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NOMENCLATURE 

net entrainment coefficent 

cross-sectional area, nr' 

coefficients of second-order response equation 

deflection impedance coefficient 

width, m 

normalized width, b/b 
s 

capacitance m4s2/kg 

viscous loss coefficient for outlet channel flow 

discharge coefficient 

momentum flux coefficient 

two-dimensional discharge coefficient 

frequency, Hz 

normalized frequency, f bs/ c^ (2(Pg “ Pv)^p) * 

time-independent terms for G 
P 

pressure gain 

amplifier height (depth), m 

(-0s 
momentum flux, kg-m/s2 

empirical coefficient for channel resistance 

velocity distribution parameter 

coefficients for flow-dependent term in R and R 
oc SV 

entrainment flow distribution coefficients 

5 



inductance, kg/m4 

Reynolds number, (^S/V)^2^P' - P^/p^*5 

modified Reynolds number, N /((x + 1 
R y\ th 

pressure, Pa 

flow, n,3/s 

resistance, kg/m4s 

Laplace variable, 1/s 

velocity, m/s 

center line or Bernoulli velocity, m/s 

length, m 

normalized length, x/bs 

lateral dimension, m 

admittance, 1/Z 

impedance, kg/m4-s 

jet deflection, m 

dynamic viscosity, kg/m-s 

kinematic viscosity, m2/s 

density, kg/m3 

aspect ratio, h/bg 

phase shift, degrees 

normalized lateral dimension, y/b 

radian frequency, rad/s 



Subscripts 

add additional 

B additional momentum flux 

bs supply nozzle width 

c control 

CD center dump 

d driving 

e entrainment 

eq equivalent 

i input, deflection 

j jet edge 

J jet-to-control edge 

L linear 

0 (zero) basic condition 

o output 

oc outlet channel 

p pressure 

r recovered 

s supply 

SB spill-back 

sp splitter 

ss self-staged 

SV side vent 

t amplifier throat (spacing between downstream control edges) 
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th supply nozzle throat (straight section) 

V vent 

1 distance from splitter leading edge to receiver (in xi) 

2 static head equals dynamic head 

Superscripts 

(') prime indicates dimensional flow quantity 

(-) bar indicates average value 

1 

r i -« 

<r 
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1. INTRODUCTION 

Design of fluidic proportional amplifiers has traditionally Wen 
relegated to cut-and-try" techniques that are essentially inefficient 
and quite unreliable. However, with the publication of an analysis i\or 
predicting the port characteristics of laminar proportional amplifiers 
(LPA's) by Manion and Drzewiecki,1 such devices can now be designe« 
entirely on paper with computer-aided techniques. In one such computer 
technique, given the amplifier geometry and an operating Reynolds 
number, a set of static and dynamic port characteristics is computed and 
presented in hard copy. While not a direct design tool (where ' 
specifications result in an amplifier design), it does allow the 
engineer to choose, check, and change the design, observe differences, 
and approach the desired solution in a few iterations. This process may 
only take a few hours as opposed to weeks or even months if each design 
is fabricated and tested in the laboratory. With computer aid, only 
those designs that are most promising need be critically examined. It 
is hoped that in the near future, with expanded computational 
capabilities, such a program can be used as part of an iterative 
procedure for a design to meet given specifications. The user would 
enter a certain number of specifications, not to exceed the degrees of 
freedom of the problem, and the computer would then search through sets 
of geometries until one was found that satisfied the specifications. A 
plotting routine would then be called upon to trace an outline of the 
planview of the preferred design for direct use by either an 
optical-tracing milling machine, a step-and-repeat pattern generator, or 
a draftsman. 

This report presents a synopsis of the equations used in the 
computer program. Most derivations refer to the report that analyzed 
LPA s. Where the original equations have been updated, corrected, or 
changed, or where additional equations have been incorporated, the 
derivations will be presented in full. Some experimental verification 
in addition to that already presented by Manion and Drzewiecki* and 
Drzewiecki, Wormley and Manion^ will be presented directly on the 
computer printouts. A design example of optimization of self-staged 
gain and bandwidth will be presented. 

F. M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). 

T. M. Drzewiecki, D. N. Wormley, and F. M. Manion, Computer-Aided 
Design Procedure for Laminar Fluidic Systems, Journal of Dynamic 
Systems, Measurement and Control, Trans ASME, 97_, 4, serles G (December 
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2. THE GOVERNING EQUATIONS 

The analysis and assumptions have been formulated for LPA's of the 
general configuration shown in figure le. This type of configuration is 
the one commonly used at the Harry Diamond Laboratories (HDL), but 
the formulation is found to hold for other amplifiers that may 
incorporate center vents (fig. lb), side-ven< . outputs (fig. 1c), as 
well as those without a vent vane (both lb and c). The vent vane 
prevents recirculating flow (due to receiver spillage) from impinging on 
the jet in the sensitive region near the controls. The vent-vane 
geometry per se does not appear in the program. The assumption is made 
that the vent is at a constant ambient pressure with no spill-back 

(a) 

¥ 
(b) (cl 

AMPLIFIERS 

Figure 1. (a) Schematic of an HDL LPA and (b), (c) silhouettes of 
typical LPA's. 
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effects. The assumption, then, is valid for well-vented devices without 
the vane. Examples of agreement for devices with and without the vanes 
are well documented.2 

The flows into and out of the amplifier are through channels that 
offer fluid impedance. The vents, however, are assumed to be perfect 
grounds and as such are assumed to not offer any impedance. The 
impedances of the amplifier with the jet centered are presented first. 
The rest of the equations follow in logical order. 

2.1 Supply Resistance 

The resistance of the supply nozzle is used to normalize all 
the impedances presented in the following sections. The pressure-flow 
relationship for flow through a nozzle is obtained simply from the 
Bernoulli equation and modified with a discharge coefficient, c , as 
given by Manion and Drzewiecki,1 and here as equation (1). Prime over 
pressure, P, and flow Q (for example, P', Q') refers to dimensional 
quantities. 

Q' = s 
>2 
s (1) 

where 

Q's = supply flow, (m3/s) 

cd = nozzle discharge coefficient, dimensionless 

bg = supply nozzle width, (m) 

a = nozzle aspect ratio, h /b , dimensionless 
s s 

P^ = supply pressure, (Pa) 

P^ = vent pressure, (Pa) 

p = fluid density, (kg/m3) 

M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). 

T. M. Drzewiecki, D. N. Wormley, and F. M. Minion, Computer-Aided 
Design Procedure for Laminar Fluidic Systems, Journal of Dynamic 
Systems, Measurement and Control, Trans ASME, 97, 4, series G (December 
1975). ~~ 
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The discharge coefficient for flow through a planar nozzle has been 

determined analytically,3 but not in closed form. The discharge 

coefficient, cd> has been found to be a function of a modified Reynolds 

number, N^, that includes the nozzle design in the characteristic length 

dimension rather than just its width. A sixth-order polynomial in N' 

has been fitted to the numerical solution for 5 100, and 
straight, line for 100 < N' < 200, where 

— R — 
R - 

-0.03422 + 0.0569445 

+ 5.13000 X 10-5 N'3 
R 

- 3.93475 X IQ’9 N'5 
R 

N' - 2.305652 * io 3 N'2 
R R 

- 6.2507 X KT7 N'4 
R 

+ 1.004255 X io-11 N'6 for 5 < N' < 100 
R — R — 

(2a) 

c = 7.8 xlO 3 N' + 0.624 for 100 < N' < 200 
a R _ R — (2b) 

where the modified Reynolds number, N', and Reynolds number, N , are 
defined as R R 

and 

where 

V = 

th 

% " v((xth+ >) (1 * ^0)2) 

nr ‘ (Vu) [2(‘s - ’’¿b]'’ 

kinematic viscosity (m2/s), and 

normalized supply nozzle throat length (x ,/b 
\ til s / 

The supply resistance R' is defined as the ratio of the nozzle total 
pressure drop to flow through it. 

R' = 
s (3a) 

3r. M. Drzewiecki, Fluerics 37: A General Planar Nozzle Discharge 

Coefficient Representation, Harry Diamond Laboratories TM-74-5 (August 
1974). 
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or rearranging 

R' 
s U V b3 

s (3b) 

where p = fluid viscosity (kg/m-s). Note that the prime 

ratio of a P and Q, indicates that it is dimensional.- 
over R, the 

In order to operate an amplifier in the laminar range, but near 
its maximum gain, a typical supply operating point can be defined b- the 

X,sp/8 ' Reynolds numberT.v.ííe 
(Noíe1S ‘‘i??1 P«1«"': below that of laminar-to-turbulent transition. 

no^H.ea i p*pltall“d Greek-letter geometric dimensions are 

rm“li“eed7P Y Wldth' l8tt8r dP—ions 

2 • 2 Control Channel Impedance 

The flow in a control channel (fig. la) is very slow; hence, it 

is assumed to always have a fully developed section with an entrance 

development effect appearing as a flow dependent term. (N.B.: Unless 
specifically indicated, all quantities are from now on dimensionless and 

^/^e?Ced^t0 the supply conditions, as P = p'/P>, r = r'/R' and 0 = 
2 'Qg-) control channel resistance, R , is 
of Manion and Drzewiecki3 as: c 

defined in equation (8) 

R 
c 

F - P. 

