG2,TEM1,TEM2)
AZRN(I)=ARG1
" BZRN(I)=ARG2
o 32 CONTINUE
o C CALCULATE z IN 1
3 I=1
i" TEMP=AN(1)*AD(I)
: IF(TEMP.GT.88.) GO TO 80
G ARG1=COSH(TEMP)
" ARG2=SINH(TEMP)
_2 TEM5=BTN(1)*AD(I)
1) TEMP=COS (TEMS)
o TEM1=ARG1*TEMP
54 TEM3=ARG2*TEMP
' TEMP=SIN(TEM5)
o TEM2=ARG2*TEMP
" TEM4=ARGL*TEMP
-}g CALL CMPDV(ARG1,ARG2,TEM1,TEM2,TEM3,TEM4)
= TEM1=AZRN(I)
TEM2=BZRN(1)
CALL CMPMP(TEM3,TEM4,TEM1,TEM2,ARG1,ARG2)
— AZIN(I)=TEM3
508 BZIN(I)=TEM4
> C CALCULATE Z IN 3
. I=3
o TEM1=AZRN(I)
- TEM2=BZRN(I)
-) TEM3=0.
" TEM4=0,
j' TEM5=AN(1)
. TEM6=AD(1)
. TEM7=BTN(I)
- CALL CALZIN(AARG,BARG,TEM1,TEM2,TEM3,TEM4,TEMS, TEM6,TEM7)
¢, I AZIN(1)=AARG
A )\"'-
Ny
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: BZIN(I)=BARG
Wy C CALCULATE Z IN 4,5
'y TG DO 34 I=4,5
AN TEM1=AZRN(1)
TEM2=BZRN(1)
b TEM3=AZIN(I-1)
£ TEM4=BZIN(I-1)
3 TEM5=AN(I)
S TEM6=AD(1)
\ TEM7=BTN(I)
, CALL CALZIN(AARG,BARG,TEM1,TEM2,TEM3, TEM4,TEMS,TEM6,TEM7)
> AZIN(1)=AARG
34 BZIN(I)=BARG
s C CALCULATE Z IN 2
I=2
TEM1=AZRN(I)
N TEM2=BZRN(1)
A TEM3=AZIN(I-1)
.% TEM4=BZIN(I-1)
bl TEM5=AN(I)
3 TEM6=AD(I)
TEM7=BTN(I)
CALL CALZIN(AARG,BARG,TEM1,TEM2,TEM3,TEM4, TEMS, TEM6,TEM7)
AZIN(I)=AARG
BZIN(I)=BARG
C CALCULATE RECEIVING Z FOR LINE 6
I=6
“", TEM1=AZIN(I-1)
TEM2=BZIN(I-1)
TEM3=AZIN(I-4)
TEM4=BZIN(I~4)
CALL ZEBRA(AZOTI,BZOTI,TEM1,TEM2,TEM3,TEMS4) 3
AZOT(1)=AZOTI 3
BZOT(I)=BZOTI a
C CALCULATE Z IN 6 INCLUDING R-TRANSDUCER
TEM1=AZRN(I)
TEM2=BZRN(I)
TEM3=AN(I)
TEM4=AD(I)
TEM5=BTN(1)
CALL CALZIN(AZINI,BZINI,TEM1,TEM2,AZOTI,BZOTI,TEM3,TEM4,TEMS5)
AZIN(I)=AZINI
BZIN(I)=BZINI
C CALCULATE Z IN 7, 8, 9, AND 10 INCLUDING R-TRANSDUCERS
DO 39 I=7,10
TEM1=AZRN(I)
TEM2=BZRN(I)
TEM3=AZIN(I-1)
TEM4=BZIN(I~-1)
TEMS5=AN(I)
TEM6=AD(I)
TEM7=BTN(I)
CALL CALZIN(AZINI,BZINI,TEM1,TEM2,TEM3,TEM4,TEMS5,TEM6,TEM7)
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55 AZIN(I)=AZINI
‘s 39 BZIN(I)=BZINI
:g o C CALCULATE P5/P6 INCLUDING R-TRANSDUCER
< I=6
-~ TEMP=BTN(I)*AD(1)
N CSBI1=COS(TEMP)
» SNBI1=SIN(TEMP)
\ TEMP=AN(I)*AD(I)
oy ARG1=COSH(TEMP)
ARG2=SINH(TEMP)
. TEM1=ARG1*CSBI1
7 TEM2=ARG2*SNBI1
N AZOTI=AZOT(I)
o BZOTI=BZOT(I)
N AZINI=AZIN(I)
. BZINI=BZIN(I)
CALL CMPDV(TEM7,TEM8,AZOTI,BZOTI,AZINI,BZINI)
N CALL CMPMP(TEM3,TEM4,TEM7,TEM8, TEM1,TEM2)
; TEM5=ARG2*CSBI1
y TEM6=ARG1*SNBI1
S TEM9=AZRN(I)
> TEM10=BZRN(I)
| CALL CMPDV(TEM7,TEM8,AZOTI,BZOTI,TEM9,TEM10)
o CALL CMPMP(TEM1,TEM2,TEM7,TEM8,TEMS,TEM6)
7 TEM1=TEM3-TEM1
Y TEM2=TEM