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ABSTRACT 

Three fluid relaxation oscillators using R-C-R feedback loops were 
tested to establish the feedback resistances  required to make the os- 
cillator frequency insensitive to temperature and pressure.    The fre- 
quency of the three oscillators,   geometrically similar but with different 
feedback resistances, was measured as a function of stagnation pressure 
and temperature.    With modifications guided by these data, one of the 
oscillators showed frequency variations of less than 2 percent with 
changes in input pressure of 6 to 30 psig and changes in temperature of 
75* to ZOO'F,    A theoretical analysis indicates that an oscillator fre- 
quency simultaneously insensitive to temperature and pressure can be 
achieved using a lumped R-C-R network in the feedback loop. 

1. INTRODUCTION 

An oscillator whose frequency is not affected by changes in stagnation 
pressure and temperature is basic to the development of pneumatic 
timers and logic circuits that must operate under severe environmental 
conditions.    HDL (Harry Diamond Laboratories) has developed such an 
oscillator consisting basically of a high-gain bistable amplifier with a 
feedback network (fig.  I).    The feedback is a lumped R-C-R (resistance- 
capacitance-resistance) network.    Some of the fluid from the power jet 
is returned to the control port through the feedback causing the unit to 
oscillate.    The amount of fluid entering the capacitance is determined by 
resistance R:; the fluid leaving it,  by resistance Rs.    Thus Ri, Rs, and 
the capacitor volume determine the frequency of the oscillator.    In the 
experiment,  the oscillator exhausted into a binary device that amplified 
the signal output and maintained a fixed load.    Frequency changes with 
variation of stagnation pressure and temperature were investigated for 
different resistances in the feedback loop. 

Theoretical considerations are presented in appendix A to show 
that insensitivity to temperature and pressure can be obtained simul- 
taneously by using a lumped R-C-R network in the feedback loop. 

2. THEORETICAL CONSIDERATIONS 

2, I    R-L Feedback Network 

Previous studies by J.  M.  Kirshner (ref I) showed how the transmission 
line equations can be applied to the feedback loop in designing an oscil- 
lator whose frequency is insensitive to temperature.    Theory states that 
the magnitude of the complex speed of propagation in a duct of constant 
cross section is given approximately (ref 2) by: 

I 
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Figure 1.   Relaxation oscillator. 
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(1) 

where 
|c{      complex speed of wave propagation 

a       free speed of sound 

Rn     resistance per unit length of duct 

W     angular frequency 

L      inertance per unit length 

Ro and L for a circular duct are given by: 

Ro 8TIU L = 

where U    ■ viscosity of fluid 

S   = area of duct 

p   = density of fluid used 

From the ideal gas law, 

where       Ra= the ^as constant 

T   = absolute temperature 

Pj = pressure in feedback loop 

Substituting Rof   L, and p in equation (1),   Icj is given in terms of the 
temperature and pressure as: 

i4 ai  
" 1    .    a2Tgg 

where ^ and as are constant. 

From equation (2) it is apparent that for T = 0 and T - oo,   |cl = 0; 
hence,   |c| has a maximum at some temperature, and it is least sensi- 
tive to temperature in the vicinity of the maximum; consequently, 
the frequency W is least sensitive to temperature in the region of the 
maximum.   Hence, if a uniform duct is used in the oscillator feedback 
path, so that the curve of   |c| is flattened and the maximum occurs over 
a wide temperature range, then the oscillator frequency will be temper- 
ature insensitive.   Further inspection of equation (2) shows that for 

(2) 

U 



large S,   the speed of propagation is pressure insensitive; for small S, 
the propagation speed    |c| and,   consequently,  the frequency becomes 
pressure sensitive.    Hence in Kirshner's analysis,  temperature in- 
sensitivity is achieved by continuously compensating the speed of pro- 
pagation uniformly along L-R (inductance-resistance) feedback path, 
even though pressure insensitivity is sacrificed. 