!■ - 24 Xc cd (c/Bc Bc/0 t ky^B^g NRj 

* 0.95 (cd/Bc V Q 
' mm/ 

where 

pc = control port pressure 

Pj = pressure at the jet edge at end of control channel 

Ç>c = control flow 

Xc = channel length 

F M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). ~ 



B 
c 

inverse square average channel 

(l/Bc(x)) dx]'2 (Note: Among 

resistance is dependent on 1/B2. 

cross-sections, an average along 

1/B2, (l/B^) gives good results.) 

width. Bc. l/[(l/Xc)^C 

other parameters, viscous 

In the case of nonconstant 

the streamwise direction of 

B = minimum channel width 
Cmin 

k = empirical correction for corner effects to match linear 
closed-form solution to_ the exact series solution, where 
0.35 < k < 0.5 for 1 <0/B < 2 

c 

and 

k = 0.5 for °/Bc > 2. (See Drzewiecki4 for complete details of the 
determination of the value of k.) 

The frequency-dependent component of the channel impedance has 
been assumed to be purely inertive, resulting in Z¿ = R* + j-oL*. The 
fluid compliance is negligible even in high-fre§uency gaseous 
applications, when it is compared with the large compliance 
(capacitance) associated with the volume swept out by the deflecting 
jet. Fluid inertance (inductance) is defined as the product of the 
fluid density and the channel length divided by the channel average 
cross-sectional area. For_ the control channel the inertance then is 

Lc ; P Xc/(bc / where b is a linear average width rather than the 
inverse square average used in the resistance. However, since the two 
are close and since the resistance is the more sensitive parameter, use 
of the already available inverse square average will not produce much 
error. 

The channel impedance is therefore 

Z’ = 
c + jw' 1/ = + jw's *c/(bch), 

If this equation is now normalized by the supply operating resistance. 
R , as defined by equation (3a), where it is noted that (2(P’ - P'WpV'a 
= V', the Bernoulli velocity, then the expression for Vtlíes impSáance 
becomes 

4T. M. Drzewiecki, The Interpretation of Surface Static Pressure 
Distributions in Fluid Amplifier Applications, Harry Diamond 
Laboratories TR-1627 (July 1973). 
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If now the radian frequency, 

average jet transport time, c V'/b , 
ass 

normalized by the reciprocal of the 

the above equation simply becomes 

2C * Rc + ’“(’Vd^’c) ■ 

or if one notes that x /b H x /B , then 
c c c c 

zc - *c ♦ i“ (2 Vd/5c) • • • (5) 

The normalized inertance is therefore defined from equation (5) as the 
term that multiplies the normalized frequency, or 

L 
c 

2c^X /B . 
dec (6) 

2,3 Resistance Due to the Restriction Between Jet and Control Edge 

The derivation of the resistance, R , offered to flow by the 

space between the jet and the downstream control edge (fig. 2) is 

presented by Manion and Drzewiecki.^ This resistance is called 

"jet-edge resistance.*" since R changes only slightly with jet-edge 

pressure, an average value of R for jet-edge pressures from = 0.1 to 

0.5 is used. This eliminates calculating R7 for different bias 

conditions. The jet-edge resistance is obtained by averaging the value 

from equation (20) of Manion and Drzewiecki over the representative bias 
range of 0.1 and 0.5, and is 

■0/ 
0.5 

0.1 
cab V 

S 

V2 V 
2 £(sech4 k i ip + P.^2 - sech2 k^JdJdP. (7) 

where 

cdb = d " o)/2 [(c + l)2/4 - o(l - cd)J 2 (8) 

s = effective discharge coefficient of lateral nozzle boundary 
layers only 

M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1_, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). 

*Due to restriction between jet and control edge. 
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VENT 

/////////S//S//S/////SSSS. 

CONTROL 
CHANNEL 

*77777777777777777777. 

SUPPLY NOZZLE 

Figure 2. Sketch showing the clearance between the jet and the 
downstream control edge. 

*1 t 17'cd Qe + Cdb /2 ) 
= 1.651 (0.021 =d c0 + o, Bc/NR)1/3/cd 

= entrained flow over the distance B 

- 0.5 

(9) 

(10) 

ÿ = Jsech1 (11) 

= lateral location of streamline where velocity head equals 
static head 

c. = 1.32 cj = momentum flux discharge coefficient. (12) 
0 d 

There is no inertive reactance attributed to the space between the jet 
and control edges. For the solution at hand, in constant at any 

given'supply operating point. 

16 



~•^ Outlet Channel Impedance 

The imPedance of the outlet channel is calculated the same wav 
as the contre1 channel impedance (eq 4). The channel resistance R is 

Twtlln U3Klly deVel0pea I»”« and is raprasentlã by 

PH " P 
R = -— _ 24 
oc Q Xo cd (°/Bo * Vo + k2)/(^ 0 \) 

+ 0.95 (c /B \2 Q 

\ä °Kln) c (13) 

Notice that equation (13) may be written 
flow-dependent term so that 

as a constant plus a 

R = R - + k 0 oc oL 3 *o (13a) 

where 

— total pressure at channel entrance 

Po = output port static pressure 

Qq = output flow 

= outlet channel lenqth 

Bq = inverse square average width of outlet channel 

E o = outlet channel minimum width (usually equal to 
min receiver width, B ) 

o 

k2 = empirical correction for corner effects 

k3 = coefficient of flow-dependent term in R (eq 13a) 
OC 

RoL = constant (linear) part of R (eq 13a) 
oc 

0.35 ^ k <0.5; for 1 < c/B <. 2 
2 ~ — o 

k2 = 0.5; for o/B > 2. 
o — 

1 7 



The inertance 

equation (6): 
of the fluid in the channel is similar to that of 

L 
oc 

X /B 
o o (14) 

Again, when one assumes that the 

output channel impedance is 
compliant reactance is negligible, the 

Z 
oc R + j<jjL 

oc J oc (15) 

2•5 Output Impedance 

differs from the The output impedance, z 

impedance, Z0c, in that Z0 is theùchange of output port 

w.th output flow, S0, 3P0/JQ0, hence, it includes the 
total pressure at the receivers (channel entrance). 

outlet channel 

pressure, PQ, 
variation of the 

In Manion and Drzewiecki^ 
the entrance to the output channel 
so that 

the driving (total) pressure, F , at 

is gi-'en as a function of outputdflow 

where 

QV2 
o (16', 

or - «o(Po = °) = -Rol/(2 *,)♦ [(RuI/2 * V(2 k3)]’' (17) 

and the blocked pressure recovery, P^, is given as 

Pr ■ c6 (1 - 6 (»sp * R,)/»2 Nr Cj,) (l - 1.1 Bsp/[cd nr Bsp/2]'¡)/Bo (18) 

M*nion and T. M. Drzewiecki, Analytical Datier, ■ 
Proportional Amplifiera, Proc HDL Floidic State-of-the-Art SarnSauZ"? 
Harry D,aiond Laboratories, Adelphi, MD /October 1974). ' ~ 



where 

Xsp = distance between supply nozzle exit and splitter tip 

X1 = addltional run distance along splitter prior to flow turning 

Bsp = spiitter end diameter (width). 

While this representation is adequate, it does not t^k* 
account the entire physics of the jet/output channel interactions. As a 

andUíh 016 °u^put f^ow tends to b® overestimated at low output pressure 

examiÍes°tÍPUfT^ nCe underestimated "ear blocked conditions. If one 

“rbe6^.35""8011^ °UtPUt Ch—1 a -e precis^ 

Consider the following sketch 
channel and flow being spilled out (fig. 3). 

Jot 

Essentially, the static pressure developed 
flow is that due to the spilled momentum, j 

os 

by the turning of 
divided by the area 

the 

K ~ siJCe the 5low is not turned over th2Sentire~rec¡iver~f¡c¡. 
addition, however, there is a dynamic head due to the high-velocity 

stream entering the channel. This dynamic head is averaged over th^ 
receiver face. The spilled momentum is determined by the amount of flow 
removed from the profile. 

which this flow enters the output channel. 
which then specifies the width, b, at 

b = 
(19) 

19 



where U' is the jet velocity impinging on the output. Note that the 

momentum flux impinging on the output is then pb hU'2 '2 = J /2. 
s o ’ o' 

The total (or driving) pressure impinging on the output channel 

is the sum of the static and dynamic pressures available. The static 

pressure is assumed uniform over the width and is determined from the 

spilled momentum over the area of turning, and the dynamic head of the 

flow entering the outlet channel is determined by averaging the velocity 
head over the channel width. 

+ SpU’2 
o 

J'/2(l - 2b/b 
o V,_s 

(bo - b h 
+ S DU'2 . 

o b 
o 

When the expression for b from equation (19) is substituted into the 

above equation and if one notes that J /2 = pb hU,2/2 and if it is 

normalized by ^P' - P'^ the result is J ° 

The normalized recovery pressure is Pf/P| = PU,2b h/ P,2b0h . This can 

be then rearranged to yield PrB0 = pU,2/2P .° Öhen Sthis relation is 

subsituted for U' and the output flow is°normalized by Q' = b he (2 P' - 
P¿ /p)1: the result is: s s dV s 

Pr(1 - [PrBo r) 
1 - W Bo( 

«5 l(Pr/Bo)'’ 

As can be seen, the above equation reduces 

0 = 0. 
o 

to the identity P. 
d 

P when 
r 

The above inviscid analysis has neglected all viscous effects 

in the receiver region. The momentum turning part of the analysis has 

been shown to be accurate by the good agreement between data on blocked 

20 



pressure recovery and theorv hm* _ 

lead to a fairlv pt at a knee. The above equation will 
amonn/of l Stra:L*ht curve' ^ ^ overestimates the flow The 

rLss LTtl , " la-a,fTtÍOn °£ aspect rati° “h- aspe« raïï: 

swa bs “fuient « ^ ^ h“d te™ aujust it for adequate aqreernent with H^ta tv»** 

^e“^1^1!1038 C°f£tifent dua “ the^decr eased ^late^spac“^ 

f.e ttèse“Ôsî ^flcie^rLd 
pressure on the outlet channel. atxon for driving 

Pr< [l - 2»oV 0
 

03 

0. 
1^) 

1 - 
■ «o'd^^t PrBo] s> 

Cd° 

IÉ. 
2 

(Pr/BoŸ Q0. for c < 2 

(V^)"5 Qo' for 0 1 2 
(20) 

moinentuiB ClÍZ due to nZSinlT, ^ in i« 

controls. An additLa" iS “^efncUnt^r °f the 
incorporated in the pressure recovery (eg Q8M ^ 
will develop such a coefficient. following analysis 

consideredheinnír«íne?J?V10W at the downstream control edge can be 
velocity distrih .n’pll^led way' as having an exponentially decreasing 
velocity distribution from the entrainment streamline, * ïo infinity 

streamline 1S dÍStanCe fr°m the edge to tZt 

- 0.5 (Bt - 1 - Bc/0.021 cd Mr) , (21) 

Tt^T-L^s °f 
hairry Diamond Laboratories, Adel phi, MD (October 1974). Um' ~ 

Dninr,' Mn DrZ*wieck} ' D' N’ "ormley, and F. M. Mani'on, Computer-Aided 

V^s Ær 
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the entrainment streamline location with respect to the jet center line 
is 

i' 
e V2 

- B 
V 

where 

~ lateral distance across the amplifier between control edges. 

Note that as N^ decreases B decreases or, in other words, the jet 
spreads out more at low Reynolds, numbers. The exponential velocity* 

distribution of the entrained flow can be written as 

U = U’/U’ = k 6^4(^ " ^e) . (2.7) 
s 5 

The coefficients k,, and ks may be evaluated by noting that the integral 

of equation (22) must be the entrained flow and that when ^ the 

velocity is the entrainment streamline velocity. Hence e 

/ U d* = cd Qe . 

i^e 

And substituting equation (22) into (23) results in 

(23) 

k /k = +c Q (24) 
5 4 de 

where <p - lateral coordinate - yA • The velocity at the entrainment 

streamline Ue is estimated as thl velocity on the bell-shaped jet 

velocity profile (eq (11)) at the dividing point between the supply flow 
and the entrained flow, or 

U 
e 

so that when equation (22) is evaluated at ^ = , 

result is substituted into equation (24), e 
k5 

(25) 

U . When this 
e 

k = (26) 

*An exponential velocity distribution for the entrained flow is 
chosen because it has been observed that the profile is more distended 
than the normally expected hyperbolic secant distribution. 
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An estimate of the flow 
made by the integration of 
reducing the result by two 
effects. 

®SB' back by the control edge, can be 
equation (22) from Bt/2 to infinity and by 

to include (at least superficially) plate 

SB = *5 Q, 
-k B 

e 4 V 
(27) 

The net entrained flow Q is 
'net 

== Q, 
'net SB' (28) 

b£ inteoratina ™ lost due to this spilled-back flow is determined 
Ïnfîn^r Tn9 qUare °f the 3et vel°city (eg (22) ) from B./2 to 
infinity. The pressure recovered, P is directly proportional to the 

SDiîîSnh hence, the jet momentum is decremented by this 
P, led-back momentum. The net momentum flux at the control edges, J 

SB / e' is e 

a 
' (1 • JSB/Je) * 1 - 3.0303 k Q2 

SB (29) 

is the normalized exit momentum flux. The recovered 
where J = c 

pressure, equation (18), must be multiplied by equation (29) The 
equation re ating the output pressure, r to output flov £. is Stained 
by solving for from equaL’on (13). 0 . 

Po = P^i “ R T C - k Q2 o d oL 0 3*0 (30) 

where Pd, the driving jet head, is defined by equation (20). 

It was mentioned earlier that, except for a knee, in some 
output characteristics the curve was fairly staiaht 
equation (30) has this form; however, it has no "knee," or abrupt 
c ange between two virtually constant slopes. After considerable lack 
of success in finding a suitable explanation for such a knee, this 
physica! descripti°n wag reached: During operation of a device, when 
the impedances of the output, 3P /30 , and the load, P /g , are great 

this9secti flOW at the rgcei°ers' the model expiad earlier în 
flow than1?" Ho7eVer' when the load ^ the output demand more 
low than is available (a sucking or jet pumping condition) the jet can 

2 3 



only supply as much flow as exists in the profile for the given 
pressure. In other words, when the load plus output impedance is less 
than the jet impedance, the output impedance becomes the jet impedance, 
since there is not enough potential to drive out any more flow. The 
pressure and flow will change linearly from that point up to the 
condition when all the flow into the amplifier (Qs, Qc) comes out. This 
argument will sometimes produce an output characteristic that has a 
"knee," because the slope will be constant below a certain pressure. 

For a center-vented device, flow and momentum are extracted 
from the center of the jet. If one assumes that the pressure impinging 
on the vent is the center-line velocity head, and that the vent can be 
described by a constant cross-sectional rectangular channel, the amount 
of center-vent flow can be readily determined. This extracted flow 
establishes a net width reduction of a constant velocity (square 
profile) jet, that reduces the net momentum flux impinging on the 
receiver. The flow through the center dump, Q¿D, is simply the ratio of 
the stagnation pressure, P' to the dump resistance, R' : 

O' = 
VCD pcd/,rcd (31) 

This flow can be written as the product of an equivalent area and the 
average jet center-line velocity at the splitter, V , 

0' = 
*CD 

b h V' 
CDeq SP (32) 

where bCDeq is the equivalent 
the equivalent area. If Q' 
and if it is noted that V'2 C= 
equivalent width, SP 

jet width that, with the depth h, forms 
is normalized by Q' = b hcd|2 (p •-p ' )/p] S , 

= SP^/p , sthenssolvings for 4he 

BCDeq Cd (PCd) 2//RCD * 

The center dump resistance is considered to be linear and is 
similar to the linear part of the control resistance (eq (4)). 

% " 24 XCD Cd (a/BCD + BCD/0 + ° Bcd) 1341 

where XCD and BCD are, respectively, the length and width of the vent 
and k6 (like k?) is an empirical correction for corner effects. 



, . T^e fessu« developed at the face of the center dump is P'^ = 
’ pVcp' but since J' = pb h V'2 then P' - t* v, « i . ^ cd 
resplct to P' yieldPp =sj SP j SP^s*1' No™alx2ing with 
the let at Phe fan* JSP\ JSP 1S the "»"»entum flux available in 

* 016 center dumP (splitter). This is simply the 
effect«? m°pen la^ reduced by the nozzle, control edge, and plate 
effects. From equations (18) and (29), then, P 

CD 
= J 

SP = c. (1 - 8(xsp+ =6))(1 - 3.03 k4esp2 )• (35) 

Se t0 U'«.“«iverS is th. total jot tonantum at 
tne sputter reduced by the quantity ^1 - B 

The recovered pressure with a center-vented device, P 

therefore P^ the recovered pressure with no center vent, reduced^ 

same factor as the momentum in the jet, or 

, is 

the 

(36) 

in addition, 

fiUs^u/th^l =0ntr°1,Press“e' »“«h introduces kdditioñaí'flo7thii 
ills out the jet profile. If one notes that the additional momentum f 1 nv 7* n*r\ K«. ^ I — additional momentum 

flux Jb can be represented as the flux added to both sides of the jet or 
twice the flux on one side, th€;n 

B 

J' = 2p'v:2/A! 
B 3 3 

where 

Aj = effective area of flow between jet and control edge 

= average velocity of flow, Q', between jet and control edge. 

Since Vj = Cj/A^, then 

J' = 2p'V'2/a: 
B 3 3 (38) 

If the space between the jet 
orifice, the effective flow 
equation 

and control edge is assumed to behave as an 
area can be calculated from the Bernoulli 



or 
S " Aj [2(Pj * >>•]* 

*3 ■ - p>'f- (39) 

If equation (39) is substituted into 
momentum flux becomes equation (38) the additional 

' 2 «3 [2(P:i - • (40) 

When J' is normalized bv .t • = o k v, n i j 
in theBform 1 + j /j where J if 4-hl' ^ ®qua^on (40) is rearranged 
(J = c = J*/TM8 Î ! e 13 the momentum flux at the nozzle exit 
1 e 0 Je^s5' and lf lfc ls n°ted that Q. = (P. - P yR., then 

1 + VJe " 1 + 2 ^ (P- -)3/2/(ce Pj) • (41) 

On^sbouid notent when J is multiplied by equatien (41) the result 

representation of the présure trecovfryf ^ ^can^be ^t 

combiniuq equations ,18, . ,29, , ,36, , and ,41?.' EquatL t£ 

P 
r °e f1 - 8(xsp + ce][i - 

“\eSB2]^ -%eq] 

1-1 V'C'd nb “sp'22)4] [l 
(Pi - Pv)3/2^e • 

3.03 

(42) 

The pressure recovery P 
in equation (42) includes losses due to 

(1) supply nozzle, (2) control 
plates, (4) splitter interaction, 
includes an increase due to added 
control pressure. 

edge spill-back, (3) top and bottom 
and (5) center venting. it also 
axial flow introduced by a bias 

the turbulent 'r^ime^h^e^en3' 0rif"ally deSigned to operate in 
laminar regime. These devices i^a irly S"ccessfullV in the 

that includes a side vent (illustrated,Ufig?n4Ktlet ChanneI arrangement 
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Figure 4. Schematic diagram of a typical output side vent. 