2.2   R-C-R Network 

An oscillator insensitive to pressure and temperature requires a 
lumped R-C-R feedback network.    The compensation process can be 
explained using the diagrams in figure 2.    Figure 2a shows the 
operating path for each cycle in a plane composed by the phase differ- 
ence between the flow acceleration Q through the network and the flow 
rate Q entering the circuit.    Figure 2b represents the sawtooth response 
of the R-C-R network; the experimental response is shown in figure 2c. 
In figure 2a,  the charging of the network is represented by the points 
1-2,  the switching of the amplifier by 2-3, and the decay portion of the 
cycle by 3-4;   the amplifier switches back at 4-1,  and a new cycle 
begins.    From the diagram,  the period of oscillation T is the line 
integral around the phase plane limit cycle,  so f is given by 

I 

5" 
at 1,   in the phase plane, 

at 3,  in the phase plane. 

0 = P /R-C - 2Qb/R1C 

0= 2Q8/R1C 

(3) 

(4) 

(5) 

(see appendix A). 
The second and last integral in equation (3) can be neglected,  because 
the switching time of the amplifier is much smaller than the period of 
oscillation.    For the period to remain unchanged,  the sum of the in- 
tegrals in equation (3) must be a constant.    The denominator (R'.C) in 
equation (4) becomes temperature insensitive if the term l/RiC in 
equation (5) increases with temperature.    This condition is necessary 
because the acceleration Ö  is a function of temperature.    For a 
temperature increase, the charging and decay paths shift as shown in 
figure 2d.    However, the time integrals along these paths remain 
unchanged,   so that the charge time and the decay time sum to the same 
period as required by equation (3), 

The compensation in the network takes place as follows:   As the 
temperature rises, the resistance of the network increases,   causing 
the bias flow to diminish. If this increase in resistance were the only 
change in the network, the frequency of oscillation would drop. 
However,  the tank capacitance decreases with higher temperature 
with a consequent rise in frequency.    Hence by adjusting the size of 

12 
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the resistances and volume of the capacitance so that one compensates 
the other, temperature insensitivity can be achieved.    A similar 
argument is proposed for pressure independence.    Appendix A 
demonstrates how temperature and pressure insensitivity can be 
achieved simultaneously. 

Z. 3   Temperature Insensitivity Criteria 

To establish the criteria for temperature and pressure insensitivity, 
the flow conditions in the network must be considered.    The flow 
through Rs during the charge portion of the cycle is given by 

tä P3      /,       -t/RC.        ~     -t/RC       ^ 02 = RrTi^ (1-e      > + Qbe        -Qb (6) 
where 

„ _   R.Ra 

P0= total pressure at entrance of the network 

0^,= network bias flow 

The flow through Ra during the decay portion of the cycle is expressed as 

_-      _     -t/RC      ^ 
Qa = Qge - Qb 

where 
Q8 = flow required to switch 

(7) 

If it is assumed that the switching mechanism is the flow difference 
AQt betweenthr> two control ports and that this flow difference is tem- 
perature independent,  then the switching condition can be expressed as 
the difference between equation (6) and (7),  or 

'Q- =-Ä+(-RrT,te+aQ'>e"T,/RC (8) 
where 

^Qs = Qs - Qb 
as defined    in the figure, and 

Tg s the time at which switching occurs,  or the half cycle. 

The half cycle Tg can be expanded as a Taylor series, 

'.(T+AT)^.0+^%+*£$£ + (9) 
where 

rr AT 

For small temperature variations, the second order term and all higher 
order terms can be neglected since TT  is small.    Thus for the half 
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Cycle to remain constant over a small temperature range requires that 

By taking the total derivative with respect to temperature of the flow 
difference ÜQfe in equation (8) and by using the condition imposed by 
equation (10), we obtain 

ex = 1 + A«BX (11) 

which is   the criterion for temperature insensitivity.     (See appendix A 
for complete mathematical analysis.)   In equation (11)! 

A = (1^Q?(R^Ra)   , 
"o 

B _ RiH-m)^^^) 
~ Ri (n-a) + R2(m-a) 

Ra = RcTn,    Rs = RJOT"1,    P0 = P^T* 
and 

where 
a,   n,  m,  Rio,  Rao,  and Pi are constants. 

Graphically equation (11) shows the locus of points along which 
dTs/dT = 0   or   df/dT = 0.    Hence for temperature insensitivity,   it is 
required to operate along this curve (See fig. A3 in appendix A). 

2,4   Pressure Insensitivity 

Pressure insensitivity can be obtained by the use of the previous 
equations and assumptions.    In fact if the total derivative of equation (8) 
is taken with respect to pressure and d'8/dP - 0,  then the equation  for 
pressure insensitivity can be written as 

where 

and 

where 

= 1 + A* DX 

R1(l-B)-t-Re(l-a) 
R^a-bi + Rsls-b)' 

(12) 

*-Ä 
Ri  = RuP^    Ra = RaiP?,  and Po  = PuP1 

a,  5,  b,  Rii,  RE;, and P.: are constant. 

By close inspection of equations (11) and (12),  if B = D,   it is apparent 
that,   for df/dT = 0 and df/dP = 0,   the equations represent the same 
curve,and therefore temperature and pressure insensitivity can be 
obtained simultaneously. 

This paper shows that by properly choosing the size of R:,  C,  and 
Rs experimentally,  pressure and temperature insensitivity can be 
achieved simultaneously.    The theoretical analysis demonstrates that 
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the simultaneous attainment of pressure and temperature insensitivity is 
physically possible,  and the results shown in the various experimental 
graphs substantiate the predictions.    However,  in the analysis it was 
assumed that the network is strictly an R-C-R feedback.    For the os- 
cillator design it was necessary to include some inductance;   hence, 
the function for äC^ becomes very complex,   but for the frequency range 
of inteiest,  the device is still described by equations (6) and (7). 

3.    RELAXATION OSCILLATOR (R-C-R) 

3. 1    Physical Characteristics 

A relaxation oscillator (fig*   1) is basically an R-C-R feedback type; 
some of the fluid from the power jet is returned to the control port 
through the feedback network causing the unit to oscillate.    The amount 
of fluid entering the capacitance is determined by the resistance R., 
placed in the upper portion of the capacitance,  and the fluid leaving it 
by the resistance R-,   located at the bottom of the capacitance.    Hence, 
Ri.Rsi  and the capacitor volume determine the filling time of the 
capacitance, which will in turn.determine the frequency of the oscillator. 

The oscillatory mode is excited only for pressure ratios for which 
the jet spreads to occupy the full width of the output channel.    This 
is necessary  to achieve a feedback process that will induce oscillation. 
The spreading of the pov   r jet is a function of the input pressure and 
the pressure of the field *nto which it is operating.    If the pressure 
at the output of the oscillator is atmospheric,  a high pressure at 
the input is required to achieve the pressure ratios necessary for 
oscillation.    Such behavior is normal and is characteristic of jet flow. 

In this particular case,  the oscillator exhausts into a binary 
device (fig.  3), which has a pressure below ambient in   its interaction 
region.    The amplifier control area sets a fixed load on the oscillator 

.jut which    causes a back pressure.    The back pressure induces the 
oscillator power jet to spread and forces a portion to feed   back into 
the R-C-R network initiating oscillations. 

The binary amplifier and the oscillator have a common supply,   so 
that a change of input pressure in one is accompanied by a change in the 
other.    This action is needed because some of the increase in flow 
through the oscillator nozzle is conveyed to the lower pressure region 
in the binary amplifier control ports. 

In addition,  the binary amplifier is provided with a set of bleeds, 
located in the separation region.    The function of the bleeds is to 
exhaust any increase in back pressure that arises when the amplifier 

16 
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is loaded.    The binary amplifier is used as a buffer because an 
appreciable gain is needed to amplify the oscillator output.    Even 
though a binary amplifier was used,  a quasi-sinusoidal output was 
obtained (fig.  4). 