The pressure recovery may still be determined by using 
equation (42), however, recovery is augmented by an increase in static 
pressure caused by the forcing of the jet flow through the side vent. 

Under blocked conditions and for relatively low values of vent 
resistance (less than the jet impedance) , the narrow laminar jet passes 
through the receiver area unhampered except for the additional plate 
loss over the distance Xj. The momentum is turned, as before, but now 
an additional static pressure is developed by the flow passing through 
the resistance of the vent channel. If one assumes that the jet is 
essentially a flow source and that the flow out of the vent is roughly 
equal to the flow recovery of the amplifier (normally about half the jet 
flow), and that as the flow is drawn out of the output port the vent 
flow is reduced by that output flow, the output port pressure P is 
augmented simply by the static head developed across the vent resistance 

Padd - (®or - «o) RSV <43) 

and the output pressure then becomes 

P = P, - R Q - k3Q2 + (o - Q ^R (44) 
o d oL *o Jvo \vor voy SV ; 

where 

Q = recovered flow = Q (P = 0) from equation (30), or Q = 0.5 
or o o or 

+ Qç, whichever is smaller, 

RSV = vent resistance 
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(45) 

% - 24 X sv Cd(0/Bsv + Bsv/0 + k2)/Bsv2 “"t 

+ °-95 (VBsv)2 (e„r - 0o) 

or 

Rsv RSVL + ksv (Qor ■ Co) (46) 

The output resistance R is obtained by differentiatina Pit-he»- 
equation (30) or (44) with respect to Q . ^«erentiatmg either 

R = 9P /30 
o o vo (47) 

For the case without the side vents the complex impedance is 

where 

Z 
o 

R + jwL 
o J o (48) 

L = 2 
o 

2•6 Deflection Impedance 

X /B . 
o o 

fron, if. „ Z I a”P“Iler ls operated differentially, the jet move 
from rts centered position, affording easier passage of flow ührowh 

beenereported '^Ttíe6 ‘ï* COntr°r edqe on °ne side- This oeen reported, and the ratio of the control pressure to flow -hanae i 

ÏÏ is^ven^r the S'”all-Siqn!'1 «“Pi" deflection impedance z. 

where 

(49) 

A 
4 ‘ Zc[Vc2/4ce + * 2 

(2 qd qe[lpj - M]’')] 

+ P 2/p. 
C \ J 

(50) 

^F. M. Manion and 
Proportional Amplifiers, 
Harry Diamond Laboratori 

T. M. Drzewiecki, Analytical Design 
Proc HDL Flaidic State-of-the-Art 

es, Adel phi, MD (October 1974), 

of Laminar 
Symposium, 1, 
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or 

A4 = Z A5 
c 3 

and 

+ 1/R + 2Y. + B2 . 
V 1 cV : - pv)/(2=dce 

al 

Y. 
D 

C. 
3 

6 

net entrainment coefficient dAQ Vdô 
net 

jet compliant admittance—(jwi 

jet capacitance—B3/12 c. 
C u 

jet deflection fron the center line at downstream control edge. 

The net entrainment coefficient is obtained by differentiation of 
equation (27) with respect to <5 and the evaluation of the derivative 
at a = 0, and then by noting that addition of a to B^ decreases Qsb and 
vice versa. Thus, in equation (50) 

al 
dQ SB 
d6 2 k^SB * 

Note that deflection impedance is a function of bias pressure in that it 
depends on the level of Pj. Even though is the small-signal value, 
the large linear range of most typical amplifiers allows the use of this 
value for deflections as large as 70 percent of saturation. 

2.7 Laminar Proportional Amplifier Pressure Gain 

The blocked output pressure gain Gp, given by Manion and 
Drzewiecki (eqfOO)),1 must be decremented by the coi trol spill-back and 
the center-vent loss coefficients. This results in 

= B2 [i - 8(Xsp * K>)/(V2NR)][l - 1.1 Bsp/(cdNpBsp/2)‘'][2Xsp/Bc - l] 

[) - 3.03 k, Bsb][i - BCDeq]/[Bo (1 . B.)] 

1 + A4 1 + ZçAs 
(52) 

^F. M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1_, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). 
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where G represents the product of all the frequency independent terms 

The added momentum (due to control bias) is not considered when 
computing the pressure gain. On one hand, it is felt that the addition 

wLrThP °n either Slde °f the jet d^rades the gain, because 
t deflects to one side, blocking off one control reduces the 

sense "'“TJ ^ °n one side and ^creases it on the other in an opposite 
sense to the increase in output pressure difference. On the other hand 
the increased pressure recovery increases gain, hence the effects are 
orrset. 

The pressure gain, Gp (eg (52)), is a function of freouencv 
ecause A4 is a function of frequency. Equation (52) may be rewritten 

second-order dynamic system (as in Manion and Drzewiecki1), so that 

GP " + (Al/A0)j^ + l] (53) 

’here GPo is the blocked gain at DC, and the An coefficients are 

A = 1 + R 
o 

A! = T 

c - Pv)/(2cd ce[|p. - Pj]'*) 

r 

hB^K) * (Bj - B„)/(2ed C6[|P. - PvI]‘)] 

A2 = 2 L C. 
c 3 

(53a) 

(53b) 

(53c) 

as a function ^J10nS (53a"c) the "«gnitude of Gp and the phase angl, 
as a function of frequency can be obtained. Tf>e pure time dela^ 
contribution due to the transport time of a fluid particle from thi 
nozzle to the splitter must be included in the phase calculation. 

2.7.1 Self-Stacyed Gain 

driven by aÜTdriiLrinto ^denUcal ^eíiíirwith^e^d" ti Î 

“Z5 bl— ^ 
and output ttXniT ^ ^ ^ t0 its ^ ^ 

F. M. Manion and T. M. Drzewiecki, Analytical Desicm nf 

Proportional Amplifiers, Proc HDL Fluidic State-of-the-ArT SympoJtuTT 
Harry Diamond Laboratories, Adelphi, MD (October 1974). ' 
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(54) 

where G 
P 

Z. + z 
1 o 

blocked pressure gain where the control bias prest, ire 

equals the output pressure at the self-loaded 
condition. 

If equation (54) is rewritten by substituting for Z from 
equation (49) and for Gp from equation (52), we obtain i 

1 + A4 

1 + 
Z A4 

: (1 + A4) 
(55) 

where G again represents all the time-independent terms in equation 

(52). After some manipulation the terms can be rearranged to read as 

= G/ 1 + 
(56) 

If equation (56) is compared with equation (52) one notes 
that the term in the denominator of equation (56) is the same as the 

last term in equation (52) , except that Z + Z is substituted for Z 

In other words, the self-staged gain dynamics Care the same as the 

blocked output dynamics of an amplifier identical in all aspects except 

that the input impedance is greater by the device’s own output impedance 

Zq. In this manner the response of both loaded and blocked devices is 
treated very simply. 

2.7.2 Frequency Response 

The variation of gain and phase angle as a function of 
frequency is usually presented in a Bode diagram. The closed-form 

relations for gain and phase may be obtained from equation (53). The 
magnitude of the gain (absolute value of G^) may be written as 

|[V"’]I “ Gpo v(k - 'M2’1'!2]2 •* M2^)2)4 . (57) 
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The frequency, F, is a normalized frequency in cycles-per-unit transport 
time, F = u/2tt. The phase shift (the ratio of real to imaginary parts 

of G , plus the phase shift due to transport time) is 

<MF) = tan-1 |ai (2itF)/(Ao - A2(2ttF)2)J + 360 X 
sp 

(58) 

3. THE COMPUTER PROGRAM 

The computer programming language used is BASIC as adapted for a 

Wang 2200B programmable calculator. Due to the extensive length of the 
program, at least 16K bytes of core space are required. 

Symbols allowed in BASIC are limited to a maximum of two characters, 

the first of which must be alphabetic and the second numeric (from 0 to 

9, or a blank). Thus, the user is limited to 286 variable names. Each 

variable, however, may be subscripted to allow for large arrays. There 

are 286 additional names allowed for string variables, or those 

variables having alphanumeric values, such as answers to questions like 
YES and NO, or plot symbols. 

The reader is directed to the basic primers5'7 for the mechanics of 
BASIC programming and Wang plotting. 

The block diagram/flow chart of figure 5 describes the programming 

steps in detail. A listing of the program in its entirety can be found 
in appendix A. 