3,2   Experimental Results 

For the experimental analysis three geometrically similar oscillators 
were constructed,  each having a different resistance R (fig.   1) in 
its feedback loop.    The capacitance volume (0, 366 in,3) and the size of 
the resistance Ri ^ere the same for all three. 

The resistances R- were similar in depth and length,   but their 
width was 0.010,   0.015,  and 0,018 in.    The frequency was measured 
by a piezoelectric crystal installed at one of the two outputs of the 
element,   fully loading this channel.    This generated a distortion in the 
output signal,   so a matching load was provided for the opposite port. 
A plot of the frequency as a function of input pressure is shown in 
figure 5 for all three oscillators.    From the graph it appears that the 
element with a resistance of 0.018-in, width (top curve) was least 
sensitive to pressure in the range irom 6 to 30 psig.    The change in 
frequency in the above range was at most 0.06 percent.    The remain- 
ing two elements had a more limited pressure range with greater 
frequency variation (1,4 percent for the 0, 015-in, width and 4,3 
percent for the 0.010-in. width resistances).    In figure 5 are included 
the   size of the resistive loads used with each oscillator. 

The three oscillators were tested for temperature insensitivity 
by supplying them with heated air,    A copper coil approximately  10 ft 
long was connected to a brass tank and placed in an oven.    The tank 
was used to measure input stagnation pr( ssure.    The oscillators were 
placed outside the oven and were carefully wrapped in asbestos to 
minimize heat loss to the surroundings,    A copper constantan thermo- 
couple was placed between the stagnation tanks and the oscillator input. 
The frequency output was monitored by the piezoelectric transducer 
as in the previous test.    The oven temperature was allowed to rise to 
its maximum and when equilibrium was reached between the oven 
temperature and the air stagnation temperature,  the frequency output 
of the oscillator was measured.    As the oven was cooling the frequency 
was monitored.    Figure 6 and 7 summarize the results obtained using 
two input pressures (10 and 3 psig).    From figure 6,  it is noted that 
the best results are obtained with the 0.010-in, width resistance.    The 
maximum change of frequency for this case is 4 percent over a temper- 
ature range from 70° to 200oF.    For the other two oscillators,   the 
maximum frequency change was 9. 45 and 12.80 percent for the 0.015- 
and 0.018-in.   resistances.    For pressure input of 3 psig (fig,  7),  the 
trend is the same as in figure 6,    The 0. 010-in.   resistance seeuis to 
result in the least change in frequency over the temperature range used. 

18 
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P|N«I5PSIG     FREQ=96HZ P|N=30PSIG    FREQ«94H2 

Figure 4,    Relaxation oscillator output waveform. 
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The curves described thus far have shown tha». the oscillator with 
the 0,018-in.   resistance yielded the best pressure insensitivity and 
the oiu- with a 0, 010-in,   resistance produced the optimum temperature 
invariante.    Thus,   the data demonstrate    that none ol the three oscil- 
lators was     simultaneously pressure and temperature insensitive. 
Hence,  a minor change of resistance in the feedback network was 
required to flatten the temperature curves,   so the frequency would 
become less temperature sensitive.     For this purpose two adjusting 
screws were placed in feedback resistance R: to control the amount of 
fluid entering the feedback loop.    The screws were placed in the 
oscillator having an R;  0.010 in. wide.    This oscillator was chosen 
because it displayed the least temperature sensitivity.    The screws 
were adjusted until the oscillator frequency was invariant with 
changes of input pressure.     Figure 8 shows that the frequency output 
of the oscillator was flat   from 8 to 30 psig.    The unit was also found 
to display a high degree of temperature insensitivity.    Figures 9 and 10 
show the effect of temperature variation on frequency.     For pressure 
inputs of 3 and 10 psig,  the maximum change in frequency was i.l 
percent when the temperature was varied from 80°  to ZOO'F.     For an 
input pressure of Z0 psig,  a  3-percent maximum frequency change was 
observed for the same temperature range (fig.   11). 

The restriction caused by the screws was measured and another 
unit was built having a similar geometrical configuration.    Figure \L 
indicates that for this new unit the frequency varied less than ±\ percent 
for a pressure input from 6 to 30 psig.    The test for temperature in- 
sensitivity showed that the frequency  varied less than  1 percent from 
77° to 175CF,   for an input pressure of 10 psig (fig.   13),    It has been 
observed that the  oscillators tested are pressure sensitive in the range 
2 to 6 psig.    This discrepancy occurs because of the volume of the 
capacitor tanks (0,366 in,").    At these low pressures the flow entering 
the feedback loop encounters less resistance,   so the discharging time 
of the capacitors decreases,  thereby increasing the frequency.    This 
condition can be corrected by slightly increasing the capacitor size 
or by increasing resistor R:.    However,  a change in R: would sacrifice 
the temperature insensitivity of the element. 

4,    CONCLUSIONS 

Experimental studies using three geometrically similar relaxation 
oscillators with different resistances in the feedback network have 
shown that a change in frequency of less than ±L percent is achieved 
over a pressure range from 6 to 30 psig,    A frequency variation less 
than 1 percent can be obtained over a temperature range from 77° 
to  1750F. 
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The theoretical analysis presented in appendix A has shown that 
temperature and pressure insensitivity can be obtained simultaneously 
when using a lumped R-C-R network.    Further,  the theory provides a 
firm basis for further understanding,   analyzing,  and refining the 
timer oscillator. 

5. REFERENCES 

1. Kirshner,   J.   M.  and Campagnuolo,   C.   J. ,  "A Temperature- 
Insensitive Pneumatic Oscillator and a P reüsure-Controlled Pneumatic 
Oscillator,"  Proceedings of the Fluid Amplification Symposium,   Vol.   II, 
October 1965,  pp 5-19. 

2, Kirshner,   J,   M. ,  "Fluid Amplifiers,"  McGraw-Hill Book Company, 
New York,  pp 175-176. 

6.    ACKNOWLEDGEMENT 

The authors thank John Delawter for his craftsmanship in the building 
of experimental units,   Henry Lee for his patience in gathering and 
reducing the necessary data, and F.   M.   Manion for his contribution 
to the theoretical analysis of the R-C-R network to obtain   d's/dT = 0. 

21 

'- 



I 
fil i i 

It 
£ 7"1 

ID '«1 & o 
» 

o O 0 

o o o ol 
F 

5r I "bo 
s o 

° ro 1° 1 1^ o o o i Ö 1 o lO 6 

1^ » lo to \<\ 

o 

00 
(NJ 

CVJ 

(NJ 
o 
w 
Q. 

CVJ 
W 

V o 3 
(VJ % 

< 

i 

Wi 

to 

v 
a 
c 
o 

ti 

(A s 
« 
u 
V 
> 

u 
c 
1» 

h 

u 
o 

o 

i 

I 

(»H) A0N3n03dJ   «Oivmioso 

u 



SUPPLY   PRESSURE «10 PSIG 

100 120 140 160 

POWER  JET  TEMPERATURE   (•F) 

180 

Figure 6,    Oscillator frequency versus stagnation temperature. 
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Figure 7,   Oscillator frequency versus stagnation temperature, 
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APPENDIX A. — OSCILLATOR THEORY 

This analysis establishes the conditions  required for a constant 
oscillator frequency with variations in stagnation temperature and 
pressure.    The oscillator selected consists of a bistable amplifier 
with a lumped   R-C-R feedback network (fig.   Al),     To establish 
the criteria for pressure and temperature insensitivity,   it is necessary 
to consider the flow condition through each branch of the network. 