5The 2200A/B Reference Manual, Wang Laboratoiies, Tewksbury, MA 
(1967). 

^The 2200 A/B Programming Manual, Wang Laboratories, Tewksbury, MA 
(1974). 

7The 2202 Plotting Output Writer Reference Manual, Wang 
Laboratories, Tewksbury, MA (1973). 
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. Flow chart for LPA program 

3 3 

CALCULATE PROB 
LEM CONSTANTS 
•«R.CdCdB, 

Oc.8v.QSB 

•1 

CALCULATE 
Ry -T- 

CALCULATE 
PRESSURE 
RECOVERY 
GAIN CONSTANT 
PLOW RECOVERY 
OUTPUT CHANNEL 
RESISTANCE 

n 
CALCULATE 
AND PRINT INPUT 
AND OUTPUT 
PRESSURE AND 
RESISTANCES 
FOR »1PC * 0 t .OI 

AND Qo = 0 TO Qm« 

POT 
C, VSP0. EOR Pc ■ Oi 01 

Qc VS Pc. JET CENTERED 
-10t VS JPC. Pc ■ P0 

Figure 5 (top half) 



PRINT 
Ry.NR,<T,Bc,Bt 
x*p.<y 

T - 
STORE R PRINT SEIT 
STAGED CONOITIONS 
WHERE INPUT ANO 
OUTPUT CONO.TIONS 
ARE EQUAL 

CALCULATE 
ANO PRINT 
BLOCKED GAIN 
JET EDGE 
PRESSURE AND 
DEFLECTION 
RESISTANCE VS 

Pc 

Figure 5 cont’d. Flow chart for LPA program (bottom half) 
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4. EXPERIMENTAL VERIFICATION OF RESULTS 

Considerable experimental data have been presented elsewhere1'2 that 
verify the analysis. Several different examples of port characteristics 
are reproduced here. The experimental data are plotted directly on the 
computer printout, and experimentally calculated values are given in 
brackets next to the computer value. The configurations used in these 
tests are those used at HDL. They are all basically of the type shown 
in figure 1. Silhouettes of each device are given on the printout 
sheet. The printout sheets (shown in fig. 6a through 9a) are composed 
of a number of important sections of computed data:* 

(a) A table 
flows, (PO, PC, 
resistance, RO, 
operating point 
No. 1). 

of the jet-centered output and input pressures and 
Q), the output power, PO*QO, and output slope 

and the input channel resistance, RC. The self-staged 
is printed as the operating flow (located on the left, 

graph of t®*516 "i1* self-staged deflection resistance 
added at the operating point. The output P,Q is represented by ***: 
the input, P,Q jet centered is represented by +++; and the deflection 
resistance is shown by .... The upper and lower output curves are the 
output characteristics for a ±l-percent differential control input 

a biaS leVel detemined by the programmer (located on the nçriuf No• 2) • 

I*, iC ^scellaneous values; resistance between jet and control edge, 
RV; Reynolds nurx>er, NR; aspect ratio, AR; control width, BC; distance 
between control edges, BT; nozzle-to-splitter distance XSP; and 
discharge coefficient, CD (located at center. No. 3). 

(d) Self-staged operating conditions (No. 4). 

N. B. The computer only prints capital letters in this program 
hence some confusion may occur if this is not remembered. For example 
CD refers to cd, BT to B etc. The second letter is usually a 
subscript. All quantities are dimensionless. 

F. M. Manion and T. M. Drzewiecki, Analytical Design of Laminar 
Proportional Amplifiers, Proc HDL Fluidic State-of-the-Art Symposium, 1, 
Harry Diamond Laboratories, Adelphi, MD (October 1974). 

T. M. Drzewiecki, D. N. Wormley, and F. M. Manion, Computer-Aided 
Design Procedure for Laminar Fluidic Systems, Journal of Dynamic 
Systems, Measurement and Control, Trans ASME, 97_, 4, series G (December 
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Figure 6(b). Experimentally measured transfer characteristic 
compared vith theory for HDL Mod 2.3.1.004A LPA 
o=l. 

(e) Table of blocked pressure gain, deflection resistance, and 
jet-edge pressure as a function of control bias pressure (No. 5). 

(f) Plot of a blocked pressure gain as a function of control bias 
pressure (No. 6). 

(g) Bode diagram (in standard Bode dimensions 10 dB/in. and 
50 deg/in. versus 2 in./decade) of gain and phase angle as a function of 
normalized frequency, F. Plot symbols "1" and "2" are used, if both 
"1" and "2” appear they refer to self-load and blocked-load output 
conditions, respectively. if only "1" appears it refers to thu 
self-staged condition, and the gain axis will be so labelled. The 
gain-bandwidth product is given in the lower left of the graph. It is 
the product of the gain and the frequency when the phase shift is 45 deq 
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Figure 6(b). Experimentally measured transfer characteristic 

compared with theory for HDL Mod 2.3.1.004A LPA 
o = l. 

(e) Table of blocked pressure gain, ieflection resistance, 
Det-edge pressure as a function of control bias pressure (No. 5). 

and 

(f) Plot of 
pressure (No. 6). 

a blocked pressure gain as a function of control bias 

diagram (in standard Bode dimensions 10 dB/in. and 
50 deg/in. versus 2 in./decade) of gain and phase angle as a function of 
normalized frequency, F. Plot symbols "1" and "2" are used. If both 
"l" and "2" appear they refer to self-load and blocked-load output 
conditions, respectively. if only »1" appears it refers to the 
self-staged condition, and the gain axis will be so labelled. The 
gain-bandwidth product is given in the lower left of the graph. It is 
the product of the gain and the frequency when the phase shift is 45 deg 
(No. 7). ^ 
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HDl MOO 2 3 1 004A 

Figure 7(b). Experimentally measured transfer characteristic 
compared with theory for HDL Mod 2.3.1.004A LPA, 
0 = 2. 

Input data, including the pertinent geometric dimensions, the 
operating point Reynolds number, and the bias for which the output 
characteristic is to be plotted, are typed in a block located at the 
upper left corner of the sheet (shown in fig. 10). This block does not 
appear in figures 6 to 9, since it was suppressed in a parametric 
situation. Figures 6 to 9 are excerpts from a set of computations done 
for various Reynolds numbers. The input block only appears on the sheet 
containing the first Reynolds number. 

As can be seen in figures 6 through 9, the agreement between data 
and theory is quite good for an engineering model. 

Each figure has two parts, a and b. Part a is the computer printout 
for the amplifier with data superimposed on the input and output 
characteristics. Part b is a plot of the experimentally measured 
transfer characteristic, differential output pressure versus 
differential control pressure, and superimposed straight lines 
representing the computed gain at zero control bias, and the level of 
twice the pressure recovery. When the jet is deflected completely into 
one output, theory states that the recovered pressure is merely twice 
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HDL MOD 31 006 

AP0(m»n Hfl) • • 

Figure 8(b). Experimentally measured transfer characteristic 
compared with theory for HDL Mod 3.1.005A LPA, 
N' =60. 

that when the jet is centered, since twice the momentum impinges on the 
output. Figures 6 and 7 show the same amplifier operated at different 
aspect ratios. Figures 8 and 9 show another amplifier at different 
modified Reynolds numbers. In each case the agreement with data is 
satisfactory, as long as small deviations around the centered position 
are chosen. The saturation pressures are close; however, work may have 
to be done on the transfer characteristic to include the nonlinearity. 
The output characteristics are all quite well represented in the region 
near the blocked pressure recovery. Some investigation will have to be 
done at high output flow. This is in the partial channel flow area and 
probably will involve extensive investigation. 
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Experimentally measured transfer characteristic 
compared with theory for HDL Mod 3.1.005 LPA, 

Nr = 80- 

Figure 9(b). 
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5. EXAMPLE OF PROGRAM USE FOR DESIGN 

Two amplifier configurations were used in the previous examples. 
One had long input and output channels, and the other had short 
channels. In each case, however, the control-edge spacing was such that 
when the jet was fully directed at one outlet (6 = 0.5 at X ) there 
was still some clearance. 

A high input impedance (deflection impedance) and a low output 
impedance are often desirable. One way for obtaining a device with 
these characteristics is to make the output channel half its length, and 
to place the control edge so that there is no clearance when the jet is 
fully deflected into the output (e.g., deflection at the splitter is 
half a nozzle width). Shortening the input channel reduces the input 
signal attenuation and the temperature sensitivity. In the latter, the 
viscous resistance term is decreased and, since the clearance is like an 
orifice (temperature-insensitive), the higher the orifice resistance the 
less temperature-dependent the whole amplifier. Figure 10 shows the 
computer results for such geometry. This design shows a significant 
increase in self-staged gain over that of the experimental examples, due 
in part to the higher input-to-output impedance, and in part to the 
slightly reduced output receiver width and slightly increased splitter 
distance. Even though the receiver entrance was narrowed slichtly in 
this device, the channel as a whole still had less output impedance than 
the other devices. The self-staged gain-bandwidth product was improved. 

If one uses the computer model in this manner, amplifiers can be 
"built" and "tested" without fabricating any but those that appear to be 
best-suited for the desired task. Using the characteristics, one can 
also design staged assemblies, and programs are being compiled that will 
solve the staged and packaged conditions. The turnaround time for this 
kind of amplifier design is thus considerably reduced when compared to 
the time required to fabricate an amplifier and then test it in the 
laboratory. 

6. SUMMARY AND CONCLUSIONS 

A set of equatio is governing LPA operation has been presented and 
incorporated into a computer program. The validity of the analytical 
model, although previously verified, has been further strengthened by 
additional data. A brief example of how the program can be used as a 
design tool has been presented. 

The program itself is a starting place for more extensive design 
procedures, not only for individual devices, but also for staged 
assemblies and complete circuits. In its simplest form a design 



procedure would involve an iteration that would take the engineer's 
specifications—for example, gain, bandwidth, and input-to-output 
impedance ratio and move through various geometries until the 
specifications were met, or until all feasible geometric configurations 
were exhausted. Ideally, one would want to establish an inverse 
algorithm that would work backwards from the specifications to the 
initial geometry, so that iteration would not be required. Such an 
algorithm is not yet available, and considering the difficulties 
involved, probably will not be available in the foreseeable future. 

It has been frequently observed t) at the gain of an amplifier is a 
continuous, monotonically increasing function of Reynolds number in the 
laminar region and a constant in the turbulent region. These 
observations can be used in determination of the turbulent 
characteristics, because all one must do is establish the point of 
transition and then calculate the laminar solution, which then would 
hold for turbulent operation. Transition-to-turbulence is estimated to 
le ^n the range 100 (Xsp/8 125. Further experimenta and theory 

on the determination of the maximum laminar operating Reynolds number 
are presently going on. More in-depth analysis should be conducted on 
the transition phenomenon. 

Other laminar jet-deflection devices, such as the laminar-jet 
angular rate sensor (LJARS) can be evaluated by using this program. 
When the output characteristics of such a sensor are matched to 
amplifier packages the port characteristics of the devices can readily 
be used as an amplifier. This technique has already been used in the 
design and evaluation of rate-sensor/preamplifier subsystems.2 

In conclusion, the program presented in this paper can furnish the 
fluidic component or system designer with the accurate amplifier port 
characteristics necessary for design, to include both static and dynamic 
amplifier performance, in the form of input and output impedances, gain 
or transfer characteristics, and a frequency response in a Bode diagram. 
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APPENDIX A* PROGRAM FOR COMPUTER DESIGN OF LAMINAR PROPORTIONAL AMPLIFIERS 

This appendix presents the computer program for design of 
proportional an^lifiers (LPA's) in its entirety, including all plotting 
control statements. The program follows exactly the flow chart presented 
the text, although the chart is an obvious abridgement of the mechanics of 
program. 

lOSLLEGT PLOT 413.PRINT 213:PLOT [,,]:SELECT CO 213 
2 0PRINT "THE LPA ¿ORT CHARACTERISTfCSJ" 

4(100)V5Í56>,W5Í56),V6(56),W6Í56),V7<56),W7(56),G7<55),G1Í100),P 
40INPUT "DO U WANT RANGES,DO U WANT PLOTS",Z3$,Z9$ 
50IF Z3$-"YES"THEN 180:IF Z9$-"N0"THEN 70 
60INPUT "DO U WANT RESP.OTHER THAN SS",Z5$:IF Z5$-"N0"THEN 70:IN 
PUT "PC FOR RESP .",J6:INPUT "SELF-LOAD(1),BLCKD(2),BOTH(3)",Z2 
70INPUT "CONTROL,THROAT WIDTH",W,B ; 
80INPUT "ASPECT RATIO, REYNOLDS N0.",S,N 
90INPUT "SPLITTER DISTANCE",B6 
100INPUT -'SUPPLY NOZZLE THROAT LENGTH",L9 
110INPUT "OUTPUT LENGTH,AVG .WIDTH".X3.F8 
120INPUT "CENTER DUMP WIDTH,LENGTH",VI,V2 
130INPUT "BIAS CONTROL PRESSURE",H3 
14OINPUT "XC,WCAVG,WCMIN",X1,W0,W3 
150INPUT "SPLITTER WIDTH,OUTPUT WIDTH",B5.B7 
160IF Z3$-"YES"THEN 210 
170G0T0 290 
180INPUT "RANGE AND STEP OF NR,EC,BT,AR,XSP",N1,N2,N3,Z4,Z5 ,Z6,Z 

190J-0 
200GOTO 100 
210FOR N-N1T0 N2STEP N3 
220FOR S-S3TO S4STEP S5 
230F0R B6-X4TO X5STEP X6 
240F0R W-Z4TO Z5STEP Z6 
250F0R B-Z7TO Z8STEP Z9 
260IF J-OTHEN 280 
270SELECT PLOT 413:PLOT [, - 395, ]:SELECT PRINT 213- 
280J-1 
290N9-N/((L9+1)*(1+1/S) !2) 
300GOSUB 4020 
3100-(1-S)/2+SQR((S+l)!2/4-S*(1-C)) 
320Q-1.651*(.02772+1.32*W/(C*N))1(1/3)-.5 
330K-1/(C*Q+D/2) 
340Y-K*B/2 
350B8*.5*(B-l-W/(,021*C*N)) 
360T1-LOG((1+.5*D*K)/(1-.5*D*K))/2 
37OK 3-4/(EXP(T1)+EXP(-T1)) 12 
380K4-K3/Q/C 
390Q4-Q*EXP(-K4*B8)/2:A-K4+Q4*2:C3-1-3.0303*K4*Q4 f2 
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APPENDIX A 

M5THEN 
M6THEN 
M7THEN 
JM8THEN 
640 

460 
460 
460 
460 

• 5STEP .05 

.##,XSP-##.#,CD- 

400R4-0 
410IF W 
420IF B 
4 3 01F N 
4 4 01F S 
ROCOTO 
460F0R P1-.1TO 
480P-P1!(.25) 

50ÔIÔÎÎ/i1/P+S<!,l(1/fl2-1)> 
510D1-(B/2-Y0)/10 
5201-0 
530FOR Yl-YOTO B/2STEP Dl 
540S2-2/(EXP(Yl*K)+EXP(-Yl*K)) 
550Al-^SQR(s2!4+pl)-s2 !2)*di;; 

570NEXT Y1 
580R1-D*P1/I 
590ZRV- #.###.NR- ####,AR- #.##,BC< 

600R4-R4+R1 
610NEXT PI 
620R1-R4/10 
640M5-W:M6-B:M7-N:M8-S 
680IF WO/S ]2THEN 690sK2-.35:GOTO 700 
69 OK 2-.5 

770C2-lÎ32ÎcSc(S/W(>fW0/S+K2)/(W0,2*S*N)!T5“,95*(C/W3) 12 
790IF vi/8 12THEN 830 
800IF S/VIJ 2THEN 830 
810K9-.35 
820G0TO 850 
8 3 OK 9 -. 5 
850IF C].5THEN 880 
860J1-16*C*(1+1.5/B6) 
870GOTO 885 
880J1-8*(1+1.5/B6) 

4180sGOSUB 4110:A3-Q2+.5 
890P6-(1-J1*B6/(C2*N*S*S))*(1-1.1*B5/(SQR(C*N*B5/2^^*C2/R7*í1 ç 

2»C»P1*SQR(*bI(pÎ))/(Rl«C2)**C32*S*N/ 2 *V2*<S/V1+V1/S+lt )> ) ( ^ 

900IF P6]OTHEN 960 
910PRINT "P0[0 GO TO NEXT PROBLEM" 
920SELECT PLOT 413 
93OPLOT [,-730,] 
94OSELECT PRINT 213 
950GOTO 2840 
960GOSUB 4180:GOSUB 4060 
96 5E-1:0 2-1:0 3-1 
970FOR M--.01T0 .01STEP .01 
980IF Z9$-"YES"THEN 990:M-0 
99OP 5-P 6+G*M/2:A5-A3*P5/P6 
1000R5-24*X3*C*(S/F8+F8/S+K2)/(F8 !2*S*N) 
1010K5-.95*CI2/B7I2 
1030IF M[ ]OTHEN 1060 
1035FOR I-1T0 5:PRINT HEX(OA):NEXT I 

CENTERED INPUT AND OUTPUT CHARACTERISTICS" 
1045FOK I-1T0 3:PRINT HEX(OA):NEXT I 
1050PRINT " Q PO PO*QO RO PC RC" 
1060H-0 
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lpasSsa3if!«aîâ!'îiS'-' 
¡2+0c"s0q»?P^,1;92;2?;C5i|25<P!*B7)>/(’-«0/l>7/SQ,,B7.P5),-R5.qo-K5.Q0 

A41""E" - 

HcSI?“Ef"INT(ABS(El))*SGN(ED 
_ --- ï1))*SGN(El) *sgn(e: 1150E4-E4+INT(ABS(E./ 

H^E!"(Q°"E6)*500+E7 
1170E6-Q0 
1180E7*E5-INT(ABS(E5))*SGNÍE5^ 
11QnE»«E8+iNT(ABS(E5))*SGN(E5) 

“ 1 01THEN. M] 
1210:V5(E)-È1:W5(E)-E5:L5-E4:Y5-E8:E-E+1;G0T0 

1220:V6(O2).E1:W6(O2)-E5:L6-E4sY6-E8:02-O2+1íGOTO 
■E8 :0 3“0 3+1 

-#.### 

1190E8 
1200IF 
1230 
12101F M ] OTHEN 
1230 

ínSÍF7<Sfiolái!i7í?8^-E5!L7-E‘!" 
1240Q2-Q0 
1250GOSUB 4000 
1260GOSUB 4090 
1270F-P0-P2 
12801F F]OTHEN 1350 