The total flow into the network (through R.) is Q +Qi+Qb (fig. A<J). 
The flow into the capacitor is C^and Q;+Qb   is the flow through R:, 
Qb is a bias flow always present in the network; hence the tc;al pressure 
P; can be written as: 

P   = R.(Q   +Q   -»'IbH^ .'Q * 

wh"re 
i c 
CJ Q di  ^ R(U  +Ui,) 

(Al) 

(A2) 

The pressure drops a» r»>^>  H    .nul l<     -re K  (U  * U + Ub) and R (Q  + Qb). 
Differentiating equation (A2)with  Tv»\,     i to ini'f and substituting the 
results in equation (Al),   the control llov    U   ■♦Ub »■ obtained in dif- 
ferential form,   so 

P    =(R.R.C^U  ♦Qb))-MR   ^   <   MU   -^Ub) (AJ) 

To solve this equation,   it  in neirs^ary |o t •>    «Klir t lit- iniltal i onditiona 
in the charging portion of the « yi le,  or 

P (0)  -  P     and   U (0)     I) 

With this initial condition,   the Holutioii ol ii^t.i i mi 
as: 

(A4) 

t) < MM In- expreasrd 

QS<t>-irÄ;<1 -t/RC. . ,,     -l/RC 
e ) 4  Ul, «• (AS) 

and     Q    is  the   llow   diiiiiig the 
Where .       R H R ■ mr 
which increases until switching occurs.    At   »w it» hmn lln 
charges.   The initia' conditions for the decay cycle« «rt, 

>i.<rt|iiig < \ < le 

'>«i llol   dla- 

where 

P   = 0   and   Q (0) + Ub = Qs 

Qg is the total flow through !(.   rrquirrd to •w»ti)i. 

( \'.| 

Applying the initial conditions (Ab) in equation (Ai),   an rKpn-aaion      »■ the 
flow during the discharge cycle is obtained,   ao 

II 
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Qr\      ~t/RC        f^ 
i = Qs e - Qh (A7) 

If it   is assumed that the switching mechanism can be expressed by the 
difference in flow .-Qs between the two control ports and that this dif- 
ference is independent of temperature,  then the criterion for switching 
is written: 

^Qs = (Qt(-s)+Qb) - (Cb('8) + Qb) (A8) 

Note that Qt = iQs +Qb 

By substituting the expressions for Qj and Ql,  equation (A8) becomes 

where 's is the half cycle. 
If the flow and pressure terms in equation (A9) are normalized with 
respect to the input flow and pressure, (A9) can be rewritten as 

(A9) 

(A10) 

where the terms with the bar are normalized. 
In equation (A10) it is assumed that TQS     is constant with changes of 
input flow and pressure.    The temperature dependence of the half cycle 
is determined hy expanding   s in the Taylor seiies 

•s(T+uT) = T
8o + i-T -£pj,   + -JI-  -jffr   + •   •   • 

Temperature insensitivity requires that d's/dT = 0 

^f-   =0 (All) 

Note that for a small temperature range(±10 percent),   the second and 
higher order terms in the series can be neglected and .'.T = LTIT , 

By assuming that the switching flow ZTSg is temperature independent, 
its derivative with respect to temperature equals zero or 

dT 
= 0 (A12) 

Carrying out the above derivative and using lüg   from equation (A10) and 
dropping the bar since it is understood that the terms are normalized, 
it follows that 

,dRi ^dRi 1      dP 
0 - taror vrr+rr'" (Rf+Riydf i{' 

s/RC^ 

Pn      .   ^    .    -'S/RCA 
(<Ä^8'e"s  Ä'-lfe1) 

(Ali) 
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The derivative of   s/RC can be expressed as 

Al.    TEMPERATURE IXSEXSITIVIT i 

1     d-s        "a    dR s    dC   . 
RC dT " R CTT'W:  dT ' 

d-i 

(A14) 

The criterion for temperature insensitivity requires that T*? be equal to 
zero,   so equation (A14) reduces to 

; 
d      -s -s      1 dR        1 dC 

Now dR/dT can be written as 

(A15) 