ÍjoSpÇ.Ío7'11"“' 1350!T7’l!»'-«‘ 
1310R8-R0 
1320Q7-Q2 
1330 PRÏNÏUSÎNG 1340,00 
1340t SELF-STAGED OPERATING FLOW 
}?Aní»TÍSñINT(H))l0THEN 1380 
Í37oíííl,#l|I"l 
1380«:;;?' -^■h, -"■lh -»•*" -« ### 

i«oS»ïxï0iôT"E" 1410 
Í420ÍÉxí9m""TES "TBEI‘ 1420‘«--01 
lf30IF Z9$“"NO"THEN 1720 
1440SELECT PLOT 413 

ÍôrLS >1 llûfri* 1 îf! -5=06^^ j 7> ' - ‘oot3 - • -( 20) !.,.. » 
îsiONEXT l*5'2’)-»3««).”*") 
IffOPLOT [ -L 5, -T 5, "+,, ] 

1570PLOTE[Il6°-Y6/''+"^OT f V 6 9) *W6iE 9> »"*"]: NEXT E9 

1590PLOTE[-L7°-Y7"”+"^OT 7^E 9) »W 7(E 9) *"*”]: NEXT E9 
160004-0:02-0:03-0 1 

Q2*OTO C4STEP .002 
1630GOSUB 4000 
1640GOSUB 4090 

}6600S2:ÎP22-02,‘100IH03 

+"],5[-l 

16700 3-01-INT(ABS fom *9rNm M 
16800 4-0 4+INT(ABS(01))*SGN(oî) 
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1690PLOT [01,1,"+" 1 
1700NEXÏ Ò2 
^iOPLOT f-0 4,-(0 4/. 002+1),"+" ] 
172 0R0-R8 J 
1730P2-P7 
1740Q2-Q7 
1750P1-P2-R0*Q2 
1760G0SUB 4060 
1770G0SUB 4040 
1780G2-G*R3/(R3-R7) 
1790IF Z9$-"N0"THEN 1890 
1800PLOT [P7*1000-R3*150,Q7*500-75,HEX(FB) 
ISIOFOR H-iTO 301 PLOT [R 3* 10+1 3,5 ,HEX(FB) 
T(I 2) :I4-I4+INT(I 2) 
1820NEXT I Is PLOT [-P 7*1000+R3*150-14,-Q7*500-75 "+" 1 
1830PL0T 0,-15,"0"1.[80,0,"0.1"1,[70,0,"0.2"J ^ * J 

70.0,0.3’M ,[ 70,0," 0.4'M ,[ 70,0^0.5^] 
-545.15,"O’M,[-10,100,"0.2" 1 
-sojoo/'o.4’’ ,[-30,ioo,"o.é"- 

:14-0 
: I2-R3*10+13:13-I2-IN 

1840PLOT 
1850PLOT 
1860PL0T 

1890SELECT 
C 
1930PRINT " " 
1940PRINTÜSING 
1950PRINTUSING 
1960PRINTUSING 
1970PRINTUSING 
1980PRINTUSING 

],[ 205,-330,"PRESSURE" ] , [ 

PRINT'213:PRINT HÉX(OA): PRINTUSING 590,R1,N,S,W,B,B6, 

X u \jr w l ""JllfXUUf U 0 4 J a L * JU 
-335,305,"FLOV"],[-200,-325,] 

1990," SELF-STAGED DEFL . RESIST 
1990,"SELF-STAGED OUTPUT RESIST, 
1990,"BLOCKED GAIN AT SELF-BIAS 
1990," SELF-STAGED BIAS 
1990, SELF-STAGED GAIN 

21o2S5{i#ii#"#"'#####^#^N####### 

, R 3 
, R 7 

-”,G 
-", P 2 
-", G 2 

•i 
M BIAS PRESS P JET GAIN DEFL .RES 2010PRINT 

2020G6-0 

P2“_‘05TO •195STEP .005:G0SUB 4180:G0SUB 4110: 
2oloNEXT6P2G7ÍG8)’G:G8"G8+l!lF ABSiGH99THEN 2050:G6-100 

10:p 2-(G 8-11) * . 005 : GOSUB 4180:G0SUB 4110:G 
-G7(G8):GOSUB 4040:GOSUB 4150:NEXT G8 

INT°213GG0TO^2160 2090:SELECT PL0T «13:PL0T [ 80,-125,]:SELECT PR 
2090IF Z 9$-”NO"THEN 2840 
2100SELECT PLOT 413:PLOT [120,0, ],50[0,-5.HEX(27) ] 

2i20PL0T f;ií:iib¡t"l'í'Fíífó0,'¡+"^20^,0,HEX<2,>)1 

2140NEXT C8 : PLOT t r?.??. tÇ?.”*!! ), [-120 ,-1505" ], [80,0,"0" ],[80 

ReIsEÍe"i|Í-3íí!206,.'-C*IN''T20'100'' 20" 1.I}o.-270."CORROI BIAS 

4180:Q7-Q2:P7-J6:IF Z2-1THE 

■ % I # I — 

RESSURE ].[-340,200,"GAIN"1 
2160IF Z3$[ ]"YES"THEN 2170:Z5S-"N0" 
2170SELECT PLOT 413:T6-0:Z6$-"1" 
2180IF Z5$-"N0"THEN 2190:P2-J6:GOSUB 
N 2190: IF Z2-3T11EN 2190:X3-0: R7-0 
2190C5-W!3/(12*C2) 
2200L1-2*C*C*(X1/W0+X 3/F8) 
2210Q2-Q7 
2220GOSUB 4000 
2230R9-R0-R7 
2240K6-W*W/(4*C2):P1-P7-R0 ^2 

2260A0-KÍ*2*LÍ*C56+1/R1+2*Ké*P1/ÍSQR(ABS(P1))*C)))/(2*L1*C5) 
2270A3-(A0-1)*L1/R9 
2280A2-2*L1*C5 
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22S0K0-1+R0*(A*K6+1/R1+2*K6*P1/(SQR(ABS(P1))*C)) 
2300G3-1:P3-0 
2310Z3-0 
2320GOSUB 4060 
2330T8-0 
2340FOR L-1TO 100 
2350F2-10!(L/50-3) 
2360W9-2*tfPI*F2 
2 37OGO-G*K0/SQR((A0-A2*W9!2) !2+(A3*W9)! 2) 
2380F1“SQR(K1) / (2*<*PI) 
2390GKD -20* .4 32 94 5*(LOG(GO) -LOG(G 3)) 
2400G3-G0 
2410P8-ARCTAN(A3/SQR(A2*A0)*F2/F1/(1-(F2/F1) !2)) 
2420IF P 8 ] OTHEN 2440 
2430Z3-180 
244 0P9-P8*180/#PI+B6*F 2*36 0+Z3 
2450P4(L)-P9-P3:P3-P9 
2460IF P 9-45[OTHEN 2480 
2470IF T8-1THEN 2480:T8-1: F3-F2:G2-G0 
2480NEXT L 
2490IF T6-0THEN 2500:Z1-G2*F3:GOTO 2550 
2 500Z-G 2*F 3 
2 51OSELECT PLOT 413 
2520PLOT [500,230,],80[0,-5,HEX(27)],J00[5,0,HEX(2D)] 
2530PLOT 80[0,5,HEX(27)] 
2540PLOT [O^,'^” ],«[0,-100,"+" ],2[-2 50,0,,,+ "] ,[120, ,"+"],[ 2 50, , 

[-370.,),4[0.100/+"] 
2550PL0T [0,-400,"+”]:U2-0:U3»0 
2560FOR L-1T0 100 
2570U1-G1(L)*10+U 2 
2580U2-U1-INT(ABS(U1))*SGN(U1) 
2 590U3-U3+INT(ABS (U 1) ) *SGN (U 1) 
2 600PLOT [5,U1,Z6$] 
2610NEXT L 
2620PLOT [-500 ,-U 3,”+" ]:U5-0:U6-0:PLOT [0,400,"+"] 
2630FOR L-1T0 100 
2640U4-P4(L)*2+U5 
2650U5-U4-INT(ABS(U4))*SGN(U4) 
2660IF U6[400THEN 2680 
2670GOTO 2710 
2680U6-U6+INT(ABS(U4))*SGN(U4) 
2690PLOT [5,-U4,Z6$] 
2700NEXT L 
2710PLOT [-5*(L-1),U6,"+"]:IF Z2-3THEN 2720:PL0T [-40,0,"40"],[- 
20,-100,"30"]:GOTO 2730 
2720Z2-2:T6-1:Z6$-"2":GOTO 2180 
2730PLOT 
2740PL0T 
05,0,".1" 
2750PLOT 
2 7 60PLOT 
2770PLOT 

-20,-100,"2 0"],[-20.-100,"10"),[-10,-100,"0" ] 
0,-20,".001"],[85,,.003"],[95,0,".01"],[85,,".03"],[1 

20,"-200"],[-40,100,"-150"],[-40,100,"-100"] 
i,100,"-SO'1] ,[-20,100,"0" ] ,f,-15 0,"PHASE" ] 

10,21 
-40, . . 
-440,-290,"NORMALIZED FREQUENCY" ] 

2780IF Z5$-"YES"THEN 2790:PL0T [-450,250,"SELF"],[-40,-15."STAGE 
D” ],[-60,-15,"GAIN DB" ] : GOTO 2800 
2790PLOT [-450,250,"DB GAIN"],[-30,-30,],[ 100,-145,]:SELECT PRIN 
T 213:GOTO 2810 
2800PLOT [100,-145,]:SELECT PRINT 213 
2810IF Z-OTHEN 2820 :T7-1: PRINTUSING 2830,T7,Z 
282 OIF Zl-OTHEN 2840:T7*2 : SELECT PLOT 413:PL0T [ 600,,]:SELECT PR 
INT 213:PRINTUSING 2830,T7,Z1 
2830ZGBP( ¢) —#.#*### 
2840IF Z3$-"YES"THEN 2900 
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2850PRINT " ’':PRINT " ” {PRINT " "{PRINT " "¡PRINT " " 
2860INPUT "DO YOU WANT TO DO ANOTHER PROBLEM",Z4$ 
2870IF Z4$-"NO"THEN 2920 
2880SELECT PLOT 413sPLOT [,-95,]sSELECT PRINT 213 
2890GOTO 30 
2900NEXT B¡NEXT WsNEXT BósNEXT SíNEXT N 
2910PRINT " "{PRINT " "{PRINT " " 
2920SELECT CO 005.PRINT OOSsEND 
4000R0-T4+T5*Q2 
4010RETURN 
4020IF N9[100THEN 4025sC«.00078*N9+.624sGOTO 4030 
4025C--. 034 22+ .056 9445*N9-. 002305652*N9 ! 2+5.13E-5*N9 ! 3-6.2 507E-7 
*N9!4+3.93475E-9*N9!5-1.004225E-11*N9!6 
4030RETURN 
404OR 3-(1+RO*(A*W*W/(4*C 2) + l/Rl+W*W*P1/(2*C2*C*SQR(ABS(P1)))))/( 
A*W!2/(4*C 2) + 1/R1+W!2*P1/(2*C2*C*SQR(ABS(PI)))) 
4050RETURM 
4060G-D6*(1/(1+R0*(A*W*W/(4*C2)+1/R1+W*W*P1/(2*C2*C*SQR(ABS(P1)) 

4080RETURN 
4090P2--(Q-Q4)*R1+(R1+R0)*Q2 
41OORETURN 
4110P1»(P2/R0-(Q-Q4))*R0*P.1/(R0+R1) 
4120RETURN 
4150PRÏNTUSING 4160,P2,P1,G,R3 
41602 -#.### -i.tiPti -Uf.ett -tllil .HIM 
4170RETURN 
4180Q2 —.5*(T4+R1) /T5+SQR( .25*((T4+Rl) /T5) ! 2+(P 2+R1* (Q-Q4)) /T5) s 
GOSUB 4000 
4190RETURN 
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A 

AO 

Al 

A2 

A3 

A4 

A5 

A6 

A7 

A8 

B 

B5 

B6 

B7 

B8 

C 

C2 

C3 

C4 

C5 

D 

TABLE A-l. COMPUTER VARIABLE NAME DEFINITIONS 

net entrainment coefficient, a 
1 

A 
o 

term used in calculation of R 
V 

a2 

During output computation A3 is half the sum of the supply and 
control flows. During dynamic computations A3=Ai. 

jet impedance 

total flow available at output when jet is deflected 

switch, 1 or 0, for output resistance calculation past "knee" 

output flow at "knee" 

output pressure at "knee" 

B 

B 
sp 

sp 

B 

B 

control edge spill-back effect pressure recovery coefficient 

limit of flow for Q vs P plot 
c c 

C. 
3 

D1 Ay for Rv integration 
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wap 

D6 

E 

El 

E2 

E3 

E4 

E5 

E6 

E7 

E8 

E9 

F 

FI 

F2 

F3 

F8 

G 

GO 

G1 

G2 

G3 

G4 

G5 

TABLE A-1. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

gain constant 

subscript value for (-) deflected jet 

plot increment for P 
o 

last value of P 
o 

truncation error for P plot 
o 

running totc.1 of P plot increments 
o 

plot increment of Q 
o 

last value of 0 
o 

truncation error for Qq plot 

running total of Q plot increments 
o 

counter for Q vs P plots 
o o 

(Po ' pc) for changing Qq = Qc 

normalized hertz bandwidth 

normalized hertz frequency 

normalized frequency at 45-deg phase 

B 
o 

G (blocked), dc 
P 

G (frequency) 
ir 

dB gain plot increment 

self-staged gain, G 

Pss 

last value of GO 

last value of G 

truncation error in G vs P plot 
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TABLE A-I. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

G6 gain limiter “ 100 

G7 blocked gain matrix variable 

G3 gain loop counter 

G9 running total of gain plot increments 

H counter in print cycle of 0 vs P 
o o 

H3 bias control pressure for O vs P 
o o 

I counter 

II counter in deflection resistance plot 

12 plot increment for AQ deflection 
c 

13 AQ truncation error 
Cdefl. 

14 running total of AQ deflection increments 
c 

J counter 

J1 plate loss coefficient 

J6 control bias pressure for dynamics 

J7 gain plot increment 

J9 increase in gain due to side vent configuration 

K Kj 

K° (1 * A“)dC 

K1 A /A2 

K2 control channel empirical coefficient 

K3 KS 

K4 K6 

K5 flow dependent term of R 
oc 
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K6 

L 

LI 

L5 

L6 

L7 

L8 

L9 

M 

M5 

M6 

M7 

M8 

N 

NI 

N2 

N3 

N9 

01 

02 

03 

TABLE A-I. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

deflection coefficient B2/4c 
'6 

log-frequency counter 

inductance, L + L or L 
co c 

running total of V5 

running total of V6 

running total of V7 

side vent width, B 
sv 

side vent length, X 
sv 

control pressure differential for P vs Q 
o o 

last value of B 
c 

value of B^ 

last value of N„ 
R 

last value of o 

starting value of NR 

ending value of NR 

step of N„ 
R 

N¿ 
plot increment for P 

c 

during output computation counter for centered jet; last value 
of P^ for plot 

during output computation counter for + deflected jet; P 
truncation error 

running total of plot increments 04 
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TABLE A-1. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

p (pi)k 
PO P 

o 

PI P. 
D 

P2 P 
c 

P3 last value of phase angle 

P4 phase plot increment 

P5 P (6) 
r 

P6 Pr (6 = o) 

P7 self-staged output pressure 

P8 phase in radians 

P9 phase in degrees 

Q 

QO 

Q2 

Q4 

Q5 

Q7 

R 

RO 

R1 

R3 

R4 

R5 

flow recovery 

self-staged output flow 

side vent resistance, R 

R 
c 

R 
V 

R. 

Rv (pj) 

R _ 
ocL 
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TABLE A-1. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

R6 R 
O 

R7 self-staged output resistance 

R8 self-staged control resistance 

R9 R + R 
o c 

S o 

51 sech-1 P 

52 sech-2 K*Y1 

53 starting a 

54 ending a 

55 step of a 

Tl tanh-1 D*K/2 

T4 R - linear term of R 
CL Q 

T5 nonlinear term of R 
c 

T6 counter 

T7 counter 

T8 counter 

U1 dynamic gain plot increment 

U2 dynamic gain increment truncation error 

U3 running total of U1 

U4 phase plot increment 

U5 U4 truncation error 

U6 running total of U4 

VI B , 
cd 
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TABLE A-I. COMPUTER VARIABLE LAME DEFINITIONS (CONT'D) 

V2 X , 
cd 

Po (ÛPC = ” matrix 

Po (Pc = °) matr^x 

V7 Po (Pc = + °*01) "'atrix 

W B 
c 

WO B 
c 

W3 B 
Cmin 

(Pc = ~ matrix 

Q0 (Pc = 0) matrix 

W7 ®o(Pc = + °'®^) 

W9 normalized radian frequency 

XI X 
c 

X3 X 
o 

X4 starting value of X 
sp 

X5 ending value of X 
sp 

X6 step of X 
sp 

Y entraimmnt streamline, tp 

VO streamline location 

Y1 lateral distance, Y 

Y5 running total of W5 

Y6 running total of W6 

Y7 running total of W7 
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TABLE A-I. COMPUTER VARIABLE NAME DEFINITIONS (CONT'D) 

Z During output computation Z = sum of output and load 
resistance; during dynamic computation Z = gain-bandwidth 
product. 

Z2 loading condition marker, 1, 2, 3 

Z3 During output computation Z3 = loss coefficient; during 
correction of 180 deg for quadrant change of tan-1. 

Z4 starting value of B 
c 

Z5 ending value of B 
c 

Z6 step of B 
c 

Z7 starting value of Bt 

Z8 ending value of Bt 

Z9 step of Bt 

Z3$ "YES/NO", "ranges?" 

Z4$ "YES/NO", Another problem?" 

Z5$ "YES/NO", "Response other than self-staged?" 

Z6$ "1" or "2" plot symbol 

Z9$ "YES/NO", "Plots?" 
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