1   dRi     1 dR: dR       d ,   Rj Rj  , dR^dR;, 

Substituting equations (A15) and (A16) in equation (A13) 

P?        ,dR:      dR.- 1 dP: u  - S/RC (firTfc?{aT   TT
1
  (R. fR.)^r)(e -1)  = 

( ( RI + R ir + XU) e S/RC w   's   , j_dR    . idC 
M I^C  l RdT       CdT '     ' 

Rearranging terms and dividing both sides by 

P,        ,  dR-      dR^ 1       , dP^ 
[    (R^RiV  l TT     dT    '      ^ R: + R^' dT     ' 

yields 

e-VRC.l- 
I    (^^-.IQs)^ --s/RC -s       IdR      1 dC .   , 

r P , dR: , dR^ x 1        ydP^T 
(j?r+X7(WT *wr '"( Ri + ki 'HT ' 

(Alb) 

(A17) 

(A18) 

T   /RC 
Adding -f 1 to both sides and multiplying by e s ,   equation(A18) becomes 

.   1 dR        1 dC    . 

, 1 w   dR-     .   dR:    x        1   dP >     (A19) 

(R   +R. M dT       dT    '" P   dT 

1 dR 

,/KC.,., lt-Qs(R.R)hfe( 

Using the expression for dR/dT obtained from equation (Alo), -5-r?- 
can be written as 

1 dR 
RdT 

1   dR.       1 dR 1 . dR:        dR. 
R:3T~ +rTr" (R  + R H TT   *dT} (A20) 
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Substituting the above equation into (A 19^ and dividing the numerator and 
denominator of the last bracket by 

(imr 
the numerator  becomes 

I )(dRi+dR 
M dT       dT   ' 

n* + R w 1 dR + -LA \ (R 4R:)(R.dr ^ R^dT ) 

 S   4 ^  
dT        dT 

- 1 + 

, R. + R; t  dC 
(—C—' TT 

dR;   .  dR: 
dT"1" TT 

and the denominator is 

1 - 

R. + R:     dP 
P TT 

ISA 
dT 

dR. 
dT 

At this point it is necessary to introduce functional relationships for 
Ri,   R;,   P,  and C which are 

R:  = R: Tn 

R,  = R:, T"1 

P    = P.>Ta 

C    = C T-- 

The derivatives of the above terms are 

dR nR dp aP dR mR; dC C 
dT "T* . dT -T-' dT ~T ' Tr "T 

where a characterizes the dependency of P. on temperature due to 
output resistances.    Typically 0 sa ^ ^i.    Substituting the above 
relations in the numerator and denominator of the last bracketed 
term of equation (Al0*) makes that term 

R.(m-l) + R.(n-1) 
R.(n-a) + R (m-a) -- B 

For convenience,  the remaining terms are defined 

and equation (A19) becomes 

ex = 1*+ (A« B)x 

(l+^^l^L) ) 

d-s 

(A21) 
The above equation is the condition that must be satisfied so thHt-4»-  = 0, 
or for the frequency to be independent of changes of stagnation temper^ 
ature.    Equation (A21) is the locus of points at which  d"s/dT = 0, and 
since f = l/£-

8,  then df/dT = 0,    The equation is shown graphically in 
figure A3,   From figure A3,   if x is loo large,  df/dT < 0,   since 
dR/dT > 0; if df/dT > 0,  the frequency of oscillation increases with 
temperature, 
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In order to attain a solution for df/dT = 0,  equation (A21) must be 

satisfied and it can only be satisfied if A»B > 0, which implies that 
the exponents m and n cannot be greater than one simultaneously. 
Experiments have shown that m and n lie between 0,5 and 1.75; 0.5 is 
characteristic of an orifice-type  resistor and 1.75 is typical of a 
laminar capillary tube. 

To illustrate that '8 can be made constant, assume that a = 0 
(output load is temperature independent),  m _ j ,2 (orifice),  and 
Ri  = Hi; then R = '^R.   and B =  1.    Thus the differential equation for 
the charge portion of the cycle becomes 

ddt _     P       2(Qt4-Qb) 
dt     " RTC "        R~C 

(A22) 

(A23) 

and for the decay portion 

dQ" Z(Q"-K3b) 
dt       ' ""RTC 

The initial condition for the decay cycle is Ql = iQs,    Equation (A22) shows 
that & decreases with increasing temperature.    This is indicate_d by 
the second term of the equation,  where R;C is proportional to T  ^ 
however,  the first term PT/R^C is independent of temperature.    In 
equation (A23) Qp increases negatively since RiC is proportional to 
T"   ' .    The above analysis is diagrammed in the phase plane (fig,  A4), 
The diagram shows that for a temperature increase,   the charging and 
decay paths shift (dashed curves);   however,  the time integral along 
these paths remain unchanged.    Therefore the charge time and decay 
time sum to the same period; hence the frequency is temperature 
insensitive. 

A2.    PRESSURE INSENSITIVITY 

The condition for pressure insensitivity can be obtained by using the 
assumptions of the previous section. 

By defining the functional relationships 

Ri = Rul*1 

Rs = Rj.P3 

Po = PiiPb   and   C =-t 

equation (A19) can be written as 

/s/RC _  .     n    ÖQ8(R.-KR.)       's   , R;(l-3)-hR^(l-a) ..,.. -l+(l+_^p:  )  jfc{ R:(-;.b)+R;(g.M (A24) 

where derivatives in (A19) have been taken with respect to P instead of T. 
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Figure Al.    R-C-R feedback oscillator.   Figure A2.    Feedback r^etwork. 

A-B 

Figure A3.    Locus of points for temperature 
insensitivity. 

Po     2Qo 
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PATH   SHIFT FOR TEMPERATURE   INCREASE 
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DECAY   PORTION   OK c.wLE 

Figure A4.    Modified phase plane. 
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and letting 

D . R.d - a ) + R: (i • • a) 
Rxto -b) + R:(r - bj 
i +: Qs(R. +R:) 

p 

equation (A24) is written as 

v   -     s x "KC 

ex =  1  + (A'D)x (A25) 

If D = B, where B was defined in the previoua section,   then the locus of 
points defining d's/dP -  0 falls on the  same line for temperature insen- 
sitivity.    If D = B,   pressure and temperature insensitivity will not occur 
simultaneously (see fig.  A5),    From figure A5, 

For D > B,   U ^p 

D-B   U^p 

0,   then— > 0 

0,    then ~  = 0 
a 1 

D < B   if ^p = 0,  then ^ < 0 
X = .3k 

RC 

A3.    DISCUSSION Figure A5, 

The equations developed thus far     serve to indicate that pressure 
and temperature insensitivity can be obtained simultaneously by careful 
design.    The assumptions used to derive the equations may not be true 
for all cases.    For instance,   the assumption that   JQs is independent 
of pressure and temperature may not hold.    Also it should be noticed 
that the exponents m,   n,  a,   i,  5,  and b are functions of Reynold number; 
hence their values will change during a pressure or temperature test. 
However,   equations (All) and (A24) do indicate that the development 
of a pressure and temperature insensitive oscillator can be achieved. 

It is important to note that the criterion for temperature and 
pressure insensitivity was that df/dP or df/dT equal zero.    This is 
true only if a small pressure and temperature interval is used (80°  F 
above or below room temperature).    If a larger temperature or 
pressure range is  required,   the second derivative df/dT-   = 0 from 
the Taylor series must be included.    In addition for the case of B = D, 
it is  required that n = J,   m = ?,    and a  = b.    In the analysis it was 
assumed that the feedback is  strictly an R-C-R network.    However, 
in the design of an oscillator it is necessary to include some   inductance. 
This causes the function for    Qy to become very complex,   and the 
solution of equations is not easily obtained, 
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